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Abstract

Ultrashort laser pulses are characterized by their outstanding combination of properties,
including extremely high intensity, femtosecond temporal resolutions, and wide bandwidths,
often spanning more than an octave. Exploring the largest, up to terahertz, repetition
rates between pulses requires innovation in shaping and control of pulse formats because
of limitations in average power. Burst-mode laser systems have been developed as a
promising way to enable increased repetition rates while maintaining high pulse energies
within bursts of closely spaced equidistant pulses. This thesis is devoted to exploring the
landscape of applications for which terahertz-repetition-rate bursts of ultrashort pulses
can contribute in novel ways and develop further ultrashort-pulse burst technology in the
prospect of these applications. Not only scientific areas, such as molecular orientation,
terahertz radiation generation, or the modulation and amplification of electron bunches
but also highly industrial subjects, such as micromachining and spectroscopy, are identified.
In particular, Burst Stimulated Raman Spectroscopy is formulated as it was developed in
our group recently, and the generation of terahertz generation with continuously tunable
spectral linewidths from millijoule-amplified terahertz-repetition-rate near-infrared pulses
is demonstrated experimentally.

Existing techniques for high repetition rate burst generation, including pulse splitting,
recombination, spatial filtering, beam combining, or the use of birefringent crystals or
Mach-Zehnder interferometers have limitations in terms of the number of pulses achievable
due to energy throughput constraints. As a central focus of this thesis, new burst
amplification methods combining temporal pulse shaping and nonlinear optical techniques
based on the Vernier technique were developed. The Vernier concept relies on burst pulse
buildup through a specific master-oscillator regenerative-amplifier combination, eliminating
the need for pulse beam path splitting. In the course of the last 4 years of this doctoral
work, the Vernier technique could be further developed regarding the amplification to
high burst energies, and the phase stabilization and scalability of pulses. Depending on
the number of pulses, two regimes can be identified: In a regime of low pulse number
(low-N), it is possible by phase modulation before chirped pulse amplification to amplify
terahertz-repetition-rate pulses to millijoule energies without the risk of amplifier damage.
A regime of high pulse number (high-N) was discovered and examined in detail, both
by a numerical model and experimentally by generation and characterization of bursts
with up to 40 pulses. Nonlinear optical techniques, such as Sum Frequency Generation,
Difference Frequency Generation and Self-Phase Modulation, are proven to be applicable
in the terahertz-repetition-rate domain by buildup and burst-mode operation of a nonlinear
parametric amplifier, where all pulses could be shown to be converted individually without
interpulse cross-talk.

Reaching further, other technologies outside the burst domain are also considered: Burst-
mode pulses are compared to frequency combs. Cavity-dumped sources are introduced,
pushing further the limits of repetition rate that are given in the strongly related type

of Q-switched sources, which are limited to several tens of kilohertz for pulse generation
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with stable energies. The generation of pulse pairs is another interesting pulse format,
with the time delay between the pulses being a specific attribute. A novel technique to
set pre-determined time delays over an extraordinarily large dynamic range is concipated

and experimentally demonstrated.
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Kurzfassung

Ultrakurze Laserpulse zeichnen sich durch ihre herausragende Kombination von Eigen-
schaften aus, darunter extrem hohe Intensitdt, Femtosekunden-Zeitauflésung und hohe
Bandbreiten, die oft mehr als eine Oktave umfassen. Die Erforschung der groBten
Wiederholungsraten zwischen den Pulsen, bis hin zu Terahertz, erfordert Innovationen
bei der kontrollierten Erzeugung von Pulsformaten aufgrund von Einschrankungen bei
der mittleren Leistung. Burst-Mode-Lasersysteme wurden als vielversprechender Ansatz
entwickelt, um hoéhere Wiederholungsraten zu erméglichen und gleichzeitig hohe Pulsen-
ergien innerhalb von Bursts eng benachbarter, equidistanter Pulse aufrechtzuerhalten.
Diese Dissertation widmet sich der Erkundung des Spektrums von Anwendungen, fir
welches Terahertz-Wiederholungsraten-Bursts von ultrakurzen Pulsen auf neuartige Weise
beitragen konnen, und der Weiterentwicklung der Technologie von Bursts bestehend aus
ultrakurzen Pulsen im Hinblick auf diese Anwendungen. Nicht nur wissenschaftliche
Bereiche wie die kontrollierte Orientierung von Molekiilen, Terahertz-Strahlungserzeugung
oder Modulation und Verstarkung von Elektronenpaketen, sondern auch hochindustrielle
Themen wie Materialbearbeitung und Spektroskopie werden identifiziert. Insbesondere
wird die Burst-Stimulierte-Raman-Spektroskopie formuliert, so wie diese kiirzlich in unserer
Gruppe entwickelt wurde, und die Erzeugung von Terahertz-Strahlung mit kontinuierlich
einstellbaren spektralen Linienbreiten erzeugt aus millijoule-verstarkten Bursts mit Nahin-
frarotpulsen und Terahertz-Wiederholungsraten wird experimentell demonstriert.
Bestehende Techniken zur Erzeugung von Burst mit hoher Wiederholungsrate, ein-
schlieBlich Pulsteilung und -rekombination, rdumlicher Filterung, Strahlkombination sowie
die Nutzung von doppelbrechenden Kristallen oder Mach-Zehnder-Interferometern, haben
Einschrankungen hinsichtlich der erzielbaren Pulsanzahl aufgrund von Beschrankungen
in der zu erreichenden Energie. Als zentraler Schwerpunkt dieser Arbeit wurden neue
Burst-Verstarkungsmethoden entwickelt, die zeitliche Methoden zur Pulsformung und
nichtlineare optische Techniken auf der Grundlage der Vernier-Technik kombinieren. Das
Vernier-Konzept beruht auf dem Aufbau von Burst-Pulsen durch eine Kombination eines
Master-Oszillators und eines regenerativen Verstarker, wodurch die Notwendigkeit der
Pulsstrahlwegteilung entféllt. Im Verlauf der letzten 4 Jahre dieser Promotionsarbeit kon-
nte die Vernier-Technik in Bezug auf die Verstarkung zu hohen Burst-Energien sowie auf
die Phasenstabilisierung und Skalierbarkeit der Pulszahl weiterentwickelt werden. In diesem
Zusammenhang lassen sich zwei Regime identifizieren: In einem Regime mit geringer Pul-
sanzahl (low-N) ist es durch Phasenmodulation vor der gechirpten Pulsverstarkung maoglich,
Bursts mit Terahertz-Wiederholungsraten auf Millijoule-Energien zu verstarken. Ein Regime
mit hoher Pulsanzahl (high-N) wurde entdeckt und eingehend untersucht, sowohl durch
ein numerisches Modell als auch experimentell durch Erzeugung und Charakterisierung
von Bursts mit bis zu 40 Pulsen. Nichtlineare optische Techniken wie Summenfrequen-
zerzeugung, Differenzfrequenzerzeugung und Selbstphasenmodulation haben sich durch
den Aufbau und den Burst-Modus-Betrieb eines nichtlinearen parametrischen Verstarkers

als anwendbar im Terahertz-Wiederholungsraten-Bereich erwiesen. Dabei konnte gezeigt
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werden, dass alle Pulse einzeln ohne Ubersprechen zwischen den Pulsen umgewandelt
werden.

Uberdies werden andere Technologien auBerhalb des Burst-Bereichs ebenfalls betrachtet:
Im Burst-Modus erzeugte Pulse werden mit Frequenzkammen verglichen. Kavitatsaus-
gekoppelte (cavity-dumped) Quellen werden vorgestellt, die die Grenzen in Bezug auf die
Wiederholungsrate weiter vorantreiben, die bei der stark verwandten Art von giitegeschal-
teten Quellen gegeben sind. Letztere sind auf mehrere zehntausend Hertz fiir die Pulsen-
erzeugung mit stabilen Energien begrenzt. Die Erzeugung von Pulspaaren ist ein weiteres
interessantes Pulsformat, wobei die Zeitverzégerung zwischen den Pulsen ein spezifisches
Merkmal darstellt. Eine neue Technik zur Einstellung vordefinierter Zeitverzégerungen
tiber einen auBerordentlich groBen dynamischen Bereich hinweg wird folgend entwickelt

und experimentell demonstriert.
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Chapter 1

Analytic Description of Pulse Bursts

This chapter gives an analytic description of ultrashort-pulse bursts. It starts with the,
generally well-known, formalism for describing chirped pulses (Chapter 1.1). A formulation
for a burst of ultrashort pulses is given in Chapter 1.2, including formulas for basic relevant
burst parameters. Giving a full picture, Chapter 1.3 formulates equations for a whole train
of pulse bursts, as it is generated in experiments at kHz repetition rates. For clearance,
spatial effects are completely neglected (i.e. the fields only depend on time or frequency)
and only Gaussian pulses with linear chirps are assumed since this approximation already
allows for explaining all physical phenomena that are relevant to this work. The author
notes that parts of this chapter were already published in a similar form in the author’s
work [1,2].

1.1 Single pulse

The formulation for a single pulse starts in the frequency domain. This is motivated by
the fact, that ultrashort pulses are stretched in time by prism or grating arrangements
where a frequency-dependent delay of its spectral components is imposed. Pulses that are
stretched in this way are also called "chirped" pulses, because of the time-dependence
of their instantaneous frequency. This corresponds to a frequency-dependent phase,
characterized by a single chirp parameter C in the case of a linear chirp. Followingly, a
linearly chirped Gaussian pulse can be described in the frequency domain as [3]

Bp(w +wo) = Fuo exp (—(1 +jC)(:;)2> (1.1a)

WFWHM = \/2111(2)&1(; (l.lb)

with complex amplitude vao, central frequency wq and Full-Width-at-Half-Maximum
(FWHM) bandwidth wpy grar. Please note that the frequency variable w is taken here
relative to the central frequency wy, as it is commonly done when applying the Slowly
Varying Envelope Approximation (SVAE), i.e. the separation of the field into a slowly
varying envelope and the fast-oscillating carrier wave, which is applied in all numerical
applications in this work. The complex amplitude E%g can be separated into its absolute

value |Ew70| and its, with the given assumptions constant, phase
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2 Chapter 1. Analytic Description of Pulse Bursts

i

ﬁ
- .

time time

Figure 1.1: Concept of stretching a pulse by a prism or grating arrangement to induce a
frequency-dependent delay. In the case of a compressed pulse, the instantaneous frequency
deviation Aw is constant (left plot). For a linear chirp, the instantaneous frequency
deviation Aw changes linearly in time (right plot).

B0 = |Euplexp (jop). (1.2)

In this description, the time-domain description for the electric field of a pulse can be

acquired by Fourier transformation to be

2
Ep(t) = Eroexp [—iwot _(14i0) (;) ] (1.32)
E~w, VTwa . w2 t?
w2
B(t) = —% arctan (C) + th (1.3¢)

Eq. (1.3c) shows the linear nature of the chirp, given a square-dependence on time of

the time-dependent phase ®(¢). This gives for the time-dependent frequency
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1.2. Ultrashort-Pulse Burst 3

w(t) = wo + Aw(t) (1.4a)
B dd(t)
w2
wo + 4(1C+%2)t, (1.4¢)

showing a linear increase.

With Egs. (1.3a,1.3b), we get a formula for the chirp-dependent pulse duration 7¢

/14 C?

TG = (1.5a)
wa
TEFWHM — 21n (2)7’@ (15b)
1.2 Ultrashort-Pulse Burst
2
TR
o 15 ot

Figure 1.2: Depiction of a burst of NV ultrashort pulses with an intraburst repetition rate
of fourst = 1/At, a Trw g pulse duration and a constant pulse-to-pulse phase slip ¢s.

In the following, an ultrashort-pulse burst is defined as a finite train of ultrashort pulses
that have a short temporal spacing At to each other, with the spacing being comparable
to their ultrashort duration Trw gras. For describing ultrashort-pulse bursts analytically,
it is assumed that all pulses are the same, only differing from each other by a constant
pulse-to-pulse phase slip ¢s. This is motivated by the fact, that by the formation of
an ultrashort-pulse burst with the Vernier method (see Chapter 2.3), the same phase
relationship is imposed on the burst pulses. The analytical formulation of a burst consisting
of N pulses with a At spacing is then given in the time domain by summation over the
individual pulse fields E,,(t) as following
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4 Chapter 1. Analytic Description of Pulse Bursts

N-1
Est)= Y En(t) (1.6)
N
= Z Ep(t — nAt) exp (ings), (1.7)
n=0

with Ep(t) as in Eq. (1.3).
The corresponding description in the frequency domain is given by

N-1
Ep(w+ wo) = Ep(w + wp) Z exp (—in(At(w + wy) — ¢s)) (1.8)

n=0

1 — exp (—iN(At(w + wo) — ¢s))

= Ep(w+ . : , 1.9
P w0) D (i (At w + wo) — 09) (1.9)
which gives after some calculation
Ep(w+wo) = Ep(w+wo) - f(w+ wo; At, N, ¢5) (1.10)
i oy - sin (N(At(w;wO)*qﬁs)) N_1 N
f(w + wo; ’ a¢s) - sin (At(w—‘rwo)—qSS) exXp (_Z 9 ( (CU + CUO) - ¢S)) .
2
(1.11)
Hence, the spectral intensity of a burst is given by

Ip(w +wo) = Ip(w +wo) - [ f(w + wo; AL, N, ¢) [, (1.12)

which is the product of the spectral intensity of a single pulse Ip(w + wp) and of
the absolute-squared spectral interference factor | f(w + wo; At, N, ¢)|?, which describes
intraburst spectral interference between burst pulses. For formulating the experimental
key parameters, we will now switch to a formulation that includes the frequency f, instead
of the angular frequency w = 27 f. This is done because it makes sense for a better
relation to the experimental values. The most important result of the above analytical
description for this thesis is the formation of equally-spaced spectral peaks at frequencies

fm according to

fm - foffset + m - fburst, (1133)
bs
offset — 5 _ A, 1.13b
forpset = 553 (1.13b)
1
urst — A, 1.1
Jourst AL (1.13¢)

where f o1 rset is the phase-slip offset frequency and fy,,s is the intraburst repetition

rate. The maximum absolute value of the interference factor is IV, in case the position of
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1.2. Ultrashort-Pulse Burst 5

a spectral peak coincides with the envelope maximum. The spectral peaks are equally
spaced by the intraburst repetition rate fp,,s; and the width of spectral peaks Af scales

as

1
Af = NAL (1.14)
For long bursts, N At is approximately the burst duration, which is (N — 1)At to be
more precise.
The parameters of pulse spacing At, pulse number N and pulse-to-pulse phase slip ¢
are experimentally well-accessible quantities, which allow for rich shaping capabilities of
ultrashort-pulse bursts by giving control over the spectral peak offset f,¢rses, the intraburst

repetition rate fp,s¢ and the spectral mode width Af.
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Figure 1.3: Temporal intensity profile and spectrum calculated for a single pulse (N=1,
upper plots) and for a burst of 8 pulses (N=8, lower plots). The total energy is kept
constant, which leads to an N-proportional decrease in temporal peak intensity for the
burst, whereas the spectral peak intensity shows an N-proportional increase. In the lower
right plot, the spectral peaks at positions f,, with spectral mode width Af can be seen.

1.2.1 The Wigner Distribution

The Wigner distribution will play an important role in Chapter 7, since it gives useful
insights with a time-frequency picture of a complex-valued signal. For the burst field it
is [3]
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6 Chapter 1. Analytic Description of Pulse Bursts

Wi(t,w) = /_ T Bt + s/2)Eb(t — 8/2) exp (—iws)ds. (1.15)

For the N-pulse field (Eq. 1.6), the Wigner distribution consists of N signal terms
Wgr)l(t,w) and N (N — 1)/2 inter-pulse interference terms Wg%m(t,w) [4]
s I
Wa(t,w) =Y Wi tw) + S S W) (tw) (1.16)
n n m
m>n
Of further interest are the Wigner marginal integrals, i.e. the integration over the time
axis which gives the spectrum S(w) and the integration over the frequency axis, which

gives the intensity in time I(¢):

dt (1.17a)

1 o0
5@ = 505 /_oo Wa(t,w)

I(t) dw (1.17b)

1 /OO

= — Wg(t,w)
2v/(ko/€) J—o0

In Eq. (1.17), po is the vacuum permeability and e is the electric susceptibility. It

is noted at this point that the Wigner distribution, as given in Eq. (1.15), is always a
real-valued distribution with no imaginary part.

1.3 A Train of Ultrashort Pulse Bursts

T o

Figure 1.4: Bursts with pulse spacing At, burst spacing AT, pulse length 7 and a burst-
to-burst phase slip A®.

N)
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The spectral structure of a train of bursts is more complex than that of a single
burst. It will be derived and evaluated in the following section what aspects may influence
experimental results with pulse bursts. A finite train consisting of a certain number of M
bursts, generated with a given interburst repetition rate frg., is considered. The interburst
repetition rate is denoted as frp., since in practical cases of amplification, bursts are
generated at kHz repetition rates when reaching sub-mJ, or higher, burst energies. Each
of the M bursts consists of IV pulses. As in Chapter 1.2, we assume that the intraburst
phase slip ¢ is constant over the burst duration and is further set to zero for simplicity
(or, equivalently, to some integer multiple of 27). However, there can be a burst-to-burst
phase slip A®, which is a phase slip between the first pulses of two subsequent bursts and

which, for clarity, is also assumed to be constant.
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1.3. A Train of Ultrashort Pulse Bursts 7

With these assumptions mentioned, the temporal field of a train of bursts can be formulated
as
M-1

E(t)= Y Eg(t—mAT)exp (imA®), (1.18)

m=0

with Ep(t) given as in Eq. (1.7). The Fourier transform of Eq. (1.18) is

M—-1

E(w+wy) = Z Ep(w + wp) exp (—imAT (w + wp)) exp (imA®) (1.19)
" um

= Fp(w+ wo) Z exp (—im (AT (w + wp) — AD)) (1.20)
m=0

B+ wp) 1 —exp (=M (AT (w + wy) — AD)) (1.21)

1 —exp (—i(AT(w + wy) — AD))

which results after some calculation in

Ew+w) = Ep(w+wo) - f(w+wo; At,N) - g(w + wo; AT, M, AD) (1.22a)

sin(NAkLtwo) y exp (i V!
Sin( At(w2+wg) ) 2

fw+wo; At,N) = At(w + wo)) (1.22b)

<in (M(AT(w-iQ—wo)—A@)) M1

exp (—J
. AT (w4wo)—AP 2
sin (720 )

g(w + wo; AT, M, Ad) = (AT (w + wp) — AD)),

(1.22¢)

and thus, we get the spectral intensity of a train of bursts

I(w+wo) = Ip(w 4 wo) - | f(w + wo; At, N)|? - |g(w + wo; AT, M, AD)[>.  (1.23)

The first two factors in Eq. (1.23) are the spectral intensity of a single burst
Ip(w + wo) - |f(w + wo; At, N)|?, with ¢s = 0, which is the envelope of the burst
train spectrum. Similarly to the single-burst case, there is a spectral interference factor
g(w + wo; AT, M, A®). It represents the formation of interburst spectral modes with kHz
spacing, that result from spectral interference of individual bursts. However, for a train of
bursts, as it is generated in practice, an infinite number of bursts M — oo can be assumed
in good approximation, which leads to a comb structure below the envelope (Fig. 1.5).
The peak positions f,,,, the intraburst repetition rate fy,.s:, and the peak width A f are
still related to the intraburst phase slip ¢s, the pulse number N and the pulse spacing At
according to Eqgs. (1.13a,1.13c,1.14), respectively. It can be seen, that the burst-to-burst
phase shift A® has no impact on the envelope Ip(w +wp) - | f(w + wo; At, N)|?, but only
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8 Chapter 1. Analytic Description of Pulse Bursts

on the frequency-offset of the comb. The comb lines are separated by the kHz interburst

repetition rate

1

= 1.24
kaz AT’ ( )

which is directly proportional to the inverse burst spacing 1/AT.

kaz=1/AT fburst=1lnt
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Figure 1.5: Calculated spectral intensity of a burst train with N = 2 pulses per burst.
The spectra for a single pulse and a single burst are according to Egs. (1.22a)-(1.22c).
The comb structure is a depiction and not based on a calculation, since the kHz-spaced
comb teeth are far too close together to be reasonably resolved in a plot.
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Chapter 2

Ultashort-Pulse Burst Generation

In this chapter, several methods to generate pulse bursts are discussed. First, a general
introduction is given which explains the usefulness of the burst format and its feasibility in
various regimes (Chapter 2.1). For completeness, also some other types of pulse formats
are introduced, that are frequency combs offering GHz repetition rates (Chapter 2.2.1)
and nanosecond pulses generated from a cavity-dumped oscillator at MHz repetition rates
(Chapter 2.2.2). The generation of pulse bursts with the Vernier effect is described in
Chapter 2.3 which allows for burst formation with THz intraburst repetition rates. Finally,
the stabilization of the intraburst phase slip of Vernier bursts is given in Chapter 2.4. The
author notes that parts of this chapter were already published in a similar form in the

author's work [5].

2.1 Introduction

Ultrashort laser pulses have a useful combination of properties, which are extraordinarily
high intensity (> 10'5W/em?), femtosecond temporal resolutions and broad bandwidths
that can reach even above an octave. For pulsed laser systems, the average output power

P,y is given by the product of pulse repetition rate f.., and pulse energy ep

Pout = frep c€Ep. (21)

As a consequence, while achieving sufficiently high pulse energies at a certain average
output power achievable by a laser system, one is limited in the repetition rate of pulses.
Practically, depending on the application, repetition rates vary from less than 1 Hz (as for
inertial fusion systems [6]), to several hundred megahertz for e.g. certain photochemistry
applications [7], to sub-100 GHz repetition rates as achieved with frequency combs
generated in high-Q silicon-nitride spiral resonators [8], or even 450 GHz as reported by
Dutt et al. [9] with the use of comb-generating high-Q microring resonators.
Alternatively, for repetition rates larger than a GHz, the trade-off between repetition rate
and pulse energy, as imposed by Eq. (2.1), can be resolved by the transition to another
pulse format. Instead of generating a single pulse at a given repetition rate f,,, one can
generate a burst of pulses, that is a packet of closely spaced equidistant pulses. This way,
the repetition rate can be dramatically increased within the burst, while keeping a high
pulse energy without the need to increase average power. It also solves the limit in energy
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10 Chapter 2. Ultashort-Pulse Burst Generation

scaling of several applications that arise because of the onset of ionization when amplifying
a single ultrashort pulse. Instead, the whole burst energy can be distributed among
several ultrashort pulses in burst mode. The repetition rate within the burst is commonly
called the intraburst repetition rate, while the burst repetition rate is denominated as the
interburst repetition rate. In the GHz regime, a burst can be generated by the application
of a GHz mode-locked oscillator followed by a repetition rate multiplier (RRM) [10-17]
and subsequently picking a whole pulse packet with an AOM [18] prior amplification at a

certain interburst repetition rate (See Fig. 2.1).

— T s L I

Figure 2.1: A typical method to generate ultrashort pulse bursts with GHz intraburst rates.

Various applications, however, benefit from bursts with intraburst repetition rates
with hundreds of GHz or higher, up to the THz range. Yet, existing burst-mode systems
working at THz intraburst repetition rates can only work at pulse numbers of about
10 pulses, and rarely up to 100 pulses (See Fig. 2.2). In this regime, common burst
generation techniques rely on single-pulse splitting, recombination of multiple pulses, or
a combination of both. Pulse shapers [19-22] disperse a beam spatially and apply a
spatial filter in the Fourier plane to either filter dedicated frequencies or apply suitable
spectral phase filters, such that a single pulse is transformed into a burst. Coherent beam
combining by using beam splitters [23] can be used to combine multiple pulses into a
train of pulses by fine-tuned alignment to achieve a common beam profile for all pulses.
In birefringent crystals, ordinary and extraordinary pulse components experience different
group velocities, this effect can be used to generate a burst of 2" pulses with n-cascaded
birefringent crystals [24-26]. Nested Mach-Zehnder interferometers divide a single pulse
into several copies and recombines them at the output, which requires interferometric
stabilization of the interferometer arms [27]. Independent of the approach, the practical
limit in pulse number is ten to about hundred pulses due to the 1/N energy throughput
of pulse division techniques [27].

One of the central efforts of this thesis is to further develop the Vernier technique for
burst generation, which relies on burst pulse buildup with a MO-RA combination without
splitting pulse beam paths, and whose pulse scalability is only limited by the RA round-trip
time (See Chapter 2). This corresponds to an uncompetitive pulse number scalability of
> 100 pulses at THz intraburst rates and opens up the possibility of using this method

for a multitude of applications.
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12 Chapter 2. Ultashort-Pulse Burst Generation

2.2 Comparison with Other Pulse Formats

2.2.1 Frequency Combs

E(t) ]

i‘—)
Y At= 1/ frep

A
(w)

fn=footmf

m~ "ceo rep

[
1
[
1
[
i

1 (N—
I_
\ i

fteo frep

Figure 2.3: Depiction of the time- and frequency-domain characteristics of a frequency
comb with a pulse-to-pulse carrier-envelope phase shift. Figure adapted from [28].

The research field of frequency combs has grown tremendously in the previous decades,
benefitting a multitude of applications, such as high-precision spectroscopy, optical metrol-
ogy, and many more [29]. A laser source, which is denoted as a frequency comb, has a
broad spectrum that is composed of narrow lines with equidistant spacing [28]. Equiv-
alently, a frequency comb consists of an infinite train of coherent phase-locked pulses
coming from a mode-locked oscillator. There may, however, be a constant phase shift
Ao in the carrier-envelope phase (CEP), which can be understood as the phase of the
carrier wave relative to the pulse envelope [30]. An infinite number of pulse copies, which
only differ in their CEP by such a constant phase shift, leads to narrow comb lines in the

spectral domain at positions (see Fig 2.3)

fm:fceo+m'frepa (2-2)

with f,c, being the pulse train repetition rate, and f.., being the carrier-envelope

offset (CEO) frequency given by

fceo = A¢CE/(27TAt) (23)
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2.2. Comparison with Other Pulse Formats 13

The mathematical relation between the CEO frequency f.., of a comb and its pulse-
to-pulse CEP shift A¢cr (Eq. (2.3)) is equal to the mathematical relation between the
phase-slip offset frequency f,¢fse+ and the intraburst phase slip ¢, of a burst of pulses (Eq.
(1.13b)). Further than that, the spacing of the comb modes is given by the repetition
rate f,c, of the comb train, in equivalence to the spacing of spectral burst peaks, which

are given by the intraburst repetition rate fpy.st-

Therefore, ultrashort-pulse bursts, being finite trains of ultrashort pulses, share a
lot of properties with frequency combs, being infinite trains of ultrashort pulses. Their

differences, however, have many consequences on their application:

= In contrast to frequency combs, pulse bursts have spectral peaks/lines with a much
larger width, given by the inverse burst duration (Eq. (1.14)), which makes them
more attractive for applications that require higher spectral intensity with low spectral
resolution when only stabilizing the intraburst phase slip. This approach could be
successfully developed into a mature state in the course of this thesis (Chapter 2.4).

= Pulse bursts show two types of repetition rates, their intraburst repetition rate (in
the > GHz range) and their interburst repetition rate, which is magnitudes lower
than the former (in the kHz range). This has consequences on its full spectral
characteristic properties (see Chapter 1.3), where the spectral peak structure is an
envelope with equidistant comb modes beneath. Stabilization of the full burst-comb
spectral structure can be achieved by using a CEP-stable oscillator for seed pulse
generation together with a stabilization of the phase slip. This holds promise for

future high-precision spectroscopic applications.

2.2.2 Pulses from Cavity-Dumped Nanosecond Sources

Cavity dumping [31] is a technique that is strongly related, but not equal, to Q-switching.
Both techniques are based on control over the Q-factor of a cavity. However, cavity
dumping has the advantage of generating high energy, nanosecond pulses at higher (up to
MHz) repetition rates as compared to Q-switching, where an increase in repetition rate is
related to several issues, such as an increase in pulse duration [31,32]. In the following, a
short introduction to cavity dumping as a technique is given. Further, experimental efforts
are described to provide insights into novel methods for energy-stable cavity-dumped

systems at MHz repetition rates.

The Q-factor of a cavity is in general defined as the ratio of the energy stored inside
a cavity over the power dissipated per round-trip, i.e. it is the capability of a cavity to
maintain its energy [33]. Power dissipation includes all kinds of losses, such as leakage
through mirrors, scattering or diffraction losses, and is thus strongly related to the photon
lifetime of a cavity. It is common in laser engineering to dynamically control the Q-factor
with an optical switch such as a Pockels Cell in combination with a waveplate and a

polarizer (see Chapter 2.3). Cavity dumping utilizes control over the Q-factor to generate
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14 Chapter 2. Ultashort-Pulse Burst Generation

high-energy pulses from an oscillator.

BURST Cavity Dumping/QSW
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A A low rep. rate < 1/v;
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Figure 2.4: Conceptual comparison of pulse bursts with Cavity-Dumped/Q-switched
pulses. The shown characteristical features (inversion variation and output intensity)
are qualitatively equal for cavity-dumped and Q-switched systems. Top: Population
inversion over time. Bottom: Temporal Intensities. The Cavity-Dumped/Q-Switched
pulses are depicted for two cases: First, with a repetition rate being lower than the inverse
fluorescence time (rep. rate < 1/7¢) of the laser crystal. Second, with a repetition rate
being higher than the inverse fluorescence time (rep. rate > 1/7f) of the laser crystal.
The upper right diagram was adapted from [34].

In cavity dumping, there exist two kinds of cavity modes: the low-Q state in which the
optical switch is set such that the round-trip losses are much higher than the round-trip
gain, preventing the onset of lasing. When a laser cavity is continuously pumped, the
population inversion in the crystal increases, until it reaches saturation at a level ny, where
the pumping rate to the upper laser level is equal to the transition rate to the lower laser
level due to fluorescence (plus eventual other non-radiative types of transition). Typically,
this happens within timescales of the fluorescence time 7; of the crystal. At this point,
the oscillator can be switched into the high-Q mode, in which the optical switch is set
such that round-trip losses are minimized. The round-trip losses are then much lower than
the round-trip gain, with the round-trip gain having experienced a strong increase during
the low-Q state because of the strong buildup of population inversion in the lasing level.
As a consequence, amplification of coherent intracavity radiation starts. The optical seed
for the amplified radiation is for cavity dumping the residual intracavity radiation from
the previous cavity-dumped cycle that is maintained throughout the low-Q mode. After
sufficient amplification, the pulse can be emitted out of the laser cavity when switching
the system back into the low-Q mode within one round-trip time. This is in contrast to

Q-Switching where onset of lasing starts from spontaneous emission and almost all of the
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2.2. Comparison with Other Pulse Formats 15

accumulated intracavity optical energy is directed into the output pulse, limited by the
finite contrast ratio of the optical switch.

Cavity dumping is essentially suitable at high MHz repetition rates as opposed to Q-
switching. In cavity dumping, the pulse is released within one round-trip time by a fast
optical switch, whereas in Q-switching, the pulse outcouples through an outcoupling mirror

over many round-trip times. This has consequences on [32]

= Pulse duration: When the variation in population inversion (and thus in the energy
stored in the crystal) decreases at high repetition rates (see Fig. 2.4) the pulse
duration increases for Q-switched systems. This effect does not take place in cavity-
dumped systems, where the pulse duration only depends on the cavity round-trip

time.

= Timing jitter: The moment of pulse emission is clearly defined by the timing
jitter of the fast optical switch. For commercial nanosecond rise-time electro-optic
modulators, jitters of electrical output pulses are in the order of < 100 ps. An
example is the PCD-UHR series from EKSPLA providing a timing jitter of < 50 ps.

= Pulse energy stability: The whole optical energy couples out of the cavity in
Q-switched systems, while in cavity dumping one can decide how much optical
radiation is left inside the cavity. By leaving a certain amount of optical radiation
inside the cavity, one can use this radiation as a defined seed for the next cycle. This
allows the generation of pulses at MHz repetition rates with their energy growing
from a defined and energetic optical seed instead of stochastic spontaneous emission
on a microscopic energy level and further decreases buildup time. The only trade-off
in this case is efficiency, the higher the residual intracavity radiation, the lower the

efficiency of the system.

In our group, we work on a project in cooperation with the Automation and Control
Institute (ACIN) from TU Wien and the Lithuanian laser company EKSPLA, to find novel
techniques with which we can optimize the repetition rates of cavity-dumped self-seeding
laser oscillators, with pulse energies that are more stable than sources as currently available
on the market. Spectra Physics offers a high-power hybrid fiber laser system providing
repetition rates up to 3.5 MHz with pulse-to-pulse stability of fewer than 5% [35]. To
develop a system that can outperform these characteristics, we combine state-of-the-art
methods of laser engineering with control engineering based on a numerical model of a
laser. The latter is needed, because pulse energy stability strongly depends on population
inversion dynamics at MHz repetition rates. In course over the previous years, Dr. Andreas
Deutschmann and Lukas Tarra from ACIN were able to develop efficient control models
that could already be validated with one of your Yb:CaFy systems as can be seen in Fig.

2.5. Details of the numerical model can be found in [36, 37].

The time until the population inversion of the lasing level achieves its steady state

Noo, i.€. Where it is in equilibrium with fluorescence, is given by the fluorescence time
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Figure 2.5: Output energies of an Yb:CaFy system operating at 200 kHz as simulated
by L. Tarra in comparison with experimentally measured data. Plot from L. Tarra and
published in [36].

Crystal Lifetime [ps]
Nd:YAG 230
Nd:Glass 290...340
Nd:YLF 480
Nd:YVO4 100
Er:Phosphate 8,000

Ti:AI203 3.2
Cr:LiSAF 67
Tm:YAG 10,000
Yh:YAG 951

Table 2.1: Fluorescence lifetimes for several laser crystals as given by [34].

7t of the crystal [34]. At low repetition rates (rep. rate < 1/7;), the fluorescent limit
Neo Serves as an anchor for the inversion dynamics. Stable pulse energies are achieved
because the stored energy, as population inversion inside the crystal, is always the same
prior transition from the low-Q to the high-Q state. Typical fluorescence times are given
on microsecond to millisecond time scales (see Tab. 2.1). For repetition rates much higher
than this, population inversion does not reach the fluorescent limit no, and the difference
between initial and final inversion decreases (See Fig. 2.4, right side). Because the upper
inversion level is not bound to a determined value, the generation of stable pulse energies
requires information about the population inversion.

The repetition rate increase of energy-stable pulsed laser sources is of high industrial
interest since laser pulses with nanosecond pulse durations and sub-millijoule energies are
used for a variety of applications. Examples are deep space optical communication [38] and
micromachining, where it can be applied for e.g. marking [39], advanced packaging [40],
solar [41], automotive [42] or to treat retinal disorders [43]. However, to achieve better
pulse-to-pulse energy stability at MHz repetition rates, studies and techniques to access
inversion dynamics are highly necessary. The results of such studies make it possible to

compensate for dynamical inversion effects by controlling the cavity parameters. Motivated
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2.2. Comparison with Other Pulse Formats 17

by this, an experiment was performed in the course of this thesis to actively probe the
inversion of a Nd:YAG oscillator (10 W output power, 5 ns pulse duration) Q-Switched at
a repetition rate of 1 MHz. In Fig. 2.6, the experimental setup can be seen. The linear
cavity consists of a Nd:YAG crystal, which is continuously pumped by a 22 W fiber-coupled
diode laser (FCDL, Jenoptik JOLD-30-FC-12), a Pockels Cell (PC), a quarter waveplate
(QWP), two end mirrors and two thin-film polarizers (TFP1, TFP4). The two intracavity
TFPs are used to set a defined s-polarization at the output, which is at TFP1 next to the
PC-QWP pair. The combination of PC, QWP and output TFP1 serves as an electronically
controllable output coupler. The cavity output is attenuated by a combination of half
waveplate (HWP1) and TFP2 because the pulse energy is much larger than required for
the sensitive photodiodes (Thorlabs PDA10A2, 150 MHz) used. Further, a Glan-Taylor
polarizer is implemented because of slight depolarization of the output pulses coming
from thermal depolarization in the crystal. A HWP-TFP pair (HWP2, TFP3) is used
to separate the attenuated output into a reference pulse and a probe pulse. All pulse
energies are measured on a shot-to-shot basis with a high GSPS oscilloscope (LeCroy
WaveSurfer 42MXs-B, 400 MHz, 5 GSPS) which can resolve the individual pulses. The
probe pulse couples back into the cavity over TFP4. HWP3 and a Faraday Rotator (FR)
flip the polarization of the probe pulse upon propagation back and forth, such that it can
be detected upon back-reflection on TFP3 by a photodiode (PD_probe). To determine
the inversion dynamics, two measurements were performed: first, a reference measurement
was done by placing a mirror M,..; in between FR and TFP4 such that the probe pulse did
not enter the cavity and experience absorption/gain from the crystal. Next, the mirror was
removed and the probe pulses passed the crystal twice while overlapping with the cavity
mode. The absorption/gain of the probe pulse through the crystal is then a measure for
the final inversion inside the crystal that is left after the buildup of the pulse.

Cavity PDprobE
EM1 Mer HWP3 | HWP2

TFP4

: Iprc-be |
FCDL|l==| XTAL —|FR /
E 1Iref|

TFP3
QWP PDref

EM2t PC | Output | \TFPZ /
| | M1
TFP1

HWP1

GT-Pol
/

Figure 2.6: Experimental setup for actively probing inversion dynamics in a MHz cavity-
dumped oscillator.
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Figure 2.7: Inversion measurement scatterplots of a Nd:YAG oscillator Q-Switched at 1
MHz. The back-reflected probe relative intensity (vertical axis) is always taken relative to
the reference intensity of the same cycle. On the horizontal axis, the reference intensity is
given. a-b) Back-reflected probe relative intensity coming from the same cycle n as the
probe intensity, a) with crystal, b) with mirror M,.¢. c-d) Back-reflected probe relative
intensity coming from the cycle n + 1 subsequent to the cycle n of the reference intensity
on the horizontal axis, c) with crystal, d) with mirror M,..;.

The results of the measurement are plotted in Fig. 2.7. The data is represented as
scatterplots to investigate the correlation distribution of each measurement set. The probe
intensity is shown relative to the reference intensity on the vertical axis. The horizontal
axis is used for the reference intensity. The results are plotted in two ways: once the
relative probe intensity of cycle n is shown depending on the reference pulse intensity of
the same cycle n. Next, the relative probe intensity of cycle n + 1 is shown depending on
the reference pulse intensity of its preceding cycle n. When comparing relative probe pulse
intensities with that of the reference pulse from the same cycle, a slightly higher positive
correlation between reference intensity and probe intensity can be seen, showing that
absorption, and thus remaining inversion, was lower when the output pulse energy was
higher. When comparing subsequent cycles (n and 1.+ 1), the intensities were uncorrelated
when comparing intensities. This can be explained, by a stochastic seed which initially
sets the foundation of the intracavity signal [36]. Thus, no intracavity radiation was left
inside the cavity after emitting the pulse. The stochastic seed consists of a set of coherent
photons that happen to exist by chance at the same time with comparable frequency and

momentum inside the crystal, overlapping with the cavity mode. The number of seed
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photons can vary strongly, leading to a decoupling of pulse energies and inversion from
cycle to cycle. In general, the results confirm well the need for cavity-dumped operation,
showing that the dominating source of pulse energy noise is the stochastic seed. It further
shows the viability of active inversion-probing techniques that can be combined with a
model approach to achieve stable, high-repetition-rate cavity-dumped oscillators.

2.3 Generation of Ultrashort-Pulse Vernier Bursts

The Master Oscillator - Power Amplifier (MOPA) scheme [44] is widely used to decouple
the challenges of pulse generation, which adheres to the oscillator, and of pulse amplifica-
tion, which is performed by one or several amplification stages. In between the oscillator
and the amplifier, a pulse picker can be used to select a pulse for amplification. If ultrashort
pulses are generated, Chirped Pulse Amplification (CPA) [45] needs to be applied, which
means application of a stretcher between the oscillator and the pulse picker, such that
pulse intensities are lowered in the amplifier to avoid optical damages, and a compressor
after amplification to recompress pulses, at best near to their bandwidth-limit.

Regenerative amplifiers (RA), which include a laser cavity with an optical switch (often
an electro-optic switch, such as a Pockels Cell, in combination with a waveplate and a
polarizer), allow amplification to high, millijoule energies with small system size and are
thus an efficient solution [46]. By including an optical switch, the RA can be in one of
two states: open or closed. When a seed pulse approaches the RA cavity, the cavity is
kept open. After the pulse has entered the cavity, the RA is switched within the RA
round-trip time into its closed mode, such that the seed pulse is preserved inside the RA
cavity. By that, the seed pulse fulfills multiple round-trips while experiencing a gain in
every turn. This is done until the pulse has achieved enough energy for its application
and the RA cavity is switched back into its open state. If a Pockels Cell (PC) is used as
an electro-optic switch, the process of switching between open and closed cavity mode

happens by setting the PC voltage either to zero or full level.

As already shown in [2], it is possible to generate bursts of ultrashort pulses with an
enormously high repetition rate with such a MO-RA combination (See Fig. 2.8) if

= The round-trip lengths of MO and RA are detuned from each other, giving a
difference of AL. The absolute value of the round-trip time difference gives the

intraburst pulse spacing
AL

€0

At (2.4)

= The optical switch can be run in three modes: open cavity, pulse accumulating

cavity or closed cavity.

= For each round-trip, the pulse losses are equal to the pulse gain when being in pulse

accumulation mode.
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Figure 2.8: Concept of the Vernier technique for ultrashort-pulse burst generation using a
MO-RA combination. Incoming pulses are separated by the oscillator round-trip length
Losc. When the PC voltage is set, such that round-trip losses equal the round-trip gain
in the RA cavity, burst pulses are accumulated in the RA cavity with the spacing of the
round-trip detuning length AL = |Lra — Losc|-

When these conditions are fulfilled, the pulse accumulation mode leads to a buildup of
pulses inside the RA cavity with a temporal pulse spacing of At. Further than that, in
contrast to pulse splitting and recombination techniques, all burst pulses couple into a
closed cavity mode of the RA, resulting in one clean beam rather than multiple combined
beams.

Another result is the generation of an intraburst phase slip ¢, that is given by

6s(w) = k(wo)AL, (2.5)

with wg being the central frequency of the pulses and the approximation that the
phase slip is constant over the full pulse bandwidth. An analog description can be given

based on the round-trip times of oscillator 7osc and RA 7rA4:

¢s = wo(TrRA — TOsC) = WOAT, (2.6)

where A7 is the round-trip time detuning between RA and oscillator, whose absolute

value is equal to the interpulse spacing At.
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2.4 Stabilization of the Intraburst Phase Slip

Thermal drift and mechanical vibrations lead to variations in the cavity round-trip times,
thus affecting the intraburst phase slip and the burst spectrum. This leads to unstable
phase offsets preventing a useful application of ultrashort-pulse bursts at THz intraburst
repetition rates since their reproducibility is not given. Therefore, in order to maintain
a stable burst spectrum, the cavity detuning AL, and by that the intraburst phase slip
¢s, needs to be stabilized to a constant value [2]. This problem is similar to commonly
known effects in CEP drift with a multitude of techniques already developed [47-49] that,
to date, have been applied to continuous pulse trains of mode-locked oscillators.

The spectral peak structure of a burst was already discussed in Chapter 1, which is a result
of interpulse spectral interference. In the following, it will be shown, how the spectral
interference can be utilized to stabilize the intraburst phase slip. First, a method applying
a separate reference pulse train is demonstrated (Chapter 2.4.1). Then, another method is
demonstrated which works without any external reference by only measuring the intracavity
signal of the amplifier. In this case, the large THz spacing of burst spectral peaks is taken
advantage of, since it is large enough to be resolved on commonly available commercial
spectrometers (Chapter 2.4.2). While the former stabilization method has the advantage,
that the reference train allows to stabilize burst pulse spacings on arbitrary time scales, the
latter is much simpler to apply without the need for any additional resources for existing
MO-RA systems.

2.4.1 Intraburst Phase Slip Stabilization with a Reference Pulse Train

A reference pulse train can be used to probe the cavity length detuning for implementing
an active feedback control of the intraburst phase slip (Fig. 2.9). The reference pulse train
can be derived from the oscillator, that provides the seed pulses for amplification. In the
given case, this is achieved by using the non-diffracted pulse train from an acoustic-optical
modulation (AOM) pulse picker (see Fig. 2.9). The differential cavity length drift is
stabilized by monitoring the spectral interference of consecutive pulses in the non-diffracted
beam at the MO repetition rate fy;0. One of the interfering reference pulses is reflected
off a beamsplitter and the other one undergoes one complete RA roundtrip (see inlay of Fig.
2.9). The spectral interference can be measured with a spectrometer, with the spectral
period given by the temporal spacing of the two reference pulses on the spectrometer.
Subsequently, the intraburst phase slip, as seen by the reference pulse train, can be
determined from the Fourier transform of the interference spectrum. Any deviation of the
intraburst phase slip from its predetermined value can be compensated by adjusting the
round-trip length of the RA by driving a piezo-electric transducer (PZT) that is attached
to a mirror in the cavity. It is recommended that the PZT-driven mirror is a flat mirror
and that it is also one of the end mirrors with a collimated cavity mode at its place (such
that the change in mirror position has negligible impact on the cavity mode parameters).
The advantage of this approach is that one can stabilize intraburst phase slips of bursts

with various pulse spacings. This is because the delay between the BS-reflected reference
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pulse and the pulse fulfilling the RA round-trip is set by the BS position. Thus, one can
adjust the BS position in such a way, that the spectral interference can be resolved by the
spectrometer over a large range of burst spacings.

Stabilization results can be seen in Fig. 2.10. The phase drift could be compensated for
the reference while the stabilization was turned on. For the phase of the amplified burst, a
slight phase drift of 0.16 rad/min remained, corresponding to a round-trip length detuning
drift of 26.5 nm/min.
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Figure 2.9: Detailled scheme of the Vernier RA with burst formation and phase slip
stabilization. Pulses with a sufficiently long temporal spacing are diffracted from the
MO pulse train (black) with an AOM, which enables individual amplitude and phase
modulation. The diffracted pulses (red) are used as the burst seed, and the non-diffracted
pulses (turquoise) are used as a high-repetition-rate reference for measuring the phase slip
drift. The seed pulses are accumulated and amplified in the RA cavity. Inlay: Concept of
the interferometric phase slip drift measurement. The reference pulses are split into two
pulses. One (blue) is reflected from a beamsplitter (BS), and another (turquoise) fulfills a
roundtrip in the RA cavity. The timing is set such that the transmitted part of a pulse
spectrally interferes with the reflection of the next pulse.

2.4.2 Reference-Free Intraburst Phase Slip Stabilization

While the intraburst phase stabilization as described in Chapter 2.4.1 drastically reduces
the drift of the intraburst phase slip, it still has major drawbacks:

= The reference and burst seed pulse train need to share as many optical components
as possible, to provide for high stability regarding mechanical vibrations. This

imposes strong limitations on the experimental setup design.

= The necessity to additionally couple the reference pulse train into the RA cavity sets

strong restrictions on the RA cavity design.

= The common alignment of reference and burst seed is very tedious and the optimal

alignment configuration of all optical components is very limited.
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Figure 2.10: Intraburst phase slip stabilization results with a reference pulse. Spectrum
over time of a) an interferometric reference (in-loop) b) the output burst (N = 4, At =3
ps, out-of-loop). c) Phase of the interferometric reference (blue) and the intraburst phase
slip (red) over time. The intraburst phase slip stabilization is realized by controlling
the cavity length difference with an active feedback loop by applying an interferometric
in-loop reference. The reference interference spectrum shows a mitigated bandwidth,
because of spectral shaping of the seed pulses for precompensation of gain-narrowing. The
stabilization reduces strongly the phase slip drift and thus leads to a stable burst spectrum
over an extended time-period.
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= During stabilization, the reference signal is stabilized and not directly the burst
signal itself (open-loop control). This leads to a residual drift in the intraburst phase
slip (See Fig. 2.10).
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Figure 2.11: Scheme of the reference-free intraburst phase slip stabilization, where by
analyzation of the intracavity spectrum (blue), a measure for the intraburst phase slip
drift is acquired. EMx: End Mirror X. FM: Folding mirror. CMx: Curved Mirror X. TFP:
Thin-Film Polarizer. MT: Manual Translation Stage. PZT: Piezo-electric Translation
Stage. PC: Pockels Cell. QWP: Quarter Waveplate. HWP: Half Waveplate.

A drift-free and simpler approach for stabilizing the intraburst phase slip is to avoid
the use of a reference pulse train at all and, instead, to rely on the intracavity spectrum
of the Vernier RA cavity (Fig. 2.11), which also carries the information of the round-
trip detuning between the oscillator and the RA cavity. Fig. 2.11 shows the adapted
depiction of a cavity utilizing this approach. For measurement of the intracavity spectrum,
the finite transmission of one of the mirrors (e.g. EM2) can be used. The Fourier-
transform of the intracavity spectrum shows a maximum at a position that refers to the
fundamental intraburst rate, corresponding to the round-trip time detuning (Fig. 2.12).
The fundamental maximum arises from spectral interference of the burst pulses in the
cavity. Drifts of the phase at this reference point are equal to drifts in the intraburst phase
slip [2]. To compensate for any phase variations, the round-trip detuning can be controlled
accordingly, with e.g. a piezoelectric transducer (closed-loop control) that sets the position
of one of the intracavity mirrors. This method requires no additional reference pulse train,
as the one described in Chapter 2.4.1, and thus strongly reduces the constraints set on
the RA design. It is applied in the experimental efforts described in chapter 7.

Fig. 2.13 shows the temporal evolution of the spectrum of a burst, showing instability
of the interference fringes while runniny freely, caused by the intraburst phase slip drifts.
Stable spectra are achieved while the stabilization is turned on. This applies to both,
the intracavity spectrum which is taken as a reference, as well as the spectrum of
the amplified burst. The intracavity spectrum was measured with a high-resolution
spectrometer (OceanOptics HR4000) to optimize the stabilization performance. The
resulting pulse-to-pulse phase stabilization is within a mean deviation of 0.01377 from its

target value.
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Figure 2.12: Intraburst phase slip stabilization results with the intracavity spectrum as
reference. The spectrum a) of the reference buildup signal from the RA cavity. b) of the
Fast Fourier Transform (FFT) of the buildup spectrum. c) of the amplified burst. The
dashed line marks the position, which corresponds to the fundamental intraburst pulse
spacing.
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Figure 2.13: Amplified spectrum over time of a) reference buildup b) amplified burst.
The on-set/off-set of stabilization is depicted by black lines. The inlay shows a spectrum
integrated over 30 seconds, both non-stabilized (grey) and stabilized (red). A high-
resolution spectrometer (OceanOptics HR4000) was used for the reference, while for
the amplified signal the SHG spectrum was measured with less resolution (OceanOptics
USB2000). c) The phase extracted from the reference point, equal to the intraburst phase
slip, over time.
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Chapter 3

Applications

In this chapter, several applications that are relevant to ultrashort-pulse bursts with
intraburst repetition rates larger than a GHz are outlined. An overview of some applications
is given in Chapter 3.1. Chapter 3.2 covers a particular application called Burst Stimulated
Raman Spectroscopy, which was proposed and investigated theoretically in our group.
The generation of intense spectrally-tunable THz radiation by Optical Rectification in
a LiNbOg crystal is demonstrated experimentally (Chapter 3.3) and an outlook of its
application is given (Chapter 3.4).

3.1 Overview
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Figure 3.1: Applications for bursts of laser pulses.

Among the applications of ultrashort laser pulses, micromachining has the highest
projected growth rate of 17.5% [50] and thus takes an increasingly important role in the
growing ultrafast laser market, whose size is estimated to be 7.37 billion $ in 2023 and
expected to reach 20.04 billion $ in 2030 [51]. One relevant process in the application of

ultrashort pulses in micromachining is ablation, which means the direct transition from
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a solid material into its gaseous phase. Practically, it describes the material removal
without the generation of thermal energy, i.e. heat. This allows precise processing of
targets by ultrashort pulses in comparison to nanosecond, or longer, pulses [52-54]. As was
demonstrated by Kerse et al. [55], bursts with above-GHz intraburst repetition rates give
access to the ablation-cooled regime, where an increased ablated volume per pulse energy
and reduced heat-affected zones are observed. For diagnostic purposes in micromachin-
ing, Laser-Induced Breakdown Spectroscopy (LIBS) can be used to determine chemical
compositions and to monitor the machining process [56]. Multiple pulses with sub-ns
spacing have been demonstrated to increase the LIBS signal intensity in comparison to a
single pulse [57]. Further, a decrease in ablation threshold and control over material mor-

phologies is achieved when applying the burst format in Pulsed Laser Deposition (PLD) [58].

Molecular dipoles can be induced by strong laser fields, which is done in the alignment
and orientation of molecules [59]. Hereby, molecular alignment refers to the angle ©
between the molecular axis and a given laboratory axis (e.g. the polarization direction
of the driving laser field), and is quantified by (cos(©))2. Molecular orientation includes,
for heteronuclear molecules, also the molecular direction and is, followingly, quantified by

(cos(0)). The interaction potential is

U, 1) = —%AQEQ(t)cosz@, (3.1)

with A« being the molecular polarizability anisotropy and E(t) the electric field
envelope. For ultrashort pulses, E(t) acts as a d-kick and induces Raman transitions
between molecular rotational states [60]. The kick-like interaction can be characterized by

a so-called kick strength

P = Aa/(4h) / E%(t)dt, (3.2)

with & being the reduced Planck’s constant. By the impulsive excitation of molecules
by the kick of a single ultrashort pulse, coherent superpositions of a multitude of molecular
rotational states can be excited. However, the kick strength is proportional to the peak
intensity of a given single-pulse shape. Thus, it is limited by the onset of ionization at
high intensities. This problem can be circumvented by application of a series of N pulses,
improving the coherent control over the population of molecular rotational states [61-64],
including molecular alignment techniques [60,65-68]. Further than that, 3D control of
alignment could be demonstrated by means of pulse bursts [69, 70].

Generation of THz radiation with tunable intense spectral brightness is provided
by large free-electron laser (FEL) facilities. With electric field strengths above 100 kV/cm,
facilities provide tunable THz radiation up to 30 THz, such as FLARE at Radboud Univer-
sity, CLIO at University of Paris, TELBE at Helmholtz-Zentrum Dresden, or FLASH in
Hamburg [71-75]. Further development of table-top sources are motivated by reduction

of costs and highlight the potential of a greater accessibility to a vast majority of research
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groups for such kinds of THz sources. A promising table-top alternative is bursts of
ultrashort pulses serving as a driver for THz generation, supporting pJ-level THz pulses by
Optical Rectification (OR) in either a LiNb crystal within a Tilted-Pulse-Front-Pumping
(TPFP) setup, as is demonstrated in Chapter 3.3, or in organic crystals, such as DAST [76].
Further, THz intraburst repetition rates in the NIR allow also for THz modulation of
electron bunches that are accelerated to relativistic energies, as they are used in FEL
facilities for coherent THz radiation generation. Control of the longitudinal modulation
of an electron beam can not only suppress coherent radiation, as it may be wanted for
the provision of high-quality electron beams. It also enables the bunching of electrons to
timescales shorter than a picosecond, which enhances the coherent radiation with a square
dependence on the number of electrons in the beam [77].

Overall, burst technologies providing THz intraburst repetition rates not only open up
completely new ways to generate THz radiation in table-top systems but are also capable

of improving already existing THz generation techniques applied at FELs.

Laser-driven electron accelerators struggle with the problem of mismatch between
the velocity of the electron bunch and the laser group velocity [78]. This problem can be
met by accelerating an electron bunch coupled to a THz field within a dispersion-matched
dielectric waveguide [79]. In a recent publication, cascaded THz-driven acceleration with
an increased energy gain of 204 keV has been shown, being one order of magnitude larger
as compared to previous results [80]. However, the mentioned approach relies on THz
pulse splitting with a setup complexity that does not scale well with an increasing number
of stages. The mentioned difficulties limit the interaction length for acceleration to a few
millimeters. This has negative effects on the scalability of this type of accelerator without
dropping its greatest benefit, which is the potential to downscale accelerator size and
costs with much higher possible field gradients compared to existing RF-based accelerators.
The mentioned problem is claimed to be solvable by producing long driver pulses that
exceed 100 ps [81], but it only provides an efficiency of up to 0.12%. A much higher
terahertz generation efficiency of 4.7% is achieved by optical rectification (OR) of sub-ps
pulses [82]. With burst-mode sub-ps pulses, the cascaded amplification could be realized
without relying on complex pulse splitting and recombination setups. Acceleration with
burst-mode sub-ps pulses could thus allow techniques that provide efficiency, as given by
ultrashort pulses, together with the highest energy gains, as provided by long pulses, while
staying below optical damage thresholds. As will be shown in the course of this thesis
(Chapter 3.3), uJ phase-locked bursts of THz radiation can be generated, fulfilling the

criteria of laser-driven electron acceleration.

With the advent of ultrashort laser pulses came the rise of nonlinear spectroscopy [33]
that enabled the direct research of atomic and molecular properties [84], and several
phenomena in solids [85]. For most of these applications, a single pulse, or two pulses in
the case of time-resolved spectroscopies, provides a short signal of broadband frequencies

for which efficient amplification schemes, such as regenerative amplification, are available.
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Various phenomena require a high spectral resolution, such as gas detection or the
detailed study of rotational-vibrational molecular spectra. However, a high spectral
resolution commonly contradicts high temporal intensity. The application of nanosecond
OPAs suffers from low nonlinear conversion efficiencies, given their low peak intensities.
Alternatively, filtering only a narrow, tunable bandwidth out of a single, broadband pulse
would require an enormous energetic loss, especially at high pulse energies. Another
approach is the application of a highly stable, infinite train of pulses, also known as
frequency comb [29, 86, 87|, as outlined in Chapter 2.2.1. For these, various shaping
techniques are available, such as fiber-based nonlinear filters [88]. While frequency combs
thus combine spectral selectivity with some degree of high intensity provided by their
short individual pulse durations, efficient amplification capabilities to high, millijoule pulse
energies are limited by their continuous character. This limits the energy reservoir with
which one can apply frequency conversion techniques after efficient amplification in the
near-infrared (NIR), restricting the spectroscopic application domain. An application
that combines a high temporal intensity and narrowband, tunable spectral brightness is
spectral focusing, which is based on equalizing the chirps of stretched pulse replicas for
difference-frequency generation (DFG) [89-92] or exactly reversing the chirps of input
pulses for the generation of a narrowband sum frequency (SFG) [93-95].
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Figure 3.2: Concept of Spectral Focusing utilizing DFG in a PPLN crystal to generate
narrowband THz radiation. a) Ideal case where both delayed pulses have exactly the same
instantaneous frequencies Aw(t). b) The real case in which the instantaneous frequency of
both pulses can differ. ¢) Compensation technique to maximize THz generation efficiency.
Figure from [92], published by Nature Communications under a CC BY 4.0 license.

In both DFG and SFG cases, the narrowband spectral tuning is achieved by scanning
the optical delay [91,96] between the chirped input pulses. However, it requires the use
of slow mechanical delay scanning, preventing the technique's usefulness in high-speed
nonlinear imaging applications [97,98]. The application of chirped pulses also gives certain
drawbacks: it requires sophisticated chirp control over a wide bandwidth in order to
provide broadband support (See Fig. 3.2) and it is detrimental for several use cases, such
as non-dispersive absorption measurements, time-resolved pump-probe, Stimulated Raman
Scattering (SRS) [99], Resonantly-Enhanced Multi-Photon lonization (REMPI) [100] and
Infrared Resonant Multi-Photon Dissociation (IRMPD) [101-103].

In contrast to the mentioned techniques, a burst of ultrashort pulses provides a narrow

spectral peak structure. Control over the peak structure by tuning the temporal spacing
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and/or the intraburst phase slip allows for novel spectroscopic techniques. This approach
would be comparable to nanosecond pulses with a tunable wavelength. However, peak
intensities are much larger in the case of a fs burst, which leads to much higher conversion

efficiencies for nonlinear frequency conversion techniques.

3.2 Burst Stimulated Raman Spectroscopy

Many physical interactions can be summarized as a class of excitations that consist of a
certain driving force that is impacting a physical quantity of a system, such as a mechanical
force that is imposing the deflection of a spring or an electric field that leads to an electric
polarization of a dielectric material. In this sense, an input-to-output relationship is given
and a general formulation can be done by the system’s response function g(t), which
reflects common system properties, such as causality, dynamics and stability [104]. For any
system that is sensitive to optical excitation, the response function for linear interactions
is represented by the electric susceptibility x(¢) which mediates the relation between the
driving electric field E(t) and the polarization density P(t) [105]

P(t) = e / T = 1)V E()dr. (33)

—o0

While there are many ways to model a system by its dielectric susceptibility [106], all
physical systems share the property, that their support of the susceptibility in the time
domain is limited. For example, a simple model system, the Debye Model, is given by an
exponentially decaying function for the electric susceptibility x(¢) with a 1/e-time constant

Te

(t) = X0 €Xp (—%), ift>0 (3.4)
0, otherwise.

In the interaction of a burst with A¢-spaced pulses with matter, the time-constant 7,
of a system thus plays a prominent role. This leads to interesting effects in the case of
nonlinear optics, in which multiple photons at various times participate in a fundamental
quantum interaction (e.g. two-photon absorption). For burst interactions with time
constants much smaller than the pulse spacing, the probability that all photons come
from an individual pulse is much higher. Thus, every burst pulse interacts as a single,
individual pulse without coupling to neighboring pulses and any resulting field coming from
an interaction is again a burst field. This is the case for fast electronic processes such as
SFG and DFG. In general, when working with ultrashort-pulse bursts this principle allows
for a high degree of versatility that comes with the standard techniques of nonlinear optics,
as they are used with a single pulse format (see Chapter 6). For time constants much
larger than the pulse spacing, burst pulses become in that way interesting for nonlinear
optics, because two-photon (or higher order) interactions can couple multiple pulses by
consuming photons from different pulses. This becomes more probable the larger the time
constant of the system and can lead to useful new kinds of methods. One method that
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can benefit from such an effect is Raman spectroscopy since rovibrational time scales lie
in the picosecond range.
In Raman Spectroscopy [107,108], a driving field w, excites a molecule with vibrational

mode w, which leads to the emission of a signal field ws with the relationship

Wp = Ws + Wy (3.5a)

kp = ks + k. (3.5b)

One can drive this process coherently, such that a multitude of emitters generate waves
that have a well-defined phase relationship, which is called Stimulated Raman Scattering
(SRS) and can provide up to 8 orders of magnitude stronger signals [109-111]. For this,
it is needed to provide both the signal and the driving field coherently by the use of
pulsed laser sources. The Raman vibration frequency w, needs to be scanned to acquire
a Raman spectrum, which can be done in several ways [112]. One can do this by using
two ps narrowband pulses and tuning at least one of them in its central frequency, also
commonly denominated as sequential wavelength tuning. This approach allows for a high
spectral resolution down to 5 cm~! [113], but is comparably low in the data acquisition
rate because of its scanning nature [114]. A faster technique is to acquire the spectral
components in parallel by using a ps pump pulse in combination with a broadband fs
signal pulse. However, this leads to a non-ideal overlap in time because both pulses have
orders of magnitude different durations [115,116]. Spectral focusing (Fig. 3.2) is also a
useful technique in SRS because one can scan the difference frequency of the two chirped
pulses across the vibrational Raman frequency of interest. Still, the problems of dispersion
management need to be addressed, which are present when applying a technique based

on the application of chirped pulses.

A new proposed approach initiated by our group is Burst-driven Stimulated Raman
Scattering (BSRS) [117]. It builds on the application of a signal-idler pair of pulse bursts,
where each burst shows a pronounced peak structure (See. Fig. 3.3). If a white-light
seeded OPA is driven by a pump burst to generate the burst pair, the signal and the
idler burst will have, due to phase conjugation, opposite shifts in their phase-slip offset
frequencies [118]. Thus, the frequency difference of every peak pair is given by

_ Ads
Tr = T At

where the peak m belongs to the signal pulse, and peak n belongs to the idler pulse.

+ (’I?’L - n)fburst> (36)

All peak pairs with equal index difference m —n drive in parallel the same Raman frequency.
The frequency difference can be scanned across a Raman mode by scanning the intraburst
phase slip ¢, which can be done by a fast AOM without any moving parts as will be
shown in the next section. The ¢g¢-scan is periodic (See Fig. 3.4) and limited by the Free
Spectral Range (FSR) that is given by the intraburst rate fy,.s:, or in wavenumbers as
33.3 em~1 /At [ps]. A broader spectral coverage can be attained by tuning the burst
pair generating OPA. The spectral resolution is improved by increasing the burst duration
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Figure 3.3: Concept of burst-driven Stimulated Raman Scattering (SRS). Figure by
Hongtao Hu [117].

(N — 1)At, as given in Eq. 1.14, therefore, by increasing either the pulse number N,
the pulse spacing At, or both. Depending on the case, either the total burst energy can
be kept constant (Fig. 3.5a), or the pulse intensity can be kept constant (Fig. 3.5b).
The former leads to an increase in resolution with increasing burst duration, but to a
decreasing Raman signal because of lower pulse intensities. The latter results in a stronger
than linear increase in the SRS signal with increasing pulse number. This indicates the
need for a burst system that can scale the burst energy with its pulse number without an

increase in temporal intensity (See chapter 7).

3.3 Generation of Terahertz Burst Radiation by Optical Rec-

tification

As mentioned in Chapter 3.1, the generation of THz radiation with tunable intense spectral
brightness with table-top systems is a promising application to provide techniques with
which novel types of intense THz radiation would be available to larger number of research
groups. We performed a proof-of-concept experiment in cooperation with Dr. Jozsef
Filop's group (ELI Alps) where the feasibility of this application is demonstrated by optical
rectification of mJ-amplified pulse bursts generated from an Yb-system in a LiNbO3 crystal.
The author notes that parts of this subchapter were already published in a similar form in
the author’s work [5].
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Calculations and figure by Hongtao Hu [117].
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3.3.1 Optical Rectification Setup

The tilted-pulse-front-pumping (TPFP) setup (See Fig 3.6) consisted of a grating (1400
lines/mm) for tilting the pulse front and a near-infrared achromatic lens of 250 mm focal
length for imaging the grating surface into the prism-shaped LiNbO3s THz generation
crystal. The grating-lens distance was 65.6 cm and the lens-crystal distance was 41.5 cm.
At the grating, the angle of incidence was 35° and the first-order diffraction angle was
55°. The measured input beam diameter was 3.5 mm at 1/e intensity level. A Michelson
interferometer was used to measure the THz pulse spectrum based on the method of
Fourier transform spectroscopy. A 4-mm thick Si plate was used as the beam splitter and

a pyroelectric detector measured the interferogram signal.

burst

Figure 3.6: Experimental tilted-pulse-front-pumping (TPFP) setup for optical rectification
(OR) of mJ NIR bursts in a LiNbO3 crystal. This figure was also used in the author’s
master thesis [2], however, it is also shown here due to the clarity of the experimental
design for the reader.

3.3.2 Results

With NIR bursts of 2.5 mJ, THz burst energies of up to 4 uJ were achieved, thus attaining
a conversion efficiency of around 0.16% (see Fig. 3.8). SHG autocorrelations of the NIR
burst driver and recorded linear autocorrelations of generated THz transients using a
Michelson interferometer together with spectra retrieved by Fourier transformation can be
seen in Fig. 3.7. The measurements were performed for variable pulse spacing with fixed
pulse number (Fig. 3.7a, N = 6) and for variable pulse number with fixed pulse spacing
(Fig. 3.7b, At = 3 ps). As expected, the continuously-tunable intraburst repetition rate
is determined by the inverse pulse spacing 1/At, translating into the lowest-order THz
frequency, whereas the bandwidth Af of the generated THz peak scales inversely to
the product of pulse number and spacing 1/(N - At), with values A fy—o = 138 GHz,
Afn—4 = 58 GHz, A fny—¢ = 50 GHz. The spectra exhibit a high spectral contrast that
progressively improves with N. Higher harmonics of the THz-signal are observed as well,

following the Fourier transformation of a windowed pulse train. The THz pulse source
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demonstrated here offers a unique combination of versatile pulse shaping capability and

scalability to high energies, thereby surpassing many other methods.
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Figure 3.7: Demonstration of control over THz intraburst repetition rates by the generation
of continuously-tunable narrowband THz-pulse bursts. Bursts of THz pulses are generated
by driving a LiNbO3 crystal with the NIR bursts. Second-harmonic autocorrelations of the
NIR bursts (left) and linear interferometric autocorrelations from the THz-pulse bursts
(middle) were measured. Harmonic THz spectra (right) were retrieved from the latter by
Fourier transformation which are shown (blue) in comparison to the spectrum of a single
THz pulse (orange). a) Continuously tunable THz frequencies can be seen when varying
the intraburst pulse spacing with a constant number of N=6 pulses. b) Controllable
bandwidths of the THz peaks can be seen when varying the number of pulses with a
constant intraburst pulse spacing At of 3 ps. Black vertical lines in the THz spectra
indicate the intraburst repetition rates.

The measured THz-pulse burst energies and corresponding conversion efficiencies are
shown in Fig. 3.8 for bursts with N = 2, 4, and 6 pulses, in comparison to the single-pulse
case. For a given full burst pump energy, the peak intensity for one pulse decreases with
increasing N, the number of intraburst pulses. In consequence, because of the nonlinearity
of the THz generation process, the energy and the conversion efficiency of the THz pulses
decrease with the increasing N. For N = 2, 4, and 6 the efficiency of optical rectification

reduces to about 73%, 60%, and 54% of the single-pulse case.
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for various intraburst pulse numbers (cycles) achieved in the TPFP-OR THz generation

experiment.
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3.4 Outlook on High-Intensity THz Applications

3.4.1 Signal Enhancement in Linear Absorption Spectroscopy

Linear absorption spectroscopy [119] is a widely applicable technique, whose limitation is
given when molecular cross-sections may either be low or the abundance of the sample is
not given, such as in medical diagnosis. For this reason, signal enhancement techniques
have been developed. One example is the application of resonant cavities in which the
signal enhancement is based on the Purcell effect, in order to overcome this limitation [120].
The Purcell effect [121] explains the enhancement of spontaneous emission via the photonic
mode density which is in resonance with the transition. In a cavity, this enhancement is
described by

Fp= (M) ()

where Ay, is the wavelength of the free radiation, @) is the Q-factor of the cavity

and V is the cavity volume. In linear absorption spectroscopy, this effect is utilized in
cavity-enhanced experiments [122]: Since single photon absorption is the time-reversed
version of spontaneous emission, the Purcell effect also acts on absorption cross-sections.
Compared to a free sample, a sample in a resonant high-Q cavity experiences an increased
absorption cross-section, enabling measurements with drastically increased sensitivity.

In a resonant cavity, a pulse circulates in such a way that it interacts with the sample at
a repetition rate which corresponds to a relevant transition. The enhancement can be
quantified with the Q-factor which can be described as the cavity mode width relative to
the mode frequency (See Fig. 3.9). The application of burst pulses could be equivalent to
the cavity enhancement effect. When applying a resonant pulse burst, the pulse spacing is
set such that the intraburst repetition rate resonates with the energy of a relevant transition.
The equivalence of the proposed burst-enhancement technique to cavity-enhancement can
be underlined by considering Fig. 3.9, in which the transmission function of a Fabry-Perot
interferometer with various values of mirror reflectivity R (and thus, Q-factor) can be seen.
The burst spectral peaks, which are based on spectral interference of the burst pulses, can
be perceived as equivalent to cavity modes, which are based on spectral interference of

intracavity partial waves formed by reflection at the cavity end mirrors.

3.4.2 Multi-Photon Effects in Cavities

A THz source as realized above, combines high energy with high spectral brightness
without giving up on high temporal intensity. This gives the potential to exploit the
nonlinear regime, which is where modifications of a sample under investigation may be
given by the driving pulses, and high-field effects can be investigated. Of particular interest
could be multi-photon effects in cavities which can be induced by the novel THz sources.
As mentioned before, the photonic mode density of a cavity can affect a sample, such
as on absorption cross-sections. However, in a regime where matter is still only weakly
coupled to the cavity, absorption lines only change slightly in frequency besides their
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Figure 3.9: Transmission function of a Fabry-Perot interferometer with various values of
mirror reflectivity. Figure from [123].

change in signal intensity by enhancement effects. The situation is different when the
matter excitation is strongly coupled to a resonant photonic mode. Quantitatively, the

strength of the interaction is given by the Rabi frequency

Qp=d-E (3.8)

with d being the dipole moment of the transition and E the electric field, given by

E=F,.- v/ Mph + 1 (393)
hw

= e/ 1 .9b

2€0V nph+ (39 )

with E,,. being the vacuum field and n,, the photon number. For a number of N

particles coupling to the field, the Rabi frequency is given by

Qp = dVNE. (3.10)

Regarding the absorption spectrum of the combined sample-cavity system, the resonant
line is split into two lines, which in the case n,;, = 0 is known as vacuum Rabi splitting [120].
The separation of those two lines is given by the Rabi frequency, which can be controlled
by

= the cavity volume V, i.e. the separation of cavity mirrors
= the number of photons 7y, i.e. the intensity of pump radiation

= the number of particles N
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The effect of particle number can be compared when looking at Refs. [124] and [125],
in which both the absorption spectrum of a-Lactose is measured in a cavity. In [124], a
nanometer-thin layer with a very small number of molecules is investigated, leading to a
coupling between matter and cavity in the weak coupling regime. The absorption signal is
strongly enhanced by the cavity, and also slightly shifted with the change of optical path
length by the sample layer, however, the signal still consists of a signal peak. However
in [125], compressed pellets of a-Lactose with an estimated concentration of 2.6 - 10%!
cm™ are used as a sample, which leads to strong coupling because of the high molecular
density. In particular, since OR THz burst sources allow for extremely high energy and
spectral brightness, investigation of the transition of the weak-coupling regime to the
strong-coupling regime by resonantly exciting a strongly-coupled sample-cavity system
would be possible. Further, it is expected that such sources are capable of entering the
strong coupling regime at much lower particle concentrations compared to the application
of single pulses. This would allow the control of molecular transitions not only in highly

dense samples.

Polaritons, which are given by a mixed wavefunction of light and matter, formed
in the strong coupling regime in microcavities, can be investigated by multi-photon
effects. In [126], second harmonic generation (SHG) and two-photon absorption (TPA)
are proposed together with a detailed model and calculations (See Fig. 3.10). In this
case, the cavity would have a fundamental mode w; and its harmonic mode ws. A matter
excitation, such as an exciton, may have a resonance frequency that is at or near the
harmonic frequency. To excite polaritonic states via nonlinear processes, two photons
at frequency wy can be converted either into a harmonic photon in the cavity and vice
versa (SHG), whereas for TPA two photons can be converted to a matter excitation at
the harmonic frequency. The numerical calculations in [126] give the internal intensity
parameter () and the second harmonic intensity /gy depending on the frequency of a CW
pump, which is detuned by a frequency dw from the fundamental mode. It is shown that
there is a clear intensity dependence of the spectra. Generally, OR THz burst sources
allow for experimental investigation of nonlinear optical effects in microcavities. For this,
the transmitted terahertz signal for energetic, spectrally intense terahertz pumps can be
measured. Additionally, the response of such a system to a weak probe pulse, which
optionally can also be chirped, is also of high interest. Such a probe pulse can determine
the polaritonic absorption near ws. At high pump intensities, it is pointed out in [126],
that hyper-Raman scattering could be performed in such a system, leading to a parametric

gain of the probe signal.
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Figure 3.10: (left) Internal intensity parameter (proportional to the internal as well as to
the transmitted intensity) (right) Second harmonic intensity spectra, both for different
values of (constant) incident intensity as a function of the detuning of the incident field
frequency relative to wy. The grey scale corresponds to the incident intensity: lighter
shadowing means higher intensity; white regions correspond to unstable behavior. Figure
taken with permission from [126]
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Chapter 4

Buildup of an Improved Vernier
System

Originally, a system was used in our lab, which was built on the phase-slip stabilization
approach with a separate reference pulse train derived from the master oscillator (Chapter
2.4). This system was used for the measurements whose results are presented in Chapters
3.3 and 5. It is described in further detail in [2]. However, this system had several

drawbacks in its operation:

= |ts setup size is comparably large (60x120 cm) which leads to thermo-mechanic
instability and inefficient use of the setup table space, leaving less space for experi-
mental setups. It also makes a cover of the whole setup unnecessarily expensive,
which would have been needed to perform further experiments without noise induced

by air turbulences in the lab.

= The pump yield is low, using only one diode bar with a pump diode that contains

two diode bars, with only single-pass pumping of the crystal.

= Limited temporal burst characterization: SHG autocorrelation measurements suffer
from several ambiguities that inhibit the derivation from the actual temporal intensity
of the field under study. One of these ambiguities is time delay inversion symmetry.
Thus, such a type of measurement does not give direct access to individual burst

pulse energies.

These aspects led to the decision, that further development of the Vernier-type burst
technology requires the buildup of an improved system. In the following, it is explained,
how this buildup was planned and implemented. An overview of the system is given
in Chapter 4.1. The setup of the AOM, including its electronic driver, is described in
Chapter 4.2. Finally, the buildup of the Twin RA, including two cavities for regenerative
amplification, is covered in Chapter 4.3. The new system was used for the measurements
reported in Chapters 6 and 7. The author notes that parts of this chapter were already

published in a similar form in the author's work [1,127].
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4.1 System Overview

An overview of the improved Vernier system can be seen in Fig. 4.1. A MHz-repetition-
rate mode-locked oscillator (OSC, Light-Conversion FLINT, 1030 nm Yb:KGW, 76 MHz
repetition rate, 80 fs pulse duration) generates nanojoule pulses. The oscillator pulses are
stretched to around 300 ps by a double-pass grating stretcher (STR). An acoustic-optical
modulator (AOM) (TeOo, 370 MHz, 10 ns rise/fall time, diffraction efficiency =~ 80%)
works as a pulse picker by diffracting seed pulses that can be individually modulated
in amplitude and phase. Amplification takes place at a repetition rate of 1 kHz in a
CW-pumped twin regenerative amplifier (Twin RA, Yb:CaF3) with two cavities. Building
a twin RA with two cavities has several advantages for the intended use cases: It allows
that in one cavity the AOM-diffracted pulses are accumulated to an ultrashort-pulse
burst and amplified consequently. In the other cavity, a single non-diffracted pulse is
amplified as a reference for cross-correlation measurements, to perform direct time-domain
characterization of the burst pulses. For future purposes, the second cavity could also be
used to generate a second burst in parallel and to experiment with the system as a dual
burst source. Burst generation requires that the round-trip time of the burst cavity is
comparable to the oscillator round-trip time, such that their absolute difference gives the
intraburst pulse spacing (Vernier effect). Both cavities are seeded by the same oscillator,
thus, the burst and the reference pulse are synchronized to each other. The Twin RA
design is such, that it could provide in theory up to 1.5 mJ of pulse or burst energy.
However, operating the system in test runs with pulse energies much larger than 100
1J, led to optical damages in the AOM due to back reflections, because of the limited
contrast of the applied optical isolation. Therefore, Twin RA maximum energy is kept at
100 wJ to guarantee the safe operation of the system. If further amplification is required,
the system includes a dual-pumped cryogenically-cooled booster RA (Yb:CaF3), which is
specified for up to 10 mJ of pulse or burst energy. The Compressor, containing a single
large 130x20 mm? transmission diffraction grating (Gitterwerk), compresses both cavity
channels to 250 fs with beams being spatially separated inside the compressor.

The oscillator, booster RA and stretcher were taken without changes from the old system,

while the AOM setup, the Twin RA and the compressor needed to be built up completely

new.
Twin RA
Cavity 1 Booster RA Compressor
| 0SC || STR |>{ AOM | Cavity 2

Figure 4.1: Overview of the new Vernier Burst System.

For the implementation of the system, the size constraints of the laser table also
needed to be considered. The laser table provides an area of 360x120 cm, for which as
few as possible needs to be used for the Vernier burst system, such that enough space is
left for experiments. In Fig. 4.2, a schematic shows how the placement was designed such
that the table space is utilized efficiently, including the area consumption for each part of
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the system. In between each sub-system, there is always some space left for mirrors, and

diagnostic devices (spectrometer, powermeter,...), such that the system can be maintained

properly without the need to make any unnecessary changes. It was possible to build

up the full system while leaving an experimental area of 230x120 cm. Finally, the whole

system was covered by a thin steel plate to avoid air turbulences and for optimal heat

performance (Fig. 4.3).

120

Booster RA
e(\ me“"a\ Compressor
E‘L‘P
pred
Twin RA
0SC

Table
Full Vernier System
Oscillator
Stretcher
AOM
Twin RA
Booster RA
Compressor
Experimental Area

Figure 4.2: Design of the placement on the laser table.

360x120
130x120
40x15
40x17
22x9
60x45
~50x110
70x32
230x120

Figure 4.3: The realized Dual Vernier Burst system with a thin steel plate cover.
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46 Chapter 4. Buildup of an Improved Vernier System

4.2 AOM Setup

The schematic of the AOM driver setup is shown in Fig. 4.4. Its main part is a Direct-
Digital Synthesis (DDS) card, which translates binary-encoded amplitudes and phases
from registers into analog RF signals. The maximum output power of the DDS card is too
low (660 mVpp, 0 dBm) for the AOM, which requires 30-36 dBm to diffract efficiently.
For this, an RF amplifier operating at 370 MHz (which has been determined to be the
optimum frequency) with a sufficient gain is needed. The Minicircuits ZHL-5W-202-S-+
was chosen for this task, which offers a sufficient gain (+ 50 dB), a wide bandwidth
(up to 2 GHz) and is self-protected from excessive drive, heat and reverse polarity, and
withstands short and open circuit at the output, as can happen by unintentional misuse
in a day-to-day laboratory setup. Since the RF gain is too high for the AOM, the DDS
signal is attenuated by 12 dB prior to amplification. Also, a 400 MHz low-pass filter is
applied to the DDS output to reduce spurious signals with frequencies above 400 MHz.
The registers are programmed with a personal computer which is connected via USB to
the DDS card. The DDS card is synchronized to the laser amplification cycle by a kHz
trigger, provided by a timing card which also controls the Pockels Cell on/off timings.
Both, the timing card and the DDS card contain Phase-Locked Loops (PLL) fed by the
76 MHz trigger coming from the oscillator.

USB
I e il C7

Tlming card PROG DDS card |[ex RF-Amp BNC AOM

SMA e02
(BME g02p) HE TRIG (AD2910) +50 dB (reoz)
| PLL | {Minicircuits ZHL-5W-202-5+)
[ |
MHz OSC TRIG

Figure 4.4: Schematic of the AOM electronic driver.

Since the AOM is polarization sensitive, a half waveplate is placed before the AOM at
the setup on the optical table (Fig. 4.5). The oscillator beam is focused in the AOM to a
diameter of about 100 um for optimal efficiency by a +35 mm lens. The diffracted and
non-diffracted beams are then recollimated by another +35 mm lens and directed towards
the RA setup. With the given parameters, a diffraction efficiency of about 80% can be

achieved.

Figure 4.5: The AOM setup on the optical table. HWP: Half Waveplate. L1/L2: +35
mm lenses.
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4.3 Twin RA setup

4.3.1 Cavity Design

A depiction of the cavity design can be seen in Fig. 2.11 and the realization of the
amplifier in Fig 4.6. Again, Yb:CaFs was used as a crystal since it has a long luminescent
lifetime (=~ 2.5 ms) which makes it highly useful for strong amplification at kHz repetition
rates [128]. Further, with its negative thermo-optic coefficient (-12 ppm/K at 273 K) that
is counteracted by thermal expansion and bulging of the crystal's facets, thermal lensing
effects are negligible in the cavity design at the relevant pumping rates used [129]. Since
the amplifier is used for Vernier burst generation, the round-trip time needs to be near
13.2 ns set by the 76 MHz oscillator repetition rate. The corresponding round-trip length
is 3.96 m. To accommodate such a comparably long cavity on a minimal table size, the
cavity is concipated with an x-shaped design. It includes a manual translation stage to
set the coarse round-trip time and a guided piezo-electric translation stage (Piezojena
PU-40) to set the fine round-trip time electronically. Both end mirrors are flat, allowing
the use of one translation stage on each end mirror. However, the final realization ended
up applying both translation stages to the EM1 side, because the backside of EM2 was
the most useful position to measure the intracavity spectrum.

The RA is optically isolated from the MO by a combination of polarizers, waveplate and
Faraday rotator for suppression of amplified pulses coupling back into the MO. Seed
pulses couple in and out at a thin-film polarizer (TFP) which is next to the optical switch
(combination of Pockels Cell and Quarter Waveplate). Calculations of the laser mode
inside the cavity have been performed with the software reZonator (See Fig. 4.7). It was
made sure, that the cavity mode is collimated at the end mirror positions, such that a
translation of the end mirrors had no measurable impact on the mode parameters at the
crystal (beam radius at the crystal ~ 120 pum). As for the old cavity, two TFPs are used
to set the polarization and, further, by using a Brewster-cut crystal for further suppression
of depolarization in the cavity. The crystal is dual-pumped increasing the pump yield

compared to the older system.

4.3.2 Pumping and thermal considerations

The pumping setup can be seen in Fig. 4.8. A 976 nm two-bar CW pump diode (nLight
Pearl) is used. Directly at its output, a pump-protection filter is mounted to prevent
scattered laser light at 1030 nm reaching back into the diode, while transmitting the
pump light at 976 nm. A combination of cylindrical lenses (-50 mm, +150 mm) separates
sufficiently the light from the two diode bars in the vertical direction, such that one
bar can be used for each cavity. For each cavity, the pump light is guided by a pair of
high-reflecting prism-shaped mirrors. The pump light is focused into the crystal by a +60
mm lens with a 2 mm hole in the center for transmission of the cavity mode. Two passes
are applied in the crystal in a retroreflecting configuration, where the back-reflected light
is separated by a vertical angle from the incoming beam. The transmitted light after the

second pass is absorbed in a water-cooled beam dump under reflection on a thin-film
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PZT:

Quarter Waveplate

QWP:

MT: Manual Translation Stage.

electric Translation Stage. PC: Pockels Cell.

Figure 4.6: Photo of the Twin RA setup. EMx: End Mirror X. FM: Folding mirror. CMx:

Curved Mirror X. TFP: Thin-Film Polarizer.
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(a) A depiction of the cavity as given by the software reZonator, including the cavity parameters
that are taken for the calculations.
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(b) Beam Radius (vertical axis) depending on the cavity position (horizontal axis) as evaluated by
the program.

Figure 4.7: Cavity design using the software reZonator.
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50 Chapter 4. Buildup of an Improved Vernier System

Figure 4.8: Photo of the pump setup. TFP: Thin-Film Polarizer. QWP: Quarter
Waveplate. CL1: -50 mm cylindrical lens. CL2: +150 mm cylindrical lens. F: Pump-
protection Filter (HR 1030 nm, AR 976 nm). L1: +60 mm lens with 2 mm hole. CBM:
Curved back-reflecting mirror.

Water-Cooling Arrangement

—_ Beam Dump XTALB XTALA
Pump Diode -I

Figure 4.9: Water-cooling arrangement of the Twin RA.
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polarizer. Regarding the water-cooling arrangement (Fig. 4.9), the pump diode and the
beam dump require the most removal of heat, thus they are connected in parallel to the

chiller. The crystal holders are connected in series to the beam dump.

4.3.3 CW characterization

After the buildup of the twin RA, its continuous-wave (CW) operation was characterized
to verify its proper operation and efficiency. The CW output power P, o+ Was measured
depending on the total pump power Py o: that was absorbed in the crystal, with the
results shown in Fig. 4.10a. Another relevant quantity is the relative absorbed pump

power in the first pass pY defined by

abs,rel’

pM (1 (0

1) abs pump pump
bs,rel = ; (4.1)
abs,re P}ngnp P}Sg;ﬂp

with Pé;g being the total pump power absorbed in the first pass, which was derived by
measuring the difference between the pump power after the crystal P,gi;np and the incoming
pump power PISSM. The results regarding the relative absorbed pump power are shown in
Fig. 4.10b. Because of tight spatial constraints, the pump beam was directed outward by
a mirror such that it could be measured by a power meter head. Since the second pass
is retroreflecting and neglecting changes in inversion, the same relative absorption was
assumed for the second pass to estimate the absorbed pump power of both passes.
The relative absorption was seen to be higher at lower pump rates, while it was lower at
higher pump rates. It was also higher for the crystal in cavity A as compared to the one in
cavity B (Fig. 4.10b). In Fig. 4.10a, both cavities can be seen to be similar in their CW
output at their threshold below ~ 15 W of absorbed pump power. Differences between
the two crystals can be explained by several reasons, such as doping variations and cooling
conditions (e.g. thermal contact to the crystal holder and the crystals are cooled in series).
Above the threshold region up until &~ 30 W, both cavities show an approximate linear
behavior, with cavity B showing a higher slope efficiency (53.7 %) than cavity A (35.6 %).
At high absorbed pump powers (> 30 W), it can be seen that the relative absorbed pump
power saturates, indicating photobleaching, i.e. saturation of the crystal inversion.

4.4 Spatially-Multiplexing Grating Compressor

To accommodate the compression of both channels within the limited setup space, a
spatially multiplexed grating compressor was built up. It is based on the principle of
the Treacy compressor [130], whose design is shown in Fig. 4.11. A Treacy compressor
is based on a pair of two parallel gratings that are spatially separated by a distance
b with their grating surfaces directed towards each other. A pulse impinging on the
first grating surface by an angle « is diffracted with a diffraction angle 5 depending
on the wavelength. In combination with the second grating, all spectral components

travel collinearly after experiencing a wavelength-depending group delay. The collinear
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(a) CW output characteristics of the Twin RA. (b) First-pass relative absorbed pump power.

Figure 4.10: CW characterization of the Twin RA.

components can be redirected through the compressor-pair path by a retroreflecting mirror
(M), to be recombined into a single pulse. The compressed pulse can be separated from
the input by suitable means (e.g. by polarization methods or spatial separation). The
total group delay 7¢ between two wavelengths A and A + 6\ can be calculated as [130]
aaTAG A= cod2(1 — (bAA— sin'y)2)6)\ (4-2)

d

with cg being the speed of light and d the grating constant.

It is possible to develop further the basic Treacy concept by using a transmission
grating with two retroreflecting mirrors. This way, it is possible to use only a single grating.
By the use of a sufficiently large grating, a spatially multiplexing dual compressor can be
realized (Fig. 4.12). For each arm, the setup consists of three main parts: a horizontal
retroreflector (HRR) mounted on a manual translation stage (TS), a vertical retroreflector
that offsets the beam vertically to separate the input path from the output path and a
transmission diffraction grating (G) with size 130x20 mm? (Gitterwerk), which is shared
by the two channels. The combination of HRR and manual TS sets the distance b (Equ.
4.2) for each channel. One needs to be careful to align the VRR correctly such that
the back-reflection is properly reflected by 180°with a pure vertical offset. Otherwise, a
horizontal spatial chirp is imposed on the pulse, which can be noticed when sending the
pulse beam into a spectrometer and slightly tuning its input angle with the input mirror

setting.



53

4.4. Spatially-Multiplexing Grating Compressor

—
=
Q
i
=
(V]

IN
ouT

Figure 4.11: The Treacy compressor as described in [130].
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Figure 4.12: Spatially-multiplexing grating compressor for two channels.
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Chapter 5

Phase-Scrambled CPA (PSCPA)

A multitude of applications require millijoule pulse energies with only a small degree of
spectral selectivity, for which the generation and amplification of bursts with a handful
(N < 10) of pulses can be a useful approach. In general, burst-mode amplification is
frequently perceived as more efficient compared to single-pulse amplification, because the
energy stored in the laser material is shared among N pulses. Therefore, the effective
pulse duration is increased by a factor of NV in the amplifier and the extractable energy
scales with the square root of the pulse number v/N, an advantage which is explored
in many variants of divided-pulse amplification. This is comparable to CPA, where for
pulse durations longer than 10 ps, the energy extraction scales with the square root of the
stretched pulse duration /7 [131-134]. Several challenges arise, however, when applying
the concept of CPA to ultrashort-pulse bursts at THz intraburst rates with N > 1. Burst
pulses are very close together, with maximum interpulse spacings of only a few picoseconds.
Strongly chirping burst pulses with such parameters together up to several hundreds of
picoseconds for CPA leads to strong pulse overlap, which induces several challenges during
amplification. To meet these challenges, phase-scrambled CPA (PSCPA) was developed
in the course of this thesis and its results are shown in this chapter, which is structured as
follows: The parameter space in which PSCPA becomes relevant is discussed in detail in
Chapter 5.1. Chapter 5.2 communicates the underlying concept. Experimental results for
the technique are shown in Chapter 5.3. In the end, scalability regarding the extractable
energy for increasing pulse numbers, especially in comparison to the CPA-only case, is
discussed in Chapter 5.4. The author notes that parts of this subchapter were already

published in a similar form in the author’s work [1,5].

5.1 The Regime of PSCPA

It is highly relevant to consider the regime in which PSCPA becomes relevant. For
sufficiently strongly chirped pulse durations compared to the temporal duration of the
compressed burst (N — 1)At, the burst spectrum is well present in the time domain (as
will be demonstrated experimentally in Chapter 7). Assuming linearly chirped pulses, as
formulated in Eq. 1.3, the burst temporal intensity can be derived numerically using
Fourier transform methods together with Eq. (1.10). From the compressed-pulse case up

to strongly chirped pulses with hundreds of ps duration, the temporal peak intensity was
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calculated for up to N = 10 pulses with 1 ps spacing, while keeping the total burst energy
constant. The results can be seen in Fig. 5.1. The sub-ps duration range determines
the regime where divided-pulse amplification (DPA) is applied [132] and is indicated by a
1/ N-decrease of the temporal peak intensity (see Fig. 5.1, lower left inlay) by an equal
distribution of the total energy among the burst pulses. In the other case, for strongly
stretched pulses with chirped pulse durations of several hundreds of picoseconds, the
behavior is the opposite: by increasing pulse number, we see an N-times increase in the
temporal peak intensity compared to the single pulse case (see Fig. 5.1, upper right inlay),
which identifies the PSCPA regime. In this region, the burst spectral peaks are well present

in the time domain and thus decrease amplifier reachable energy and stability.

time domain
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Figure 5.1: Maximum temporal peak intensity for a burst of chirped pulses with a pulse
spacing of 1 ps, depending on the chirped pulse duration. The plot is shown for various
pulse numbers while keeping the total burst energy constant, with temporal peak intensity
being normalized to the compressed single pulse case. Lower left inlay: Maximum temporal
peak intensity (normalized to the corresponding single-pulse case) vs. pulse number in
the case of fully compressed 250 fs pulses. Upper right inlay: Maximum temporal peak
intensity (normalized to the corresponding single-pulse case) vs. pulses number in the
case of pulses stretched to 600 ps.

5.2 Concept

As illustrated in Fig. 5.2, the energy safely extractable from a chirped pulse amplifier
rapidly drops for N > 1. A burst composed of N spectrally overlapping pulses with
constant phase offsets exhibits discrete spectral lines, spaced at the intraburst repetition

rate, as an outcome of spectral interference. Therefore, compared to single-pulse operation,
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the peak intensities inside the amplifier increase by a factor of N for the same output
energy (Fig. 5.1). The N-proportional scaling reflects the growth of temporal peak
intensities due to interference, as a result of frequency-to-time mapping at high chirp rates.
To resolve this detrimental consequence of mode formation, a phase-scrambling technique
can be employed which inhibits constructive interference by applying programmable phase
offsets ¢, fset,n to each intraburst pulse. These offsets are combined with a constant
pulse-to-pulse phase slip A¢s = kAL = k(Lyo — Lra) which follows from the mismatch
of the MO-RA cavity roundtrip lengths AL, with k being the wavenumber. The phase

differences between subsequent intraburst pulses become

(z)n - ¢n—1 = A¢s + (¢offset,n - ¢offset,n71)7 (51)

withn =2,3,..., N.
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Figure 5.2: Safe chirped amplification of a burst utilizing phase-scrambling. Left: Composi-
tion of the seed burst from strongly chirped overlapping intraburst pulses. Middle: Spectral
or temporal intensity of the amplified strongly chirped burst, normalized to the optical
damage threshold intensity Ipasg of the RA, with pronounced spectral modes in the case
of constant phase offsets (middle, upper panel). This can be avoided by programmable
scrambling of the phase offsets (middle, lower panel). An amplified single chirped pulse is
shown for comparison (black dashed line). Right: Time-domain representation of intensity
(blue) and phase (red) after compression with the intensity normalized to Ip/N, with I
being the maximum output peak intensity of a single pulse and N the pulse number. The
inset shows the spectrum (green).

5.3 Experimental Demonstration

To demonstrate PSCPA experimentally, SHG autocorrelations and spectra of several bursts
were measured. By an appropriate choice of burst phase offsets, the burst spectrum is
shaped to maximally resemble the single-pulse spectrum. The bursts were amplified to
100 pJ using the CPA technique with sub-ps pulse duration, about 1 ps pulse spacing and
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varying pulse number. Amplification dynamics in the RA and modulation of the phases
slightly affected the amplitudes of burst pulses, however, this could be precompensated by
the AOM settings for intensity modulation to achieve a constant intensity level.

The measured SHG autocorrelations and spectra could be well reproduced by numerical
calculations (See Figs. 5.3-5.8) with the pulse-to-pulse phase slip as the only fit parameter.
The measured single pulse spectrum and programmed phase offsets together with the
Fourier-shift theorem were used to calculate the burst spectrum. It was assumed, that
every intraburst pulse contains the measured single-pulse spectrum. The applied phase
offsets were assumed to be imprinted on the pulses as they were programmed to the AOM
and are listed in Tab. 5.1. The listed phase offsets were calculated to enable the highest

achievable extractable energies in this burst regime when allowing only 7-phase shifts.
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Figure 5.3: Measurement results for a single pulse. Normalized a) SHG autocorrelation
and b) spectrum.
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Figure 5.4: Measurement results for a burst with 2 pulses. Normalized SHG autocorrelation

and spectrum with a), b) zero programmable phase offsets, and with c), d) scrambled

phases with 7 phase shifts.
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Figure 5.5: Measurement results for a burst with 3 pulses. Normalized SHG autocorrelation
and spectrum with a), b) zero programmable phase offsets, and with c), d) scrambled

phases with 7 phase shifts.
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Figure 5.6: Measurement results for a burst with 4 pulses. Normalized SHG autocorrelation

and spectrum with a), b) zero programmable phase offsets, and with c), d) scrambled

phases with 7 phase shifts.
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Figure 5.7: Measurement results for a burst with 5 pulses. Normalized SHG autocorrelation
and spectrum with a), b) zero programmable phase offsets, and with c), d) scrambled

phases with 7 phase shifts.



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

5.3. Experimental Demonstration

63

6 pulses, no scrambling

o o o {2
S o @ o

norm. SHG autocorrelation
o
N

0.0

—6000 —4000 —2000 O 2000 4000 6000
time delay [fs]

(a)

6 pulses, n-shift scrambling

1.0

0.8

o
'S

norm. SHG autocorrelation
o
[N]

0.0

~6000 —4000 —2000 O 2000 4000 6000
time delay [fs]

(c)

norm. spectrum

norm. spectrum

1.0

i
@™

o
o

e
IS

e
N}

o
o

1.0

2
o

e
o

o
IS

e
N

o
=)

6 pulses, no scrambling, phase slip=-0.4n

--- single pulse, exp.
—— burst, exp.
—— burst, calc.

BBt T

o=

1
1
1
\
\
1
\
1
\
\
\
1
\
\
\
\

1018 1020 1022 1024 1026 1028 1030 1032 1034
wavelength [nm]

(b)

6 pulses, n-shift scrambling, phase slip=-0.51

--=- single pulse, exp.
—— burst, exp.
— burst, calc.

1

A
[
1
1

1018 1020 1022 1024 1026 1028 1030 1032 1034
wavelength [nm]

(d)

Figure 5.8: Measurement results for a burst with 6 pulses. Normalized SHG autocorrelation
and spectrum with a), b) zero programmable phase offsets, and with c), d) scrambled

phases with 7 phase shifts.
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N Pof fset.n

2 0,7

3 0,0, 7

4 0,0,7,0

5 0,0,0,7,0
6 |0,0,mm0,mm

Table 5.1: Programmable phase offsets applied for phase-scrambling.
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>

& 0.7

|

]

5 0.6

2 0.5

B —e— |-BFGS-B
—e— -mod

5 0.4 —— 1/N

.

%03

5 0

€0.2

|

)

€01

nr. of pulses

Figure 5.9: Maximum extractable energy without exceeding the optical damage threshold
in burst-mode normalized to the single-pulse case vs. pulse number N. Calculation with a
programmable phase offset which is constant (red), optimized by a numerical L-BFGS-B
algorithm (blue) and the global maximum when allowing only 0 or 7 phase offsets (green).

In this section, the potential of PSCPA is explored by determining the maximum
extractable energy achievable by phase-scrambling as a function of the burst pulse number
N. In the PSCPA regime, it can be assumed in good approximation, that the chirped
pulses overlap strongly in time. Thus, the functional form of the temporal intensity profile
is equal to the spectral profile of the waveform. This statement is proven numerically and
experimentally in chapter 7. Therefore, these calculations evaluate energies by considering
the burst spectra. The burst energy € is calculated relative to the extractable single-pulse
energy ep under the assumption of identical Gaussian spectra for intraburst pulses (Fig.
5.9):
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B _ fIB(W)dW’ (5.2)

ep [Ip(w)dw

where Ip(w), Ip(w) are the spectral intensities of a burst and a single pulse, respec-
tively, and max {/p(w)} = max {Ip(w)} = ITyr.
Optimized sets of phase offsets are determined in two ways: first, by a numerical optimiza-
tion algorithm (L-BFGS-B) [135] and second, by calculating the global maximum energy
with restricting the phase offset to 0 and 7 (w-mod). Without phase-scrambling, the
maximum extractable energy is inversely proportional to the pulse number. In contrast,
for both illustrated phase-scrambling cases, the relative extractable energy stays reliably
above 50% and approaches approximately 70% of the maximum single-pulse energy for

higher pulse numbers.

5.5 PSCPA in the Viewpoint of the Burst Spectrum Fourier
Series
An insight into why particular phase slip patterns are more useful for phase scrambling

than others can be acquired by analyzing the Fourier series of the burst spectrum.

The spectral intensity of a burst can be formulated as

I(w) = BE(w)E*(w) (5.3)
N-1 B ) N-1 ~ )
_ Ep(w)ez(@Llantw) Z E}(w)€*1(¢m1*mAtw) (54)
n=0 m=0
N—-1N-1
(.U) Z Z et H(Pn1—dm1) . —zAtw(n—m). (55)
n=0 m=0

By separation of the summands with indices m = n and m # n this can be formulated

as

—1N-1

I(w) = Ip(w) [ N+ Z > O om) L gmintelnm) (5.6)
n=0 m=0
m#n
= Ip(w)-
N—-1n—1
(N—l— Z (pn1—Pm1) —zAtw(n m) +e —i(Pn1—Pm1) zAtw(n m)) (5 7)
n=0 0

With a change of variables
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s=m (5.9)
s—r=n (5.10)

and an appropriate change of the summation limits, Eq. (5.8) can be formulated as

—1N-1
I(w) = Ip( <N+ > 2c08(ds—ry — Gs1 + Atwr)) (5.11)
r=1 s=r
= Ip(w)
N-1N-1
(N + 2 cos(¢p — ¢s1) cos(Awr) — 2sin(P(s_p)1 — Ps1) sin(Atwr))
r=1 s=r
(5.12)
N-1
= Ip( (N + a, cos(rAtw) + b, sm(rAtw)) (5.13)
r=1
N-1
= > 2¢08(¢(s—ry1 — Ps1) (5.14)
TN
- Z 251n(¢(8—r)1 - (bsl) (515)

The Fourier coefficients a,, b, give a qualitative understanding of the optimally scram-
bled phases which give the maximum extractable energy without optical damage: Index r
corresponds to the interference of pulses which have a temporal spacing of 7 - Atl. In
Fig. 5.10, the Fourier coefficients were calculated according to a numeric optimization
algorithm (L-BFGS-B) and according to the global optimum when allowing only 7 phase-
shifts. For the latter case, all sine-coefficients b, are zero due to the phase restriction.
However, also for the former case, the cosine-coefficients a, have a greater value than
the sine-coefficients a, with the r = 15 coefficient being the largest and absolute values
decreasing for decreasing r. This makes sense in such a way, that those pulses that are
farthest apart from each other represent the spectral modulation with the lowest spectral
period (See Eq. (5.13)), which needs to be favored for generating a quasi-incoherent

spectrum.

!See e.g. the argument of cosine and sine in Eq. (5.13)
2allowed phases being restricted to zero and 7
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Figure 5.10: Fourier (a) sine-coefficients a,, (b) cosine-coefficients b, (b) with optimal
phases according to a numeric optimization algorithm (L-BFGS-B) and globally optimized
while allowing only 7 phase-shifts (7-shift), both concerning optimal energy extraction.
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Chapter 6

Spectral Peak Recovery by
Parametric Amplification

PSCPA solved the problem of scaling the amplifier reachable energy of THz rate bursts of
ultrashort pulses. However, it required the scrambling of the burst spectrum. This means
giving up the burst spectral peak structure, which in many cases can be highly useful to
several applications (see Chapter 3). In this chapter, a method is presented that combines
PSCPA with a parametric frequency converter that automatically restores the desired
spectral peak structure and delivers narrow linewidths for bursts of ultrashort pulses at
microjoule energies.

The general concept is communicated in Chapter 6.1, followed by the experimental
realization in Chapter 6.2. Finally, the experimental results are presented in Chapter 6.3,
including single-shot cross-correlations and scanning cross-correlations of the NIR amplified
burst with a compressed reference pulse and measured spectra of the initial NIR driver
burst and the OPA idler/signal bursts which were further compared to theory. The author
notes that parts of this subchapter were already published in a similar form in the author’s
work [127].

6.1 Concept

To be a useful tool for several applications, ultrashort pulses need to be amplified to at least
sub-millijoules. While for an intraburst repetition rate of some GHz or lower, amplification
is a straightforward task, the application of chirped-pulse amplification (CPA) [45] to
THz-repetition-rate bursts leads to various difficulties, such as a strong reduction of
the reachable energy and potential amplifier damage due to interference effects during
amplification, as was discussed in Chapter 5. This is because of the translation of the
burst spectrum into the time domain when amplifying a handful of ps-spaced, strongly
chirped pulses in an amplifier when the stretched pulse duration strongly exceeds the
duration of the burst. The use of PSCPA overcomes the mentioned technical limitations,
which leads to a smearing of the burst-typical spectral peak structure.

However, while the suppression of spectral peaks allows for mJ burst amplification, it
removes the capability to be spectrally selective when applying amplified bursts. In this
chapter, the recovery of the burst spectral peak structure after PSCPA by parametric
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Figure 6.1: Concept of utilizing a passive CEP-stabilizing OPA to recover the spectral peak
structure of a burst of ps-spaced ultrashort pulses amplified via PSCPA by the generation
of a puJ phase-descrambled idler burst. Bursts are outlined in the time- and frequency
domain. In the frequency domain, the single pulse spectrum is depicted as a dashed line
and the burst spectrum as a solid line with a filled area underneath. On the left side, the
phase-scrambled spectrum shows a resemblance to the single pulse spectrum because the
spectral interference is suppressed. On the right side, the phase-descrambled spectrum
shows an N-proportional increase in spectral peak intensity compared to the spectrum of
a single pulse with the same total energy.

amplification is demonstrated. As outlined in Fig. 6.1, an Optical-Parametric Amplifier
(OPA), that is capable of passive CEP stabilization, is driven with a burst that is amplified
to sub-mJ energies by application of PSCPA. For individual pulses, the concept of passively
stabilizing the CEP with OPAs is already widely known [118]. It is based on the cancellation
of signal and pump pulse CEPs when being imprinted on the idler signal. In the present
work, the same applies to every individual pulse within the burst, given the fact that all
relevant nonlinear processes (SHG, SFG, DFG, SPM) occur on timescales much smaller
than the pulse spacing of > 1 ps. The second harmonic of the driving burst serves as a
pump and generates a white-light continuum signal seed. This leads to a uJ idler signal
with phase-descrambled burst pulses and a recovery of the spectral peak structure.

6.2 Experimental Setup

6.2.1 Overview

The full experimental overview of this work can be seen in Fig. 6.2a, together with a
temporal and spectral visualization of the burst labeled with Roman digits in between each
of the stages in Fig. 6.2b. In general, the amplification chain consists of a PSCPA part
(Fig. 6.2b I-V) followed by a phase-descrambling spectral peak recovery part represented
by the OPA (Fig. 6.2b V-VI). The PSCPA setup is the same as it is described in Chapter
4.3. The OPA and the cross-correlation stage were built up for this experiment.

The MHz-repetition-rate mode-locked oscillator generates nanojoule pulses, which corre-
spond to narrowband, MHz-spaced spectral comb teeth below the single-pulse envelope
(Fig. 6.2b I). The stretcher mainly imprints a spectral phase to stretch the pulses (Fig.
6.2b 11). Because of gain narrowing during amplification, precompensation by shaping the

pulse spectrum in the Fourier plane of the stretcher is also applied but not depicted in
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a) Experimental Overview
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Figure 6.2: a) Experimental Overview. OSC: Mode-locked MHz Oscillator. STR: Stretcher.
AOM: Acoustic-Optic Modulator. RA: Regenerative Amplifier. OPA: Optical Parametric
Amplifier. XCORR: Cross-Correlation Stage. PSCPA: Phase-Scrambled Chirped Pulse
Amplification. b) Burst Hybrid Amplification in the time and frequency domain. Single-
pulse spectra are represented as dashed lines, and multi-pulse spectra as solid lines with a
filled area underneath.

the Figure due to clarity. The constructive spectral interference is suppressed because
of the phase scrambling by suitable pseudo-random pulse phase modulation. Thus, the
multi-pulse spectrum resembles the single-pulse spectrum (6.2b I11). Amplification takes
place at a repetition rate of 1 kHz. For being able to determine individual burst pulse
energies after amplification, a single pulse is amplified as a reference parallel to the burst
for direct temporal burst characterization. This enables the equalization of burst pulse
energies by gain precompensation carried out by amplitude modulation in the AOM. Strong
variations in burst pulse energies would otherwise deteriorate the parametric conversion
performance of the burst in the OPA since all relative intensity variations are increased
further by nonlinear processes. In the Twin RA, the burst is amplified to about 100 pJ
of burst energy and the reference pulse to 50 pJ. The burst is amplified further up to
200 pJ for each burst pulse (Fig. 6.2b 1V) in a home-built cryogenically cooled Yb:CaF,
booster amplifier. The burst pulses and the reference pulse are then recompressed (Fig.
6.2b V) to a pulse duration of 250 fs in the compressor. Losses in the compressor have
been determined to be around 30%, resulting in a compressed burst pulse energy of 140
1J and a compressed reference pulse energy of 35 pJ. Bursts consisting of 6 pulses were
generated, which results in a compressed burst energy of 840 pJ. The compressed pulse
burst is then sent into a passive CEP-stabilizing OPA for spectral peak recovery. The
idler output of the OPA gives a burst of ultrashort pulses at p.J energies with a clean
spectral modulation coming from the spectral interference of phase-descrambled burst
pulses (Fig. 6.2b VI). A small part (few pJ) of the PSCPA burst is sent together with the
reference pulse to a cross-correlation stage for the determination of individual burst pulse

energies. For the cross-correlation measurement, the temporal envelope of the whole burst
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is measured by scanning the time delay between the burst and the reference pulse with a
mechanical delay line. As a signal the sum frequency signal generated in a type | -barium
borate (BBO) nonlinear crystal during the overlap of the burst with the reference pulse

under a few-degree angle is detected.

6.2.2 Phase-Descrambling Frequency Conversion in an OPA

The OPA represents a phase-descrambling frequency conversion stage, in which the phase
difference between the pump and the signal is imprinted on the idler. The burst spectral
peaks and the scrambling of phases in PSCPA regard only the relative CEP ¢q; that is
given by the CEP of burst pulse i relative to the first burst pulse. In contrast, the OPA can
passively stabilize the total CEP of burst pulses and therefore also the relative CEP ¢ ; of
burst pulses with respect to each other. When the CEPs of each pump and signal pulse
pair are equal, the idler pulses are all expected to have the same CEP. This is the burst
equivalent of a well-known process for individual pulses, whose single-pulse description is
completely applicable to this case since the individual burst pulses are well separated from
each other in time, given a pulse duration of about 250 fs and a pulse spacing of more
than 1 ps [118]. This way, passive CEP stabilization demodulates individual burst pulses
in their phase and thus allows for a recovery of the burst spectral peak structure that is
lost during PSCPA. Further, this concept of OPA phase descrambling enables conversion
of the carrier frequency from the NIR, where highly efficient amplification is possible, to
any OPA-reachable desired frequency.

Fig. 6.3 shows a conceptual scheme of the passive CEP-stabilizing OPA used for the
experiments in this work. As mentioned in the section before, the OPA is driven by an NIR
burst consisting of 6 pulses, each amplified to 140 pJ. The second harmonic of the NIR
input burst is applied both as the pump for the OPA stages and generation of the WLG
seed burst. The second-harmonic conversion efficiency is about 35% resulting in a 50 puJ
second-harmonic burst. The individual burst pulse energy is not increased further because
of the onset of parametric superfluorescence in the OPA stages at higher pump energies.
Due to the use of the second harmonic, there are twice the individual pulse relative phases
¢0,; each imprinted on the pump pulses and the WLG seed pulses. The first-stage OPA
crystal (BBO Type 1) is tuned to an angle to achieve phase matching at around 690
nm. While the signal of the first stage acquires twice the original individual pulse relative
phases, the idler has a constant CEP for all burst pulses (¢ j=0). However, to get a
sufficient signal-to-noise ratio (SNR), the first stage is operated non-collinearly, and the
signal is separated spatially from the idler burst by a few-degree angle and, further, the
signal is amplified in a collinear second stage (BBO Type I). The spectra of the seed pulse,
of the second-stage signal at around 690 nm and of the idler at 2030 nm are measured,

with idler energies being a few puJ.
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Figure 6.3: 2-stage OPA scheme for phase-descrambling and frequency conversion. SHG:
Second-Harmonic Generation. WLG: White-Light Generation. OPA: Optical-Parametric
Amplifier.

6.2.3 Detailled description of passively CEP-stabilizing two stage OPA

Fig. 6.4 shows the setup of the passively CEP-stabilizing two-stage OPA in detail. The
burst with original fundamental frequency w;, is generating a second-harmonic signal
(SHG). Each burst pulse had an energy of about 140 1J, out of which a second harmonic
pulse with about 50 uJ has been generated corresponding to a conversion efficiency of
35%. After SHG conversion, a dichroic mirror (DM) reflects the fundamental signal on a
beam dump (BD) allowing only the SHG signal to enter the OPA. Control of the ratio of
pump vs. white-light generation (WLG) driver was done by a combination of half-wave
plate (HWP) and thin-film polarizer (TFP). Only a few microjoules were used for the
generation of the white-light seed. The WLG process was controlled by the amount of
driver energy, the opening of the aperture (AP) and the distance between the lens (L1)
and the YAG plate. After the plate, the SHG pump is filtered (F1) and the generated
WL is focused by a lens (L2) into the first OPA stage (OPA1) which was realized by a
type | BBO crystal angle-matched to about 690 nm, with 4 ;J of the SHG pump whose
timing was controlled by a translation stage (TS). The OPAL was operated non-collinearly
to separate the signal from the idler signal. The signal from the first stage is then sent
into a second collinear stage (also BBO Typ |) for further amplification using 8 pJ of the
SH pump. The 2030 nm idler from the second stage is then converted into a 1015 nm
signal by SHG in a type | BBO, such that its wavelength fits the wavelength range of
our lab-available high-resolution spectrometer (Avantes AvaSpec-ULS4096CL-EVO) after
filtering out the green 515 nm pump after both stages (by F2, F3) and the amplified 690
nm signal (by F4).

6.3 Results

First, results for a single-shot cross-correlation technique are shown, which has the
advantage of being able to deliver information about burst pulse energies from individual
cycles. From these, we could see, that the burst is sufficiently stable and that scanning
cross-correlation can be applied, which provides a larger scan range for a limited nonlinear

crystal size. Followingly, scanning Sum-Frequence Generation (SFG) cross-correlation
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Figure 6.4: Detailled description of the passively CEP-stabilizing two-stage OPA. SHG:
Second-Harmonic Generation. BD: Beam Dump. DM: Dichroic Mirror. HWP: Half
Waveplate. WLG: White-Light Generation. TFP: Thin-Film Polarizer. TS: Translation
Stage. SPEC: Spectrometer. BBO: Beta-Barium Borate. AP: Aperture. Lx: Lens. Fx:
Filter.

traces and spectra were acquired in parallel. At first, the measurements were carried out
with a single pulse for initial OPA alignment and signal optimization. Then, the procedure
is carried out with a burst of 6 pulses and a burst pulse spacing of 1.63 ps. Finally,
the burst cavity round-trip time in the twin RA burst channel was adjusted by using a
micrometer screw that finely tunes the position of the cavity end mirror. By this, a burst
was set to a pulse spacing of 1.99 ps and another measurement was carried out.

6.3.1 Single-Shot Cross-Correlation
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Figure 6.5: Concept to measure picosecond-long waveforms by crossing two pulses under a
large angle in a nonlinear crystal, which leads to a time-to-space mapping of the temporal
waveform: t; is the time of arrival of pulse i. Pulse 1 arrives on the top side of the crystal
earlier than pulse 2, giving a positive delay. In the middle is the zero-delay overlap. On the
bottom side of the crystal, pulse 1 arrives later than pulse 2. Figure adapted from [136, p.
142].

Single-shot characterization techniques are a well-established way to measure the shot-
to-shot characteristics of ultrashort pulses. They are used in several realizations, such as
in Frequency-Resolved Optical Gating (FROG) measurements [136] or in cross-correlation
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Figure 6.6: Beam spatial profiles measured 10 mm before the crystal.
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measurements with a known reference pulse. They allow the characterization of distinct
waveforms without the assumption that the individual samples are equal to the ensemble
average, which is performed when applying multi-shot techniques. In this section, such a
single-shot cross-correlation technique is applied to demonstrate the reproducibility of the
NIR burst system by cross-correlating the burst with an amplified compressed reference
pulse in a nonlinear crystal under a large angle (See Fig. 6.5). The range of delays At

which is covered by such a measurement is [136]

AT = 2(d/co) tan 0/ cy, (6.1)

with d being the beam diameter in the crystal and ¢y being the speed of light in
vacuum.
Inside the crystal, the two pulses generate sum-frequencies at positions, which depend
on their time delay. Thus, their temporal delays are translated into spatial positions.
To gain enough efficiency for the nonlinear process, the pulses are focussed with a
cylindrical lens, that focuses the pulses perpendicular to the axis on which the temporal
information is acquired (the x-axis in Fig. 6.5). The x-dependent line profiles containing
the temporal waveform information were acquired with a commercial fast CCD line camera
(MightexSystems TCE-1209-U) that was triggered synchronously to the 1 kHz amplification
repetition rate. The spatial beam profile of both pulse beams need to be broad enough
to cover the required delay range (Equ. 6.1). Further, the spatial beam profiles need
to be sufficiently smooth, such that spatial inhomogeneities don't deteriorate the signal.
This was confirmed by measuring the spatial beam profile 10 mm before the crystal each,
where, apart from dirt on the beam profile detector, a smooth spatial profile was observed
(See Fig. 6.6).
As a demonstration of the technique, a burst of 4 pulses was generated with a pulse
spacing of 1 ps and cross-correlated with the reference pulse in a BBO crystal (6 mm
diameter, 0.5 mm thickness). The measurement results for 100 amplification cycles show
good reproducibility (Fig. 6.7) and pulse stability. However, as can be seen by looking at
individual cross-correlation traces (Fig. 6.8), the first and the last pulses only show about
half the intensity in their signal. This could be determined to be due to the limited delay
range of the cross-correlation window by tuning one of the mirrors and examining the
changes in the cross-correlation trace. Further, an increase in the supported delay range,
however, would have required a crystal with a larger diameter than the one already in use
(which would have been unnecessarily expensive and was not available at this time in our
lab). So while the single-shot approach gives good insights into burst-to-burst amplification
dynamics and reproducibility, it lacks the support of longer (> 3 ps) delay ranges with
commonly accessible hardware. It does, however, allow confirmation of the shot-to-shot

reproducibility and whether a scanning cross-correlation technique is reasonable to apply.
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Figure 6.7: Single-Shot cross-correlation traces over 100 amplification cycles. A burst
with 4 pulses and 1 ps temporal spacing between pulses was generated and crossed with a
single compressed reference pulse for each cycle.
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Figure 6.8: Single-Shot cross-correlation trace. A burst with 4 pulses and 1 ps temporal
spacing between pulses was generated and crossed with a single compressed reference
pulse.
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6.3.2 Scanning Cross correlations and spectra

Instead of applying a single-shot technique as in Chapter 6.3.1, one can simply delay one
of the two channels with a delay stage and scan the delay over the delay stage position
setting, which includes averaging over many cycles. In Fig. 6.9, the results consisting
of the scanning cross-correlation traces and spectra of the pump, the WLG seed, the
2-stage signal, and the idler are shown. The pulse duration of 250 fs is confirmed by the
cross-correlation measurement. The pulse spacing was 1.63 ps and 1.99 ps in the two burst
settings used for the measurement. For the idler, the second harmonic is measured in a
single-shot manner with an integration time of 1 ms (Avantes Avaspec-ULS4096CL-EVO)
synchronously to the burst amplification repetition rate of 1 kHz. In all experiments,
the pump spectrum coming from the phase-scrambled burst has a stochastic structure
without any pronounced burst modulation. It is confirmed by the measurement that, as
outlined in the section before, the phase scrambling is transferred to both the WLG seed
and the signal (Ocean Optics HR4000/HR4000CG-UV-NIR), which thus lacks any sign of
periodic modulation with a period according to the pulse spacing. In agreement with the
theoretical predictions, the burst idler spectra consist of a clear periodic modulation with
high modulation depth resulting from spectral interference of phase-descrambled burst
pulses according to their temporal spacing. Burst idler spectral periods can be determined
to be 2.1 nm and 1.7 nm, which at 1015 nm (SH of idler) corresponds well to the given
pulse spacings of 1.63 ps and 1.99 ps, respectively. As expected for a single pulse, spectral

interference modulations are completely absent in its idler spectrum.

6.3.3 Comparison with the theoretical limit

To further confirm the assumption of the origin of the idler spectral modulation, the
measured SH idler spectra are compared with an analytical calculation. For a burst of N
pulses, the burst spectral intensity can be calculated from Egs. (1.10, 1.12). From this, a
fit for each of the measurements is performed and the results are plotted together with
the measured spectra in Fig. 6.10.

Overall, the comparison looks very promising, with a broadening of experimentally measured
spectral peaks compared to the theoretically calculated ones: For the short/long pulse
spacing case, the peak width (FWHM) was determined to be 320/240 GHz in the
measurement compared to 90/80 GHz according to the calculation. This broadening
can be explained by the fact, that the idler is angularly chirped which is also the reason
why after optimization via alignment of the beam into the spectrometer the central
frequency can differ by a few THz. The angular chirp is given by slight non-collinearity
between signal and pump in the second stage because of the finite beam size, limiting the
alignment. The angular chirp could be estimated to be smaller than 1.1 mrad/m, which
in combination with the travel distance to the spectrometer incoupling mirror (0.8 m)
and the spectrometer entrance slit (5 um) lead to slight clipping of the SH idler. This
effect is noticeable by a change in the measured central frequency from 295.5 THz at 1.63
ps spacing to 294.4 THz at 1.99 ps spacing. Since an angular chirp also leads to time
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Figure 6.9: Cross Correlations (left, blue) and spectra (other) acquired for a single pulse
(top) and a burst of 6 pulses with a temporal spacing of 1.63 ps (middle) and 1.99 ps
(bottom). The white-light-generated seed spectrum (light orange) and the second-stage
signal spectrum (orange) can be seen. The second-harmonic of the idler signal generated
in the second stage (red) is also visible, showing a clean periodic modulation, originating
from the phase-descrambling of the burst pulses.
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smearing, this smearing effect also explains the broadening of the spectral peaks that are

formed by the very short pulse spacing.
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Figure 6.10: Comparison of the measured SH idler spectrum (red) with the calculated fit
(black) according to Equ. (1) for a pulse spacing of a) 1.63 ps and b) 1.99 ps.
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Chapter 7

Pulse Number Scalability of
THz-Rate Bursts

This chapter focuses on the scalability in pulse number of Vernier-type burst generation.
A gradual smoothing of temporal intensity profiles at an increasing number of pulses is
discovered, demonstrating an unexpected recovery of the CPA performance at terahertz
(THz) intraburst repetition rates. A numerical model is developed and its results are
analyzed (see Chapter 7.1). An operating regime corresponding to an intrinsic smoothing
of the temporal intensity profile of chirped THz-rate bursts is identified at high pulse
numbers (See Fig. 7.1c). This burst amplification regime gives a sustainable energy
extraction from an amplifier, even at high (N > 10) pulse numbers without risk of
intensity-induced optical damage. Further than that, for burst durations larger than
the chirped pulse duration, the extractable energy of an amplifier can be shown to be
increased. The experimental setup for an experimental demonstration is described in
Chapter 7.2 and its results are shown in Chapter 7.3. A self-referenced stable burst
spectral peak structure with megahertz (MHz) peak width is generated, without risk of
amplifier damage caused by interference of chirped pulses. In the course of this effort,
the time-frequency properties of ultrashort-pulse THz-rate bursts at high (N > 10) pulse
numbers are validated experimentally. For such high pulse numbers the proposed technique
combines CPA and Divided Pulse Amplification (DPA) [132] in an unprecedented way
and further gives an optimistic outlook on the energy scalability on THz rate bursts with
extraordinarily high pulse numbers (See Chapter 7.4). The author notes that parts of this

subchapter were already published in a similar form in the author's work [1].

7.1 Numerical results

The Wigner distribution Wg(t,w) for an ultrashort-pulse burst is calculated numerically,
according to the definition given in Eq. (1.15), with an intraburst pulse spacing of 1 ps.
Depending on the FWHM pulse duration 7pyw ias (by variation of the chirp parameter )
and on the compressed burst duration (N — 1)At (by variation of the pulse number N),
three regimes can be identified: compressed pulses (250 fs pulse duration), few strongly
chirped pulses (200 ps, 10 pulses) and many strongly chirped pulses (200 ps, 80 pulses).

Further, only calculations with zero phase slip ¢s = 0 are shown.
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Figure 7.1: Depiction of the effect of temporal intensity peak broadening for chirped
THz-rate bursts at increasing pulse numbers. After the stretcher, the pulse spacing
is much smaller than the chirped pulse duration. The temporal scaling before and after
the stretcher differs for visualization purposes. a) Single-pulse: High-frequency, blue
components advance lower-frequency, red components in time. For a linear chirp, the
spectrum is translated into the time domain. b) Low-N regime: When chirping only a
handful of pulses closely together, burst-typical spectral peaks are mapped into the time
domain. c) High-N regime: As soon as the pulse number becomes large enough, there
is no clear overlap in time of all the pulses anymore. The spectral peaks are not mapped
into the time domain and temporal intensity peaks are broadened.
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(b) Zoom into the Wigner distribution Wg (¢, ) as indicated by the black rectangles in (a). The
symmetry lines of the 10-pulse Wigner distributions are marked by dashed lines.

Figure 7.2: Numerical Wigner calculation results consisting of the calculated real part
of the Wigner distribution Wg(t, A) (red and blue) and (a) its marginal distributions, i.e.
intensity I(t) (light brown) and spectrum S(\) (green), and (b) zoom into the Wigner
distribution for better visualization of the periodic pattern. The results are represented
depending on wavelength ), instead of frequency w, for a better comparison with the
experimental results shown later in this article. Calculations were performed with a burst
with 8.5 nm bandwidth at 1030 nm (corresponding to a compressed pulse duration of 250
fs) with a pulse spacing of 2 ps. Left: 4 pulses compressed (C' = 0, Tpw gy = 250 fs).
Middle: 4 pulses chirped (C = 1.66 - 107, Tpw s = 200 ps). Right: 40 pulses chirped
(C = 1.66 - 107,7'FWHM = 200 pS).
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7.1.1 Compressed Pulses

The chirp parameter C' is negligible and the pulse duration 7py s is smaller than the

pulse spacing At

C=~0, (7.1a)
TEwHM < At. (7.1b)

This is the typically known case before, or after, Chirped-Pulse Amplification (CPA)
where all pulses are compressed and well separated from each other in time (Fig. 7.2, left
side). For the first (n = 0) and last (n = N — 1) pulse, the Wigner distribution consists

(%)

only of non-oscillatory positive-valued signal terms WBm:O/n:Nil(t,w). For each pair
(n,m) of pulses, that are located at times t7(15) and tg;?), respectively, exists an oscillating

interference contribution Wg)nm(t,w) at time [4]

(o _

T (7.2)
which for [n — m| = ¢At, ¢ being a positive even number, overlaps with the signal
term of another pulse in the Wigner space.
The Wigner interference pattern shows a discrete symmetry along the frequency axis with
period 27t/ At. For each period along the frequency axis, interference in the time-frequency
Wigner space leads either to a strong spectral peak or to very weak spectral secondary
maxima in between, explaining the burst-typical peak structure in the spectrum. For the
time-domain marginal, there are no secondary maxima besides the burst pulses. It is noted
that the Wigner interference contributions Wgzm(t,w) do have a physical significance
and are not a mere mathematical artifact. Their total energy can be shown to be zero
because the individual pulse Wigner distributions are time-frequency disjoint (Moyal’s
formula) [137]. However, they are responsible for the spectral interference structure, which
can be measured with any spectrometer with sufficient resolution. Another symmetry
property of the Wigner distribution is given by the vertical line at ¢ = 0, across which it
has an even symmetry Wp(t,w) = Wp(—t,w). This symmetry is given by the fact, that
pulses that are equal in their energy are assumed in the calculation. However, it is also

preserved for a nonzero phase slip ¢ # 0.

7.1.2 The low-N regime: Few Strongly Chirped Pulses

The chirp parameter C' is very high. The chirped pulse duration 7eyygras is much larger
than the pulse spacing At and also even larger than the whole compressed burst duration
(N —1)At

C>1, (7.3a)

TEWHM > (N — 1)At > At (7.3b)
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As it is generally known for a single pulse [136], the Wigner distribution Wg chirped(t, w)
of a chirped burst in this regime (Fig. 7.2, middle) can be seen to be a tilted version of

the Wigner distribution of the compressed pulses Wg compr (Fig. 7.2, left):

41n (2)C
WB,chirped(ta W) = WB,compr (t - 2# : W7w>
WEWHM

41n (2)C
= WBycompr (tv w + 2n ( ) ’ t) (7'4)
TFWHM

Given this tilt in combination with the even symmetry of the compressed-pulse distribu-
tion, the presence of a diagonal symmetry line is given in this case, which is in agreement
with the mapping of the spectrum into the time domain. Therefore, the burst intensity
I(t) is, up to a chirp-dependent factor a(C') in the argument, well represented by the

burst spectrum S(w)

I(t) o S (a(C) - 1). (7.5)

This is confirmed by the numerical calculations, as can be seen by comparing the

Wigner marginal distributions of Fig. 7.2, middle.

7.1.3 The high-N regime: Many Strongly Chirped Pulses

The chirp parameter C is very high. The chirped pulse duration 7y ras and, due to the
large number of pulses N, the compressed burst duration (N — 1)At are both much larger

than the pulse spacing At

C>1, (7.6a)
TrwaM & (N — 1At > At (7.6b)

In this regime, the diagonal symmetry of the chirped low-pulse Wigner distribution is
broken due to many chirped-pulse replicas along the horizontal /time axis. When presenting
the data while covering a large coordinate range (Fig. 7.2, right), the Wigner distribution
can be seen to consist of horizontally spread contributions. When taking a closer look
at the individual contributions, each contribution consists primarily of diagonal, closely
spaced lines (Fig. 7.2b, right). Wigner signal and interference contributions are hardly
distinguishable at this point. Performing the horizontal sum over time to acquire the
spectrum, the contributions can be either attributed to signal and constructive interference
terms (only positive lines, lower contribution in Fig. 7.2b, right), retaining the strong
spectral peaks, or, to signal and destructive interference terms (positive and negative
lines, upper contribution in Fig. 7.2b, right), suppressing the spectral density in between
the peaks. The intensity distribution in time is smoothed out by interference in the
time-frequency Wigner space and thus the CPA technique is a useful way to amplify

ultrashort-pulse bursts safely without amplifier damage.
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Energy scalability of the high-N regime

Interpulse interferences between strongly chirped pulses lead in the low-N regime to an
overshoot of the chirped burst temporal intensity profile. The high-IN regime allows for a
self-smoothing effect. In this section, this phenomenon is investigated numerically, with
the focus on how much energy can be extracted from an amplifier per amplification cycle,
under equal conditions, compared to single-pulse operation when the only limitation is a
peak-intensity-induced optical damage threshold Iy r. The reachable burst energy ep is
compared with that of a single pulse ep at a given intensity threshold Iy Rr:
B _ fIB(t)dt’ (7.7)
ep [ Ip(t)dt
which gives the burst-extractable amplifier energy normalized to single-pulse operation.
Ip(t), Ip(t) are the chirped intensity profiles of a burst and a single pulse, respectively,
and max {Ig(t)} = max {Ip(t)} = ITHr.
The results of the numerical investigation can be seen in Fig. 7.3 where, depending on the
number of pulses N, the normalized extractable energy of bursts with pulses chirped to
200 ps and an interpulse spacing of 1 ps (corresponding to a 1 THz burst rate) is shown.
For less than about 10 pulses, a 1/N decrease is given. This refers to an N-times increase
in peak intensity of the chirped temporal intensity profile. This is the same behavior as
from the spectral peak intensity, as can be calculated from Eq. (1.10). This indicates the
discussed frequency-to-time mapping of the spectral peak structure and the absence of
the temporal self-smoothing effect. At N £ 10, a continuous increase in the normalized
extractable energy can be observed, which is given by the onset of the self-smoothing of

the temporal intensity profile of the chirped burst.

7.2 Experimental Setup

The motivation is to directly measure the increasing effect of temporal intensity smoothing
in THz-rate bursts of chirped pulses, arising when raising the number of pulses to N > 10
pulses. For this, uJ bursts with 1.8 ps spaced pulses (corresponding to a 0.56 THz burst
rate) at various pulse numbers are generated and characterized. An overview of the
experimental setup is given in Chapter 7.2.1. For this experiment, the self-referenced
method to stabilize the pulse-to-pulse phase slip ¢s (See Chapter 2.4.2) is applied.
Spectrogram measurements of the chirped burst by cross-correlation with the synchronous,
compressed reference pulse are shown in Chapter 7.2.2. Finally, the compressibility of the
burst waveform by autocorrelation and techniques for optimization of the burst generation

process is described in Chapter 7.2.3.

7.2.1 Ultrashort-Pulse Burst Laser System

The experimental setup is based on the same system as described in Chapter 4. In contrast
to the efforts outlined in Chapter 6, CPA of ultrashort-pulse bursts does not require any



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

7.2. Experimental Setup 87

—— At=1ps — 1/N

0.7
& :
a 0.6 low-N high-N
=
o 0.5 .é.1.oo—
(0] § 0.75 1
% 0.4 ;: 0.50
o § 0.25
v £ ~ 1.00
E 0.3 00000 o 200 g 0.75
";E time [ps] E 0.50
© 0.2 /
E- 8 0.25
B 0.1 T B -200 o 200
c time [ps]

0.0 : : : : : : -

2 10 20 30 40 50 60 70 80

N

Figure 7.3: Normalized extractable energy from an amplifier at 1 ps interpulse spacing,
corresponding to 1 THz burst rate, versus pulse number N (blue). The black solid line
shows the 1/N scaling behavior that would apply in the absence of the self-smoothing effect.
The inlays show the temporal intensity profile (blue) of chirped bursts at N = 10 (upper
left) and at NV = 80 (lower right) and that of a single chirped pulse (grey), normalized to
the intensity threshold I7gr. Pulse parameters: C' = 1.66 - 107, 7pyw rar = 200 ps
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Figure 7.4: Overview of the experimental setup with a Twin Regenerative Amplifier
providing two channels: The burst channel (yellow) and the reference pulse channel
(orange). The upper left inlay shows the intracavity spectrum of 40 pulses (blue) and
its Fourier Transform (green) including the reference phase (red). The upper right inlay
shows the cross-correlation setup in detail. OSC: Oscillator. STR: Stretcher. AOM:
Acoustic-Optical Modulator. RA: Regenerative Amplifier. AC: Auto-Correlation setup.
XC: Cross-Correlation setup. TFP1/2: Thin-Film Polarizer. TS: Translation Stage.
QWP: Quarter Waveplate. HWP: Half Waveplate. M1/2: Mirror. L: Lens. BBO:
Beta-Barium Borate Crystal. VIS SPEC: Visual Spectrometer. NIR SPEC: Near-Infrared
Spectrometer.
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phase-modulation techniques (phase scrambling) due to the smoothing of the temporal

intensity peaks in the high-N regime (Fig. 7.2 right, Fig. 7.3).

7.2.2 Spectrogram Measurements of the Chirped Burst

The chirped amplified burst is cross-correlated (XC) with the compressed reference pulse
quasi-collinearly (2°crossing angle) in a type | Beta-Barium Borate (BBO) crystal and the
sum-frequency generated (SFG) spectrogram (VIS SPEC, Ocean Optics HR4000CG-UV-
NIR) is measured, i.e. the spectrum of the SFG signal for each burst-reference time delay
point (See Fig. 7.4, upper right inlay). The SFG spectrogram is given as [4]

SO (4 ) = ’ / Ep(t)h(t —t') exp (iwt')dt’ i (7.8)

with h(t) being a window function, which is given by the compressed reference pulse
with 250 fs duration 7y grarref. The spread of the window function () is much smaller
(TEw HM ref = 250 fs) than the temporal spacing in all pairs of interfering pulses (> At
= 1.8 ps), therefore, interference terms that arise in the burst Wigner distribution are
strongly attenuated in the spectrogram. Summation over the wavelength axis gives the
time-dependent intensity of the chirped burst waveform. Due to the large duration of
the 300 ps chirped pulses, a long-range, high-precision translation stage is used in a
double-pass configuration by a combination of thin-film polarizer, quarter waveplate and

back-reflecting mirror, to allow for an 800 ps temporal range with 1 ps step size.

7.2.3 Compressed Burst SHG Auto-Correlations

Second Harmonic Generation (SHG) autocorrelation measurements (AC) of the compressed
ultrashort-pulse burst are performed with a nonlinear type | BBO crystal. This way, the
compressibility of the burst pulses is shown, without interpulse crosstalk that distorts the
phases of individual amplified pulses. This measurement is also used to set the proper
settings for the burst generation process: The optimal PC intermediate voltage can be

found primarily by two measures

= When looking at the burst spectrum, the ratio of spectral peak height and the
spectral background in between the maxima is maximized while keeping the energy

constant.

= The envelope of the AC should, at its best, be triangular.

This way, it is made sure that for a given gain a number of N amplified pulses with

equal energies are generated.
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7.3 Experimental results

First, the cross-correlation method is validated by comparing the result for a single chirped
pulse with its spectrum (Chapter 7.3.1). Then, measurements are performed for ultrashort-
pulse bursts with 20 pulses up to 40 pulses (Chapter 7.3.2). Finally, performance data
of the phase slip stabilization (Chapter 7.3.3) and the autocorrelation of the compressed
burst (Chapter 7.3.4) are shown.

7.3.1 Cross-Correlation Validation with a Chirped Single Pulse

To validate the cross-correlation measurement, the measured temporal intensities of a 300
ps chirped single pulse are compared with its spectrum since it is expected that they are
equal to each other for such large chirp parameters (C' > 107). This confirms a good
spatial overlap of both channels within the BBO crystal over the whole multiple-100 ps
travel range. The result can be seen in Fig. 7.5. The spectrum of the original near-infrared
(NIR) chirped pulse, is well reproduced by the temporal intensity distribution. Both, the
temporal intensity profile and the directly measured spectrum show a periodic modulation
structure introduced by the etalon effect in the intracavity air-spaced waveplate. In the
spectrogram, the primarily linear chirp is visible, also the chirped pulse duration of 300 ps
is confirmed by the time-dependent intensity.
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Figure 7.5: Measured spectrogram of a chirped single pulse by SFG cross-correlation
with the compressed reference pulse. Top panel: Intensity over time (brown) acquired by
summation over the wavelength axis for each delay point, in comparison with its spectrum
(violet).

7.3.2 Cross-Correlation of Chirped Bursts with a Compressed Reference
Pulse

The gain is set to a given value to get sufficient signal on the SFG spectrometer and

in the autocorrelation. For this, bursts with an intraburst pulse spacing of 1.8 ps are
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Figure 7.6: Measured spectrogram of bursts consisting of (a) 20 (b) 30 (c) 40
chirped pulses by SFG cross-correlation with the compressed reference pulse. Top panel:
Intensity over time (brown) acquired by summation over the wavelength axis, in comparison
with its spectrum (violet).
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generated, corresponding to a 0.56 THz burst rate. The burst and the reference are
amplified to about 10 pJ each, and optimized the PC intermediate voltage as described
in Chapter 7.2.3. The phase slip stabilization was then turned on. This procedure was
done after every time the burst seed pulse number was set by the AOM electronics and
the burst accumulation time window in the burst RA channel was adjusted accordingly.
Measurements were performed from 20 pulses up to 40 pulses in 5-pulse steps.

The cross-correlation spectrograms, together with the temporal intensities acquired by
summation of the spectrogram data over the wavelength axis are shown in Fig. 7.6 for 20,
30 and 40 pulses, including a comparison of the acquired temporal intensities with the NIR
burst spectra. For 20 pulses (Fig. 7.6a) one can see a good agreement of the intensities
with the spectra, as it is the case for a single pulse (Chapter 7.3.1). This is an indication
that for 0.56 THz rate bursts with 20 pulses, which are chirped to 300 ps, one is still in the
low-N regime, as discussed in Chapter 7.1.2. The spectrogram shows, in contrast to the
numerically calculated Wigner distributions (Fig. 7.2, middle) only a signal at delay times
where peaks in the temporal intensity are visible. In between, no interference structure was
recorded. This is in agreement with the formulation of the spectrogram as a smoothed
version of the Wigner distribution, where the interference terms are suppressed by a short
temporal window. When further increasing the pulse number (Figs. 7.6b, 7.6c), a gradual
intrinsic smoothing of the signal in time over the whole bandwidth in the spectrogram is
visible, which also leads to a smoothing of the time-dependent chirped-burst intensity. In
Fig. 7.7, the number of 20 pulses seems to be indeed the threshold between the low-N
and the high-N regime in this particular case, until at 40 pulses the temporal intensity
profile is completely smoothed out. It is underlined that the high-N regime thus serves

for the optimal conditions for CPA.

intensity [norm.]

¢
600 1 ove

Figure 7.7: Temporal intensity profiles of chirped bursts acquired from the measured
spectrograms by summation over the wavelength axis, shown for a single pulse and for
multi-pulse bursts with 20 up to 40 pulses.
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7.3.3 Phase-Slip Stabilization
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Figure 7.8: Time-dependent deviation of the phase slip ¢; from an arbitrary target
value for 20 up to 40 pulses. On the right side, the stochastic distribution by summation
of all data points over time (gray) is shown, including a Gaussian fit with a 0.0287 FWHM
width (black).
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Figure 7.9: Intracavity spectrum from the RA burst channel cavity over time (top)
and the derived time-dependent deviation of the phase slip ¢ (bottom).

In the following, the self-referenced phase-slip stabilization performance for this mea-
surement is shown. It is implemented as described in Chapter 7.2. The stabilization data
was recorded in parallel to the acquisition of the cross-correlation data (see Chapter 7.3.2).
In Fig. 7.8, the measured deviation of the phase slip ¢s over time can be seen. The
stochastic distributions of the time-dependent deviations do not depend strongly on the
pulse number, which is why all data points were summed up over the time axis. The
total phase deviation distribution is Gaussian with an FWHM width of 0.0287, which
corresponds at 1030 nm to an FWHM group delay deviation of only 48 as in the pulse
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Figure 7.10: Characterization of a 40-pulse 0.56 THz burst at pJ level: The burst
consists of compressed pulses with 250 fs pulse duration. The SHG FROG trace (bottom)
and the derived autocorrelation by summation over the wavelength axis (top). The dashed
line shows the triangle envelope of the peak maxima (ignoring the zero-delay artifact).

spacing. The phase-slip stabilization performs well even at high pulse numbers. For 40
pulses, the intracavity spectrum over time and its derived phase deviations are plotted in
Fig. 7.9. A guided PZT with a 40 um travel range (Piezosystem Jena PU 40) is used.
This travel range is much larger than the 14.4 nm translation that would correspond to
the measured FWHM width of the phase deviation distribution. A main factor for the
stochastic width of the phase deviation is given by the limited control loop bandwidth.
The slow control loop was running software-controlled with a mean sample rate of 49 Hz,
which could be easily improved by applying a fast hardware-running control loop in the
future. Because of the good stability of the phase slip, the peak structure in the burst

spectrum can be seen to be very stable.

7.3.4 Autocorrelation of the Compressed Burst

The compressibility of the burst pulses is shown by the demonstration of SHG autocorre-
lation results for compressed bursts, which in the case of N pulses is supposed to show
2N — 1 signal peaks. The result for 40 pulses can be seen in Fig. 7.10, including the
SHG FROG trace from which the autocorrelation is derived. The SHG FROG trace proves
further the phase slip control stability by a stable peak structure over time without any
noticeable wavelength-detuning drift. The autocorrelation can be seen to be typical for a
complex waveform with a broad background component and a coherent artifact [138,139],
visible by the overshoot at zero time delay. The peak maxima can be approximately fitted
with a triangle-shaped line, indicating equalization of the burst pulse energies. Deviations
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from the ideal triangle course do not only arise because of the pulses themselves but also
because of the set time delay step of 200 fs of the delay stage that is comparable to the
compressed pulse duration of 250 fs, leading to discretization errors. Nonetheless, this
delay step value is found to be a good trade-off between step size and a large, almost 160
ps, scan range for this proof-of-concept experiment. It is also noted, that bursts with any
higher pulse number can be easily generated with the described method, however, due to
limited scan range and signal-to-noise ratio (SNR) in the AC, higher pulse numbers than
40 were not reasonable for the given demonstration. The theoretical limit of the burst
duration is given by the RA burst channel cavity round-trip time, which is approximately
13 ns in this case (corresponding to the 76 MHz oscillator repetition rate). This would

correspond to a burst of 13,000 pulses at a 1 THz burst rate.

7.4 OQOutlook on Energy Scalability for Extraordinarily High

Pulse Numbers

The primary focus of this chapter is to investigate, both numerically and experimentally, the
onset of the high-N regime given by the intrinsic self-smoothing of the chirped temporal
intensity profile. In order to give a further outlook on the capabilities given by direct
time-domain generation of bursts and the self-smoothing phenomenon at THz burst rates,
the normalized extractable energy at pulse numbers N — 1000 at a 1 THz burst rate is
investigated (Fig. 7.11).

A partial periodic revival of the temporal peak structure at every 90 pulses is visible, i.e.
at N = 100, N = 190, N = 280, ..., which is indicated by a decrease in extractable
burst energy. The energy decrease due to the partial peak revivals, however, becomes less
the higher the number of pulses. In consequence, normalized extractable energy keeps
increasing for sufficiently many pulses, until it becomes linearly dependent on the pulse
number N.

For sufficiently large N, the largest interpulse spacing (N — 1)At (that is the spacing
between the first and the last burst pulse) becomes larger than the duration of the individual
chirped pulses 7w s (200 ps in this simulation). In this case, the burst-extractable
energy is higher than the extractable energy with a single pulse under the same conditions.
This can be well understood when considering the temporal intensity profile of a chirped
burst with N — 1000, or more, as shown in Fig. 7.12 with N = 2000 pulses. In this case,
there is a 10 times higher maximum interpulse spacing than the chirped pulse duration.
The intensity profile of a strongly chirped THz-rate burst almost completely fills out the
intensity-time area, resembling a waveform with a rectangular shape. It also exceeds the
temporal range of the single stretched pulse and thus allows for higher energies at a given
chirp rate C. When zooming into the waveform (right subplot of Fig. 7.12), a periodic
temporal peak structure can be observed, with a period equal to the interpulse spacing
At. The reason for the normalized extractable energy increase is similar to that of Divided
Pulse Amplification (DPA) [132]. In DPA, the total amplified energy is distributed over

time over multiple compressed pulses, while peak intensity is kept below a given damage
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threshold. We note, that the regime N — 1000, or higher, thus includes advantages of
DPA and CPA.

—— At=1ps — 1/N

100 200 300 400 500 600 700

Figure 7.11: Normalized extractable amplifier energy for burst-mode operation
compared to single-pulse operation depending on pulse number NV, at a given intensity
damage threshold Irg . The black solid line shows the 1/N scaling behavior that would
apply in the absence of the self-smoothing effect. The dashed line in black indicates
when the maximum interpulse spacing (N — 1)At becomes larger than the duration of an
individual chirped pulse Tpyw rras. Pulse parameters: C' = 1.66 - 107, 7w ay = 200 ps.
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Figure 7.12: Normalized temporal intensity profile of the chirped waveform in the
case of a single pulse (grey), N = 2000 pulses spaced by At =1 ps (light blue). Pulse
parameters: C' = 1.66 - 107, 7pyw rar = 200 ps.
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Chapter 8

Rapid-Scan Nonlinear
Time-Resolved Spectroscopy over
Arbitrary Delay Intervals

The ability of a controlled time delay between two optical pulses is a fundamental necessity
for time-resolved measurements, which allow for the understanding of a system's time-
dependent behavior. In Ramsey-comb Spectroscopy, controlled time delays lead to the
acquisition of spectra with comb accuracy and resolution while using pulse pairs at millijoule
energies [140]. Biomolecular dynamics and charge recombination in photovoltaic devices
show characteristics over several orders of magnitude on timescales from picoseconds
to microseconds [141,142]. Further research of these kinds of phenomena requires the
development of optical sources with a stable, controlled time delay over a wide temporal
range. This chapter is dedicated to this task: Chapter 8.1 describes the state of the
art of tunable delay generation for pairs of ultrashort amplified pulses. In Chapter 8.2,
the operation of an ideal tunable delay system is described. An experimental setup that
comes quite close to the ideal system and was built up is outlined in Chapter 8.3. Finally,
the experimental results are presented in Chapter 8.4, including a transient-absorption
pump-probe measurement of a perovskite sample over a large dynamical range with

adaptable temporal resolution.

8.1 State of the Art

In general, the current technical state requires a tradeoff, where one either needs to decide
between femtosecond precision in a small nanosecond scan range, or a high microsecond
scan range with only picosecond, or even worse, precision. An overview is given in Tab.
8.1.

The most typical approach for setting a time delay of two pulses, is using a mechanical
delay stage (Fig. 8.1). This method has the properties of high versatility and simplicity
since it consists only of a retroreflector and a translation stage. However, its application
over a larger temporal range, which exceeds several dozens of picoseconds, leads to lateral
beam pointing instabilities and defocussing effects. Tuning the position of the retroreflector

also requires a certain amount of time, leading to comparably slow scan speeds. This
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Intervals

Table 8.1: Selected methods with their primary working principle to generate tunable
delays between two pulses.

Control over Time Delay

Delay Stage ASOPS Bredenbeck et al. kHz-ADASOPS | This work
Dual-
Comb
Retroreflector | Detuned and Locked < 1/f ., as ASOPS o e S
Position Rep. Rate of OSC Pair | > 1/f.,: AMP triggering AMP
triggering

At
S S

Figure 8.1: Concept of applying a delay stage to generate a tunable time delay between
two pulses. M: Mirror. BS: Beam Splitter.
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makes the use of a mechanical delay stage unattractive for e.g. microscopic applications,
where not only one but multiple pump-probe traces are recorded, one for each position or
pixel.

Thus, it became clear that for fast and accurate time-delay settings, suitable electroni-
cally tunable methods without moving optical arms need to be found. The emergence
of femtosecond dual-comb sources led to a broad palette of applications in frequency
metrology and linear Fourier domain spectroscopy. It allows for a continuous sampling
of the time interval between pulse pairs. While in certain configurations it is commonly
known as Asynchronous Optical Sampling (ASOPS), the general concept is shown in Fig.
8.2 [143,144]: It is based on the synchronization of two mode-locked oscillators, each with
a given repetition rate frcp 1, frep,2, such that their repetition rate detuning frep2 — frep,1
is constant. A stable repetition rate detuning between two combs generates a time delay
that scans continuously between zero delay interval and the repetition time, with a step size
that is given by |1/ frep2 —1/ frepa|- This makes fast and simple acquisition of pump-probe
data with fs precision possible. However, the technique's outstanding performance is only
available for time delays up to the oscillator repetition time which typically means a few

dozen nanoseconds.

n=0 n=1 n=2 n=3
=l [ ]
0sC1 I
fr.e;:l,l;tfru?p.2 E E E E E
Of,, = const. frep.2 | |
0SsC2 ' .
1-At 2.At

m=0 m=1 m=2

Figure 8.2: Concept of ASyncronous Optical Sampling (ASOPS) to generate a tunable
time delay between two pulses.

The challenge to extend the dynamical range was taken by Bredenbeck et al. [145]
where by means of two synchronized oscillators together with two individually triggered
amplifiers, a dynamical range up to the amplifier repetition period was achieved. The
oscillators are locked in a master-slave configuration, where the photodiode-acquired pulse
signals are combined in a mixer whose output controls the round-trip time of the slave
oscillator. Fine-tuning of the time delay below the oscillator round-trip time is achieved
by setting a phase-shifter between the slave photodiode and the mixer. Coarse-tuning
can be done by shifting the RA triggers by an integer multiple of the oscillator round-trip
time. However, temporal resolution is limited to <1.8 ps due to synchronization jitter
between the oscillators. Further, the method requires that the oscillators have comparable
repetition rates, with one of them being needed to be controllable (e.g. by a movable
intracavity mirror).

High scan range methods with higher precision can be realized when dropping the
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Figure 8.3: Concept of Bredenbeck et al. to generate a tunable time delay between two
pulses. Figure from [145], with the permission of AIP Publishing.

possibility of controlling the time delay deterministically. An example of this is Arbitrary-
Detuning ASOPS (AD-ASOPS) [146], where the need for an active oscillator repetition
rate detuning is replaced by advanced post-processing methods based on tracking the
timings of two free-running oscillators. This allows for a sub-ps accuracy in determining
a-posteriori the time delay on a short scale. In order to reach larger time delays up to a
millisecond, the free-running oscillators can seed one amplifier each (kHz AD-ASOPS)
with the amplifier trigger signals controlling the long-scale delay [147,148]. The fine delay
then, however, still shows a jitter in the nanosecond range. Regarding the need for a
controllable time-delay source with a high dynamic range, this method is already quite
close. The drawback, which results in notably extended data collection durations, is that
the consistent emergence of a specific delay setting within an anticipated range of delays
becomes dependent on statistical variation.

As summary, the method's specifications are outlined in Tab. 8.2.

8.2 Concept of an Optimal Approach

Fig. 8.5 shows the concept of how an optimal system would be able to generate a-priori
controllable time delays. Two synchronized pulse trains have a continuously changing

delay with a time delay increment of

1 1 Afrep

AT = - ~
frep72 frep,l fgep

(8.1)
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Figure 8.4: Concept of ADASOPS to generate various time delays between two pulses.
Figure adapted from [147].

Table 8.2: Specifications of selected methods to generate tunable delays between two

pulses.
Specifications
Delay .
ASOPS Bredenbeck et al. kHz-ADASOPS This Work
Stage
Temporal ns (a priori
. . fs =1ps < 1.8 ps (ap }_ . sub-ps
Resolution sub-ps (a posteriori)
Dela racticall racticall racticall
v z1ns | <1ffrep p..y p..y p..y
Range unlimited unlimited unlimited
Full
Controllable Yes No Yes No Yes
Delay
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as in ASOPS. Their repetition rate detuning is stable enough, to provide for a temporal
jitter much less than any of the dynamical time scales under investigation. The zero-delay
overlap can be determined, by e.g. a cross-correlation measurement, providing a reference
for the temporal axis. A pulse pair with a specific temporal spacing is selected by counting
the pulses in the respective channels to provide for the desired time delay. The time delay

setting is then given by

k
T =nAt + , (8.2a)
frep,2
m=n+k (8.2b)

where nAt sets the fine delay smaller than the oscillator repetition period and k/ frep 2

sets the coarse delay larger than the oscillator repetition period.
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Figure 8.5: Concept of how an optimal system would be able to generate a tunable time
delay between two pulses. Plot generated by T. Flory.

8.3 Experimental Setup

In the following, a method is demonstrated that is able to allow for deterministic control
of time delays from fs to ms with a precision that scales with the time delay and shows fs
precision at fs time delays. This is enabled by the use of a dual-comb oscillator, providing
fs pulses with passively stable time delay operation combined with a slow-feedback loop
for low-frequency disturbances [149]. Alltogether, the results show a technique that comes
close to the ideal system described in Chapter 8.2.

Fig. 8.6 shows a scheme of the experimental setup for a proof-of-concept demonstration
of the technique. An 80 MHz spatially multiplexed single-cavity dual-comb oscillator
(Yb:CaFy, A = 1050 nm), provided by ETH Ziirich, provides 2.4 W average power per comb,
sub-140 fs pulses with a sub-cycle relative timing jitter of only 2.2 fs due to common cavity
path architecture with a slow feedback loop for low-frequency disturbances. The repetition
rate detuning is set to 500 Hz for the proof-of-concept demonstration, giving a time delay
increment of about 80 fs (see Eq. (8.1)). The overlap of the pulse pair is determined
by a nonlinear cross-correlation measurement with an SFG signal generated in a BBO

crystal in a type 1 phase-matching configuration. The cross-correlation signal generates a
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START trigger signal for the timing electronics (Photodiode: Thorlabs PDA10A2, 150
MHz bandwidth). Both, the oscillator pulses and the pulse overlap signal are captured
by timing electronics that are used to activate a pair of Pockels Cells (PC) inside two
amplifier cavities, with one PC in each cavity, by using a commercial delay generator
(Bergmann Messgerate Entwicklung KG, BME_SG08p). The PCs select in a shot-to-shot
manner the pulses for the time delay generation (see Equ. (8.2)) and set the amplification
window inside the amplifier. Because of the ultrashort duration of the pulses, the pulses
are stretched in a single-grating stretcher and compressed after amplification (CPA) in
a single-grating compressor. Amplification takes place in a monolithic dual regenerative
amplifier which provides low drift between the cavities, with the RA repetition rate set to
the OSC repetition rate detuning of 500 Hz. Amplified pulses show a pulse duration of
600 fs at 1 mJ pulse energy.

s & Q
ETH:iirich &

Dual-Comb
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CH2

Joscr
MHz-X
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Generation in BBO
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Figure 8.6: Experimental setup. Plot adapted by the thesis author and originally generated
by T. Flory.

8.4 Results

8.4.1 Cross-Correlations of Amplified Pulse Pairs

To show the feasibility of the approach, SFG cross-correlation measurements have been
performed by crossing the amplified and compressed pulses spatiotemporally in a type
1 BBO crystal (See Fig. 8.7). The step size was chosen to be 80 fs. Scattered light
was suppressed by an aperture and by introducing optical short-pass filters. In Fig. 8.7a,
both pulses are well compressed and the cross-correlation trace FWHM width shows a
value of 954 fs that is in good agreement with the expected pulse duration. For further
proof, one of the compressor arms was detuned on purpose, to lengthen one of the two
pulses. This effect is visible in Fig. 8.7b with a reduced peak intensity. For each of these
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measurements, 10 scans were performed that all align well with the average, which shows

the reproducibility of the technique.
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Figure 8.7: Proof-of-concept cross-correlation measurements of the amplified pulses a)
with both pulses being compressed to 600 fs. b) with one compressor arm slightly detuned.
Plot generated by T. Flory.

One of the advantages of the technique is that it is possible to stay at a certain time
delay by picking the pulse pair (with indices n,m) as needed. This decreases measurement
time since one can stay at a certain delay where an increase in SNR from a single scan
is required while accumulating less signal at ranges where this is not the case. The
demonstration of this capability can be performed, by acquiring measurement results
with 400 scans per delay point and analyzing the data statistics. The results of such a
measurement can be seen in Fig. 8.8a, where the intensity distributions for four delay
values were analyzed (Fig. 8.8b) and calculated against their corresponding timing jitter.
The uncertainty due to jitter is about 80 fs (Fig. 8.8c), which was identified to be mainly

due to the trigger signal generation.

8.4.2 Pump-Probe measurements of a Perovskite Sample

The demonstration of an application showing the versatility of the technique and its high
dynamic range is given in this section. It is done by demonstration of a transient-absorption
measurement of a perovskite sample, which was chosen to be a polycrystalline thin film of
CH3NH3Pbls. It is a proper candidate for this experiment, because when pumped with
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Figure 8.8: For two amplified compressed pulses: Cross-correlation data and signal analysis
in the case of 400 pulse scans per delay. Plot generated by T. Flory.
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Figure 8.9: Figure from [150], published by Nature Communications under a CC BY 4.0
license.
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a pulse at a photon energy of 2.25 €V, it shows a long-lived photoinduced absorption
above the band edge (> 1.7 €V), but also short-lived features below the bandgap at 1.58
eV [150]. Above the bandgap, these features are given by quasi-thermalized hot carrier
distributions at temperatures, that are higher than the lattice temperature of the sample,
with hot carriers progressively cooling down to the band edge as the delay increases (Fig.
8.9).

The two-color pump-probe setup is shown in Fig. 8.10. The pump pulse is generated by
SHG of one of the channels leading to a wavelength of 525 nm, which corresponds to a
photon energy of 2.36 €V and thus with an excess energy of 780 meV above the bandgap.
The pump beam is chopped at 250 Hz, being one-half of the amplifier repetition rate for
lock-in detection. The probe pulse is acquired by feeding a non-collinear optical parametric
amplifier (NOPA) with the other channel and by tuning the NOPA near the bandgap to
760 nm. Permanent photobleaching was avoided by keeping the pump fluence sufficiently

low.
BBO
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Figure 8.10: Pump-probe setup for transient absorption measurements of a polycrystalline
thin film of CH3NH3Pbls. Figure adapted by the thesis author and originally generated by
T. Flory
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Figure 8.11: Results for transient absorption measurements of a polycrystalline thin film
of CH3NH3Pbls. Plot generated by T. Flory.

The results of the pump-probe measurement are plotted in Fig. 8.11 showing the
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Table 8.3: Step sizes and measurement times in the experiment.

Range Stepsize (ps) Number of Steps Measurement Time (s)
el 0.08 150 90
02 0.96 110 66
®3 99.92 128 76.8
o4 255.92 50 30
ses5-7 511.92 25 15
Total: 337.8

normalized transmission depending on the pump-probe time delay. The scan range was 50
ns with a measurement time of less than 6 minutes. To resolve the dynamics on all time
scales, the step size of the scan was adapted, being 80 fs at the femtosecond range, up
to about 512 ps at the longer, nanosecond range (See Tab. 8.3). At short delay times,
the photoinduced absorption due to bandgap renormalization leads to a red-shift in the
bandgap [151]. As the temperature of the charge carriers decreases and they migrate
towards the band edge, the initially induced absorption due to the pump pulse gradually
transitions into photobleaching-typical characteristics associated with excitons and carriers
that have reached thermal equilibrium. This transition leads to a reversal in the direction
of the changes observed in transmission. The generation of the positive signal occurs
within 2 picoseconds, aligning with findings from earlier research [150,151]. Subsequently,
the signal undergoes decay over nanoseconds, illustrating a combination of recombination

processes involving trap-assisted as well as Auger recombination [152, 153].
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Appendix: Burst Python Class

import numpy as np
import numpy. fft as fft

class Burst():

nnn

class representing a burst of pulses
Attributes
mandatory attributes for initialization :

EITHER
N: int
number of gridpoints,
fourier relation for frequency and time resolution is given by
(\ Delta f)x(\Delta t) = 1/N
OR
df: float
frequency step

...AND FURTHER

M: int

number of pulses
dT: float

pulse spacing
wl_0: float

central wavelength
bw_wl: float
bandwidth
ampl : M-array , float
amplitudes
phis: M-array , float
CE phases of pulses
wl_m: M-array , float
carrier wavelength of pulses, optionally allows to set central
wavelengths of pulses individually
fO: float
central frequency
bw_f: float
frequency BW of spectrum
C: float
chirp of pulses
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TD: boolean

if True: burst will be also calculated in the time—domain
WINDOW _F: float

frequency domain range = bw_fxWINDOW _F
SGAUSS: int

super—gaussian order of envelope
f: N-array, float

frequency axis
t: N-array, float

time axis
dt: float

time step
pulse_f: N—array ,complex

single pulse in frequency domain
burst_f: N—array ,complex

burst in frequency domain
pulse_t: N—array ,complex

single pulse in time domain
burst_t: N—array ,complex

burst in time domain
tau: float

pulse duration

nnn

def __init__ (self ,N=0,df=None,M=0,ampl=None, phis=None,dT=0,wl_0=0,
bw_wl=0,wl_m=None,C=0,TD=False ,WINDOW_F=100,SGAUSS=2):
c0 = 299792458
self .M=M

if ampl is None: self.ampl=np.array ([1]*M)
else: self.ampl=ampl

if phis is None: self.phis=np.array ([0]*M)
else: self.phis=phis

self . dT=dT

self.wl_0=wl_0

self.f0 = c0/self.wl_0

self .bw_wl=bw_wl

self .bw_f = cOxself.bw_wl/self.wl_0x%2
self .C=C

self . TD=TD

self .WINDOW_F=WINDOW_F

self .SGAUSS=SGAUSS

self N =N

if w_m is None:
self.wl_m = np.array ([wl_0]*M)
self.f_m = cO/self . wl_m

else:
self .wl_m = wl_m

self . f_m = c0/self.wl_m



Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

[ 3ibliothek,
Your knowledge hub

Appendix: Burst Python Class 111

def

def

def

def

def

if N==0 and not(df is None):
self.df = df
self.generateBurst ()

elif N==0 and df is None:
self.df =0
self.t=np.zeros ((N))
self.dt=0
self.f=np.zeros ((N))
self.df=0
self.pulse_f=np.zeros((N))
self.pulse_t=np.zeros((N))
self.burst_f=np.zeros((N))
self.burst_t=np.zeros((N))

else: self.generateBurst ()

generateBurst(self):

self.GenFreqAxis ()

self.dt = 1/((self.N—=1)xself.df)

self.t = np.linspace(—self.N/2xself.dt,self .N/2xself.dt,self.N,\
endpoint=True)

self.pulse_f = self.Envelope()*self.Chirp()

self.burst_f = self.GenBurstFf ()

if self.TD:
self.pulse_t,self.burst_t = self.GenTimeDomainSignal ()
self . tau = self.calc_fwhm(self.t,self.pulse_t)

else:
self.pulse_t = np.zeros((self.N),dtype=np.complex)
self.burst_t = np.zeros((self.N),dtype=np.complex)
self.tau =0

GenFreqAxis(self):

window_f = self WINDOW_Fxself .bw_f

if self N= 0:
# set up via df
self . f = np.arange(—window_f/2+self.f0,window_f/2+self.f0,self.df)
self .N = len(self.f)

else:
# set up via N
self . f = np.linspace(—window_f/2+self.f0,window_f/2+self.f0, self.N)
self.df = self.f[l]—self.f[0]

Envelope(self):
return np.exp(—2#np.log (2)*((self.f—self.f0)/self.bw_f)xxself.SGAUSS)

Chirp(self):
return np.exp(—1j*2xnp.log(2)*self . Cx((self.f—self.f0)/self.f0)x%2)

ShiftMod (self ,arr,f0,DT):

# need to subtract fO from f here, because frequency coordinate
# system origin is at f0

return arrxnp.exp(—1j*2%np.pix(self.f—f0)*DT)
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def

def

def

def

def

GenBurstFf(self):
### calculate complex burst field F in frequency domain with
### M pulses and phase offsets phis
sF_f = self.pulse_f
df = self.f[l]—self.f[0]
fidx_shift = np.array (((self.f_m—self.f0)/df), dtype=int)
F_f = np.zeros((len(sF_f)),dtype=np.complex128)
if (self.M%2)==0:
# M even
for k in np.arange(int(self.M/2)):
idx = int(self.M/2)+k
F_temp = self.ShiftArr(sF_f,fidx_shift[idx])
F_f += self.ampl[idx]x*\
self.ShiftMod (F_temp,\
self.f0,\
self . dT/24+kxself .dT)=\
np.exp(lj*self.phis[idx])

idx = int(self.M/2)—1—k
F_temp = self.ShiftArr(sF_f, fidx_shift[idx])
F_f += self.ampl[idx]x*\
self.ShiftMod (F_temp,\
self.f0,\
(—1)xself.dT/2—kxself .dT)x*\
np.exp(ljxself.phis[idx])
else:
# M uneven
for k in np.arange(—int(self.M/2),int(self .M/2)41):
idx = int(self.M/2)+k
F_temp = self.ShiftArr(sF_f, fidx_shift[idx])
F_f += self.ampl[idx]*\
self.ShiftMod (F_temp, self.f0, kxself .dT)x*\
np.exp(ljxself.phis[idx])
return F_f

MylFFT (self ,input):
return fft. fftshift (fft.ifft(fft.ifftshift(input)))

GenTimeDomainSignal(self):

#
temp_pulse_t = self . MylFFT(self.pulse_f)

temp_burst_t = self . MylFFT(self.burst_f)
return (temp_pulse_t,temp_burst_t)

create time pulse from spectrum via ifft

PulsePosTime(self):

pos = np.arange(0,self .M«self.dT,self.dT)
pos —= (self .M-1)xself .dT/2

return pos

PulsePosTimeldx(self):
pos = self.PulsePosTime()
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def

def

def

def

idx = np.array ([],dtype=int)
for p in pos:

idx = np.append(idx ,np.abs(self.t—p).argmin())
return idx

RightShiftArr(self , arr n):
import numpy as np
# Rightshifts elements of array arr by n
# elements that exceed index are NOT put in back
# on the other side of array
if n>0:
return np.pad(arr,(n,0), mode='constant’)[:—n]
else:
return arr

LeftShiftArr(self , arr,n):

import numpy as np

# Leftshifts elements of array arr by n

# elements that exceed index are NOT put in back
# on the other side of array

if n>0:
return np.pad(arr,(0,n), mode='constant’)[n:]
else:

return arr

ShiftArr(self ,arr n):
import numpy as np
# Shifts elements of array arr by n
# elements that exceed index are NOT put in back
# on the other side of array
if n>=0:
return self.RightShiftArr(arr,n)
else:
return self.LeftShiftArr(arr,—n)

calc_fwhm(self ,x,y):

# calc fwhm of y along dimensional array x
import numpy as np

_max2 = np.abs(y).max()/2

_len2 = int(len(y)/2)

idx1 = np.argmin(
np.abs(y[: _len2]—_max2)
)

idx2 = _len2 + np.argmin(
np.abs(y[_len2:] —_max2)

return x[idx2]—x[idx1]
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range(self ,arr,start, stop):

get

def

# useful snippet to get array with elements within

# start and stop

return arr[(arr>start)&(arr<stop)]
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