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Abstract

The present work for the first time demonstrates superradiant amplification (SRA) of ultra-
short laser pulses in a plasma [1]. The novel amplification scheme has the potential to create
multi-PW, two-cycle light pulses thus surpassing the limits of current laser technology. At
intensities of 1015 W/cm2 - 1018 W/cm2, a short signal pulse of 20 - 40 fs duration is directly
amplified in a plasma by a counter-propagating, picosecond-long, blue-shifted pump pulse. In
the interaction region, the plasma electrons get trapped in the ponderomotive potential formed
by the interference pattern of the two pulses. The electrons start oscillating along the propaga-
tion axis and are quickly arranged to a transient density grating. The grating reflects a part of
the pump pulse coherently back into the signal pulse. The ongoing oscillations of the electrons
destroy the grating again, which leads to a further shortening of the signal pulse.

In the framework of this thesis, the complete experiment including the diagnostics has been
set up at the MPI für Quantenoptik using the Advanced Ti:Sapphire Laser (ATLAS) as a source
for the pump and signal pulses. Each of the pulses is focused from opposite directions into a
hydrogen gas jet, which is quickly ionized by the pedestal of the pump pulse. The generation
of the short frequency-shifted signal pulse synchronized to the ATLAS pump pulse proved to
be rather difficult. Several schemes were too sensitive to short-time variations of the surround-
ing temperature and shot-to-shot energy fluctuations of the ATLAS pulses. Therefore, pump
and signal pulses of equal central wavelengths were used in the first series of measurements.
Numerical simulations had shown that the initial signal pulse launches the generation of a
detuned new pulse by stimulated Raman backscattering, which is first amplified by Raman
amplification and later by SRA.

The signal pulse was generated from a small fraction split off from the ATLAS pulse. Spec-
tral broadening in an Argon-filled hollow fiber allowed the further compression 23 fs. In first
experiments, these unshifted signal input pulses were significantly amplified in energy and
verified the generation of a new pulse at the Raman Stokes line showing up in its spectrum.
Evidence for the transition from Raman amplification to SRA was concluded from the spectral
broadening around the Stokes line when the duration of the pump pulse and hence the ampli-
fication length was increased. The fully established SRA regime was anticipated for longer
pump pulses. However, these pulses were strongly backscattered by stimulated Brillouin scat-
tering concealing the amplified signal and frustrating further improvements. The Brillouin
scattering was resonantly excitated by the undetuned laser pulses.

In the second approach, SRA was observed using the original scheme with a red-shifted
signal pulse. The spectrum was shifted by suppressing short-wavelength components after
the hollow fiber. This measure also increased the duration to 80 fs. In the plasma, this pulse
was amplified 20 times in energy to about 1 mJ and surpassed the intensity threshold for SRA,
which manifested in the doubling of the spectral bandwidth and the breakup of the signal pulse
into a train of three equidistant 28-fs pulses. The latter finding is a direct consequence of the
ongoing oscillations of the electrons in the ponderomotive potential in case of a long signal
pulse entailing alternately amplification and attenuation. The observed pulse durations and dis-
tances agree with the theoretical predictions. Particle-in-Cell simulations of the experiments
reproduce these findings. Single sub-10-fs pulses and higher amplification are anticipated for
shorter and stronger input signal pulses with a higher contrast.

Amplification slightly improved the near- and far-field patterns of the signal pulse proving
that the pulse is spatially filtered by the higher on-axis amplification.





Kurzfassung

In der vorliegenden Arbeit wurde die superradiante Verstärkung (engl.: superrradiant amplifi-
cation, SRA) ultrakurzer Laserimpulser in einem Plasma erstmals verwirklicht [1]. Das neuar-
tige Verstärkungsprinzip hat das Potenzial Multi-PW Laserimpulse mit einer Dauer von zwei
Lichtzyklen zu erzeugen, was jenseits der Möglichkeiten heutiger Lasertechnik liegt. Bei
Intensitäten von 1015 W/cm2 - 1018 W/cm2 wird ein kurzer Signalimpluls von 20 - 40 fs
in einem Plasma direkt durch einen gegenläufigen langen, blauverschobenen Pumpimpuls
verstärkt. Im Wechselwirkungsbereich werden die Plasmaelektronen im ponderomotorischen
Potenzial eingefangen, das vom Interferenzmuster der beiden Impulse gebildet wird. Die Elek-
tronen schwingen im Potenzial entlang der Propagationsachse der Impulse und werden rasch
zu einem kurzlebigen Dichtegitter angeordnet. Das Gitter reflektiert einen Teil des Pumpim-
pulses kohärent zurück in den Signalimpuls. Die fortschreitende Oszillation der Elektronen
zerstört das Gitter wieder, wodurch der Signalimpuls weiter verkürzt wird.

Im Rahmen dieser Doktorarbeit wurde das gesamte Experiment einschließlich der Diag-
nostik am MPI für Quantenoptik aufgebaut. Als Quelle für die Pump- und Signalimpulse
diente der Advanced Ti:Sapphire Laser (ATLAS). Die Impulse werden aus entgegengesetzen
Richtungen in einen Wasserstoff-Gasstrom fokussiert, der von der Vorderflanke des Pumpim-
pulses ionisiert wird. Einen frequenzverschobenen Eingangs-Signalimpuls herzustellen, der
mit dem Pumpimpuls zeitlich synchronisiert ist, erwies sich als schwierig. Mehrere Anord-
nungen waren zu empfindlich gegenüber Schwankungen der Umgebungstemperatur und der
Energie der ATLAS-Impulse. Für die ersten Messungen wurden Pump- und Signalimpulse
mit der gleichen Wellenlänge benutzt. Numerische Simulationen ergaben, dass der Eingangs-
Signalimpuls in diesem Fall die Erzeugung eines neuen, frequenzverstimmten Impulses durch
Ramanstreuung anregt, der zunächst im Raman- und später im SRA-Regime verstärkt wird.

Zur Erzeugung des Signalpulses wurde ein kleiner Teil des ATLAS Impulses abgetrennt,
in einer Argon gefüllten Hohlfaser spektral verbreitert und anschließend auf 23 fs komprim-
iert. Erste Experimente zeigten eine deutliche Energieverstärkung und bestätigten die Erzeu-
gung eines neuen Impulses anhand der Raman-Stokes Linie im Spektrum des Ausgangimpuls.
Der Übergang in das SRA Regime deutete sich an durch eine spektrale Verbreiterung um die
Stokes-Linie, wenn die Pumpimpulse und damit die Verstärkungslänge verlängert wurden.
Jedoch verhinderte das plötzlich Einsetzen von Brillouinstreuung bei noch längeren Pumpim-
pulsen, dass sich SRA beobachten ließ. Die Brillouinstreuung wurde resonant von den Pump-
und Signalimpulsen angeregt und überdeckte das verstärkte Signal.

SRA konnte mit dem ursprünglichen SRA Schema gezeigt werden, das einen rotverscho-
bener Eingangs-Signalimpuls benutzt. Das Spektrum wurde verschoben, indem die kurzwelli-
gen Anteile weggefiltert wurden, was gleichzeitig die Dauer auf 80 fs erhöhte. Der Impuls
wurde im Plasma 20fach auf etwa 1 mJ verstärkt. SRA zeigte sich durch die Verdopplung der
spektralen Bandbreite und das Aufbrechen des Signalimpulses in drei 28 fs Impulse mit glei-
chem Abstand. Dies ist eine Folge der fortdauernden Schwingungen der Elektronen im pon-
deromotiven Potenzial, die zu einem periodischen Wechsel von Verstärkung und Abschwä-
chung des Signalimpulses führen. Die beobachteten Impulsdauern entsprechen den theo-
retisch vorhergesagten Werten. Numerische Simulationen der Experimente bestätigen die
Erklärung. Einzelne Impulse von weniger als 10 fs Dauer könnten erreicht werden, indem
kürzere, stärkere Eingangsimpulse mit einem besseren zeitlichen Kontrast benutzt werden.

Die Verstärkung verbesserte die Nah- und Fernfelder des Signalimpulses, was zeigt, dass
die höhere Verstärkung im Zentrum zu einer räumlichen Filterung führt.
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1 Introduction: The Quest for Ever Shorter
Light Pulses and Higher Intensities

Laser, firstly demonstrated in 1960 [2], have increased the power and intensity of light beams
dramatically due to their significantly improved spatio-temporal coherence. They opened up
new fields in science and technology, like non-linear optics [3], high-precision metrology [4],
high-resolution spectroscopy [4], manipulation of atoms and molecules [4] including laser
cooling, quantum computing and coherent control [5]. They also found their way into more
traditional areas such as in material processing and medicine improving and replacing there
conventional methods as well as leading to completely new processes and treatments.

The peak powers of pulsed laser systems rose quickly in the 1960s with the invention of Q-
switching [6] and mode-locking [7] allowing to concentrate the energy into ever shorter pulses
(Fig. 1.1). The resulting higher peak intensities were used to investigate nonlinear ionization
processes in strong electric fields [8, 9, 10, 11], create laser-produced plasma, including the
research on inertial confinement fusion [12], and building new light sources such as X-ray
lasers [13].

From the late 1960s on, the laser peak powers stagnated for almost 20 years, because it was
not possible to amplify pulses shorter than a few hundred picoseconds to the Terawatt power
level without causing damage to the optical components. Phase shifts originating from the
the intensity dependent refractive index of the optics and varying over the laser profile were
identified as the limiting phenomena. Subsequent small-scale self-focusing lead to the loss of
the focusing quality and when too severe, to damage in the laser system. The invention of
chirped pulse amplification (CPA) in 1985 [16] solved this problem making the amplification
of femtosecond pulses possible. The pulses are stretched before the amplification by a factor
103 - 104 by adding a linear chirp thus increasing the duration to several hundred ps as before.
At low powers, the pulses are amplified to high energies and finally recompressed by a system
of opposite dispersion removing the chirp. This technique lead to a rapid increase in the pulse
powers up to the the petawatt level in 1996 [17, 18]. Furthermore, compact terawatt systems
became available also to small institutes and universities such as the ATLAS system at the
MPI für Quantenoptik [19].

New fields of physics became accessible [17, 20], in particular the relativistic plasma physics.
When the electrons oscillate in the laser field with a velocity close to the speed of light, their
effective mass increases and the ponderomotive force becomes huge, too. Non-linear effects
appear like self-focusing of laser beams [21] leading to enormous current in excess of 100 kA
and magnetic fields of 100 kT. Particles are effectively accelerated by the electrostatic wake
fields reaching TV/m behind the laser pulse [22, 23, 24, 25]. As a consequence also ions are
accelerated [26]. States of matter are produced as they exist inside the sun [27] and new X-ray
laser schemes were implemented [28]. Other applications not only need the high laser inten-
sities but also depend on shortest pulse durations [29], in particular high-harmonic generation
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2 1 Introduction: The Quest for Ever Shorter Light Pulses and Higher Intensities

Figure 1.1: Evolution of the peak power of pulsed laser and the focused intensities and physical regimes
that become accessible. The intensities are given for a focal spot size of 100 µm2 corresponding to
a diameter of about 11 µm. Nowadays Ti:sapphire laser pulses can be focused to 10 µm2, yielding
ten times higher intensities. The symbols represent a selection of high power laser systems already
commissioned or planned: Nd:glass based systems (green squares) with pulse durations of 350 - 600 fs;
Ti:Sapphire based systems with pulse durations of 25 - 40 fs (red triangles); planned sub-10 fs systems
based on optical parametric CPA (orange diamonds) [14]. Recently, an intensity of 1022 W/cm2 has
been reported for the first time (blue circle), which was achieved by tighter focusing of a Ti:Sapphire
laser pulse [15]. The right plot gives the kinetic energy of the electrons in the laser fields and the
observed and expected physical phenomena at the corresponding intensities.

[30], which is the base of attosecond pulse generation [31, 32, 33].
For even higher intensities, the average kinetic energy of the electrons in the laser field

is sufficient to create pairs of e+-e− and later mesons when the electrons collide with the
ions. Completely new types of plasmas can be generated and studied in laboratories. Finally
at intensities above 1029 W/cm2, quantum electrodynamics predicts the polarization of the
vacuum leading to e+-e− pair production in vacuum [34, 35]. There are already theoretical
proposals how to achieve these enormous intensities [36, 37].

Hence numerous applications are waiting for laser pulses much more powerful than those
available today. However, the peak powers stagnate again since they have reached the PW-
level. Efforts to surpass this barrier with current laser technology face two serious problems:
(a) The optical components are large and expensive. The gratings needed for the recompres-
sion measure about 1 m2 and have almost reached the manufacturing limits. To solve this
problem, one ambitious approach assembles several gratings to a larger array [38, 39]. (b) So
far the amplification of the most powerful laser pulses is based on induced emission. The laser
materials either allow for largest pulse powers and low repetition rate (Nd:glass) or shortest
durations at higher repetition rate (Ti:Sapphire). New materials are needed that combine these
features and allow for shorter pulses and higher energies at high repetition rate.

An alternative to the amplification in laser crystals is non-collinear optical parametric am-
plification in nonlinear crystals. Combined with CPA, this technique is denoted OPCPA [40].
Longer pulses around 100 fs could already be amplified to more than 100 TW using a Nd:glass
laser as a pump. More interesting is the amplification of short pulses, where bandwidths ex-
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ceeding 200 nm allow for sub-10-fs pulses [41, 42]. Originally limited to µJ, the mJ-level has
been reached recently [43] and plans for even larger systems exist [14]. Such pulses cannot be
compressed by gratings, because their reflectivity is not sufficiently flat over the broad pulse
spectrum. New compression schemes have still to be developed.

It is yet open, whether OPCPA or conventional CPA is more favorable for the generation of
ultra-powerful light pulses. Both techniques face serious challenges, in particular the compres-
sion becomes more and more difficult. This raises again the question, whether amplification
of ultra-short powerful pulses is possible without stretching and recompression.

In 1998 G. Shvets has published a theoretical work [44], in which he proposed a plasma
based amplifier solving the above problems. It is not only able to directly amplify such pulses
the high powers but has even more an intrinsic mechanism to shorten their duration further.
Although not yet used, a plasma is a natural choice as an amplifier medium for ultra-high
pulse powers, because it can sustain almost arbitrarily high electric field strengths without
suffering from damage. Furthermore, the considered light pulses are such short that crucial
non-linearities set in only in the relativistic regime. For pulses in the visible, this allows
for intensities on the order of 1018 W/cm2 and durations of 5 fs resulting in a tremendous
fluence of several kJ/cm2. Such pulses can carry powers of up to 10 PW on a cross section
of merely 1 mm2, much smaller than in conventional amplifiers. Furthermore, the intrinsic
pulse shortening is a major advantage compared to CPA lasers, where pulse duration usually
increases due to gain narrowing during the amplification and imperfect compression.

The scheme is depicted in Fig. 1.2. The short input signal pulse is amplified in a plasma by
a counter-propagating long pump pulse of several ps duration. The energy transfer from the
pump to the signal pulse is mediated by the plasma electrons. The ponderomotive forces of
the interfering laser pulses arrange them to a density grating reflecting a fraction of the pump
coherently into the signal pulse, similar to Bragg reflection. Due to the transient nature of the
grating, the reflection stops after a short time leading to a further pulse shortening.

Shortly after SRA, a second plasma amplifier was proposed by Malkin [45]. It is similar
to SRA but works at lower pump and signal intensities and higher plasma densities, where
collective plasma oscillations excited by the ponderomotive forces dominate the electron dy-
namics. This so called backward Raman amplifier also exhibits pulse shortening if the pump
pulse is completely backscattered. The scheme is described in greater detail in section 2.5.

The advantages of plasma based amplifiers are apparent. There is no need for stretching
and recompression apart from the laser system delivering the long pump pulses. The pulse
shortening mechanism allows rather long input pulses, which are easier to generate. The
amplifier is very compact: Plasma lengths of a few mm for SRA and several cm for Raman
amplification are sufficient to achieve a gain of 1000.

On the other hand, SRA and Raman amplification are still unknown techniques, proposed
only theoretically. Furthermore, it is uncertain how plasma instabilities may affect the ampli-
fication and the pulse propagation. Therefore, first studies have to aim at proof-of-principle
experiments. Most groups working in this field opted for Raman amplification, because the
required intensities are lower and easier to achieve and the scheme is more familiar from the
already known Raman instability in plasmas.

The goal of this work was the first experimental demonstration of SRA. We chose to study
SRA, because larger knowledge was available from a previous theoretical work [46]. Second,
SRA produces shorter pulses than Raman amplification. This allows to head for pulses that
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prior to interaction

full interaction

after interaction
Figure 1.2: Superradiant amplification in a plasma: The short signal pulse of 20 - 40 fs (red) and the ps-
long, counter-propagating pump pulse (yellow) meet at intensities of 1015 - 1016 W/cm2. The common
ponderomotive forces of the laser pulses arrange the plasma electrons to form a transient density grating
(see lower left corner), which reflects a part of the pump pulse similar to Bragg reflection. The fast
decay of the density grating ceases the reflection of the pump pulse leading to a further shortening of
the signal pulse. While the signal is being amplified, the process becomes more efficient and the pump
is depleted even stronger. Finally, the amplified signal pulse reaches intensities of 1018 W/cm2 and a
duration of 7 fs for a pump wavelength of 800 nm.

cannot be created by lasers based on stimulated emission.
Two approaches to SRA were tried. First, the original scheme was modified by using pump

and signal pulses at the same frequency. Numerical simulations have shown, that SRA is
possible after a second signal pulse has been launched at the correct frequency. This scheme
is easiest to implement, because the same laser source can be used for the pump and signal
pulses without the need to shift one of the pulses in wavelength. SRA was not clearly visible
in this scheme. The second approach uses the original scheme with detuned input pulses. The
experiments showed an unequivocal footprint of SRA directly related to the dynamics of the
electrons trapped in the light field.

Outline

The thesis is divided into four major chapters and an outlook. The appendix covers further
technical aspects.

Chapter 2 introduces the theoretical background to SRA, Raman amplification, and the
differences between the two schemes. It lays the foundation to the interpretation of the exper-
imental results in the chapters 4 and 5. The Particle-in-Cell computer code used to illustrate
the theory and interpret the experimental results is described briefly.

Chapter 3 first considers the fundamental requirements to be met when implementing of
an SRA experiment. The following sections describe the ATLAS system delivering the pump
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pulses, the various attempts for the signal pulse generation, and the actual implementation.
Finally, the setup inside and outside the target chamber and the diagnostics are presented.

The results of the early amplification experiments using pump and signal pulses at the same
wavelength are covered in chapter 4 ending with the impediments by stimulated Brillouin
scattering. Chapter 5 reports on the first unambiguous observations of SRA after returning to
the original scheme using a red-shifted signal pulse. They include combined measurements of
energy, spectrum and pulse duration. The last section presents the near- and far-field patterns
of the input and amplified signal pulses.

The outlook extends the one-dimensional SRA scheme considered so far to diverging signal
pulses that spread the energy over an increasing area and thus admit to higher powers. An
analytic solution is derived for this scenario starting from a simplified model.

The appendix deals with the calibration measurements of the plasma electron density, the
propagation of the pump pulse through the plasma and the derivation of the relations referred
to in the outlook.
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2 Superradiant Amplification: Theoretical
Background

This chapter introduces to the theory of SRA. It starts with basics facts about laser plasma
interaction necessary for the description of SRA in section 2.3 and for the similar process
of Raman amplification in section 2.5. Numerical simulations illustrate and extend the SRA
theory in section 2.4. Finally, section 2.6 summarizes characteristic footprints of SRA, which
allow to verify the observation of SRA in an experiment.

2.1 Laser Plasma Interaction

The theoretical treatment of the laser plasma interaction [47] describes the distribution and
evolution of the electric and magnetic fields and the particles in the plasma. The electric and
magnetic fields are obtained from Maxwell’s equations. They comprise both the fields of the
laser radiation and those originating from charges and currents in the plasma.

The plasma constituents, electrons and ions, are usually described with a fluid or kinetic
model, depending on the state of the plasma. The fluid description considers the electrons and
ions as separate, charged gases. They have Maxwellian velocity distributions with a defined
temperature and average velocity obtained as ensemble averages over small plasma volumes.
The fluids are compressible but adjacent plasma volumes do not penetrate each other. They
interact only by the thermal pressure and the electromagnetic forces. The fluid model is well
suited for plasmas in thermodynamic equilibrium. It is used to describe collective effects in
the plasma as outlined in the sections 2.1.3 and 2.1.4.

The advent of ultra-strong and fs-laser pulses allowed to create plasmas strongly out of
the thermodynamic equilibrium. In particular, subpopulations of the plasma electrons often
achieve relativistic velocities. Furthermore, single particle effects can appear that cannot be
treated in the fluid model.

The kinetic theory can handle these non-equilibrium plasmas, because it tracks the distri-
butions functions fi(r,v, t) of the complete phase space of all species i. The evolution of the
distribution functions is given by a set of hierarchically structured equations that involve in-
teractions, i.e. collisions, of an increasing number of particles. In the simplest case, the many
particle interactions are neglected and the particles interact only via their averaged, collective
fields. This case is described by Vlasov’s equation.

Finally, it is instructive or in some cases even indispensable to follow the dynamics of the
individual particles. This approach is taken in the description of SRA, where the motion of the
particles is dominated by the laser radiation. Effective charge distributions and currents are
given by the ensemble average over many electrons.

The equations for the fields and particles are coupled on the one hand by the Lorentz force
qi(E + v×B) that enters the momentum equation of the particles and on the other hand by

7
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the charge density and current distributions in the plasma that represent the source terms in
Maxwell’s equations.

Because of their large mass, the plasma ions hardly move on the fs-time scale set by the laser
pulse. The theoretical treatment usually disregards their motion on timescales much smaller
1 ps. This holds true as long as the laser intensities are less than 1023 W/cm2, where the ions
reach relativistic velocities in the laser field.

2.1.1 Laser-Electron Interaction

The optical laser field not only causes the electrons in a plasma to oscillate rapidly but also
exerts a secular force on them. The dynamics can be studied in the idealized case of a sin-
gle electron in the laser field. The field is characterized by its vector potential A = Â(r−
vgrt)cos(k ·r−ωt). Here, k is the wave vector and ω the frequency of the laser radiation and
vgr the group velocity of the envelope. The electron is driven by the Lorentz force of the light
wave

dp
dt

=−e(E + v×B). (2.1)

The electric and magnetic fields are expressed by the vector potential, E = −∂A/∂t and B =
∇×A. The electron motion is dominated by the quiver oscillation in the transverse electric
field. Neglecting the effect of the magnetic field and relativistic corrections, it is given by

p = eA −→ v =
e

me
A = ac, (2.2)

where c is the speed of light. The normalized vector potential a = eA/mec is a convenient
quantity to distinguish between different regimes of laser plasma interaction. SRA and the
competing plasma effects take place in the non-relativistic regime, |a| � 1. Relativistic effects
are not important in this work; they are disregarded. The dynamics becomes relativistic for
|a| ≈ 1, where the quiver velocity of the electron is already close to c. For |a|� 1 the dynamics
is called ultra-relativistic.

In Eq. (2.2), additional higher-order terms in the amplitude a, are neglected. They cause
harmonics at 2ω, 3ω . . .. Averaging Eq. (2.1) over the short time scale of the laser oscillation
yields the equation of the secular motion of the electron,

〈
dp
dt

〉

av:2π/ω
=−1

4
mec2∇â2. (2.3)

The secular force acting on the electron is due to the v×B term and is called ponderomotive
force [47, 48, 49]. It is given by the gradient of the slowly varying amplitude of the radiation
field and expels the electrons from regions of high electromagnetic energy density. Since the
force is proportional to a gradient, a potential can be assigned,

φpond =
1
4

mec2â2, (2.4)

called the ponderomotive potential. The ponderomotive force is paramount for SRA, because
it exceeds the other forces and dominates the electron dynamics.
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2.1.2 The Propagation of Light in a Plasma

The electrons quivering in a plasma represent accelerated charges and hence radiate at the laser
frequency shifted in phase with respect to the laser radiation field. This leads to the dispersion
relation of electromagnetic waves of frequency ω and the wave number k in a plasma

ω2(k) = ω2
pe + c2k2. (2.5)

Here, ωpe =
√

nee2/(ε0me) is the electron plasma frequency, which is explained in the fol-
lowing section. The dispersion relation implies that an electromagnetic wave with a frequency
lower than ωpe cannot propagate in a plasma but is reflected at the surface. Seen from a differ-
ent point of view, a wave of frequency ω0 can only propagate if the electron density is smaller
than the so called critical density

ncrit =
ε0meω2

0
e2 . (2.6)

Plasmas with a lower density are called underdense. Since many plasma effects scale with
the laser frequency, it is often useful to give the electron density as a fraction of the critical
density. The index of refraction of a plasma is derived from Eq. (2.5)

nrefr. ind. =
vph

c
=

ω
kc

=

√

1−
ω2

pe

ω2 =

√
1− ne

ncrit
≈ 1− ne

2ncrit
. (2.7)

The last approximation holds for thin plasmas, ne� ncrit.

2.1.3 Collective Effects in a Plasma

In the simplest description of a plasma, collision between the particles are neglected. Instead,
the particles interact only via averaged electrostatic fields caused by charge inhomogeneities
and the magnetic fields generated by plasma currents. They give rise to different kinds of
oscillations. Two types are relevant for the present work: the electron plasma waves (Langmuir
waves) and the ion sound waves.

Electron plasma waves (Langmuir waves)

Langmuir waves are electron density waves. They are the fastest collective phenomenon in
a plasma. For densities used in the present experiments, their oscillation period is about
50−70 fs. Since the ions are much heavier than the electrons, they are considered as im-
mobile. They form a homogeneous, positively charged background distribution. The restoring
force of the oscillation is given by the electrostatic fields trying to balance the charge distri-
bution. The energy oscillates forth and back between the kinetic energy of the electrons and
the potential energy of the electrostatic field. The oscillation frequency is called Langmuir
frequency or electron plasma frequency [50],

ω2
pe =

nee2

ε0me
. (2.8)

In the fluid model, the plasma frequency is derived from the conservation equations of mass
and momentum and Poisson’s equation. Including corrections due to the electron pressure at
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the temperature Te assuming adiabaticity, the dispersion relation of the electron plasma wave
read [50]

ω2
p(k) = ω2

pe +
3kBTe

me
k2, (2.9)

called Bohm-Gross relation. Here, kB = 1.38×10−23 J/K denotes Boltzmann’s constant.
However, for the present SRA experiments, the temperatures are small and the correction
can be neglected.

Ion acoustic waves

The ions make up almost the whole mass of the plasma. Therefore, an ion density wave is
actually an acoustic wave. In a plasma this wave is not only driven by the ion pressure, but
also by the electron pressure. The electrons follow the ions, except for a small deviation
caused by their thermal pressure. The slight charge separation increases the restoring force.
The resulting dispersion relation of the ion waves is [50]

ω
k

=

(
ZkBTe + γikBTi

mi

)1/2

≡ cs, (2.10)

where cs is the sound velocity, Ti the temperature of the ion component, mi the ion mass, Z
the charge state, and γi = 5/3 the adiabatic coefficient of the ions. The adiabatic coefficient
for the electrons is 1 corresponding to an isothermal compression. The electron thermalize,
because the collisions between them are more frequent than for the ions. The ion contribution
to the restoring force, γikBTi can be neglected for plasmas created by fs-laser pulses because
of Te � Ti. The laser pulses predominantly heat the plasma electrons and the time required
for the thermalization of electrons and ions is much longer than the time-scale, on which the
effects occur that are studied here.

2.1.4 Stimulated Raman and Brilliouin Scattering

There are four mayor instabilities and scattering processes that occur in laser-plasma interac-
tion. They are dealt with in textbooks [50, 47, 51] and are treated only briefly, here. They
are three-wave parametric processes that can be driven resonantly. Two of them are not rele-
vant for SRA: the decay of the electromagnetic wave into (1) two electron plasma waves and
(2) an electron and an ion plasma wave. They can only occur for higher electron densities,
ne = ncrit/4, and ne ≈ ncrit, respectively.

The other two instabilities can also occur for low plasma densities. Here, the electromag-
netic wave decays into a plasma wave and a second electromagnetic wave. If an electron
plasma wave is excited the process is called Raman scattering. In case of an ion plasma
wave it is called Brillouin Scattering. As parametric processes, the secondary waves obey a
resonance condition. They are amplified exponentially in the small signal regime. The two
electromagnetic waves drive the plasma wave further by their common ponderomotive force.
For Brillouin scattering the force is mediated to the ions by the electrons. The electron density
gets modulated, thereby setting up an electrostatic field driving the ions. On the other hand,
the plasma waves represent phase gratings scattering the irradiated laser wave into the second
electromagnetic wave.



2.1 Laser Plasma Interaction 11

resonance conditions growth rate
Stimulated Brillouin
(backward) scattering
(SBS)

ω0 = ω1 + ωpi k = 2k0

(
1− cs

c

)
≈ 2k0 γ =

1
2
√

2

√
c
cs

ωpia0

Stimulated Raman
forward scattering
(SRFS)

ω0 = ω1 + ωpe k =
ωpe

c
γ≈ 1

2
√

2

ω2
pe

ω0
a0

Stimulated Raman
backward scattering
(SRBS)

ω0 = ω1 + ωpe k = 2k0

(
1−
√

2ωpe

ω0

)
γ≈ 1

2
√ωpeω0a0

Table 2.1: Resonance conditions, wave number of the plasma wave and growth rates for Brillouin
backward and Raman forward and backward scattering taken from Kruer [47]. ω0, k0, and a0 are the
frequency, the wavenumber, and normalized vector potential of the irradiated electromagnetic wave; ω1
is the frequency of the amplified light wave; ωpi and ωpe denote the electron and ion plasma frequencies,
respectively, k is the wave number of the plasma wave; cs is the sound velocity in the plasma. The
Raman growth rates are approximated for ω0� ωpe� γ, and a low electron temperature such that the
temperature term in the dispersion relation of the electron plasma wave can be neglected.

Table 2.1 lists the growth rates and the resonance conditions for Raman and Brillouin scat-
tering derived in Kruer [47]. It is assumed that the irradiated electromagnetic wave is much
stronger than the scattered wave. For Brillouin scattering, the dispersion relations of the sound
and electromagnetic waves in a plasma only allow backward scattering. For Raman scattering,
both electromagnetic waves can propagate into the same direction, which is called forward
scattering (SRFS), or into opposite directions called backward scattering (SRBS). Finally, for
Raman side scattering the incoming electromagnetic wave is scattered sideways. Although the
growth rate lies between that of SRFS and SRBS, it is of little importance here, because the
scattered light immediately leaves the region of the incoming focused laser pulse and is lost
for the parametric process. It comes into play only for much higher intensities than those used
in this work. Anti-Stokes processes, where the plasma waves is already present initially , are
also not considered here.

Raman and Brillouin instabilities can cause significant losses to laser pulses traveling through
a plasma. However, the backscattering processes are uncritical if the pulses are shorter than
the time that the instability needs to grow from noise to a substantial level. Since the electrons
are more mobile than the heavier ions, Raman scattering occurs on a faster time scale than
Brillouin scattering. For typical plasmas considered in this work, pulses shorter than 10 ps are
not affected by SBS. For SRBS, the critical durations are a few 100 fs.

The growth rate for Raman forward scattering is by (ωpe/ω0)3/2/
√

2 smaller than that of
Raman backward scattering. Since the secondary light wave travels along with the primary
wave in the same direction, it has more time to resonantly grow and excite the plasma wave.
Hence Raman forward scattering not only depends on the length of the laser pulse but also
on the propagation length in the plasma. However in the present experiments, Raman forward
scattering was not found to be crucial.
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2.2 Amplification of Laser Pulses in a Plasma

Plasma as an amplifier medium has the advantage that it can sustain arbitrarily high intensi-
ties. Conventional high power laser systems often suffer from damages due to the high-field
strengths and specific measures are necessary to avoid them, like stretching of the laser pulse
in time and increasing its diameter.

Unlike conventional laser amplifiers, a plasma amplifier medium for optical pulses does not
store the energy during a pump process to release it later by induced emission when the laser
pulse passes the medium. Instead the energy is transferred directly from a pump laser pulse
to a signal pulse mediated by the electrons, similar to optical parametric amplification in a
nonlinear crystal.

Since a homogeneous electron distribution does not scatter the pump laser, the electron den-
sity must be modulated by some ordering process. In the case of backscattering, the density is
modulated by a period of about half the laser wavelength to scatter the pump pulse coherently.
According to Eq. (2.7), the index of refraction exhibits the same modulation, which is equiv-
alent to a phase grating leading to the Bragg reflection of the pump laser pulse back into the
signal pulse [52].

The microscopic picture allows a different view on the mechanism. A single electron emits a
dipole wave while it is oscillating in the radiation field of the laser pulse. This process is called
Thomson scattering [53, 54]. For a homogeneous electron distribution, the radiation resulting
from all dipoles is incoherent except for the propagation in the direction of the laser pulse. If
the electron density is modulated with a period of about half the laser wavelength, the dipole
emission due to the single electrons superimposes coherently in the backward directions, while
the radiation in lateral directions is still incoherent.

Three plasma processes can cause such a periodic electron density grating able to backscat-
ter the pump pulse. The density modulation is always imprinted by the common pondero-
motive force of the counter-propagating pulses. However, they differ in the response of the
plasma.

1. SRA: If the ponderomotive force is stronger than the electrostatic force in the plasma,
the bunching of the electrons is due to the dynamics of the independent electrons in
the ponderomotive potential. This mechanism is discussed in detail in the following
sections.

2. SRBS: If the ponderomotive force is smaller, collective plasma oscillations govern the
electron dynamics. If the resonance condition for SRBS is satisfied, a plasma wave
is excited, which backscatters the pump pulse. This scheme is also called (backward)
Raman amplification and is treated in section 2.5 because of its seemingly similarity to
SRA and its relevance for the presented experiments.

3. SBS: If the laser pulses satisfies the resonance condition for SBS, an ion acoustic wave
is excited from which the pump pulse is backscattered.

The last scheme can be distinguished very well from the other two. Since the ions are involved,
the frequency detuning between the light waves is only very small and the typical time scales
are on the ps-level. It is therefore not appropriate for the amplification of fs-laser pulses and
disregarded.
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The parameter regimes of SRA and Raman amplification are adjoining making the smooth
transition from the Raman to the SRA regime possible. Therefore, it is essential for this work
to identify the features by means of which the two processes can be separated from each other.

2.3 Mechanism of Superradiant Amplification

SRA is an amplification regime prevailing at high pump and signal intensities. If the pondero-
motive forces of the light waves become stronger than the electrostatic forces in the plasma,
the collective plasma wave disintegrates and the dynamics of the electrons is that of individual
particles interacting with the radiation field. The initial conditions of the electrons and their
dynamics arranges them to a density grating, which finally reflects a portion of the pump pulse
into the signal pulse.

The following section starts by specifying the ponderomotive potential created by the inter-
ference of the counter-propagating laser pulses. A threshold for the laser intensities is found,
where the ponderomotive force exceeds the electrostatic force so that the single electron ap-
proximation becomes valid. The dynamics of the electrons in the ponderomotive potential is
analyzed leading to the bunching of the electrons and establishing a density grating. Its dynam-
ics also causes the shortening of the amplified signal pulse. Analytic formulas for the intensity
and energy amplification as well as the duration of the signal pulse are derived. Finally, the
last section enlightens the origins of SRA in free-electron laser.

2.3.1 Ponderomotive Potential of the Counter-propagating Laser Pulses

The pump and signal pulses are circularly polarized with opposite helicity. While SRA is also
possible for linearly polarized pulses, the circular polarization simplifies the analytic treatment
and is in accordance with the experimental situation. However, SRA also works for linearly
polarized pulses. The pulses are described by their normalized vector potentials

as(z, t) =
1√
2

(êx + iêy)as(z, t)eiθs + c.c., (2.11a)

ap(z, t) = − 1√
2

(êx + iêy)ap(z, t)eiθp + c.c., (2.11b)

where êx,y are the unit vectors in the respective directions, as,p denote the envelopes and θs,p
the phases of the laser pulses. Here and throughout the rest of this work, the indices p and
s refer to the pump and signal pulses, respectively. The only exception are the pump pulse
frequency ωpu and the wave vector kpu to avoid confusion with the corresponding symbols
for the plasma wave. The phases of the counter-propagating pulses are θs = ksz−ωst and
θp = −kpuz−ωput. The pump wave vector and frequency are slightly larger than those of
the signal pulse, ωpu ' ωs, kpu ' ks. The short signal pulse has a duration of a few laser
cycles. The optimal duration will be specified later. Since the pump pulse is much longer, its
amplitude is assumed constant for the following considerations.

The pulses given by Eqs. 2.11a are plane waves. The 1D approximation is justified, because
the longitudinal length scale given by the interference structure of the pulses, ≈ λ/2, is much
smaller than the beam waist, r⊥. Hence the longitudinal gradients are much larger than the
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Figure 2.1: Ponderomotive potential of the in-
terference term: The potential has a small phase
velocity to the left, whereas the envelope travels
with the velocity of the signal pulse to the right. interference pattern envelope
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transverse gradients and the electrons move transversely on a slower time scale than longitu-
dinally. In the experiment, the radius of the beam waist is r⊥ ≈ 15 µm and λ/2≈ 0.4 µm.

The common ponderomotive potential of the pulses according to Eq. (2.4) is

φpond

mec2 =
1
2
〈(as + ap)2〉 =

|as|2
2

+
|ap|2

2
− 1

2
(asa∗peiψ + c.c.)

=
|as|2

2
+
|ap|2

2
−asap cosψ, (2.12)

where the phase ψ of the slowly oscillating interference pattern of the two pulses reads

ψ(z, t) ≡ θs−θp = (ks + kpu)z + (ωpu−ωs)t = kIz + ∆ωt, (2.13)

with ∆ω = ωpu−ωs� ωpu, ωs and the wave number of the interference kI = kpu + ks ≈ 2kpu.
The ponderomotive force in the longitudinal direction according to Eq. (2.12) is mainly given
by the interference term, because it has the steepest gradient. The derivative of the pump
amplitude vanishes as ap is almost constant. The remaining terms are approximated by

∂
∂z
|as|2

2
≈ |as|2

2cτs
� ∂

∂z
asap cosψ≈ kIasap sinψ, (2.14)

where τs is the duration (FWHM) of the signal pulse. Because of kI� 1/(2cτs), the inequality
holds true even if the signal amplitude exceeds the pump amplitude. Therefore, the force due
to the interference structure dominates the dynamics of the plasma electrons if the electrostatic
forces can be neglected.

Fig. 2.1 depicts this interference pattern. Since ap is approximately constant, the shape of
its envelope is given by the envelope of the amplitude as of the signal pulse. It travels to the
right almost at the speed of light, vgr ≈ c. The phase velocity vph of the interference structure
is obtained by solving Eq. (2.13) for the condition ψ̇ = 0.

vph =−∆ω
kI

=− ∆ω
ωpu + ωs

c. (2.15)

This means the phase structure under the signal envelope moves opposite to this envelope at a
rather small velocity. For typical plasma densities, one finds |vph|/c≈ 0.02 . . .0.05.
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2.3.2 A Single Electron in the Ponderomotive Potential

The dynamics of a single electron trapped in a potential well of the interference structure is
given by its equation of motion

mz̈ j = Fpond =−asapkImc2 sinψ(z j, t), (2.16)

where z j is the position of the electron. It is convenient to follow the motion of the electron
in the frame of reference of the slowly moving interference structure by choosing the new
coordinate ζ j = z j + vpht. Rewritten in this reference frame, Eq. (2.16) reads

kI ζ̈ j + ω2
b sin(kIζ j) = 0, (2.17)

where ωb is the so-called bouncing frequency,

ωb =
√asapkIc =

√asap(ωs + ωpu) . (2.18)

Here, the refractive index was set to 1, which is a valid approximation for thin plasmas. Eq.
(2.17) is just the equation of motion of a mechanical pendulum. For small displacements the
electron oscillates with the bouncing frequency around the potential minimum. As the force
in Eq. (2.17) is non-harmonic, the oscillation frequency decreases for larger amplitudes.

2.3.3 Threshold Condition for SRA

The intensity threshold for the onset SRA is obtained from the condition that the pondero-
motive force, Fpond, acting on a plasma electron must be larger than the electrostatic force,
Fstat =−eEstat. In the following, a simpler and more intuitive approach is chosen to derive an
expression for the threshold condition than in the original work by Shvets [44]. The maximum
electrostatic force is derived from Poisson’s equation while the plasma wave still exists. Its
longitudinal component reads

∂Estat

∂z
=

e
ε0
{Zni− [ne0 + δne(z, t)]} , (2.19)

where Z is the charge number and ni is the density of the ions; ne0 = Zni is the undisturbed
electron density and

δne(z, t) =−δn̂e cos(kIz−∆ωt) (2.20)

the density modulation. The wave number kI and the oscillation frequency ∆ω are imprinted
by the driving ponderomotive force so that the phase of the cosine is just ψ. The negative sign
is chosen without loss of generality to shift the minimum of the electrostatic potential to z = 0.
Integration of Eq. (2.19) yields

Estat =
eδn̂e

kIε0
sinψ =

me

ekI

δn̂e

ne0
ω2

pe sinψ. (2.21)

The maximum amplitude of the plasma wave is limited to δn̂e/ne0 ≤ 1/2 by the onset of
wavebreaking [55]. The equation of motion for a test electron in this electrostatic potential
reads

ζ̈ j =
−eEstat

me
=−

ω2
pe

2kI
sin(kIζ j). (2.22)
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Again the position of the electron ζ j is given in the frame of reference of the ponderomotive
phase structure. A comparison with Eq. (2.17) yields the threshold condition for Fpond > Fstat

ω2
b >

1
2 ω2

pe ⇐⇒ asap >
ne0

8ncrit
. (2.23)

This inequality sets a lower limit for the product of the pump and signal amplitudes, for which
the ponderomotive force becomes larger than the electrostatic force of the plasma wave. The
electrostatic forces are neglected and the electron dynamics is described by the pendulum
equation Eq. (2.17). Eq. (2.23) is no hard threshold, but there is a transition around the regime
ωb = ωpe/

√
2, where the dynamics slowly changes from the collective motion of the plasma

wave to that of single independent electrons trapped in the ponderomotive potential.
Compared to the criterion derived in [44, 46], ωb > ωpe, Eq. (2.23) sets an even lower

threshold. The prior works used δn̂e/ne = 1 for the maximum amplitude of the plasma wave,
which is already beyond the wavebreaking limit.1

2.3.4 Electron Trapping, Oscillation and Bunching

Electron trapping and oscillation

Having confirmed that the dynamics of the plasma electrons is governed by the ponderomotive
force of the two laser pulses if the relation (2.23) holds, it is now inspected how an ensemble
of independent electrons gets arranged by the oscillation in the ponderomotive potential.

It is important to point out again that the ponderomotive potential depicted in Fig. 2.1 does
not arrive as a fixed structure at the position of the electron, because the phase and group
velocities differ. The envelope of the arriving signal pulse moves like a window over the slow
interference structure and selects a section. In Fig. 2.2a, the trapped electron (1) does not enter
the potential well from the side over the crest but it gets trapped when the edges of the potential
well rise on both sides with the arrival of the signal pulse.

Before the signal pulse arrives, all electrons are uniformly distributed in space with an initial
velocity ζ̇ = vph with respect to the potential structure. The velocity spread due to the initial
temperature is negligible. When the ponderomotive potential builds up, the total energy of the
electrons is shifted by the potential energy. There exist two classes of electrons: (1) Those that
are trapped in the potential structure; they are closer to the dip of the well and their total energy
is smaller than the energy associated with the crests of the potential energy. (2) Electrons that
can surmount the crest and pass on to the adjacent well. If the frequency detuning of the laser

1In the limit of a highly nonlinear plasma wave, the amplitude of the electron distribution can be approximated
by

δne(z) =
ne0

2

{
1 + ∑

m∈Z
2πδ

(
kIz−2π

(
m +

1
2

))}
,

where δ is Dirac’s delta-function. The electrostatic field obtained by integrating Poisson’s equation rises lin-
early with z to the maximum value Estat = (ene0π)/(ε04kI), which yields the threshold condition ω2

b >
π
4 ω2

pe.
However, this is an extremely idealized plasma wave. In reality, wavebreaking sets in earlier. Furthermore,
the nonlinear plasma wave mainly increases the field near the electron peaks, while Eq. (2.23) is true, where
sinψ ≈ ψ holds. In conclusion, this excursion illustrates the statement above that Eq. (2.23) does not set a
strict threshold, but rather defines a transition regime, ωb = 0.7 . . .0.85ωpe, where SRA gradually sets in by
trapping more and more electrons in the ponderomotive potential.
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Figure 2.2: (a) Energy diagram showing the total electron energy and the ponderomotive potential;
(b) phase space of electrons with the separatrices separating the areas with electrons trapped in the
potential from those outside. Electron (1) is trapped and oscillates: it bounces forth and back between
the edges of the potential well in (a) and rotates inside the separatrix in (b). Electron (2) is not trapped
and can surmount the potential crest; it oscillates along the separatrices in (b).

pulses and hence vph becomes larger the fraction of the second type increases, because the
number of electrons that are inside the separatrices in Fig. 2.2b decreases.

Bunching of an ensemble of electrons by the oscillation

Fig. 2.3 illustrates the bunching of the electrons to thin layers of high density as a consequence
of their individual motion in the ponderomotive potential. It consists of a series of snapshots
obtained from numerical simulations at the indicated times during one full oscillation cy-
cle, Tb = 2π/ωb. The simulations were performed with the particle-in-cell code described in
section 2.4. Each snapshot shows the electron phase space in the upper half with a sample
ensemble of electrons indicated as dots. In the lower half, the electron density (blue line) and
the ponderomotive potential (red line) of the pump and signal pulse are plotted. For illustration
purposes, the signal pulse is chosen semi-infinite.

When the signal pulse arrives, the initially uniformly distributed electrons (a) get trapped
in the ponderomotive potential, start oscillating (b) and are bunched in space on a very short
distance at Tb/4 for the first time (c). The electron density peaks appear on the right edges of
the potential wells, where on average they scatter the pump light into the signal pulse. As the
electrons continue their oscillation, the electron density grating decays. The bunching of the
electrons is basically a consequence of their small velocity at the return points on the edges
of the well leaving late electrons time to catch up with the early ones. At time step Tb/2, the
electrons are again approximately uniformly distributed in space (d), disregarding the regions
around the potential maxima, where the electrons are mostly expelled.

At 3/4Tb the electrons bunch a second time in space, this time on the opposite edge of the
potential well. Here on average, they scatter the signal pulse back into the pump pulse, caus-
ing the signal to be attenuated. The peaks in the electron density are nearly as high as during
the first bunching. Even the non-trapped electrons close to the separatrices have moved on
to the adjacent potential well and almost join the trapped, bunched electrons. The ongoing
oscillations of the trapped electrons make the electron density peaks decay again and the elec-
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Figure 2.3: PIC simulations illustrating the electron motion. The abscissa is the signal pulse prop-
agation distance in µm in the rest frame of the ponderomotive potential; the signal pulse propagates
to the right, the pump pulse to the left (both not shown). The individual frames are snapshots at suc-
cessive time steps during one oscillation cycle. The upper frames show the electron phase space with
the electrons marked as black dots, which appear as a solid line if they are narrowly spaced. The red
lines indicate the separatrices set by the ponderomotive potential. Electrons inside the separatrices are
trapped and rotate in the phase space. Electrons outside the separatrices are not trapped, they propagate
on oscillating curves along the separatrices. (Remark: It is due to the finite numerical resolution of
the abscissa that the upper and lower halves of the separatrices do not touch at every node.) The lower
frame shows the ponderomotive potential (bottom, red line) and electron density (bottom, blue line).
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Figure 2.4: Direction of the energy flow of the light scattered from an electron density peak; the signal
pulse travels to the right, the pump pulse to the left side. The ponderomotive force acting on the
electrons corresponds to the net recoil momentum per unit time, that the electrons gather by scattering
photons of the pump and signal pulses. (a) Electron peak on the right side: net scattering of pump
photons back into the signal pulse leading to the amplification of the signal pulse. The opposite case is
depicted in (b).

trons get distributed again after one full oscillation cycle. Since the oscillation frequency of
the electrons is smaller near the separatrix, they are not perfectly homogeneously distributed,
however on the average, there is no net scattering of light between the two pulses.

Seen from a different point of view, the electron distribution oscillates between a broad
distribution in space with a narrow velocity distribution and a peaked distribution in space with
a broad velocity spread. This consideration is idealized because the electrons have slightly
different oscillation frequencies due to the non-harmonic potential. Actually, they gradually
smear out in the phase space.

Direction of the energy flow of the scattered light

The position of the electron peak within the ponderomotive potential determines the direction
of the energy flow from the pump pulse to the signal pulse or vice versa, because it determines
the phase relation between the waves of the pump and signal pulses at the position of the
scattering electrons. This fact is more easily understood in the picture of electrons backscat-
tering pump and signal photons, as depicted in Fig. 2.4. The ponderomotive force acting on an
electron can be interpreted as the sum of the recoil momenta that the electron gathers per unit
time by scattering laser photons. If the electron experiences a net ponderomotive force in one
direction, e.g., in the direction of the pump pulse, it scatters more photons from the pump into
the signal pulse than vice versa, which results in a net amplification of the signal (Fig. 2.4a).
The same holds true the other way around: If the net force goes into the direction of the signal
pulse, the pump is amplified at the expense of the signal pulse.
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2.3.5 Signal Shortening and Optimal Frequency Detuning

Contraction of the signal pulse and amplification bandwidth

The signal pulse is attenuated by the backscattering of the signal pulse during the second
bunching around 3/4Tb. In the optimal case, the signal pulse is short enough that the at-
tenuation occurs just on its rear edge and constricts its duration. The pulse duration can be
approximated by half an oscillation period,

τs ≈ Tb/2 =
π

ωb
=

π
√apas(ωpu + ωs)

≈ Tpu

4√apas
. (2.24)

The last step uses the approximation Ts ≈ Tpu. When the signal pulse is amplified by SRA,
the ponderomotive potential becomes deeper and the bouncing frequency ωb increases (Eq.
(2.18)). Hence the signal is shortened even further, because the generation and destruction of
the electron grating by the oscillation occurs faster.

For the signal pulse to shorten, its bandwidth has to increase. The large amplification band-
width is a consequence of the velocity spread that the electrons exhibit, when they are bunched.
All the electrons backscatter the pump pulse Doppler shifted by their individual velocity. The
deeper the ponderomotive potential, the larger becomes the spread and hence the amplification
bandwidth.

Optimal detuning of the laser pulses

The initial velocity of the electrons with respect to the ponderomotive potential is ζ̇ = vph,
which is by Eq. (2.15) proportional to the frequency detuning ∆ω between the pump and
signal pulses. Half an oscillation period later, after the electron has contributed to the ampli-
fication of the signal pulse and has been reflected from the edge of the potential well, it has
approximately the velocity ζ̇ =−vph. Therefore, its contribution to the amplification is larger
for a higher frequency detuning. According to the previous section, the change of its momen-
tum corresponds to the net number of photons it has scattered from the pump into the signal
pulse.

On the other hand for a higher detuning, less electrons are trapped and bunched in the poten-
tial. There exists an optimal detuning, for which the overall amplification becomes largest. In
[46], it is shown numerically and analytically that the optimal detuning is ∆ω = ωpu−ωs≈ωb.
However, this is not a strict resonance. Fig. 2.7 shows that the amplification starts for a large
range of detunings and shifts the spectrum towards the optimal detuning.

2.3.6 Amplification by Coherent Emission from Bunched Electrons

The plasma electrons scatter the light pulses by classical Thomson scattering with the scatter-
ing cross section [53]

dσ
dΩ

=
1
2

(1 + cos2 θ)r2
e (2.25)

into the solid angle dΩ under the angle θ with respect to the wave vector of the incoming
radiation. Here, re = e2/(4πε0mec2) ≈ 2.8 fm is the classical electron radius. The phase of
the scattered radiation is shifted by π with respect to the incoming wave. If the electrons are
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Figure 2.5: For a pump beam diameter of 2ρ,
the electrons scatter the light coherently into a
cone with the half-opening angle θd . For larger
angles some of the electron radiate out of phase.

homogeneously distributed in space, their scattering amplitudes, ascat, add incoherently when
superimposed.

During the amplification however, the electrons are nonuniformly distributed and a net scat-
tering wave remains. In particular, the bunching of the electrons to thin layers with a thickness
much smaller than the laser wavelength as depicted in Fig. 2.3(c) and (e), makes them scatter
coherently. Because of the periodicity of the potential, the waves reflected from the adjacent
electron bunches are in phase as well. Therefore, the total signal amplitude is proportional to
the number of scattering electrons N,

as = Nascat + as0, (2.26)

where as0 is the initial signal amplitude, which can be neglected for sufficiently large N. The
signal intensity hence grows with the square of the number of electrons, Is ∝ a2

s ∝ N2.

Growth of signal intensity in the superradiant regime

Fig. 2.5 shows the geometry of the amplification by scattering from the plasma electrons. For
the backscattering from the pump into the signal, the angle θ in Eq. (2.25) is approximately
π, hence 1 + cos2 θ ≈ 2. A pump beam of diameter 2ρ is scattered coherently within a cone
with the half-opening angle θd . Outside the diffraction angle, the radiation emitted from the
electrons partly cancels. For a Gaussian transverse beam profile one finds θd =

√
2/(ksρ) [56]

corresponding to the solid angle ∆Ω = 2π(1− cosθd) ≈ πθ2
d [57, Eq. 3.135]. Using these

relations, the radiation power scattered by a single electron can be written as

Pe =
dσ
dΩ

∆ΩIp =
2πr2

e

(ksρ)2 Ip. (2.27)

Ideally, all electrons scatter the pump pulse coherently and the signal intensity as well as its
power grows quadratically with the number of participating electrons N, which is given by the
number of electrons in in the volume passed by the signal pulse N = πρ2zne. This allows to
compute the total signal power

Ps = πρ2Is = N2Pe = (πρ2zne)
2Pe, (2.28)

where z is the amplification length in the superradiant regime. From the last two equations
an analytic expression for the the signal intensity as function of the propagation distance is
derived,

Is =
Ps

πρ2 =
ω4

pe

8k2
s c4 z2Ip =

1
8

(
ne

ncrit

)2

(kpuz)2Ip . (2.29)
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Again the frequencies of the pump and signal pulses were taken equal, ωs ≈ ωpu or ks ≈ kpu,
and the refractive index was approximated for small densities, nrefr. ind. ≈ 1 or ωs/p ≈ cks/p.
Extensive numerical simulations yielded a somewhat smaller pre-factor: ≈ 1/16 instead of
1/8 [46]. The analytic value is higher, because it was assumed that the peak of the signal
pulse is amplified maximally, whereas the numerical simulation in Fig. 2.10(a) shows that the
maximal amplification of the signal actually occurs only on its leading edge. At the pulse
maximum, the electron grating already decays due to the ongoing oscillation.

Limits of SRA

In numerical simulations SRA amplifies the signal pulse up to relativistic intensities, as ≈ 0.5.
Then another nonlinear process sets in and the pulse starts to break up [46]. At relativistic in-
tensities the ponderomotive force due to the envelope cannot be neglected any longer, because
it becomes as strong as the force due to the interference pattern. The trapped electrons gain
an additional momentum, which shifts the position of the electron peak from the right edge of
the potential well as depicted in Fig. 2.3(c) over the crest to the left edge of the adjacent well,
where it attenuates the signal pulse.

A consequence of the limitation on the signal intensity, the minimally achievable pulse
duration according to Eq. (2.24) is approximately two laser cycles.

2.3.7 Remark on the Carrier Envelope Stability

Recently, the absolute phase of few-cycle laser pulses has attracted a lot of attention because
of its relevance for the generation of attosecond pulses [32, 33]. Single as-pulses can be
generated for a specific phase relation, called the cosine pulse, meaning that the maximum of
the carrier wave coincides with the maximum of the pulse envelope [58]. A laser amplifier
for these pulses inserts a phase shift between the carrier and the envelope, but this shift must
not be random, so that it can be pre-compensated. Therefore, the amplifier can maintain the
carrier-envelope stabilization if the jitter added to the absolute phase is much less than π/2.

Using SRA as an amplifier, the jitter stems mainly from the fluctuations of the plasma den-
sity and length. The phase shift between the carrier traveling at vph = c/nrefr. ind. and envelope
traveling at vgr = cnrefr. ind. is

∆φ = ks(vphτ− vgrτ)≈ ksL
ne

ncrit
, (2.30)

where τ = L/vgr is the time the signal pulse needs to pass the plasma of length L with an
idealized flat top density profile. The fluctuation of ∆φ due to the changes in the plasma length
and density is

δ
(

ksL
ne

ncrit

)
= ks

(
δL

ne

ncrit
+ L

ne

ncrit

δne

ne

)
. (2.31)

For typical parameters of the present work, L = 1 mm, ne/ncrit = 0.002 and λ ≈ 800 nm, the
jitter of ∆φ stays smaller than π/2 if δL� 100 µm and δne/ne � 0.1. Although this appears
feasible, it requires a large control over the gas jet and is usually not trivial to achieve.
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2.3.8 Scaling Laws for Intensity, Duration, and Energy

Table 2.2 summarizes characteristic scalings of the SRA regime derived in the previous sec-
tions. A coarse estimate for the signal energy is added. The third column gives the scalings for
fixed energy and duration of the pump pulse. They are more appropriate with regard to an ex-
periment, where the pump energy and duration can be directly controlled. The given scalings
only refer to the superradiant regime. Therefore, a minimum pump intensity Ip is required to
satisfy the threshold condition for SRA.

Threshold
condition

ωb ' ωpe/
√

2 ⇔ asap '
ne0

8ncrit

Intensity Is =
1
8

(
ne

ncrit

)2

(kpuz)2Ip ∝ (neωpu)2Epτp

Duration τs ≈
π

ωb
∝ ((ωs + ωpu)asap))−1/2 ∝ (IsIp)−1/4

∝ (nekpuzIp)−1/2

∝ (neωpuEp)−1/2

Energy Es ≈ πρ2τsIs ∝ (nekpuz)3/2πρ2I1/2
p ∝ (neωpu)3/2ρE1/2

p τp

Table 2.2: Scaling laws for the threshold condition, and the signal intensity, duration, and energy.
A constant pump amplitude is assumed; z is the amplification length. In the third column the pump
intensity is expressed by its energy Ep and duration τp, where Ip ≈ Ep/(πρ2τp) is used, with the beam
diameter 2ρ. The amplification length is approximated by z = cτp. These scaling expressions are more
appropriate for the experiment, where the pump energy and duration can be directly controlled.

An interesting feature is the scaling of the duration with the pump wavelength λpu. The
minimally achievable signal duration is directly proportional to λpu if the same values for
ap and ne/ncrit are used and the same maximum amplitude of the amplified signal as is as-
sumed. Therefore, shorter amplified pulses can be achieved just by using a pump of shorter
wavelength. Table 2.3 lists the minimal pulse duration and the according energy fluences for
possible pump sources that can deliver picosecond, high-power laser pulses suitable for SRA.
In particular, KrF and Nd:glass or Nd:YAG systems can deliver kJ-pulses allowing to amplify
signal pulses up to multi-Petawatt peak powers, far beyond the 1 PW-level of today. At the
same time, much shorter pulse durations can be achieved than it is possible nowadays for
high-power laser systems with durations of at least 25 fs.

pump laser wavelength λp min. signal duration τs max. fluence Js

Ti:sapphire 800 nm 7 fs 6 kJ/cm2

Nd doped, 2ω 530 nm 4.5 fs 9 kJ/cm2

KrF 248 nm 2 fs 20 kJ/cm2

Table 2.3: Minimal durations and maximal fluences of the signal pulse for different pump wavelengths.
The maximum signal amplitude as ≈ 0.45 was obtained from numerical PIC simulations and allows a
minimal signal duration of 2-3 laser cycles.
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Figure 2.6: In a FEL, a relativistic electron beam oscillates transversly in the alternating magnetic
fields of the undulator or wiggler. The additional radiaton field of the signal pulse is necessary to cause
the breakup and bunching of the electron beam. In the superradiant Compton regime, the oscillating
electrons radiate coherently thereby amplifying the signal pulse. The FEL is transformed into the super-
radiant plasma amplifier by a Lorentz transformation into the reference frame of the initially uniform
electron beam. The relativistic electron beam becomes the uniform plasma at rest. The magnetostatic
undulator field transforms into a counter-propagating electromagnetic wave, which represents the pump
pulse.

2.3.9 Analogy to Free-Electron Lasers

This section compares the SRA plasma amplifier to a Free-Electron Laser (FEL), which ac-
tually works according to the same basic mechanism. The comparison reveals similarities,
which can help to transfer some of the theory already worked out for FELs to the theory of
the plasma amplifiers, but it also states several differences concerning the operation and the
output.

In a FEL [59, 56, 60, 61], a relativistic electron beam is sent through a periodic magneto-
static structure called undulator or wiggler (Fig. 2.6). In the alternating magnetic field, the
Lorentz force makes the electrons oscillate and radiate. Since the electrons move at a ve-
locity close to the speed of light, their radiation peaks in forward direction. The radiation
superimposes incoherently and is weak as long as the electrons are uniformly distributed. The
undulator field and the radiation field create a ponderomotive potential causing the bunching
of the electrons in space. The bunching increases the coherence of the scattering electrons
thus leading to amplification of the radiation field. FELs exist as oscillaters and as single pass
amplifiers. In an oscillator, the radiation is confined in a cavity. A certain radiation level is
build up after a short operation time so that a radiation field is already present, when the elec-
trons enter the undulator. Oscillators typically have a small gain. In single pass amplifiers,
there is no initial radiation field. Instead the radiation is generated by self-amplification of
spontaneous emission (SASE). SASE-FELs need a high gain to achieve a noteworthy output.

In the beginning, the electron bunching and the radiation field form a feedback loop. The
radiation field contributes to the ponderomotive potential causing the electron bunching. The
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stronger the radiation field is the faster the electrons get bunched, and in turn: the better the
electrons are bunched the more coherently they radiate leading to stronger amplification. Such
feedback loops often give rise to exponential growth in the small signal regime, which is
also found in the FEL [56, 60, 61]. The bunching is numerically described by the so-called
bunching parameter b. It ranges between 0 and 1, where 0 corresonds to uniformly distributed
electrons radiating incoherently and 1 corresponds to perfectly bunched electrons radiating
coherently.

The similarity between the FEL and the plasma amplifier becomes apparent by a Lorentz
transformation to the reference frame of the relatvistic electron beam. The resting electrons
form the plasma. The magnetostatic undulator field transforms into a electromagnetic wave
propagating in opposite direction to the laser radiation field, which is exactly the configuration
of the plasma amplifier. Unlike the FEL, SRA corresponds to a single pass amplifier with
an initial signal pulse present. In both amplifiers, the bunching of the electrons is caused by
their longitudinal oscillation in the ponderomotive potential. Since their dynamics is simi-
lar, corresponding quantities often satisfy analog relations. Table 2.4 compares the undulator
(pump pulse), the radiation field (signal pulse), and the electron beam (plasma) of the SRA
plasma amplifier and the FEL. Despite the similarity, some of the quantities like the bunching
parameter and the duration of the pulses differ significantly entailing a different behavior in
some aspects. In the following comparison, both amplifiers are viewed in the rest frame of the
average electron motion and the terminology of the plasma amplifier is used.

The electron bunching is much smaller in the FEL resulting in exponential but small am-
plification. For SRA, the bunching reaches this level already in the leading edge of the signal
pulse. It continues to almost perfect bunching at the pulse center, where all electrons radi-
ate coherently. If the bunching parameter approaches 1 in the FEL, the amplification is no
longer exponential and the FEL is called saturated. Since the electrons radiate in phase, their
single scattering amplitudes add up linearly to the amplitude of the signal pulse. Therefore,
the intensity grows quadratically with the number of electrons and, for a homogenous plasma,
quadratically with the propagation distance.

Even a saturated SASE-FEL still differs significantly from the superradiant plasma amplifier
concerning the pump and signal pulse durations. In an FEL, the pump pulse is much shorter
. In the optimal case, it is just long enough that the electrons get bunched perfectly one
time, which happens after a quarter rotation in the ponderomotive potential as it is shown in
Fig. 2.3(c). On the other hand, the signal pulse duration given by the length of the electron
beam is typically much longer, in particular in the reference frame of the relativistic electron
beam. This means the roles of the pump and signal pulses are reversed as compared to SRA.
There, the signal pulse is limited to half an oscillation period in the ponderomotive potential,
whereas the pump pulse occupies the whole plasma length.

This is of importance for the instabilities that can occur in an FEL and a plasma amplifier.
For SRA, the long pump pulse is likely to be subject to instabilities, while it is traveling through
the plasma without interacting with the signal pulse. In particular, the Raman and Brillouin
instabilities can occur. The latter is obviously not an issue for an FEL, because no ions are
present. Raman effects only play a role if the electron beam has a high current density and the
relativistic factor γ is small, which results in a higher electron density. While in an FEL, the
electron beam is prone to transverse instabilities, the ions neutralize the electron charge and
prevent this instability in the plasma amplifier. The long signal pulse of an FEL can be subject
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FEL SRA plasma amplifier

undulator /
pump pulse

magnetostatic undulator (K < 1)
or wiggler (K > 1)

electromagnetic wave

wavelength undulator period: λu λpu / λs
in electron rest frame: λu/γ

frequency static field ωpu ' ωs
in electron rest frame: γc/λu

amplitude acting
on electrons

K =
λueB

2πmec
=

eAu

mec
ap =

eE
ωpumee

=
eAp

mec
K ≈ 1 ap ≈ 0.03

length 40 - 200 periods 1000 - 3000 periods
in electron rest frame

shorter than signal pulse
adapted to length of plasma

τp� τs

radiation field /
signal pulse

electromagnetic wave electromagnetic wave

wavelength λR =
λu

2γ2 (1 + K2) λs ' λpu

in electron rest frame:
λu/{γ(1 + K2)}

frequency ωR = 2πc/λR ωs / ωpu

initial amplitude SASE: aR0 = 0 as0 ≈ ap
final amplitude aR = 10−4� K as ≈ 0.5� ap

duration duration of electron pulse τs ≈ π/ωb� τp
+ undulator length/(γc)

intensity growth IR ∝ ez/lg Is ∝ z2

beam / plasma relativistic electron beam electrons and ions

longitudinal
oscillation frequency

synchrotron frequency:
Ω2

s = 4aRKωRkuc/γ2
bouncing frequency:

ω2
b = 4asapωsωpu

bunching time usually: � π/Ωs ≈ π/ωb
bunching parameter usually: b� 1 b/ 1

for saturation: b/ 1

Table 2.4: Comparison of the free-electron laser and the plasma amplifier in the SRA regime. The
undulator acts on the electon with the wiggler constant K (sometimes also denoted aw). B is the average
magnetic field in the undulator; γ is the relativistic factor of the electron beam. The fields are expressed
by their corresponding vector potentials using the relations B = kuA for the FEL and E = ωpuA for the
plasma amplifier. lg is the gain length in the FEL. The synchrotron frequency is given for a helical
undulator and the bouncing frequency for cirularly polarized light. For the linear configuration the
values are smaller by a factor 2. The wavenumber of the undulator (wiggler) is ku = 2π/λu. (compiled
from [60, 61]) (Remark: DESY at Hamburg plans to build an FEL with an undulator of several thousand
periods. However, also this much longer undulator just corresponds to the saturation bunching time.)
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to a backward wave instability, whereas the signal pulse in the superradiant plasma amplifier
is too short for this to occur.

For long undulators, the synchrotron instability [60] can show up in an FEL. Here, the
electrons are trapped in the ponderomotive potential for several oscillations. As described
earlier for the SRA regime, this leads to an alternate sequence of amplification and attenuation
of the signal pulse causing a break-up into a train of pulses. This effect usually does not
occur for the superradiant amplifier, because the signal pulse is so short that the electrons only
perform half an oscillation. However, in the experiments in chapter 5, the input signal pulse is
longer. The observed pulse break-up corresponds to the synchrotron instability in an FEL.

Finally, there exists an FEL theory being the exact equivalent to SRA: The superradiant
Compton regime described by Bonifacio et al. [62, 63]. There, the common ponderomotive
force of the laser pulse and the wiggler field is larger than the electrostatic force between
the electrons. The electrons get trapped in the ponderomotive potential, where they perform
longitudinal oscillations and are bunched very efficiently with a bunching parameter close to
1. In this regime, the intensities of the radiation field in the FEL grows quadratically and the
duration is constricted to half an oscillation cycle. It was G. Shvets, who transferred this FEL
scheme to a plasma to propose a new kind of amplifier.

2.4 Numerical Particle-In-Cell Simulations

The dynamics in a plasma is usually so complex that approximations and restrictions have
to be made when treating the laser plasma interaction analytically. Numerical simulations
obtained from the integration of the basic equations represent virtual experiments performed
in a computer allowing to study and visualize the complex plasma dynamics in much greater
detail than possible in an analytic treatment. However as opposed to a real experiment, the
conditions are idealized.

2.4.1 Particle-In-Cell codes

The best way to simulate the interaction of intense femtosecond laser pulses with a plasma
numerically is usually by means of a Particle-in-Cell (PIC) code [64, 65]. It traces the mo-
tion of the particles in the plasma by integrating their equations of motion with the Lorentz
force acting on them, ṗ = q(E + v×B). The electric and magnetic fields are directly obtained
from Maxwell’s equations. To reduce the computational effort, macro particles are used rep-
resenting a larger number of actual particles. The electric and magnetic fields are computed
on a grid, which represents also the corner points of cells, through which the particles move.
The charge and current densities are computed for each cell by adding the contribution of all
particles that are partially inside the cell. In a Leap-Frog scheme, the algorithm computes
alternatingly for fixed time steps the particle motion and the fields.

The kinetic treatment of the particles is suitable, because laser-plasmas often show a very
nonlinear behavior, in particular, the phase space of the electrons gets mixed strongly and small
electron populations can get accelerated to high velocities. If the particles overtake each other,
a fluid description of the plasma breaks down. Vlasov-codes, which compute the distribution
functions for electrons and ions from the Vlasov equations in a defined area in the phase space,
are inappropriate, because most parts of the phase space are usually empty and are computed
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in vein. The macro particles in a PIC simulation can be regarded as tracer particles that allow
to determine the distribution functions without confining the phase space.

The drawback of PIC codes is their large consumption of computational power. This re-
stricts the simulations to frames of the femtosecond-time scale and rather thin plasmas or low
dimensions. The interaction of femtosecond laser pulses with an underdense plasmas is there-
fore the ideal field of application for PIC codes. Codes simulating 1, 2, or 3 spatial dimensions
(1D, 2D, 3D) are common nowadays.

The simulations in the present work are performed with the 1D code Virtual Laser Plasma
Laboratory (VLPL1D) written by A. Pukhov and extended by myself in the framework of my
diploma thesis [46]. To reduce the computational effort, the plasma is usually simulated only
around the interaction region of the pump and signal pulses in a simulation box co-moving
with the signal pulse.2 All simulations of this work were performed with this code on ordinary
PCs.

2.4.2 Numerical Study of SRA

Confirmation of Analytic Findings

In [46] the analytically derived scaling laws for intensity, energy and duration given in Ta-
ble 2.2 in the previous section could be reproduced by the numerical simulations with slight
changes of the pre-factor. For the intensity scaling, the numerically obtained value is approx-
imately 0.067, which is half the theoretically predicted value. The rough theoretical estimate
of the signal duration could be refined to τs = 1.2π/ωb.

Also the transition from SRBS to SRA described in section 2.5.3 is observed. If the initial
signal pulse is too weak to directly enter the SRA regime, it is amplified by SRBS until its
intensity has grown large enough to satisfy the threshold condition, ωb > 0.7ωpe . An upper
intensity limit for SRA was found for relativistic intensities. Further non-linear effects cause
the pulse breakup [46, Fig. 5.2], which has been discussed in section 2.3.6.

Amplification for same initial frequencies of pump and signal pulse

In Fig. 2.7 taken from my diploma work [46], the amplification process is studied when varying
the detuning ∆ω = ωpu−ωs between the input signal and pump pulses. Fastest growth occurs
for a specific frequency detuning. This optimal frequency is approximately ωb if the threshold
condition Eq. (2.23) is satisfied prior to amplification. For smaller initial intensities, the signal
pulse is first amplified in the Raman regime requiring the frequency detuning ∆ω = ωpe.

However, the signal pulse is also amplified if the ini-

Figure 2.8: Generation of a new
signal pulse by SRBS if the detun-
ing between the pump and signal
pulses is far from the optimum.

tial detuning is far off the optimal value. In particular, the
case ∆ω = 0 is of great interest, because it is experimen-
tally much easier to generate both laser pulses the same
frequency from a single source. Therefore, this choice was
the first approach in the present work and is described in
chapter 4. However, it was found that the delayed start
of the strong amplification gives instabilities of the pump
pulse more time to significantly grow and deteriorate the

amplification process preventing the success of this approach.
2The simulation is still performed in the reference frame of the resting electrons, not in the Lorentz-boosted

reference frame of the signal pulse.
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Figure 2.7: Evolution of the peak signal intensity for varying the frequency detuning ∆ω/ωpu = (ωpu−
ωs)/ωpu between the pump and input signal pulses. The intensity is color-coded and given in units of
the relativistic intensity Irel(λ = 1 µm) = 2.76×1018 W/cm2, for which the normalized vector potential
of circularly polarized light equals 1. The initial signal intensity is below the intensity threshold for
SRA, hence the amplification starts in the Raman regime, where fastest growth is found if the resonance
condition ∆ω = ωpe = 0.1ωpu is satisfied. For different detunings, a new signal pulse is created at the
correct frequency detuning. The amplification sets in delayed, because the generation of the new signal
pulse takes some time, but finally the same intensities are reached as for the optimal initial detuning.
When the pulses have the same frequencies initially, the interaction length has to be increased by
600 µm later to achieve intensities of equal strength.

The amplification far off the optimum frequency detuning is possible, because the signal
pulse is not amplified at its original frequency. Instead it launches a plasma wave, which
scatters back some of the pump light at the Stokes frequency ωpu−ωpe. This light is quickly
amplified in the Raman regime. When it becomes strong enough to pass the threshold for
SRA, the amplification mechanism changes to SRA and the new signal pulse is also shortened.
Hence the original input pulse at the wrong frequency only launches the generation of a new
signal pulse with the correct frequency detuning.

Instabilities of the Pump Pulse

Instabilities are only relevant for the pump pulse, but not for the signal pulse, because it is too
short. To investigate their influence on SRA, the whole plasma is simulated for the time the
pump pulse needs to pass it.

The most likely instabilities are Raman forward and backward scattering. The simulations
show only backward scattering due to its much larger growth rate. This agrees with the exper-
imental observation in appendix B.2. Furthermore, the instabilities never occur in the section
of the plasma that the signal pulse has already passed. The phase-space plot in Fig. 2.10a
explains this finding: The electrons leaving the ponderomotive potential have a very large ve-
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locity spread. When they mix with electrons trapped in the adjacent potential wells, they are
heated to keV temperatures.

Instabilities occurring ahead of the signal pulse deteriorate the amplification process in two
ways. First, the initially cold, homogeneously distributed electrons are pre-heated and pre-
bunched. The trapping and bunching mechanism of SRA becomes less efficient and the am-
plification rate falls off. Second, the pump light backscattered by the instabilities appears as
weak long precursor of the main signal pulse. This decreases the contrast, which impedes
experiments with solid targets, where the occurrence of a pre-plasma is detrimental.

The inspection of the growth rates in Table 2.1 reveal that Raman backward scattering can
be decreased by reducing the electron density and the pump intensity. Since this affects the
growth rate of SRA, too, the optimal parameter set for the actual experiment is a tradeoff
between maximizing the amplification of the signal pulse and minimizing the instabilities.
Further options for the reduction of the instabilities have been proposed in theoretical investi-
gations of Raman amplification of short pulses [66, 67]. Some of these are likely to work for
SRA, too, e.g., using strongly chirped pump pulses [68] or plasmas with density gradients that
limit the necessary resonance for SRBS to rather short distances, thus reducing the gain length
of the instabilities.

The computational analysis of the instabilities for the parameters of the experiment pre-
sented in this work revealed that they are small and just about to set in. The main simulation
problems arise from the proper implementation of the temperature distribution and the nu-
clei of the instabilities. The latter are stochastic; they depend on statistical fluctuations of the
plasma density and can hardly be modeled reliably. The temperature models used in numeri-
cal simulations seem oftentimes inappropriate for rather low temperatures in the initial plasma
(≈ 10 eV). Several different algorithms have been implemented in the present code. Although
they all used the same average temperature, the results differ rather strongly. Hence the in-
fluence of the temperature on the instability thresholds and the growth damping could not be
analyzed reliably. The correct modeling of low-temperature plasmas appears to be a general
problem of PIC codes.

2.5 Raman Amplification versus SRA

Stimulated Raman backward scattering (SRBS) described in section 2.1.4 can amplify laser
pulses for intensities and plasma densities close to those of SRA. Indeed, it is used in the
present experiments in chapter 4 to pre-amplify the weak input pulse. The proximity of the
two regimes sometimes causes confusion, which mechanism dominates for certain conditions
and even whether SRA is a separate regime at all. To establish a clear distinction in the
experiments, it is therefore important to discuss the similarities and differences between these
two amplification schemes, starting with a more detailed description of Raman amplification.

2.5.1 Amplification by Stimulated Raman Backward Scattering

SRBS has been proposed as an amplification scheme for laser beams since the 1960s, first
in Raman-active gases [69, 70], later also in plasmas [71, 72, 73]. However, several disad-
vantages impeded its application in plasmas until recently. The resonance condition, ωpu =
ωpe + ωs, is difficult to strictly satisfy, because small gradients of the electron density already
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change ωpe considerably and the amplification ceases. It is very demanding to provide plasmas
homogeneous enough over lengths of several mm or even cm and hence to achieve sufficient
amplification.

The second disadvantage of SRBS is its small gain bandwidth, ∆ωSRBS, which rules out the
amplification of very short laser pulses. The gain bandwidth is given by twice the growth rate,

∆ωSRBS = 2γ =
√ωpeωpuap. (2.32)

For typical parameters of Raman amplification (ne = 0.001 . . .0.05ncrit , ap = 0.005 . . .0.03),
the gain width only allows for pulses longer than a few hundred fs in the visible. These dura-
tions are not very attractive, because they can be achieved by well-established laser technology
based on induced emission. The reason for these long durations is apparent: The plasma wave
continues to exist once it has been excited by the pump and signal pulses. It backscatters the
pump pulse on its whole length creating a backscattered pulse of the same length although the
original signal pulse is short.

2.5.2 Raman Amplification in the Pump Depletion Regime

Recently, the theoretical analysis of Raman amplification made a breakthrough to solve this
problem by including a simple detail known from three wave interaction: the depletion of the
pump [45]. If the pump pulse has a rather low intensity (Ip = 1012 W/cm2 . . .1015 W/cm2) and
the plasma density high enough (ne/ncrit = 0.01 . . .0.1), the pump pulse is completely reflected
over the length of the signal pulse. When the pump is exhausted, the energy flow reverses and
the signal pulse is backscattered into the pump thus attenuating the signal. The signal pulse
does not only stay short but shrinks even further, because the plasma wave is excited faster and
the pump depleted earlier, while the signal amplitude grows due to the amplification.

This phenomenon is analogous to the energy transfer between me-

Figure 2.9: Coupled me-
chanical pendulums

chanical pendulums coupled by a spring. If only one pendulum
swings initially its energy is gradually transferred to the other pendu-
lum by the spring. When the energy transfer is completed, the pro-
cess reverses: The amplitude of the first pendulum increases again
but shifted in phase by π. The same happens between the pump and
the signal pulse, which are coupled by the plasma wave. The main
difference is the fact that the electromagnetic waves propagate in op-
posite directions and the mutual energy transfer can only occur, where the pulses overlap. The
final signal is actually a pulse train, due to the ongoing forth and backscattering. The zeros of
the pump and signal pulses take turns. Each time one pulse is depleted the carrier wave shifts
its phase by π and the energy transfer reverses.

The pump depletion regime of SRBS has received considerable interest in the recent years,
analytically [45, 74, 75, 76, 77, 78, 67], numerically [79, 80, 81, 82, 83] and experimentally
[84, 85, 86, 87, 88]. Though the experiments would not yet directly prove the occurrence of
the pump depletion, the pulse shortening was observed by Ping et al. [88].

The pump-depletion regime looks very attractive, because the whole pump is reflected
eventually. However, only the energy in the first lobe of the signal pulse train is attractive
for an application. It contains around 50 % of the signal energy. Furthermore a fraction of
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ωpe/ωpu ≈ 10 % is lost in the idler plasma wave. The trailing pulses could turn out to be dis-
advantageous when used in a follow-up experiment. They could interfere or destroy plasma
structures trailing the main pulse, e.g, the electrons that are accelerated by the electrostatic
field in the wake of a short strong laser pulse [22, 24, 25]. It might be possible to cut the trail-
ing pulses by instantaneous wave breaking at the expense of the rate of the pump depletion,
which would drop to less than 30 % [80].

The pulse shortening is approximately inverse to the propagation length, τs ∝ 1/z. However,
the signal pulse lengthens in the beginning as long as the signal is too weak and the excited
plasma wave too small to fully deplete the pump. The duration increases to the ps-level before
it starts shrinking. Though the analytic treatment claims that pulses as short as 10 fs are possi-
ble (λpu = 1 µm), a duration of 50 fs is more realistic but was not yet confirmed in simulations
[76, 80].

Other problems may arise from the requirement that the pump intensities stay below the
wave breaking limit to achieve full depletion. This entails low intensities and hence interaction
lengths much longer than those for SRA to achieve the same energy transfer. Large homoge-
neous plasmas are required and the long travel distances of the pump pulse in the plasma gives
the instabilities time to grow. Several publications deal with these issues and propose solutions
[78, 67, 81, 82, 83, 66], which could in part also be useful to suppress instabilities of the pump
pulse in the SRA regime.

2.5.3 Distinction between SRA and Raman Amplification

In the pump depletion regime, SRA and Raman amplification look quite similar on the first
glance: Both exhibit amplification and pulse shortening and have about the same parameters
of the plasma and the laser pulses. However, there are also differences in a number of char-
acteristic features. Some of them have already been stated in in the previous sections. In the
following paragraphs, they are compiled and compared versus each other in total. Fig. 2.10 is
a graphical illustration of these features using results from numerical simulations. The main
relations for the two regimes are given in Table 2.5.

SRA: The ponderomotive forces exceed the electrostatic forces. The SRA dynamics is en-
visaged as that of independent electrons getting trapped in the ponderomotive potential of the
two laser pulses. The oscillation in the ponderomotive potential arranges the electrons and
creates the density modulations with sharp peaks, which backscatters the pump pulse into the
signal pulse. The electron phase space is strongly mixed up. The ongoing electron oscillation
destroys the grating structure of the electron density but recreates it π/ωb later, shifted in phase
by π so that the signal pulse is now backscattered into the pump thus attenuating the rear side
of the signal pulse and limiting its duration to π/ωb. The destruction and phase-shifted revival
can occur several times for long signal pulses.

SRBS: Below the threshold for SRA, the electrons are coupled by their electrostatic forces
and collective effects dominate their dynamics. The ponderomotive potential of the laser
pulses excites a plasma wave. The associated electron modulation backscatters the pump
pulse into the signal pulse. After the signal pulse has passed, the plasma wave stays intact and
continues to backscatter the pump pulse.
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Figure 2.10: One-dimensional Particle-In-Cell simulations to illustrate the Raman and SRA amplifi-
cation regimes. The plots show the intensity profile of the signal pulse traveling to the right (top), the
electron density and the ponderomotive potential (middle), and the electron phase space (bottom). (a)
In the SRA case, the signal intensity is chosen higher by a factor of 100 and the initial electron den-
sity lower by a factor of 2 compared to the Raman case so that the threshold condition ωb > 0.7ωpe is
satisfied and the electron dynamics is dominated by the ponderomotive potential. The electron density
grating is set up within two laser cycles (λpu = 0.8 µm). The peak densities are 15 times higher than
the initial density. Within the next two cycles, the grating first decays but then recovers whereby it at-
tenuates the rear side of the signal pulse. The phase space can be interpreted as the temporal evolution
when read from the right to the left side. It shows first regular oscillations and then the mixing of the
electrons, i.e. small volumes of the initially homogeneous plasma overtake each other. After the signal
pulse has passed, the plasma is heated up strongly, because the electrons have a large velocity spread
and start distributing in space. No clear structure in the electron density is left. (b) In the Raman case,
the plasma wave stays intact over long distances. Even after the signal pulse has passed, the pump is
further backscattered. The electron phase space also remains ordered. The modulation depth of the
electron density and the longitudinal velocity of the individual electrons are much smaller than in the
SRA case.

The narrow gain bandwidth of SRBS causes a lengthening of the signal pulse unless the
pump gets depleted. The minimal signal pulse duration is restricted to a period of the plasma
oscillation, which is the time needed to establish the plasma wave. If the pump is depleted, the
energy flow reverses and the pump is amplified again shifted in phase by π. This also causes
the ponderomotive potential to shift its phase by π with respect to the plasma wave.

As can be seen in Fig. 2.10(b), the electron phase space stays regular, the electrons do not
overtake each other. The minimal electron density is half the background density.

Evolution of SRBS to SRA When in the SRBS regime the signal amplitude has grown suf-
ficiently large to satisfy the threshold condition ωb > 0.7ωpe , the amplification can switch to
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SRA SRBS
parameter region ωb > 0.7ωpe ωb < 0.7ωpe

characteristic
frequency

bouncing frequency:

ωb =
√

asap(ωs + ωpu)

plasma frequency:

ωpe =
nee2

ε0me

wave number of
electron density
modulation

ks + kpu ks + kpu

resonance
condition

ωpu−ωs ≈ ωb
no strict resonance; signal is
red shifted when ωb increases

ωpu−ωs = ωpe
less stringent for short signal
pulses

amplification
bandwidth

∆ωSRA ≈ ωb
∆ωSRBS = 2γSRBS

in the linear regime

Table 2.5: Comparison of SRBS and SRA regimes

SRA. Although the two amplification regimes can be clearly distinguished by their different
features (Fig. 2.10), the transition from SRBS to SRA occurs gradually. While the signal am-
plitude is amplified, the increasing ponderomotive potential traps more and more electrons and
the density peaks become more pronounced. In the transition regime, the electron dynamics
is governed by the ponderomotive forces for the trapped electrons and by the plasma wave for
the rest. Numerical simulations show a smooth change of the amplified signal intensity from
the exponential growth with distance typical for Raman amplification to the growth quadratic
in distance, which is characteristic for SRA [46, Fig. 5.3-5].

2.6 Detection of SRA

For the analysis of the experiment described in chapters 4 and 5, criteria are needed that
allow to determine, whether SRA has been achieved. In particular, the SRA regime has to
be distinguished from the Raman regime by some of the features listed in the previous section.
Several footprints for SRA are given below, which can be verified by measurements. The most
favorable of these are the strong spectral broadening combined with the pulse shortening. They
are easy to verify and allow the clear discrimination of SRBS.

Energy Gain

According to Table 2.2, the maximum signal intensity grows quadratically with the amplifi-
cation distance, z, and the electron density, ne. Because of the pulse shortening, the signal
energy grows with (nez)1.5 only. While these scalings seem to be a very clear feature in theory,
it is difficult to measure them in an experiment. The amplification length is difficult to control
without changing other parameters. Using gas jets of different lengths is very cumbersome.
An easier way is by changing the delay between the pulses. This shifts the interaction range
partly out of the plasma and the effective amplification length is reduced. However in case of
sub-sonic gas jets, the plasma has a long density gradient at the edges, which complicates the
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quantitative comparison with the theoretical scalings.
Checking the scalings by varying the plasma density changes the results even more if the

amplification does not start in the superradiant regime. The initial amplification in the Raman
regime depends strongly on the exact resonance conditions for SRBS. Furthermore, the SRBS
growth is exponential in the small signal regime. Both effects shift the position, where the
transition from SRBS to SRA takes place and hence they change the actual amplification
length in the superradiant regime.

All these side-effects have to be considered when adapting the theoretical scalings to the
experimental situation. Even if these were verifiable in principle, they might be difficult to
prove in a real experiment. First, they are derived under the assumption of perfect electron
bunching. Furthermore, the temporal profile of the pump is usually not flat-top. For a proper
comparison with the experiment, the scalings have to be integrated over the actual temporal
profile instead of just multiplying by some average pump intensity approximated to a flat-
top profile. Finally, the typically large fluctuations in plasma experiments could decrease the
visibility of the scalings further.

Although the energy measurement itself is not the first choice for proving the amplification
in the SRA regime, it allows to verify, whether the signal is amplified. With the duration the
signal intensity and the important bouncing frequency ωb can be determined.

Spectral Broadening

The spectral broadening is relatively easy to observe experimentally. It rules out usual Ra-
man amplification, which usually exhibits narrow spectra except for two cases, where spectral
broadening occurs also for Raman amplification.

• The strongly coupled regime: [89, 90] For high plasmas densities, the growth rate and
hence the gain bandwidth can exceed the plasma frequency. However in the SRA exper-
iments presented in this work, the plasma densities are deliberately kept at low values to
avoid Raman instabilities of the pump.

• The pump depletion regime: A contraction of the signal pulse is also found in the pump
depletion regime described in 2.5.2. It entails the broadening of the spectrum. If pump
depletion occurs, a significant energy transfer (� 10 %) from the pump to the signal
pulse has to take place. Unless this is observed, the pump depletion regime can be ruled
out, too.

Pulse Shortening

The contraction of the signal pulse can be measured with an autocorrelator. Together with
the energy measurement and the known focus diameter the signal intensity can be determined,
which allows to directly check the relation τs ≈ π/ωb by evaluating Eq. (2.24). The pulse
shortening due to other mechanisms than SRA can be excluded easily. Again, there exist two
further possibilities:

• The amplification in the pump depletion regime leads to pulse shortening. As already
stated above, the pump depletion must be accompanied by a significant energy transfer
from the pump to the signal pulse. Furthermore, the shortest pulses are still much longer
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than expected for SRA. Even in optimal cases the shortest durations are at least 50 fs
[80].

• In the measurements reported about in section 5.1, a train of short pulses is observed,
which could be created by the beating of light at two separate wavelengths. In our case
these could be due to the signal pulse and Raman backscattered pump light. However,
two distinct components have then to be identified in the spectrum. The detuning ∆ω of
their central frequencies has to match the temporal spacing of the pulses, ∆T = 2π/∆ω.

Wave Breaking

The amplification in the Raman regime creates a plasma wave with the wavelength λpe ≈
λLaser/2, which still exists after the signal pulse has already passed by. One could look for this
long, regular plasma wave by making use of its regular structure, which represents a phase
grating. It can diffract a probe pulse irradiated from the side. A portion of the light will be
diffracted to a higher order, which can be detected. In the SRA regime, the density modulation
in the plasma is rather short-living and, as apparent from Fig. 2.10a, the grating structures on
the front and the rear side of the signal pulse are displaced by half a period with respect to
each other. Hence their contribution to the diffraction of the probe pulse cancels.

From the theory of linear gratings [91], it is known that the wavelength of the probe pulse
must be shorter than twice the length of the grating period in order to observe a maximum of
the diffracted light. This means the probe pulse must have a shorter wavelength than the pump
pulse. One could therefore use a frequency doubled sample of the pump pulse. It has to be
focused into the interaction region of the pump and signal pulses. By moving the focus along
the interaction region, the transition from Raman Amplification to SRA can be identified by a
decrease of the scattered light.

However, the disappearance of the plasma wave is not a strong criterion insofar as it does
not necessarily exclude the Raman regime. If the plasma wave is driven very strongly, the
onset of wavebreaking can destroy the plasma wave within the range of the short signal pulse,
though the amplification itself still occurs by an orderly plasma wave [80].

One prerequisite for this diagnostics is a gas jet that is accessible from the side. This is not
possible for the experiments of this work presented in chapter 5. Hence the auxiliary-beam
diagnostics can not be applied.



3 Experiment

This chapter outlines the experimental concept and actual setup used to demonstrate superra-
diant amplification. Section 3.1 first considers general issues of the implementation and then
focuses on the parameters and sketches the layout of the experiment. The ATLAS system
providing the laser pulses is presented in section 3.2. It proved to be difficult to generate the
input signal pulse appropriate for the amplification in the superradiant regime. The various
attempts are dealt with in section 3.3, while the approach used in this work is described in
section 3.4 and its implementation in section 3.5. The final section 3.6 discusses the setup of
the amplification experiment in the target chamber and the required diagnostics.

3.1 Implementation

The basic requirements and difficulties encountered when implementing the SRA experiment
are analyzed here. Reasonable parameters for the pump and signal laser pulses and the plasma
are defined, a solution for the separation of the laser pulse is offered, and the necessary diag-
nostics is specified.

The pump pulse is provided by the ATLAS-2 system, a chirped-pulse amplification (CPA)
laser at the MPQ described in section 3.2. ATLAS-2 delivers about 200-mJ pulses at 792 nm.
The pulse duration is easily adjusted in the range of 0.13-5 ps by changing the distance be-
tween the compressor gratings.

The parameters required for the signal pulse depend on the plasma density and the pump
pulse intensity. Table 3.1 collects the required mean intensities of the two pulses needed to
satisfy the SRA threshold for different electron densities. Obviously, these intensities can only
be achieved if the pulses are focused. Several aspects have to be considered, when choosing
the focus diameter:

• The focus must be small enough to achieve the required intensities with the available
pulse energies. Somewhat smaller intensities for the signal pulse are acceptable, because
it will be amplified.

ne/ncrit ne
√asap

√
IsIp τsig

0.001 1.7×1018 cm−3 0.013 6.8×1014 W/cm2 64 fs
0.003 5.2×1018 cm−3 0.022 2.0×1015 W/cm2 37 fs
0.01 1.7×1019 cm−3 0.04 6.8×1015 W/cm2 20 fs

Table 3.1: Electron density, ne, and corresponding threshold conditions for SRA at λ≈ 800 nm: mean
normalized vector potentials for pump and signal pulses,√asap, mean pump and signal intensities,√

IsIp, minimal signal pulse duration at the onset of SRA , τsig ≈ 1.2π/ωb.
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• To obtain a one-dimensional configuration with almost plane waves, the Rayleigh length
must be much longer than the diameter of the focus and comparable to the interaction
length of the laser pulses. In this case, the diameter of the focus is also much larger than
the period of the electron grating, λ/2. The one-dimensional configuration is favored
for the first SRA studies, because the analytical theory and the numerical simulations
mainly deal with this geometry. An extension of the amplification scheme to divergent
beams is discussed in section 6.3.

• The maximum duration τp of the pump pulse limits the interaction length to 1 . . .2×
τp/(2c) depending on the pulse profile. This interaction length sets a reasonable value
for the Rayleigh length.

• To fit into the target chamber, twice the focal length of the parabolas must be smaller
than the diameter of 80 cm.

The experiment uses a focus diameter of 25 . . .30 µm with a corresponding Rayleigh length
of 600 . . .900 µm which provides enough interaction length to observe significant amplifica-
tion. For the given diameter, the signal pulse needs to have an energy of several hundred µJ.
The pump and signal pulses are focused from opposite directions into the plasma by off-axis
parabolic mirrors. The setup is described in detail in section 3.6.1.

The input signal pulse has to be synchronized with the pump pulse with a jitter of less than
1 ps, so that the two pulses actually meet in the plasma. There are two options to achieve this.
Either the pulses share the same source, i.e. oscillator, so that they are inherently synchronized,
or they have separate sources synchronized by appropriate means. The different approaches
and the involved difficulties are discussed in section 3.3. For the present work, the input signal
pulse is generated from a fraction split off from the ATLAS pulse. It is spectrally broadened
by self-phase modulation in a gas-filled hollow fiber, spectrally filtered, and then compressed
(see sections 3.4 and 3.5).

The plasma mediating the amplification has a rather low density and is typically generated
in a gas jet. Hydrogen or helium are used, because these atoms can be ionized completely by
an intense laser pulse. A fully ionized plasma is preferable to avoid that the amplified signal
pulse is attenuated, when it becomes strong enough to ionize the atoms further. Moreover,
ionization instabilities are reduced if the atoms are ionized quickly. The gas is ionized either
by a separate laser pulse or by the leading edge of the pump pulse. Using an additional laser
pulse separates the ionization process from the interaction process of the pulses, so that neither
pump nor signal pulses are affected. However, it complicates the setup significantly, because
the additional pulse has to be focused into the same gas volume without obstructing the setup
of the pump and signal pulses. A numerical simulation of the ionization process shows that
that the leading edge of the pump pulse can ionize the gas reliably. Therefore, we refrained
from adding the extra ionization pulse.

A important issue is the most suitable way to separate the beam paths of the two counter-
propagating laser pulses after their interaction. The pump pulse must not follow the signal path
back into the setup for the signal pulse generation, where it would cause severe damage. Fur-
thermore, the amplified signal pulse must be separated and sent to the diagnostics. There are
two possible approaches to accomplish the separation: First, dielectric mirrors can separate the
pulses by their different colors. They can be manufactured such that their reflectivity decreases
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Figure 3.1: Schematic drawing of how to separate the pump and signal beam paths. The signal pulse is
reflected into and out of the common beam path by (a) polarizing beam splitters or (b) dielectric mirrors
with an adapted coating transmitting the pump pulse and reflecting the signal pulse. If polarizing beam
splitters are used the signal pulse is s-polarized and the pump pulse p-polarized. Their polarizations
have to be changed to circular polarization by quarter waveplates (λ/4) to enable the interaction.

over a range of about 5−10 nm from close to 1 to almost 0; vice versa the transmission rises
from 0 to 1. This scheme cannot be applied here, because the experiments in chapter 4 use
pump and signal pulses with the same central wavelength. Even for detuned pump and signal
pulses, the dielectric mirrors are unfavorable: The transmission oscillates near the edge with
an amplitude of up to 20−30 % (Fig. 3.15). Several reflections are necessary to suppress the
pump pulse sufficiently. Finally, the location of the rise in the spectrum has a manufacturing
tolerance of about 5 % and is sensitive to the incidence angle.

The second option used here separates the pulses by their different polarizations. It is ex-
plained in detail on page 61. The spectral overlap of pump and signal pulses is not a problem
in this scheme. The suppression is about a factor 100, which is sufficient to prevent dam-
ages in the setup of the short pulse generation and the ATLAS system. However, the beam
splitters have to be aligned very carefully. A small change of the incidence angle increases
the crosstalk into the wrong channel significantly. Furthermore, the broad spectrum and large
apertures make the required beam splitters and waveplates rather expensive.

Certain diagnostics has to be set up to characterize the input and amplified signal pulses
(see 3.6.1 and 3.6.4). The amplification is ascertained by measuring the energy. The spectrum
and the autocorrelation of the amplified pulse allow to prove, whether it has been amplified in
the superradiant regime (2.6). Moreover, the near and far-field patterns are recorded to check,
whether the amplified pulse has a good quality and can be refocused again for a following
experiment. Finally, additional diagnostics has to be set up allowing to assure that the pump
and signal pulses actually meet in the gas jet. Section 3.6.3 describes the diagnostics used to
verify the temporal and spatial overlap in the focus.

3.2 The ATLAS System

The Advanced Titanium-Sapphire Laser system (ATLAS) at the MPQ is the laser source used
in the present work. It is a CPA laser delivering 130-fs pulses with a central wavelength at
792 nm, 10-Hz repetition rate, and energies of up to 200-mJ. The MPQ report [19] describes
the system in depth. Fig. 3.2 depicts it schematically.

The mode-locked Ti:sapphire oscillator delivers a train of 100-fs pulses. The pulses are
stretched to 150 ps to avoid nonlinear effects, like self-focusing or self-phase modulation, and
damages to the optical components in the following amplification stages. After the amplifi-
cation, the pulse is recompressed and sent to the target chamber through an evacuated tube
system.
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Figure 3.2: Schematic setup of
the ATLAS system. Ti:Sa = Tita-
nium doped Sapphire crystal, G =
Grating, PC = Pockels Cell.
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Modifications to satisfy the SRA experiment

For the SRA experiments, the ATLAS system has been modified in two ways:

1. A beam splitter is inserted before the final compressor. It splits off 2 % of the stretched
pulse used to generate the input signal for the amplification (see section 3.5).

2. The distance of the compressor gratings is changed from its optimal value to increase
the final pulse duration to a few picoseconds. For smaller distances, the pulse is not
fully recompressed and the output pulse has a positive chirp or up-chirp, i.e. the instan-
taneous frequency increases with the time. Reversely, a negative chirp or down-chirp is
imprinted on the pulse by increasing the distance between the gratings. The resulting
pulse duration is given by [92]

τp =
∆d
dopt

τstretched, (3.1)

where ∆d is the change of the grating distance and dopt = 660 mm is the optimal grating
distance that compresses the stretched pulse of duration τstretched = 150 ps to its minimal
duration of ≈ 120 fs. Eq. (3.1) is correct if τp� 120 fs. In the experiments, the pulses
are usually negatively chirped, because the mechanical constrictions of the compressor
permit longer larger values of ∆d and thus longer pulse durations. The maximal duration
used in the experiments is 5.6 ps.
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Figure 3.3: Spectrum of the AT-
LAS pulse after the multi-pass am-
plifier with the indicated FWHM
bandwidth.

Since the pump pulses are strongly chirped, their temporal profile is actually given by their
spectrum (Fig. 3.3). The bandwidth of 8.7 nm corresponds to the FWHM duration τp. The
short wavelength part of the spectrum arrives first for negatively chirped pulses.

3.3 Generation of the Input Signal Pulse

While the pump pulse for the experiment is easily obtained from the ATLAS system, it is much
more difficult to provide a suitable input signal pulse. The requirements are a short duration
of 20-40 fs and the shift of the carrier frequency by ωb (2.3.4) towards a lower frequency. The
shift is naturally of the order of the plasma frequency, because SRA sets in when the threshold
condition ωb ' 0.7ωpe is satisfied.

Furthermore, signal and pump pulse have to be synchronized, so that they arrive in the
plasma at the same time. For a plasma of about 1 mm length and a pump pulse duration of
several ps, the jitter has to be less than 1 ps to ensure the interaction of pump and signal pulses
in the plasma. There are basically two options to accomplish the synchronization. Either
both laser pulses have the same oscillator, or their oscillators have to be coupled. In the first
scheme, the original pulse is split at some point into a pump and a signal pulse. The pulses are
perfectly synchronized and the arrival times are matched if the optical path lengths are equal
for both pulses. They may have a small jitter, e.g., due to density fluctuations of the air caused
by turbulences, but this jitter is small and can be neglected. After the separation, the central
wavelength of one of the pulses has to be shifted and the durations have to be customized.
This is achieved by non-collinear optical parametric amplification (section 3.3.1), by spectral
broadening in a hollow-fiber waveguide (section 3.4), or by starting from a common oscillator
with a broad spectrum (section 3.3.2).

Using two independent oscillators, the desired wavelengths and pulse durations can be cho-
sen independently for each oscillator. However, certain means have to be taken to couple the
oscillators and synchronize their output: Their round trip frequencies have to be matched and,
in addition, the time lag between the pulses must be fixed, which corresponds to a phase-lock
of their round trips. Establishing the synchronization is the major difficulty in these concepts.
This path is taken with the 2-color-oscillator in section 3.3.3, and two electronically synchro-
nized oscillators in section 3.3.4.
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Figure 3.4: Collinear versus non-collinear optical parametric amplification in case of short laser pulses.
α is the angle between the propagation directions of the pump and signal pulses, α′ that between the
pump and idler pulses.

The following sections discuss all approaches that have been investigated within this work.
The actual amplification experiments have been carried out with the signal pulse generated by
self-phase modulation in a gas-filled hollow fiber (3.4).

3.3.1 Non-Collinear Optical Parametric Amplification of a Whitelight Spectrum

Non-Collinear Optical Parametric Amplification

This scheme uses optical parametric amplification (OPA) to intensify a spectrally broad pulse
from a continuous white-light spectrum [93, 94, 95, 96, 97]. OPA is a resonant three-wave
process in a nonlinear optical crystal [3, 56]. A signal wave is amplified at the expense of a
pump wave of higher frequency accompanied by the generation of an idler. To guarantee that
the pump and signal waves stay in phase while propagating through the crystal, their phase
velocities have to be matched by adjusting the angle between the optic axis of the nonlinear,
birefringent crystal and the wave vectors of the laser pulses.

For very short pulses with a broad spectrum, this is not sufficient, because the group ve-
locities of pump, signal, and idler still differ due to group velocity dispersion illustrated in
Fig. 3.4a. The overlap between signal and pump pulse gets lost and the gain drops. Non-
collinear Optical Parametric Amplification (NOPA) solves this problem by matching the group
velocities geometrically. The pulses run at small angles α,α′ (Fig. 3.4b) through the crystal
such that the projection of the slightly higher signal and idler velocities to the propagation
direction of the pump equals the group velocity of the pump pulse

vgr,pump = vgr,sig cos α≈ vgr,id cosα′.

Using β-Barium Borate (BBO) [98] as a nonlinear crystal, α is about 7◦ for λpump = 395 nm
and λsig = 830 nm. The second benefit of NOPA is the improved phase matching for a broader
frequency range [99, 100, 101, 102]. For certain angles between the propagation directions
of the pump and signal pulses with respect to the optical axis of the nonlinear crystal, phase-
matching is possible for a spectral band of more than 200 nm, depending on crystal properties
and pump wavelength [103, 104, 41, 42]. This is particularly important, when amplifying
ultra-short laser pulses.
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Figure 3.5: Two-stage NOPA setup to generate a frequency-shifted, short input signal pulse.

For a perfect overlap of the pump and signal pulses, the amplitude front of the pump pulse
has to be tilted by α with respect to its propagation direction. However, this is not required
if both pulses are focused, so that their longitudinal and transversal dimensions are about the
same inside the crystal, because their intensity distribution is approximately spherical and a
tilt has no effect.

NOPA applied to generate a short, wavelength shifted pulse from a whitelight
continuum

A commercial system [105, 93, 94, 95] depicted in Fig. 3.5 was used to implement the NOPA
scheme. As input pulse for the system 1−2 % of the main ATLAS pulse are split off after
the multi-pass amplifier (Fig. 3.2) and compressed in a separate grating compressor to 120 fs.
A small fraction of the pulse is focused into a 1-mm thick sapphire plate, where self-phase
modulation (SPM) generates a whitelight spectrum [106, 107, 108, 109]. The rest of the input
is frequency doubled with an efficiency of about 30 % and provides the pump for the NOPA.
The NOPA stages amplify the whitelight spectrum around the desired wavelength with the
bandwidth of about 40 nm.

The whitelight spectrum in Fig. 3.6 has a pronounced maximum around the central wave-
length of the incoming pulse and falls off rapidly on both sides. On the short wavelength side,
it is followed by a plateau, which drops off at 500 nm and ends approximately at 400 nm. On
the near infrared side, the spectrum falls steadily. The whitelight pulse is linearly chirped and
the desired spectral band is selected by changing the delay between the whitelight and the
pump pulse. The amplified pulse is compressed by removing the chirp in a prism compressor.
However, the range around the original wavelength at 792 nm is not linearly chirped and it is
not possible to directly obtain short pulses in the wavelength region around 830 nm.
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Figure 3.6: Measured spectrum
after first whitelight generation.
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Instead, the whitelight is spectrally filtered, blocking the wavelengths below 950 nm. The
first NOPA stage amplifies the remaining spectrum around 1000 nm. The pulse is focused
again into a sapphire plate to generate a second whitelight spectrum. The desired wavelength
range for the signal pulse lies now in the plateau region and is amplified in the second NOPA
stage. Changing the delay between the chirped whitelight pulse and the pump pulse allows to
tune the wavelength of the amplified pulse between 700 nm and 900 nm.

Because the pulses are focused into the BBO crystals, the cross section of the pulses is small
and the achievable energies are limited to a few µJ. For the SRA experiment, a signal pulse
of several hundred µJ energy is required. A multi-pass amplifier with Ti:sapphire as laser
medium was projected for the further amplification followed by a prism compressor to remove
the chirp and compress the final pulse to 30 fs.

Problems impeding the use of NOPA pumped by ATLAS

The NOPA, the white-light generation and the frequency doubling are all nonlinear processes.
The energy fluctuations of the incoming pulse delivered by ATLAS are increased in each stage
unless the stages work in saturation. The present NOPA implementation, however, has been
designed for a kHz pump laser system with good pulse-to-pulse stability. This ensures that
the NOPA output fluctuates by only a few percent. The ATLAS system, on the other hand, is
optimized for peak powers. The resulting shot-to-shot fluctuations of up to 5 % are too large
to accomplish the stable operation of the NOPA system. Operating the frequency doubling in
saturation [110] can help to reduce the sensitivity of the system but is not sufficient.

Furthermore, the low repetition-rate of the ATLAS system makes the adjustment very de-
manding. Several requirements must be met at the same time: (1) the foci of pump and signal
pulse have to overlap in the crystal; (2) the delay has to be adjusted very precisely due to the
short pulse durations; (3) the correct angles between signal pulse, pump pulse, and the crystal
axis have to be found. Since the 10-Hz repetition rate of ATLAS reduces the average power
by a factor of 100 as compared to a kHz system, it is difficult to observe a weak signal, if the
pulses overlap only partially, or if the angles or the delay are not correctly adjusted. For these
reasons, the NOPA option was not further pursued.
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3.3.2 One Common Oscillator with a Broad Spectrum

This option makes use of the spectral proximity of the required pump and signal pulses. One
starts with a common short pulse oscillator delivering 15-fs-pulses with 60 nm bandwidth and
a central wavelength at 830 nm as they are commercially available [111]. The pulses are split
into a pump and a signal pulse. The signal pulse is stretched to a few picoseconds, amplified
in a multi-pass amplifier and recompressed by a prism compressor.

The pump pulse is amplified in the the ATLAS system after it has been cut on the short
wavelength side, shaping the spectrum such that it resembles the one of the original ATLAS
oscillator with the central wavelength near 790 nm and a bandwidth of about 10 nm. This is
important, because the stretcher, amplifiers, compressor, and optical components are specifi-
cally designed and set up for these parameters.

In pre-experiments it has been investigated, whether the spectral shaping can be accom-
plished by spectral filtering to remove the components above 800 nm. The short pulse arm
of the two-color-oscillator was used as a source with a bandwidth of 40 nm and the central
wavelength shifted to 820 nm to have more energy around 790 nm. However, it was not pos-
sible to obtain a reasonably shaped spectrum with the available dielectric filters. Apart from
the maximum at 790 nm, the spectrum had several further spikes towards longer wavelengths.
Moreover, the pulse energy was attenuated so much that it could not be compensated for in the
regenerative amplifier of ATLAS. Because of these disadvantages, the option using a common
oscillator was abandoned.

3.3.3 Two-Color-Oscillator

A two-color-oscillator couples two mode-locked laser cavities by the common Ti:sapphire am-
plifier crystal [112, 113]. The wavelengths and pulse durations can be adjusted separately for
each cavity, because their dispersion is controlled independently. The laser crystal is pumped
by two almost parallel Nd-YAG laser beams focused with a single objective lens to two slightly
overlapping foci near the surface of the Ti:sapphire crystal. In the mode-locked state, the cir-
culating pulses interact in the overlap region by the mutually induced Kerr effect. After a first
accidental encounter in the crystal, the interaction synchronizes them during the following
round-trips. For the coupling to work properly, the round trip periods must be equal, i.e. the
lengths of the two cavities have to be matched to the µm-scale. The typical jitter of the output
pulses is much smaller than the pulse durations.

The amount of overlap is a crucial parameter for the stable operation of the two-color-
oscillator. The foci have to overlap by about 10 % to ensure sufficient interaction. If it is less,
the coupling is too weak and the pulses will not get synchronized. For a larger overlap the gain
competition of the pulses becomes dominant. The stronger pulse is more strongly amplified
at the expense of the weak pulse. The round trip gain of the latter becomes too small and the
mode-locking finally stops.

Our two-color-oscillator was a replica of the system first built by A. Leitensdorfer [112].
One arm of the oscillator was intended to replace the ATLAS oscillator. It generated 100 fs-
pulses at 790 nm. To serve as a source for the signal pulse, the second cavity was tuned to
830 nm with a four times larger bandwidth of 40 nm, which corresponded to a pulse duration
of 25-30 fs.
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Figure 3.7: Electronically coupled oscillators: Schematic drawing of the PLL circuit for the synchro-
nization of the ATLAS oscillator and a Femtosource short-pulse oscillator. The graph in the lower left
corner sketches the jitter occurring on different time scales (red curve). Large fluctuations appear on
slow time scales and can be compensated for by the rather slow piezo transducer resulting the blue
curve for the jitter.

However, a stable everyday operation of the oscillator could not be achieved. The large
temperature drifts in the laboratory were identified as the main reason for the failure. They
caused changes in the cavity lengths and deviations of the beam directions, which affected the
overlap of the pulses in the Ti:sapphire crystal.

3.3.4 Electronically Coupled Oscillators

Recently, it was shown that two independent fs-oscillators can be coupled electronically by a
phase-locked-loop (PLL) control circuit such that their output pulses are synchronized with a
residual jitter on the fs scale [114, 115, 116, 117, 118] . The PLL synchronizes the pulse trains
of the two oscillators: It equalizes the round-trip frequencies of the pulses in the cavities, in
particular, it fixes the temporal offset of the pulse trains, which corresponds to a phase-lock of
the round trip phase.

Fig. 3.7 depicts a schematic circuitry for the control loop. It starts by detecting the output
of the two oscillators with fast photodiodes. The bandpass filters select a certain harmonic
of the pulse trains, i.e. a multiple of the round-trip frequency of 76 MHz. Using a higher
harmonic makes the PLL more sensitive, but also increases the demands on the electronic
components. The two sinusoidal harmonics are mixed in a phase detector. The output signal
has the sum frequency as carrier frequency with the modulation of its amplitude equal to
difference frequency. A low-pass filter selects the latter. The integrated signal is used to
control the length of one of the oscillator cavities by means of a piezo transducer that has one
of the cavity mirrors attached to it. As soon as the relative phase of the pulse trains starts to
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drift, the integrated signal deviates from zero, causes a change of the cavity length and thereby
changes the round-trip time until the relative phase has returned to its original value.

The slowest component in the control loop is the piezo transducer with a bandwidth of a few
10 kHz. Its electric capacity and the inertia of the mirror attached to it cause the slowdown
of its response. However, it is possible to achieve a femtosecond synchronization because the
jitter of the round-trip frequencies becomes random only on the 10 µs time scale [115]. On
shorter time scales, the turbulences of the air and the power fluctuations of the pump laser of
the oscillator cause only linear, monotonic drifts, which can be compensated for with quite
a slow actuator. The jitter can be reduced to less than 1 fs [116]. Even larger drifts due to
temperature changes in the laboratory become important only after minutes or hours and are
compensated by a motorized translation stage supporting the piezo transducer.

In first experiments at the MPQ, a “Femtosource 20” oscillator from Femtolasers GmbH has
been locked with the ATLAS oscillator. Using the 14th harmonic of the round trip frequency,
the synchronization was established with a jitter of less than 500 fs. The pulses exiting the
oscillator have to be pre-amplified in a multi-pass-oscillator to several hundred µJ to serve as
input pulses for the SRA experiment. The generation of the signal pulse from an independent
oscillator coupled electronically to the oscillator of the pump laser appears to be the most
promising approach for a future implementation of the SRA experiment. It is able to reliably
deliver short signal input pulse at the desired wavelength.

3.4 Signal-Pulse Generation with the Hollow-Fiber Technique

The signal pulse is generated from a small fraction split off from the ATLAS pulse. The
scheme uses Self-Phase Modulation (SPM) in a gas-filled hollow fiber to broaden the spectrum
and compress the pulse further to about one fifth of the original duration [119, 120, 121, 122,
123, 124].

3.4.1 Self-Phase Modulation (SPM) at High Intensities

SPM is caused by the nonlinear dependence of the refractive index n on the laser intensity
[52, 125]

n = n0 + n2|E(t)|2 = n0 + n̄2I(t). (3.2)

Here n0 is the linear refractive index, valid for low intensities, n2 and n̄2 = 2n2/(ε0cn0) are
the nonlinear index coefficients to express the change of n in terms of the electric field E
and the intensity I, respectively. Since the nonlinear refractive index is a result of a third
order optical nonlinearity, n2 can be expressed by the third order polarizability tensor χ(3),
n2 = 3χ(3)/(8n0). Far from resonances, n2 is positive. As the intensity of the fs-laser pulse is
time and space dependent, different parts of the pulse experience different refractive indices.
An intensity profile with the maximum in the center focuses the pulse in space. When this
focusing overrides diffraction, self-focusing can occur. The temporal dependence leads to the
spectral broadening and a chirp of the resulting pulse, because the effective optical path length
depends on the intensity. The phase φ(z, I) of the laser pulse reads

φ(z, t, I(t)) = k (I(t)) z−ω0t = k0z + k0z
n̄2

n0
I(t)−ω0t
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Figure 3.8: (a) Intensity profile of a Gaussian
pulse, (b) its electric field after SPM, and (c) in-
stantaneous frequency ω = −∂φ/∂t. The pulse
has a positive chirp, which is linear in the center.
The shaded regions refer to the regions cut by the
filtering process described in 3.5.3.
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= φ0(z, t) + k0z
n̄2

n0
I(t), (3.3)

where φ0 = k0t−ω0t and k0 = 2πn0/λ are the phase and the wavenumber in the linear case,
respectively, and z is the propagation distance in the nonlinear medium. The instantaneous
frequency ω is given as the time derivative of φ,

ω =−∂φ(z, t)
∂t

= ω0− k0z
n̄2

n0

∂I(t)
∂t

. (3.4)

The example in Fig. 3.8 shows the phase and the frequency modulation for a Gaussian pulse.
For the body of the pulse, which contains most of the energy, the temporal shape can be
approximated by a parabola. Therefore, ∂I(t)/∂t is linear, which implies that the body of
the pulse mainly carries a linear positive chirp and can be compressed afterwards by standard
means.

Eqs. 3.3 and 3.4 assume an instantaneous response of the nonlinear medium to the electric
field, i.e., there is no time delay between the acting electromagnetic wave and the change n̄2I
of the refractive index. This assumption is justified, because the 120 fs-pulse is much longer
than the response time of an electronic nonlinearity, which is of the order of 1 fs. For pulses
short compared to the response time, the pulse envelope becomes tilted towards later times,
i.e. its maximum lags behind [125, Fig. 3.14].

The nonlinear interaction length

LNL =
n0

n̄2k0Imax
. (3.5)

defines the length scale, on which the phase-shift due to SPM becomes significant. It al-
lows to write the maximum phase shift in Eq. (3.3) as z/LNL. The spectral broadening
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Figure 3.9: (a) Front of the
hollow fiber. (b) Coupling
into the fiber: The focus of
the laser pulse is positioned
at the fiber entrance.

δω (FWHM) derived from Eq. (3.4) can be approximated by δω = z
LNL

1
τ0

, where τ0 is the
FWHM of the input pulse. A detailed derivation for a Gaussian pulse with the intensity profile
I(t) = Imax exp(−4ln2(t/τ0)2) yields [125]

δωτ0 = 4
√

2ln(2)
z

LNL
. (3.6)

The time bandwidth product of a fully compressed Gaussian pulse is δωτ0 ≈ 2.77, whereas
it is about 3.4 for the compressed ATLAS pulse. To achieve large values of z/LNL, the laser
pulse is guided in a fiber. With the implementation described below, values of z/LNL ≈ 8-10
and δωτ0 ≈ 30-40 are accomplished. Typical values for LNL are given in Table 3.2 on page 52.
For z/LNL ≥ 3, the resulting broadened spectrum starts to breaks up into more and more parts
[125, Fig. 3.13].

3.4.2 Pulse Propagation as Fiber Mode

Spectral broadening of ps- and fs- laser pulses in single-mode optical fibers has been applied
since the early 1980s [126, 127]. Compression down to 6 fs were achieved by careful com-
pensation of the nonlinear chirp [128]. The optical fiber acts both as a waveguide and as a
nonlinear medium that causes the SPM. However, the use of solid-state fibers restricts the
pulse energies to the nJ-level. More recently, Nisoli et al. replaced the solid state fibers by
dielectric hollow fibers made from fused silica [119], also called capillaries. They are filled
with different kinds of gas, typically Argon or Krypton. They merely serve as waveguide,
while the SPM is predominantly caused by the gas.

The hollow fibers have bore diameters between a few ten µm up to a few hundred µm
(Fig. 3.9a). The fused silica wall has the refractive index nclad = 1.485, whereas for the gas
inside it is (ngas − 1) ≈ 10−4. The propagation through the fiber can be envisaged in two
pictures:

1. In a simple picture, the pulse is guided by multiple total internal reflections from the
walls. Beams with larger reflection angle are not completely reflected. They suffer from
higher losses and are attenuated stronger. Adjusting the focus diameter at the entrance
minimizes the angle and hence the losses (Fig. 3.9b).

2. The pulse entering the fiber is decomposed into a superposition of fiber modes prop-
agating independently through the hollow fiber disregarding nonlinear coupling at the
moment. This mode picture is used in the following discussion.

The solution of the wave equation for electromagnetic waves in a cylindrical waveguide
leads to a set of propagation modes [129, 130] characterized by a set of orthogonal functions
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describing the field distribution. They are categorized in three classes with specific properties
of the electric and magnetic fields.

• For transverse electric modes (TE0m), the electric field has no longitudinal component.
Lines of constant electric field strength are concentric circles centered on the propaga-
tion axis. The magnetic field has both a transverse and longitudinal component.

• For transverse magnetic modes (TM0m), the situation between the electric and magnetic
fields is reversed.

• Hybrid modes (EHnm) have all components of the electric and magnetic fields, whereby
the contributions in the propagation direction are small.

The individual modes are further distinguished by there mode numbers n and m, where m refers
to the number of nodes in the radial direction and n refers to their number in the azimuthal
direction. In the case of a hollow fiber with dielectric walls the modes are called leaky, because
losses occur as the evanescent field spreads through the wall material and an electromagnetic
wave is radiated outside. The losses typically increase with the mode numbers. If the fibers
are long enough, only the mode with the lowest attenuation survives, whereas the others are
depleted. The TE01 mode has the smallest attenuation [130, 131]. However, the dispersion
relation shows that electromagnetic waves can propagate in this mode only if the ratio of the
refractive indices of wall material and gas satisfies the condition ν = nwall/ngas > 2.02, which
is not true for fused silica. Here, the EH11 mode is attenuated least. The propagation of
electromagnetic waves through the fiber is characterized by its complex wavenumber γ, also
called propagation constant. Its real and imaginary parts are given by the phase constant β
and the attenuation α, respectively, [130]

β = Re γ = k

[
1− 1

2

(
u11λ
2πa

)2
]
, (3.7)

α = Im γ =
(u11

2π

)2 λ2

a3
ν2 + 1

2
√

ν2−1
, (3.8)

where a is the bore radius of the fiber and u11 = 2.405 is the first root of the Bessel function
J0. For the bore diameter 2a = 250 µm used in the experiment, the attenuation of the fiber is
α = 0.07 m−1. The resulting transmission for the fiber lengths l = 0.6 . . .0.75 m is exp(−αl)≈
94 %.

The attenuation constant increases significantly if the hollow fiber is bent. For the EH11
mode, the dependence on the radius of curvature R is given by [130]

α11(R) = α11(∞)



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4
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2πa
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ν2−1

cos2θ





 , (3.9)

where θ is the angle between the electric field and the plane of curvature and ν = nwall/ngas.
Using the experimental parameters and θ = 0, the attenuation doubles for R = 30 m. Over a
length of 2 cm, this is equivalent to a lateral deviation of only 10 µm from the perfectly straight
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alignment. Therefore, great care has to be taken to assure that the fiber is kept straight in its
mount.

Another critical issue for a high energy transmission is the proper focusing of the pulse
into the fiber. Firstly, the incoming pulse and the fiber have to be coaxial. Secondly, the
focal radius r0 has to be adapted to the bore radius. Efficient energy coupling to the fiber is
achieved if the incoming pulse matches the desired fiber mode best, i.e., the integral of the
overlap of the fields has to be maximized. A focal radius of r0 ≈ 0.7a maximizes the coupling
efficiency to the mode EH11 and reduces coupling to fiber modes of higher order exhibiting
larger transmission losses [121]. Here, r0 is the 1/e2 waist radius of the Gaussian intensity
profile. A mismatch of 10−15 % is acceptable.

3.4.3 Spectral Broadening by SPM in the Gas-Filled Hollow Fiber

Several practical aspects have to be considered when using hollow fibers filled with a noble
gas for spectral broadening.

Dispersion

SPM in a non-absorbant medium does not increase the pulse duration or change the shape of
its profile. However, the group velocity dispersion (GVD) in the medium causes significant
pulse lengthening, if the propagation distance becomes longer than the dispersion length, LD =
τ2

0/k′′0(ω) [125], where τ0 is the duration of the fully compressed pulse. The GVD parameter
k′′0(ω) has contributions both from the gas and the fiber. For the hollow fiber, k ′′fiber is obtained
by differentiating Eq. 3.7 twice

k′′fiber(ω) = β′′(ω) =−
(unm

a

)2 1
(2π)3c2 λ3 =−0.258 fs2/m · λ[µm]

a[mm]
. (3.10)

For a = 0.125 mm and λ = 0.8 µm, the GVD parameter is−2.0 fs2/m. The GVD of the gas
is derived from its wavelength dependent refractive index given in [132] for all noble gases.
At pressure p and temperature T , one finds the dispersions

k′′Ar(ω0) = −20.0 fs2/m · p[bar]
293 K

T
, (3.11)

k′Kr(ω0)′ = −40.3 fs2/m · p[bar]
293 K

T
(3.12)

for the center frequency ω0 = 2πc/792 nm of the ATLAS pulses. Hence the dispersion due
to the gas dominates the total GVD. In the experiment, gas pressures of several 100 mbar are
used resulting in dispersion lengths of the order

LD =
τ2

0
k′′0(ω)

≈ 0.5 . . .1 km. (3.13)

It is therefore easy to find a regime, where the fiber is long enough to cause sufficient spectral
broadening by SPM, whereas it is short enough to avoid pulse lengthening by dispersion:
LD� length of the fiber� LLN .
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Table 3.2: Ionization threshold [135], non-
linear refractive index n2 [136], and nonlin-
ear interaction length LNL of noble gases. n2
and LNL are given for T = 295 K, p = 1 bar,
and Imax = 2.5×1013 W/cm2.

Iionize[ W/cm2] n2[ cm2/W] LNL [m]

He 12×1014 0.36×10−24 1.078
Ne 7×1014 0.65×10−24 0.599
Ar 2.2×1014 8.5×10−24 0.046
Kr 1×1014 23×10−24 0.017
Xe 0.7×1014 68×10−24 0.0057

Effective fiber length leff and effective intensity Ieff in the fiber

While the pulse propagates through the hollow fiber, the nonlinearity n̄2I becomes smaller,
because the intensity of the pulse decreases. The total phase change ∆φ due to SPM is obtained
by integrating the second term in Eq. (3.3) over the length of the fiber l,

∆φ =

Z l

0
k0

n2

n0
I(t)e−αzdz = k0

n2

n0
I(t)

1− e−αl

αl
l. (3.14)

The attenuation is included in a simple way in Eq. (3.3) by replacing the physical length l by
the effective fiber length leff = (1− e−αl)/α.

The effective intensity accounts for the transverse intensity pattern of the pulse. It is com-
puted as the average tranverse intensity weighted with the power

Ieff = 〈I〉=

R
I · IdAR
IdA

=

R
I2dA
Ptot

. (3.15)

For pulses with Gaussian transverse profile, the result is Ieff = Imax/2.

Choice of the gas as to obtain a broad spectrum and maximum energy transmission

The SRA experiment needs a sufficiently strong and short input pulse to start in the superra-
diant regime. Therefore, a configuration is required that permits a high-energy transmission
through the fiber and a large spectral broadening. The energy transmission is primarily lim-
ited by the cross section of the fiber bore and the maximum intensity. The choice of the fiber
diameter 2a = 250 µm is explained in section 3.5.1. The intensity has to be kept clearly be-
low the ionization threshold for the gas filled into the hollow fiber (Tab. 3.2). For intensities
very close to the ionization threshold, the spectrum gets shifted towards shorter wavelengths
by ionization blueshift [133, 134]. This is undesirable because the SRA experiments ideally
needs an input signal pulse shifted towards longer wavelengths with respect to the pump pulse.
Therefore, their higher ionization thresholds render the lighter noble gases more favorable. On
the other hand, a significant broadening (l/LNL� 1) must be achieved for a reasonable fiber
length (l ≤ 1 m) and reasonable pressures (p ≤ 1.5 bar). This is only possible for the heavier
gases with higher atomic polarizabilities.

Apart from the gas, the hollow fiber sets a limit to the maximum intensity, too, since the
input pulse is not perfectly focusable. Light diffracted from the central focal disc hits the
wall material and can ionize it. The plasma at the entrance prevents a proper coupling of the
pulse energy into the fiber. For the evacuated fiber, the maximum intensity is limited to about
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5×1013 W/cm2. 1

An analysis of the data in Tab. 3.2 shows that only Ar and Kr are suitable filling gases.
In the experiment, Ar is used because it allows a slightly higher energy transmission. The
lower polarizability is compensated by increasing the gas pressure and the pulse intensity.
Subtracting the light lost at the entrance, the effective intensity in the experiment was about
3×1013 W/cm2.

Self-focusing in the waveguide

The change in the refractive index n2I causes SPM in the temporal domain, but also focuses
the pulse spatially. At sufficiently high intensities, self-focusing scatters light from the funda-
mental mode, EH11, into higher-order modes, which have stronger attenuation. The threshold
for the onset of self-focusing in Argon is given by Pp = 18.4 GW ·bar [137, 138], where P is
the pulse power and p the gas pressure. For experimental parameters, the product of power
and pressure was at most 5.0 GW ·bar and hence well below the limit for self-focusing.

Compression

The choice of the compressor to remove the chirp from the spectrally broadened pulse depends
on the initial pulse duration. For rather long input pulses > 100 fs, a prism compressor is
adequate. The minimum pulse duration is around ≈ 20 fs, [119]. 20-fs input pulses can be
compressed to 5 fs but means have to be taken to remove higher-order dispersion, e.g., using
chirped mirrors. The prism compressor can be combined or replaced with specifically designed
chirped mirrors [124].

3.5 Implementation of the Short Pulse Generation and
Characterization of the Input Pulse

3.5.1 Setup

Fig. 3.10 depicts the setup for the generation of the signal input pulse for the SRA experiment.
A partially transparent mirror splits off 2 % (≈ 6 mJ) from the uncompressed ATLAS-2 pulse
after the multi-pass amplifier (Fig. 3.2). A combination of a λ/2-waveplate and polarizing
beam splitter allows the fine tuning of the energy. The pulse is compressed to 120 fs in a grating
compressor equivalent to the ATLAS compressor. After the compression, a telescope2 reduces
the diameter of the pulse3 from 12 mm to 4 mm. A lens focuses the pulse to the entrance of
the hollow fiber. While the pulse propagates as a fiber mode, it is spectrally broadened by
SPM. After the fiber, a mirror recollimates the diverging pulse. The optional filter (F) absorbs
or reflects the short wavelength part of the pulse. A prism compressor removes the chirp that

1 Actually, residual gas - Ar, Kr or air - could be responsible for the limitation of the intensity. The vacuum pump
connected to the fiber allowed only for a vacuum on the mbar level. The residual gas could have been ionized.
If this was the case, the maximum transmitted intensity should increase when the fiber is flooded several times
with He and evacuated again, because of the higher ionization threshold of He. However, an increase of the
maximum intensity was not observed.

2The telescope is not mandatory in the present setup but would have been necessary when using NOPA.
3The pulse diameter refers to twice the radius, where the intensity has dropped to 1/e4 of its maximum [139].
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the pulse has obtained by the SPM in the hollow fiber. Finally, a second telescope increases
the pulse diameter to 38 mm.

The hollow fiber is placed in an Argon atmosphere inside a plexiglass tube. To keep the fiber
straight, it rests in a V-groove milled into a aluminum bar, which is slightly shorter than the
fiber itself. The ends of the tube are closed by brass caps with small, 0.5 mm-thick, AR-coated
entrance and exit windows for the laser pulse.

To obtain a high-energy throughput, a fiber with a large bore cross section is necessary
because the maximum intensity inside the fiber is limited by the ionization threshold of the
Argon gas. Furthermore, a larger diameter reduces the attenuation of the pulse by the fiber as
seen from Eq. (3.7). On the other hand, the attenuation becomes more sensitive to bending
(cf. Eq. (3.9)). The handling of the fiber is more difficult and the demands for a precise
manufacturing of the fiber as well as the suspension V-groove increase. Moreover, a larger
diameter requires a weaker focusing with a smaller f-number, i.e. a longer focal length. This
decreases the beam diameter on the entrance and exit windows if the length of the plexiglass
tube is kept constant. At the same time, the pulse energy is higher, because the larger bore
cross section can carry more energy. However, the increased flux on the windows well below
their damage threshold and effectively limits the maximum bore diameter.

In the experiment, fibers with bore diameters of 250 µm and 0.65 m length are used. The
maximum possible input energy of the pulses is ≈ 1.4 mJ and is limited by the onset of ion-
ization at the entrance. The transmission starts fluctuating and the spatial profile of the fiber
output degrades. The observed transmission of 50-60 % is much smaller than the theoretical
value of 94 % given by Eq. (3.7). The further losses can be attributed to a number of deviations
from the ideal conditions:

• The input pulse is not ideally Gaussian (Fig. 3.11a). Parts of the pulse hit the wall and do
not enter the fiber. Furthermore, the imperfect focus favors the coupling to fiber modes
of higher order, which are attenuated stronger.

• The attenuation increases due to bending Eq. (3.9) because the fiber does not rest ideally
straight in the V-groove.

• Due to faults in the manufacturing process, some of the hollow fibers show density
inhomogeneities or cracks along the inner side of the wall. The transmission is reduced
by more than 30 % making these fibers not suited as waveguides.

• The coupling efficiency gradually decreases over a longer operation period, because the
stray light hitting the wall material around the fiber entrance gradually destroys the wall
and creates a kind of funnel.

For the evacuated tube with a residual pressure ≤ 1 mbar, the output energy is around 0.72-
0.82 mJ. The higher value refers to a fiber entrance with intact walls and the latter to the de-
graded case after a longer operation period. Filled with 650 mbar Argon, the output decreases
to 0.63-0.71 mJ.

After the primary setup, the coupling to the fiber has to be readjusted during the alignment
procedure before the experiment and during the experiment if thermal drifts of ATLAS cause
a change of the propagation direction and the focus position at the fiber entrance. To align
the fiber, the surrounding tube is mounted on linear translation stages that allow to move
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Figure 3.10: Schematic drawing (top) and photo (bottom) of the setup for the generation of the input
signal pulse. The monitor in the photo shows the view on the entrance of the hollow fiber with a bore
diameter of 250 µm resting in the V-groove.
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(a) (b)

Figure 3.11: Near-field patterns of the signal pulse before and after the passage through the hollow
fiber.

both ends independently in the transverse directions. One of the supports of the tube is fixed
directly below the entrance of the hollow fiber and is used to match the fiber entrance and
the laser focus. This way the orientation of the fiber can be changed by shifting the second
support without moving the position of the entrance. The alignment is checked by observing
the output behind the fiber with a CCD camera.

3.5.2 The Resulting Short Input Signal Pulse

Fig. 3.12 shows the signal spectrum before and after the passage through the hollow fiber. The
plexiglass tube is filled with about 600 mbar Argon and Krypton, respectively. The broadening
for Krypton is much larger than that for Argon, but the spectrum is shifted strongly to shorter
wavelengths due to the ionization blueshift, which renders the resulting pulse unfavorable as
an input for the SRA experiment.

The theoretical values for the spectral width computed by Eq. (3.6) with the effective in-
tensity Ieff from Eq. (3.15), the effective length from Eq. (3.14), the nonlinear interaction
length LNL from Eq. (3.5), and the nonlinear constants given in [136] is about 80 nm for Ar
and 100 nm for Kr. For Ar the value agrees well with the observed broadening, while it is
somewhat smaller for Kr. The larger bandwidth in the experiment is most likely due to further
broadening by ionization blueshift, which is not included in the computation.

The autocorrelation in Fig. 3.13 is taken after the prism compressor. The FWHM of the
peak is 32 fs corresponding to a pulse duration of 23 fs if a pulse with a Gaussian temporal
profile is assumed. The autocorrelation trace has an offset indicating that the signal pulse has
a rather long pedestal. This is a common feature for the pulses broadened by SPM because
the pulse receives a nonlinear chirp. While the body of the pulse has a linear positive chirp
and is compressed, the contributions of the leading and trailing parts have negative chirps (cf.
Fig. 3.8) [119]. They are stretched by the prism compressor and cause pre- and after-pulses or
a pedestal.
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Figure 3.12: Spectrum after the passage
through the hollow fiber in (a) vacuum
with some residual gas, (b) Krypton, and
(c) Argon. Krypton shows a larger spec-
tral broadening but also a strong ion-
ization blue shift. The weighted cen-
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wavelengths, which is unfavorable for the
following SRA experiment.
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Figure 3.13: Autocorrelation trace of
the signal pulse broadened in a Ar-filled
hollow fiber after the final compression
in the prism compressor. The FWHM of
33 fs corresponds to a pulse duration of
23 fs

3.5.3 Red-Shifting of the Central Wavelength by Filtering

Though the numerical simulations in section 2.4.2 suggest that SRA is possible starting with
an input pulse with the same central wavelength as the the pump pulse, the experiments have
shown that SBS instabilities rule this scheme out. A simple approach to obtain a pulse shifted
towards longer wavelength is by spectral filtering the fiber output. Filters that absorb or re-
flect the short wavelength part of the spectrum effectively shift the central wavelength of the
remaining pulse to the NIR.

Two types of filters are used, absorbing glass filters and dielectric coated filters. RG glass
filters absorb the visible light and transmit the IR part. They are denoted by the wavelength,
where the light is attenuated to 50 % after passing a 3-mm distance inside the filter. They are
industrially manufactured for a few specific wavelengths of which only RG780 and RG830
are suitable in the present application. 4-mm RG780 glass cuts most of the short wavelength
part of the fiber output, as shown in Fig. 3.14. However, there is still a significant amount
of light left in the region of the original ATLAS spectrum, which could still trigger the SBS
instability. It can be suppressed by a combination of 2-mm RG780 and 1-mm RG830 at the
expense of the attenuation of the desired long-wavelength part of the spectrum. The remaining
pulse becomes too weak to be used as input pulse for the SRA experiment.

A second filter option are dielectric mirrors. They reflect the short wavelength part of the
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Figure 3.14: Spectrum before and af-
ter filtering by 4 mm of RG780 glass.

720 740 760 780 800 820 840
wavelength [nm]

sp
ec

tra
l e

ne
rg

y 
de

ns
ity

input signal unfiltered
input signal filtered

spectrum, in particular, the spectral band of the pump pulse. Fig. 3.15 shows the transmission
curves of the applied filters. They have been designed such that the transmission increases
sharply around 805 nm. This steep edge in the transmission is an advantage of dielectric
filters compared to RG glass filters, which have a much slower rise and separate nearby wave-
lengths only poorly. The rising edge of the transmission curve can be shifted towards shorter
wavelengths by increasing the angle of incidence. The oscillations of the transmission are a
characteristic but undesirable feature of dielectric filters, because they influence the spectral
shape of the transmitted pulse in the desired region above 800 nm. However, the measured
spectrum in Fig. 3.16 shows that this is a minor effect. The obtained spectrum is smooth,
non-ragged with a maximum at about 815 nm. To avoid any undesired interference with the
residual short-wavelength contribution around 750 nm, the pulse is additionally cleaned by a
2 mm RG780 filter.

Filtering affects the compressibility of the self-phase modulated pulse a lot. Firstly, the
bandwidth is narrowed to about 17 nm, which increases the minimal pulse duration to about
60 fs due to the time-bandwidth product. Furthermore, the theoretical curves of the instanta-
neous frequency in Fig. 3.8 show that the remaining pulse has only a partially linear, positive
chirp. Only the low frequency parts pass the filter (unshaded regions). On the right side of the
vertical line, the chirp is positive though not completely linear. This part is compressed in the
prism compressor. The part left of the vertical line has a negative chirp and is stretched even
further. Therefore, one expects that the compressed pulse is longer than the unfiltered case.

The measured autocorrelation trace is shown in Fig. 3.17. One can deduce a pulse duration
of about 80 fs and a pedestal of 200-300 fs. The latter value is ambiguous because the actual
shape of the pedestal is unknown. However, one can assume that the pedestal is asymmetric
with respect to the pulse and extends farther to the front, in the propagation direction, because
the non-compressible parts of the pulse having the negative chirp are leading before the prism
compressor (Fig. 3.8) and also pass the compressor faster than the body of the pulse.
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Figure 3.15: Transmission curves
of the dielectric filter for different
incidence angles.
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Figure 3.16: Spectrum before and af-
ter filtering using dielectric filters with
a steeper edge of the transmission
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signal pulse after the compression
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3.6 Setup and Alignment of the Amplification Experiment

3.6.1 Target Chamber

Focusing

Fig. 3.18 depicts the target chamber setup for the SRA experiment. The signal and pump
pulses are focused from opposite directions into a gas jet by off-axis parabolic mirrors (OAP).
The OAPs are identical. They have a diameter of 2 inch, a focal length of 12 inches and the
effective focusing number is approximately f/12 (cf section 3.1). The foci of the signal and
the pump pulses have a diameter of 25 - 30 µm and a Rayleigh length is LR ≈ 600 . . .900 µm.
To achieve approximately the same focusing parameters for signal and pump pulses, their
diameters are adjusted by telescopes before. Fig. 3.19b shows the intensity distribution of
the focused pulses image-relayed to a CCD camera. A hard aperture in the second telescope
causes the slight Airy rings around the signal focus
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Figure 3.18: Layout of the target chamber for the SRA experiment: PBS1, PBS2 - polarizing beam
splitters; QWP1, QWP2 - quarter waveplates; M1, M2 - dielectric mirrors; OAP-S, OAP-P - off-axis
parabolic mirrors to focus signal and pump pulses, respectively; Wa - 0.5 mm thin wafer, single sided
AR-coated; SSAC - single-shot autocorrelator, see Fig. 3.22; We - wedges. The hatched area contains
additional diagnostics for ensuring the pulse overlap and is depicted separately in Fig. 3.21.
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Figure 3.19: Focus
of (a) the pump pulse
and (b) the signal
pulse (dielectrically
filtered). The im-
ages of the foci are
taken at reduced en-
ergy with the target
chamber filled with
air.

Separation of pump and signal beam paths

One of the main difficulties of the implementation is to find a proper way of separating the
beam paths of the counter-propagating signal and pump pulses. The pump pulse follows back
the input path of the signal pulse, is recollimated by the signal OAP and, unless taken care of,
would cause severe damage, when running into the setup for the signal pulse generation. In the
same way, the signal pulse has to be separated from the common beam path, not only to prevent
damages to the ATLAS system but also to send it to the diagnostics for its characterization.

In this setup, a combination of polarizing beam splitters (PBS1 and PBS2 in Fig. 3.18) and
broadband waveplates (QWP1 and QWP2) is used to separate the pulses by their different
polarizations. Both pulses are linearly polarized, when they enter the target chamber. The
signal pulse is s-polarized, i.e., perpendicular to the plane of propagation, while the pump
pulse is p-polarized, i.e., in the plane of propagation. The signal is reflected by PBS1 and the
quarter (λ/4) waveplate QWP1 changes the linear polarization to circular polarization. After
focusing, passing the gas jet and recollimation, QWP2 restores the original polarization of the
signal pulse. The second beam splitter PBS2 reflects it from the common beam path. The
same happens to the pump pulse, except that it passes through PBS1 and PBS2 and has the
opposite helicity, while it is circularly polarized. The opposite circular polarization is required
so that the signal and pump pulses couple in the plasma.

With this setup, the pump and signal pulses can be separated with an efficiency of about
99 %. It is limited by the coating of the beam splitters, a possible change of the circular
polarization to a slight elliptical polarization by the reflection from the OAPs, and by the
precision of the alignment. The residual pump pulse has an energy of less than 2 mJ and does
not cause any damage in the setup for the signal pulse generation, unless it refocuses near one
of the optical components. This could happen if the distance between the OAPs is slightly
longer than twice their focal length, so that the pump pulse is not recollimated but refocused
by the second OAP.

The layout of the optical components and their alignment is slightly sophisticated, because
both the beam-splitters and the OAPs have fixed angles of incidence and, moreover, the pump
and signal pulses should enter the target chamber perpendicular to the chamber walls. Only the
dielectric mirrors M1 and M2 tolerate small deviations from the specified angle of incidence.
The optical components have to be pre-aligned carefully using diode lasers coupled into the
optical path of the pump and signal pulses.
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(a) (b) (c) (d)

Figure 3.20: Gas nozzles used in the experiment with the corresponding schematic side views showing
the density profile: (a,b) conical nozzle with a soft density gradient; (c,d) chimney nozzle with steep
density gradient.

Gas jet

The interaction of the signal and pump pulses takes place in a subsonic hydrogen or helium
gas jet in the center of the chamber. While subsonic gas jets lack the top-hat density profile of
supersonic jets, they have the advantage that the density can be changed without affecting the
shape of the density profile. Different kinds of nozzles are used to generate the jet:

• Ordinary nozzles (Fig. 3.20a) releasing a conical gas jet. The transverse density profile
(Fig. 3.20b) is approximately Gaussian shaped [140] and has long density gradients.
Furthermore, their density is quite sensitive to the distance from the mouth of the nozzle
as depicted in Fig. A.3.

• Chimney shaped nozzles (Fig. 3.20c) that guide the gas jet as shown in Fig. 3.20d. The
laser pulses enter through small holes in the foils covering the sides of the chimney. The
density profile is more homogeneous and has steeper edges. The gradient at the edges
is formed by small amounts of gas streaming through the entrance holes. However, also
the chimney nozzle has disadvantages: The jet is not accessible to an interferometric
measurement of the plasma density from the side. The density is determined from the
Raman instabilities of the pump pulse in the plasma, by observing the shift of the Stokes-
lines described in appendix A.

Diagnostics

After the amplification and separation from the common optical path, the output signal pulse
is characterized by measuring its energy, spectrum, and autocorrelation trace. A thin wafer
(0.5 mm) and two wedges split the pulse into different samples allowing for simultaneous
measurements. The autocorrelator is described in section 3.6.4. The spectrometer is a fiber
spectrometer from the company “Ocean Optics”. The energy of the sample pulse is too low
for a measurement with a pyroelectric detector, while it is too large to be measured directly
with an integrating photodiode. Therefore, the energy is measured inside an Ulbricht sphere
as a voltage signal from a photodiode, which is calibrated by measuring the energy of the full
pulse inside the chamber with a pyroelectric detector.
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Furthermore, the near- and far-field patterns are measured by replacing the spectrometer
and the first wedge by a cardboard, on which the near field is observed with a CCD camera.
To observe the far field, a lens with a long focal length focuses the pulse directly to a CCD
camera

3.6.2 Precise Alignment of the Focusing Parabolas

This section deals with the details of the alignment procedure that have to be assured to achieve
a good focus quality, the overlap of the pump and signal foci as well as the precise counter-
propagation at the same time. After the first rough alignment of all optical components, the
foci of the OAPs are optimized by fine tuning of their orientation with respect respect to the
incoming pulses. The foci are checked by a CCD camera capturing their relayed and magnified
images (see Fig. 3.19). Since the procedure requires that the OAPs are slightly turned around
their horizontal and vertical axis, the exact counter-propagation of the pulses between the
OAPs and the overlap of the foci are lost. The realignment has to be accomplished without
deteriorating the foci again, which means that incidence angles of the pulses on the respective
OAP must be kept fixed.

The fine tuning benefits from the fact that the position of the focus is fixed with respect to
the OAP. Therefore, the overlap of the foci is accomplished by shifting the OAPs in space.

The propagation directions are made parallel separately for the horizontal and vertical an-
gular deviation. In the plane of incidence, the beam path of the signal pulse is rotated around
the focus by translating the mirror M1 along the direction of the incoming beam. The focus
position stays fixed because the OAP is not moved. The direction of the pump pulse is changed
in the same way. To remove the remaining angular deviation in the vertical direction, it is im-
portant that both pulses have the same height on their focusing OAPs, respectively, i.e. that
the plane the pulse propagation is parallel to the chamber floor. Then, the OAPs can be rotated
around the axis parallel to the symmetry axis of the full paraboloid, which is just the direction
of the incident pulse. The focus moves on a circle around this axis without being deteriorated
and the pulses are raised or lowered on the opposite OAP. In principle, the vertical translation
and the rotation of the OAP have the same effect. In the latter case however, larger changes
can be made, because the relative position of pulse on the focusing OAP is not shifted.

3.6.3 Diagnostics to Assure the Spatio-Temporal Overlap

The exact overlap of the foci of the pump and signal pulses has to be ensured at the beginning
of every experiment. In particular, the transverse overlap of the foci is very critical. Further-
more, the arrival times of both pulses in the focus have to be synchronized. Fig. 3.21 depicts
the additional diagnostics to check the overlap.

To measure the time lag, a small prism (uncoated glass) with an apex angle of 90◦ is moved
to the position of the focus. It reflects small fractions of the attenuated counter-propagating
pulses. They are colinearly sent out of the chamber to the entrance slit of a streak camera
(Hamamatsu 500), which has a temporal resolution of a few picoseconds. The length of the
delay line in the setup for the generation of the signal pulse (Fig. 3.10) is changed to remove
the measured time lag. The residual error of the delay is less than 3 mm and is caused by
(i) the resolution of the streak camera and (ii) the uncertainty of the placement of the prism
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Figure 3.21: Additional diagnostics implemented to assure the spatio-temporal overlap of the signal
and pump pulses. Notations are the same as those in Fig. 3.18.

with respect to the actual focus. The fine tuning is done during the experiment by changing
the delay in small steps until the maximum amplification of the signal pulse is found. This is
cumbersome if the gas jet allows only single-shot operation, but is quickly accomplished for
10-Hz operation with a motor-controlled delay line.

The transverse overlap is verified in two steps. First, a thin paper is moved to the focus.
The attenuated signal and pump pulses illuminate the paper. The scattered light is collected
by a telescope outside the camber and relayed to a CCD camera. The paper has to be thin
enough that some light of the signal pulse is transmitted. The foci are matched on the paper
by moving OAP-S in the transverse direction. Because the paper has a rough structure and the
scattered light is partially blocked by other optics, the foci are not resolved and the procedure
is not very accurate. To optimize the overlap further, the paper is replaced by a thin aluminum
foil. A tiny hole of the size of the foci is shot into the foil using the attenuated pump pulse. It
acts as pinhole, which the signal focus has to be moved to. The CCD observes the signal light
transmitted and scattered from the edge. The intensity is maximized by shifting OAP-S again.

After having verified the overlap, the prism-foil-paper-stage is moved out of the focal area
and the gas nozzle is lowered into the focus.
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Figure 3.22: Layout of the single-shot autocorrelator (top view): CM - cylindrical mirror, cyl. axis is
in the drawing plane; M1, M2 - mirrors enclosing the angle 2θ; BBO - SHG crystal; L - lens images
the intensity pattern at the BBO onto the CCD; S - slit in focal plane of L; CCD - CCD camera (8- or
14-bit). The CCD camera is placed outside the target chamber at a long distance from the lens. M2 is
shifted for the calibration experiment. A typical CCD readout is shown next to the camera.

3.6.4 The Single-Shot Autocorrelator

A second-order autocorrelator has been designed meeting the following requirements:

• It captures the complete autocorrelation in single-shot operation.

• It works for small pulse energies down to 50 µJ.

• It works for pulses with large bandwidths (> 100 nm) and short durations < 20 fs.
Therefore, no transmitting optics are tolerable up to the thin crystal for the second har-
monic generation (SHG).

• It is sufficiently compact to fit into the target chamber. A measurement outside the
chamber would lead to a pulse lengthening when the pulse passes the chamber window.

Fig. 3.22 shows the layout of the autocorrelator. The incoming pulse is split into two halves
by the mirror pair M1, M2, which encloses the small angle 2θ. The two halves overlap in
a 100 µm-thick β-barium-borate (BBO) crystal4 and generate three second-harmonic signals:
Two in the direction of the incoming pulses by SHG of the individual pulses and a third one
between them by sum-frequency generation of both pulses. Since the incoming signal pulse
is very weak, it is focused in the vertical direction by a cylindrical mirror. The BBO crystal
is placed a few mm in front of the line focus, where the intensity is large enough to obtain a
strong second-harmonic signal.

The common sum-frequency generation by the two pulse halves maps the delay between
the pulses to the crystal plane. The lens L collects the light and images the autocorrelation
pattern at the crystal on a CCD camera outside the target chamber. Because the mapping of
the time axis to a spatial axis is already done, the dispersion of the window does not affect
the measurement any more. In the focal plane of the lens, the three beams are focused to
horizontally different locations. The slit S blocks the fundamental and the second harmonic
light of the two halves of the original signal pulse. The autocorrelation signal passes the slit
and is measured without background.

4 The crystal is thin enough to measure the autocorrelation of the observed pulses. They created a stronger SHG
signal than thinner crystals, which would have to be used for even shorter pulses.
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Figure 3.23: Foto of the single-shot autocor-
relator (CCD camera not shown).

The image captured by the CCD camera carries the autocorrelation information in the hor-
izontal direction. The vertical dimension is related to the vertical profile of the pulse. The
autocorrelation delay τ as a function of the horizontal distance xCCD on the CCD camera reads

τ =
2ngr sinθext

nphcM
∆xCCD, (3.16)

where M is the magnification of the image relayed by L, c is the speed of light, ngr/ph are the
refractive indices for the group and phase velocities in BBO, respectively, and θext the half
angle enclosed by the two halves of the pulse outside of the crystal. For small angles θext and
using practical units, the expression reduces to

τ[fs]≈ 2θext

0.3M
∆xCCD[µm]. (3.17)

The relation has been verified by a calibration measurement: xCCD(τ) was measured by shifting
the mirror M2 in the direction of the incoming laser pulse. The delay τ was computed from
the measured translation of M2. The results given in Fig. 3.24 are in good agreement with the
theoretically derived expression.

An example of the captured images is next to the CCD camera in Fig. 3.22. The autocorre-
lation trace is retrieved as a line-out of the image by averaging it over several rows.

Since the two pulses form an interference pattern in the crystal, the autocorrelation actually
has a substructure. The envelope given by the intensity autocorrelation

I2ω(τ) ∝
Z ∞

−∞
Is(t− τ)Is(t)dt (3.18)

is modulated with the period λ/sin θint ≈ 10−20 µm of the interference pattern. Here θint ≈
θext/nph is the internal half-angle between the pulses. However, this is not visible for two
reasons: The diameter of L is only 20 mm and limits the resolution of the relayed image.
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Figure 3.24: Comparison of the
theoretically derived curve for
τ/xrmCCD according to Eq. (3.17)
(solid line) with a calibration
measurement. The angle θext is
given in radians.

Even more important is the Fourier filtering [52] done by the slit located in the focal plane of
the lens. It blocks not only the two halves of the original pulse, but also the diffraction side
maxima needed to resolve the fringe pattern.
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4 Results with an Unshifted Signal Pulse and
Discussion

The first experiments are carried out with the input signal pulse and the pump pulse at the
same central wavelength. As described in section 3.4, the signal pulse is obtained by spectral
broadening in a hollow fiber and subsequent compression in a prism compressor to 25 fs. SRA
is expected to be achieved after launching the formation of a Raman backscattered pulse at the
Stokes frequency. The new pulse is first amplified in the Raman regime and later by SRA after
its intensity has grown sufficiently large to satisfy the threshold condition. The formation of
the new pulse is confirmed and first evidence for SRA is found in sections 4.1-4.3. Full access
to the superradiant regime is anticipated when increasing the amplification distance by using
longer pump pulses. However, this is presently prevented by the sudden onset of stimulated
Brillouin backscattering.

4.1 Energy Amplification

Before the amplification experiment, the spatio-temporal overlap of the pump and signal pulses
in the focus has to be assured. The temporal overlap is fine-tuned during the experiment by
optimizing the energy gain of the output signal. The dependence of the signal output energy on
the delay between the pump and signal pulses is plotted in Fig. 4.1. A significant amplification
in energy is found in a short range of the delay. This proves that the pulses meet indeed in the
plasma and hence the major challenge of the accurate pulse alignment is under control.
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Figure 4.1: Dependence of the out-
put energy on the delay between the
pump and signal pulses. Energy is
given in terms of the voltage peak
measured at the photo diode attached
to the Ulbricht sphere. The input
signal is measured without the pump
pulse and the H2 gas, the level of
the backscattered pump light (mainly
due to Raman backward scattering)
is measured with the input signal
blocked. Error bars are given as sta-
tistical deviation over 2-4 shots. The
red solid line is a Gaussian fit to the
measured data points to improve the
visibility of the gain curve.
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In the experiment shown, the pump pulse has a duration of τp = 1.8 ps and contains 90 mJ
energy, yielding an intensity of 5×1015 W/cm2 in the focus. The electron density is ne =
3.4×1018 cm−3 = 0.0019ncrit . The signal output energy is 17 times higher than that of the
input pulse. However, it was found later on that this value is too large due to a systematic
error in the early energy measurements. To avoid over-steering of the photodiode attached to
the Ulbricht sphere, the sample of the output signal was first attenuated by absorbing filters
instead of the wedges shown in Fig. 3.18. These filters tend to saturate for higher intensities
and get bleached so that they transmit the amplified pulse over-proportionally resulting in too
large values of the measured signal energy. To remove this source of error, the signal pulse
was attenuated by reflections from wedges in later experiments.

A Gaussian curve is fitted to the measured points in Fig. 4.1. It has a width of 1.4 ps
(FWHM) corresponding to a length of 425 µm. The width of the gain curve is limited by three
parameters:

• The pump pulse duration τp = 1.8 ps (FWHM), which sets the maximal interaction
length 1 . . .2× cτp/2 = 300 . . .600 µm of the pulses;

• The length of the plasma of about 500 µm in the case of the conically shaped, single-shot
nozzle. This sets the maximum length over which the the plasma couples the pump and
signal pulses;

• The Rayleigh length of about 600 µm, where the pump and signal pulses are most intense
and therefore the energy transfer into the signal pulse is largest.

Computing an exact relation for the width of the gain curve involves the precise knowledge
about the kind of amplification, i.e., SRBS or SRA, and their share to the total energy gain.
Actually, the amplification takes place in a transition stage from SRBS to SRA, where the
mechanisms are mixed to some extent. A detailed analysis is therefore almost impossible.
However, it is plausible that the amplification is largest, if the region, where the pump and
signal pulses meet, lies both within the densest part of the plasma and within the Rayleigh
length. So, the given lengths set upper limits on the width of the gain curve.

The green dotted curve in Fig. 4.1 represents the level of the pump light scattered back
due to plasma instabilities, of which Raman backward scattering (RBS) starting from thermal
noise is most important. The scattered light has the same polarization as the signal pulse and
occupies the same spectral range. Therefore, it can neither be separated by the polarizing beam
splitter in Fig. 3.18 nor by a subsequent dichroic mirror. Instead, it results in a pedestal added
to the signal pulse and has to be kept small to ensure a good signal-to-noise ratio.

An upper limit of RBS is obtained by measuring the level of the backscattered pump light
with the input signal pulse blocked. The obtained value is higher than the actual value in the
amplification experiment, because the pump pulse can be scattered back over the full length
of the plasma column. On the other hand, the interaction of the pump and signal pulse in the
SRA regime mixes the electrons in the phase space and heats them up to keV temperatures.
This suppresses the instabilities strongly in the region already passed by the signal pulse [47]
and reduces the effective length over which pump instabilities can occur.

In the experiment the observed RBS energy level is well below that of the amplified signal
pulse resulting in a satisfactory signal-to-noise ratio. As the Raman scattered light is usually



4.2 Analysis of the Spectra 71

740 760 780 800 820 840 860
wavelength [nm]

sp
ec

tra
l e

ne
rg

y 
de

ns
ity

output signal
input signal
backscattered pump

input spectrum

launched RBS
Stokes line

Figure 4.2: Spectra of the sig-
nal pulse before and after ampli-
fication and the Raman scattered
pump light for τp = 1.15 ps and
ne = 5.9×1018 cm−3. The delay is
adjusted to maximize the energy am-
plification.

much longer than the duration of the signal pulse, the energy is distributed over a longer time
which reduces the intensity even further.

A specific feature of the energy vs. delay plot in Fig. 4.1 and also in Fig. 5.1 is the slightly
higher level of the energy output if the signal pulse arrives first in the gas jet (left in Fig. 4.1).
In this case the signal pulse ionizes the gas so that the pump pulse interacts with an already
pre-ionized plasma. This leaves more time for RBS instabilities to set in and higher RBS levels
are expected. If the pump pulse arrives first and pre-ionizes the gas, the signal pulse passes
the plasma without being affected much, because it is too short to be subject to RBS and too
weak to cause other non-linear plasma interactions. The measured output energy drops to the
sum of the RBS level plus the signal input energy (right side in Fig. 4.1).

4.2 Analysis of the Spectra

Figs. 4.2 and 4.3 show the spectra of the amplified signal pulse for two different pump pulse
durations and electron densities. A narrow Stokes line due to SRBS is observed, if a short
pump pulse and the high electron density are used (Fig. 4.2). Unlike the RBS thermal instabil-
ity, the Raman scattering is launched by the initial signal pulse as explained in section 2.4.2.
This creates the new signal pulse that is to be amplified by SRA, when its intensity becomes
large enough to satisfy the threshold condition.

The second measurement in Fig. 4.3 uses a longer pump pulse, thereby increasing the inter-
action length. Furthermore, the lower electron density decreases the SRA threshold intensity.
The spectrum of the amplified pulse exhibits significant broadening at the base of the origi-
nally narrow Stokes line, which is evidence for the onset of SRA. While the amplification by
stimulated Raman backward scattering (SRBS) is characterized by a narrow gain bandwidth
according to Eq. (2.32) resulting in a long pulse, the signal pulse is shortened in the SRA
regime, which entails the broadening of the spectrum. Other possible explanations for the
spectral broadening are ruled out in section 5.3, where the spectra of later experiments are
discussed.

The measurements suggest, that the SRA regime can be fully reached by increasing the du-
ration and energy of the pump pulse, thereby increasing the interaction length, while maintain-
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Figure 4.3: Spectra of the signal
pulse before and after amplifi-
cation and the Raman scattered
pump light for τp = 1.8 ps and
ne = 3.4×1018 cm−3. The delay
is adjusted to maximize the energy
amplification.
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ing the intensity of the pump. These experiments are presented in section 4.6. In the spectra,
presented in Fig. 4.2 and Fig. 4.3, the energy level of the pump light backscattered due to the
Raman instability is much lower than that of the amplified signal pulse whose spectrum is
therefore not masked by the presence of the RBS light.

4.3 Autocorrelation and Streak Measurements

Fig. 4.4 presents typical results of autocorrelation measurements. The autocorrelation traces
are obtained as calibrated line-outs from these images (cf. Fig. 5.5) by averaging over 10 to 20
rows. The rows are selected in a range, where the 2ω-signal is maximal but not yet clipped to
make use of the whole dynamic range of the CCD 8-bit camera. Actual autocorrelation traces
are retrieved in section 5.4, where the traces are analyzed quantitatively.

The signal pulse in Fig. 4.4a is 25 fs long but has a longer pedestal. The traces of the
amplified pulses in Fig. 4.4b and c are much longer (> 150 fs). In particular, the last image
exhibits a slight periodic modulation of the intensity. During the first stage of the amplification
pulse lengthening is expected, when the new pulse is formed from SRBS launched by the short
input pulse. The resonant three-wave process has a narrow spectral gain width in the small
signal regime causing a long Raman scattered pulse (section 2.5.1).

The theory predicts, that the newly formed signal pulse starts to shrink once the SRA regime
is reached. Since the measured spectra suggest that SRA is about to set in, first evidence of
the pulse shortening is expected to become visible in the autocorrelation traces. As figured out
later in section 5.4, the modulation in Fig. 4.3 is actually a footprint of SRA.

The restricted time window of the autocorrelation does not allow to resolve, whether there
are any further contributions to the signal pulse on a longer time-scale. We measured its
temporal structure on a longer time scale with the streak camera also used to establish the
temporal overlap as outlined in section 3.6.3. The comparison of the measurements of the
input and amplified pulses shown in Fig. 4.5 does not reveal any further features. Therefore,
the amplified signal pulse must have a duration shorter than 2 ps, which is the resolution of the
streak camera.



4.4 Density Dependence of the Amplification 73
sp

at
ia

ld
ire

ct
io

n
−→

delay time −→ delay time −→ delay time −→

(a) (b) (c)

Figure 4.4: 2ω single-shot autocorrelation patterns captured by the CCD camera (cf. Fig. 3.22). The
horizontal direction represents the delay. The width of the images corresponds to a time window of
≈ 220 fs. The vertical direction corresponds to the vertical spatial axis of the autocorrelated pulses.
The autocorrelation patterns refer to (a) the 25-fs input signal pulse, (b) and (c) two examples of the
amplified pulse: (b) a smooth wide autocorrelation; (c) an overall wide autocorrelation modulated with
a short period.
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Figure 4.5: Streak measurements of the signal pulse (a) before and (b) after the amplification. Time
goes from left to right and covers 500 ps. The jitter of the electronic trigger signal causes the horizontal
shift of the lines. The weak line ≈ 130 ps right of the main line is due to an internal reflection at the
12-mm thick window that the pulse passes on exiting the vacuum chamber.

4.4 Density Dependence of the Amplification

With the delay set to maximize the energy output, the amplified signal energy is measured for
various backing pressures of the gas jet, thus changing the electron density in the plasma. The
electron density ne is determined from the Stokes shift of the Raman backscattered pump light
as explained in appendix A.

The output energy increases strongly with the electron density as shown in Fig. 4.6. Since
the pump and signal pulses are coupled via the plasma electrons, a larger number of electrons
leads to a larger energy transfer from the pump to the signal pulse and to the triggered SRBS
pulse, which is also reflected in the dependence of the growth rates in the SRBS and the SRA
regime on ne.



74 4 Results with an Unshifted Signal Pulse and Discussion

Figure 4.6: Energy of the ampli-
fied signal pulse as a function of
the electron density ne. The error
bars indicate the statistical devia-
tion of several shots.

0 2 4 6 8 10
ne [1018 cm-3]

0

200

400

600

si
gn

al
 e

ne
rg

y 
[m

V
]

backscattered pump (RBS)
measured amplified signal

Reproducing the data of Fig. 4.6 quantitatively by an analytic expression is very difficult,
because several important parameters are not ascertained:

• The input signal launches the formation of a new signal pulse by SRBS. However, it is
unknown, where this starts exactly.

• PIC simulations show, that the growth rate of a SRBS pulse is changed if it has a precur-
sor, because the electron density gets already modulated by the precursor. It is difficult
to rate the effect of the input signal pulse on the launched SRBS pulse.

• The transition from SRBS to SRA is smooth and the growth rate changes smoothly,
too. The exact growth rate during the transition and the length of the transition zone are
difficult to determine.

• The newly formed pulse is long while amplified in the SRBS regime (Fig. 4.3), but
approaches the duration ≈ π/ωb in the SRA regime. While still in the early stage of
the SRA regime, the pulse trailing edge still contributes a large share to the measured
signal energy. Only after a longer amplification in the superradiant regime, the energy
contribution of the pulse trailing edge becomes negligible.

Although this multitude of difficulties seems to rule out a quantitative analysis at all, most
of them are relevant only in the early amplification stage. They do not affect the analysis for
later times when the SRA is fully established and contributes most of the overall amplification
of the signal pulse.

4.5 Further Detailed Analysis of the Amplified Spectra

4.5.1 Chirped Input Pulses

Fig. 4.7 shows the spectra of the amplified signal pulse for an input pulse that is not completely
compressed. Positive or negative chirping is realized in the prism compressor that is part of
the setup for the generation of the input pulse (Fig. 3.10). The chirped pulses have durations
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Figure 4.7: Spectra of the ampli-
fied signal pulse when it is ini-
tially either positively or nega-
tively chirped. The other exper-
imental parameters are equal to
those given in Fig. 4.3

of about 40 fs. Apart from this change, the experimental parameters are the same as in section
4.2, where the broadening of the Stokes line was observed.

The output spectra of the initially positively or negatively chirped input pulses look very
similar. Again SRBS is triggered by the input signal, but the beginning broadening of the
Stokes line is absent similar to the experiment with the shorter pump pulse depicted in Fig. 4.2.
Hence the longer and less intense signal pulse is less effective in the formation of the SRBS
pulses than the fully compressed pulse. On the other hand, the sign of the chirp does not play
a role. Opposite to the duration of the signal pulse, its chirp does not appear to be important.

4.5.2 Dependence of the Amplified Spectrum on the Delay

Changing the delay td between the pump and signal pulses shifts the interaction region first
within the plasma and finally out of the plasma. From a different point of view, the interaction
length in the most dense region of the plasma is shortened. Furthermore, the signal pulse
interacts with a different part of the negatively chirped pump pulse in this region. It sees a blue
shifted pump, if it arrives earlier, and a red shifted pump in the opposite case. Because the
amplification is dominated by the resonant SRBS initially, the spectra should reflect the shift
of the pump pulse wavelength.

In fact, the spectra shown in Fig. 4.8 for different delays td prove that the amplification
maximum of the signal pulse shifts to shorter wavelengths if the signal pulse arrives earlier. It
lies around 835 nm for the maximal energy amplification (td = 0 ps), moves to about 825 nm
for td = 0.66 ps and to a minimal value of about 820 nm for td = 1.33 ps. For the last two delay
settings the maximum remains, but the overall energy gain becomes much smaller. Obviously,
the interaction length of the signal and pump pulses is already significantly decreased.

The spectra in Fig. 4.8 also suggest, that the signal input pulse itself might be amplified by
SRBS, if a part of its spectrum satisfies the resonance condition for Raman scattering. This is
also observed when varying the plasma density as described in the following section.

4.5.3 Dependence of the Amplified Spectrum on the Backing Pressure

The spectra in Fig. 4.9 are taken for increasing backing pressure and hence increasing plasma
density while the delay is set to maximize the energy amplification. As expected, the Stokes
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Figure 4.8: Spectra of the amplified signal pulse for different delays between the pump and signal
pulses. Starting from the maximum of the energy vs. delay curve, the signal pulse arrives earlier by
0.66 ps from one plot to the next. The last spectrum shows the Raman backscattered pump light in
absence of the signal input pulse. All graphs have the same scaling of the ordinate.

line due to SRBS shifts to longer wavelengths when the plasma density increases. For high
pressures, the Stokes line finally appears separated from the input spectrum.

Furthermore, a sharp line at 793 nm is observed, which becomes stronger for increasing
pressure. It is caused by stimulated Brillouin scattering and is discussed in next section.
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Figure 4.9: Set of spectra for different backing pressures of the gas jet. For higher pressures and
hence higher electron densities, the spectrum extends further to longer wavelengths. For 1.5 bar the
Stokes line lies completely within the spectrum of the incoming signal pulse. In the plots, it shifts for
increasing pressure to 830 nm, 840 nm, 847 nm, and 855 nm.
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Figure 4.10: For longer pump pulses,
SBS starts to dominate the spectrum
of the signal output pulse.
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4.6 Stimulated Brillouin Scattering for Longer Pump Pulses

We have observed a pulse amplified at the Stokes frequency of the pump pulse with charac-
teristic SRBS features, which proves that launching the new pulse works. For longer pump
pulses and a rather low plasma density, its spectrum starts to broaden. These first results sug-
gest that the SRA regime can be fully entered by using longer pump pulses and hence longer
interaction lengths. When the pump pulse duration is extended to 3.7 ps at an the energy of
140 mJ, a narrow peak close to the central pump wavelength appears in the spectrum of the
amplified signal pulse shown in Fig. 4.10. This feature became already apparent in the density
scans shown in Fig. 4.9.

The position of the line and its narrow width suggest that it is caused by stimulated Brillouin
scattering (SBS), the scattering from an ion density wave. It shifts the backscattered light by
the ion plasma frequency ωion. For the plasma densities in our experiments, this corresponds
to wavelength shifts of 0.5−2 nm. At the first glance, the occurrence of SBS is surprising,
because in comparison to RBS the inertia of the heavier ions reduces the SBS growth rate.
Typical build-up time of SBS is around 20 ps1. For few ps-pulses, SBS has been observed in
rare cases [141], when the plasma is turbulent, has hot spots and a higher density than that
used here. In our experiments, SBS is observed only if the signal pulse is injected. SBS is
absent in the RBS measurements, when the signal pulse is blocked. On the other hand, an
input pulse of about 30 fs duration is much too short to make the heavy ions move and create
a density modulation during the time it is present.

In order to understand this finding, PIC simulations using the experimental parameters were
performed covering the full plasma length instead of only the small co-moving window around
the signal pulse. They revealed that SBS sets in only a long time after the signal pulse has
passed. Though the signal pulse is too short to cause a density modulation of the ions while
it is passing, the electron density grating set up by the interaction of the signal and pump
pulses exerts a strong, periodic electrostatic force on the ions and imprints a velocity distri-
bution without actually moving the ions much. After the signal pulse has passed, the initial
velocity distribution transforms into a density modulation, which is just the sound wave that

1This time-scale is valid for a monochromatic laser pulse. The chirp of the pump pulse used here even reduces the
effective time, during which the pump pulse, the backscattered wave, and the ion acoustic wave stay resonant.
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Figure 4.11: 1D-PIC simulation using the experimental parameters. (a) Intensity of the radiation going
into the direction of the signal pulse (propagating to the right) after the indicated interaction distance
between signal and pump pulse. The short, amplified signal pulse has a long tail of Brillouin scattered
light. (b) Spectrum of the backscattered radiation. Although the SBS light has a much lower intensity
level than the amplified signal pulse, its total energy is larger than that of the signal pulse.

backscatters the pump pulse. This takes about a quarter of the oscillation period of this sound
wave corresponding to π/(2ωion) ≈ 0.5..1 ps. The critical point is that this process is almost
resonant, because the input signal and the pump pulse have the same wavelengths. They can
satisfy the resonance condition for SBS ωpu = ωs + ωion, because ωion is smaller than the
spectral width of the pulses.

One could think that SBS is tolerable, since the SBS light runs behind the amplified signal
pulse. However, it disturbs the study of SRA if it dominates the spectrum and the energy of
the signal output pulse. It is not advantageous to split off the SBS radiation by using dielectric
mirrors, because those have significant oscillations in their transmission curve (cf. Fig. 3.15).
Several reflections would be necessary to suppress the SBS light sufficiently, which would also
affect the ultra-short signal pulse.

Two approaches are possible to suppress or at least reduce the SBS instability. The first
option is to return to the original scheme with an input signal pulse shifted properly with
respect to the pump pulse. SBS would not be launched resonantly any more and would thus
appear only for much longer pump pulses. Moreover, the properly detuned signal pulse can be
amplified directly by SRA. The time consuming launching of a second signal is omitted and
higher intensities of the signal can be achieved with the same pump duration and energy.

The second remedy to restrain SBS is using a gas with higher mass number, e.g. helium
instead of hydrogen. The larger inertia of the ions lowers the growth rate of SBS, γ ∝ m−1/4

ion
(see Table 2.1 on 11). The downside of this approach are the higher laser intensity needed to
fully ionize the gas and the multiple ionization states. Full ionization is necessary to avoid
the depletion of the signal pulse when its intensity surpasses that of the pump pulse so that
it can strip the remaining electrons from the ions. Furthermore, the different ionization states
increases the likelihood for the modulational instability at the ionization front [142]. For the
pump pulse intensities and durations used in our experiments, helium is still fully ionized, but
not nitrogen or argon.

Both options have been implemented. It turned out that shifting the input signal sufficiently
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suppresses SBS. On the other hand, the gas type does not change the results significantly; they
are therefore omitted here. Since hydrogen can be ionized faster and for lower intensities,
the time for ionization instabilities to set in is even shorter. Therefore helium was abandoned
again in later experiments.



5 Observation of SRA for a Red-Shifted
Signal Input Pulse

This chapter presents and discusses the experiments performed with the original SRA scheme
using a signal input pulse red-shifted with respect to the pump pulse. The combined measure-
ments of the energy amplification, the spectral broadening, and the autocorrelation allow to
conclude that SRA in an early stage has been accomplished. In particular, the pulse break-up
in the autocorrelation measurement is directly related to the electron dynamics in the SRA
regime. The interpretation is supported by a numerical simulations. The measurements for
different gas densities are compared. The final section 5.6 analyzes the spatial pattern of
the amplified signal pulse. The following, first section summarizes the improvements imple-
mented after the first measurements of the previous chapter.

5.1 Improvements of the Experimental Setup

The various improvements include exchanging the gas jet, shifting the central wavelength of
the signal input pulse, and improvements of the energy measurement and the overlap check.

10 Hz Gas Jet with Chimney Nozzle

The main disadvantage of the former gas jet is its large gas exhaust due to its large gas reservoir
and long opening time. Each shot increases the pressure level in the vacuum chamber to 10−2-
10−1 mbar. Breaks of about 10 sec are necessary between the shots until the pressure level has
returned to 10−2 mbar. The breaks make the measurements and, in particular, the search for
the correct temporal overlap very cumbersome. Furthermore by an indirect effect, they cause
fluctuations of the energy and the spectrum of the input signal pulse. The reason for this is
that the Ti:sapphire crystal in the multi-pass amplifier of ATLAS is also pumped if the system
shutter is closed, because the shutter is located between the regenerative and the multi-pass
amplifier. As the energy is not extracted by the laser pulse, the crystal is slightly stronger
heated, which changes its index of refraction. When the shutter is reopened the next time, the
laser pulse experiences a different thermal lensing in the crystal, which changes its divergence
compared to the 10-Hz operation. In the setup for the short pulse generation, the changed
divergence shifts the position of the focus relative to the entrance of the hollow fiber. The
pulse is not coupled optimally to the fiber mode, the transmission decreases and the spectral
broadening is different. This leads to larger shot-to-shot fluctuations of the signal input pulse
compared to the 10-Hz operation.

We replaced the gas jet with a type that has a shorter opening time, thus releasing less gas
and enabling 10-Hz operation rate with a vacuum level of 10−4-10−3 mbar in the target cham-
ber. The increased operation rate not only simplifies the search for the exact delay setting but

81
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also allows to obtain better statistics and to optimize the amplification during the experiment
by changing the spatial overlap of the foci.

Furthermore, we have changed the shape of the nozzle from a conical sub-sonic nozzle
with a divergent gas jet that has a large density spread (cf. Fig. 3.20a/b) to the chimney type
shown in Fig. 3.20c/b, which guides the gas between its walls and restricts it to a 1D flow.
The transverse profile in the main interaction region of the laser pulses is rather flat top like,
affected only slightly by small amounts of gas leaking through the entrance and exit holes for
the laser pulses. Furthermore, the gradient along the direction of the flow is smaller, which
reduces the sensitivity of the exact distance from the nozzle orifice to the focus (cf. appendix
A). A nozzle with a width of 1 mm yielded the best results; widths of 0.7 mm and 1.5 mm
were also used.

Spectral Filtering to Shift the Signal Wavelength

The conclusions drawn in the previous section advise to return to the original SRA scheme
using an input signal pulse with a central wavelength slightly longer than that of the pump
pulse. The options to generate such a signal pulse are thoroughly discussed in section 3.3.
Within the frame of this work, the only reliable option to obtain such pulses synchronized
with the pump pulse was by spectrally filtering the signal pulse after the hollow fiber. The
central wavelength of the filtered pulse is around 816 nm, the energy in the target chamber
about 80 µJ, and its duration about 80 fs.

Change of the Gas

We temporarily switched from hydrogen to helium for the experiments, because its larger mass
number decreases the growth rate of SBS. Since no significant improvements were observed
after having shifted the wavelength of the input signal pulse, hydrogen was employed again. Its
lower ionization threshold assures its early ionization by the pump pulse before the interaction
of the signal pulse with the body of the pump pulse starts.

Improved Energy Measurements

As mentioned in section 4.1 as to the energy measurements, the absorbing filters used to adjust
the amount of light entering the Ulbricht sphere are bleached by the high intensities of the
amplified signal pulses. To remove this source of error, the absorbing filters were replaced by
two wedges as depicted in Fig. 3.18. Furthermore, the energy measurement was computerized
to record the data at 10 Hz. Along with the computer controlled delay line, fully automated
scans of the energy amplification became possible.

5.2 Energy Amplification to the mJ Level

In Fig. 5.1 the energy amplification of the signal pulse is plotted versus the delay between the
pump and signal pulses for the following parameters:

pulse duration (FWHM) energy focal intensity
pump pulse 5.6 ps 210 mJ 3.7×1015 W/cm2,
signal input pulse 80 fs 80 µJ 1.4×1014 W/cm2.
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Figure 5.1: Energy vs. delay
between input signal and pump
pulses. The pump pulse is 5.6 ps
long, the gas jet is 1 mm wide. The
signal pulse is amplified by a fac-
tor of 19 to ≈ 1.15 mJ. Each point
is averaged over 20 shots with the
error bar indicating the standard
deviation. (See section 4.1 for
the different levels of the amplified
signal on the left and right hand
side of the maximum.)

About 70-80 % of the energy of both pulses are contained in the foci of 26-30 µm diameter.
The plasma density is ne = 3.5×1018 cm−3 = 0.002ncrit . The new curve is definitely smoother
than that depicted in Fig. 4.1 and has improved statistics, both a result of the continuous 10-Hz
operation. At its maximum, the output signal contains 1.15 mJ, which is 19 times higher than
that of the input signal pulse, if compared to the energy contained in the central disk of the
focus. This is justified, because outside this disk the intensities of the pump and signal pulses
are too weak to lead to significant amplification and the contributions to the input energy are
irrelevant when considering the amplification (cf. Fig. 3.19) .

Combined with the AC measurement in section 5.4, the intensity of the still focused signal
pulse after the amplification is computed to 3.6×1015 W/cm2. The intensities of the pump
and signal pulses allow to compute the ratio ωb/ωpe, which indicates whether the pulse is
amplified by SRBS or by SRA. The ratio increases from ωb/ωpe = 0.58 before to ωb/ωpe =
1.30 after the amplification. Hence the signal pulse seems to be amplified first by SRBS and
later by SRA. To verify the amplification in the superradiant regime, further evidence is gained
by inspecting the spectrum and the autocorrelation of the amplified pulse.

The initial amplification in the SRBS regime is possible although the resonance condi-
tion for Raman amplification ωpu = ωs + ωpe is not satisfied strictly for the parameters in
the experiments. The Stokes-line is expected at 829 nm. The small frequency mismatch
∆ω = ωpu−ωs−ωpe = 0.36ωpe = 0.016ωpu becomes important only if the amplified pulse is
longer than π/∆ω ≈ 85 fs. This is analogous to optic parametric amplification in a nonlinear
crystal, where a mismatch of the wave-vectors, ∆k, causes decoherence only if the crystal is
longer than π/∆k.

The RBS value indicated in Fig. 5.1 is measured with the signal pulse blocked and gives
an upper limit for the RBS level during the experiment. The input signal pulse has a lower
intensity than in the earlier experiments, because the spectral filtering to shift its central wave-
length reduces its energy and at the same time increases its duration. The electron density has
been reduced to lower the threshold for SRA and to avoid that the pump light backscattered
by instabilities (RBS) becomes much stronger than the signal pulse to be amplified. How-
ever, lowering the electron density decreases the gain, since the coupling between the pulses
is weakened.
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5.3 Spectral Broadening of the Amplified Pulse

The observed spectra depicted in Fig. 5.2 reveal additional contributions that do not belong to
the signal pulse or the Raman backscattered pump light. They represent pump light reflected
from the walls of the chimney nozzle, in particular around the entrance holes for the laser
pulses. There, the pump intensity is too small to burn the aluminum foil covering the sides.
The pump light is reflected from the foil and enters the spectrometer together with the desired
signal. Its contribution is measured separately injecting only the pump pulse without the signal
pulse and without releasing gas. Subtracting this spectrum from the raw data yields the spectra
of the amplified signal pulse and the RBS of the pump pulse in Fig. 5.3. The same correction
has been carried out for the energy measurement in the previous section.

The signal pulse is broadened significantly from 17 nm (FWHM) for the input to 30 nm for
the amplified output. Furthermore on the long wavelength side, an additional wing extends
from 830 nm up to 870 nm. The sharp Stokes line, that dominated the spectrum in the first
experiments (Figs. 4.2 and 4.3) is absent, suggesting that SRBS contributes only little to
the amplification. Instead, the amplification has switched to the SRA regime at some point
accompanied by the pulse shortening and spectral broadening. The bandwidth theoretically
estimated in section 2.3.5 ranges from the pump wavelength up to 865 nm, which corresponds
very well to the end of the long-wavelength wing in the spectrum. Assuming the wing is due
to SRA, the intensity ratio of the wing and the main spectrum suggests that SRA is still in an
early stage.

It has to be excluded that SRBS causes the observed broadening. While SRBS is charac-
terized by the narrow bandwidth of the backscattered light for small signal gain, two other
regimes exist that entail broader spectra (cf. section 2.6): (i) The strongly coupled Raman
regime [89, 90] and (ii) the pump depletion regime [45]. Their spectra can have widths greater
than the plasma frequency. The pump depletion regime cannot take place because it requires
the pump pulse to be completely depleted from some point on during the interaction with the
signal pulse. This is ruled out by the small energy transfer of less than 1 % from the pump
pulse to the signal pulse.

The strongly coupled Raman regime is characterized by a growth rate γ exceeding ωpe

Figure 5.2: The unprocessed original spec-
trum contains pump light reflected from the
side walls of the chimney nozzle around the
entrance holes. The black curve is taken when
injecting only the pump pulse without gas and
signal pulse. The spectra in Fig. 5.3 are ob-
tained by subtracting this spectrum from the
measured spectra of the signal output and Ra-
man backscattered pump, respectively.
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Figure 5.3: Spectra of the sig-
nal input and output pulses and
of the Raman backscattered pump
light. The amplified spectrum is
smoothed (black line) to infer its
bandwidth. The bandwidth in-
creases from 17 nm (FWHM) of
the input signal pulse to 30 nm for
the amplified output.

Figure 5.4: Integrated energy dis-
tributions of the spectra for the in-
put and output signal pulses show
that 15 % of the energy of the am-
plified pulse are contained in a
long wing extending from 830 nm
to 870 nm.
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substantially. The SRBS growth rate from Table 2.1 for our parameters is computed to

γ =
1
2
√ωpeωpuap = 0.068ωpe � ωpe (5.1)

using the approximation ωpump � ωpe, ap = 0.029 (from experiment), and
√

ωpe/ωpump =
4
√

n/ncrit = 4
√

0.002 = 0.21. Therefore, the weakly coupled regime prevails with the gain band-
width

2γ0 = 0.14ωpe = 0.0061ωpu (5.2)

corresponding to 5 nm. Including the 8.7-nm bandwidth of the chirped pump pulse, the total
gain bandwidth in the Raman regime is still significantly smaller than the observed spectral
broadening.

A special feature in Fig. 5.3 are the narrow peaks on top of the amplified spectrum. It
appears that they might be caused by RBS, because they are narrow and they end around
830 nm on the long-wavelength side, where the Stokes line for the maximum electron density
is expected. However, they are not very prominent in the pure RBS measurement when the
signal pulse is blocked. Thus they have to be due to the interaction of the signal and pump
pulses. This is only possible in the pedestal or a precursor of the signal pulse, because the
intense maximum of the signal pulse is amplified in the SRA regime, thus the plasma wave is
broken and Raman scattering ceases. It is not yet fully understood, whether the peaks in the
spectrum could also be produced by SRA.
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Figure 5.5: (a) Single-shot autocorrelation of the amplified signal pulse captured by the CCD camera.
(b) Line-out averaged over several rows with statistical deviation vs. the calibrated time axis. The rows
were taken near the bottom of the image, where the 2ω-signal is maximal but not yet clipped.

5.4 Autocorrelation Measurement

Fig. 5.5a shows the image of a typical autocorrelation measurement captured by the CCD.
The autocorrelation trace is obtained as a line-out over up to 20 rows. They are chosen in a
region, where the 2ω-signal is maximal without being clipped so that the full dynamic range
of the CCD camera is used. The error bars represent the statistical deviation with respect to
the average curve. For clarity they are omitted in the following figures.

The periodic modulation of the autocorrelation trace indicates that the output signal actually
consists of a train of equidistant pulses. Their temporal spacing is equal to the spacing between
the peaks of modulation in the autocorrelation trace. The five peaks of the trace refer to three
pulses in the train. In Fig. 5.6a, the autocorrelation trace of the signal output is compared to
that of the signal input. The individual pulses of the train must be much shorter than the input
pulse, whereas the hole pulse train is slightly longer.

We fitted a train consisting of three cos2-pulses1

Is(t) =
3

∑
j=1

I jcos
2(2π

t− t j

Tj
) + I0 (5.3)

such that its autocorrelation2

Iac(τ) ∝
Z ∞

−∞
Is(t)Is(t− τ)dt (5.4)

1The cosines are restricted to the first half period around 0, i.e.

cos2(t)≡
{

cos2(t) |t| ≤ π/2
0 |t|> π/2

2Actually, the autocorrelator generates the second harmonic of the amplitudes in the BBO crystal causing a fringe
pattern with a spacing 2λ/sin(θ/2) inside the crystal, which are not visible here, as explained in the description
of the autocorrelator in 3.6.4. The effective signal captured by the CCD camera is proportional to Eq. (5.4).
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Figure 5.6: (a) AC traces of input and output signal pulses. The periodic modulation of the amplified
signal implies that it consists of a train of pulses. The pulse train in (b) is fitted such that it reproduces
the measured autocorrelation trace best.

Tj [fs] t j [fs] I j [a.u.]
contained
energy [%]

Pulse 1 23 0 0.19 36
Pulse 2 26 56 0.12 26
Pulse 3 32 105 0.074 20
offset 140 (a − 0.016 18

afull length of the pedestal

Table 5.1: Parameters of the
fit shown in Fig. 5.6b.

matches the measured trace best. Its temporal profile and its computed autocorrelation trace
are shown Fig. 5.6. In Eq. (5.3), the Tj’s are the FWHM durations of the pulses and the t j’s
are their temporal offsets. Table 5.1 lists the parameters of the fitted pulse train plotted in
Fig. 5.6b. The offset (0) should not be regarded as independent of the pulses, but rather adds
up to them in equal shares. Fig. 5.6a leaves open whether there are more modulations outside
the measured time window. We repeated the fitting procedure including a 4th pulse. The
results became somewhat arbitrary for the 3rd and 4th pulse insofar as the pulses overlapped
partially. We use the 3-pulses-fit, to avoid the arbitrariness and because the two leading pulses
are the strongest and have approximately the same parameters in both fits.

5.4.1 Origin of the Pulse Breakup

The pulse breakup is a direct consequence of the SRA acting on a long signal pulse, i.e., a
pulse long enough to trap the electrons for more than one oscillation cycle Tb = 2π/ωb in
the ponderomotive potential. The electrons continue to get bunched periodically such that
they first scatter the pump light back into the signal pulse, then the signal back into the pump
during the next bunching and so forth, as it is illustrated in Fig. 2.3 on page 18. The long
signal is amplified and attenuated periodically while it is interacting with the pump pulse.
The attenuation finally splits the signal into a train of pulses with the temporal spacing Tb
and a pulse duration of about Tb/2. To check this explanation, values of Tb from Table 5.1
are compared with those computed from ωb =

√
asap(ωs + ωpu). For the computation the
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intensities of the pump and signal pulses are needed.
Although the measurement with a 2nd-order autocorrelator is ambiguous as to which is the

front and which is the rear side of the fitted pulse train, it is reasonable to assume that the most
intense pulse leads the train. There are two arguments, why the SRA favors the amplification
of the first pulse inherently:

1. The electrons oscillating in the ponderomotive potential have different oscillation peri-
ods because the potential is non-harmonic. Therefore, they de-phase after several oscil-
lations, their bunching becomes less perfect, the backscattering of the pump is no longer
fully coherent and hence less efficient.

2. The bunching causes a velocity spread of the electrons equivalent to the depth of the
ponderomotive potential which is proportional to the amplitude of the signal pulse. If
the amplitude of the leading pulse has grown already slightly larger, the subsequent
pulses cannot trap the electrons as efficiently any more. Less electrons get bunched and
participate in the backscattering of the pump.

The stronger growth of the leading pulse is also observed in the numerical simulations in
Fig. 5.7.

Using the values from Table 5.1 the intensity of the main peak of the signal pulse is com-
puted to Is = 3.6×1015 W/cm2 and its amplitude to as = 0.036. To determine the intensity
of the pump pulse, its temporal profile must be taken into account and the intensity evalu-
ated at the position of the signal pulse at the time, when the amplification drops off signifi-
cantly. Although the exact position and time are difficult to ascertain, the value of ωb is not
affected too much, because it depends only weakly on the pump intensity, ωb ∝ I1/4

p . Con-
sulting numerical simulations of SRA, a reasonable intensity level is 40 % of the maximum,
Ip ≈ 1.5×1015 W/cm2 or ap = 0.014. For the given pump and signal intensities, the resulting
bouncing frequency is ωb = 0.043

√ωpuωs = 1.1×1014 Hz and the period Tb = 2π/ωb = 58 fs.
This value compares well with the distance t1 between the first two pulses given in Tab. 5.1.
The observed pulse duration is slightly shorter than the computed one, Ts ≈ Tb/2 = 29 fs.
However, the agreement is good, considering that the cos2-profile used for the fit is only a
rough estimate that may differ from the actual profile.

The good agreement of the computed and measured values of Tb confirms the assumption
that the pulse breakup is caused by SRA and the amplification of the signal pulse in the super-
radiant regime can be concluded from this observation. Other effects that might cause a pulse
train with such equidistant pulses can be excluded. The two possible explanations are again
related to the Raman regime:

• Beating of two waves: The beating of two light waves with close but not identical cen-
tral wavelengths can cause a periodic pulse train. In this case, two distinct compo-
nents should appear in the spectrum related to the incoming signal pulse and the Raman
backscattered pump light. These distinct components, however, are not visible in the
measured spectrum depicted in Fig. 5.3.

• Nonlinear pump depletion regime: In the regime described by Malkin [45], the scatter-
ing of the pump pulse back into the signal pulse from the electron plasma wave becomes
so strong that the pump is completely depleted. The energy transfer then reverses and
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Figure 5.7: PIC-simulation illustrating the pulse breakup. Snapshots of the signal pulse are given for
several propagation distances. The upper plot shows the first half of the interaction region, the lower
plot the second half. The blue dashed line indicates the intensity of the pump pulse seen by the signal
pulse at the respective position. (In the upper graph its intensity is divided by 2 to fit the scale.) The
grey dotted line indicates the density profile of the plasma. The signal pulse (5) at 700 µm (green curve)
is plotted in both graphs to act as a reference.

the pump is amplified again shifted in phase by π. As explained earlier, the pump de-
pletion can be excluded due to the small total energy transfer of less than 1% from the
pump to the signal pulse.

5.4.2 Numerical Simulation of the Pulse Breakup in the SRA Regime

Fig. 5.7 illustrates the pulse break up by means of a numerical PIC simulation. It also clarifies,
why the complete length of the output signal pulse increases slightly. The parameters used for
the pump and signal pulse and the plasma are close to the experimental ones. The pump pulse
is negatively chirped and has the bandwidth of the ATLAS pulse. The signal pulse is modeled
using two pulses. The main pulse with 70 fs duration at 818 nm contains most of the energy.
A longer negatively chirped pedestal stretches out about 150 fs to the front side of the main
pulse and has 6 % of the peak intensity. This part originates from the generation of the short
pulse by self-phase modulation in the hollow fiber, filtering, and compression and has been
discussed in section 3.4 on p. 57. The plasma density profile is approximated by adding ramps
on both sides to model the mostly flat top density profile in the chimney nozzle with some gas
leaking through the entrance holes of the laser pulses.

The weak input pulse (1st pulse, black line) is first amplified in the Raman regime, thereby
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increasing its duration slightly (3rd pulse, orange line). Up to 700 µm, the pulse is further
amplified but the pulse starts shortening by attenuation of its rear side, which indicates the
onset of SRA. At the same time, the pedestal has been amplified significantly. Although still
in the Raman regime, it perturbs the electron phase space strongly enough to prevent the further
amplification of the trailing main pulse beyond 800 µm up to the end. The emerging front of
the signal has time to get amplified and finally overtake the original main pulse in intensity.
Between 850 µm and 950 µm, the leading pedestal is amplified until it forms a plateau at about
the threshold intensity for SRA. This is possible, because the amplification of the leading
edge of the plateau prevents the amplification behind. After the pedestal has been amplified
to full length of about 150 fs, the further growth of the plateau stops. SRA sets in and leads
to the breakup of the pulse by the mechanism explained in the previous section. Finally, the
leading pulse of the train starts to outgrow the other pulses of the train. Simulations with
longer interaction lengths show, that the leading pulse is amplified strongly up to an intensity
of several times 1017 W/cm2 and dominates the residual pulses, which are too weak to trap all
the electrons released from the ponderomotive potential after the first pulse has passed. The
trailing pulses keep their intensity level and become negligible compared to the main pulse.

The simulation nicely visualizes the processes of the amplification, lengthening and pulse
breakup, and supports the analysis of the experimental results. On the other hand, it also
indicates how sensitive the actual signal pulse shape depends on the exact input parameters
while the amplification is still in the transition region ωb ≈ ωpe or in the early stage of SRA.

5.5 SRA at Different Densities

Changing the backing pressure and thus the electron density in the plasma has various, in some
respect antagonistic effects on the amplification:

1. Because of the higher electron density, more electrons scatter the pulses and the two
pulses are coupled stronger. Thus the signal is amplified stronger.

2. In a denser plasma, collective effects become stronger. The higher ne also entails a
higher plasma frequency ωpe. Therefore, the threshold intensity for the onset of SRA
increases. This is particularly important, because the input signal pulse becomes much
weaker after spectral filtering.

3. The RBS instabilities of the pump pulse become larger, which not only lowers the signal-
to-noise ratio of the output pulse but also perturbs the initially homogeneous and quiet
plasma. As seen in the previous section, this can reduce the amplification.

Two questions are addressed in the following sections: Is SRA quenched for higher densities
because the threshold intensities cannot be reached any longer? How do the energy amplifica-
tion and the autocorrelation change for higher intensities?

5.5.1 Autocorrelation Measurements

Fig. 5.8 shows the captured CCD images and the line-out of the autocorrelation traces for
increasing backing pressure of the gas jet. The signal pulse breaks up and a modulation in the
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Figure 5.8: Single-shot autocorrelation images and line-outs for different backing pressures in the
reservoir of the gas jet resulting in different plasma densities. The line-outs depicted in the right column
are obtained by averaging over several rows of the CCD image, where the 2ω-signal is is maximal but
not yet clipped. Error bars in the line-outs are omitted for clarity. The asymmetry of the images are
dealt with in the text.
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autocorrelation becomes apparent. It is barely visible at the lowest pressure (b), but becomes
clearer for higher pressures and amplification. With increasing density, the periods of the
modulations become shorter. Finally, some of the fringes merge with the adjacent ones (g) &
(h). At the same time, the pedestal below the modulation in the autocorrelation trace increases.

Most obviously the shorter periods for higher densities are explained by the higher signal
intensity that results in a higher value for ωb and thus a shorter period Tb = 2π/ωb. But this ex-
planation does not reach far enough. Actually, the break-up that determines the period occurs
only once when the signal and pump intensities become large enough to satisfy the threshold
condition. The period of the modulation becomes shorter because the transition from SRBS to
SRA occurs for a higher ωb. Later on, the first pulse of the train is amplified preferentially as it
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was explained in the previous section. Its intensity increases further and hence the local value
of ωb causes only the leading pulse to shrink. Its length is then shorter than half the period of
the pulse train, Ts < Tb,breakup, which is not clearly visible in the data. The trailing pulses get
out of phase with respect to the first pulse so that the resulting autocorrelation traces smears
out, i.e., the modulation of the trace becomes less deep. The fringes merge or disappear and
the pedestal of the trace rises. The reconstruction of the actual pulse profile is difficult in this
case.

The autocorrelation traces of the pulses that are amplified longest in the superradiant regime
show a dominant central peak due to the larger amplification of the leading peak of the pulse
train. This appears most clearly for the pressure range from 5 to 7 bar in the Figs. (e) to (g).
At 8 bar the central peak decreases again, i.e. the leading pulse is not as dominant any longer.
For the highest pressure at 9 bar, the modulation is less pronounced and has a much larger
pedestal, which might indicate that the breakup due to SRA is just about to set in, but is not
yet complete.

The apparent asymmetries in the autocorrelation images are not yet fully understood. There
are possible explanations, but the necessary preconditions for them are not satisfied. First,
it could be a distortion of the wave front causing a shift of the line focus of the cylindrical
mirror in the autocorrelator in Fig. 3.22. However, a similar shift was not noticed in the
measurements of the far-field in 5.6.1. Second, the extension of the signal pulse spectrum to
the NIR could change the phase matching condition for the second harmonic generation in the
BBO crystal. For a different fundamental wavelength, the 2ω-signal is emitted in a slightly
different direction, which shifts the image relayed to the CCD camera. This trend should
continue for higher densities, where the spectra extend even further to the NIR. However, this
is not found in the captured autocorrelation images (f)-(i).

5.5.2 Energy Dependence on Density

The signal energies corresponding to the preceding autocorrelations are plotted in Fig. 5.9a
for densities from 0.001ncrit to 0.003ncrit . The range below 0.001ncrit is missing, because the
density in the gas jet does not go to zero linearly for small backing pressures (Fig. 5.9b). The
signal output energy is slowly increasing with the electron density and fluctuates increasingly
for higher densities. Although there are more electrons to take part in the signal amplifica-
tion for higher densities, the overall amplification is affected by the increasing instabilities of
the pump pulse, which pre-heats the plasma and thereby affect the bunching of the electrons
during the signal-pump interaction. The statistic behavior of the RBS instabilities therefore
contributes to the larger energy fluctuations of the amplified signal pulse. As concluded from
the autocorrelation measurements, the SRA regime is not reached safely any longer.

In the actual experiment, the RBS instabilities are weakened by the signal amplification
(see section 4.1). The net signal energy is therefore larger than the difference between the
total signal output and the level of the RBS light in Fig. 5.9a, so that the highest effective
signal energies are found around ne = 0.002ncrit . This is just the density range, where the
autocorrelation traces in Fig. 5.8 show the formation of a strong short pulse expected when the
signal pulse is amplified longer in the superradiant regime.

As the input signal is weak in these energy-density measurements, the threshold for the
superradiant regime is reached only late. The amplification length in the superradiant regime is
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Figure 5.9: (a) Energy dependence on density for τp = 5.6 ps. The data refers to the previous autocor-
relation measurements in Fig. 5.8. (b) Calibration curve for the relation between backing pressure and
electron density.
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Figure 5.10: Dependence of the signal output energy on ne for low densities and τp = 4.3 ps. The
records are obtained from different measuring campaigns. The differences in the energy show that
deterioration of the alignment of the off-axis parabolas between several measurement campaigns can
cause a significant decrease of the amplification.

rather short and the contribution of SRA to the total amplification does not yet dominate. Only
if SRA prevails for a longer time so that traces of the initial conditions and of the transition
regime become negligible, one can expect to find the theoretically predicted scaling laws.

In a second experiment shown in Fig. 5.10a, the electron density has been controlled dif-
ferently to achieve lower electron densities. Instead of changing the backing pressure, the
opening time of the gas jet and the delay between releasing the jet and arrival time of the laser
pulses are changed while the backing pressure is fixed at 2 bar. For such low densities, the
instabilities of the pump pulse almost vanish. Below 0.0004ncrit , the signal pulse is not signif-
icantly amplified, the energy of the input and output pulses are equal; above 0.0005ncrit , the
energy increases approximately linearly with the gas density.
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The low plasma densities enable SRA even for low signal intensities. However, the ampli-
fication is not very efficient and the bouncing frequency ωb is so small that no pulse short-
ening can be observed. This agrees with the autocorrelation measurement in Fig. 5.8a for
ne = 0.001ncrit .

Finally, the data plotted in Fig. 5.10b demonstrates the influence of the accurate alignment
on the amplification. Though the pump and signal pulse parameters and the plasma densities
are the same as in Fig. 5.10a, the signal output energy is significantly higher. The data was
taken earlier, shortly after an overall realignment of the complete setup in the target chamber.
The accuracy of the alignment degrades over a series of experiments and hence the observed
amplification. In particular, the alignment of the two off-axis parabolic mirrors ensuring the
exact counter-propagation of the pulses is crucial. The misalignment can also be identified in
the far field images of the signal pulses as obvious from Fig. 5.11d and e. In the present setup,
it is too cumbersome to realign the parabolas before every experiment, because various other
components have to be removed for the procedure. For future experiments, it is preferable to
install a diagnostic that allows a quick and precise realignment.

5.6 Spatial Profiles of the Amplified Pulse

5.6.1 Near- and Far-Field Patterns

The quality of the near and far-field patterns of the amplified pulse are of paramount impor-
tance for the application of SRA as an amplifier stage in an actual laser system, because this
determines whether the pulse is well focusable, i.e. whether the energy of the pulse can be
concentrated in a small spot to achieve high peak intensities.

The near and far-fields for the input and output signal pulses and for the Raman backscat-
tered pump light are presented in Fig. 5.11. The near-field profiles are observed on a cardboard
by a CCD camera, the far fields are refocused by a lens of long focal distance (10 m) and cap-
tured directly by a CCD camera. The long focal distance was chosen to minimize the distortion
of the far-field profile by a possible misalignment of the lens.

All near-fields have a smooth intensity distribution. The profile is approximately super-
Gaussian for the input pulse and Gaussian with an additional broader base for the output pulse.
The pattern of the input pulse has a hole, which is due to a damage in the coating of the signal
focusing parabola. The spot is smoothed out by the amplification and disappears in the output
signal pulse. The Raman scattered pump light is so weak that it is hardly detectable.

The far-fields of the signal pulses show slight fringes that do not appear for the Raman
scattered pump light. Therefore, a misalignment of the focusing lens can be excluded. Instead
they are caused be a misalignment of the off-axis parabolic mirrors focusing and recollimating
the signal pulse. If they are tilted with respect to each other, here in the horizontal plane of the
chamber, the pulses are not exactly counter-propagating any more but are still reasonably well
focused. However, the recollimation imprints a tilt on the wavefront preventing an optimal
refocusing.

Disregarding this effect, which can be remedied by a proper realignment, the amplified
output pulse does not only prove to be well refocusable, but also to be cleaned from wave
front deformations: Some of the fringes are removed and more energy is concentrated in the
central part of the signal pulse. Indeed, this is expected in case of a good overlap of the pump
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Figure 5.11: Spatial profile of the near fields (upper row) and far fields (lower row) of the input signal
pulse (left column), amplified pulse (central column), and RBS light of the pump pulse alone (right
column).

and signal pulses in the focus. First, because the amplification has the highest gain, where
both pulses have the highest intensities. This favors the central part of the focus, while the
outer parts are attenuated relatively to the center. Moreover, the amplification is gain guided
and the signal pulse is effectively drawn into the direction of the pump pulse, which is possible
if the interaction length (≈ 600 µm) is much longer than the focus diameter. The tilt between
the phase fronts of the signal and pump pulses, which is due to the misalignment, is reduced
and the amplified signal pulse emitted from the plasma is better recollimated by the second
off-axis parabola.

5.6.2 Using Near-Field Profiles as Overlap Diagnostics

During the experiments, the observation of the near-field of the signal output pulse has also
proved to be a useful on-line diagnostics to check the overlap of the signal and pump foci. If
the foci are displaced laterally, fringes appear in the near-field pattern resembling interference
fringes shown in Fig. 5.12. It can be excluded that they are caused by the gas jet by diffraction
at the edges of the entrance holes for the laser pulses. The holes have a diameter of several
100 µm and are much larger than the diameter of the foci.

When the mismatch becomes larger, the number of fringes increases. They become nar-
rower and more tightly spaced, and the amplification gain decreases. The fringes are oriented
at right angles to the direction of the displacement, which makes it easy to retrace the origin
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Figure 5.12: Fringes appear for a lateral displacement of the pump and signal foci. The displacement
increases from left to right. The energy gain upon amplification decreases.
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Figure 5.13: Near-field
patterns as overlap diag-
nostics: The fringes are
oriented perpendicular to
the direction of the dis-
placement. The central
image (1) shows the best
overlap. Images taken for
displacements in the up-
ward (2), left (3), down-
ward (4), and right (5) di-
rection. The image (6)
shows the near-field pat-
tern for a large longitudi-
nal displacement. An an-
nular intensity structure
appears.

of the mismatch (Fig. 5.13). Finally, annular intensity maxima and minima appear if the foci
are displaced longitudinally by a larger distance (see upper right image in Fig. 5.13).

The inspection of the near-field pattern makes it possible to optimize the spatial overlap of
the laser pulses online during the experiment, simply by shifting one of the focusing parabo-
las, thereby shifting the corresponding focus by the same distance, until all fringes have dis-
appeared.

The origin of the fringes is not yet fully understood. When the signal focus is displaced only
a narrow strap of the signal profile is amplified. In addition, the remaining part of the signal
is outside the pump focus, where the gas is not or only partly ionized. The two halves of the
transverse profile experience a different refractive index, which could lead to an interference
in the near-field. 3D PIC simulations could help in understanding this effect.
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6 Summary, Conclusions, and Outlook

6.1 Summary of the Present Measurements

The first demonstration of SRA has been achieved. As described in in detail chapter 5, its
existence is proved by (i) the energy amplification enabling to pass the theoretically given
threshold for SRA; (ii) the spectral broadening by a factor of two joined by an even longer tail
extending to the NIR (Fig. 5.3); both findings indicate the pulse shortening; (iii) the breakup of
the long input signal pulse into a train of short pulses (Fig. 5.6). Their duration and separation
agree with the expected values determined from the bouncing frequency of the electrons in
the ponderomotive potential (Eq. (2.24)). Other explanations of the observed data could be
excluded.

The proof-of-concept of SRA is the first step towards its application in a novel kind of
amplifier stage for generating few-cycle, high-power pulses. In this context, the observed near-
and far-field patterns are very encouraging: The pulse not only maintains a good profile but
is even spatially cleaned by the amplification process. This feature makes SRA additionally
attractive.

Two schemes were studied differing in the initial frequency detuning of the pump and signal
pulses. The simpler approach in chapter 4 uses pump and signal pulses at the same wavelength.
The theoretically predicted formation of a new frequency-shifted signal pulse is confirmed by
the experiments up to the point, where the transition from Raman amplification to SRA is
indicated by the beginning spectral broadening. The sudden onset of Brillouin scattering of
the pump pulse frustrates further studies, because the backscattered light overpowers the still
weak signal pulse.

The experiments in chapter 5 were done with the original SRA scheme using a red-shifted
input signal pulse. Brillouin is not relevant in these experiments, because it is not resonantly
driven by the pump and signal pulses. The input signal pulse is weaker and longer due to
spectral filtering, but it is instantly amplified without the detour of launching a second signal
pulse. After an initial amplification in the Raman regime, it passes the threshold for SRA.
This early stage of SRA is sufficient to imprint characteristic features on the signal pulse, from
which the occurrence of SRA is concluded. However, a longer amplification by SRA is needed
to study the mechanism quantitatively and to check the theoretical scalings over a wider range.

The generation of the red-shifted signal input pulse synchronized with the pump pulse
turned out to be the major complication in present SRA experiments. Among the various
approaches examined, only the hollow-fiber technique turned out to give access to SRA. How-
ever, this method provided a weak, long input pulse with a weak temporal contrast. It allowed
the verification of SRA, but did not permit further detailed studies.

99



100 6 Summary, Conclusions, and Outlook

6.2 Future Studies of SRA

An efficient superradiant amplifier delivering a single short pulse requires above all a much
improved input signal pulse. A shorter, more intense pulse with a higher temporal contrast is
needed red-shifted by 5-10 % of its wavelength compared to the pump pulse. Nowadays, 20-
30 fs laser pulses in the mJ-range are reliably produced by commercially available Ti:Sapphire
based laser systems. The electronic phase-locked loop described in section 3.3.4 allows to
synchronize the oscillators of the pump and signal pulses. Pre-studies performed in this work
yielded less than 500 fs jitter between the pump and signal pulses, which is already sufficient
for the SRA application. Using a separate laser system for the signal pulse generation has
the advantage that its parameters can be adjusted independently from those of the pump pulse
thus minimizing the mutual influence of the two lasers. PIC simulations modeling experiments
with the present setup of the target chamber showed that the improved input signal is amplified
to 10-30 mJ, while its duration shrinks to 10-15 fs.

These pulses are exclusively amplified in the SRA regime and allow more detailed studies
of SRA. The theoretical scalings can be checked, in particular, the dependence of the am-
plification on the plasma density and the continuous shortening of the duration for stronger
amplification. Both effects are barely visible while still in an early stage of SRA.

Future investigations also have to consider the propagation of the pump pulse through the
plasma. In particular, the Raman backward instability (SRBS) needs to be controlled. While
this was not crucial in the present experiments, the instability could emerge as an obstacle
when the plasma density is increased and a longer and more intense pump pulse is used to en-
hance the amplification. Several options are conceivable to suppress SRBS. Its growth length
can be limited by restricting the resonance of the pump, signal and plasma wave to short dis-
tances: (a) by using a plasma with a density gradient [67] or (b) by using pump pulses with
a large chirp [68, 143]. Furthermore, the plasma temperature can be increased by using two
additional laser pulses to ionize the plasma and heat it to a temperature of up to 100 eV [144].
This increases the threshold for the onset of SRBS [89, 47] but affects SRA only weakly, be-
cause the ponderomotive potential that governs the electron dynamics reaches a depth of up
to 1 keV and still traps most of the electrons. The separate ionization of the plasma has the
further advantage that ionization instabilities of the pump pulse are excluded.

Finally, if SRA is to be applied in the final stage of a high-power laser system the geometry
must be changed from the amplification in the Rayleigh zone used in this work to the region,
where the signal pulse strongly diverges so that due to the larger cross sections higher pulse
powers can be realized. The following outlook will unfold this idea in greater detail.

6.3 Outlook: Amplification of Divergent Beams

In the present experiments, the amplification of the signal pulse takes place within the Rayleigh
zone around the beam waist, where the intensities of the pump and signal pulses are highest and
the wavefronts are approximately plane (Fig. 6.1a). Furthermore, the period of the interference
pattern created by the pump and signal pulses is λ/2 and thus much smaller than their focal
diameters. Hence the geometry is approximately one-dimensional and matches the existing
theory elaborated in previous works.

However, this configuration is inconvenient when aiming for much higher powers, which
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is easily seen by the following example. Since the maximally achievable intensity is limited
to about 1018 W/cm2 in the visible, one has to increase the cross sections. To carry 1 PW,
the signal pulse needs a diameter of about 300 µm. For the one-dimensional configuration
with this beam waist, the Rayleigh length is about 9 cm. To avoid damage on the next optical
component, the intensity has to drop by 6 orders in magnitude meaning the pulse diameter
has to increase by a factor of 1000, which is reached 90 m behind the focus. Such long focal
lengths are obviously impracticable. Furthermore, the large focal diameter requires a much
stronger input signal pulse to achieve the intensities necessary for SRA, initially.

(a) amplification only in the Rayleigh zone (b) amplification of the divergent signal pulse

Figure 6.1: Amplification configurations: (a) In the low-energy case, the amplification can be restricted
to one Rayleigh length around the beam waist. (b) The achieve high energies, the signal pulse is focused
tighter. The amplification can now start with a weaker signal in the focus. While the signal pulse
diverges, its energy is distributed over a larger cross section. It stays below the relativistic limit and
collects a large total power. If the f-numbers for the pump and signal pulses are equal, their wavefronts
are locally parallel everywhere and the electron bunching by SRA occurs in layers along the curved
wavefronts.

These inconveniences are solved by a tighter focusing of the pump and signal pulses. This
extends the amplification to the domain outside the Rayleigh range, where the signal pulse
diverges rapidly. Since the wavefronts of the pulses are locally parallel, i.e. their normal
vectors have the same direction everywhere, the bunching by SRA occurs along the wavefronts
resulting in curved electron layers reflecting the pump pulse.

The tight focusing also allows to start with an input signal pulse of low energy. When
the signal pulse starts diverging, it is already amplified sufficiently strong to stay above the
SRA threshold. On the other hand, the signal intensity is kept below the relativistic intensity
limit by distributing its power over a larger cross section. While its diameter increases, the
signal pulse can collect the desired large energies for high-power applications. Due to the
tight focusing, the Rayleigh length is short and the pulse diameter grows quickly after the
amplification, which keeps the distance to the following optics short, as required

An exact analytic description of SRA in this configuration must include the dependence on
the propagation distance and the distance from the optical axis. Relevant higher dimensional
effects are the diffraction of the pulse causing the divergence, gain effects affecting the diam-
eter by relatively stronger or weaker amplification of the center as compared to the edges of
the pulse, and mutual guiding [145, 146] of the pump and signal pulses leading to focusing or
defocusing. In three dimensions, filamentation instabilities can also occur.

In appendix C, an expression for the signal-pulse amplification is analytically derived con-
sidering only diffraction. It is introduced in a heuristic way by assuming that the pulse
area A grows according to the free-space solution. For a Gaussian beam, this is A(z) =
πr2

0(1 + z2/L2
R), where r0 is the radius at the waist and LR = πr2

0/λ is the Rayleigh length.
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The growth of the signal intensity is described by an ordinary differential equation (Eq.
(C.7)). It includes terms for the gain by the amplification and the loss by the energy spreading.
It can by solved analytically and the total power of the amplified pulse is obtained by integrat-
ing over the power of the pump pulse and the plasma density (Eq. (C.11)). The integral is
evaluated in the case of a constant pump power (Eq. (C.13)), a linear rising pump power (Eq.
(C.14)), and a pump pulse with a Gaussian temporal shape (Eq. (C.17)), which is closest to
the usual experimental situation.

The solutions are illustrated in Fig. 6.2. They inherit the quadratic dependence on the plasma
density from the one-dimensional case. The temporal shape of the pump entails different evo-
lutions of the signal duration, because the latter depends on the product of the pump and signal
intensities, τs ∝ (IsIp)−1/4. One would like to chose a configuration, in which the signal pulse
shrinks or, at least, keeps its duration. The analytic solution is yet to be checked by a compar-
ison with numerical simulations. The large computational effort of a full three-dimensional
Particle-in-Cell simulation did not allow to include numerical results in this work.

Though several effects have been neglected in the derivation of this analytical solution, it
can be used to estimate and optimize the interaction length and focusing of the pump and
signal pulses for a given energy of the pump pulse.
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Figure 6.2: Illustration of the analytical solution for the cases of constant pump intensity (blue, dotted
curve), linearly increasing intensity (green, dashed curve), and a pump pulse with a Gaussian temporal
profile (red, solid curve). The free space solution of a beam with a Gaussian transverse profile is used to
compute the increasing cross section. The waist radius is 5 µm with the corresponding Rayleigh length
of 100 µm at a 800-nm pump wavelength. After 4 mm amplification length the radius has increased to
about 200 µm. The pump power is given at the a the respective position of the pump-signal interaction
meaning the total pump duration is 2 · 4 mm/c ≈ 13 ps. The initial pump intensity for the case of
constant pump power is outside the plotted range at 6.7×1017 W/cm2. The plasma density was set to
0.002ncrit.
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A Density Calibration

Two approaches are common to determine the electron density ne in a plasma: (1) interferom-
etry and (2) measuring the shift of the first Stokes line of the Raman scattered laser light.

A.1 Measurement Techniques

Density Measurement by Interferometry

Interferometry allows space and time resolved measurement of the gas density in the jet and
can be done in a separate experiment. Various implementations are possible, e.g. Mach-
Zehnder interferometry [147], shearing interferometry [140], or using polarized beams [148].
Interferometry needs an additional setup and the measured data has to be deconvoluted to infer
the space-resolved density. If the electron density is to be determined during the amplification
experiment, the additional setup must not obstruct the experiment. Finally, the gas jet has to
be accessible for the interferometric test beam.

The online interferometry is difficult to add to the present setup because of the diagnostics
for the overlap check of the pulses, which is aligned perpendicular to the paths of the pump
and signal pulse (cf. Fig. 3.21). Moreover, a chimney nozzle is used in later experiments
Fig. 3.20. It is closed on the sides except for entrance holes for the pump and signal pulses,
which rules out interferometry at all.

Electron Density Inferred from Raman Stokes Line

In our experiments, ne is retrieved from the shift of the Raman Stokes line. This allows to
determine ne at the time the pump pulse passes the plasma. The spectrum of the pump light
backscattered from thermal Raman instabilities is recorded with the signal pulse blocked. The
frequency difference of the incident pump and the reflected Stokes pulse is the electron plasma
frequency ωpe = ωpu−ωStokes

1, from which ne is computed as:

ne =
ω2

peε0me

e2 , (A.1)

where e is the unit charge. The method is limited, because no density profile can be inferred.
However, the scattering from the most dense part of the plasma usually dominates, because
the growth rate for RBS is largest there. Even if light is also scattered from regions of lower
density, the maximum ne is easily recognized, because it causes the largest red shift of the
backscattered pump light. The corresponding Stokes line lies at the long wavelength edge of

1Actually, the correct plasma frequency is given by the dispersion relation ω2
p = ω2

pe +1.5k2kBTe/me (Eq. (2.9)),
where Te is the electron temperature and k≈ 2kpu. However, for the rather low laser intensities used, the plasma
temperatures are around 10 eV [149] initially, and hence so small that the thermal correction can be neglected.
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Figure A.1: RBS spectrum of an in-
tense pump pulse traveling in a dense
plasma. The laser light is backscat-
tered at different positions along the
plasma channel. The region with the
maximum ne causes the largest spec-
tral shift at 885 nm.
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the spectrum, as can be seen in Fig. A.1. If the gas jet has already been characterized interfer-
ometrically before, as it is the case for the single-shot nozzle used in the first experiments in
chapter 4 [150], the maximum of the interferometrically obtained profile can be scaled to the
measured value of ne.

The chimney nozzle is designed in such a way that its density profile is rather flat top ,
because the gas is guided along the channel (Fig. 3.20c/d). There will be a slight decrease
towards the entrance holes for the laser pulses, but it is much less than in case of the conical
free-streaming nozzle (Fig. 3.20a/b).

A.2 Calibration Measurements

Dependence on Backing Pressure

Fig. A.2a shows the spectra of the Raman backscattered pump light for different backing
pressures in the reservoir of the gas jet. The incident pulse has an energy of 90 mJ and a
duration of 3.7 ps. The wavelengths of maxima of the Stokes lines can easily be identified in
the spectra. Because the pump pulse has a broader spectral width and is negatively chirped,
there is an ambiguity as to which wavelength is actually scattered and has to be referred to
when computing ωpe. The central wavelength is most likely, because the pertaining amplitude
and hence RBS gain is largest.

The calibration curve relating ne to the backing pressure is given in Fig. A.2b for three
wavelengths of the incident pulse: the central wavelength at 792.5 nm and the wavelengths,
where the spectral energy density dropped to half of its maximum at 788 nm and 795.5 nm,
respectively. The corresponding curves are shifted up and down, respectively. The variations
are, however, small and do not influence the qualitative and quantitative behavior in the energy
vs. density plots presented in in Figs. 4.6 and 5.9 much.

Dependence on Distance from Nozzle

The gas is not guided below the conical nozzle and gets diluted by free 3D expansion. Its
density decreases rapidly with growing distance from the nozzle orifice. This dependence is
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Figure A.2: (a) RBS spectra for various backing pressures of the gas jet. The corresponding electron
densities are inferred from the shift of the Stokes line with respect to the incident pump pulse. (b)
Calibration curve for the relation between backing pressure and electron density inferred from Fig. A.2a
for three different wavelengths of the pump pulse spectrum in Fig. 3.3.
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Figure A.3: RBS spectra (a) and computed electron densities (b) for different distances of the laser
focus from the orifice of the conical gas nozzle. The height of 11.75 mm refers to the closest possible
distance; for shorter distances, the laser pulse hits the orifice thereby creating a spark due to ionization
of nozzle material. The backing pressure is fixed to 5 bar; the pump pulse has an energy of 120 mJ and
a duration of 3.7 ps.

important, because the nozzle is removed to create free space for the overlap diagnostics and
put back to its position before each experiment. The RBS spectra in Fig. A.3 illustrate how
sensitively the electron density depends on the distance of the laser focus from the nozzle
orifice. This sensitivity renders a once measured calibration curve as that in Fig. A.2b useless
unless the distance can be determined very precisely. Under everyday experimental conditions,
this turned out to be rather difficult. Thus we decided to measure the RBS spectra during the
very amplification experiment for the backing pressures used.

The problem is less critical for the chimney nozzle used in the later experiments, because
the walls of the chimney prevent the lateral expansion of the gas and restrict it to a 1D flow.



108



B Propagation of the Pump Pulse through the
Plasma

B.1 Nonlinear Plasma Phenomena Affecting the Pump Pulse

A prerequisite for the amplification experiment is that the pump pulse can propagate to the
focus without being significantly scattered or impaired by instabilities. A number of mecha-
nisms exist, that influence the propagation through the gas jet: First while the gas is not yet
ionized, next, at the ionization front, and finally in the fully ionized plasma.

While the pulse is far outside the focus, the intensities are still below the ionization threshold
of the gas. Here, the nonlinear refractive index n2Ip (3.4.1, [125]) induces self-focusing (1).

When the pulse approaches the focus, its intensity becomes large enough to quickly ionize
the hydrogen or helium gas at 1013−1015 W/cm2. A plasma is created, which strongly mod-
ifies the index of refraction. At the ionization front, the pulse is subject to (2) self-modulation
[151] altering the temporal profile, (3) ionization defocusing [152, 153], and (4) ionization
induced scattering [142] both affecting the spatial profile. Furthermore, (5) the ionization blue
shift [154, 134, 155] broadens the pulse spectrum towards the blue. This blue shift arises from
the sudden decrease of the refractive index from nref,He ' 1 to nref,plasma =

√
1−ne/ncrit at the

ionization front. The trailing part of the pulse travels in the plasma at a higher phase velocity,
c/nref,plasma , and thereby catches up with the pulse front moving at slower speed. This shortens
the wavelength at the ionization front. Although this effect is present whenever ionization oc-
curs, it can be neglected in the SRA experiment, because the gas is already completely ionized
far in the pulse leading edge so that the body of the pulse enters a homogeneous, fully ionized
plasma. In Fig. B.1 the ionization of the plasma is computed using the ADK-ionization-model
[156].

Finally, while traveling in the fully ionized plasma, the body of the pulse is subject to several
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Figure B.1: Ionization state of the hydrogen
gas as seen by the pump pulse. The compu-
tation uses the ADK model. The pump pulse
duration is 3.4 ps, its maximum intensity is
4×1015 W/cm2, and its temporal profile is
sech2. (Computed by M. Geissler)
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110 B Propagation of the Pump Pulse through the Plasma

plasma instabilities. Its temporal profile can get distorted by (6) the relativistic modulation
instability [157, 158, 159], and Raman (7) forward and (8) backward scattering. The spatial
profile is influenced by (9) Relativistic self-focusing [157, 160]. The Brillouin instability [47]
can be disregarded, because it is caused by the slow ion density waves and comes into play
only for pulses longer than 20 ps or in a strongly turbulent plasmas [141].

The self-modulation at the ionization front (2) and the relativistic modulation instability (6)
neither need to be considered, because they require higher intensities of the pump pulse and
higher electron densities than used here. For the relativistic self-focusing (9) to set in, the
pulse power must be larger than the critical power, Pcr ≈ 17 GW ·ω2/ω2

pe. For our plasma
densities, Pcr > 5 TW is larger than the peak power of the fully compressed ATLAS-2 pulse,
hence relativistic self-focusing is not critical either.

The only relevant processes for the SRA experiment are (3) ionization defocusing, (4) ion-
ization induced scattering and the Raman instabilities (7+8). They are checked in a separate
pre-experiment presented in the following section. As regards the Raman instabilities, it is suf-
ficient to control the backscattering, because its growth rate γrbs = a√ωpeω/2 is much larger
than that of the forward scattering γrfs = γrbs(ωpe/ω)3/2/

√
2 (see Table 2.1 on 11).

B.2 Pre-experiment to Check Pump Pulse Propagation

In a pre-experiment shown in Fig. B.2a, the influence of the helium gas on the focus profile and
the transmission of the pump pulse through the plasma was investigated. The focus is image-
relayed to a 8-bit CCD camera. A small portion of the pulse is split off at the wedge W and
sent to the camera. The main fraction passes the wedge W. Outside the chamber, the energy
meter EM1 measures the pulse energy to detect losses due to back and side scattering. The
Raman backscattered light reflected from the plasma travels back along the incoming optical
path and is separated by the polarizing beam splitter PBS. A second energy meter EM2 detects
its energy.

Ionization instabilities are expected to be more pronounced in helium, because it has a
higher ionization potential than H2. The ionization rate is smaller for the same laser intensity
and the instability has more time to develop. The pump pulse has a duration of 1.2 ps and an
energy of up to 90 mJ corresponding to a maximum intensity of 7.5×1015 W/cm2.

The images captured in Fig. B.3 show the focus of the pump pulse in vacuum and for two
different electron plasma densities. The effect of the density on the spatial profile proves to
be small. For higher densities a slight focusing is visible, which might be explained by self-
focusing in the neutral gas before the focus or ionization defocusing after the focus.

During the amplification experiments, a small high-intensity spot sometimes appears in the
near-field pattern of the pump pulse after its passage through the plasma. It is about 4 mm in
diameter. The intensity in the spot can be so high that the coating of the signal parabola is
completely blown off, both for a gold coating and for a high-power dielectric coating. This is
observed, e.g., in the near-field pattern of the signal pulse in Fig. 5.11. The origin of this hot
spot is not fully understood, as it was not observed in all experiments. Particularly, it appears
less frequently when using the chimney nozzle or longer and less intense pump pulses. Since
the effect does not seem to interfere with the amplification experiment, it was not further
investigated in the scope of this work.
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EM1

L

W

EM2

PBS
QWP

gas jet

pump pulse

CCD

(a) (b)

Figure B.2: (a) Setup of the pre-experiment: The wedge W splits off a small fraction of the pump pulse
after the He-gas jet. The lense L image relays the pump focus to the CCD camera. The energy meter
EM1 (Laser Systems 380401 with power meter 374) measures the energy of the pump light transmitted
through the gas jet, EM2 (Gentech ED-200) measures the fraction back-reflected in the plasma. The
back-reflected light has the opposite helicity as the incoming light and is separated by the polarizing
beam splitter in the same way as the amplified signal pulse. (b) View into the target chamber from the
position of the CCD camera. The arrows indicate the propagation direction of the laser pulse.

(a) vacuum (b) ne = 3×1018 cm−3

= 0.0017ncrit

(c) ne = 1×1019 cm−3

= 0.0056ncrit

Figure B.3: Focal fluence patterns of the pump pulse image-relayed to the CCD camera captured for
different electron densities.

Within the accuracy of the high-power energy meter EM1 (≈ 5 %), the energy measurement
yielded the same pulse energy independently on whether the plasma was present or absent. The
backscattered light was measured with the pyroelectric meter EM2. The observed energies
were on the sub-mJ level, which is low enough not to affect the amplification experiment.
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C Analytic Solution of the Amplification in
Divergent Beams

An analytic expression is derived for the amplification of a divergent signal pulse as depicted in
Fig. 6.1b. A simple model is used considering only the intensity growth due to amplification
and the reduction of the signal intensity due to the spreading of the signal energy over an
increasing cross section. The depletion of the pump pulse is disregarded. The final results
shows that the result depands on the pump amplitude rather than its intensity. Hence the error
will be less than ≈ 10 % as long as the pump depletion stays below about 20 %.

At a given position, the overall growth rate of the signal intensity is the sum of two terms,
one accounting for the gain at constant cross section and the other for the reduction due to
expansion at constant pulse power

dIs

dz
=

dIs,amp

dz

∣∣∣∣
A=const.

+
dIs,diff

dz

∣∣∣∣
Ps=const.

. (C.1)

The intensity growth rate for constant cross section is taken from the one-dimensional case.
The relation Eq. (2.29) for the intensity growth signal is derived for constant plasma density
and pump intensity. By the same reasoning a more general expression for the growth rate of
the signal amplitude, as ∝

√
Is, is found

d
dz
√

Is =
1√
8

(
ne

ncrit

)
kpu
√

Ip (C.2)

which is also valid for varying density and intensity. The growth rate reads then

dIs,amp

dz

∣∣∣∣
A=const.

= 2C1
√

IpIs, (C.3)

where the constant

C1 =
1√
8

ne

ncrit
kpu (C.4)

is introduced to simplify the notation. When substituting Is,amp|A=const. by Is in Eq. (C.3),
higher orders of dIs were neglected. The intensity decrease for constant power due to diffrac-
tion is obtained from

dPs

dz
=

d
dz

(
A Is,diff|Ps=const.

)
= 0. (C.5)

One finds
dIs,diff

dz

∣∣∣∣
Ps=const.

=− Is,diff|Ps=const.
dA
Adz
≈−Is

dA
Adz

. (C.6)
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The last approximation neglects again higher orders of dIs. Substituting Eqs. C.3 and C.6 in
Eq. (C.1) yields an equation for the growth of the signal intensity,

dIs

dz
= 2C1

√
IpIs− Is

dA
Adz

. (C.7)

This ordinary differential equation is of the Bernoulli type [161]. Using the substitution E =√
Is and deviding by 2E allows to rewrite it as a linear first-order differential equation,

dE

dz
= C1

√
Ip−

dA
2Adz

E (C.8)

This equation can be integrated and has the analytic solution

E(z) = exp
(
−1

2
ln

A(z)
A(z0)

){
E(z0) +

Z z

z0

C1

√
Ip(z̃)exp

(
1
2

ln
A(z̃)
A(z0)

)
dz̃
}
, (C.9)

where the amplification starts at z0 with initial value E(z0) =
√

Is0. The equation is simplified
to

E(z) =
1√
A(z)

{
E(z0)

√
A(z0) +

Z z

z0

C1

√
Ip(z̃)A(z̃)dz̃

}
. (C.10)

The signal intensity is given by the square of this expression, Is = E2. The radicand of the sqare
root is just the power of the pump pulse Pp = IpA. Since the cross section of the diverging pulse
increases, it is also of interest to look at the power of the amplified pulse,

Ps(z) =

{√
Ps(z0) +

Z z

z0

C1

√
Pp(z̃)dz̃

}2

, (C.11)

where Ps(z0) = Is(z0)A(z0) is the initial power of the signal pulse, which can be neglected for
large amplification. The equation can be analytically or numerically integrated for arbitrary
pump powers and plasma densities. In case of a homogeneous plasma, C1 is constant and one
finds an expression similar to that of the signal intensity in the 1D situation, Eq. (2.29),

Ps(z) =
1
8

(
ne

ncrit

)2

k2
pu

(Z z

z0

√
Pp(z̃)dz̃

)2

. (C.12)

The quadratic scaling with the electron density remains as expected for the SRA regime.
In the following, this expression is evaluated for (1) a constant pump power, (2) a linearly

rising pump power, and (3) a pump pulse with a Gaussian temporal profile. For simplicity,
it is now assumed that the beam waist is located at z = 0 so that the area of the beam grows
approximately as A(z) ∝ z2. Furthermore, the amplification is assumed to start at z0/z≈ 0 and
uses the whole length of the pump pulse z = cτp/2; the division by 2 reflects the fact that the
pulses are counter-propagating and the interaction length is thus half the length of the pump
pulse.
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Case I: Constant pump power

For Pp ≡ const., the relations for the signal power and intensity read

Ps(z) =
1
8

(
ne

ncrit

)2

k2
puz2Pp, Is(z) =

1
8

(
ne

ncrit

)2

k2
pu

z2

A(z)
Pp. (C.13)

The expression for the power is equivalent to that of the signal intensity in 1D. However,
the results are different, because the power is distributed over a larger cross section. Since
z2/A(z) ≈ const. holds true, the signal intensity remains approximately constant, instead of
the quadratic intensity growth in 1D. Choosing a suitable focusing and pump power, one can
adjust Is to a large but still non-relativistic intensity, where SRA is most efficient. However,
the signal duration will increase, because Ip decreases for increasing cross section and so
does the bouncing frequency, ωb ∝ (IsIp)−1/4 ∝

√
z. Furthermore, the constant pump power

is experimentally impractical, because the pump intensity is very high at the beginning of
the amplification, while it becomes rather low lateron. A shaped temporal profile with an
increasing power can compensate for this.

Case II: Linearly increasing pump power

The pump power is now given as Pp(z) = zP̃, where P̃ is a constant. An additve constant Pp0
is omitted for simplicity. The signal power and intensity then read

Ps(z) =
1

18

(
ne

ncrit

)2

k2
puz3P̃, Is(z) =

1
18

(
ne

ncrit

)2

k2
pu

z2

A(z)
zP̃. (C.14)

Again the signal intensity scales with the pump power, but this time it increases linearly with
the amplification length. The product of the pump and signal intensity remains constant and
so does the signal duration.

Case III: Gaussian temporal profile of the pump power

This case is of particular interest, because it is closest to the experimentally available pulse
shape. Many laser pulses can be approximated by a Gaussian temporal profile,

Pp(z) = P̂p exp
(
−4ln2

(z− zc)
2

(cτp/2)2

)
. (C.15)

Half the pulse duration is used in the denominator because the signal and pump pulses coun-
terpropagate so that the actual interaction time is only τp/2. zc is the position, where the signal
pulse meets the center of the pump pulse. The integral in Eq. (C.10) yields

Z z

z0

√
Pp(z̃)dz̃ =

cτp
√

π
8
√

ln2

√
P̂p

{
erf
(
−16ln2

(z− zc)
2

(cτp)2

)
− erf

(
−16ln 2

z2
c

(cτp)2

)}
. (C.16)

Here erf(z) = (2/
√

π)
R z

0 e−t2
dt denotes the error integral [162]. The pump is focused strongly,

where the amplification starts. The small power necessary to make SRA work is reached
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already far in the pulse front. Hence zc is large enough to approximate the second term in the
braces by limt→−∞ erf(t) =−1. Now Ps can be computed by evaluating Eq. (C.10)

Ps(z) =
1

512ln 2

(
ne

ncrit

)2

k2
puc2P̂pτ2

p

{
erf
(
−16ln2

(z− zc)
2

(cτp)2

)
+ 1
}2

(C.17)

≈ 0.006
(

ne

ncrit

)2

(ωpuτp)2P̂p ≈ 0.006
(

ne

ncrit

)2

ω2
puEpτp, (C.18)

where Ep ≈ P̂pτp is the energy of the pump pulse, a quantity that is easily accessible experi-
mentally. The erf-term has been approximated by 1/2 reflecting the fact that the amplification
has to end before the pump intensity drops too fast thus leading to an increasing signal pulse
duration. As regards the numerical pre-factor, one has to keep in mind that it has been ob-
tained for the ideal case of perfect bunching of the electrons in the SRA regime. Numerical
simulations reported in section 2.4 yielded a value that is about half as large.
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Observation of Superradiant Amplification of Ultrashort Laser Pulses in a Plasma

M. Dreher, E. Takahashi,* J. Meyer-ter-Vehn, and K.-J. Witte1

1Max-Planck-Institut für Quantenoptik, D-85748 Garching, Germany
(Received 12 December 2003; published 25 August 2004)

We demonstrate the amplification of a femtosecond signal pulse in an underdense plasma by a novel
mechanism called superradiant amplification. The pulse is amplified by a counterpropagating few
picosecond long pump pulse. In the superradiant regime, the ponderomotive forces exceed the electro-
static forces and arrange the plasma electrons to reflect the pump light into the signal pulse. We found a
significant amplification in energy and intensity. The time structure of the amplified signal pulse carries
intrinsic features of the superradiant regime. Sub-10-fs pulses of petawatt power appear feasible.

DOI: 10.1103/PhysRevLett.93.095001 PACS numbers: 52.35.Mw, 42.65.Re

The recent years have witnessed significant progress in
increasing the peak powers of laser pulses up to the
petawatt (PW) level [1,2] by perfecting the chirped-pulse
amplification (CPA) technique [3]. Such pulses are indis-
pensible for particle acceleration in plasma [4,5], high-
harmonic generation [6], and x-ray lasers [7]. The mini-
mal pulse duration is limited by the gain bandwidth of the
amplifying medium. The presently broadest medium is
Ti:sapphire yielding 28-fs pulses of PW power [1]. An
alternative is optical parametric amplification. It provides
larger amplification bandwidths enabling sub-10-fs pulses
at currently the �J level [8]. Its potential for high-energy
amplification has yet to be proven.

Two plasma-based amplification schemes have been
proposed recently able to directly amplify fs-laser pulses
without stretching and recompression. Plasma acting as
an amplifying medium can sustain almost arbitrarily
high intensities without suffering damages. In both
schemes, a short input signal pulse collides with a long
counterpropagating pump pulse of slightly higher fre-
quency in an underdense plasma. The electron density is
modulated in the interaction region such that the elec-
trons scatter pump light back into the signal pulse. The
schemes differ in the way the electrons are arranged.

In this Letter, we experimentally demonstrate for the
first time superradiant amplification (SRA) [9] that effi-
ciently amplifies ultrashort pulses and simultaneously
increases their bandwidth thereby leading to significant
pulse shortening. In the SRA regime, the intensities of the
pump and signal pulses are so strong that their common
ponderomotive force exceeds the electrostatic forces due
to charge separation. Hence the electrons perform forced
oscillations at the frequency dictated by the ponderomo-
tive potential. The term SRA implies that all participat-
ing plasma electrons coherently backscatter the pump
pulse. SRA can amplify a signal pulse close to relativistic
intensities at flux levels of several kJ=cm2. PW pulses with
durations of two laser cycles can be obtained within a
cross section of less than 1 mm2.

The second plasma amplification scheme [10,11] is
based on stimulated Raman backscattering (SRBS).

Pump and signal pulses resonantly excite a plasma
wave, which backscatters the pump pulse. The signal
pulse is shortened only if the pump pulse is depleted. In
general, SRA allows shorter pulse durations than SRBS.

The SRA dynamics can be described in terms of an
ensemble of electrons. The motion of an individual elec-
tron is governed only by its initial conditions and the
ponderomotive potential, while the electron-electron in-
teractions are negligible. As the frequencies of the pump
and signal pulses differ only slightly, the phase velocity
of their interference pattern is small and most plasma
electrons get trapped in the periodic structure of the
ponderomotive potential (Fig. 1). The trapped electrons
start oscillating with the bouncing frequency !2

b �
4apuas!pu!s [9], where apu=s � eApu=s=�mec� are the nor-

malized vector potentials of the pump and signal pulses
and !pu=s their frequencies, respectively. The initially

uniformly distributed electrons are periodically bunched
and unbunched. This results in narrow density peaks that
appear in turn on the two edges of the confining potential
wells. The first bunching after a quarter oscillation period
leads to the scattering of pump light into the signal pulse.
Because of the ongoing oscillation, the density peak
decays and the reflection of the pump ceases. When the
peak reappears half an oscillation period later on the
opposite side of the potential well, the signal pulse is
reflected back into the pump pulse and is thereby
attenuated.

FIG. 1 (color). Snapshot of the electron density ne in the
ponderomotive potential. Potential wells from right to left
indicate the evolution of the electron density grating.
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Thus an initially short signal pulse is amplified on its
leading edge while the attenuation on its rear edge re-
stricts its duration to about one-half of an oscillation
period, 
=!b. Since !b increases as the signal amplitude
grows, the pulse becomes shorter during the amplifica-
tion. The coherent scattering follows from the almost
perfect bunching of the electrons to layers much thinner
than the laser wavelength in combination with the spatial
periodicity of the potential. The threshold for the tran-
sition from SRBS to SRA is given by !b >!pe [9] and

sets a lower limit for the intensities of the laser pulses.
Here, !2

pe � e2ne=��0me� is the electron plasma

frequency.
The Advanced Ti:S Laser (ATLAS) at the Max-

Planck-Institute for Quantum Optics provides 200-mJ,
793-nm pulses at 10 Hz. To serve as pump pulses for our
experiments (Fig. 2), they are not compressed to the
bandwidth limit of 120 fs but only to a few ps by impart-
ing them a negative chirp. The input signal pulse is
generated from a small fraction split off from the fully
stretched ATLAS pulse. It is separately compressed to
120 fs and broadened to a spectral a range from 740 to
830 nm by self-phase modulation in an Ar-filled hollow
fiber [12]. The fiber also filters the pulse spatially, yielding
a Gaussian-like intensity distribution with a diffraction-
limited beam quality (M2 � 1). A dielectric filter blocks
the wavelengths below 800 nm, thereby shifting the
central wavelength to 815 nm. The nonlinear chirp of
the filtered pulse prevents compression to the
bandwidth-limited duration of 56 fs corresponding to
its 17-nm bandwidth. The compressed pulse has an energy
of 70 �J, a duration of 80 fs (FWHM), and a negatively
chirped pedestal that extends to about 170 fs at an inten-
sity level of a few percent of the peak intensity.

In the target chamber, the pump and signal pulses are
focused from opposite directions into a H2 gas jet by off-
axis parabolic mirrors of equal focal length. The diame-
ters of the central focal disks extending to the first dif-
fraction minimum are 30 and 26 �m, respectively. Any

stray light outside these disks is so weak that it is negli-
gible for the amplification process. About 70% of the
pump pulse energy and 85% of the signal pulse energy
is contained in the disks. In the focus, the initial inten-
sities are Is � 1:3� 1014 W=cm2 and Ip � 5:7�
1015 W=cm2 for a duration of �pu � 3:5 ps. The

Rayleigh length is � 600 �m and lies within the gas jet
of 1-mm length. The spatial overlap of the two pulses in
the plasma is established by making both pass through a
pinhole. Their arrival times are synchronized by means
of a streak camera measuring the time lag between them.
The delay between both pulses is fine-tuned by optimiz-
ing the gain during the experiment.

As the gas nozzle is closed on the sides except for holes
for the pulses, an interferometric measurement of the
electron density, ne, is not possible. Instead ne is derived
from the spectral shift of the Raman backscattered pump
light by the relation ne � !2

pe�0me=e
2. For the presented

experiments, ne is 3:5� 1018 cm�3 corresponding to
0.002 times the critical density. The ionization blueshift
is not relevant for this measurement because the H2 gas is
ionized by the low-intensity leading edge of the pump
pulse [13], so that the main part of the pulse interacts with
a fully ionized plasma.

After the interaction in the plasma, the reflection from
the second off-axis parabola recollimates the two pulses.
The individual beam paths are separated by a combina-
tion of polarizing beam splitters and �=4 wave plates. On
both beam splitters, the signal pulse is s polarized and the
pump pulse p polarized, so that the pump pulse passes
through them and the signal pulse is reflected. The first
wave plates alter the polarization state of the incoming
pulses to circular polarization of opposite helicity as best
for the interaction. The passage through the second wave
plate restores the original linear polarizations.

The diagnostics to characterize the signal pulse in-
cludes the simultaneous measurement of its energy, spec-
trum, and autocorrelation (AC) by a single-shot, second-
order background free autocorrelator (Fig. 2).

Figure 3(a) shows the energy of the amplified signal
pulse versus the delay between both pulses. The output
energy reaches its maximum when the region where the
pulses meet lies completely within the plasma and the
Rayleigh length. The maximal energy of � 1 mJ corre-
sponds to a gain of 19 with respect to the input energy
contained in the central focal disk. Shot-to-shot fluctua-
tions of the output energy can be explained by fluctua-
tions of the plasma density and of the intensities of both
input pulses. They are correlated because the two pulses
originate from the same source.

Initially, the threshold condition for SRA, !b >!pe, is

not satisfied; one finds !2
b=!

2
pe � 0:4. By amplification

the ratio increases to 1.75. The amplified signal intensity
is computed from the measured output signal energy, the
focus diameter, and the temporal profile obtained from

FIG. 2 (color). Experimental setup: BS: polarizing beam
splitter; �=4: quarter wave plate; AC: single-shot AC; CCD:
charge coupled device camera; US: Ulbricht sphere for energy
measurement; SP: spectrometer;

VOLUME 93, NUMBER 9
P H Y S I C A L R E V I E W L E T T E R S week ending

27 AUGUST 2004

095001-2 095001-2



the AC measurement. Thus the interaction starts in the
SRBS regime and enters the SRA regime during the
amplification. Raman amplification is possible for short
pulses even though the resonance condition is not satisfied
strictly. The dephasing due to the frequency mismatch
�! � !pu �!s �!pe becomes important only for

pulses longer than 
=�! � 90 fs.
The amplified signal has a background caused pre-

dominantly by the Raman instability of the pump pulse.
The backscattered light has the same polarization and
occupies the same spectral range as the signal pulse and
cannot be separated by a beam splitter. It forms an un-
desired long weak precursor. The Raman instability is
strongly suppressed in the region already passed by the
signal pulse because the interaction of the two pulses
heats the plasma electrons to keV temperatures corre-
sponding to the depth of the ponderomotive potential.
The energy level of the backscattered light is measured
with the signal pulse blocked. Since the plasma is not
heated by the pump-signal interaction, the pump pulse is
scattered over the full length of the plasma and this
measurable level will be higher than that in the presence
of the signal pulse, which is not directly measurable.

The spectra in Fig. 3(b) reveal whether SRBS or SRA
dominates the amplification. The spectral broadening
from 17 nm (non-bandwidth-limited input pulse) to
29 nm after the amplification is expected for SRA be-
cause of the pulse shortening during the amplification. It
is much larger than for pure SRBS, which has its Stokes
line around 825 nm and a gain bandwidth � �
����������������

!pu!pe
p

apu � 0:17!pe in the weakly coupled regime

[14] corresponding to 6 nm. Including the 8-nm band-
width of the chirped pump pulse, this is still much less
than the observed bandwidth. Bandwidth broadening by
amplification in the pump-depleted Raman regime [10]
can be excluded, because the observed energy transfer
from the pump to the signal pulse is too small.

The 2nd-order AC trace of the amplified signal pulse in
Fig. 4 exhibits an oscillating behavior. Apparently, the
signal pulse consists of a train of equidistant pulses. The
five peaks of the AC trace correspond to three peaks of
the amplified signal. Its temporal profile is retrieved by
fitting a train of three sin2 pulses such that its computed
AC trace matches the measured trace. The fitted pulses are
each 26 fs long and spaced by 54 fs, i.e., each single spike
is much shorter than the input pulse.

Although the AC trace is ambiguous as to which pulse
leads the train, it is reasonable to assume that the pulse
with the largest amplitude comes first, as explained later.
The measured energy and known focus diameter yield an
intensity of 2:6� 1015 W=cm2, about 17 times higher
than that of the input pulse. To compute the bouncing
frequency !b, the pump intensity Ip at the position of the

signal pulse is needed. Although Ip changes during the

amplification, the uncertainty of the exact value of Ip

affects the value of !b only slightly because of !b �
I�1=4
p . Assuming Ip � 2� 1015 W=cm2, which is 35% of

the peak value, the calculated pulse duration is 
=!b �
28 fs and the temporal spacing of the succeeding pulses
2
=!b � 56 fs, very close to the measured data.

The breakup into a train of pulses is an intrinsic SRA
feature. It appears if the signal pulse is so long that the
electrons are trapped for several oscillation cycles in the
ponderomotive potential of the signal and pump pulses.
The signal pulse is amplified and attenuated periodically
and, finally, the periodic attenuation splits it into a train
of pulses at regular intervals of one oscillation period,
2
=!b, which is confirmed by the good agreement of the
measured and computed durations and temporal distances
of the signal pulses.

SRBS cannot cause a regular train of such short pulses.
The pump depletion regime exhibiting a pulse train is
excluded because of the small energy transfer from the
pump to the signal pulse. A beating of a Raman Stokes
line with the input signal pulse is ruled out by the absence
of two distinct spectral components in the spectrum.

The bunching of the electrons becomes less perfect
after several cycles because potential wells are nonhar-
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FIG. 3 (color). (a) Energy of the amplified signal vs delay
between both pulses (diamonds), input signal energy (dashed
line), and backscattered pump light (dotted line) in the absence
of the signal pulse. The diamonds represent averages over
30 shots; statistical deviation is indicated by error bars.
(b) Input (dashed line) and output (solid line) spectra of the
signal pulse for the delay adjusted to maximum amplification.

FIG. 4 (color). (a) Normalized AC traces of the input pulse
(dashed), amplified output pulse (dots) and fitted signal pulse
(solid). (b) Intensity profile of the fitted signal pulse.
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monic and thus not all electrons have exactly the same
oscillation period. Furthermore, the electrons receive an
energy spread of the order of the depth of the pondero-
motive potential after the first pulse has passed and
cannot be trapped all by the smaller ponderomotive po-
tential of the following pulses. Fewer electrons are
bunched and the amplification becomes less efficient.
Therefore, the leading pulse is more strongly amplified
and finally outgrows the trailing pulses.

The pulse breakup by the amplification in the SRA
regime can be reproduced by numerical simulations that
we performed with a 1D particle-in-cell (PIC) code. The
experimental data are used for ne and the intensities and
durations of the pump and signal pulses. The temporal
pulse profiles are taken Gaussian like, the pump pulse is
negatively chirped, and the signal pulse has an additional
negatively chirped precursor whose intensity amounts to
6% Is;max. The plasma length is 1000 �m with additional
250 �m-long ramps at the edges. The snapshots in Fig. 5
show that the SRA with subsequent pulse breakup sets in
only after the signal has been amplified by SRBS.
Furthermore, they reveal that the slight lengthening of
the pulse train compared to the input pulse is caused by
the amplification of the precursor. Although its intensity
is very small in the beginning, it can catch up with the
main pulse. Plots of ne and phase space (not shown here)
reveal the trapping of a fraction of the electrons when !b

is still slightly smaller than !pe, which deteriorates the

bunching and thus the amplification when the main pulse
passes. Similarly, the signal trailing edge is not signifi-
cantly built up by SRBS in the Raman regime at the
beginning, because the fraction of trapped electrons af-
fect the coherence of the plasma wave behind the signal
pulse. In the simulation the energy and intensity amplifi-
cation are about 2 times larger than those experimentally
observed. This is a good agreement considering the ideal-
ized 1D plane geometry used in the PIC code.

Finally, the near and far fields of the amplified pulse
were examined. The near field shows a smooth, Gaussian-
like fluence distribution without hot spots. This indicates
that only the central disk of the focus is amplified, where
the intensities of both pulses are strongest, as is expected
for a good transverse overlap. In the surrounding areas the
intensities and hence the amplification is only small.
These findings agree with the far-field measurement.
The signal pulse was refocused with a lens of long focal
length and captured by a CCD camera. Comparing the
far-field fluence patterns of the input and amplified signal
pulse shows an almost diffraction-limited beam quality
of the amplified pulse. Shifting the foci of the pump and
signal pulses transversely with respect to each other by a
few �m causes interference fringes in the near field
pattern, oriented at right angles to the direction of the
shift. This sensitivity renders the inspection of the near
field a valuable online diagnostic for an exact overlap.

In conclusion, we have demonstrated SRA. This is
proven by (i) an amplification of about 20 in energy and
intensity, (ii) the breakup of the amplified signal pulse
into a sequence of pulses of duration 
=!b separated by
2
=!b, and (iii) by spectral broadening of the signal
pulse. The effect (ii) causes the shortening of the pulse
if it has an initial duration 	 2
=!b. The good focus-
ability of the amplified signal pulse renders the SRA
mechanism attractive as a final amplification stage of a
CPA laser system. Furthermore, the results show that a
weak input signal pulse is initially amplified in the
Raman regime until its intensity becomes sufficiently
large to enter the SRA regime. To start directly in the
SRA regime, the intensity of the input signal can be
increased by using tighter focusing of both pulses. This
approach is appropriate for achieving PW powers, because
the amplification starts within the short Rayleigh length
and proceeds into the diverging beam, thus distributing
the energy over an increasing area, and keeping the
intensity below the relativistic level.
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intensity are displayed after a propagation distance indicated in
the individual plots. The signal pulse travels to the right.
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We demonstrate up to twenty-fold energy ampli-

fication of an ultrashort laser pulse in a plasma by a

counterpropagating long pump pulse at high intensi-

ties. This and the observed spectral broadening clearly

evidence that the the superradiant regime has been en-

tered for the first time. In this regime, the pondero-

motive forces due to both pulses exceed the electro-

static forces which fundamentally changes the electron

dynamics and enables the amplification of few-cycle

pulses without pulse lengthening.

I. INTRODUCTION

In recent years, successful efforts have been made

to decrease the duration of powerful laser pulses in or-

der to increase their peak power. This has allowed

for the investigation of new regimes of laser plasma

physics. If the pulse duration becomes shorter than the

duration of the period of a Langmuir wave, the laser

pulse can drive large plasma wakefields with huge elec-

trostatic fields. Very efficient acceleration of electrons

and also protons by these fields has been predicted and

meanwhile observed, too.1, 2 Todays work horse for the

generation of ultra-short powerful light pulses are am-

plifier chains utilizing the chirped-pulse amplification

CPA)scheme.3 For conventional CPA lasers, the band-

width of the laser medium usable for amplification sets

a lower limit on the duration of the pulses to be ampli-

fied. For titanium:sapphire, this is about 20 fs. Larger

bandwidths can be obtained by optic parametric ampli-

fication of the stretched pulse4–6 in a non-linear crystal,

but this technique has yet to prove its potential for high

pulse powers and sub-10 fs pulses.

Direct amplification without stretching and recom-

pression requires a laser medium which can withstand

the extreme field strengths of the laser pulse with-

out getting damaged. These fields usually exceed the

threshold for ionization; therefore, plasmas are to be

preferentially considered in this context. Two plasma

processes have been identified by means of which a

laser pulse is amplified employing the compression of

a long counterpropagating pump pulse whereby the sig-

nal pulse duration is kept short. These two processes are

distinguished by the level of the involved pulse intensi-

ties. For low intensities, stimulated Raman backward

scattering dominates (SRBS).7 It is a resonant three-

wave process, where a plasma wave and an electromag-

netic wave (signal) counterpropagating the pump wave

are amplified at the expense of the latter. For a rather

modest pump pulse intensity of (1012
−1014 W/cm2)

and a relatively high plasma density, a pump depletion

regime exists that allows the amplification of short laser

pulses.8

We report on an experiment carried out at high-

intensities. In this so-called superradiant amplification

(SRA) regime, laser pulses even shorter than 10 fs can

be generated.9 The name SRA is derived from the fea-

ture that all participating plasma electrons backscat-

ter the pump pulse phase-compatible into the signal

pulse. The intensities of the pump and signal pulses

are chosen high enough that their common pondero-

motive force acting on the plasma electrons becomes

larger than the electrostatic forces responsible for col-

lective plasma oscillations. The electron dynamics be-

comes then relatively simple in that the motion of an

individual electron caused by the ponderomotive poten-

tial can be considered to be independent of the motions
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Figure 1: 1D Particle-In-Cell simulations showing the plasma dynamics in the case of SRBS(left) and SRA (right).

(a) signal intensity, (b) common ponderomotive potential of the pump and signal pulses, (c) electron plasma density,

(d) electron phasespace

of the other electrons (single-electron picture). (Fig.1

right). Since the carrier frequencies of both pulses dif-

fer only slightly, the phase velocity vph = (ωpump −

ωsig)/(kpump + ksig) of the ponderomotive potential is

small and most plasma electrons can get trapped in

its periodic structure. They start oscillating at the fre-

quency ω2
b = 4apumpasigωpumpωsig, where apump/sig are

the normalized vector potentials of the pump and sig-

nal pulses, respectively. The initially homogeneously

distributed electrons get bunched quickly in space to a

layer much thinner than the laser wavelength. The al-

most perfect bunching of the electrons in combination

with the periodicity of the peaks of approximately half

a laser wavelength leads to a coherent backscattering of

the pump pulse into the signal pulse. The slightly higher

frequency of the pump pulse determines the position of

the electron density peak relative to the ponderomotive

potential (see Fig.1b right column yellow marked area:

the electron peak is on the right side of the potential

bucket) and the direction of the energy flow which in

this case is from the pump to the signal. The ongoing

oscillations of the electrons destroy the grating and dis-

tribute them in turn homogeneously in space. Finally,

the electrons get bunched once again, but this time the

electron peak is located on the left side of the potential

bucket which causes the signal pulse to be backscat-

tered into the pump pulse. This strongly attenuates the

rear part of the signal pulse and restricts its duration

to approximatly one half the bouncing period, π/ωb.

Shortening of the signal pulse also takes place in that

its intensity and therefore ωb increase during the ampli-

fication. Simulations with a Particle-In-Cell (PIC) code

showed that the amplification continues until the am-

plitude of the signal pulse almost reaches relativisitic

intensities (a2
≈ 0.3). For higher intensities, the signal

pulse breaks up, most likely due to non-linear relativis-

tic effects. For a pump wavelength of λ = 0.8 µm, a

maximally amplified signal pulse reaches an intensity

of ≈ 1018 W/cm2, a duration of < 7 fs, and a flux of

7 kJ/cm2.

While the SRBS regime prevails for low laser in-

tensities, the amplification changes to the SRA regime

when the signal intensity becomes large enough that the

threshold condition ωb > ωp
9 is satisfied. It sets a lower

2



bound for the product of the laser intensities. The main

qualitative differences between the two regimes are the

lifetime of the electron density modulation and its phase

relation with respect to the ponderomotive potential as

shown in Fig.1. In the case of SRBS, the phase relation

between the plasma wave and the interference potential

stays the same and therefore the signal will be ampli-

fied as long as the pump is not yet depleted. In the case

of SRA, the ongoing oscillations of the trapped elec-

trons cause the periodic creation and destruction of the

density grating. Each time the electron density grating

is shifted with respect to the ponderomotive potential a

change in the energy flow occurs from the pump into

the signal or vice versa.

II. SETUP

We use the ATLAS (Advanced Titanium:Sapphire

Laser) facility at the MPQ, that employs the CPA

scheme and delivers 200 mJ/120-fs/790-nm pulses at

10 Hz repetition rate. After the amplification, the pulse

is not completely recompressed; its duration is kept be-

tween (1-7) ps so that it can serve as the pump pulse in

the SRA experiment The seed pulse is generated from

a small fraction split off from the main pulse before

compression. The slit-off fraction is compressed in a

separate grating compressor to 120 fs and sent through

a fused silica capillary filled with argon gas. During

the passage through the capillary, self-phase modula-

tion broadens the pulse spectrum to a range from 750

to 830 nm.10 A dielectric filter blocks the wavelengths

below 800 nm. This effectively shifts the central wave-

length to the red with respect to the pump pulse as it is

required for SRA. The residual chirp obtained from the

passage through the fiber is removed by a prism com-

pressor. The input signal pulse when entering the target

chamber has a central wavelength of 815 nm, a duration

of 70 fs and an energy of 130 µJ.

In the target chamber, the pump and signal pulses

are focused into a hydrogen gas jet from opposite direc-

tions by two off-axis parabolas with the same f-number

such that the two foci overlap. This is achieved by forc-

ing both pulses to pass through a pinhole. Each fo-

cus has a diameter of ≈ 28 µm and a Rayleigh length

of ≈ 600 µm. To establish the temporal overlap of the

pulses in the focal area, their arrival times are synchro-

l/4

l/4
BS

BS

grating
compressor

amplified uncompressed pulse

1%

detuned
compressor

ATLAS

long pass filter
gas jet

(side view)

Figure 2: Experimental setup

nized by means of a streak camera. The initial signal

intensity reaches 2×1014 W/cm2 and the pump inten-

sity varies from 2 to 5×1015 W/cm2 depending on the

pump pulse duration. The length of the gas jet is 1 mm.

The gas nozzle is shaped like a chimney to guide the gas

and create a more homogenous gas-density profile (see

inset in Fig.2). The gas is ionized by the leading edge of

the pump pulse so that the interaction of the two pulses

takes place in a channel of fully ionized plasma.

SRA works best when both pulses are circularly

polarized at opposite helicity. We accomplish this by

using a combination of two polarizing beam splitters,

BS1 and BS2, and two quarter wave plates, QWP1 and

QWP2 (see Fig.2). Our setup ensures that neither the

pump pulse enters the signal beam line outside the tar-

get chamber nor the signal pulse is fed into the ATLAS

amplifier chain. This is important in order to avoid op-

tical damage both in ATLAS as well as in the optical

components used for the generation of the signal pulse.

We first consider the signal pulse. Upon entering

the target chamber, it is s-polarized with respect to BS2

so that it is reflected from BS2. When passing through

QWP2, it gets left-handed circularly polarized. After

the interaction with the pump pulse, it passes through

QWP1 whereby it recovers its original s-polarization.

It is reflected from BS1 and then analysed in terms of
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Figure 3: Energy of the amplified signal pulse (dia-

monds) versus the delay between the pump and signal

pulses. The energy of the input signal pulse (dashed-

blue) and the level of the pump light backscattered by

Raman instabilities (dotted-green) are given for com-

parison. The values of all measurements are averaged

over 20 shots, error bars are given by statistical devia-

tion.

energy, fluence pattern, and spectrum. Upon entering

the target chamber, the pump is p-polarized so that it

is transmitted through BS1. Behind QWP1, it is right-

handed circularly polarized so that both pulses meet in

the interaction zone at opposite helicity. After the inter-

action, QWP2 restores the p-polarization for the pump

pulse so that it transmits BS2 and is dumped.

III. RESULTS AND DISCUSSION

For a correct interpretation of the experimental re-

sults, it is indispensable to distinguish between the am-

plified signal and the pump light backscattered by in-

stabilities. For the given parameters, the Raman in-

stability is most likely in the region where the pump

has not yet interacted with the signal. The Raman

backscattered light has the same polarization as the sig-

nal and lies in the same spectral range and cannot be

separated from it by BS1. This results in an unde-

sired weak long precurser. During the interaction of

the pump and signal pulses, the plasma becomes very

turbulent and is heated (see Fig.1) such that instabilities

are strongly suppressed in the region which has already

passed through by the signal pulse. An upper limit

for the backscattered Raman light is hence obtained by

blocking the signal pulse and measuring the energy of

780 800 820 840 860
wavelength [nm]

amplified signal
input signal

800 825 850

Figure 4: Spectra of the amplified (solid red line) and

input pulses (dashed blue line); the delay between the

pump and signal pulses is chosen as to maximise the

energy gain. The inset shows the sharp spectral line of

a pulse amplified in the Raman regime only.

the light backscattered from the plasma. This energy

is larger than that occurring in presence of the signal

pulse, because the plasma is not heated by the pump-

signal interaction and the pump pulse is scattered over

the full length of the plasma column. The backscattered

Raman light of the pump pulse alone is also used to de-

termine the electron plasma density, ne = ω2
pme/4πe2.

The plasma frequency, ωp, is obtained from the mea-

sured spectral shift of the Stokes line. A direct inter-

feromtetric measurement of the electron density is not

possible due to the shape of the nozzle.

Fig.3 shows the energy of the amplified signal as

it varies with the delay between the signal and pump

pulses, i. e. their arrival times in the plasma. The pump

pulse duration is 4 ps and the plasma density, ne, equals

3×1018 cm−3. The output energy of the signal pulse

becomes maximal when the pulses completely overlap

in the plasma and within the Rayleigh length, where the

intensities are highest and the amplification is strongest.

The width of the curve depends on the Rayleigh length,

the duration of the pump pulse and the length of the

plasma column. The maximal energy gain is found to

be 14. By increasing the electron density, it could be

raised up to 20. Shot-to-shot fluctuations of the out-

put energy can be explained by fluctuations of the in-

tensities of the input signal and pump pulses. For the

parameters given, the threshold condition for the SRA
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regime is not reached from the very beginning of the in-

teraction. Hence the pulse is first amplified in the SRBS

regime. The way we presently generate the input signal

pulse does not allow to make it sufficiently short and

intense so that the SRBS regime could be overjumped.

The reason for this is twofold. First the energy trans-

mission through the hollow fiber is limited and second

much of the spectrum is cut by the filtering to estab-

lish the wavelength shift which reduces the pulse en-

ergy. However, the threshold condition is satisfied for

the amplified output signal pulse. This means that the

interaction changes from the SRBS type to the SRA

type during the interaction. Amplification by SRBS is

possible because the resonance condition does not need

to be satisfied strictly for very short signal pulses.

The measurements of the spectra shown in Fig.4

confirm a transition from the Raman regime to the

SRA regime. A broadening of the spectral width from

15 nm before amplification to 25 nm after amplifica-

tion is found. The spectral broadening is a character-

istic feature of the SRA regime, because signal shorten-

ing in time is predicted for growing signal amplitude

which requires the spectrum to broaden correspond-

ingly in order to satisfy the time-bandwidth product.

No indication of a sharp strong Stokes line is observed,

which would be characteristic for Raman amplification

demonstrated in the inset. It is observed, when the sig-

nal pulse is not filtered after the broadening in the capil-

lary. Its full spectrum is not shifted with respect to that

of the pump pulse and can be compressed to ≈ 30 fs.

As PIC-simulations show the short signal pulse causes

a trailing Raman instability of the pump pulse. It is

amplified further in the Raman regime and finally dom-

inates the spectrum as a sharp narrow line.

IV. CONCLUSION

The observed energy amplification of up to the mJ-

level and the spectral broadening clearly evidence that

the SRA regime has been reached. For further stud-

ies aiming at the realization of the full SRA potential,

a shorter and stronger input signal pulse is needed that

satisfies the threshold condition for SRA from the very

beginning on. This is under preparation at our labora-

tory and should enable us to reach the 10-mJ energy

level at pulse durations of less than 15 fs.

References

1. A. PUKHOV, and J. MEYER-TER-VEHN, “Laser

Wake Field Acceleration: the Highly Non-Linear

Broken-Wave Regime”, Appl. Phys. B 74, 355

(2002)

2. V. MALKA et al.,”Electron Acceleration by a Wake

Field Forced by an Intense Ultrashort Laser Pulse”,

Science 298, 1596 (2002)

3. D. STRICKLAND and G. MOUROU, “Compres-

sion of Amplified Chirped Optical Pulses”, Opt.

Comm., 55, 447 (1985)

4. I. N. ROSS, et al., “Generation of Terawatt Pulses

by use of Optical Parametric Chirped Pulse Ampli-

fication”, Opt. Comm. 144, 125 (1997)

5. G. CERULLO, M. NISOLI, S. STAGIRA, and

S. DE SILVESTRI, “Sub-8-fs Pulses from an Ultra-

broadband Optical Parametric Amplifier in the Visi-

ble”, Opt. Lett. 23, 1283 (1998)

6. A. SHIRAKAWA, I. SAKANE, and

T. KOBAYASHI “Pulse-Front-Matched Optical

Parametric Amplification for Sub-10-fs Pulse Gen-

eration in the Visible and Near Infrared”, Opt. Lett.

23, 1292 (1998)

7. W. L. KRUER, The Physics of Laser Plasma Inter-

action, Addison-Wesley (1998)

8. V. M. MALKIN, G. SHVETS, and N.J. FISCH,

“Fast Compression of Laser Beams to Highly Over-

critical Powers”, Phys. Rev. Lett. 82, 4448 (1999)

9. G. SHVETS, N.J. FISCH, A. PUKHOV, and

J. MEYER-TER-VEHN, “Superradiant Amplifica-

tion of an Ultrashort Laser Pulse in a by a Coun-

terpropagating Pump”, Phys. Rev. Lett. 81, 4879

(1998)

10. M. NISOLI, S. DE SILVESTRI, and O. SVELTO,

“Generation of High Energy 10-fs Pulses by a New

Pulse Compression Technique”, Appl. Phys. Lett.

68, 2793 (1996)

5





Bibliography

[1] M. Dreher, E. Takahashi, J. Meyer-ter-Vehn, and K.-J. Witte, Observation of Superra-
diant Amplification of Ultrashort Laser Pulses in a Plasma, Physical Review Letters 93,
095001 (2004).

[2] T. H. Maiman, Stimulated Optical Radiation in Ruby Masers, Nature 187, 493 (1960).

[3] J. A. Armstrong, N. Bloembergen, J. Ducuing, and P. S. Pershan, Interactions between
Light Waves in a Nonlinear Dielectric, Physical Review 127, 1918–1939 (1962).

[4] H. Figger, D. Meschede, and C. Zimmermann, editors, Laser Physics at the Limits,
Springer, Berlin Heidelberg, 2001.

[5] H. Rabitz, R. de Vivie-Riedle, M. Motzkus, and K.-L. Kompa, Whither the future of
controlling quantum phenomena, Science 288, 824–828 (2000).

[6] R. W. Hellwarth, Q Modulation of Lasers, Columbia University Press, New York, 1961.

[7] L. E. Hargrove, R. L. Fork, and M. A. Pollack, Locking of He-Ne Laser Modes Induced
by Synchronous Intracavity Modulation, J. Appl. Phy. 5, 4 (1964).

[8] P. Agostini, F. Fabre, G. Mainfray, G. Petite, and N. Rahman, Free-Free Transitions
Following Six-Photon Ionization of Xenon Atoms, Physical Review Letters 42, 1127
(1979).

[9] M. Ferray et al., Multiple-harmonic conversion of 1064 nm radiation in rare gases,
Journal of Physics B 21, L31 (1988).

[10] M. Perry, A. Szöke, O. Landen, and E. Campbell, Nonresonant multiphoton ionization
of noble gases: Theory and experiment, Physical Review Letters 60, 1270 (1988).
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