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1. Introduction

Experimental access to the physics of high-energy particles opened up in the last century
with the development of particle accelerators. The first prototype of a particle accelerator
was built by Cockroft and Walton in 1932 [1]. They used a special circuit to generate a high
voltage, which was able to accelerate protons up to a kinetic energy of 710 keV and awarded
them the Nobel Prize in 1951. Since then, particle accelerators have permanently entered
the experimental repertoire of elementary physics research for the study of atoms and their
constituents. With the completion of the Large Hadron Collider (LHC) in 2008, a particle
accelerator at the CERN nuclear research center in Geneva, new records have been set in the
field of particle acceleration with proton energies of up to 6.5 TeV [2]. On different energy
scales, accelerators have many applications in science, technology, industry and medicine,
such as material science [3], cancer therapy [4] or fusion research [5]. Here, electrons and
ions are accelerated to energies in the range of 10—1000 MeV.

However, the accelerating field strengths in radio-frequency driven accelerator cavities are
limited to = 100MV/m [6]. Therefore, in order to yield higher energy gain the length of accel-
erators has to increase. This issue was tackled by Tajima and Dawson in 1979, who showed
that intense laser pulses can excite a wake of plasma oscillation, in which externally injected
electrons were accelerated by high electric fields [7] to relativistic energies. These fields are
sustained by a relativistic plasma wave, which is driven by the laser. For a plasma density of
10'8/cm3, the supported field strength is 101 V/m, which is a thousand times higher than
in conventional accelerators [8]. With the development of chirped pulse amplification (CPA)
by Strickland and Mourou in 1985 [9], it was possible to generate ultrashort pulses with very
high field strengths in the focus. Since then, the development of plasma-based particle accel-
erators has shown great promise because the large accelerating fields lead to the possibility
of compact acceleration schemes [8].

Such a laser system is the Petawatt Optical Laser Amplifier for Radiation Intensive Experi-
ments (POLARIS) in Jena, which was used for the experiments conducted in this thesis. Here,
proton energies of up to 20 MeV have already been generated in previous experiments [10]
in 2019. The objective of this work is the further development and the experimental use of
a setup for the investigation of the laser-generated plasma with an optical probing system.
The development of tools to diagnose the generated plasma from a relativistic laser-matter
interaction is important to deepen the understanding of the particle acceleration process.
Depending on the plasma properties of interest, different means of plasma probing might be
suggested such as probes using charged particle pulses to access the sheath structure and the
electric and magnetic fields of a plasma [11] or X-ray Thomson scattering to measure directly
the electron temperature T, and and deduce the electron density 7, [12]. In this thesis, how-
ever, the probing is carried out with an optical laser pulse. Here, optical probing offers the
possibility to directly image the evolution of the plasma’s density distribution to retrieve the
expansion velocity or image the plasma wave in a laser wakefield accelerator. The most com-
monly applied techniques are shadowgraphy [13], polarimetry [14] and interferometry [15,



Introduction

Chap. 4]. In previous experiments at POLARIS, a temporally stretched broadband optical
probe laser pulse generated by a pJ non-collinear optical parametric amplifier (NOPA) was
used to determine the spatio-temporal evolution of the plasma in a single laser shot by using
a 1D-spatially resolving spectrometer [16]. In this work, water micro-droplets are used as a
target with an off-harmonic optical probe to obtain shadowgraphy images. Off-harmonic
means that the central wavelength of the probe pulse does not coincide with the fundamen-
tal or second harmonic (SH) wavelength of the main laser, which is important to suppress
plasma self-emission effects at these wavelengths with suitable filters. In contrast to foils,
where the plasma expansion cannot easily be imaged via shadowgraphy, the imaging of the
expansion of the plasma generated in the water micro-droplets is easily achievable. Further-
more, foils have to be replaced by a fresh target after each shot [17], whereas microdroplets
are a cost-effective alternative and can be used with high repetition rates. Experiments with
water droplets were conducted previously at the Jenaer Titan:Saphir (JETI) laser system with
maximum proton energies of 3 MeV [18].

In this work, we have set up a pump-probe experiment consisting of water droplets and
imaging and ion detection diagnostics. The NOPA-based probe pulse was used to investigate
the temporal evolution of the plasma expansion on picosecond time scales. An introduc-
tion to the fundamentals of ultrashort pulses, the generation and properties of laser induced
plasmas and the physics of nonlinear effects used for the probe pulse generation is given in
chapter 2. For the purpose of the pump-probe experiment at POLARIS, we recommissioned
and characterized the NOPA probing system (developed in [19, 20]). This is detailed in chap-
ter 3. In order to improve the visualization of the droplets, we introduced and successfully
applied a new technique (using a so-called coronagraph) to suppress the strong, unpolar-
ized plasma emission. Then, we recorded a series of shadowgraphy images that probed the
plasma expansion process until full transparency of the central plasma was reached. The
data was analyzed and the plasma expansion velocity was estimated.

The second part of the thesis deals with the search for an alternative laser pulse genera-
tion scheme using self phase modulation (SPM) as the nonlinear process to produce off-
harmonic pulses suitable for probing. This is presented in chapter 4. Here, we used thin
plastics for SPM-induced broadening of a CPA-amplified, milli Joule-level laser pulse. First,
we developed a simple setup, focusing the laser pulse on the plastic in a single pass. As a
second approach, we investigated a design based on a multi-pass Herriott cell. Due to the
high intensities required (I ~ 10TW/cm?), we performed simulations based on the theory
of pulse steepening to reproduce the experimentally observed spectra. This can be used to
qualitatively predict the spectral properties of SPM-induced pulse broadening at high inten-
sities.



2. Fundamentals

For the experimental investigation of the physical properties of laser-induced plasmas, a
suitable probing technique is required. In order to design and realize a probing system, the
properties of the generated plasmas must be assessed first. At the POLARIS laser system,
plasmas are generated in (solid or liquid) target materials during the laser-matter interac-
tion with high intensity, ultrashort laser pulses. The probe needs to be designed in such a
way that the properties of the laser-matter interaction forming the plasma can be accessed.
For this purpose, the probe is designed to be an ultrashort pulse with specific requirements
for energy, spectrum and pulse duration. Therefore, the temporal and spatial structure of
ultrashort laser pulses is introduced in section 2.1. Furthermore, the generation and opti-
cal properties of plasmas are detailed in section 2.2. The latter is necessary to describe the
propagation of a laser pulse in a plasma. The generation of a probe pulse is achieved using
nonlinear processes, which play a crucial role in the generation of new frequencies outside
the bandwidth of the original pulse. For this purpose, the fundamentals of second-order and
third-order nonlinear processes are introduced in section 2.3.

2.1. Ultrashort Laser Pulses

The description of ultrashort pulses is the basis of understanding the light-matter interac-
tion forming the plasma as well as assessing the required properties of the ultrashort optical
pulses. In the regime of femtosecond pulses, the temporal shape of the pulse is fundamen-
tally connected to its spectral content, which is crucial for the application of probe pulses.
Furthermore the transversal distribution of intensity of the pulse is important to describe
diffraction and spatial nonlinear effects that will be discussed later.

2.1.1. Temporal description

A laser pulse in vacuum is described by an electric field of finite duration that is formed by
a coherent superposition of monochromatic plane waves!' with carrier frequencies w and
wave vectors k [21]

o0
E(r,1) = / / Ey(k,w)e'* "D dop d3k. 2.1

R3 —o0

In a simplified model of a one-dimensional pulse propagating with the speed of light in z-

direction and a central angular frequency wg = ZALOC, equation (2.1) can be modified to
1 i(koz—wot)
E(z,t)= EEO(t)e 0270 4 ¢.c.. (2.2)

IThis is valid for the description of a 1D-laser pulse neglecting transversal effects which are discussed in sec-
tion 2.1.2.



2.1 Ultrashort Laser Pulses

The temporal profile (time ) of the envelope function Ey(#) is commonly modeled as a Gaus-
sian shaped profile with the pulse duration 7 given at full width at half maximum (FWHM)

Ey(1) = &yen2(3)’ 2.3)

Here, &) is the vector-valued amplitude of the electric field. The distribution of the field in
the frequency domain can be calculated via a Fourier Transform of Ej(t)

o0
~ 1 _: T 41 2(£)2
Eo(w):—/EO(t)e 04t = §g———=et2as) (2.4)
V2m 2vIn2
—o0
with the FWHM spectral bandwidth Aw = 41n2/7, which is equivalent to the time-bandwidth
product Av -1 = 0.441 of a Fourier transform-limited (FT) Gaussian pulse [22, p.943]. Then
using Ay = c¢/v, the pulse duration and the spectral bandwidth AA are inversely related via

0.441 A2 A2 [um?
T= A aegps v ]

c AL AA[nm]’

(2.5)

2.1.2. Transversal description

To describe diffraction effects on a laser pulse, the one-dimensional model must be extended
by a two-dimensional transverse structure. Neglecting the temporal behavior, let the electric
field amplitude in the focus be given by a Gaussian distribution in the transverse direction
that, for small angles to the optical axis, satisfies the paraxial Helmholtz equation [21]

.9 1(62+62)]E() 0, where Eof =6 Xy (2.6)
—+— r) =0, where x,¥,2=0)=&yexp| - . .
o2 " 3y? 0 0lX, Y, 0€xp w2

+_
16z 2k

Here, w is the radius of the beam waist located at z = 0. The paraxial Helmholtz equation
assumes that Ey(r) is a slowly varying function in relation to the oscillation of the optical field
with frequency w. Furthermore second order derivatives along the propagation direction z
can be neglected. The classical solution of this differential equation is known as the Gaussian
beam, which is expressed as a function of z and the transversal coordinate p = \/x? + y?

2 2
. . wo Q .2 Q
Eo(p, 2) = &oe'F%el? —— (— ) (— ) 2.7
0(p,2) = 6pe "€ (2 exp (22 exp lzR (22 2.7)
Here a z-dependent beam radius w(z) was introduced that describes the radial distance, at
which the field strength has dropped to 1/e of its maximum on-axis value. It describes the
radius of the beam along the propagation direction and is given as

2

z\* nwg
w(z)=wo\/1+|— with zp=——. (2.8)
ZR A



2.1 Ultrashort Laser Pulses

The quantity zp is called Rayleighlength and describes the distance in propagation direction
from the z-position of smallest focus at which the beam area has doubled. Both temporal
structure and transverse beam profile are depicted in figure 2.1.

T I
1} T~ — E(t)
— Eo(1)
=3
[3+]
£0

=
Sq]

_1 - |

\ \ \ \ \ \

|
—-60 —-40 -20 O 20 40 60
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Fig. 2.1: Left: Temporal structure of the electric field and its enveloping Gaussian amplitude for a
pulse duration of T = 25fs centered at Ao = 1030nm.
Right: Beam width w(z) of a Gaussian shaped transverse beam profile as a function of the
propagation length z along the optical axis.

The electric field amplitude Ey(r, ?) is correlated to the intensity I of the pulse as the mag-
nitude of the time-averaged Poynting vector S (cross product of electric E and magnetic H
field) over one optical cycle. For dielectric media this is given by

EoCNn
O |Eo(z, 02, 2.9)

I'=KS)|=KEx H)|= 2

with € being the vacuum permittivity, n the refractive index of the surrounding medium and
¢ the vacuum speed of light.

The experimentally important quantity is the intensity of the Gaussian beam in the inter-
action plane with the target material. The three measurands for determining the intensity
are the focal spot size, pulse duration and pulse energy. The pulse duration can be pre-
cisely measured by an autocorrelator and the pulse energy with a suitable pyroelectric en-
ergy measuring head. The focal size in the interaction plane can either be measured experi-
mentally using an imaging system or be approximated using Gaussian optics if the beam of
well known size is focused by a lens or parabolic mirror. If the beam radius w of the colli-
mated beam (large Rayleigh length zg) in front of the lens has been well characterized, the
diffraction-limited width wy in the focus of the lens with focal length f in the intensity profile
is given by [23]

21 1 20f

for zz> f and w given at (1/e?). (2.10)
1w

U

Wo =
Tw A2
4




2.2 Generation and description of laser-induced plasmas

Note that this value is hardly achievable for high power laser pulses like POLARIS but it is a
good approximation for low power probe pulses. The total energy E of the laser pulse is given
by the radial integral over the transverse directions and a time integral along the temporal
profile. For a Gaussian shaped beam of width wyq (1/ e?) and pulse length 7 (FWHM) the total
energy can be calculated as

o0 (0 0]
2,2 2
XY —amz(d)? _ tWo |7
E= || dxd dtIpexp|-2———|e 7 = — T1lp. 2.11
ff Y / 0exP w? ) 2 Va2 " (2.11)
<o s 0
Then the peak intensity Iy and fluence F in the laser focus is given by

2 41n2 2E
Iy=E s\ —— or F=—s. (2.12)

T Wy /2 Twg

2.2. Generation and description of laser-induced plasmas

A laser pulse can be used to generate a plasma from an initially non-ionized material. For
the purpose of this thesis a plasma is defined as “a quasineutral gas of charged and neutral
particles which exhibits collective behavior” [24, p.2]. This means that a plasma is macro-
scopically electrically neutral and only on small length scales local charge densities occur.

2.2.1. lonization processes

First, it should be clarified how the electromagnetic field is able to ionize the atoms or mole-
cules of a material. The ionization process requires energy that is supplied by the laser field
in form of the absorption of one ore more photons. The process of photo-ionization can,
depending on the intensity of the laser field and photon energy, be divided into different
categories:

Due to the conservation of energy, the absorbed photon transfers all of its energy E = hw
to the electron, where / is the reduced Planck constant. If the photon energy exceeds the
ionization energy Ejon of the bound electron in the atom, the electron can leave the atom,
which turns into an ionized state. This ionization process is called photoelectric effect, which
was first described by Einstein in 1906 [25]. The excess energy is carried away by the electron
as kinetic energy Eyin = hw — Ejon- In the experiments of this thesis, water droplets are used
as targets to study the plasma expansion and laser-driven ion acceleration. The adiabatic
ionization energy of liquid water is Ejop, = 10.1eV [26], which exceeds the photon energy of
the POLARIS laser at Ep, = 1.2€V. For higher intensities, the probability of two (or more)
photons simultaneously interacting with the bound electron increases. This multi-photon
ionization (MPI) process is relevant for laser intensities above 101°W/cm? [27, p.18] and is
shown in figure 2.2 (a). According to perturbation theory, the rate Iy of this process is given
by [27, p.18] Ty = onI iv with oy being the cross section of the N-photon interaction. For
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even higher intensities, the atomic potential V¢ of the nucleus is disturbed by the external
laser field E; (potential V;) resulting in a modified potential V (x) written as

Ze* 1
Vix)=- — —eE; - x, (2.13)
4meg | x|
——r
Ve 1%4

where Z is the charge state of the ion after the ionization process and e the elementary
charge. The coordinate system was chosen in such a way that x is along the polarization
of the laser field. This description assumes that the electric field is stationary and homoge-
neous during the interaction. This approximation is valid, because typical ionization pro-
cesses take place on attosecond scales fjo, > 30as (according to time-energy uncertainty
principle tjonEjon > h/2 for Ej,n = 10eV). Furthermore the atomic scale is in the order of
Angstrom, whereas the electric field changes on scales of the wavelength (here, A = 1.03um).
As it can be seen in figure 2.2 (b), it is now possible that the electron tunnels through the
bent Coulomb barrier. Therefore this mechanism is called tunnel ionization (TI). For a spe-
cific laser-matter interaction with an intensity I, wavelength A and ionization energy Ejqp,
the relevant ionization process is determined by the Keldysh parameter y [27, p. 20]

Tr @ |Ejonmeceg <1 tunnelionization (TI)
Yk=m— =\ ——— = Yk , o (2.14)
Top. e Iy >1 multi-photon ionization (MPI),

where m, is the rest mass of the electron. The Keldysh parameter corresponds to the ratio
of the tunneling time 77 i. e. the classical time of flight of an electron through the potential
barrier and the period Top. of the optical field oscillation. Thus the concept of TI will only

be relevant for yx < 1.

(a) Multi-Photon Ionization (b) Tunnel Ionization (c) Over the Barrier Ionization

Fig. 2.2: Depiction of the atomic potentials with a bound electron with an ionization energy Ejqp.
The three pictures show different ionization mechanisms. In case of tunnel ionization (TI)
and over the barrier ionization (OTBI), the atomic potential is deformed by the laser field
potential V; indicated in orange.
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In the WKB approximation?, the probability of an electron with energy E = —Ejo,, tunneling
through the barrier is given by [28, p. 112]

2 Xend
7= ¥ Cend)I” :exp(_é / p(x)dx) with p(x) = /2m.(V(x) - E). (2.15)
0

[P (0)? h

Here, ¥ (x) is the electron wave function and xepq the tunnel exit position. For low field
strengths the Coulomb part V¢ (x) can be approximated as a Dirac delta potential and the
equation becomes analytically solvable. The tunnel exit position is then given by Xeng =
Eion/(eEr) and the tunnel rate is

2 Eion/(eEr) 4./2
T:exp(—ﬁ/ \/Zme(Eion—eELx) dx :exp(——ﬂE‘Q’/z). (2.16)
0

3 heE; ©°n

In case the barrier is suppressed down to the electron’s ionization level, the electron can be
released into vacuum without the need of a tunneling process. This regime is called OTBI
and displayed in figure 2.2 (c). The intensity threshold can be derived by equating the maxi-
mum of V(x) with the ionization energy Ej,, of the electron, which results in [27, p. 21]

ion

E 4
(Bion)* =4~ 109W/cm2(—) . 2.17)
leV

= £oc| |2 _ €& (47‘[80)2

2 32 ebz2
2.2.2. Plasma properties

Debye shielding The macroscopic charge neutrality of a plasma results from the electrical
and thermal conductivity due to the mobility of the charge carriers. This results in a shielding
behavior against static electric fields, such as fields from positive ions (charge Q) within the
plasma. In a steady-state condition the conservative E field leads to a spherical symmetric
distribution of the density of electrons n,(r) and charged ions n;(r) as [29, p.274]

qCD(r))
kgT |

ed(r)
ne(r) = noexp( T ) and n;(r) = noexp(—
B

(2.18)

where kp is the Boltzmann constant, n, the density of the undisturbed plasma and T the
temperature of electrons and ions. The latter is directly linked to the averaged kinetic energy
and assumed to be the same for both types of particles. For a small electrostatic potential
ed(r) < kT, equation (2.18) can be linearly expanded and Poisson’s equation ggAdD(r) =
—p(r) can be solved in spherical coordinates in the following way [29, p. 276]

1 kgT
O(r) = —Qexp(—\/iL) with Ap= 2B (2.19)
4meg 1 Ap

2The Wentzel Kramers Brillouin (WKB) approximation assumes that the wavelength A = 27h/ p of the electron
wavefunction is much shorter than the typical distance over which V (x) varies.
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The characteristic length scale Ap is called Debye length. For distances larger than Ap the
charge Q is effectively shielded.

Plasma frequency Another collective effect is the oscillation of electrons caused by restor-
ing electric forces towards charge neutrality. Here, the corresponding characteristic fre-
quency is known as the plasma frequency. The massive ions do not have time to respond
to these fast oscillations and are therefore assumed to be fixed. Assuming no magnetic fields
and neglecting thermal motion of the electrons, the plasma frequency w,, of an infinitely
extended, one-dimensional plasma can be derived as [24, p. 81]

npe?

wp = (2.20)

EoMe
The plasma frequency is only dependent on the electron density 7y and does not depend on
the wavenumber k of the oscillation. Therefore, the plasma oscillation is a standing wave
and does not propagate (vg = g—‘,‘c’ =0).

Plasma expansion The expansion of a finitely extended plasma into vacuum is driven by
thermal motion of the electrons and ions. For a planar plasma with a single ion species with
density n;g, the electron density on length scales larger than the Debye length is given by
neo = Znjy, where Z is the ion charge state. In an isothermal and one-dimensional model,
where the ions are treated as a non-stationary fluid, the density profile of the plasma as a
function of space x and time ¢ is given by an exponential function [30, p. 117]

kgT.Z m [kgT,”Z
Ne(x, 1) = neoexp(—— with ¢ ,/ Be® ~3.1-10°— \/kBeveA 2.21)

Here, c; is the ion sound speed, m; the ion mass and A the atomic mass number. The prod-

uct L = ¢t defines a characteristic length called plasma scale length. The time-averaged
kinetic energy kp T, of hot electrons in a relativistic-intensity laser-plasma interaction was
estimated by Wilks etal. [31] to be

A2 cm?
1.37-1018 Wum?"

kgT,=mec*(y—1) with 7= \/1 + (2.22)
7 is the cycle-averaged relativistic Lorentz factor, which depends on the laser intensity I; and
wavelength A;. For a high-intensity laser pulse with I; = 4-10'W/cm? and a wavelength
Ar =1030nm, the kinetic energy of the electrons is kg T, = 2.4 MeV. For a hydrogen plasma
(Z/ A =1), the ion sound speed is then determined to be ¢; = 15um/ps. This value will be
compared to experimental results (c.f. chapter 3.4.1).



2.2 Generation and description of laser-induced plasmas

2.2.3. Pulse propagation in plasmas

The propagation of transverse electromagnetic waves in a plasma can be described by mod-
ifying the Helmholtz equation with a source term accounting for currents, due to the motion
of charged particles

(A " “’—Z)E(r n=_L9 (2.23)
c? ’ c2gy Ot

The current j is entirely caused by electron motion, since the ions have much higher inertia

due to their larger mass (my,/m, = 1836). The current is then j = —ngev, where v, is the

electron velocity. Assuming a plane wave dependence, the time derivative can be written as

% = —iwj. In a linearized and classical equation of motion the current is linearly dependent

on the electric field [32, sec. 2.5]

ave E = . ,7’1082
= —e =1
¢ ot Y Mew

E. (2.24)

Then equation (2.23) can be rewritten to

nge?

(A +w?)E(r,n) =w3E with o) =

2 : (2.25)
gome

with the previously introduced plasma frequency w,. Now using A — —k? the dispersion
relation of a plasma follows w” = k®c* + w7, The propagation of electromagnetic waves can
now be described by the phase velocity of light [29, p. 406]

v _9_ ¢ —'C>c (2.26)
ph—k— ~ _.T] . .

This allows the definition of a refractive index ) of the plasma similar to its definition in linear

optics given as
w5 7o w’egm,
n=\/1-—=4/1-— where 7ng = — (2.27)
w Ner e

Its can be seen that the refractive index is smaller than one, thus the phase velocity is larger
than the speed of light. However, the transport of energy is carried out by the envelope of the
electromagnetic wave (such as the pulse envelope). The corresponding velocity is the group
velocity vg = g—‘;c’ = cn, which is smaller than the speed of light. As seen in equation (2.27),
the refractive index can be also written in terms of a critical density n¢. For ng > n the
refractive index becomes imaginary and the electromagnetic waves can no longer propagate

inside the plasma, they are exponentially damped.

10



2.3 Laser pulse generation based on nonlinear effects

2.3. Laser pulse generation based on nonlinear effects

The field of nonlinear optics is mainly concerned wich describing the generation of new fre-
quencies from high intensity laser pulses in materials. For the generation of laser pulses
suitable for probing, a central wavelength far away from the fundamental and second har-
monic (SH) frequency of the main laser pulse is required, such that self-emission of the laser-
induced plasma can be suppressed with suitable filters. Therefore a proper description of
basic nonlinear phenomena is necessary to understand this technique of probe pulse gen-
eration.

For high intensity (I > 109 W/cm?) ultrashort pulses, the response of a material to the applied
field depends nonlinearly on the optical field strength E(¢) of the applied laser pulse. In
general this response of a material system is called polarization P(¢).

In linear optics the induced polarization is described via response theory where (excluding
nonlocal effects) the polarization PW(p may depend on fields in the past E(¢') with ¢’ < t,
which can be described by [33, p. 5]

(e ¢]

3
P (1) =g Zl d yj) O E;(t-1), (2.28)
]:

0

where )(S) (7) is the linear response function and ¢ is the vacuum permittivity. The former
is a time dependent second rank tensor, which is rapidly decaying in time. The indices i, j
represent the spatial cartesian coordinates. For the following discussion several assump-
tions are made. The medium is assumed to react instantaneously to the field strength that,
according to Kramers-Kronig relation, means the medium is lossless (no absorption) and
exhibits no dispersion. Furthermore only isotropic materials are considered, where the re-
sponse function is only a scalar quantity. Then equation (2.28) is simplified to [34, p. 2]

PY (1) =eoxVE(1). (2.29)

In non-resonant nonlinear optics (which is valid for most materials in the visible and near
infrared regime where quantum mechanical resonances are negligible), this simplified equa-
tion is typically generalized by expressing the polarization P(¢) as a power series in the field
strength [34, p. 2]

P =e[xVEDO+yPE*0+ Y B +..], (2.30)

where the quantities y® and y® are called second- and third-order nonlinear susceptibil-
ities, respectively. For inversion symmetric materials® as gases or amorphous materials like
glass, ¥'» vanishes and no second (or even) order nonlinear effects occur [34, p.3]. Then

3For inversion symmetric materials the properties of the material remain unchanged when all particle posi-
tions r; are set to their inverse position —r;.

11



2.3 Laser pulse generation based on nonlinear effects

third-order nonlinear effects begin to appear. The following sections will consider both sec-
ond order (sec.2.3.1) and third order nonlinearities (sec. 2.3.2).

2.3.1. Non-collinear Optical Parametric Amplification (NOPA)

In this section, nonlinear effects involving second order nonlinearities are considered. An
ultrashort pulse typically consists of a range of frequency components due to the time-band-
width limitation (c.f. equation (2.5)). In a simple model consider a plane wave field of two
distinct frequency components represented in the form

1 . )
E(t) = E(eﬁ’le‘“"”‘ +&e 2 +ce. and PP (1) =eoyPE* (D). (2.31)

Then the second order nonlinear polarization P@(¢) can be calculated by squaring E(t) and
is given by [34, p. 7]

2
E Y] 9 s s _
P(Z)(t)=%[é”12e Aty g2e=2ient 1 9@ & W1TWI L 0@ £ W10 o ¢,

v

SHG SFG DFG
(2)
E
Il (2.32)
2 OR

where the various terms correspond to different nonlinear processes such as second har-
monic generation (SHG), sum frequency generation (SFG), difference frequency genera-
tion (DFG) and optical rectification (OR). Even though four different frequency components
are present in the nonlinear polarization, in reality only one component will be dominant
since for the generation of appreciable signal intensity, a phase-matching condition must be
satisfied [34, p. 8].

For the following discussion, only DFG is described. Here, the generated frequency is the
difference of the applied fields. In a photon energy-level description the atom of the material
absorbs a photon of the so called pump frequency w, and jumps to a virtual energy level,
which decays via a two-photon emission process. The emission is stimulated by the presence
of the signal field w; (also called seed) creating another photon of frequency w; and due to
energy conservation an idler photon of frequency w; = w, —w;. The process of amplification
using DFG is illustrated in figure 2.3.

These kind of processes are called parametric. According to Boyd [34, p. 14] “the word para-
metric has come to denote a process in which the initial and final quantum-mechanical
states of the system are identical.” Thus, only virtual quantum levels are involved.

In order to construct an optical parametric amplifier (OPA), a strong pump field at w, and
a weaker signal field at w; are adjusted for temporal and spatial overlap and directed onto
a nonlinear crystal, which is phase-matched to allow parametric amplification. The signal

12



2.3 Laser pulse generation based on nonlinear effects

(@ (b) g 4

Fig. 2.3: Process of difference frequency generation (DFG). (a) Geometry. The pump photon is con-
verted to two photons w; and w; = w, — w;. (b) Energy-level description. The pump photon
rises the atom to a virtual level, which decays stimulated via the photon w;. Adapted from [34,
Fig. 1.2.3].

field is amplified at the output and a new idler wave at w; is generated. Most commonly
the seed is a weak (possibly sub-pJ), but tunable pulse in the visible/infrared regime [35,
p. 247]. This results in a strong and tunable output pulse together with a longer-wavelength
idler beam. Some crystals allow phase-matching over a broad bandwidth, which allows the
generation of ultrashort signal pulses of durations below 5 fs [35, p. 247]. In order to achieve
a broad phase-matching bandwidth, the phase mismatch Ak given by

1
Ak=kp—ks—ki=—-(wpny,—wsn;—w;n;) (2.33)
c

is expanded in a Taylor series around the signal frequency. Then higher order terms can be
compensated by introducing angles between the three waves [19, p. 19], which leads to the
setup of a non-collinear optical parametric amplifier (NOPA). The phase-matching diagram
corresponding to this geometry is displayed in figure 2.4.

Fig. 2.4: Phase-matching diagram of the nonlinear parametric amplification with a pump-signal cross
angle a and phase-matching angle 6 for the signal k;, idler k; and pump k;, wave vectors.
The nonlinear crystal is usually cut in a way that the pump signal is normal incident on the
crystal. In case of perfect phase-matching, the three vectors form a closed triangle. Adapted
from [19, Fig. 7].

Typical materials used for parametric amplification are birefringent crystals like f-barium
borate (BBO), which possesses high nonlinearity, resistance to laser damage and a large neg-
ative birefringence (n, < n,) (34, p.115]. In case of BBO a type-1 phase-matching process
(0-0-e) is used, where the pump is polarized along the extraordinary axis (e), whereas the
signal and idler are polarized along the ordinary axis (0). In the non-collinear geometry the

13



2.3 Laser pulse generation based on nonlinear effects

parallel Ak and perpendicular Ak; mismatch relative to the signal’s k-vector must vanish:

Aky =kpcosa—k;cos(a+p)—ks=0

(2.34)
Ak) = kpsina - k;sin(a + ) =0.

For a given angle a, this system of equations can be solved by angle-tuning of the pump
vector k;, (varying the phase-matching angle 0) [36]

No(Wp)Ne(wp)

(2.35)

ky(w ,9):& .
P ¢ \/nz(w )sin?6 + n2(w,) cos2 6
0Wp elWp

This can be used to calculate the phase-matching angle 0 as a function of the signal fre-
quency for a given value of a as shown in figure 2.5 (left). Broadband phase-matching is
achieved when the phase-matching angle 6 does not change in a large wavelength range.
For the type-1 phase-matching in BBO and a pump wavelength at 515 nm, the magic pump-
signal angle @ = 2.6° with a signal wavelength 1; = 800nm offers ultra-broadband phase
matching for 0 = 24.6° [36]. For the BBO crystal used at POLARIS, the gain spectrum was
simulated in [19, p. 22] for different pump-signal angles a using the coupled wave equations.
This is depicted in figure 2.5 (right).
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Fig. 2.5: Left: Type-1 phase-matching angle 0 as a function of the signal wavelength A for different
pump-signal angles a with a pump wavelength at 515 nm. Figure adapted from [36, Fig. 3].
Right: Calculated gain spectra for a phase matching angle of 6 = 24.5° as a function of signal
wavelength A for different pump-signal angles a. Figure adapted from [19, Fig. 60].
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2.3 Laser pulse generation based on nonlinear effects

2.3.2. Self Phase Modulation (SPM)

Self phase modulation (SPM) is a nonlinear optical effect, which occurs when short optical
pulses with high intensities propagate through isotropic, nonlinear optical media with high
3rd-order nonlinearity y®. The propagation along the z-axis can be examined by studying
the wave equation of a plane wave in a nonlinear, inversion symmetric medium derived in
appendix A.1
2 2 a2 2

( 2 nxo )E: CZLEO%PG) with P® = %80)((3)|E|2E, (2.36)
where ny is the refractive index of the medium. Note that this equation assumes that the
nonlinear medium is non-dispersive n # n(A). Therefore, this theory excludes group veloc-
ity dispersion (GVD) effects. For the purpose of this thesis this approximation is valid, since
the interaction length in the thin materials used for SPM is small. A full description includ-
ing these effects, which leads to the nonlinear Schrédinger equation (NLS), can be found in
appendix A.2. With the plane wave ansatz E(t) = £e'*~¢? with envelope &, a slowly varying
envelope approximation (SVEA) can be introduced where the second order derivatives a;—tf
and %27‘5 can be neglected. This is justified for Gaussian pulses with pulse durations ranging
over several tens of optical cycles. Then the wave equation simplifies to (for derivation see
equations (A.5) to (A.9))

0 no 0 3 k()
Z 4+ 2 =0 ,082¢. 2.37
(dz c Gt) 4Zin0X 1] (2.37)
Splitting the slowly varying field into phase and amplitude & = |£|e'® yields as a solution for
the phase
3 ]CO
D(z,1) =Dy +~—x |67z 2.38
(2, 1) 042n0x||z (2.38)
®, is the time dependent phase @y = wy ¢ of the laser pulse. This means the high intensity of
the pulse induces a change in the refractive index, which is commonly called the optical Kerr
effect 34, p.375]
3¢® o

EpC
oo and 1= S |EG@ Dl (2.39)
0%

n(t)=no+nyI(t), where ny=

For a medium with instantaneous response and sufficiently small length, the only effect of
the medium is to change the phase of the transmitted pulse by

ONL(8) = —na (D koL, (2.40)

where z = L is the length of the nonlinear medium. The time varying phase will modify the
spectrum of the pulse. The output beam will show a self-induced spectral broadening.
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2.3 Laser pulse generation based on nonlinear effects

The spectral intensity can be calculated via a Fourier transform (FT) as [34, p. 376]

00 2
S(w) = / E(p)e @i+ PN giol gz (2.41)

(o.0]

A promising material for generating strong SPM is poly allyl diglycol carbonate (CR-39), a
plastic (ny = 1.495) with a nonlinear refractive index of n, = 6.24 - 1077 cm?/GW [37]. A simu-
lation based on equation (2.41) and considering CR-39 foil is performed in figure 2.6.
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Fig. 2.6: Simulated spectra of a laser pulse with T = 130fs (FWHM) propagating through a 1 mm
thick foil of CR-39 at different intensities. Nonlinear effects are observed for intensities
I > 0.3TW/cm? as new frequencies are generated via SPM in the medium. The effect is a
symmetric periodic change in spectral intensity. Note the different scalings of the amplitude.
For higher intensities the observed SPM signal is larger.

The observed spectrum is symmetric with respect to the frequency of the incoming laser
pulse, because the nonlinear phase @y (¢) is proportional to the intensity and thus also sym-
metric. The structure of the resulting spectrum can be explained as follows [38, p. 10]: For
each point on the Gaussian shaped curve ®yy (f) there exists another point with the same
slope %i; = —Aw, which corresponds to the variation of the instantaneous frequency wg. Both
points describe waves radiated with the same frequency, hence they will interfere with each
other according to their phase difference as illustrated in figure 2.7. This leads to interference
that gives rise to peaks/valleys in the spectrum when the phase differences reaches values of
even/odd multiples of 7.

For the determination of the total spectral broadening induced by SPM, the position of the
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Fig. 2.7: Left: Nonlinear phase (blue) for a pulse with 7 = 130fs (FWHM) of peak intensity Iy =
4TW/cm? for 1 mm of CR-39. The instantaneous frequency change Aw = — 0?? is shown in
orange. For each point along @y () exists another point with the same slope (orange points),
which corresponds to two generated waves of the same frequency. If the phase difference be-
tween both points is a multiple of 27, the generated waves will constructively interfere.
Right: Calculated phase difference as a function of instantaneous frequency change. At three
points the phase change will lead to perfect constructive interference. Thus the spectrum
(c.f. figure 2.6 bottom right) will exhibit three peaks for the anti-Stokes (high frequency) part

of the spectrum.

maximum frequency shift is important. This shift is of the order of [34, p. 376]

max
6wmaxz NL , where @ﬁf":nglokoL. (2.42)

Here, Trwim describes the pulse duration at FWHM. According to the description in fig-
ure 2.7, the number N of frequency peaks in the whole spectral domain is given by

max

N:2+2[®2N; J (2.43)

The constant number two takes into account the two outer-most peaks of the spectrum,
which will merge together in the limit of vanishing nonlinear phase. The second factor of
two includes the generation of spectral peaks on both the anti-Stokes (high frequency) and
Stokes (low frequency) side of the spectrum.
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2.3 Laser pulse generation based on nonlinear effects

2.3.3. Pulse steepening

The simple theory of SPM neglects second order derivatives in the electric field and yields a
symmetric, broadened spectrum as already seen in figure 2.6. However, for short pulses an
asymmetric spectrum emphasizing the blue part of the spectrum is observed, which cannot
be explained with the slowly varying envelope approximation (SVEA) ansatz. Since the re-
fractive index is intensity dependent (c.f. equation (2.39)), the parts in the peak of the pulse
will travel slower than the rising and trailing parts. This leads to a deformation of the pulse
shape and is called pulse steepening. This effect is intrinsic to the SPM process and even oc-
curs in non-dispersive media [39, p.1684]. In the temporal description (c.f. figure 2.8), the
instantaneous frequency change in the trailing part of the pulse is higher than at the front
and leads to an asymmetric spectral broadening.

I I I I T
@, without pulse steepening 1y
15| | —— @y with pulse steepening
N
— Aw(t) 41 =
bl =
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. 0 =
& <
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Fig. 2.8: Nonlinear phase (blue) for a pulse with 7 = 130fs (FWHM) of peak intensity Iy = 4 TW/cm? for
a 1 mm foil of CR-39 with pulse steepening considered. The instantaneous frequency change
Aw = - acgtNL is shown in orange. It shows an asymmetric behaviour, as the magnitude of Aw
is larger on the trailing edge of the pulse, which leads to larger frequency oscillations in the
Anti-Stokes part of the spectrum.

In order to describe pulse steepening, equation (2.37) is written without the considered ap-
proximations (c.f. (A.6a),(A.6b) and (A.8))

0z2 2 0r?

0 no 0 1
— 4+ e+ —
(Gz+ c 01‘) +2ik

2 nd 02) 1 3wg(i0_2_2_i£_1))((3)|8|28. (2.44)
0

Here, the approximation of a slowly varying envelope no longer holds for very short and
intense laser pulses and second order derivatives of the envelope & can no longer be ne-
glected. A solution to this equation was suggested by Yang and Shen in 1984 [40]. A detailed
derivation of the resulting differential equations is shown in appendix B. The final differen-
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tial equation can be written as

08 10 - 2 _,flza)o
&+Za(7’lo+n2|g| )g—l c

. . (2.39) €gnpC
|&1?& with ng(:)

no. (2.45)

The new introduced constant 7, is the nonlinear refractive index defined with regards to
squared electric field amplitude rather than intensity. Now, the complex valued envelope is
split into amplitude and phase & = |&|e!®. This ansatz is inserted into (2.45) and the equa-
tion is split into real and imaginary part, which leads to the following system of differential
equations for amplitude and phase:

0 no 3fl2 2) 0 ]

—+—(1+—&I°|=—||8] =0, 2.46
2 ( o |&] 3 |&] (2.46)
0 7; 0 7;

AL 1+ﬁ|£|2)— o = 2% 02 (2.47)
0z ¢ no ot c

A solution to this system of nonlinear, partial differential equations for a Gaussian shaped
input pulse is presented in section 4.3.

2.3.4. Kerr-induced self-focusing

In addition to the temporal shape, the transverse structure of the pulse is relevant for the
study of SPM. The accumulated nonlinear phase varies as a function of the transverse coor-
dinates, since it is proportional to the intensity according to equation (2.40). To describe the
phase accumulation, the so-called B-integral is introduced, which is defined as

L
27
B(x,y) = T / nyl(x,y,z)dz. (2.48)
0

For the case of a Gaussian-like transversal profile, the value of the B-Integral is larger in the
center of the beam than on the edges. This results in phase fronts formed in a lens-like
shape, which leads to a nonlinear effect called Kerr self-focusing. This is counteracted by
the natural diffraction of the Gaussian beam as previously described in section 2.1.2. At the
critical power Pt [34, p. 583]

A2 e
Peip ~ —2— B399 4o MW at Ao = 1030nm, (2.49)
87101’12

the tendency of self-focusing is precisely balanced by diffraction, which results in an effect
known as the self-trapping of light [34, p. 329]. In this case, the beam travels with a constant
diameter. For typical probe pulse energies E = 1 mJ and pulse lengths 7 = 130fs (FWHM)
that are required to induce SPM with sufficient spectral broadening (c. f. the high intensities
used in the simulation in figure 2.6), the pulse power is P = 7.2GW, which is three orders
of magnitude above the critical power of self-focusing. For example, if the beam is guided
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2.3 Laser pulse generation based on nonlinear effects

in an optical waveguide, the nonlinear phase can become very large, but the input power is
limited to the critical power of self-focusing, otherwise the long medium length would lead
to strong self-focusing [41].

For pulse broadening with SPM to be successfully performed in the experiment, self-focusing
should be negligible, which can be achieved by sufficiently thin nonlinear media. The dis-
tance at which the beam of initial size wy is focused is given by the self-focusing distance
zst [34, p. 332]

2ng w(z) 1 2.50)
Zof = . .
T N VPIPa—1

So as long as the medium length L is shorter than the self-focusing distance zg, self-focusing
may be neglected in the description of pulse propagation. Since self-focusing is not a func-
tion of intensity that bears on the question what pulse properties should be used to minimize
the effect of self-focusing. For a target peak intensity of I = 10TW/cm? the self-focusing dis-
tance and necessary pulse radius are summarized in table 2.1 for different pulse energies.

Table 2.1: Self focusing distance zs and pulse width wy for different pulse energies (7 = 130fs) calcu-
lated by using (2.12) and (2.50) at a constant peak intensity I = 10 TW/cm?.

Energy [m]] 0.1 05 1 2 5

pulse radius wy [pum] 48 107 152 214 339
self-focusing distance zgs [mm] 0.30 0.66 0.94 1.32 2.09

The table shows that higher pulse energies are better suited for SPM because the same in-
tensity can be reached for larger pulse radii in the interaction region, which contributes
quadratically to the self-focusing distance. For SPM a large self-focusing distance is needed,
therefore larger pulse energies for a constant peak intensity are desirable.
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3. Probing relativistic laser-plasma interactions with
NOPA-based pulses

In this part of the thesis we present the results of the application of an off-harmonic, opti-
cal probe pulse for an experiment at the POLARIS laser system with water micro-droplets
to investigate the laser-plasma interaction and proton acceleration. In contrast to previous
experiments with thin foils, the water droplets have a limited extension in all spatial direc-
tions, which facilitates a direct imaging of the plasma expansion using shadowgraphy. The
strong emission of the laser-induced plasma at the fundamental and SH frequency of the
main pulse requires an off-harmonic probe to realize the imaging. Therefore, first, the de-
scription of the NOPA setup (used for probe pulse generation) and its characterization are
detailed. Then, we introduce the setup of the laser-matter interaction and elucidate the ex-
perimental means of imaging the droplets onto a camera to study the plasma expansion pro-
cess in a detailed way. We also present a new method that was implemented to reduce the
undesirable plasma emission. Finally, a pump-probe experiment was carried out. A detailed
analysis of the shadowgraphy images allows us to estimate the plasma expansion velocity.

3.1. The NOPA-based laser pulse generation

To shed light on the different relativistic laser-plasma processes, a high spatio-temporal res-
olution of the interaction region is needed. Optical probing is a promising tool to extract the
information of the interaction via direct imaging. This can be combined with methods like
shadowgraphy (c. f. section 3.4) or interferometry [15, Chapt. 4]. The design of the ultrashort
optical probe pulse is based on several criteria. First, the way of probe pulse generation is
important. For this work, the probe pulse is generated by picking a part of the seed pulse
from the oscillator of the main pulse. Here, a complex synchronization of two independent
laser systems, as used in similar probing experiments [42], is not necessary. Secondly, the
pulse properties should be well controlled. The spatial profile of the beam must be homo-
geneous and large enough to illuminate the whole interaction region. Then the temporal
resolution achieved in the recorded images is primarily given by the probe pulse duration,
which should be shorter than the pump pulse in order to be able to resolve processes dur-
ing the time of interaction. Plasma emissions at the fundamental wavelength and SH of the
pump pulse may obscure the measurement, therefore the central wavelength of the probe
pulse should be chosen far away from both spectral regimes. A different technique that could
be possibly employed in the future, is e. g. chirped-pulsed probing [43], where a broad band-
width (AA > 100nm) of the probe pulse is needed. Here, a strongly chirped pulse is used
to probe the laser-plasma interaction at different times in a single laser shot, as the tem-
porally separated wavelengths interact with the target at different times. For shadowgraphy
experiments, the probe pulse could possibly be imaged onto several cameras with different
bandpass filters to observe the plasma evolution at different times.
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3.1 The NOPA-based laser pulse generation

In case of the POLARIS laser system, which works at a fundamental frequency of 1030 nm
and pulse durations of 130fs, the spectrum of the probe should be in the range between
600—950 nm to avoid overlap with the fundamental wavelength and its SH. Finally, in or-
der to achieve sufficient illumination of the interaction region with the spatial and temporal
properties mentioned above, the probe-pulse energy should be above 10 pJ but still in the pJ
regime to avoid ionization of the target caused by the probe pulse [19, p. 78].

3.1.1. NOPA setup

This approach of ultrashort optical pulse generation was implemented by Issa Tamer in his
PhD thesis [19] at POLARIS in 2020. It utilizes a single pass non-collinear optical parametric
amplifier (NOPA) with a pJ-level probe energy and a broad bandwidth between 750—950 nm.
In this work, a nonlinear phase-matching mechanism in a birefringent BBO crystal was used
to amplify a low energy broadband laser pulse with a single-pass gain on the order of 10* [19,
p- 79]. The required second harmonic (SH) pump beam to realize the ultra-broadened gain
is achieved via SHG of a m] level pulse in a potassium dideuterium phosphate (KDP) crys-
tal. The pulse is supplied via a chirped pulse amplification (CPA) system with a Ytterbium
doped fluoride phosphate (Yb:FP15) regenerative amplifier seeded with a nJ level seed pulse
from the POLARIS main oscillator. A detailed description and characterization of the CPA
system is performed in appendix C. The system delivers 1.5 m]J pulses with a pulse duration
7 = 120fs (FWHM). Since both the main POLARIS pulse and probe pulse originate from the
same oscillator, they can be easily synchronized with each other. Furthermore the probing
system can be run independently from the whole five stage amplifier system of the main
laser pulse.

The schematic of the white light generation and amplification with the SH of the amplified
1.5m] pulse is depicted in figure 3.1. Since the alignment and generation of the white-light
continuum (WLC) and SH are crucial for the generation of the NOPA signal, a detailed de-
scription of the aligning procedure for the setup is given in appendix D. In general, the spatial
and temporal overlap of the SH and white-light pulse needs to be maximized using a motor-
ized delay stage. Furthermore, the non-collinear angle @ between pump and signal needs
to be optimized using two references in front of and behind the BBO crystal (c.f. figure 3.1).
This can be done using the position of the parametric fluorescence ring generated by the
strong SH pulse in the directions of phase matching (c.f. appendix D). The synchroniza-
tion of the generated probe pulse with the main POLARIS laser pulse is realized by placing a
photo diode at the target position. The diode is connected to a high resolution oscilloscope,
which can resolve single nanosecond time delays. In a first step, the nearest probe seed pulse
can be selected with the pulse picker before the stretcher (13 ns). Then a delay stage in front
of the amplifier (depicted in figure C.2) is used to temporally overlap both pulses in the sub-
nanosecond range.
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3.1.2.

: Schematic of the NOPA. An amplified pulse originating from the CPA setup C.2 (marked in

red) is split into two beams of different energy by a neutral beam splitter (NBS). The first
beam (0.1 % of total energy [19, p.84]) is used for white light super-continuum generation.
The white light generation setup consists of an adjustable iris (Al), variable neutral den-
sity filter (VND), a lens (50 mm focal length) and a 5 mm Yttrium aluminium garnet (YAG)
crystal positioned at the focus of the lens. The white light is collimated using an off-axis
parabola (OAP) (focal length 25.4 mm), filtered with a short-pass filter (1) with a cut-off wave-
length of 950 nm and pre-compressed with a chirped mirror pair (seven bounces on each
side).
The second beam (2 m)]) is reduced in size via a 2:1 telescope and enters a 3 mm thick KDP
crystal that generates the second harmonic (SH) at 515 nm to pump the NOPA. The white-
light continuum (WLC) and SH pulse are temporally synchronized via a motorized delay
stage and sent to a BBO crystal at a specific cross angle @ = 2.65° designed for broadband
amplification [19, p. 90]. The beam can be sent to the diagnostics or the experiment by using
two motorized, removable mirrors (2).

NOPA characterization

The shape, the energy and spectral profile of the NOPA are very sensitive to the stability of
the amplified pulse after the CPA-setup. In order to get a stable NOPA signal, the shot to shot
variation of the amplifier energy must be less than 10 %. In order to validate that the setup

is able

to produce a stable NOPA signal, a stability measurement of the amplifier energy was

conducted for a time period of several minutes. The measurement is displayed in figure 3.2
(left). Furthermore a stability measurement of the NOPA signal was also conducted in fig-
ure 3.2 (right). It can be seen that for an average energy variation of +5% for the amplifier
energy, the NOPA energy exhibits large fluctuations with £30%. The energy fluctuations can

23



3.1 The NOPA-based laser pulse generation

be tackled by optimizing the input coupling into the amplifier and proper alignment of white
light and SH, which generates the NOPA signal. Another issue seems to be thermalisation of
the active medium in the CPA-setup, because when the NOPA is operated for several hours,
the energy fluctuations become smaller without changing any parameters.
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Fig. 3.2: Stability measurement of the amplifier and NOPA energy over a duration of several minutes.
The measurement was conducted using two pyroelectric energy measurement heads with
calibration factors of 83.2mV/m]J (Amplifier measurement) and 809 mV/mJ (NOPA measure-
ment). The standard deviation o of the measured values is indicated with the blue shaded
area. The amplifier energy is stable with AE = +5%, however, the NOPA energy fluctuates
heavily with AE = +30%.

Finally, the spectrum was analyzed by a spectral sensitivity calibrated Flame S Ocean Op-
tics spectrometer (650—950 nm) and is depicted in figure 3.3. The spectral sensitivity curve
was calculated using a well characterized tungsten lamp spectrum (c. f. appendix E). It can
be seen that for an optimized delay between SH and WLC, a super-broadened spectrum in

.
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Fig. 3.3: Measured spectrum of the NOPA. The graph shows the averaged spectrum for 60 consecutive
shots. The standard deviation is indicated with the shaded area. The inset figure shows the
spatial profile of the NOPA recorded by the NOPA cam (c.f. figure 3.1). The beam radius
was measured along short and long axis of the elliptic shape of the beam profile, which was
w = (0.61 +£0.02)mm (1/e?) and w = (0.94 + 0.01)mm (1/e?) respectively. The values were
obtained by using a Gaussian fit.

24



3.1 The NOPA-based laser pulse generation

the wavelength range 750—950 nm is generated. The spectrum exhibits periodic amplitude
modulations. This effect was simulated and experimentally verified in [19, p.92]. As can be
seen from the standard deviation for a measurement of 60 consecutive shots, the spectral
amplitude fluctuates by +20%, which was already expected from the energy measurement
in figure 3.2. Furthermore the spatial profile is given in the figure. The stability of the energy
and shape of the NOPA is mainly influenced by the stability of the white light generation,
which can be improved following step 3 of the alignment procedure on page 83. The beam
radius of the NOPA profile was also measured. The radius of the long axis of the elliptic shape
yields a value of w = (0.94+0.01) mm (1/ e?), which corresponds well to previously measured
values [19, p.94]. This beam diameter is sufficient to illuminate the whole interaction re-
gion in a pump-probe experiment. Unfortunately, some energy is lost in the periphery of the
beam profile (c.f. figure 3.3). The shape of the beam was adjusted in such a way that the
energy stability was maximized.

3.1.3. Spectral control

As previously described, the alignment of the white-light continuum (WLC) and SH is crucial
for the amplification in the BBO crystal. The phase matching angle 0py was chosen in such
a way (as described on page 14) that the gain is approximately homogeneous in a broad
wavelength range. The optimized pump-signal angle is then determined to be a = 2.6° for
a central wavelength of 800 nm. The geometry of the beams inside the crystal with their
respective polarizations is described in figure 3.4.
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Fig. 3.4: Left: Geometry of the WLC (signal) and SH (pump) beams in the NOPA crystal. (a) shows
that the WLC is p-polarized along the ordinary axis and perpendicular to the s-polarized SH.
(b) shows that the pump is polarized along the extraordinary crystal axis, which enables the
Type I 0-0-e phase matching process. Right: NOPA spectra for different non-collinear angles
a. The orange curve indicates that the spectral bandwidth can be reduced by an adjustment
of the non-collinear angle and subsequent optimization of the temporal delay 7.

For several applications, the spectral profile of the probe pulse needs to be shaped. For ex-
ample, in the experiment conducted in section 3.4, a higher energy in a small wavelength

25



3.2 Experimental setup

range between 780—820 nm was required. This can be achieved by changing the non-collinear
angle between pump and WLC slightly towards lower values. The spectrum displayed by the
orange curve in figure 3.4 presumably corresponds to a = 2.4° as shown in figure 2.5 (right).
The strong gain in the part below 700 nm can be reduced by optimizing the WLC and SH
delay 7.

3.2. Experimental setup

The generated probe pulses are used for a pump-probe experiment at the POLARIS laser sys-
tem. In this experimental setup, a jet of water is generated by a commercial nozzle (Micro
Jet Components) driven by a piezo motor. The latter breaks up the jet, forming droplets at
a high repetition with a diameter of 20 um. The experiment is conducted in a large vacuum
chamber with the POLARIS main laser beam (100 TW) focused onto the water droplets. The
experimental setup with the main components is shown in figure 3.5. The laser pulses are
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Fig. 3.5: Experimental setup of the laser-matter interaction and the imaging system of the probe. (1)
delay stage for pump-probe synchronization and delay measurements, (2) motorized mir-
ror for online probe adjustment, (3) plasma mirror placed 1 cm behind the focus of the first
OAP (4), (5) thin glass plate used for splitting the beam, (6) wedged glass plate, (7) corona-
graph (c.f. section 3.3), (8) focus objective, (9) probe objective with bandpass filter 800 nm
(40 nm FWHM), (10) scintillator with subsequent ion detection setups (Thomson parabola
spectrometer, gateable CCD camera), (11) beam towards plasma mirror diagnostics. Note
that the setup is not to scale. Bottom left: Simplified schematics of the POLARIS laser beam
line adapted from [44].

26



3.2 Experimental setup

created in a Yb-doped oscillator (Flint, Light Conversion) with pulse length of 7 < 90fs at
1030 nm central wavelength. Next, the pulses are amplified in a CPA system with a regenera-
tive amplifier stage (A1) to 2 m]J pulses with 1 Hz repetition rate. A non-linear filter based on
the generation of a crossed-polarized wave (XPW filter) is used for increasing the temporal
intensity contrast [44]. Then the pulses are amplified and stretched in a StAmp setup [45]
to 4.5 ns. After that, the pulses are successively amplified in four amplifier stages A2-A5 and
finally compressed and sent to the target chamber with a maximum of 10! W/cm? focused
on the target [44].

In the target chamber, the main laser pulse is focused onto a plasma mirror (3) using an
off-axis parabola (f = 90cm) and re-collimated with a second parabola. The plasma mirror
has a low-reflectivity dielectric surface, which transmits most of the pre-pulse energy and
the rising-edge of the main pulse. When the intensity increases, electrons are ionized by an
absorption mechanism (e. g. multi-photon ionization), which increases the reflectivity due
to the formation of an over-dense plasma. The so-called plasma mirror ignites and the rest
of the laser beam is reflected, which improves the intensity contrast of the rising edge of
the pulse [46]. The 30 cm-focal length off-axis parabola (OAP) focuses the 140 mm-diameter
beam onto the water micro-droplets. An imaging system consisting of a microscope objec-
tive (7), a tube-lens and a camera, is used to monitor the focal spatial profile and position.
During the experiment, the focus diagnostic is moved out so the measurement of proton
energies using the Thomson parabola spectrometer can take place.

The probe pulses from the NOPA (c.f. figure 3.1) are first sent through a delay stage (1), which
is used to adjust the temporal delay between the main pulse and the probe pulse in a sub-
picosecond range. Then, the initially horizontal polarization of the probe light is rotated
using a half wave plate (HWP) and focused by a 400 mm lens. The focus position was chosen
about 10 cm in front of the droplets in order to sufficiently illuminate the whole region of in-
terest homogeneously. Furthermore, the lens is important to ensure a high enough intensity
of the probe to outshine the unpolarized self-emission of the plasma in the imaging setup.
The imaging was realized with a magnifying microscope objective (8) Mitutoyo Plan Apo NIR
10x, which collimates the light from the droplet position, and a 400 mm tube lens that finally
images the interaction region onto the cameras probe I and probe 2.

The imaging setup consists of two parts. The probe beam was split with a thin glass plate
(4), one part was directly imaged onto a camera (probe 1) after the tube lens, whereas the
other part was first imaged into a coronagraph (4). This setup allows to directly compare the
images with and without the coronagraph whose functionality will be described in detail in
the next section. A 1:1 imaging system with a lens of f = 125mm is installed in the second
beam path to image the droplets onto a second camera (probe 2) as shown in figure 3.6.

In the experiment, parts of the strong POLARIS main laser beam at the fundamental wave-
length were scattered into the beam path of the probe. Since the main pulse laser energy sur-
passes the probe pulse energy by six orders of magnitude, even small parts of the scattered
light can over-saturate the images. This problem was remedied by placing the glass plate
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Fig. 3.6: Left: Experimental setup for imaging the droplets with the probe beam. In order to mini-
mize the reflection of the p-polarized pump stray light, the glass plates were inserted in the
Brewster angle ¢ p = 55.5°. The reflectivity for s-polarized light was calculated using Fresnel’s
equations of reflection [47, p.109]. Right: Reflectivity curves of fused silica with n = 1.453 at
800 nm [48] for p- and s-polarized light. The light orange curve shows the reflectivity curve
magnified by a factor of 10 for p-polarization. At ¢ = 45° the ratio between both polarizations
is ten.

used to split up the beam in its Brewster angle ¢ = 55.5° (at 800 nm) where the reflection of
the p-polarized main laser beam is further suppressed (c. f. figure 3.6 right). In fact, within a
tolerance range of +1°, the suppression factor of p-polarized light compared to s-polarized
light is more than 1000, which is one hundred times larger than in a 45° reflectivity setup. In
addition, the reflectivity of the s-polarized probe beam is enhanced compared to 45° reflec-
tion. This method successfully avoids the reflection of pump stray light and partially filters
the unpolarized plasma emission, while the probe light experiences higher reflectivity. The
second beam is again split via a wedged glass plate (5) in order to utilize the zero reflection
properties of the Brewster angle for probe 2. The wedged geometry is used to prevent the
back reflection of the glass plate to enter the imaging setup.

However, the unpolarized part of the plasma emission in the center of the droplet can only be
partly reduced by this method. Additionally, the broadband emission of the plasma cannot
be completely filtered with a bandpass filter. Nevertheless such a filter was placed in the
beam path. This leads to a reasonable intensity contrast between the illuminating probe and
the emission of the plasma. Unfortunately, for higher laser energies E > 10] on the target, the
plasma emission is too strong and may over-saturate the cameras in this setup.
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3.3 Plasma emission suppression - the coronagraph

3.3. Plasma emission suppression - the coronagraph

For a successful shadowgraphy probing experiment, the probe pulse should not be outshone
by other light sources (e. g. scattered pump light) that mask the information in the shadow-
gram produced by the probe. However, the interaction of the main pulse with the droplets
will lead to a strong emission of electromagnetic radiation from the plasma. One particularly
important process in the plasma emission is resonance absorption that leads to the genera-
tion of the SH of the main laser pulse [49]. When the plasma reaches its critical density, the
frequencies of both electromagnetic wave and plasma oscillation coincide wg = w,. Then
the mixing of both waves produces the SH, thus making an off-harmonic probe necessary.
Many more processes are involved in the generation of the plasma emission [49, 50], which
lead to an unpolarized, broadband emission of the plasma. Therefore, the plasma emission
cannot entirely be filtered by a bandpass filter or with polarizers. However, the emission is
restricted to the size of the droplet. That bears on the question whether a masking of the
central droplet region can be used to suppress or block the observed plasma emission.

3.3.1. Design and implementation

The following setup is based on an idea that was proposed nearly 90 years ago by the French
astronomer Bernard Lyot for the observation of the sun’s corona without the need of a solar
eclipse [51]. He introduced a telescopic attachment, which was designed to block out the
direct light from a star with the purpose to resolve nearby objects that would be hidden in
the star’s bright glare. The design was called a coronagraph, which is now adapted to the ob-
servation of plasma expansion. When a water droplet is hit by the POLARIS main pulse, the
generated plasma will emit intense radiation, which may over-saturate the camera. This ren-
ders observations of the plasma expansion around the original position of the water droplet
difficult or even impossible. Therefore a setup has been constructed where the center of
the droplet will be concealed with a small mask that blocks the intense emission from the
plasma. The imaging setup for the coronagraph is shown in figure 3.7.
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Fig. 3.7: Two different designs for a coronagraph imaging setup. Top: The laser illuminated droplets
are magnified and imaged to the position of the coronagraph mask using an aberration cor-
rected microscope objective M) and a tube lens with focal length fi placed in a distance L;
to the objective. The droplet with the blocked center is then re-imaged into a camera with
another combination of objective and lens f> placed in a distance L,. Bottom: The second
imaging of the droplet into the camera is done by a single lens with a magnification of 1.
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3.3 Plasma emission suppression - the coronagraph

Although the light between the objectives M; and M, is collimated, the lengths L; and L,
cannot be chosen arbitrarily. As sketched in figure 3.8, for a finitely extended object not
all light rays leaving the objective will be parallel to the optical axis on their path towards the
tube lens. Then the maximum distance of the tube lens is limited by the effective diameter of
the microscope objective d;, the diameter of the tube lens d,, the desired size of the image
field D (product of the field of view and the magnification factor) and the focal length of the
tube lens f; as follows [52]

d—d
L="2""Mg with dy=2Nafu. (3.1)
object objective I tube lens
S~ ) 1Y image field
fm h

Fig. 3.8: Supplemental drawing for the placement of objective and tube lens. The maximum distance
L for a desired image field D can be derived geometrically from the tube lens diameter d; and
objective aperture dj;. Adapted from [52]. The required field of view with a size of 300um is
shown on the left.

For the experiment the desired image field D should cover a field of view that contains at
least five droplets (300 um), because the expanding droplets may need to be compared to the
undisturbed droplets for data evaluation. For a droplet distance of 50 um the magnification
M = fi/ fu can be calculated for each objective. With a 3”-diameter tube lens with a focal
length fi; = 400mm, the maximum distance L can be calculated as performed in table 3.1.
For the experiment the higher magnification objective M Plan Apo NIR 10x was used. The
distance between tube lens and objective was L = 2.5m, which is within the allowed range.
Since the allowed distances between objective and tube lens can be large, this offers the
possibility for future experiments to use the firstimaging setup shown in figure 3.7 and insert
a Mach-Zehnder shearing interferometer into the beam path L, to further investigate the
density of the plasma [15, p.40]. For the experiments in this thesis, the second imaging setup
was used, as it was already indicated in the setup previously described in figure 3.7.

Table 3.1: Maximum distance L (calculated with equation (3.1)) between objective and tube lens for
different kinds of objectives used for imaging. The focal length of the tube lens (d; = 7.6cm)
is fi =400mm. Values taken from [52]. As already shown in figure 3.8, the desired field of
view is 300 pm.

Objective fm Ny, M D L

MPlanApoNIR5x 40mm 0.14 10 3mm <8.6m
MPlanApoNIR10x 20mm 0.26 20 6mm <4.3m
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Fig. 3.9: Rotatable brass disc with four
holes into each of which Thorlabs
filter holders (1" diameter) can be
screwed. The holder can then be
moved in three directions: along
the beam path, vertically and ro-
tationally. The drawing also shows
different types of masks that were
used in the experiments. The
numbers indicate the diameter of
the masks.

The design of the coronagraph was inspired by pinholes used in spatial filters (German:
Raumfilterblenden) used in [53], where pinholes of different sizes were cut into a rotatable
disc that can be inserted into the beam path during the experiment. The current design
expands this idea with a disc into which filter holders with appropriate masks (inverse pin-
holes) can be screwed as displayed in figure 3.9. With the help of a step motor, the filter wheel
can be positioned along the beam path. Two additional motors allow the wheel to rotate and
move vertically. The coronagraph takes advantage of the fact that the plasma emission as a
quasi-point source is also imaged back to a small area by the setup. If an opaque mask is now
placed there, the plasma illumination is efficiently suppressed.

3.3.2. Experimental results

In order to verify the utility provided by the coronagraph, a series of images was taken with
and without a mask in place to suppress the plasma emission as previously described in fig-
ure 3.6. A series of shadowgraphy images were taken in a preliminary experiment on August
19th, 2022 and during the delay scan measurement taken on August 30th, 2022 described in
section 3.4. Some exemplary images were chosen to show the difference between the image
with and without the mask of the coronagraph in place. They are shown in figure 3.10. It
can be seen that the plasma emission was strong enough to cause pixel errors in the picture
of probe 1, whereas the coronagraph in probe 2 was able to reduce these effects. For most
images taken during the delay scan the performance of the POLARIS main pulses was lower
and did not cause significant plasma emission (c.f. figure E2).

Furthermore, in cases where the main laser light was scattered into the probe objective (c.f.
figure 3.10 right), a mask with a diameter larger than the droplets was able to diminish the
scattered laser light successfully. It should be noted that the last pictures were recorded be-
fore the setup with the Brewster angle was introduced. With the Brewster angle setup no
over-saturation due to scattered light of the main laser was observed anymore. Therefore
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3.3 Plasma emission suppression - the coronagraph

it can be concluded that the Brewster angle setup helps to effectively suppress scattered
light from the pump, whereas the coronagraph is able to block the unpolarized, broadband
plasma emission.

pump

50 100 150 50 100 150 50 100 150
X inpum X inpum X inpum

Fig. 3.10: Comparison of the probe 1 (top) and probe 2 (bottom) images for different delays between
pump and probe pulse. August 30th, 2022: It can be seen that the strong plasma emission
over-saturates the probe 1 camera, which creates pixel errors in the image. In the probe 2
image, however, the coronagraph could successfully block the plasma and no pixel errors
are observed. August 19th, 2022: The plasma emission over-saturates the whole plasma ex-
pansion region in probe 1. For probe 2, a mask of 0.8 mm thickness was used to successfully
reduce the strong plasma emission. However, this setup used a polarizing beam splitter
cube in front of the camera, which reduced the picture quality.
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3.4. Shadowgraphy of the plasma evolution

In this section, we present the experimental results of the laser-matter interaction experi-
ments at POLARIS. The energy of the laser pulses was on average E = (6.1 + 0.9)] (on target)
with a FWHM pulse duration of 7 = 150fs and a focal spot area of about A =~ 20um?. This
spot contains an energy fraction of g = 0.19 and is defined as the area, where the laser inten-
sity is larger than the half peak intensity of the beam. For an ideal Gaussian distribution this
energy fraction would be g = 0.5. These measurements result in an average intensity in the
focal region of

Tiocal = q£ ~4-10°W/cm?. (3.2)
TA

The temporal evolution of the plasma expansion was observed by changing the delay be-
tween pump and probe pulse by moving the delay stage (1) of figure 3.5. The probe pulses
generated by the NOPA setup described in section 3.1.1 are used as an off-harmonic illu-
mination under an angle of 90° to the pump laser. The imaging was done using the setup
shown in figure 3.7 (bottom) with a single collimating objective and a tube lens. The spa-
tial resolution is limited by the pixel size of the camera chip (Manta MG-032B with pixel size
7.4pm x 7.4um) and the resolution of the imaging microscope objective. Here, one pixel cor-
responds to 0.3 um (magnification factor M = 20). The resolution of the M Plan Apo NIR 10x
can be estimated with the Abbe limit as d = A/(2N,) = 1.5um for the probe spectrum cen-
tered at 800 nm. The delay between pump and probe pulses can be adjusted in time steps
of less than 100 fs, however, the temporal jitter between the probe pulse (which is picked be-
fore the first amplifier stage) and the main pulse is estimated to be at least 400 fs [54]. The
reduction of the self-emission of the plasma was realized by sufficient spectral filtering with
a bandpass filter centered at 800 nm with a spectral bandwidth of 40 nm FWHM. The probe
spectrum was adjusted to have the most intense spectral content in this region by varying the
non-collinear angle a and by optimizing the temporal delay between WLC and SH (c.f. the
method shown in figure 3.4). Typically, spectral bandpass filters have a low damage thresh-
old and should be protected against high fluences [42]. However, the energy of the probe
was barely sufficient, such that no additional neutral density filters were placed in front of
the bandpass filter. Since the spectral filters narrow the bandwidth of the probe pulse and
add additional GVD, the pulse duration will necessarily increase. However, the temporal
resolution of the probing method is independent from spectral filtering performed after the
interaction [55]. It should be pointed out that the temporal evolution of the plasma expan-
sion can only be reliably recorded under the assumption that the laser-plasma interactions
in the different shots are the same or at least sufficiently comparable. If this is no longer the
case, the temporal evolution must be recorded in a single shot using appropriate methods
such as chirped pulse probing.

Furthermore it is important to note that the probe pulse alone is unable to ionize the wa-
ter droplets in this setup. Assuming the ideal case of a 20 uJ probe with Tpywm = 11£s [20]
and a collimated beam radius w = 0.61 mm (1/€e2) as measured in figure 3.3, the maximum
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intensity at A = 800nm in the focus of the f =400 mm lens is approximately
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=2 —334pm. (3.3)
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For ionization energies of oxygen and hydrogen at Ejo,p, = 13.6eV [56], the OTBI threshold
intensity according to equation (2.17) is [ = 137- 10'2W/cm?, which is way above the maxi-
mum achievable intensity with the probe beam. The beam radius wy was chosen in such a
way that the whole field of view was illuminated. The appropriate choice of wy is important
to find a good compromise between the plasma self-emission contrast and a large field of
view.

3.4.1. Plasma expansion velocity estimation

The whole plasma expansion process was probed in a time interval of T = —4.7—258 ps, where
7 denotes the temporal delay between pump and probe pulse. For 7 = —1 ps the coronagraph
was inserted to mitigate the plasma self emission. This is shown via a collection of shadow-
grams recorded by probe 2 as depicted in figure 3.11. The corresponding images without
coronagraph were recorded by probe 1, and are displayed in figure E2. The individual pump-
probe delays for each shadowgram are denoted in the upper left corner of the figure with an
uncertainty of £1 ps. This is due to an uncertainty in determining the zero delay point and
the temporal jitter between pump and probe pulse. Furthermore, over a time period of sev-
eral hours, the zero delay point between pump and probe pulse drifts up to 2 ps. The main
pulse laser energy on target ranged between 3.2—8] with a mean value of E = (6.1 £0.9)]
(standard variation). Since the measurement took place over a time period of three hours,
the energy of the NOPA was not stable and its central position moved downwards, which was
due to a drift of the amplifier output position. This was compensated for successive experi-
ments with a motorized mirror (c.f. figure 3.5 (2) in front of the target chamber), which can
be remotely controlled.

For the absolute time delay of the shots with respect to the peak of the main laser pulse, the
ionization of the droplet targets is utilized. For this search, the mask of the coronagraph was
removed in order to observe the center of the droplet. Before the main pulse arrives, the
droplets are transparent throughout the entire field of view. However, the droplets act like
a spherical lens and rays close to the periphery of the droplet get refracted outside of the
objective’s acceptance aperture (c.f. simulations performed in [57]). The resulting shadow
corresponds to the size of the droplet. Probe light close to the center of the droplet is fo-
cused and produces a bright spot in the image, which can be seen in figure 3.11 for negative
values of the delay 7. In some cases, e.g. at T = —3.9ps, a bright spot left to the middle of
the target droplet appears, which is not visible in its neighbours. This is due to self emis-
sion of the plasma formed in the front of the droplet*. The self emission occurs on time

“Note that the pump pulse arrives from the left, therefore the front side of the target is left.
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Fig. 3.11: Images of the water droplets recorded with camera probe 2 and for 7 = —1 ps with the coro-

nagraph in place. Note that the contrast of the images with shots of lower probe energy was
enhanced for better comparison by normalizing the mean pixel value and thus the color
scale for all images.
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3.4 Shadowgraphy of the plasma evolution

scales orders of magnitude shorter than the integration time (us scale) of the camera. It is
therefore always recorded by the CCD independent on the actual delay between pump and
probe pulses. When the rising edge of the main pulse arrives, a blackening of the central
droplet can be observed, because the pulse ionizes the droplets and generates a plasma with
an electron density, which is higher than the critical density n. = 1.74-10?!/cm? according
to equation (2.27) at 800 nm. Therefore the light is no longer transmitted. At later times, the
first and second neighbours of the central droplet start blackening. This point is identified
as the zero delay point, where the probe pulse and the peak of the main laser pulse coincide.
At this point the periphery of the main pulse is still able to ionize the droplets. The outer
areas of the focus are much less intense at the periphery than in the centre of the focus, i. e.
an ionization process in the neighbouring droplets is triggered only at the time of the peak
of the main pulse. Note that this interpretation of the zero delay point is not unambiguous,
as the rising edge of the pulse also causes the droplets to become opaque. However, for a
bad time-intensity contrast of the laser pulse, the ionization of the droplets may occur sev-
eral hundred femtoseconds or even picoseconds before the arrival of the peak of the laser.
Therefore, the determination of the zero delay point a few picoseconds after the ionization
of the central droplet is justified.

For increased delays between probe and pump pulse (i. e. that the probe arrives later), the
spatial extent of the dark volume of overcritical plasma is growing. The created plasma will
either lead to absorption of the probe light in the dark region or to reflection or refraction
of the probe light out of the aperture of the microscope objective. From the shadowgraphy
images alone, the density and extension of the plasma cannot be analyzed thoroughly. How-
ever, the expansion of the plasmas critical density can be estimated by measuring the size of
the shadow in the pictures shown in figure 3.11. As sketched in figure 3.12, the extension of
the front- and rear-side shadow can be measured for each picture.

The error-bars are a result of the limited spatial resolution and faint transition of the shadow
into a signal level®. The transition is less sharp for higher delays 7 > 150 ps, which results in
larger error-bars. Until 7 = 3 ps there is barely any expansion visible. Then a rapid growth of
the shadow can be observed, where the front expansion distance increases to higher values
than the rear radius. For later times the expansion velocity decreases. The respective ex-
pansions were linearly fitted, which resulted in a linear expansion velocity for two different
ranges of delays:

7T=3-20ps Vfront = (1.27 £ 0.06) um/ps,  Vyear = (0.77 £0.05) um/ps (3.4)
7 =80-190ps Vfront = (0.09 £ 0.03) um/ps,  Vrear = (0.22 £ 0.05) pm/ps. (3.5)

For larger time delays, the relative uncertainty of the expansion velocity is large due to the
large error bars of the individual measurements and a small number of data points. Note

5The edge of the shadow is determined using the white lineouts as shown in figure 3.12 (top). For small delays
the edge between shadow and signal is sharp, whereas for larger delays the shadow border was estimated to
be in the center of the slope.
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Fig. 3.12: Top: Exemplary images of the plasma expansion for different delays 7. The white circles

indicate the original position and size of the central droplet, which was estimated by a com-
parison to the position of the undisturbed second neighouring droplets. Furthermore, the
coronagraph position can be used as a reference for images between shots to estimate the
undisturbed droplet position. For the whole experiment, the droplet chain appeared to be
straight and stable. The white arrows denote the measured plasma expansion which was
obtained from horizontal lineouts. Bottom: Expansion of the front (blue) and rear (orange)
of the plasma parallel to the laser propagation axis plotted as a function of temporal delay
T = t — ty of the probe with respect to the main laser pulse at fy. The y-axis shows the esti-
mated expansion of the plasma critical density n, compared to the initial droplet size with
a diameter (23.1 £ 0.4) um. The solid curves are exponential fits to the front and rear-side
expansion. Inset: Same image emphasizing the short time scales of 7 < 20ps (dashed rect-
angle). Here the plasma expansion behaviour is close to linear. Two linear fits were used to
determine the plasma expansion velocity of front and rear side.

that for small delays the plasma expansion mainly takes place along the laser axis and is lin-
ear. Then the expansion velocity can be compared to the ion sound speed of the plasma. For
larger delays the plasma starts to expand spherically outward, which geometrically results
in a smaller expansion velocity. Then, the expansion is no longer linear in time. Further-
more, the heating source of the plasma is already gone which further decreases the electron
temperature and thus the expansion velocity. For small delays, however, the experimental
results are comparable to similar shadowgraphy experiments with liquid targets as shown in
table 3.2.
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3.4 Shadowgraphy of the plasma evolution

Table 3.2: Comparison of shadowgraphy plasma expansion experiments with targets for different
peak intensities. Due to equations (2.21) and (2.22), the relevant parameters determining
the plasma expansion are the laser peak intensity and wavelength 1.

experiment target intensity A Ufront
Becker [58, p.77] water droplets 10'W/cm? 800nm 0.38 pum/ps
This thesis water droplets ~ 4-10°W/cm? 1030nm  1.3um/ps

Bernert etal. [42] hydrogenjet  5.4-10!W/cm? 800nm  23um/ps

From the expansion velocity, the ion sound speed can be estimated. Assuming, that eight
electrons per water molecule are freed®, the maximum electron density is

(2.27)

[ 1
Mep =822Na=2.7-10% —5 "= 1530, (A =0.8um), (3.6)

cm
where M =18.02g/mol is the molar mass of water, g its density and N4 Avogadro’s constant.
The front of the expansion xgon¢ is assumed to have a density of n... Then, using equa-
tion (2.21), the ion sound speed of the front can be estimated as

¢ = =0.25—. 3.7)
t In(153) ps

Ufront

_ Xfront _ Xfront 1 pm
Ne(Xfront, 1) = Neo €XP| — =
s

This value is much lower than the calculated ion sound speed of protons ¢ = 15um/ps cal-
culated on page 9 using equation (2.22). For Og”, the ion sound speed is reduced to ¢ =
9um/ps. However, in the estimation the electron thermal energy was calculated for hot elec-
trons using the ponderomotive scaling for a relativistic interaction with kz T, = 2.4 MeV. Fur-
thermore, the model of plasma expansion is based an isothermal model of a planar plasma
in which the plasma density in the central region stays constant. However, for large time
delays 7 = 240ps, it can be observed that the target center becomes fully transparent. The
transparency indicates that the plasma density n, has dropped below the critical density n,
due to the plasma expansion into the vacuum [42]. Therefore, during the plasma expansion
the electron density n. in the droplet center reduces. Then the ion sound speed approaches
the value of the expansion velocity and is larger than the initial estimation in equation (3.7).
Additionally, with the formation of a pre-plasma by the rising edge of the pulse, the absorp-
tion mechanism might be different and thus the electron temperature scaling may change.
Moreover, measurements of the hot electron energy distributions in solid targets revealed a
resonance absorption scaling of kg T o< (I1?)'/3 in a range of 10'8—10%! W/cm?um? [59, 60].
Then, the calculated ion sound speed would be further reduced.

6The OTBI ionization threshold of the last two charge states of oxygen is above 10! W/cm? (c.f. [56] and
equation (2.17)) and therefore these two electrons are omitted.
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3.4 Shadowgraphy of the plasma evolution

3.4.2. Halo structure around the central droplet

Another effect that has been observed is the formation of a ring-shaped halo around the
droplet for time delays between 0.5—-3 ps as can be seen in figure 3.11. For larger delays
the halo around the droplet vanishes. The effect may be caused by the presence of a low
density expanding plasma surrounding the droplet, which absorbs part of the probe light.
In comparison with the reference figures E2, it can be seen that the halo appears also on
those pictures. To further investigate, whether the halo can be reproduced, an additional
measurement was conducted with another target material (c. f. figure 3.13).

T=23.3ps 3.5ps 3.8ps 4.0ps 4.3 ps

Fig. 3.13: Pump-probe delay measurement with ethylene glycol as a new target material between
1-4.3ps. The mean pulse energy was E = (6.8 + 1.1)] with a pulse duration of 7 = 150fs.
The delay scan revealed that the shadow around the droplets appears at T = 2 ps and starts
to fade out after 7 > 4 ps.
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3.5 Summary and discussion

The water was substituted with ethylene glycol, which has a higher viscosity and a much
lower vapor pressure pyapor = 0.119hPa (three orders of magnitude lower than for water) [61].
As a consequence, the droplets will evaporate slower in the high vacuum of the target cham-
ber. Another delay scan was performed in a small range between 1-4.3 ps. The results are
shown in figure 3.13.

The figure shows that the effect is not limited to water droplet targets but can be observed
in ethylene glycol as well. The fade out of the halo is presumably caused by the expansion
of the low density plasma into the vacuum, which further reduces the plasma density and
thus absorption and scattering effects. The appearance of the halo might also indicate the
arrival of the peak of the main laser pulse, as the estimation of the zero delay considers a
blackening of the droplets. This blackening of the central droplet and its first and second
neighbours might also be caused by the rising edge of the pulse, which would imply that
the main pulse arrives later. The onset of this effect at 7 = 2 ps, however, offers potential for
further investigation.

3.5. Summary and discussion

In this chapter we investigated the laser-matter interaction of the high intensity POLARIS
main pulse with peak intensities of 4 - 10! W/cm? with water and ethylene glycol micro-
droplets. The supplied probe pulse was generated by a NOPA system, which produces broad,
off-harmonic pulses in the regime of 20uJ. The optical probe was used to record shadow-
graphic images of the droplets to characterize the temporal evolution of the plasma. The
probing setup was adjusted to minimize scattering effects and plasma emission on the shad-
owgraphic images. This was done by first utilizing the Brewster angle to minimize the re-
flected light from the p-polarized main pulse. Secondly, a coronagraph was employed to sup-
press the unpolarized plasma expansion originating from the central region of the droplet by
blocking the corresponding part in an intermediate image. Then we recorded the plasma ex-
pansion in a time interval of up to = 250 ps after the arrival of the main pulse. The data was
analyzed and the front/rear expansion velocities were calculated. Moreover, an interesting
effect of a low density plasma surrounding the droplet was observed in a range of delays
between 2—5.3 ps.
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4. SPM-based laser pulse generation

The current method of laser probe pulse generation presented in the previous section uses
three nonlinear processes in a complex setup to generate broadband, off-harmonic spectra
with pulse energies up to 20pJ. In this chapter we investigate other means of generating
laser pulses and present a compact, low-cost setup which is less sensitive to precise align-
ment. Here, self phase modulation (SPM) is successfully employed to generate off-harmonic,
optical probe pulses with a broad spectrum of AA = 100nm and pJ-level energies.

4.1. Single-pass SPM-based laser pulses

The effect of self phase modulation (SPM) is widely used as a mean of probe pulse gener-
ation. For example, the JETI laser system induces SPM-broadened spectra in a gas filled
hollow core fiber to generate the probe laser pulse [55]. In this section, a simple low-cost
method using femtosecond pulses to generate a broadband probe laser pulse with sufficient
energy and suitable wavelength range is sought, which is in contrast to the current NOPA-
based setup. The SPM process is induced within thin plastics of thickness = 1.1 mm with a
large nonlinear refractive index. The thickness was chosen in order to mitigate the effects of
self-focusing as already discussed in section 2.3.2. Thereby the limitation of the pulse power
to values lower than the critical power Pg; of self-focusing is overcome in contrast to tradi-
tional spectral super broadening typically performed in waveguides [41]. In order to avoid
pulse elongation due to GVD of the material, the thickness must be low. Even though the
spectral broadening should be proportional to the medium length, it quickly reaches a maxi-
mum, since the GVD of the medium for SPM-broadened pulses is large and reduces the pulse
peak power, thus reducing the effect of SPM [38]. The most promising material is poly allyl
diglycol carbonate (CR-39) with a nonlinear refractive index of 7, = 6.24-10~" cm?/GW [37].
Its large nonlinear refractive index and low absorption (0.04 % at 1 mm) [37] across the laser
pulse’s spectrum are optimal for efficient spectral broadening. The laser pulses used for
spectral broadening were generated from a CPA system [62] with a maximum output en-
ergy of 4m] at a central wavelength of 1030 nm, a bandwidth of AA = 19nm (FWHM) and a
pulse length of 130fs. The experimental setup for SPM generation and characterization is
depicted in figure 4.1.

The setup comprises of a Keplerian 3:1 telescope with a focal length of the first lens of f =
300mm. Then a 10 % beam splitter sends a part of the pulse to a VIS-NIR spectrometer while
the remaining part is transmitted to a chirped mirror pair for pulse compression to the sub-
100 fs regime. The pulse duration is then measured in a TOPAG ASF-15 single shot auto-
correlator. The pulse compression is important to generate few-cycle optical laser pulses,
which can be used to probe the laser-plasma interactions within the time frame of the inter-
action [55]. Even at low energies < 0.5m] the laser pulse is sufficient to produce SPM in air
without inserting the nonlinear plastic. Therefore a neutral density filter was placed directly
after the sample to reduce this effect.
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4.1 Single-pass SPM-based laser pulses
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Fig. 4.1: Schematics of the experimental setup with the subsequent pulse compression using a pair of
chirped mirrors. First, the pulse passes a lens and the nonlinear CR-39, which is placed near
the focus of the lens. Then the intensity of the beam is reduced using a neutral density (ND)
filter. The beam is then re-collimated using a second lens of different focal length. Then the
beam is split into two parts using a neutral beam splitter. The first part is sent to another
weakly focusing lens (1), which is used to collect all light into the spectrometer. The second
part is compressed by means of a chirped mirror pair below the original FT pulse length
measured by a TOPAG ASF-15 single shot autocorrelator.

Another effect may be the ionization of the air in the laser focus creating a plasma. With a
Gaussian intensity profile the plasma will exhibit a higher electron density 7, near the optical
axis than on the periphery. According to equation (2.27) this would lead to a refractive index
distribution, which acts as a defocusing lens, resulting in the so-called ionization defocusing
effect. To assess whether ionization effects play a role, first, tunnel ionization (TI) is consid-
ered. The tunneling probability according to equation (2.16) at I = 20TW/cm? is T = 10714,
Furthermore, the threshold intensity of OTBI can be estimated using equation (2.17) with an
ionization energy of nitrogen Ej,, = 14.5eV [56]

Eio

4
—\r}) =177TW/cm>. 4.1)

1:4-109W/cm2(
le

This value is much higher than the investigated peak intensity range (Iy < 20 TW/cm?) in this
section. Thus, ionization (defocusing) effects in the air can be neglected.

Even though the air is not ionized in the focus, it still acts as a nonlinear medium, which
may cause SPM-induced broadening effects at high intensities. For this, an analysis is per-
formed whether SPM of air plays a significant role in the broadening of the spectrum. In fact,
a spectral broadening was observed in this setup without a nonlinear plastic placed in the
vicinity of the focus in the telescope. The nonlinear index of air is 72, = 4-1071% cm?/GW [63],
which is three orders of magnitude smaller than that for CR-39. The interaction length in
air is assumed to be twice the Rayleigh length of the Gaussian beam. The collimated beam
radius before the lens was measured to be w = (1.7+0.1) mm (1/e) corresponding to an ideal
focal spot size of wy = (57.9 £ 0.9)um (1/e) according to equation (2.10). Then the Rayleigh
length is zg = Tw?/A = (1.0 £ 0.1) cm. The regime at which SPM effects start to play a signif-
icant role, is assumed to be at the intensity when the spectrum (FWHM) is broadened by a
factor of 1.5. In air this is reached at focal intensities of I = 38 TW/cm?. For higher intensities
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4.1 Single-pass SPM-based laser pulses

I = 46TW/cm? the broadening increases to a factor of two. However, spectral modulation
already happens at lower intensities.

The choice of suitable lenses for the telescope setup is an important step for recording the
spectra successfully. Using shorter focal lengths, the focal spot size is smaller and thus the
Rayleigh length zp shorter (c.f. equation (2.10)). Assuming that unwanted SPM effects in
air occur only within the distance of the Rayleigh length to the focus, the interaction length
for these effects is reduced. However, the peak intensity is larger in the focus. This means
only lower pulse energies can be used in order to prevent ionization of the air in the laser
focus. For longer focal lengths, the Rayleigh length is longer but higher pulse energies can
be used. After testing several lens setups with focal lengths of the first lens of 100, 300, 450,
and 700 mm, it was found that f = 300 mm achieves a good compromise between small focal
spot size and short Rayleigh length for undesirable SPM effects in air. A detailed discussion
of residual nonlinear effects in air is done in the next section.

4.1.1. Spectral measurement

There are two different ways of varying the intensity at the sample’s position. In the first
approach, the energy is held constant and the distance of the nonlinear plastic sample to
the laser focus is changed (c.f. figure 4.2), whereas in the second method the distance of the
sample to the laser focus is held constant while the energy of the laser is tuned by inserting
different neutral density filters (c. f. figure 4.3).

All recorded spectra were measured by a Flame-S Ocean Optics spectrometer and recorded
as an average of 30 consecutive shots. Furthermore, the standard deviation was marked us-

—— Reference
— 2.7TW/cm?

10 3.6 TW/cm? Simulation |
—7.1TW/cm? I=1.6TW/cm?

amplitude in a.u.

0

| | | | | | | | | | |
880 900 920 940 960 980 1000 1020 1040 1060 1080 1100
wavelength A in nm

Fig. 4.2: Measurement of SPM-induced spectra in CR-39 for a pulse energy of 0.5 m] at different inten-
sities by varying the sample distance to the focus position. A reference spectrum in air was
taken at a lower pulse energy of 0.1 mJ. The curves show the average spectrum after 30 laser
shots. The standard deviation is indicated with the shaded area. The spectrum recorded at
2.7 TW/cm? was compared to a simulated spectrum for 1.6 TW/cm? calculated using equa-
tion (2.41).
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Fig. 4.3: Measurement of SPM-induced spectra in CR-39. Different pulse energies were used at a con-
stant distance (2 cm) to the laser focus. A reference spectrum in air was taken at a lower pulse
energy of 0.1 mJ. The height of the spectrum was adjusted for better visualization. The curves
show the average spectrum after 30 laser shots. The standard deviation is indicated with the
shaded area.

ing a shaded area to check the reproducibility of the generated spectra. The data was cali-
brated to account for the wavelength dependent spectral sensitivity of the CCD sensor (c.f.
appendix E). The shot-to-shot variations of the signal are due to the fluctuation of the CPA-
amplified pulse whose shot-to-shot energy changes are limited to +10 % and an average of
+5 % as described in [62]. Compared to the CPA setup used in section 3.1.1, the fluctuations
are larger. The energy was measured using the QEI2HR-S-MB pyroelectric energy detector
from Gentec-EO with a calibration uncertainty of 3 %. The intensities stated were calculated
using equation (2.12) and (2.8) with the focal spot size wy calculated previously and a mea-
sured pulse duration of 7 = (130 £ 2) fs. The largest uncertainty in determining the laser peak
intensity is the measurement of the distance to the laser focus with Az = +2mm in order to
estimate the beam radius in the interaction plane using equation (2.8). The relative error of
the beam radius measurement is
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Combining all errors results in a large uncertainty for the intensity estimation
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The factor of two for the beam radius uncertainty arises due to a quadratic dependence in
the calculation of the intensity. It can be expected, that the calculation overestimates the
intensity, as the estimation of the beam radius assumes a diffraction-limited beam diameter
of an ideal Gaussian beam. This can be seen by comparing the measured spectra with a sim-
ulation as indicated in figure 4.2. Here, the simulated pulse broadening appears to be larger
than in the experiment. Two reasons may explain this behavior: First, the effect of dispersion
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4.1 Single-pass SPM-based laser pulses

was neglected in the simple description of SPM, because the nonlinear interaction length is
small. However, group velocity dispersion (GVD) of the medium still temporally broadens
the pulse, which reduces the peak intensity. This leads to a weaker spectral broadening. Sec-
ondly it has been shown, that an initial positive chirp of the pulse also decreases the spectral
broadening [39, p.1685]. Later, characterization of the CPA-amplified pulses showed, that
the pulse length of 7 = 130fs used in this experiment could be reduced to 120 fs by decreas-
ing the distance of the compressor gratings in the preceding CPA-system. This indicates an
initial positive chirp, which may then inevitably reduce the SPM-induced broadening.

It can be seen in the figures (4.2 and 4.3) that the simple model of SPM (c.f. figure 2.6)
does not successfully represent the observations made in the experiment. At low intensities
(I =2.7TW/cm?) the form of the spectrum is still comparable to the theoretical calculations
made in figure 2.6. However, for larger intensities the observed spectra become asymmetric
and a super-broadening is observed as can be seen for the green curve in figure 4.2. The
super-broadening shifts to lower wavelengths for higher peak intensities of the laser pulse
in the nonlinear plastic. This asymmetric broadening was first observed by Fork etal. [64] in
1983. They used an 80 fs pulse at 627 nm focused to an intensity of 10 W/cm? on a 0.5 mm
film of ethylene glycol. They suggested that the asymmetry of the spectral broadening can
be explained with the change of the temporal pulse shape as the pulse travels through the
medium. This effect will be investigated in section 4.3. Furthermore, they assumed that the
extremely large broadening is caused by additional mechanisms such as four-photon para-
metric mixing.

As discussed in section 2.3.2, the self-focusing distance increases for larger pulse energies
at constant intensities (c. f. table 2.1). Therefore, the second method is preferable and used
exclusively in more sophisticated measurements in this section. In addition, the uncertainty
in the determination of the intensity is smaller, as the beam radius in the plastic is held con-
stant. Figure 4.3 indicates that stronger absorption occurs at higher energies because the
spectral amplitude decreases for higher energies. However, with this setup it is not feasible
to determine if absorption is caused by ionization of air in the focus, by intensity-dependent
absorption of the CR-39 or by intensity-dependent absorption of the “neutral” density fil-
ter.

Spectral measurement at low pressure

To rule out the possible effects that may have been caused by the ND-filter and the focus in
air, a vacuum chamber was installed in the measurement setup in which the CR-39 sample
is placed. The schematic setup is shown in figure 4.4. Due to the geometry of the vacuum
chamber, a different combination of lenses was used. The vacuum chamber allows a reduc-
tion of the pressure to 5 mbar. First, a reference measurement was performed at a high peak
intensity of 33 TW/cm? (c.f. figure 4.4 right). The spectrum was measured without sample
in air and at low pressure. Indeed, the SPM in the laser focus can be reduced in this configu-
ration. However, the spectrum still shows a deformation at low pressures.
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Fig. 4.4: Left: Geometry of the setup for repeating the measurements in vacuum. (1) Balancing valve,
(2) pressure gauge, (3) valve to vacuum pump, (4) spectral short-pass filter used for the mea-
surement in figure 4.6. Right: Comparison of the laser spectrum (without nonlinear material)
for a peak intensity I = 32.9TW/cm? at a pulse energy of E = 0.85m] in air and at p = 5mbar
compared to a reference measurement (black) without focusing the pulse.

The spectral broadening measurements in CR-39 were repeated for the new setup. This is
shown in figure 4.5. For this, the pulse energy was increased in analogy to figure 4.3 at con-
stant distance (2 cm) to the laser focus. In contrast to the previous measurement (c.f. fig-
ure 4.3), less absorption is observed at higher energies. The typical spectral broadening with
the formation of a spectral dip at the central wavelength (which was also observed in [37]
for lower pulse energies) also remains at higher intensities. This effect is also not included in
the simple SPM model, because there, the spectral maximum shifts symmetrically away from
the central wavelength (c.f. figure 2.6). A possible explanation for this effect is the transverse
Gaussian profile of the beam. Not only the part on the beam axis contributes to the total
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Fig. 4.5: Measurement of SPM in CR-39 performed at low pressure (5 mbar). Different pulse energies
were used at a constant distance (2 cm) to the laser focus (focusing lens f = 400mm). A ref-
erence spectrum was taken at a lower pulse energy of 0.1 mJ. The amplitude of the spectrum
was adjusted for better visualization. The curves show the average spectrum after 30 laser
shots and the standard deviation within the shaded area.

46



4.1 Single-pass SPM-based laser pulses

spectrum, but also the outer areas of lower intensity. This leads to a superposition of spec-
tral components generated by lower intensity parts of the laser pulse. This consideration is
investigated in detail in section 4.3.

To determine the fraction of the super-broadened spectrum, another measurement was per-
formed with a spectral short-pass filter with a cut-off wavelength of 1010 nm placed in front
of the spectrometer (see figure 4.6). Then, the SPM-induced spectra and the corresponding
pulse energies of the filtered pulses were measured by a pyroelectric energy detector. As ex-
pected, the spectrum shows a blue shift for higher peak intensities. In addition, the remain-
ing pulse energy also increases. However, the generated spectra are unstable, as can be seen
from the large shaded areas visualizing the standard deviation. For the measurement with
an input energy of 1.45 mJ, the spectrum collapsed after less than sixty consecutive shots. In
this case, the sample of CR-39 was permanently damaged and had to be moved to a different
position for further measurements. This means that for intensities greater than 20 TW/ cm?,
appreciable multi-photon absorption or optical breakdown occurs. Therefore, the highest
stable energy of the super-broadened pulse is about 45 pJ.
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Fig. 4.6: Measurement of SPM in CR-39 performed at low pressure (5 mbar) with a short-pass filter
cutting at 1010 nm. Different input pulse energies were used with a constant distance of the
sample (2 cm) to the laser focus (focusing lens f = 400mm). Furthermore the energies of
the filtered pulses were measured by a QEI2HR-S-MB energy detector. The curves show the
average spectrum after 30 laser shots and the standard deviation within the shaded area.

4.1.2. Compression of laser pulses

For most probing experiments, it is not only important that the probe pulse has been spec-
trally broadened in order to have spectral intensity far from the fundamental wavelength of
the main laser system (1030 nm) and its second harmonic (SH). For experiments where a
high temporal resolution is required, it is also important to control the temporal profile of
the probe pulse. Furthermore, the development of few-cycle optical probe pulses is par-
ticularly interesting to increase the spatio-temporal resolution of pump-probe experiments,
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4.1 Single-pass SPM-based laser pulses

which investigate the evolution of the plasma density distribution on very short time scales.
So far this has been successfully achieved by using SPM in a hollow core fiber (HCF) filled
with rare gases at the JETI laser system [55]. Therefore, we will investigate the possibility to
generate ultrashort SPM-induced pulses in thin solid material with subsequent dispersion
control using chirped mirrors.

For this purpose the spectral measurement and an autocorrelation measurement were recor-
ded simultaneously with the pulses being reflected several times off a pair of chirped mirrors
for pulse compression (c.f. figure 4.1). The pulse compression is realized by the design of the
chirped mirrors, where lower wavelengths are reflected at deeper positions inside the coat-
ing of the chirped mirrors. This introduces a negative group delay dispersion (GDD), which
compensates the positive chirp of frequencies induced by SPM. The chirped mirrors were
mounted onto a rotation and translation stage. This allowed for an online adjustment of the
amount of negative GDD added to the pulse by changing the number of bounces between
both mirrors. A measurement of spectral broadening (see figure 4.7 top) and an autocorre-
lation trace after six bounces on the chirped mirrors is shown in figure 4.7 (bottom).

For the SPM signal the pulse shape is not Gaussian anymore but has a more complex shape.
The corresponding autocorrelation signal exhibits side lobes with a narrow central peak. Due
to the complex shape of the autocorrelation signal, the pulse duration cannot be determined
via a Gaussian fit. The broad autocorrelation trace indicates that the pulse length is in the
range of 100—200 fs. A more sophisticated measurement of 7 would require more advanced
correlation methods like frequency resolved optical gating (FROG), which is suited to mea-
sure complex ultrashort pulses and has reliable checks on the measurement itself [65].

For adequately short propagation distances in the non-linear medium, it was already shown
in section 2.3.2 that strong self-focusing in the medium can be avoided. However, the Kerr
lens effect causes an inhomogeneous spectral broadening over the beam profile, which re-
sults in poor compressibility [41]. Furthermore, the Kerr lens varies corresponding to the
temporal pulse envelope and thus the spectral broadening changes accordingly. These may
induce the poor autocorrelation trace obtained in figure 4.7. This could be partly recovered
by spatial filtering of a small beam section, which involves considerable losses [66].
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Fig. 4.7: Top: Spectra of a reference pulse (blue) and for for pulses experiencing SPM in CR-39 (or-
ange) recorded simultaneously with an autocorrelation measurement. The spectra are aver-
aged over 30 shots with the standard deviation indicated with the shaded area. Bottom: Mea-
sured Autocorrelation functions for a reference pulse (blue) at 0.15 m]J. Here a pulse length of
7 =120fs (FWHM) was determined with a Gaussian fit. The second autocorrelation function
(orange) corresponds to the measurement of SPM-induced broadened pulses in CR-39.
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4.2 Multi-pass SPM-based laser pulses

4.2. Multi-pass SPM-based laser pulses

The previous method of spectral broadening in a laser pulse utilized a nonlinear material
in which SPM is induced in a single pass. However, the same nonlinear phase ®y;, may be
accumulated by passing through the medium several times at lower intensities. This has the
advantage that less absorption takes place and optical breakdown does not occur.

The idea of the following setup is that the laser pulses are sent into an optical arrangement in
which they propagate alternately through the nonlinear medium and a medium with weak
nonlinearity (air) in order to prevent self-focusing effects. Thus the propagation through
the medium (of thickness d) a number of times N is different from the single propagation
through a nonlinear medium of same effective length V- d.

A compact multi-pass configuration was already designed by Issa Tamer [19] with the aim to
transform femtosecond laser pulses into few-cycle probes for laser-plasma interactions. The
design involves a Herriott cell, which is depicted in figure 4.8. It consist of two curved mir-
rors of focal lengths f = 100mm and two chirped mirrors built in a compact folded configu-
ration. The nonlinear plastic can be inserted into the Herriott cell and in combination with
the chirped mirrors used for spectral broadening and pulse compression. The incorporation

l—» spectrometer
X
z

@ H N CPA

Fig. 4.8: Left: Setup using a nonlinear plastic in a multi-pass Herriott cell with two curved mirrors (2)
and chirped mirrors (CM). The chirped mirrors in the beam path compensate for temporal
pulse broadening due to the large GVD of the nonlinear sample for the broadened pulses and
thus prevent the reduction of peak intensity. The experimental setup (left) consists of a po-
larizing beam splitter (PBS) and a quarter wave plate, which are used for the initial alignment
of the setup. A D-cut mirror (1) is used for decoupling the exiting beam into a spectrometer.
Right: The trace of a single light ray was simulated using FRED ® by Photon Engineering.
The raytracing model shows that the input pulse exits the device after a specific number of
passes, which is determined by the ratio of the distance of the curved mirrors and their focal
length. Furthermore, the diameter of 1” does not lead to clipping on the mirror edges. The
beam path length between the curved mirrors was chosen to be L =21 cm.

50



4.2 Multi-pass SPM-based laser pulses

of chirped mirrors in the resonator has the advantage that the pulse is already compressed
during the individual round trips, which ensures a high peak intensity.

The beam path in such a resonator-like setup was first described by Herriott et al. in 1964 [67].
Repeated reflections of the rays trace a path on a hyperboloid surface. On the mirrors, the
points of reflections trace circles if the input angles to the xz- and yz-plane are the same
(assuming the z-axis being the symmetry axis of the mirror). The angle difference 6 between
two consecutive reflections (c. f. figure 4.8) is given by [67]

0) = L

cos(f) = 1_ﬁ’ (4.4)
where L is the distance between both curved mirrors. In fact, the path will only be perfectly
retraced when v-20 = 27 for an integer value of v. Here, v is the number of return trips to the
input mirror in the resonator. For a confocal setup L = 2f, the rays arrive at their entrance
point after two return trips (v = 2). If, however, the resonator setup is slightly longer, the
beam will not exactly retrace its path and the fourth reflection in the resonator setup will
be above the entrance hole. This is shown in figure 4.8 for a mirror distance of L = 210mm
which is longer than the confocal setup with L = 200 mm. The input angle ¢ of the beam with
respect to the z-axis for a desired circle of radius R = 7mm (distance of the entrance hole to
the mirror center) is given by [67]

R
Q= ~0.048 =2.77°. (4.5)
L
Then the angles of the beam to the xz- and yz-plane should be around 2° each, which was
chosen for the FRED simulation in figure 4.8 (right).

The alignment of the folded cell is not trivial, since eight degrees of freedom arise due to
the four mirrors installed in the setup. The initial alignment can be done with the aid of a
quarter wave plate and a polarizing beam splitter (PBS) at the entrance of the setup, which is
shown in 4.8 (left). If the initial angle to the xz-plane is zero and the cell is properly aligned,
the output beam will retrace the input beam path perfectly and exit the setup after a single
reflection on the entrance mirror. The initially horizontally polarized light will be rotated by
90° after a double pass through the quarter wave plate (1/4), which then acts as a half wave
plate (HWP). Then the beam will be detectable at the second output of the PBS (dotted arrow
in figure 4.8). If then a tilt to the xz-plane is introduced via mirror (1), the output beam exits
the setup (after 20 reflections on the entrance mirror) under another angle above the D-cut
mirror into a spectrometer.

Another issue that generally needs to be considered is mode-matching to the resonator mode
of the Herriott cell. Typically the input beam should have a matching beam radius and cur-
vature to preserve the Gaussian beam g-parameter after one full pass [68]. Typically the
mode matching is performed via a Gallilean telescope to ensure identical beam properties
per pass [69]. The desired beam radius can be calculated using the geometry of the resonator
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setup. Assuming that in a stable setup the radius of curvature (ROC) of the beam caustic (on
the mirror surface) should match the ROC of the spherical mirrors R, the waist radius (1/e)
of a symmetric resonator setup is given by [70, sec. 5.1.3]

Wwo = \/% VLZR-1L). (4.6)

The waist radius for different setups of Herriott cells with integer fractions of v = 7/0 is given
in table 4.1. The table shows that for a higher number of return trips the radius of the beam
waist shrinks and for a fixed input energy, the peak intensity increases. However, the fluence
on the mirror surface exceeds the typical laser induced damage threshold (LIDT) of gold
coated mirrors [71]. Therefore the method of a slight detuning of the mirror distance as
previously described is more appropriate, since a high number of passes can be achieved
without the risk of damaging the mirrors.

Table 4.1: Waist radius wy (4.6) and beam radius w on the spherical mirrors (calculated with (2.8)
using f = 100mm) for different possible types of Herriott cells. The peak intensity in the
laser focus is given for E = 1m]J (130 fs FWHM). The ratio f/L can be obtained by solving
equation (4.4) for a value of @ = /v. The fluence F on the mirror surfaces is also given.

no. of return tripsv = 2 3 4 6 12

f/Lratio 05 1 1.7 3.7 14.7
woinum 181 168 152 128 92
w(L/2)inpum 256 195 165 132 93
IpinTW/cm? 7.02 810 990 13.98 27.13
FinJ/cm? 0.49 084 1.17 1.80 3.69

4.2.1. Experimental setup

In the previously introduced setup of a folded Herriott cell (c.f. figure 4.8), it was not pos-
sible to extract more than 5% of the input energy. For a total of 41 reflections in the setup
the absorption on the slightly tarnished curved mirrors was just too high. For this reason
the setup was simplified by unfolding the Herriott cell and removing the chirped mirrors
as shown in figure 4.9. Furthermore, the mirror distance was changed from L = 21.5cm to
L = 10cm, which corresponds to three return trips. According to table 4.1 the beam radius
on the mirror should be about 195um. This was achieved using a 10:1 Galilean telescope
placed in front of mirror (1). In order to increase the spectral broadening, two samples of
CR-39 were placed in the middle of the cell with a distance of about 2 cm in order to avoid
nonlinear self-focusing effects. Both samples were inserted under their Brewster angle ¢p
(n =1.495 [19]) in order to suppress reflection of the p-polarized light. It is given as

n o
) =56.2". 4.7)

QB = arctan(
Nair
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Fig. 4.9: Schematics of the simplified experimental setup. The two nonlinear samples of CR-39 are
placed under the Brewster angle into the Herriott cell to mitigate reflection losses. This con-
figuration with three return trips (v = 3) allows a total of twelve passes through the nonlinear
medium. Furthermore, the mode of the Gaussian beam is matched via a 10:1 telescope. The
spectrum is then measured once with and without a spectral short-pass filter (1) with cutoff
wavelength 1010nm.

4.2.2. Spectral characterization

The input energy from the CPA-system was varied and the resulting spectra were recorded as
depicted in figure 4.10. It can be seen that considerable pulse broadening can be achieved.
Although the number of passes through a sheet of CR-39 is much higher than before, this
broadening is comparable to the measured spectra in the previous section. This is due to a
reduced peak intensity caused by a larger radius of the unfocused beam and the temporal
stretching (due to the lack of the chirped mirrors). However, the plotted standard deviation
for a series of 30 shots reveals that the energy in the broadened signal varies. The two spec-
tral contributions, which are found to be symmetrical 15 nm away from 1030 nm, show the
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Fig. 4.10: Measured Spectra in two samples of 1.1 mm CR-39 placed in the Brewster angle into a multi-
pass cell (MPC) oflength L = 10cm. The spectra were measured for different input energies.
The reference was measured at low energy (0.1 mJ) without the nonlinear plastics.
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typical behavior of SPM. A reference measurement was taken for a low input energy without
the nonlinear materials. It also exhibits spectral broadening, which is presumably caused by
SPM induced in air.

For a better investigation of the super-broadened spectrum far from 1030 nm, the same mea-
surement was repeated using a short-pass filter as shown in figure 4.11. Here, a strong fluc-
tuation of the energy can be seen. The periodic structure of the spectrum, which is also
characteristic for SPM, is noticeable. The graph shows that a broad spectrum in the range
0of 900-1000 nm can be generated by this setup, which is suitable for optical probing. Even
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Fig. 4.11: Second measurement of spectra in two samples of 1.1 mm CR-39 placed in the Brewster
angle into a MPC of length L = 10cm. The spectra were measured for different input ener-
gies from the CPA system. In order to better characterize the spectral characteristics of the
super-broadened spectrum, a short-pass filter was placed in front of the spectrometer.

though this setup is able to produce super-broadened spectra, there are a few problems that
must be mentioned. The first issue is the geometry of the setup. As soon as the mirror dis-
tance L deviates from the confocal resonator setup (L = 2f), it becomes apparent that the
focal position of the Gaussian beam in the resonator shifts. Firstly, the intensity of the beam
is different each time it passes through the medium, which makes a numerical calculation of
the spectrum more complex. Secondly, the focal position of the beam shifts towards the mir-
rors. If the laser beam is focused onto the mirror surface, the LIDT of the mirror is reached
already at low pulse energies. For the gold coated curved input mirror, the supplier Thorlabs
specifies a LIDT of 2]J/cm? for a wavelength of 1064 nm and sub-nanosecond pulses [71].
For a width of 200 um of the collimated beam, a focal length 100 mm, the fluence in the focal
spot at a pulse energy of 1 mJ is 1.1J/cm?. Thus, in order to ensure that the mirror surface
will not be damaged, the upper limit of the input energy into the Herriott cell is E = 1.7m].
However, the current setup is barely suitable for broadband probe pulse generation, since
super-broadened pulses of about 20 uJ are needed for probing experiments and a large frac-
tion of the input energy is lost during spectral filtering. An energy measurement yielded
pulse energies of less than 10J. Despite the issues, this method is not depreciated from
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further investigation. A possible solution to the problems might be the use of mirrors with
larger diameter and focal lengths. This would allow resonator geometries with a larger beam
waist diameter and thus higher energies to be used for amplification without destroying the
mirrors. In addition, a higher pulse energy at the same intensity reduces undesirable nonlin-
ear effects such as self-focusing (c.f. section 2.3). Larger setups are also advantageous since
more than two samples of the nonlinear plastic can be placed between the mirrors, where
they must be located at a distance from each other to ensure that sections with negligible
SPM exist between them [41]. Furthermore, Herriott cells can also be implemented as gas
filled multi-pass cell (MPC)s. If instead of a solid-state medium a gas is used, losses at opti-
cal interfaces can be reduced, which enables large overall efficiencies. Additionally, gases are
not subject to laser induced damage, however, the nonlinear index is much lower compared
to solid materials [69]. This ansatz is comparable to previous experiments of spectral broad-
ening using gas-filled hollow core fibers (HCFs) [55]. However, for MPC the beam radius and
hence the pulse energy is not as limited as in a HCF.

55



4.3 Impact of pulse steepening

4.3. Impact of pulse steepening

The previous sections investigated the means of generating probe pulses with a broad band-
width of 900—1000 nm up to energies of 50 4] in this spectral domain. However, the simple
theory of SPM introduced in section 2.3.2 is not able to qualitatively explain the observed
spectra. That leads to the question, if the approximations made in the simple theory of SPM
can be modified to explain the asymmetric broadening effect and the super-broadening
phenomenon observed at high intensities above 3TW/cm? (c.f. figures 4.2, 4.3 and 4.5)
or if other nonlinear mechanisms come into play. The analysis of the origin of the super-
broadening is important to optimize and reliably reproduce super-broadened spectra with
the method investigated in section 4.1. As already discussed in section 2.3.3, for high inten-
sity laser pulses, the Kerr-induced refractive index change n(I) = ny + n, I leads to different
group velocities of the peak and the rising and falling parts of the pulse, which causes a steep-
ening of the pulse at the falling edge.

4.3.1. Numerical solution of pulse steepening

For a proper description of pulse steepening, the system of partial differential equations of
pulse steepening (2.46) and (2.47) will be solved in the following. The equation for the field
amplitude |&] (2.46) is a (nonlinear) homogeneous, first order partial differential equation,
which can be solved implicitly via the method of characteristics [72, 73]. This yields an alge-
braic equation, which is solved numerically. A detailed mathematical derivation is given in
appendix B.1. The calculation is performed for a thin foil of CR-39 as shown in figure 4.12.

As the numerical solver of the equation, fsolve of the Python package scipy was used, which
is a root-finding algorithm to solve nonlinear equations [74]. For intensities smaller than
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Fig. 4.12: Simulated temporal profiles of the pulse intensities for a 1.1 mm thick sheet of CR-39 with
an initial pulse length of 130fs (FWHM) for different intensities. For intensities larger than
1 TW/cm? a pulse steepening effect can be observed where the trailing edge (¢ > 0) is steep-
ened due to the nonlinear index change for the peak of the pulse. Note that the magnitude
of the curves was scaled to the maximum of the first curve at I = 0.1TW/cm? in order to
emphasize the pulse steepening effect for larger intensities.
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12 TW/cm? the solver provides a distinct, smooth solution curve. For larger intensities, how-
ever, unphysical discontinuities occur at the steep trailing edge of the pulse. This is most
likely due to multiple possible solutions of the algebraic equation, because the solution curve
changes for different initial values. This effect can be reduced by first calculating the pulse
shape for a lower intensity and using this as the initial guess value for the higher intensity
curve. However, the solution method also fails here for intensities close to I = 16 TW/cm?.

Using the retrieved function for |E |2, the nonlinear phase @y, can now be calculated. Equa-
tion (2.47) must now be solved numerically, because |E |2 is not an analytic function. Here,
a Crank Nicolson scheme [75] is used as the integration algorithm, which is detailed in ap-
pendix B.2. The results of this computation for a 1.1 mm thick foil of CR-39 are shown in
figure 4.13.
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Fig. 4.13: Calculated nonlinear phase by numerically solving (2.47) with the temporal profiles of
squared electric field amplitude calculated in figure 4.12. The desaturated curves show the
simple calculation of the nonlinear phase according to equation (2.40).

The figure also shows the simple nonlinear phase calculation (desaturated curves) intro-
duced in equation (2.40) as ®nr(#) = n2 (1) koL, where the intensities I(¢) calculated in fig-
ure 4.12 were used. It can be seen that, as expected, at low intensities the calculated nonlin-
ear phase corresponds well to the simple model of calculating the nonlinear phase as being
proportional to the pulse intensity. This also confirms the validity of the implemented algo-
rithm. For pulses with a significant amount of pulse steepening a difference in the nonlinear
phase appears and a numerical solution of equation (2.47) becomes necessary. Surprisingly,
the proper calculation of the nonlinear phase ®yy.(¢) reduces the steepening compared to
the assumption of ®yp o< 1.

Finally, using the retrieved nonlinear phase of the pulse, the spectrum can be calculated
straightforwardly with the squared magnitude of the FT of E(f) - exp[—i(wot + ®nr)] as previ-
ously described in equation (2.41). This was done for four different intensities in figure 4.14.
When pulse steepening is considered, an asymmetric behaviour can be observed, which em-
phasizes the blue part (Anti-Stokes side) of the pulse. This additional spectral broadening

57



4.3 Impact of pulse steepening

T I 2 — I I ]
—— [ =2.5TW/cm? —— I=5.0TW/cm?

spectral intensity S(w) in a.u.

— [ =7.5TW/cm? —— 1=10.0TW/cm?

| |
0.9 1 1.1 1.2 0.9 1 1.1 1.2

wavelength A in pm. wavelength A in pm.

Fig. 4.14: Calculated spectra of an ultrashort pulse propagating through CR-39 at different intensities.
The desaturated curves show the simple calculation of pulse broadening via SPM without
pulse steepening effects taken into account.

is due to the steepening of the temporal profile of the nonlinear phase (c.f. figure 4.13).
Since the temporal derivative of the phase corresponds to the instantaneous frequency, %i; =

—w(1), a steeper trailing edge (%’ < O) generates additional spectral broadening at higher fre-
quencies (c. f. section 2.3.2). In the above calculations, the dispersion of the medium ny, as a
form of changing the pulse shape and likewise the dispersion of the nonlinear susceptibility
1¥®, was neglected. For short propagation lengths and nonlinearities far from resonances,
this simplification is justified [38, p.19]. The simulations show that the peaks on the Anti-
Stokes side of the spectrum are enhanced, but the spectral shift is reduced and the peaks are
narrower. These changes were also observed experimentally as seen in figure 4.2. On the
Stokes side, however, the amplitude of the peaks is reduced.

4.3.2. Influence of the transverse intensity profile - focal averaging

The question now arises whether the calculated spectra describe the measured data from
section 4.1 better. The asymmetry of the spectrum is successfully reproduced in the simu-
lation, but it is noticeable that the observed super-broadening in the spectrum cannot be
explained by pulse steepening. However, it must be noted that the laser beam in the exper-
iment has an inhomogeneous, transverse intensity distribution. This means that the gener-
ated spectrum results as a superposition of many intensities with differently large propor-
tions. Thus, it is not sufficient to calculate only the spectrum for the peak intensity on the
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beam axis. One possibility to include the transversal structure (sketched in in figure 4.15) in

the calculations is a focal volume averaging.
y|_
X

Fig. 4.15: Left: Intensity distribution in the laser focus of a Gaussian shaped laser beam. In a simpli-
fied model, the intensity distribution can be approximated as rings of constant thickness.
The corresponding intensity drops according to the Gaussian distribution exponentially.
Right: Intensity distribution in the focal plane. It can be seen that the focal volume of lower
intensities is larger.

laser focus

¥4

The idea of focal volume averaging is that different parts of the pulse will be broadened dif-
ferently, because their intensity varies along the transverse direction. The transverse struc-
ture is approximated using N rings of different radius and intensity with a focal volume of
A; = 2nr;Ar. Therefore, the parts of the pulse with lower intensity occupy a larger focal
volume. The resulting spectrum is then a weighed sum of the individual spectra for each
intensity

1 N
S =—) ri-Si(). (4.8)
N ;31

This calculation is explicitly performed in figure 4.16 for a maximum peak intensity of Iy =
12TW/cm? and different values of N. The resulting spectrum shows a converging behaviour
for increasing size of N.

The simulated spectrum is comparable to the spectra measured in previous sections and
predicts the super-broadening structure observed between 900—1000 nm. Especially, note
the similarities between the linearly rising spectral amplitude in this spectral range in fig-
ure 4.16 compared to the measured spectra in figure 4.11. However, in most of the exper-
iments a strong central peak or two symmetrically off-centered peaks due to weaker SPM
effects are still observed. This is presumably due to the disregard of spatial effects caused by
self-focusing and the disregard of parts of the pulse outside of the (1/e?) beam radius used in
this model. A significant portion of the beam from the periphery self-focuses and accumu-
lates little nonlinear phase [38, p.22]. However, the presence of spatially different SPM and
subsequent self-focusing badly alters the spatial and temporal intensity distributions of the
laser pulse. It is suggested that actually self-focusing enhances the intensity in the medium
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Fig. 4.16: Left: Calculated spectra including the effect of pulse steepening in CR-39 for different in-
tensities of the laser pulse. The intensities correspond to rings of linearly increasing radius
(c.f. 4.15). Right: Focal volume averaging for a transverse Gaussian distribution of inten-
sities (blue). The spectra are summed up and weighed with the distance r to the optical
axis since parts of lower intensity occupy a larger focal volume. The two symmetric peaks
symmetric around 1030 nm are visible. Furthermore, the asymmetric spectral broadening
for lower wavelengths is qualitatively reproduced. The orange curve show the experimental
data from figure 4.5 at Iy = 11.3TW/cm?. The spectral broadening in this case is narrower
than in the simulation, which is probably due to an overestimation of the peak intensity
(c.f. equation (4.3) and the subsequent text).

and initiates strong temporal SPM [38, p. 29]. A complete theoretical description of SPM in-
cluding self-focusing would require a time dependent solution of the nonlinear Schrédinger
equation (NLS). With rapid spatial and temporal modifications of the laser pulse due to self-
focusing, the solution of the wave equation is a daunting task [38, p. 30].

4.4. Summary and discussion

In this chapter we investigated the different means of SPM-based probe pulse generation us-
ing CPA amplified, m] level, femtosecond pulses that are spectrally broadened in nonlinear
materials. The currently employed method at the POLARIS laser system is the generation
of a white-light continuum (WLC), which is amplified in a single pass non-collinear optical
parametric amplifier (NOPA) by using the SH of the fundamental pulse as a pump. This sys-
tem successfully provides 15—20 pJ ultrashort pulses in the sub-100 fs regime. However, this
setup involves a total of three nonlinear optical processes, SHG, WLC and the NOPA. This
leads to a high sensitivity to energy fluctuations at the output of the amplifier, influencing
pulse energy, spatial shape and spectrum. Currently, the energy fluctuations of the system
are about 30 %.

To circumvent these issues, we proposed a simple alternative method to generate the probe
pulse. Here, the spectral broadening of the femtosecond pulse in nonlinear CR-39 is a promis-
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ing method to generate pulses with spectral content in the range of 900—1000 nm and a pulse
energy of up to 50 uJ. In the most straightforward approach, a single pass setup focuses the
pulse onto the plastic realizing high intensities (up to 10 TW/cm?). However, these high in-
tensities in combination with a femtosecond pulse length may cause optical breakdown of
the material or SPM effects in the surrounding air near the laser focus. Furthermore, non-
linear spatial effects such as self-focusing start to play a significant role for geometries with
small foci, low pulse energy (c.f. table 2.1) and larger medium length. Moreover, slight mod-
ulations of the intensity profile of the beam become more pronounced due to the Kerr effect
and may experience strong self-focusing, which causes the beam to collapse. This effect is
called filamentation. Thus, for inhomogeneous beam profiles the self-focusing distance is
smaller than expected and the B-integral is typically limited to values B = 7 [41, p. 8].

The second proposal may bypass the problems of high intensities and small foci by prop-
agating through the nonlinear medium several times in order to accumulate the required
nonlinear phase for spectral broadening. The proposed method uses a multi-pass Herriott
cell with two curved mirrors, which may be adjusted to realize more than 40 passes. How-
ever, due to low surface quality of the mirrors and adjustment issues, the geometry of the
setup was reduced to a mirror distance of 10 cm, which corresponds to six passes in the Her-
riott cell. The results show that spectral broadening can be achieved by inserting multiple
samples of the nonlinear medium in the beam path. Unfortunately the input pulse energy is
limited by the LIDT of the mirrors. In order to work with higher input energies, a larger beam
diameter in the focus of the mirror is required, however, the beam diameter is restricted by
the geometry of the setup, since the mode of the input beam must be matched to the res-
onator mode for successful broadening [69]. The problems may be circumvented by using
different resonator geometries with larger mirrors or gas-filled Herriott cells, which do not
suffer from surface reflection losses.

Finally, a simulation based on the theory of self steepening was conducted for laser in-
tensities up to I = 12TW/cm?. The resulting spectra were able to explain the experimen-
tally observed asymmetric spectral broadening. A model was successfully developed to in-
clude transversal effects into the theory without solving the three dimensional nonlinear
Schrédinger equation (NLS). Moreover, the model was able to qualitatively reproduce the
shape of the spectral broadening.
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5. Conclusion

With the help of today’s laser technology, it is possible to realize high-energy interactions
of radiation with matter on ultrashort time scales. This makes it possible to accelerate ions
and electrons to ~ 100 MeV energies and potentially use them for medical applications such
as cancer therapy [76], inertial confinement fusion [77] or for high energy particle collid-
ers [78]. At the POLARIS laser system at the Friedrich Schiller University of Jena, laser pulses
with peak powers of up to 200 TW are generated. These are focused on a target with peak
intensities of more than 10°° W/cm?. This generates a plasma, which is used to accelerate
protons up to 20 MeV [10]. For a better understanding of the acceleration process initiated
by laser-induced plasmas, an extended knowledge of the complex dynamics of the laser-
plasma interaction is needed. For this purpose, an ultrafast optical probing setup is needed
to study the complex details of the spatio-temporal evolution of the plasma density profile.

This work dealt with two major topics: In the first part, we used a pump-probe setup in a
water micro-droplet experiment to study the temporal evolution of the plasma. The require-
ments for the probe pulse constitute a major challenge for the experimental generation of
such pulses. A very broadband pulse far from the harmonics of the fundamental wavelength
of the laser with sufficient energy and short pulse duration is required, otherwise scattering
of the main laser pulse or strong plasma emission at the fundamental or the SH wavelength
obscure the measurement. The requirements can be fulfilled by using different nonlinear
optical effects. The basis of the probe pulse is provided by a Yb:FP15-based CPA system,
seeded with pulses from the POLARIS oscillator, which amplifies the pulses to energies be-
tween 1-2 mJ at a pulse duration of 120 fs. For the probing experiment, we successfully op-
erated and optimized the NOPA system developed at the institute. A broadband white-light
continuum (WLC) was generated in a YAG crystal and amplified with a strong SH signal of
the CPA amplified pulse. The output pulses contain up to 20 pJ of energy in a bandwidth of
200 nm (FWHM) centered around 800 nm. However, the setup requires three different non-
linear processes and is therefore very sensitive to energy fluctuations of the amplified CPA
pulse. In the experiment we observed energy fluctuations of 30 %, which could be reduced
by a careful alignment and proper thermalization of the CPA system. This probe pulse per-
formance and stability were sufficient to conduct the pump-probe experiment. We used the
pulses from the NOPA-system as an optical probe to study the micro-droplet experiment at
the POLARIS laser. We illuminated the droplets with the off-harmonic probe pulse and took
shadowgraphic images for different delays between probe and main pulse. We measured the
evolution of the plasma expansion up to delays of 200 ps. In a range of 3—-20 ps after the ar-
rival of the main pulse, the plasma expansion was approximately linear with an expansion
velocity of the plasma front vgone = 1.3-10°m/s. It was noticeable that the plasma expansion
behaves differently at the front and the rear side. Furthermore, we placed the glass plates
for splitting the probe beam in the Brewster angle to mitigate p-polarized stray light from
the main laser. Moreover, we successfully suppressed the plasma emission by a coronagraph
setup, which was an opaque mask blocking the center of the droplet in an intermediate im-
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age plane. This prevented an over-saturation of the cameras. In the future, the experimental
setup can be extended by an interferometry setup in form of a Mach-Zehnder interferometer
to analyze the plasma’s density profile.

In the second part of the thesis, we searched for alternative means of probe pulse generation.
A promising approach makes use of SPM-induced spectral broadening in highly-nonlinear
media such as CR-39. At intensities larger than 1 TW/cm?, an asymmetric broadening of
the spectrum in a 1 mm thick sheet of the nonlinear plastic was observed. In a single pass
setup we were able to produce super-broadened pulses with pulse energies of up to 50 yJ in
a spectral width of 100 nm (FWHM) centered around 950 nm. The spectral range is mainly
determined by the pulse intensity, however, large intensities impose an unwanted risk of
damaging the material. In contrast to the NOPA setup, this scheme can be realized as a com-
pact, low-cost method with lower requirements for adjustment precision. So far, the method
has not yet been tested with the stabilized CPA system at the POLARIS laser system. The
experimental conditions at the laser system used for the presented experiments are much
different, with energy shot-to-shot fluctuations larger than at POLARIS. Therefore, we ex-
pect an improvement in stability of the generated spectra in future experiments.

Furthermore, we tested a second approach of SPM-based probe pulse generation using a
multi-pass cell (MPC) builtin a Herriott cell design with two nonlinear samples placed inside
the resonator cavity. This offers the possibility to generate high nonlinear phases and broad
spectra using lower peak intensities. However, this method has several restrictions. First,
the input fluence is limited by the laser induced damage threshold (LIDT) of the mirrors.
Second, the beam size is determined by the stable resonator mode of the mirror setup. The
input beam has to be matched accordingly. Despite these restrictions a MPC setup is able to
produce spectral broadening in the same spectral ranges as before. However, the alignment
of the system is crucial and time consuming. The spectral broadening might be improved by
using different resonator geometries with larger mirrors, which allow for higher intensities
in the cavity. Furthermore, a gas-filled Herriott cell might reduce losses at interfaces, which
then leads to higher efficiencies.

In conclusion, the generation of probe pulses using SPM in nonlinear plastics is a promising
alternative method to the intricate, but flexible method of non-collinear optical paramet-
ric amplification. For higher peak intensities (> 1 TW/cm?), the effect of pulse steepening
starts to play a significant role. Finally, we successfully simulated the resulting effect on the
induced spectral broadening by numerically solving the system of partial differential equa-
tions of pulse steepening. In addition, we developed a simple model of focal volume aver-
aging to include transverse effects, which was able to qualitatively describe the shape of the
produced spectra. In the future it has to be tested if the method of SPM-based probe pulse
generation is viable in an actual pump-probe experiment at POLARIS and can provide stable
pump pulses over time scales of hours.
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BBO p-barium borate

CPA chirped pulse amplification
CR-39  poly allyl diglycol carbonate
CCD charge-coupled device

DFG difference frequency generation
FROG frequency resolved optical gating
FT Fourier transform

FT Fourier transform-limited
FWHM  full width at half maximum

GDD group delay dispersion

GVD group velocity dispersion

HCF hollow core fiber

HWP half wave plate

JETI Jenaer Titan:Saphir

KDP potassium dideuterium phosphate
LIDT laser induced damage threshold

MPC multi-pass cell

MPI multi-photon ionization

NLS nonlinear Schrédinger equation

NOPA non-collinear optical parametric amplifier
OAP off-axis parabola

OPA optical parametric amplifier

OR optical rectification

OTBI over the barrier ionization

PBS polarizing beam splitter

ROI region of interest

ROC radius of curvature

POLARIS Petawatt Optical Laser Amplifier for Radiation Intensive Experiments



List of abbreviations

SFG sum frequency generation
SH second harmonic
SHG second harmonic generation

SPM self phase modulation

SVEA slowly varying envelope approximation
TI tunnel ionization

WLC white-light continuum

YAG Yttrium aluminium garnet

Yb:FP15 Ytterbium doped fluoride phosphate
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Appendix

A. Derivation of the nonlinear wave equation and phase

This sections deals with the derivation of the wave equation of propagating plane waves in
a nonlinear, isotropic medium. The derived formulas are formulated in the SI-system and
form the basis for the discussion of the temporal description of SPM in section 2.3.2 and self
steepening in section 4.3. Using Maxwells equations without external sources (p =0, j = 0)

VxE(r,1) =—%B(r, t) V-D(r,t)=0 (A.1a)
VxH(r,t)= %D(r, t) V-B(r,t)=0, (A.1b)

the wave equation can be derived by applying curl to Faraday’s law. For non-magnetic ma-
terials B = uo H this leads to

Vx(VxE):V(V-E)—AE:—,uOi(VxH)
~—— 0t ~——
D

=0 _a
=5t

2

0
= AE(r,t) = yoﬁD(I‘, 1. (A.2)

The assumption of V- E = 0 is valid for isotropic materials, since p is homogenous in space.

A.1. Case without dispersion

For a third order nonlinear material the D(r, t) field of a dispersionless medium rg # ny(w)
can be written as

D(r,t0)=eoE(r, )+ PV (r, ) + PO (r, 1)
=eon3E(r, )+ P¥(r,1) with nj=1+y"W. (A.3)

Furthermore, using a plane wave ansatz with propagation in z-direction
E(z,1) = (2, pelka@0D), (A.4)

equation (A.2) can be written as

? ni o 1 8 3
— -2 —|E=———P% with P¥=Z¢y"EPE. A5
(6z2 c2 0r? c%eq 012 150X |E] (A.5)

This result is a typical form of a inhomogeneous wave equation, where the third order po-
larization P® acts as a source term generating new fields. The slowly varying envelope ap-
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AppendixA Derivation of the nonlinear wave equation and phase

proximation (SVEA) now neglects the second order derivatives %2—5 and ‘32765. This is justified
because the pulse envelope & changes slowly compared to the field oscillations with a peri-
odicity of one optical cycle. Note that this is only true for long pulses with durations of more

than ten optical cycles. The wave equation can now be simplified to

2 . 2 .

% = % (%g + ikg)el‘kz—wo ”] = (% + Zikg - kz)e‘(kz_“’o ) (A.6a)
2 . 2 .

%E = % (%8 - iwoé")e‘(kz_“’o”] = (gzatz - 210)0?3—6; - a)(z))el(kz_‘”ot). (A.6b)

These results can be inserted into equation (A.5). Then the expressions k% and a)g in equa-
tions (A.6a) and (A.6b) will cancel, which leads to

2 2
2ik| 28 Mo @008 | kzmwon _ L O pes) (A7)
0z c¢% k Ot c2eg Ot?
In the evaluation of g—:zP(?’) the time derivatives of the envelope are neglected
0° 3e0 (3 [0°1E1PE 0E1*E .
_P(S) v (3)( —2iw —(1)2 & Zéa el(kz—wot)
o2 2 X a2 ot ol 41
3 .
~ —nggox(f‘)|g|2gel(kz—w0”. (A.8)

Inserting this approximation into (A.7), canceling the exponentials on both sides and using
k = kong leads to

0 no 0 3 ]Co

— 2 |&=-"" 10826, A.9

(az c Gt) 42in0X 1] (A.9)

which is used as the simplified wave equation formula in equation (2.37). Now the (complex)
field envelope & is split up into phase and amplitude & = |§|e'®. A variable transformation
Z=z+ nio t simplifies the equation to

08 1 0|& 0D 3 k
_(_ &1 . )g:__ 0 01826 (A.10)

- = _ i —
0z |&| 0z laz 4 2ing

Sorting both sides for real and imaginary part yields two equations for |§]| and ®
——=0 and — =-—y9 & (A.11)
Z Z 0

The solution of the phase can be written as

3% and I__noceo

&), (A.12)
4eonie 2

D(z,t) =Py +nylkygz with np =
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AppendixA Derivation of the nonlinear wave equation and phase

A.2. Case with dispersion

In the following it is assumed that the refractive index is frequency dependent, whereas the
third order nonlinear susceptibility is still constant y® # y®(w). Then the dielectric dis-
placement D(z, t) can be written as

2 2
0 1 0”0

D(z,t)=D z,t+€P(3)z,t = AE(r,t)—uy—DL=——
(z,0) = DL(z, 1) + £0PP (2, 1) (r ) ~pogzDL= 5o

(A.13)

The displacement field is now written using the frequency components E(z,w) as a Fourier
transform [38, p.94 ff.]

€o 2 =, —iwt
D (z, t)z—/n (W E(z,w)e dw
t \/Zn_

—a—zDL(z f=-——0 7(—w)2n2(w)E(z w)e @ dw (A.14)
a2 ’ ver ) —~— —_—— ' '
—00 —k4(w)

1 0o .
S E(z, thet df
V 27 /—oo

Now the the plane wave ansatz (A.4) E(z, t') = § exp|i(k(wg)z — wot")] can be used again for
the electric field. Furthermore, the wave vector k? is expanded into a Taylor series at w = wy

Taylor series:  k%(w) = k% + 2kk’(w — wo) + kk” (w — wo)* +... (A.15)

(e,9)
€ : L
= 2—0[[ [K% + 2Kk (@ — wo) + kK" (@ — wp)?] §el @00 =D ilkl@z=wod) g 44/
m
-0

oo
1 o _ .
Dirac delta function: Py /(w —wp) el @) (I'=0 4oy ="MW (¢ — ¢), neN
T

—00

o0
= 25_0 / (K28 (t' — 1) + 2ikk'6V (£ — 1) — kk"8P (1 — 1)1 & (2, t')el K@ 20D g/
T

0 02E
k2 +2ikk — — kk" —

T =7 elk@o)z—wol) (A.16)

Together with the previous results (A.6a) and (A.8), (A.16) can be substituted into (A.13). The
derivates of k are recognized as group velocity vg = k'~ (wp) and group velocity dispersion
GVD = k" (wp). Then the wave equation takes the following form:

d 190 GVD 62 3 k
i( ) 2 2 0g6. (A.17)

_ - -
0z wvg Ot 2 012 4 2ing

This equation is commonly called nonlinear Schrédinger equation (NLS). Neglecting the
GVD term, the dispersionless equation (A.9) can be obtained.
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B. Theoretical description and numerical methods of pulse
steepening

This section deals with the derivation of the solution of equation (2.44), which takes the
form

o myd 1 (0% njo? 1 3w5[1 0% 2i0

iM%y~ [ D090 o -~ (29 A9 11 ®gRs.  (B.18
(62 cat) 2ik(az2 202 |® 7~ 2ik 4¢\ w30 Liel (B.18)
— - ~ -

D, D_D, :

The steepening of the temporal profile makes the assumption of a slowly varying envelope
obsolete. The derivation follows Yang and Shen [40] in SI-units. Using the abbreviations
introduced in equation (B.18), the differential equation can be written as

1 1 1 1
D, 8+ —D_D.,8=— = D,E=— . B.19
AT T T g (19
2ik
The last equation is the limit of a geometric series, namely
1 & D_\"

D.&=— - . B.20
i 2ikmzzo( Zik) ¢ (8.20)
Using that D_ = —2%% + D, equation (B.20) can be written in terms of D, only. In the

following the third order nonlinearity is assumed to act as a small perturbation of the ho-
mogeneous wave equation y®|&|?> <« 1, which in case of CR-39 is valid for intensities I <
400TW/cm?. For all conducted experiments of section 4.1 and 4.2 the peak intensity in the
interaction plane was less than 20 TW/cm?. Now (B.20) can be simplified by neglecting all
higher order terms of D (y®|&|2&) with m = 1 and by eliminating the time derivatives in ¢.
Then only the first two terms of the geometric sum remain, which yields (using k = kqng)

i) =230

=(1+——
iwg Ot wo Ot
Substituting the definition of D, and rearranging the equation, the final differential equa-
tion (2.45) appears, which is written down again here:

3 k
_2 20 ,0g128|. (B.21)
4 2ing

1 o0
D+£‘—— Y
2ik 4=,

ag 1 7, 239 £oloC
oz cot 2 2 7

2¢  with

—(no+ il617)6 = (B.22)
As already described on page 19, the electric field can be written as & = |&|e!®. Then the
differential equation can be split into real and imaginary part that results in the system of
coupled differential equations (2.46) and (2.47). The numerical methods of solving these
equations will be presented in the next sections.
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Appendix B Theoretical description and numerical methods of pulse steepening

B.1. Method of Characteristics

In this section we discuss the solution of the first differential equation (2.46), which results
from a separation of equation (B.22) into amplitude |&| and phase ®:
0 no

0z ¢

37 0
(1+ ﬂwﬂz)—] 18] =0, (B.23)
no ot

The equation (B.23) is a (nonlinear) homogeneous, first order partial differential equation.
Such equations are commonly solved via the method of characteristics [72, 73] with a char-
acteristic function |&|?> = F(fy). The characteristic curve is given as

dr ) 37y

d —(1+—F(t0)). (B.24)
dz ¢ no

For the initial condition zg = 0, the characteristic solution can be derived as
ng 177
fo=1t— —(1 + 3—F(to))Z
c no

3|é§’|2:F(to):F[t—%(l+3@F(to))z . (B.25)

no

Since the pulse shape at the entrance of the medium (z = 0) has a Gaussian shape (initial
value problem), the characteristic function at z = 0 is also assumed to be Gaussian

£\2
Ié"lz(z =0,1) = é"g exp —(—) ] with 7= TEWHM (B.26)
T

2vIn2’

Inserting the argument of the characteristic function into this ansatz leads to the following
algebraic equation for the field amplitude

&2\’
1oy

where the time ¢ was substituted with a retarted time x, which describes the pulse propaga-
tion in a moving frame of reference where the pulse is stationary. Equation (B.27) can now
be solved numerically for a given value of z= L =1.1cm for all times x.

_m =
-7z 3mz ,

&% = &% exp with x=

(B.27)
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Appendix B Theoretical description and numerical methods of pulse steepening

B.2. Crank-Nicolson scheme

With a solution of the electric field amplitude |&| we can solve the second part of the coupled
differential equations (equation (2.47)), which is given as

Nipwo

0 1&)2. (B.28)

P _
— 4 @(1 + £|g|2)i
0z ¢ no ot

c

For the numerical solution of (B.28) it is convenient to perform a coordinate transformation
into the propagation direction z and retarted time x

0 0 an 0 0+66x_0 ny 0 (B.29)
or 0x 0z 0z 0x0z 0z cTOX '
Then the transformed equation reads
0o 21812 0 l
0P _ _Tlbl 0 o T2 o2 (B.30)
dz _ 1Cc 0x ¢ )
LGCTZ) F(?cfz)

Now a discretization of time with x = x; and space z = z; is introduced. Then the time deriva-

tive % can be expressed as a central difference operator in a first order approximation, which

allows L(x, z) to be written in matrix form like

0O 1 0 ... 0
0 0 0
o0b; ; (OF P () PR . i (5"2 1
l,]: i+1,j i-1,j and [=— 2| | -1 0 ° 0 (B.31)
0x 2Ax Tc 2Ax )
0O 0 0 -10

The spatial derivative can now discretized using the Crank-Nicolson (CN) scheme, which is a
finite difference, numerically stable method developed by Crank and Nicolson in 1947 [79]

0D;
0z

(D.’ . — (I).y i CN 1
= ”zz = EZ(LIJH‘PZJH"‘Ll,jq)l,j"'Fl»j“+Fl:f)' (B.32)
z. l

1
It

The equation can be vectorized for all times x; and rearranged in the following way
Az, . R
(I)]'+1 = (I)j + ?(L(D]q_l +L(I)j +Fj+1 +Fj)

Az . Az . Az
11—7L D= ]l+?L (I)j+7(Fj+1+Fj). (B.33)

Then the phase at the next z-value @;,; can be determined by solving (B.33) via a matrix
solver because F is already known for all times j.
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C. Characterization of the CPA system

In the following section we discuss the setup of the chirped pulse amplification (CPA) system,
which is used for generation of the probe pulses at POLARIS. CPA is a technique used in
high power laser systems to amplify high power laser pulses. First, the pulse is temporally
stretched, then amplified and finally compressed again. It was developed by Strickland and
Mourou in 1985 [9] and earned them the Nobel Prize in physics in 2018.

C.1. CPA setup

First, a single pulse (7 < 90fs) is picked out of the 76 MHz pulse train from the Ytterbium-
based POLARIS main oscillator (Flint FL1-04) [80] with a Pockels cell at a repetition rate of
1 Hz and sent to the stretcher, which is located in the target area of POLARIS. The Offner
type stretcher setup is able to stretch the pulses from 130 fs to 20 ps and is described in fig-
ure C.1.

Offner Telescope

)/ , —

4

input “
®)

camera

A
periscope /)
(output)

Fig. C.1: Setup of the Offner Type stretcher used to stretch the POLARIS seed from 130fs to 20 ps,
which then propagates to the CPA setup depicted in figure C.2. The input seed is brought
into the stretcher, the grating (1) (1200lines/mm) separates the wavelengths spatially and
the Offner telescope introduces a temporal delay between different wavelengths. Then the
beam is vertically displaced upwards (1 cm) by a roof mirror (2), enters the setup again and
exits at a slightly lower position such that a D-cut mirror (3) redirects the beam out of the
setup. Leakage light from a dielectric mirror is used with a camera to verify the position
of the input beam, which is crucial for aligning the setup. For a high level of mobility the
stretcher setup was built onto a movable breadboard.

Since the beam line between the oscillator and stretcher is several tens of meters long, a
motorized beam-steering system with two mirrors and (4 quadrant diode) detectors [81] was
installed in the beam line. The first steering mirror was placed near the pulse picking Pockels
cell, therefore the stretcher is located behind the first steering mirror, which improves the
stability of the seed. For an accurate positioning of the beam the first detector (D1) should
be placed right behind the second steering mirror [81, p.17].

Then the stretched pulse enters the amplifier setup, which is depicted in figure C.2. The seed
position is fixed using apertures and the seed cam. The input seed energy can be controlled
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amplifier and compressor

Diode stack I:]® delay st:
/4 @ seed cam gy stage

RIS 4 s N amplifier cam

©)

spectrometer
Y
TFP

BS

D2 A

] D1

steering
mirror

SM
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A

\ 4

Fig. C.2: The seed pulse is stabilized via a steering system consisting of 2 diodes (D1 and D2) and
steering mirrors. The seed energy can be adjusted using a rotatable HWP in front of the cav-
ity. The seed enters then a CPA system consisting of a regenerative amplifier with an optical
cavity (end mirror (1) with radius of curvature R = 5m) and a diode pumped Yb:FP15 crystal
as the active material. The gain profile is homogenized via spectral shaping mirrors (SM).
The amplified pulse is magnified via a 1:4 Galilean telescope (2) and the pulse is compressed
to 120 fs by a parallel grating compressor (3) with a roof mirror and sent upwards to the NOPA
setup depicted in figure 3.1. The amplification of the pulse for each round trip and pulse en-
ergy can be estimated using the leakage light of the end mirror detected by a photo diode (4).

by a motorized half wave plate (HWP) placed before the entrance of the amplifier and com-
pressor box. The seed is then amplified with a regenerative amplifier. Some leakage light of
a dielectric mirror is sent to the amplifier cam and a high resolution (HR2000+) Ocean Op-
tics spectrometer to analyze the amplifier parameters during the experiment. The amplified
pulse is then compressed back to 120 fs and sent to the NOPA setup via a periscope.

C.2. Amplifier characterization

For successful operation of the NOPA, a stable CPA-amplified pulse must first be provided.
For this, the coupling of the seed into the amplifier is chosen to provide a pulse energy of
1.3—-1.5m]J. Then the spectrum and the transverse profile of the beam must be checked. A
measurement of this is shown in Figure C.3.

Since the SHG crystal is phase matched for a center wavelength of 1030 nm, the center of the
pulse should not be far off. The amplifier is optimized for a diode pump current of 125A.
By rebuilding the front end with a new, more powerful oscillator at the end of 2021, a re-
duction of the pump current would have been possible, since a much higher seed energy
is available. However, reducing the pump current shifts the spectral profile of the amplifier
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10 —— Gaussian Fit
—— Spectrum
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Fig. C.3: Measured spectrum of the Amplifier recorded by the spectrometer depicted in figure C.2.
The graph shows the averaged spectrum for 80 consecutive shots. The standard deviation
is indicated with the shaded area. The central wavelength 1y = 1032.8 nm, and width A1 =
14.1nm (FWHM) were determined using a Gaussian fit indicated in orange. The inset figure
shows the spatial profile of the amplified pulse recorded by the amplifier cam (c.f. figure C.2).
The beam radius was determined to be w = (0.77 +0.02) mm (1/e?) using a Gaussian fit of a
horizontal lineout.

to longer wavelengths. For a pump current of 110 A, a central wavelength of 1038 nm is ob-
served for the amplified pulse. This effect is explained by a change in gain in the resonator,
which would require an adjustment of the resonator internal compensation by the two spec-
tral mirrors [53]. Therefore, instead of reducing the diode current, the number of round trips
in the cavity was reduced accordingly.

For the operation of the NOPA an amplifier output energy of 1.5 m] is sufficient. However, for
different schemes of probe pulse generation, the CPA system might also be used to generate
the necessary pulses for the nonlinear interaction (c.f. section 4.1). Here, as already shown
in table 2.1, a higher output energy of the CPA system is desirable. Therefore a maximum of
pulse energy is estimated. The most sensible component of the setup is the grating compres-
sor. In fact, the fluence F on the gold gratings (1200 lines/mm [19, p. 80]) should not exceed
0.15]/cm?. For the measured beam radius of the amplified pulse (before the 1:4 magnifying
telescope, c.f. figure C.2) and assuming the pulse has expanded due to natural diffraction
along the beam line to the diagnostics by a factor of v/2 (zg = 1.8m), the maximum output
energy of the CPA system is

2.12) 7 1w 4w

F=11.0mJ] with w=—. (C.34)
V2

This energy output is sufficient for other means of probe pulse generation such as SPM (see

E

section 4.1).

For successful compression of the beam in the compressor, the bandwidth should be in the
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range of 13—15 nm. With a time-bandwidth product of a Gaussian beam 7Av = 0.44 the the-
oretical bandwidth-limited pulse length according to equation (2.5) is T = 111fs. During an
initial operation of the NOPA after relocation of the stretcher to the target area, a low effi-
ciency of the NOPA was noticeable. This was due to a changed number of round trips in the
cavity. As the pulse travels through the cavity of the amplifier, it gains GDD in the order of
about 1000 fs?, which is mainly due to the high-frequency-pass pump mirror, the Pockels cell
and the Yb:FP gain medium [82]. Therefore the stretcher alignment is not anymore fitting to
the new total GDD of the amplifier and the resulting pulse duration was too long. A mea-
surement was performed with a TOPAC ASF-15 single shot autocorrelator and the results are
shown in figure C.4.

T T T I T T
—— Pulse before, Tpwpyv = 405fs | |

—— Pulse after, TpwpMm = 122fs

Pulse Energy: E=2.1m]

5
<
£
)
E 0.5
=
g
<
0F -
| | | | | | | | |
—-1000 -800 -600 —400 —200 0 200 400 600 800 1000

time ¢ in fs

Fig. C.4: Measured pulse length at the compressor output before (blue) and after (orange) the realign-
ment of the stretcher. The autocorrelation function was measured by TOPAG ASF-15 single
shot autocorrelator. The desaturated curves show a Gaussian fit to the measured data used
to determine the pulse length.

By adjusting the mirror position of the convex mirror in the stretcher (c. f. figure C.1), a mini-

mum pulse duration of T = 122 fs (FWHM) could be achieved, which is close to the theoretical
limit mentioned above.
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D. Alignment of the NOPA setup

The most important step to generate a stable, broadband NOPA probe pulse, is the precise
spatio-temporal alignment of the SH pump beam and the white-light generated signal beam
with the cross angle a = 2.6° into the BBO crystal for parametric amplification. For successful
alignment, the position and angle of both beams should be precisely controlled, which can
be done using two references and four mirrors. The setup is displayed in figure D.1.

SHG cam
NOPA cam

S1

Fig. D.1: Simplified scheme of the NOPA generation in the BBO crystal (c.f. the full scheme in fig-
ure 3.1). The alignment onto the first reference is performed using the mirrors S1 and W1
for SH and WLC, respectively. Then the alignment onto the second reference is done with S2
and W2. In an iterative process the precise alignment onto both references can be achieved.

The alignment procedure can now be performed as a four-step process where the first two
steps have to be repeated iteratively until both references are aligned:

1 Alignment onto the first reference: Make sure the SH is positioned in the middle of the
region of interest (ROI) on cam I (white circle in figure D.2) and a neutral density (ND)
4.0 filter is placed on the camera. Then the WLC position can be viewed by blocking
the SH and removing the ND filter. Since both beams should overlap inside the BBO
crystal, it must be positioned slightly off centered to the left on the first reference as
indicated in figure D.2.

2 Alignment onto the second reference: This alignment can be done without ND filter
placement. The central position of the SH should correspond to the left circle of the
reference line (c.f. figure D.3). If the SH signal is strong enough, a bright paramet-
ric fluorescence ring is emitted from the NOPA crystal in propagation direction. The
parametric fluorescence is a quantum-mechanical effect triggered by zero point fluc-
tuations of the vacuum [83]. The produced fluorescence occurs in directions of the
phase-matched wavelengths relative to the SH pump pulse [84]. This forms a cone of
phase-matched directions, which can be seen as a ring on the paper. Therefore the
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Appendix D Alignment of the NOPA setup

WLC alignment SHG alignment

BBO NOPA BBO NOPA

Fig. D.2: Alignment of the WLC (left) and SH (right) on the first reference using cam 1. The SH should
be aligned to the center of the circular region of interest (ROI), which is centered on the
crystal.

parametric fluorescence can be used as an optical guide for the spatio-temporal align-
ment of the WLC signal and SH pump.

angle NOPA angle NOPA angle NOPA

Fig. D.3: Alignment of the WLC (left) and SH (middle) on the second reference using cam 2. Both
pictures were obtained as a sum of 100 averaged shots in order to enhance the contrast of
the pictures. The white-light profile appears to be made of two spots, however, the dark
reference line on the paper does not reflect the light very well. The spatial profile of the WLC
can be validated using the NOPA cam instead. The right picture shows the amplified white
light signal (right), the remaining SH (middle) and the new generated idler (left).

3 Verify whether the white light profile beam profile is homogeneous and stable. This
can be checked by removing a ND 4.0 filter in front of the NOPA cam while the SH is
blocked. The shape of the white light can be controlled via adjusting the iris (AI) and
the variable neutral density filter (VND) (c.f. figure 3.1).

4 Check the temporal overlap of white light and SH. This can be controlled via a motor-
ized delay stage. A single step corresponds to a movement of 10 um i. e. 33 fs. Then the
amplified spectrum can be tuned by varying the SH and white light delay.
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E. Spectral sensitivity of the spectrometer

When using a spectrometer to detect light in a large wavelength range, the spectral sensitivity
of the detecting charge-coupled device (CCD) array needs to be accounted for. In this thesis,
three different spectrometers were used to record the spectra in different wavelength ranges.
They are listed in table E.1.

Table E.1: Different spectrometers used in the experiments. They all contain the same chip Sony
ILX511B.

spectrometer wavelength application

Flame-S Ocean Optics 900—-1100nm SPM spectral broadening
Flame-S Ocean Optics 650-950nm  NOPA spectrum
USB 2000+ Ocean Optics 900—-1100nm amplifier spectrum

All spectrometers contain the same 2048-pixel CCD linear sensor Sony ILX511B with a pixel
size of 14 um x 200um [85]. In the data sheet provided by the manufacturer, the spectral
sensitivity is given in a wavelength range of 400—1000 nm as shown in figure E.1 (left). The
spectral calibration function can then be obtained via an exponential fit to the inverse of the
spectral sensitivity. The measured spectrum is then corrected by multiplying the exponential
curve fit with the experimental data.

I I I I I
1 . —— inverse spectral sensitivity
> E’ 1.5 | | — tungsten lamp calibration .
= p= —— exponential fit
= 17)
» 051 1 o
k= % 0.5 a
() —
= =
Of \ \ \ \ \ L 0f \ \ \ \ \ L
400 500 600 700 800 900 1000 400 500 600 700 800 900 1000
wavelength A in nm wavelength A in nm

Fig. E.1: Left: Spectral sensitivity of the Sony ILX511B chip measured at T = 25°C [85]. Bottom: The
inverse of the spectral sensitivity (blue) in comparison to a spectral calibration measurement
using a Tungsten lamp (green). The measured spectrum was exponentially fitted and subse-
quently used for correcting the measured spectra.

Since the spectral sensitivity of the chip was only given up to a wavelength of 1000 nm, a
separate spectral calibration measurement was conducted in the infrared using a well char-
acterized M-63350 Quartz Tungsten Halogen lamp manufactured by Newport. As shown
in figure E.2, the spectrum follows a Planck curve, which is flat in the spectral region of
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Appendix E  Spectral sensitivity of the spectrometer
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Fig. E.2: Left: Calibration data provided by the manufacturer of the Tungsten lamp. The data corre-
sponds well to a Planck curve for T = 2959 K. The wavelength range of the used spectrometer
is indicated via gray lines. It can be seen that the emitted spectrum of the lamp is flat in the
spectral region of interest. However, the Tungsten lamp spectrum decreases for larger wave-
lengths.

Bottom: Spectral calibration (blue) obtained via dividing the calibration data by the mea-
sured spectrum. The resulting curve was exponentially fitted to obtain a smooth calibration
curve.

900—-1100 nm. The spectral calibration function can then be obtained by dividing the emis-
sion curve of the lamp by the measured spectrum. For a smooth calibration curve, the result
was exponentially fitted.
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F. Additional experimental data

For the study of the laser-matter interaction of the POLARIS laser with water droplet targets,
a shadowgraphy measurement setup, which has been described in figures 3.5 and 3.6, was
used to temporally probe the interaction.

A first pump-probe delay measurement was performed on August 26th, 2022 and is shown
in figure E1. Here, probe 2 cam was used without a coronagraph in place to probe the plasma
expansion as a function of delay T between pump and probe. In this measurement the tem-
poral evolution of the plasma is similar to the measurements on August 30th, 2022. For
T > 200ps the droplet center starts to become transparent due to the plasma expansion and
reduction of electron density.

yinpum

yinum

5.8] 5.9] ( 7

| | ® I K IR |

50 100150200 50 100150200 50 100150200 50 100150200 50 100150200
X in pm X in pm X in pm X in pm X in pm

Fig. E1: Images of the water droplets recorded with camera probe 2 for different delays between pump
and probe pulse. Note that the contrast of the images with shots of lower probe energy was
enhanced for better comparison. The pulse energy is indicated in the bottom left corner. The
measurements were recorded on August 26th, 2022.

In section 3.4 the delay scan measurements captured by the probe 2 camera have been al-
ready shown in figure 3.11, where the functionality of the coronagraph as a tool of suppress-
ing the plasma emission was successfully tested. As a reference the images were recorded
without the coronagraph inserted with probe 1 camera (a detailed setup description can be
found in figure 3.6). For comparison reasons, these images are displayed here in figure E2. It
can be seen that the plasma emission caused pixel errors on the camera for the measurement
at T = 2.0ps (as already discussed in section 3.4) and at T = 85ps. In all other measurements
the plasma emission was not strong enough to cause problems in the images. This is mostly
due to the moderate energies ranging between 3.2—8] with a mean value of E = (6.1 £0.9)]
(standard variation).

86



Appendix F Additional experimental data
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Images of the water droplets recorded with camera probe 1 as a reference to the measure-
ments in figure 3.11 for different delays between pump and probe pulse. Note that the con-
trast of the images with shots of lower probe energy was enhanced for better comparison.
The pulse energy is indicated in the bottom left corner. The measurements were recorded on
August 30th, 2022.
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