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Kurzfassung

Die schnellsten bekannten lichtinduzierten Prozesse in der Natur treten auf einer Zeitskala
von wenigen Femtosekunden (fs) oder sogar auf einigen hundert Attosekunden (as) auf. Um
diese ultraschnellen Licht-Materie-Wechelwirkungen aufzulésen und zu erforschen, sind
Lichtpulse von wenigen optischen Zyklen vom extrem Ultravioletten (XUV) bis hin zum
Infraroten (IR) erforderlich. Deren Erzeugung stellt schon seit Jahren eine Herausforderung
dar und stoft auf breites Interesse fiir Anwendungen in Physik, Chemie und Medizin.

Im ersten Teil dieser Dissertation wird die vielversprechende Methodik der nichtkollinearen

optisch parametrischen Verstiarkung gestreckter Lichtpulse (NOPCPA) fiir die Generierung
von ,,few-cycle Lichtpulsen im Sichtbaren (Vis) und nahen IR (NIR) mit Pulsdauern von 5-
8 fs Halbwertsbreite erheblich weiterentwickelt. Grundlegende parametrische Einfliisse, wie
die Existenz einer parametrisch induzierten Phase und die Generierung von optisch
parametrischer Fluoreszenz (OPF), werden sowohl durch theoretische Analysen und
numerische Simulationen, als auch durch konkrete Experimente erforscht. Experimentell
werden im Rahmen dieser Arbeit ,.few-cycle® Lichtpulse mit einer Pulsdauer von 7.9 fs,
130 mJ Energie, bei 805 nm Zentralwellenlinge und einem sehr hohen, ,seed“-Puls
limitierten Vorpuls-Kontrast von 11 und 8 GréBenordnungen bei 30 ps und ca. 3 ps erzielt.
Diese stellen derzeit die leistungsstéirksten ,,few-cycle* Lichtpulse weltweit dar und es werden
durch diese Arbeit und Kooperationen neue Experimente in der Hochfeld-Physik realisiert.
Zum Einen, ist es mit dem hier beschriebenen Breitbandpulsverstirker gelungen, "quasi-
monoenergetische" Elektronen mit Energien mit bis zu 50 MeV zu beschleunigen. Dazu wird
der Lichtpuls zu relativistischen Intensititen von mehreren 10" W/cm® in einen Helium-
Gasjet fokussiert. Die FElektronen zeigen einen stark reduzierten niederenergetischen
Elektronenhintergrund, verglichen mit Beschleunigung durch ldngere Lichtpulse. Zum
Anderen, wurde XUV-Licht bis zur 20. Harmonischen des generierten Lichtpulses aus dem
Breitbandpulsverstirker durch dessen ,,sub-cycle® Wechselwirkung mit Festkorperoberflachen
erzeugt. Die Erzeugung von solchen kohédrenten hohen Harmonischen verspricht den Bau von
kompakteren XUV-Strahlungsquellen, die as-Pulsdauern mit hohen Photonenfliissen XUV-
Anrege/XUV-Abfrage Experimente kombinieren wiirden.
Im Rahmen dieser Arbeit werden dariiber hinaus neue, erweiterte Konzepte fiir noch
breitbandigeres NOPCPA iiber eine Oktave entwickelt und charakterisiert, die die
Verwendung von zwei Pumppulsen in einer NOPCPA Stufe und die Verwendung von zwei
verschiedenen Pumpwellenldngen in zwei aufeinanderfolgenden NOPCPA Stufen beinhalten.

Im zweiten Teil dieser Dissertation werden breitbandige WeiBlicht-Spektren und mittels
NOPCPA spektral abstimmbare, ultrakurze Lichtpulse verwendet um ein weltweit
einzigartiges transientes Absorptionsspektrometer mit Vielkanaldetektion zu realisieren.
Dieser neue Anrege-Abfrage Aufbau kombiniert eine sehr breitbandige UV-Vis-NIR Abfrage
mit einer hohen Zeitauflssung von 40 fs und hoher Sensitivitit fiir die transiente Anderung
der optischen Dichte von weniger als 10*. Damit ist es in dieser Dissertation zum ersten Mal
gelungen den photoinduzierten Ladungstransfer im konjugierten Polymer Polythiophen und in
hybriden Polythiophen/Silizium Solarzellen in Echtzeit aufzuldsen. Dabei wird eine seit
mehreren Dekaden gefiihrte kontroverse Debatte {iber die Natur der primiren Photoanregung
in organischen Halbleitern aufgeldst: Exzitonen dissoziieren mit 140 fs Zeitkonstante zu
Polaronen (Ladungstrager). Entscheidende Parameter (z.B. strukturelle Ordnung,
Ladungstragermobilitit) fiir die Effizienz der Generierung und Extraktion von freien
Ladungstrigern konnen bestimmt werden, was fundamentales Verstindnis flir die
Optimierung von organischer und hybrider Photovoltaik fiir zukiinftige nachhaltige
Energiequellen beisteuert. Weitere Ultrakurzzeit-Experimente an neuartigen organischen
Solarzellen sind hier begonnen und aufgezeigt.
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Chapter 1: Introduction and Thesis Outline

Chapter 1: Introduction and Thesis Outline

The fastest known light-induced processes in nature occur on a few femtosecond (fs) or even
sub-fs timescale [1-4]. In order to resolve these fast light-matter interactions, few-cycle light
pulses from the extreme ultra-violet (XUV) to the infrared (IR) have been highly desired over
the last decades [5-9].

The research field of laser physics has experienced tremendous development since the first
realization of laser light in 1960 [10], where a ruby rod was pumped by a flashlamp. Nd*'-
doped crystals and glasses, gas mixtures (HeNe, CO,) and semiconductor materials were
discovered as gain medium in the early phase. Today, rod, thin disc and fiber lasers based on
Yb/Nd:YAG are often pumped by diodes allowing for “all solid state lasers” [11,12]. Laser
pulses have been generated via gain- and Q-switching. This approach has been extended by
active mode-locking in dye lasers [13] and in the 1990s by Kerr-lens mode-locking in
Ti:sapphire [14]. This milestone in laser research made fs laser pulses from oscillators
available in the Vis-IR spectral range. Today, such laser light sources provide few-cycle,
carrier-envelope phase (CEP) stable, few-nJ energy pulses at several MHz repetition
rates [15]. In parallel, a technique termed chirped-pulse amplification (CPA) was developed
to overcome stagnating pulse peak intensities [16], which had been limited by self-action
effects of the intense light pulse in optical materials. Since then, ultrashort light pulses up to
PW peak powers have been realized using Ti:Sa or Nd:glass [17-19].

With these known gain materials used in multi-stage optically pumped chirped pulse
amplifiers the attainable spectral width is limited by either the intrinsic gain bandwidth or
even more severely the spectral gain narrowing in going from nJ broadband seed light to the
desired Joule output levels. Today, pulses around 20 fs seem to be the lower limit of this
approach employing specially designed spectral modulators or employing a hybrid system
with parametric amplifiers [20]. To overcome these limitations, frequency broadening in
either gas-filled Hollow-core fibers (HCF, [21]) or in filaments [22] is widely used. However,
so far the use is limited to up to a few mJ [23,24].

An attractive alternative for the direct generation of high-energy extremely broadband pulses
is optical parametric amplification (OPA). With a noncollinear geometry and pumping by a
frequency-doubled femtosecond Ti:sapphire laser, sub-20 fs visible pulses have been
generated at 82 MHz repetition rate [25] and multi-pJ pulses at kHz rates [26-28]. The
concept of noncollinear OPA (NOPA) was in the following optimized to the generation of
4 fs light pulses in the Vis [6].

Pumping by femtosecond Ti:sapphire pulses limits the attainable output energy, even though
extremely short pulses with peak powers of 0.5 TW have been demonstrated [29]. Therefore
the use of ps- or even ns-pump pulses was suggested in combination with a chirped pulse
approach and was termed optical parametirc chirped-pulse amplification (OPCPA) [30-32].
This approach offers the unique advantages of broad gain bandwidth supporting few-cycle
light pulses, spectral tunability, high single-pass gain of up to 10°, negligible thermal load in
the nonlinear optical crystal due to the instantaneaous energy conversion and the prospect of
energy-scalability. However, a few challenges have to be overcome such as the generation of
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a broadband seed, pump-to-signal synchronization, accurate dispersion management through
pulse stretching and compression, sensitive phase-matching conditions for pump, signal and
idler, background emission through amplified optical parametric fluorescence (AOPF) and
high requirements for the spatial and temporal properties of the pump. A substantial
contribution to the success of parametric amplification was made by the discovery of new
attractive nonlinear optical crystals (e.g. borates like BBO) and the development of pump
lasers providing few-ps pulses both allowing for higher gain and broader gain bandwidth. All
known and technically available pump lasers with ps pulse duration operate around 1050 nm
due to the laser active materials used, i.e. Nd" or Yb". The use of such pump lasers in
combination with noncollinear OPCPA (NOPCPA) has been envisioned to yield few-cycle,
multi-TW light pulses in the Vis-NIR spectral range [33-35]. To realize such ambitious goals,
the polarization density

P = e VE + 0 DEE + £95 PEEE + ... (1.1)

of optical materials has to be fully harnessed, which is the source term in the wave equation

for a driven wave. The second-order suceptibility x(z) leads to wave mixing such as second-

harmonic generation (SHG), sum-frequency generation (SFG), difference-frequency
generation (DFG) or OPA and requires an anharmonic electron potential (Fig. 1(b)). The

third-order suceptibility X(3) leads to (among other effects) a light intensity-dependent index

of refraction and thereby leading to self-action effects of a propagating light pulse in all
optical materials (Fig. 1(a)). All of the nonlinear optical processes shown in Fig. 1 are used in
this thesis work to generate supercontinua in the Vis-NIR spectral range, to amplify a broad
spectral range supporting few-cycle pulses and to characterize the generated ultrashort light
pulses (chapters 2 and 3). Additionally, even higher-order nonlinearities are employed to
generate XUV radiation yielding ultrashort light sources from 40 to 1200 nm (chapter 6).

20, (SHG)

—)

o, =040, (SFG)
=0, (DFGOPA)
20, (SHG)

Fig. 1: (a) 3rd-order suceptibility leading to pulse self-action and spectral broadening via the
nonlinear index of refraction n,. (b) 2nd-order suceptibility employed for 2nd-
harmonic generation (SHG), sum-frequency generation (SFG) and difference-
frequency generation (DFG) / optical parametric amplification (OPA).

In the present thesis work, the generation of sub-three-cycle light pulses at 805 nm central
wavelength (7.9 fs intensity FWHM) containing more than 130 mJ of energy at 10 Hz
repetition rate is shown by designing a two-stage NOPCPA chain pumped at 532 nm
(chapter 3). Nonlinear optical schemes to characterize few-cycle light pulses in the time and
frequency domain are developed and the compressibility of the generated 16 TW light pulse
very close to the Fourier-limit (7.5 fs) is proven (chapter 3). The compressed pulse shows a
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high temporal pulse contrast of 10" at 30 ps, 10® at 5 ps and 10~ at about 3 ps before the
main pulse, respectively, allowing for clean interactions between the main pulse and plasmas.
This NOPCPA system is up to date the most intense few-cycle light source worldwide [36]
and is used to accelerate electrons to 30 MeV and to generate XUV radiation from solid
surfaces reaching 40 nm (chapter 6).

Novel schemes to extend the gain bandwidth of NOPCPA towards a full octave in the Vis-
NIR spectral range are investigated in this thesis. In a first step, two-beam pumping at 532 nm
in one BBO crystal is characterized (chapter 4). In a second step, two-color pumping in two
cascaded NOPCPA stages is realized. It is shown that a nearly octave-spanning bandwidth in
the Vis-NIR spectral range can be amplified to mJ-level energies, while the overall bandwidth
is composed by parametric amplification in individual NOPCPA stages. The compressibility
of such composed spectra due to continously varying spectral phase in the region of overlap is
shown. However, at the same time the existence of a parametric phase imprinted on the
signal during amplification, which strongly depends on the pump wavelength, is proven and
certain fundamental consequences of this parametric phase are discussed (chapter 5).

The generation of the shortest light pulses in a broad spectral range from the UV to the NIR
allows for probing some of the fastest known processes in nature in real-time. Primary
photoinduced processes in organic molecules such as energy relaxation, charge or energy
transfer and conformational changes occur on timescales from 10 fs to 1 ps. The speed of such
fundamental processes is inherintly linked to their efficiency. Ultrafast broadband pump-
probe spectroscopy, employing a tunable NOPA system as pump and broadband NOPA
systems [37] or a supercontinuum [38] as probe, is an ideal approach to excite the molecular
system on resonance and to probe its optical transitions occuring at various photon energies at
the same time (chapters 7 and 8). This approach is chosen in this thesis to reveal the primary
photoinduced processes in hybrid and organic photovoltaics (chapters 9 and 10).

Thin film photovoltaics of organic semiconductors (e.g. m-conjugated polymers) or
inorganic semiconducting nanostructures (e.g. quantum dots, tetra pots, nanocrystals) offer a
promising contribution to future sustainable energy supply [39-41]. Such solar cells can be
fabricated by low-cost solution processing on flexible substrates via spin-coating or even roll-
to-roll assembly. The photoexcitation of a m-conjugated material creates a relatively localized
electronically excited state that comes along with a localized relaxation of the molecular
structure. This confines the size of a singlet-exciton to only around r=1-3 nm (a few monomer
units), while the term “excifon” in this context refers to both the electronic excitation and the
local bond rearrangements induced by electron-lattice interactions. The Coulomb potential V

is to be overcome to fully separate electron and hole at distance t:
eZ
V=——
dre,.egr

(1.2)

where e is the charge of an electron and gy is the vacuum permittivity. The low initial
electron-hole spacing r represents an inherent challenge of organic semiconductors together

with the low relative static permittivity & (or dielectric constant) of 2-4 compared to about 12
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in case of crystalline silicon. For silicon, V is smaller than the thermal energy 25 meV at
room temperature. The exciton binding energy is about 0.1-0.5 eV in case of organic materials,
which is much larger than the thermal energy, leading to strongly bound electron-hole pairs.
Facing the exciton binding energy, exciton lifetime of 1<l ns and exciton diffusion length of
L~3-14 nm, the need of exciton dissociation within this time and over this distance arises for
organic photovoltaics (OPV). This opens the route for combining electron donor and acceptor
materials in a thin film heterojunction, where phase segregation between the two components
should be on the order of the exciton diffusion length. In such a donor-acceptor combination,
electron transfer is referring to the fundamental mechanism in natural photosynthesis [3a]. In
photosynthetic reaction centers, after various energy transfer steps, a singlet excited state is
localized on a primary donor followed by cascaded downhill electron transfer from the donor
LUMO to a neighboring molecular acceptor yielding a long-lived charge-separated state. This
charge separation comes with the cost of energy loss as driving force to prevent
recombination and thermally activated back-transfer. The same underlying principle prevails
for organic and hybrid photovoltaics as approach for artificial light-havesting.

Since the establishment of polymers for OPV around 1990 [42,43], some of the highest
power conversion efficiencies (around 5%) have been achieved using the polymer poly(3-
hexylthiophene) (P3HT) in combination with the electron accepting molecule [6,6]-phenyl-
C61-butyric acid methyl ester (PCBM) in a thin film bulk heterojunction [44]. P3HT is a
semicrystalline polymer that exhibits relatively high charge carrier mobilities which is
advantageous for optoelectronic applications [45,46]. Despite the broad absorption range of
polymers starting in the UV, the absorbance spectrum of many polymers (such as P3HT and
PPV derivatives) is not extending the visible spectral range. This also holds true for PCBM.
For this reason, the research of hybrid solar cells has grown rapidly in the recent years, where
an organic semiconductor is combined with an inorganic nanostructure offering a broader
spectral range of sun light absorption [47-50]. Furthermore, some of the inorganic
nanostructures (e.g. CdSe quantum dots) offer the possibility of size-dependent band gap
tuning via quantum confinement. Silicon is particularly interesting, since it possesses a low
band gap of 1.1 eV and therefore absorbs sun light from the UV to the NIR, thus rendering it
a very promising alternative to the established PCBM for photovoltaic devices. Furthermore,
Si is the second-most available element on earth and (in contrast to Cd) non-toxic.

Efforts to optimize the performance of organic photovoltaic devices find their basis in the
fundamental photoconversion processes. The initial photoconversion mechanism of
broadband light absorption and the generation of free charge carriers are prerequisites for the
operation of an efficient solar cell. Most scientific investigations have focused on the main
factors which could determine the efficiency of these photophysical processes (Fig. 2). The
film morphology has been identified as crucial aspect, so that the device efficiency can be
improved significantly by optimizing the processing conditions and film architecture
[48,51,52]. While it became clear that the charge carrier mobility is enhanced in
semicrystalline polymers [53], studies on the role of polymer structural order and therefore
carrier mobility in the process of charge generation and separation have been emerging only
recently [54]. Furthermore, there have been conjectures and indications that vibrational excess
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energy can facilitate dissociation of bound electron-hole pairs (excitons, bound polaron pairs)
and the escape of charge carriers from their Coulomb attraction [55-57].

[ Structural order e, Excess Energy

coils
RRY
/ SN SO T) S
\ /7 /s \ ./

D SN/ N
s W[ 7 V[ s

aggregates

Fig. 2: Potential key factors (polymer structural order, excess energy and sample morphology)
determining charge generation efficiency in organic and hybrid photovoltaics.

Despite its central role, the fundamental mechanism of the initial photoconversion step of
light absorption and charge generation is still highly debated. Nevertheless, there is agreement
that in organic blends the process of charge carrier generation (polaron formation) takes place
on an ultrafast timescale in the range of 100 fs [1,54,58-61].

Fig. 3 shows the essential two contradicting views of the exact mechanism of free charge
generation whose arguments have been exchanged intensely in scientific journals.

One the one hand, some groups (e.g. A. Heeger et al.) suggested that light absorption in
polymers may directly create mobile electrons and holes by interband n-t* transitions which
would subsequently evolve into Coulombically bound excitons in less than 1 ps [60]. They
argue that the primary photoexcitations are holes and electrons that are both initially
delocalized after interband absorption and undergo charge transfer in a blend with PCBM
within ~100 fs (Fig. 3(a)). Similarly, the primary photoexcitation in organic blends has been
suggested to be an ultrafast electron transfer on the time scale of 45 fs [1]. Additionally,
prompt polaron formation during laser excitation was suggested [59].

On the other hand, some groups (e.g. R. Friend ef al.) consider the elementary steps involved
in the photoconversion process to be light absorption to generate singlet-excitons
(Coulombically bound electron-hole pairs) in a donor, the diffusion of the excitation to the
internal interface formed by a donor adjacent to an acceptor, and electron transfer from the
excited donor to the acceptor eventually forming charge transfer excitons or bound polaron
pairs. Ideally, this is followed by the dissociation of the excitons into free charges that escape
from the interface (Fig. 3(a)). In this view, the primary photoexcitation upon light absorption
is the formation of Frenkel-type singlet-excitons, which dissociate to form polarons on an
ultrafast timescale [39,54,58,59,61]. In both opposing models, the free charges in an organic
solar cell are a result of an electron transfer from the electron donor to the acceptor and they
should preferentially not suffer geminate or nongemeinate recombination before being
collected at the respective electrodes.
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Fig. 3: Debated contradicting views of the primary photoexcitation in organic photovoltaics:
(a) instantaneous generation of mobile charge carriers by interband n-n* transitions on
the electron donor and charge transfer within ~100 fs to the acceptor. Subsequent
formation of bound singlet-excitons on the ps timescale, and (b) instantaneous
formation of delocalized singlet-excitons upon light absorption and subsequent
dissociation at a donor-acceptor interface to form free charge carriers within ~100 fs.

The gained understanding within the first part of my thesis work — i.e. generation of tunable
ultrashort light pulses as well as supercontinuum generation — enabled the development of a
novel ultrabroadband (UV-Vis-NIR) transient absorption spectroscopy setup to probe charge
generation and recombination processes in thin P3HT/Si photovoltaic films with 40 fs time
resolution (chapter 9). This approach allows for monitoring the real-time evolution of excitons
and charges as function of excitation intensities, excitation wavelengths and polymer
structural order. In P3HT, we observe an instant (<40 fs) formation of singlet-excitons, which
subsequently dissociate to form polarons in 140 fs. The retrieved quantum yield of polaron
formation through dissociation of delocalized excitons is significantly enhanced by adding Si
as an electron acceptor, revealing an ultrafast electron transfer from P3HT to Si. The degree
of Coulombic attraction between electron and hole and therefore the separation yield as well
as the recombination mechanism depends significantly on polymer structural order.

The developed spectroscopic methods are then also applied to organic photovoltaics
consisting of diindenoperylene (DIP) combined with the fullerene Cg (chapter 10). First NIR
TA measurements reveal transient signatures of the primary photoinduced species in DIP:Cgg
and also indicate a strong morphology-dependent nanoscopic influence on charge generation
and recombination. At the end of this thesis, conclusions and a proposal for future
experiments on further promising photovoltaic materials is given (chapter 11).
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Chapter 2: Physics of Noncollinear Optical Parametric Chirped
Pulse Amplification

Most of the underlying principles of NOPCPA are discussed in detail Ref. [31,62-65] and in
the publication in Appendix adding the theoretical discussion of the parametric phase:

Investigation of two-beam-pumped noncollinear optical parametric chirped-pulse
amplification for the generation of few-cycle light pulses

Daniel Herrmann, Raphael Tautz, Franz Tavella, Ferenc Krausz, and Laszlo Veisz

Optics Express 18, 4170-4183 (2010).

2.1) Broadband Phase-matching

/,/ crystal optical axis

crystal

Fig. 4: Wavevector arrangement of pump (p), signal (s), idler (i) and mismatch Ak in case of
noncollinear (internal angle o) optical parametric chirped-pulse amplification
(NOPCPA) in a uniaxial birefringent crystal, where the index of refraction is adjusted
via the crystal optical axis.

A pump photon with angular frequency , propagating in a nonlinear optical crystal,
spontaneously or by stimulated parametric emission, decays into two lower energy photons of
frequencies ®s and w;. The suffixes p,s and i refer to pump, signal and idler waves. The
specifc pair of signal and idler frequencies that will result from the parametric process are
determined by the energy conservation condition

op =g+, @1

which is intrinsically satisfied. Additionally, the momentum relationship (approximate
momentum conservation, Fig. 4) has to be fulfilled:

Ak =k, —ks—k; ~0 (2.2)

@,
with | k; [=n(w,,0,,,4)—=n(®,,0,,, ¢)i—ﬂ . Bpm 1s the angle between the propagation vector
c i
and the crystalline optic axis and ¢ is the azimuthal angle. We will see below that this
condition can be fulfilled within the limits of phase-matching. Due to the presence of
wavevector-mismatch Ak, an accumulated phase | AKL| over the propagation distance L results.
For a coherent build-up of the amplified signal the overall accumulated phase slippage should
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be kept low before the signal and idler can convert their energy back to the pump. According
to the coupled wave equations, maximum signal amplitude increase is seen for constant phase

relationship between the waves with the generalized phase sin (@) =—1[62]:

T
O=0,-d,-® =-—. (2.3)

Therefore, the phases of the waves have to adjust to maintain high gain through Eq. (2.3). In
particular, the phases of the waves are significant, if the pump reaches depletion during signal
amplification. At maximum pump depletion ® reaches zero and changes sign upon reverse of
energy flow. For this reason, an additional parametric phase is imprinted on the signal wave
during amplification to compensate for wavevector-mismatch and to maintain amplification
as theoretically outlined in Ref. [31, 66, B4] and experimentally shown in Ref. [B5,B6,66]:

Ak-tanh()/-L)}

D (z=L)=D (0)- (2.4)

2.y

ith y =,|g’ Ak Y d L,O d effecti li ical coefficient d
with y=,/g" — 7 » &~ dy m and ettective nonlinear optical coetticient degr,
p st s

which is half of the 2nd-order suceptibility (Fig. 1). Eq. (2.4) is strictly speaking only valid

+ arctan {

for the case of low degree of pump depletion through low input signal intensity compared to
the input pump intensity. Fig. 6 shows that the parametric signal phase @ plays an important
role in optical parametric amplification as it enables broadband amplification. Moreover, it
can yield pump intensity-dependent variations of the CEP for the signal. The amplified signal
spectral boundaries in this thesis are determined by the effective phase-matching bandwidth
shown in Fig. 6. The effective phase-mismatch in a nonlinear optical crystal of length L is
calculated according to Ref. [B4] as the sum of crystal-dependent wavevector mismatch AkL
and amplification-dependent parametric phase (Eq.(2.4)). AKL leads to a phase-slippage
between pump, seed and idler waves interacting in the crystal. The parametric phase is an
inherent phase imprinted on the signal in frequency and space domain during amplification so
as to compensate for the phase-slippage and therefore maintain high gain even in areas of
significant AKL. An accumulated effective phase-mismatch of +m over the crystal length is
acceptable for coherent build-up of the amplified signal in the small-signal gain regime. The
compensating effect of the parametric phase broadens the acceptance bandwidth. In the
experiments described in the course of this thesis work, the amplified bandwidth in the
various NOPCPA stages pumped by several wavelengths and multiple beams with individual
phase-matching parameters always match exactly the calculated range based on this analysis.
Fig. 11 reveals numerical results of this work, where the signal phase shift due to
amplification is shown for increasing degree of saturation and pump depletion, which
qualitatively match the calculated parametric phase in such amplifiers. We will discuss the
parametric phase in more detail later in chapter 2, 3 and 4 in this thesis. Eq. (2.3) is valid at
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the beginning of parametric amplification with zero initial idler wave. The idler phase then

automatically adjusts to

@, (O) - q)p (O) —@, (O) +

2

2.5)

and thus takes away initial phase changes of signal and pump to ensure maximum initial gain.

This is employed to generate CEP-stable light pulses via difference-frequency generation

(DFG) when pump and signal are derived from a common light source [67].
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Fig. 5: Two possible phase-matching geometries for type-I NOPCPA in a negative uniaxial

crystal (ny=ny=n,>n,=n.) with nocollinear angle o, phase-matching angle 0,, and

walk-off angle y: tangential phase-matching (TPM) and Poynting-vector (S) walk-off

compensation phase-matching (PVWC) with signal (s) and idler (i) polarized in the

ordinary uniaxial crystal plane and pump (p) polarized in the extraordinary plane (a) k-

space ellipsoid for ideal TPM and PVWC (b) usually nonideal experimental situation

with the plane of noncollinear interaction containing the pump polarization.

Fig. 5 shows the phase-matched wavevector alignment for pump, signal and idler waves in

both possible phase-matching geometries, namely Poynting-vector walk-off compensation
phase-matching (PVWC) and tangential phase-matching (TPM) [68,69]. The plane of the
noncollinear interaction defined by pump and signal wavevector contains the pump

polarization and the crystal optical axis. The walk-off is the separation of the extraordinary

wave normal from the ray direction due to birefringence [64] and can reduce the parametric

interaction length typically to a few mm [68]. Noncollinear geometry can reduce this effect by

the signal wave refracting towards the Poynting-vector (PVWC). However, the idler wave-

vector then cuts the pump k-space ellipsoid at an acute angle (Fig. 5(a)) leading to a reduced
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angular acceptance compared to TPM, where the idler arc is nearly tangential to the pump
ellipsoid. The parallel component of the wave-vector mismatch is insensitive to 0 for the ideal
case of y=B. A low angular acceptance is detrimental for highly divergent (focused) beams
[69]. Additionally, the PVWC scheme often yields parasitic SHG reducing the OPA
efficiency. This is due to the fact that in this case the angle between crystal optical axis and
signal beam is close to the optimum phase-matching angle for SHG of the signal. TPM
prevents this parasitic by-product but leads to increased spatial pump-signal walk-off also
adversely affecting the direction of the amplified signal with respect to the unamplified seed
as is discussed in chapter 5 and Ref. [B5]. In both geometries, the participating waves share
the same crystal azimuthal angle ¢ (not critical for phase-matching in uniaxial crystals)
which is not the case for the employment of two-beam pumped NOPCPA as discussed in
chapter 4 and Ref. [B4].
In general, the wavevector-mismatch can be expanded in a Taylor series:
OAk

Ak(a)) = Ako +%

10°Ak

2

Ao+

@

— (Aw)’ +0(Aw)’, (2.6)

with Aw=w—-w,. To achieve phase-matching of signal angular frequency o for a broad

bandwidth around the central frequency o, Aky and the first derivatives in Eq. (2.6) should
vanish. This can be achieved employing the birefringence of nonlinear optical crystals and
introducing an angle a enclosed by pump and signal termed noncollinear angle. Applying
then the phase-matching condition to Eq. (2.6) according to the detailed derivation in
appendix A1 with the assumption of a quasi-monochromatic pump, yields:

Uy =V, -cos(Q), (2.7)

-1
with the group velocities v, =(§—kj , Q=a+p and B is the angle between idler beam and
@

pump beam in case of Ak=0 (Fig. 5). Therefore, matching of the signal group velocity with
the idler group velocity in signal direction is necessary to eliminate the first-order derivative
of the wavevector-mismatch in Eq. (2.6) and can be achieved in noncollinear optical
parametric amplification (NOPA) [63].

To obtain an ultrabroad plateau around the central seed wavelength with small enough
wavevector mismatch to allow optical parametric amplification over an even broader signal
bandwidth, the second-order wavevector-mismatch in Eq. (2.6) needs to vanish, too. An
additional degree of freedom is thus required, such as wavelength-dependent noncollinear
angle a(w) (angular dispersion) or a broadband chirped pump pulse. Alternatively, different
approaches are developed and characterized in this thesis work to resolve this challenge and
to provide such an ultraboadband gain bandwidth: using two pump beams to amplify adjacent
spectral components of the seed bandwidth (two-beam pumped NOPCPA) and pumping
subsequent amplification stages at different pump wavelengths (two-color pumped NOPCPA).

10
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2.2) Choice of Crystal Material

Optical parametric amplification is a nonlinear interaction between three harmonic waves as
special case of DFG and can be described by three coupled wave equations as outlined in
Ref. [31,62,64,65]. Assuming slowly-varying-envelope, zero pump depletion and Ak=0, an
analytic solution for the small signal intensity gain can be derived [62,64]:

G = coshz(g L) = COShZ(deff - JIp(0) - L~ const.) (2.8)

for Ak=0. There are high requirements that have to be fulfilled by nonlinear optical crystals to
be suitable for few-cycle, high-energy OPCPA. On the one hand, the material has to offer a
large effective nonlinear optical coefficient (suceptibility) der, @ high damage threshold and
sufficient aperture to provide efficient amplification of high-energy pulses. On the other hand,
the crystals have to support the required broad phase-matching bandwidth for few-cycle light
pulses at a small noncollinear angle a to minimize spatial walk-off between pump and signal.
The material should possess a spectrally broad transparency range from the UV to the IR to
prevent two-photon absorption of the pump and to avoid idler absorption. The idler absorption
is in general detrimental since it reduces the parametric amplification. However, it was
recently shown that idler absorption can be exploited to reduce back conversion in saturated
optical parametric amplifiers [70]. Furthermore, the crystal material should show low
hygroscopiticity and should be coatable with high transmission layers.

Among the availble nonlinear optical crystals, the borate crystals BBO (Beta-Barium
Borate), BiBO and LBO (Lithium Triborate) exhibit the best overall characteristics.
Especially their high de (2.2, 3.2, 0.83 pm/V), large damage threshold (~5-10 GW/cm? for
100 ps pulses at 532 nm) and point of zero GVD (max. of the group velocity) at 1.4-1.6 um
make them unique [71]. As also indicated in Fig. 6, BBO shows the broadest phase-matching
conditions in the Vis-NIR from 700 to 1055 nm, but unfortunately its maximum available
aperture is currently about 30 mm similar to BiBO. As will be shown in section 3.1, BBO
matches best the available supercontinuum seed bandwidth. LBO is available in larger
apertures and also shows a broad gain bandwidth (735-1110 nm), which exceeds the NIR
content of the seed used in this thesis while covering less of the Vis part. Yttrium Calcium
Oxyborate (YCOB) is a promising alternative to BBO as it is available in large apertures and
shows a high dsr of 0.98 pm/V and but the gain bandwidth shows reduced NIR content (695-
940 nm) similar to BiBO. KDP and DKDP are available in much larger size that makes them
suitable for PW-class OPCPA systems, but they suffer from small degr (~0.24 pm/V), low
damage threshold and narrower phase-matching bandwidth compared to borate crystals at the
same crystal thickness. For all crystals, the gain bandwidth in the NIR can be extended by
adding OPA pumped at 532 nm or NOPA pumping at 1064 nm.

Fig. 6 shows the effective phase-mismatch as sum of wavevector-mismatch AKL (blue dotted
curves) and parametric phase @ (red dotted curve) yielding the amplified signal bandwdith
according to the discussion in section 2.1. BBO (top), LBO (middle) and YCOB (bottom) are
considered to indicate their individual potential for high-gain broadband amplification. For

11
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this comparison, the crucial factor deff - \/Ip(0) - L in Eq. (2.8) is kept constant to consider

the same small signal gain for a parametric preamplifier pumped with a few 10 mJs at 532 nm.
Appendix A2 contains formulars for the phase-matching calculations.
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Fig. 6: Effective phase-mismatch (solid purple curves) vs. signal wavelength as sum of AkL
(blue dotted curves) and parametric phase (red dotted curves). £ is labeled (solid green lines).
Top: L=5 mm uniaxial BBO crystal with 0=2.23° (internal), 0,,=23.62°, d.;=2.01 pm/V.
Middle: L=10.3 mm biaxial YCOB crystal (XY) taking a=2.77°, ¢pm=23.32°, det=0.98 pm/V,
Ap=532 nm. Bottom: L=12.1 mm biaxial LBO crystal (XY) taking a=1.23°, ¢pn=13.38°,
des=0.83 pm/V, A,=532 nm for all crystals.
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2.3) Numerical Simulation of NOPCPA

This model of negligible pump depletion is useful for a first estimation of NOPCPA
parameters and it gives a clear picture for the small gain regime in Eq. (2.8). However,
numerical simulations of NOPCPA are required to include pump depletion, optical
parametric fluorescence (OPF) as well as nonlinear spectral and spatial phase effects. In this
way, a more accurate knowledge of the fundamental dynamics in this process can be gained
[72-74]. In the present thesis work, numerical split-step simulations of NOPCPA were
developed and used to mimic experimental results one the one hand and to study the influence
of certain parameters (such as phase-matching conditions, seed energy, pulse durations,
spatial beam properties or OPF) on signal amplification. The code was initially described in
Ref. [73] and extended to include more wavelength-dependent effects and for pumping with
two pump beams [B4].

The numerical code modelling NOPCPA is described in detail in the publication in Appendix:

Investigation of two-beam-pumped noncollinear optical parametric chirped-pulse
amplification for the generation of few-cycle light pulses

Daniel Herrmann, Raphael Tautz, Franz Tavella, Ferenc Krausz, and Laszlo Veisz

Optics Express 18, 4170-4183 (2010).

In this approach, the parametric amplification is performed in the time domain (nonlinear
step). The coupled wave equations are applied to pump, signal, idler, OPF in signal direction
and OPF in idler direction. Moreover, several pump beams yielding several idler beams can
be included with their individual phase-matching conditions. The spatial walk-off effect due
to the noncollinearity of the type-1 parametric process is taken into account by shifting the
respective field at each step in the direction defined by the noncollinear angle. Higher-order
dispersion and diffraction terms can also be accommodated by adding the corresponding
spectral and spatial phase terms in the Fourier domain (linear step). This becomes necessary if
the pulse duration is short (dispersion effects) or in the case of small beam sizes (diffraction
effects). However, self-phase modulation as well as temporal walk-off due to group-velocity
mismatch can usually be neglected in our case because of the long (40 ps) pulses used, and
the diffraction effects are not important owing to their weak relative impact for unfocused
beams. Parasitic SHG can be neglected by choice of tangential phase-matching in the
experiments, where no such losses have been observed. The simulation results of parametric
amplification for the experimentally determined input parameters are shown in Fig. 10 for
LWS-20 and in Ref. [B4] for two-beam-pumped NOPCPA.

13
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2.4) Optical Parametric Fluorescence

Despite its potential to give a sufficient understanding and description of OPA — as shown in
this thesis work — the classical wave theory can not explain the occurance of OPF, i.e. the
generation of photons at signal and idler frequencies even in the abscence of seed photons.
This quantum phenomenon is a consequence of seeding the parametric amplifier by zero-
point mode fluctuations of the vacuum field [75-77]. OPF was initially exploited in context of
optical parametric oscillators (OPO) and optical parametric generators (OPG) [68,69]. Its
significance as potential source for pulse contrast degradation in OPCPA was considered only
recently [B4,73,78-80]: within the pump pulse duration a large incompressible pedestal of
amplified OPF (AOPF) can reduce the temporal pulse contrast and contribute to the measured
signal and idler energies.

In the quantum mechanical model of parametric amplification proposed by Louisell, Yariv
and Siegman [75], signal and idler are two modes of harmonic oscillation of the
electromagnetic field that possess a symmetric role in the parametric amplification. The two
modes are regarded as coupled by another harmonic oscillator at frequency w, equal to the
sum of the inherent signal (ws) and idler (w;) frequencies of the unperturbed oscillators. In this
case, the system Hamiltonian is given by:

“oo ] 29

Jj s

I 1 + —i(wyt+

J=Dp,8,i

where a;, af are the time-dependent photon annihilation and creation operators, k is the
coupling strength (proportional to der times the complex amplitude of the pump wave) and ¢
is the phase of the externally imposed oscillation. The second part of Eq. (2.9) arises from
amplification, where an equal number of signal and idler photons are created or annihilated
simultaneously at the expense of the annihilation or creation of an equal number of pump
photons. The pump field in this case is the incident light on a nonlinear dielectric, which
excites the emission of light in signal and idler modes meeting the resonance condition. The
equation of motions for a;, aj'{' (Heisenberg equations of motion) lead to:

das + —i(a)pt+(p)

=-im.a, +iKaje (2.10)

dt

af ¥ i(@,t+9)
—L=iwa —ixae" """, (2.11)
dt ‘
which directly yield the Manley-Rowe relations:

d d
Eajai =Eajas, (2.12)

with the photon number operator N, = a;a ;- The integration of Egs. (2.10), (2.11) gives the

solution:
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a () =e ! [aso cosh (xt)+ie?al, sinh (K‘l‘):| : (2.13)

aj (1) = " [ajo cosh(xt)—ie"ay, sinh (K'l‘)] : (2.14)

Now, the average number of signal and idler photons nj(t) as a function of time is evaluated.
At t=0, there are assumed to be ny signal photons and nj idler photons as initial state

|ns0,ni0> of the system. The evaluation of the expectation value of the photon number operator
gives:
(N,(0)) = (al ()a,®))

=(n,,m,|alya,, cosh’® (xt)+ (1 +d' a, ) sinh® (x7)+ %sinh (2xt) (ajoaT e —aa,e ) |1,0,1,0)

=n,, cosh® (kt)+(1+n,)sinh® (x7)
(2.15)

Moreover, in the vacuum state

0, 0> Eq. (2.15) directly yields:

(N, (1)) =sinh* (xt), (2.16)

which is a very interesting result. It states that even in the abscence of initial seed photons, the
parametric amplifier spontaneously generates photons at signal and idler frequencies arising
from zero-point fluctuations of the respective fields. The rate of this photon generation is
equal for signal and idler and follows the same principal dependencies as the small-signal
gain in case of phase-matching and in the abscence of depletion as stated in Eq. (2.8). This
important finding justifies the incorporation of AOPF into numerical simulations of NOPCPA.
By summing over all possible frequencies and including phase-matching, the overall output
power of OPF can be determined. It turns out to be proportional to des, pump intensity and
crystal length [77,81], thereby offering a way to determine degr.

A recently envisioned and more convenient alternative to strict quantum-mechanical
treatment of AOPF, are numerical simulations employing stochastic fields. In this way, the
implications of some factors such as temporal and spatial walk-off, dispersion, diffraction,
crystal length and seed energy on AOPF could be revealed [73,82,83,B4]. Experimentally, the
AOPF in parametric amplifiers is often determined by blocking the seed and detecting the
signal output. This does not give the actual level of AOPF occurring during parametric
amplification, because in this case the OPF and the signal are competing to extract pump
energy. However, it gives an upper value to connect the OPF power with the incident pump
intensity. Ref. [B4] describes the numerical implementation of AOPF in this thesis work as
well as results for using two pump beams. In Fig. 11, more numerical outcome for the case of
LWS-20 is added: the role of seed energy on pulse contrast in saturated parametric amplifiers.
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Chapter 3: Light-Wave Synthesizer 20 NOPCPA System

The theoretical understanding of NOPCPA outlined in the previous chapter is applied to an
actual experimental setup outlined in Fig. 7 with the goal to generate few-cycle light pulses in
the NIR containing more than 100 mJ of energy and exhibiting a high temporal pulse contrast
sufficient for high-field laser-plasma interactions. This 16 TW parametric amplifier is termed
Light-wave synthesizer 20 (LWS-20) and requires development of: (1) a broadband seed
source with sufficient energy and temporal pulse contrast to seed moderate gain NOPCPA, (2)
adaptive broadband dispersion management with sufficient throughput employing a
polarization-insensitive compression, (3) a high-energy relatively compact pump laser
providing high-quality pulses at around 525 nm with moderate pulse durations around 100 ps
(All technically available high-energy pump lasers with ps pulse duration operate around
1050 nm due to the laser active materials used, e.g. Nd™ or Yb"), (4) optical synchronization
between seed and pump, (5) proper relay-imaging and spatial filters for an adequate pump
beam profile at the parametric amplifiers, (6) careful design of the parametric preamplifier
and saturated NOPCPA stage yielding broadband phase-matching supporting few-cycle
pulses in the NIR and sufficient gain for the desired final pulse energy, (7) diagnostics to
characterize duration, phase and temporal intensity distribution (i.e., shape, contrast) of few-
cycle pulses.

Ti:Sa |
Qscillator ‘

SHG-FROG (@)~

SH/THG-AC
P 3 79fs

Experiment >130 nm

Fig. 7: Schematic layout of the LWS-20 NOPCPA system. Broadband Titan:Sapphire
oscillator, CPA: chirped-pulse amplifier, SCG: supercontinuum generation, T-HCF:
neon filled tapered hollow-core fiber, grism: prism + grating, AOM: acousto-optic
modulator, NOPCPA 1: parametric preamplifier, NOPCPA 2: saturated amplifier
(both employing BBO crystals), hybrid compressor, AC: autocorrelators, SHG-
FROG: 2nd-harmonic generation frequency resolved optical gating.

The experimental setup and the results of the LWS-20 NOPCPA system drafted in Fig. 7 and
discussed in chapter 3 are described in a compact fashion in the corresponding publications in
Appendix B1,3:
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Generation of sub-three-cycle, 16 TW light pulses by using noncollinear optical
parametric chirped-pulse amplification
Daniel Herrmann, Laszlo Veisz, Raphael Tautz, Franz Tavella, Karl Schmid,

Viadimir Pervak, and Ferenc Krausz
Optics Letters 34, 2459-24691 (2009).

Generation of Three-cycle, 16 TW Light Pulses by use of Optical Parametric Chirped
Pulse Amplification

Daniel Herrmann, Laszlo Veisz, Raphael Tautz, Alexander Buck, Franz Tavella, Karl Schmid,
Viadimir Pervak, Michael Scharrer, Philip Russell and Ferenc Krausz

The European Conference on Lasers and Electro-Optics (CLEO/Europe) 2009 paper CG1_3.

Section 3.1 describes the possibilities for broadband seed generation and contains
experimental results of supercontinuum generation (SCG) in gases. Section 3.2 contains the
chosen parameters and the experimental results of the NOPCPA chain. Moreover, it shows
results from numerical simulations of the parametric amplifiers and outlines consequences for
energy-upscaling, temporal pulse contrast and signal parametric phase. Section 3.3 introduces
the reader to the developed few-cycle pulse diagnostics for characterization of the compressed
LWS-20 signal pulse in the time and frequency domain. It contains detailed experimental
results from 2nd-order and 3rd-order autocorrelation (AC) and SHG frequency resolved
optical gating (SHG-FROG). The individual contributions to the temporal pulse contrast
landscape are discussed and linked to the numerical simulations.

3.1) Octave-spanning Supercontinuum Generation

In the previous chapter, the high demands of broadband parametric amplification and its
practical design rules have been outlined. For the amplification of broadband pulses
supporting a few optical cycles, a seed source has to be developed that can provide the
required spectral bandwidth. The generation of such a broadband seed is the basis of OPCPA
and therefore of high importance. There are a couple of demands for the employed seed
generation process. The process of supercontinuum generation (SCG) should yield a stable
seed spectral bandwidth with low spectral fluctuations, which is at least as large as the phase-
matching bandwidth of the designed NOPCPA stages. The actual SCG process has to keep
the spectral phase modulations to a reproducible extend such that compression of the
amplified signal pulses close to the Fourier-limit is possible with the currently possible
approaches for dispersion management. Further, the SCG scheme needs to provide the
required seed energy prior to parametric amplification in a seed beam of high spatial quality.
Finally, the experimental setup should not consume an excessive amount of effort to be
employed in large-scale NOPCPA systems used for diverse experiments.

There are a couple of SCG (also termed white-light generation) mechanisms employed for
various CPA and OPCPA/OPA laser systems. First, direct seeding of OPCPA with broadband
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Ti:Sa oscillators has been used [34,84], but led to low signal pulse contrast due to its low seed
pulse energy (<nJ) and the ASE originating from the oscillator [98].

Second, spectral broadening via ionization and self-phase modulation through focusing the
output of a CPA laser into bulk material such as YAG or Sapphire [85]. This mechanism
offers the prospect of broad bandwidths from the UV to the NIR depending on the crystal and
driver wavelength, ease of alignment, high output stability and long lifetime. In general, 1-
2 uJ of fundamental light is focused into the crystals currently yielding a few 10 nJ of total
output energy at the most [85,86]. Furthermore, the spectral intensity and phase within the SC
around the fundamental light is highly modulated and has to be blocked. In fact, this spectral
part is not compressible and shows a time jump of about 400 fs between the broadened
spectral components below and above the driver. This limits the usage of this SCG scheme to
the high-energy or low-energy spectrally broadened part around the fundamental. In case of
using a Ti:Sa CPA driver laser, the employable bandwidth would then be 450-750 nm or 800-
1600 nm [85]. The high-energy part has successfully been used for Vis few-cycle NOPA
pumped at 400 nm [6]. At least the spectral ristrictions can be circumvented by employing a
driver laser at above 1 um (e.g. Yb:YAG) that would provide a nJ seed spectrum from 500 to
1000 nm. The seed energy being rather too low for high-contrast, low-AOPF, high-energy
OPCPA [73], this bandwidth matches the phase-matching bandwidth of the Vis-NIR few-
cycle NOPCPA scheme used in this thesis work (Fig. 6, [B1-B3]) and that of few-cycle
NOPA setups [63,86].

Third, spectral broadening by ionization and self-phase modulation in gases. Here, an
energetic (100 pJ up to a few mJ) ultrashort light pulse is tightly focused into a noble gas such
as neon, argon or krypton. Compressible octave-spanning output spectra yielding few-cycle
pulses containing up to a few mJ energies have been shown to date. There have been two
different architecutures. On the one hand, filamentation in argon has been investigated.
Filamentation is understood as competition between multiphoton ionization that leads to
plasma induced (free electron density N.) beam defocusing

N,(r,t)- e’

An(r,t) = —————, (3.1)
2¢ym,@

diffraction and the Kerr effect (Fig. 1) that renders self-focusing and self-phase modulation
(SPM) [87]. The modulation of the phase ¢(r,t) =n(r,t)-(@/c)-z creates new frequencies

via @ =—d¢/dt, where in the leading (trailing) edge of the pulse the frequencies are shifted

to the red (blue) applying a positive chirp. For a Gaussian pulse, SPM can be approximated by
purely even-order phase terms applied to the initial phase and broadens the bandwidth of the
pulse if it was initially not negatively chirped. Otherwise, a spectral narrowing would result.
During propagation in the nonlinear medium, the pulse intensity maximum is delayed with
respect to its edges leading to self-steepening of the trailing edge and an asymmetric spectrum
extending more towards the blue. While self-phase modulation and self-steepening determine
the spectrally broadened bandwidth of the pulse, the competing spatial effects can induce a
self-guiding of the incident beam over more than several Rayleigh lengths. Contradicting
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reports on filamentation have been made, raising the question of its day-to-day applicability in
complex laser systems. Although octave-spanning output spectra could be measured after an
argon filament [22, 88], the output beam quality in terms of spatial chirp, maximum
achievable energy, spectral fluctuations and compressibility have been under debate. An
alternative approach is to extend the length of nonlinear interactions where the intensity
remains high by guiding the incident beam in a hollow-core fiber (HCF) filled with noble gas
[21,23,24,B1-3,B5]. Recently, cascaded combinations of filaments and/or HCFs have been
investigated [89]. The HCF scheme allows using a larger incident beam size, noble gases
(such as neon) with lower nonlinear index of refraction n, and correspondingly a higher
incident power. Altogether, the external guiding might offer for the output the prospect of a
higher energy, larger bandwidth, reduced spatial transverse deviations and a more stable mode
of operation.

10 £ 72%, 0.10 mJ — — CPAoutput —Ar filament
: Ne HCF
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Fig. 8: Octave-spanning supercontinuum generation (SCG) from around 500 to 1050 nm (at
30 dB) in conventional (HCF) or tapered (T-HCF) hollow-core fibers as well as gas
filaments filled with neon or argon gas. For each scheme, the relative throughput and
the output energy is given. The generated broadband seed before the stretcher is
compared to the incident CPA pulse spectrum and the broadest amplified signal
spectrum (695-1020 nm, without the unamplified seed components) after the 2nd
NOPCPA stage of LWS-20 (5 mm type-I BBO pumped at 532 nm) indicating the
parametric gain bandwidth.

For LWS-20 we compared filamentation in argon gas at around 1 bar absolute pressure,
broadening in conventional 1 m long HCF with 250 pm inner diameter filled with neon gas
(2 bar) and 1.1 m long tapered HCF (T-HCF) with 210 pm smallest inner diameter filled with
argon (<1 bar) or neon (2 bar). The smaller inner diameter was used to enhance the intensity
along the nonlinear interaction length, while the T-HCF had a 10 cm long taper at the entrance
to enhance the coupling of the incident focused beam. The incident pulse was a nearly
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Gaussian 25 fs (FWHM) pulse at 800 nm containing up to 0.85 mJ of energy. The incident
pulse spectrum and the output spectra of the employed SCG schemes are shown in Fig. 8,
together with the throughput characteristics for the case of an adequate output beam. The best
performance for using HCFs was achieved using neon gas at around 2 bar. The highest
throughput (54%) was achieved for the conventional HCF with narrower output spectrum
(530-1000 nm at 30 dB) compared to using the T-HCF, where the spectral broadening could
exceed an octave (<500-1050 nm) with the cost of slightly reduced throughput (48%). The
argon filament showed a decent spectral broadening and a high throughput but, despite loose
focusing, could only be operated in a stable manner at relatively low incident energy. Further
investigations can be the subject of future research. The T-HCF filled with neon gas was
overall determined to be the best choice as seed source for the LWS-20 NOPCPA system, as
the generated bandwidth just matches the phase-matching bandwidth of the designed
NOPCPA stages around 1050 nm while it exceeds it in the Vis as shown in Fig. 6 [B1,B2].

The employed dispersion management for LWS-20 was based on a combination of a grism
stretcher [35], AOM (Dazzler), glass blocks and dispersive mirrors. The spectral transmission
limited the stretched seed bandwidth to 650-1000 nm containing 3 pJ of energy [B1-B3]. That
energy is significantly more than compared to seeding with the stretched output of a
broadband oscillator or a SC generated from bulk material [35,84,85]. The latter was
employed to develop a novel Vis-NIR SC from a combination of YAG and CaF, for the
broadband ultrafast transient spectroscopy of solar cells in the second part of this thesis. As
will be shown in the following sections, the broadband Vis-NIR seed bandwidth from the T-
HCF will just be enough to fill up the entire gain bandwidth using two-color pumped
NOPCPA [B5] for the generation of sub-5 fs pulses.

3.2) NOPCPA Chain

In the preceeding section we have shown how the necessary seed bandwidth and energy is
made available through spectral broadening in hollow-core fibers (Fig. 8). The proper design
of the broadband, high-energy parametric amplifiers are outlined in the following. As shown
in detail in Ref. [B1-B3], the LWS-20 NOPCPA system also employs a commercial cutting
edge (and therefore not turn-key) flashlamp-pumped Nd:YAG pump laser providing 78 ps
(FWHM), 1 ] pulses at 532 nm after type-II SHG in KDP at 10 Hz repetition rate. This laser
is seeded by the self-frequency shift of the broadband Ti:Sa output. The pump laser output
beam properties are Gaussian in time and super-Gaussian in space. The output is relay-imaged
with vacuum telescopes onto the 5 mm long wedged BBO crystals in the first and second
NOPCPA stage, respectively. The seed is stretched with a combination of grism stretcher and
AOM [35] leading to 2-3 uJ seed pulses typically ranging from 650-1020 nm (the short
wavelength part of the HCF output is cut here) exhibiting a group delay (GD) of about 40 ps
between these spectral boundaries. This GD is close to the optimum for parametric
amplification with the employed pump pulse as shown in Ref. [B5] in the course of this thesis
work and in agreement with numerical simulations [74]. Both NOPCPA stages are operated in
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tangential type-I phase-matching geometry with the pump polarization contained in the plane
of noncollinear interaction, which is defined by the signal and pump beam. This was chosen
to circumvent parasitic SHG of the signal. The first amplifier is pumped with 14-16 mJ
(>10 GW/cm?® peak intensity) at 532 nm and led to 1-2 mJ signal energy, which corresponds
to around 10% pump to signal energy conversion efficiency (absolute signal energy gain
devided by incident pump energy).

Fig. 9 shows that the signal spectrum (blue) ranging from 695-1000 nm and shows a more
balanced spectral energy density distribution compared to the unamplified seed (red) but still
contains its distinct spectral features. The second amplifier is seeded with the output of the
first amplifier and is pumped with 780 mJ (~8 GW/cm® peak intensity) at 532 nm. This
NOPCPA stage is operated close to saturation and led to up to 170 mJ signal energy
corresponding to 22% pump to signal energy conversion efficiency, which is among the most
efficient NOPCPA setups. The RMS of the signal energy is about 3%, which is almost limited
by the 2% RMS of the pump pulse energy. The measured signal spectrum shown in Fig. 9
(yellow) ranges from 695-1020 nm and shows less pronounced spectral energy density
variations compared to the unamplified seed and the signal from the first amplifier. The
saturation in the second amplifier actually smoothens the spectral energy density and leads to
enhanced NIR content. The high signal gain of the NOPCPA chain therefore allows usage of
the exponentially decreasing seed light at the spectral boundaries.
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Fig. 9: Spectral energy density (arbitrarily scaled) and total energy of the unamplified
stretched seed (red) and the signal after parametric amplification in the 1st (blue) and
2nd (yellow) NOPCPA stage of LWS-20. Pump energies: 14-16 mJ (1st stage), 780-
900 mJ (2nd stage).

Later on, the applied pump energy in the second amplifier could be increased to about 900 mJ
by choosing custom-made HR mirrors in the pump relay imaging. After carefully choosing
the pump beam size and seeding with 2 mJ from the first amplifier, up to 200 mJ signal
energy with the same pump to signal conversion efficiency could be obtained. This proofs the
scalability of the chosen NOPCPA concept at least in a certain parameter regime. Fig. 10(a)
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shows the simulated parametric intensity gain spectrum for the case of a partially saturated
2nd NOPCPA stage (2 mJ seed energy, black) and for the case of strong back conversion
(5 mJ seed energy, red) at around the signal central wavelength of 800 nm, where Ak=0 was
aimed for (compare the phase-matching curve in Fig. 6), also leading to an overall energy
reduction (Fig. 10(b)). Apart from the experimentally determined beam properties, the
condition for the broadest phase-matching (6,,=23.62°, 0=2.23°) and a proper pump-signal
delay were chosen for the numerical simulation.

The simulation in Fig. 10 predicts a signal spectrum starting just below 700 nm and ranging
up to around 1050 nm with a contained energy of 202 mJ for 900 mJ pump and 2 mJ seed
energy. Fig. 10(b) shows the simulated signal output energy of the 2nd NOPCPA stage as
function of its seed energy. It exactly predicts the experimentally obtained energy value (gray
dashed lines) and therefore implies that the experimental amplifier is operated close to its
optimum. The same was observed for the parametric preamplifier [B4]. While the short
wavelength edge is determined by the gain bandwidth, the NIR content is currently limited by
the seed. Summing up, the experimental results for the present NOPCPA chain match the
numerical predictions.
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Fig. 10: (a) Simulated parametric intensity gain for the 2nd NOPCPA stage employing
900 mJ pump energy and 2 mJ (black), 5 mJ (red) seed energy. (b) Simulated signal
energy and corresponding pump to signal energy conversion efficiency for the 2nd
amplifier depending on its seed energy. The dashed lines label the experimental
result, which matches the numerical prediction.

It should be noted that saturation depends on seed spectral energy density and phase-
mismatch [74]. While some spectral components are still being amplified in the crystal, others
can already exhibit back conversion to the pump. Fig. 10(b) also implies that the present
parametric amplifier has not yet approached an overall spectral saturation but rather points to
even higher output energies and energy conversion efficiencies around 35% in case of more
available total pump energy.

Fig. 11(a) shows the numerically retrieved parametric signal phase shift for the preamplifier
(gray) used in this work and the saturated 2nd NOPCPA stage with increasing degree of pump
depletion (blue to red). The qualitative phase evolution as function of signal wavelength
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matches other numerical simulations in Ref. [66] and the analytic calculation shown in Fig. 6,
which assumes negligible pump depletion. Fig. 11(a) points to increasing signal phase
modulations during parametric amplification in prescence of pump depletion and should be
taken into account for an accurate dispersion management especially for further energy-
upscaling towards PW-scale few-cycle NOPCPA systems.

No contribution from AOPF could be detected experimentally through blocking the seed for
the energy measurement. This is in contrast to other OPCPA systems, which employ a much
weaker seed and work with higher parametric gain [33,80,84], yielding significant AOPF.
Nevertheless, the AOPF should be regarded numerically for several reasons. First, the main
parameters determining the AOPF level should be revealed for future OPCPA upscaling.
Second, the high-dynamic range THG-AC described in section 3.3.2 allows for revealing
contributions up to 10" contrast ratio with respect to the main pulse.
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Fig. 11: (a) Simulated parametric phase shift applied to the signal during amplification for
increasing (red: high) degree of pump depletion. (b) Simulated ps pulse contrast
ratio after parametric amplification in the saturated NOPCPA stage including AOPF
and compression of the main signal pulse to 8 fs.

Therefore, AOPF could directly be probed and the implementation of OPF in the numerical
simulation could be judged. Fig. 11(b) shows an estimate for the level of AOPF after
parametric amplification in the saturated NOPCPA stage just described above and
compression of the stretched signal to 8 fs (compression ratio 2500). Saturation could allow
for efficient built-up of AOPF. Some results for the first NOPCPA stage have already been
shown in Ref. [B4]. The simulation assumes an initial stochastic field distribution of OPF in
the 5 mm long BBO crystal, whose magnitude depends on the pump intensity and which
competes with the signal for pump energy during parametric amplification at each nonlinear
step. It turns out that an AOPF level of a few times 10" below the main compressed signal
pulse is likely for the current LWS-20 design parameters. However, this contribution depends
strongly on the seed energy of the NOPCPA stage as shown in Fig. 11. If the seed energy of
the saturated NOPCPA stage drops below the 1 mJ level, the contrast ratio will decrease by
about an order of magnitude. Approximately the same effect is observed for the parametric
preamplifier and will limit the contrast ratio to about 107" if the seed energy from the
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frontend is reduced, e.g., by implementing XPW, which is supposed to enhance the seed
contrast and cancel the ASE. Then AOPF will be detectable by the THG-AC and will limit
the signal pulse contrast. However, even in this case the pulse contrast ratio provided by the
chosen NOPCPA design will be superior to the high-energy CPA technique [20].

It is not straight forward to compress broadband light pulses as well as to characterize them.
The temporal pulse shape and the phase information need to be determined to optimize the
complex NOPCPA system towards Fourier-limited pulses and maximum peak power.

In many light-matter interactions it is required to provide an ultrashort light pulse without
significant prepulses. Such prepulses can lead to sequences of excitations in molecular
systems thereby reducing the time resolution and hinder a comprehensive data interpretation.
In high-field experiments such as high-harmonic generation in overdense plasmas (solid state
surfaces, [90,B10]) or particle acceleration from thin foils [91], prepulses or pedestals at about
10'* W/cm® would ionize the samples prior to the actual desired interaction thereby adversely
affecting data interpretation.

An accurate pulse characterization requires a temporal and spectral resolution in the
diagnostics much below the pulse duration and bandwidth for reliable data interpretation.
Section 3.3 shows the result of LWS-20 pulse compression and contrast measurements using
home-built devices.

3.3) Few-cycle Pulse Characterization
3.3.1) Pulse Compression

The spectral and temporal phase behaviour as well as the temporal pulse intensity have to be
determined in order to gain understanding of the compressibility of the stretched, amplified
and recompressed signal pulses amplified in NOPCPA systems. A single-shot, background-
and dispersion-free second-order intensity AC and SHG-FROG were developed in
collaboration with R. Tautz and used to characterize individual compressed sub-10 fs
NOPCPA signal pulses (AC: at 10 Hz repetition rate) with 200 as resolution [B1,B2,B4,B6].

The development and the main results of the single-shot SHG autocorrelator and FROG are
described in detail in the corresponding publication in Appendix B4, B1, B2:

Investigation of two-beam-pumped noncollinear optical parametric chirped-pulse
amplification for the generation of few-cycle light pulses

Daniel Herrmann, Raphael Tautz, Franz Tavella, Ferenc Krausz, and Laszlo Veisz
Optics Express 18, 4170-4183 (2010).

Generation of sub-three-cycle, 16 TW light pulses by using noncollinear optical
parametric chirped-pulse amplification

Daniel Herrmann, Laszlo Veisz, Raphael Tautz, Franz Tavella, Karl Schmid,
Viadimir Pervak, and Ferenc Krausz

Optics Letters 34, 2459-24691 (2009).
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Generation of 8fs, 125 mJ Pulses Through Optical Parametric Chirped Pulse
Amplification
Daniel Herrmann , Laszlo Veisz, Franz Tavella, Karl Schmid, Raphael Tautz, Alexander

Buck, Viadimir Pervak and Ferenc Krausz
Advanced Solid-State Photonics (ASSP) 2009 paper WA3.

Here, due to the noncollinear interaction of the two fundamental beams (Fig. 12, red), all
AC delays within a 600 fs time interval could be recorded in one shot. The detector read-out
could be operated at 10 Hz. In this way, the shot-to-shot pulse duration stability and first
indications of residual low-order phase terms could be obtained. To characterize the spectral
and temporal phase of the signal pulse in more detail, the autocorrelator was augmented by a
home-built SHG Frequency Resolved Optical Gating (SHG-FROG) device (Fig. 12), which
was operated on single-shot basis with a shutter in the LWS-20 beam due to limited readout
ability of the imaging spectrometer.

_‘ Iris . Mirror SHG'
V I '_\ AC/FROG
7g—BS

_______ Cylindric
Mirror
N\

Fig. 12: Experimental layout of the combined single-shot SHG intensity autocorrelator (AC)
and FROG device for the temporal and spectral characterization of sub-10 fs light
pulses. g-BS: geometric beamsplitter, F: shortpass filter, FM: flipper mirror, P:
beam 90°-rotating periscope, IS: imaging spectrometer and CCD line array.

In combination with the FROG inversion algorithm developed in the course of my Master
thesis [92], the device provides a comprehensive knowledge of the generated few-cycle light
pulses in the time and frequency domain. The retrieved information can then be compared
with the result of a Fourier-limited signal pulse based on the experimental signal spectrum.
The measured SHG AC and FROG traces have to be symmetric with respect to delay, due to
the time inversion symmetry of the SHG signal:

Sic(z)=[1(e)(t-7)dt. (3.2)
This gives an experimental check if the obtained signal is a true and valid measurement. The

experimental SHG-FROG trace involves a Fourier-transform of the SHG amplitude, thus
spectrally resolving the SHG-AC:
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Lipos (@,7) = Uz E(0)E(t —7)exp(—icot)dt g (3.3)

The SHG-FROG trace (Eq. (3.3)) is a pure real quantity and consequently contains no direct
phase information. Hence, the bottom line of the FROG inversion algorithm is to determine
the unknown phase information by solving the equation:

Vo (@,7) - P(@,7) = J: E()E(t—1)exp(—iwt)dt, (3.4)

where ®(® ,t ) is an unknown complex phase function of unity magnitude. The iterative
inversion algorithm needs to find the pulse electric field E(t)guess, Which corresponds to the
minimal rms error (termed FROG error) per element of the spectrogram:

P 1/2

N
€rroG = %i;[lguess (a)i’z-j)_IFROG (a)i’z-j):l ) (3.5)
where N is the number of frequency and time points of a quadratic FROG trace. The inversion
is based on the approach of the principle component generalized projections algorithm
(PCGPA), which is particularly robust and fast for SHG-FROG [93].

It is not self-evident to perform an autocorrelation or a FROG measurement with sub-10 fs
pulses. First of all, the entire setup has to be optimized for minimum dispersion (mirrors,
beamsplitter, lenses). We only used reflective optics with negligible dispersion before the
SHG in the autocorrelator. A D-shaped mirror was used to perform spatial beam splitting.
Secondly, the type-1 BBO crystal (cutting angle 6=28°) for SHG has to be 5-10 um thin to
provide the required broadband phase-matching for few-cycle pulses at 800 nm central
wavelength. A SHG phase-matching bandwidth ranging from about 500-1300 nm is
achievable. Third, the unconverted fundamental and the individual parasitic SH beams have to
be eliminated for undistorted measurements. This is achieved by inserting a shortpass filter (F)
and a small iris behing the BBO crystal. Fourth, a proper imaging of the crystal plane onto the
CCD line array (factor 4 magnification) and onto the entrance slit of the imaging spectrometer
(factor 0.5 demagnification) has to be performed to achieve an adequate temporal ot (AC:
~200 as/pixel, FROG: ~500 as/pixel) and spectral dA (0.3 nm/pixel) sampling of the unkown
light pulse for both diagnostics.
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Fig. 13: (a) 2nd-order AC trace of the LWS-20 output pulse (deconvolution factor=1.35) , (b)
corresponding measured SHG-FROG trace and (c¢) the calculated FROG trace from

the inversion result (t: horizontal, m: vertical).
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The results of AC and FROG inversion are shown in Fig. 13 and Ref. [B1,B2]. A glass
plate of known dispersion was inserted into the beam of the unknown pulse to remove the
time ambiguity mentioned above. 7.9 fs, 130 mJ light pulses at 805 nm are compressed to
within 5% of the Fourier-limit and could routinely be characterized in time and frequency
domain. The FWHM intensity pulse duration corresponds to less than 3 optical cycles, while
the electric field shows a FWHM duration of about 4 optical cycles. These few-cycle light
pulses make the defined variation of the CEP phase interesting for light-matter interactions.
The FROG inversion with an error of 0.6% revealed a fairly flat phase after adaptive pulse
compression with phase 900 fs*, -52500 fs>, 71000 fs* applied by the AOM. The RMS of the
pulse duration was determined to be 4% over hundreds of laser shots. To exclude strong
dependencies of spatial beam quality for the measurements, several different beam fractions
(containing min. 10 pJ) were selected for the measurements and no deviation of the result was
found. Moreover, the same result was found for using the entire attenuated and downsized
LWS-20 output beam.

Multi-shot pulse characterization shows undesired geometrical time smearing and assumes
shot-to-shot identical pulses, which is both not the case for single-shot detection [92,93]. The
FROG technique is in general superior compared to an AC due to the additionally gained
phase information. It turned out that optimizing pulse compression using the SHG-FROG
could improve the AC traces more than only via the AC technique. Furthermore, the SHG-
FROG inversion algorithm can bring back trace information, which was lost during the
measurement, e.g. because of clipping of the SH beam or detector imperfections. Due to its
nonlinearity, FROG can reveal spatial chirp of the fundamental beam as shown in Ref. [92].
How sensitive it is becomes evident through comparison between the case of optimum
compression Fig. 13 (900fs”) and the raw FROG trace in Fig. 14 (700 fs*), where mainly the
2nd-order phase was slightly readjusted via the AOM, yielding massive changes in the FROG
trace.

Fig. 14: Measured “octopus” SHG-FROG trace (t: horizontal, o: vertical) for slight deviation
from the optimum setting for pulse compression.
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3.3.2) Temporal Pulse Contrast

The variety of contributions to the contrast landscape of ultrashort pulses in high-power laser
systems employing OPCPA and/or CPA asks for a long delay range (100 ps), high-dynamic
range (10 orders of magnitude) cross- or autocorrelation measurement that can distinguish
between pre- and post-pulses: ASE, AOPF, reflections, spectral modulation or clipping,
uncompensated higher-order phase, pulse trains and pump noise transfer [94]. Furthermore, it
was shown that postpulses can yield prepulses after pulse compression in case of a high B-
integral in the amplifier chain [95].

The experimental results on the temporal pulse contrast are shortly described in the
corresponding publications in Appendix B1, B3:

Generation of sub-three-cycle, 16 TW light pulses by using noncollinear optical
parametric chirped-pulse amplification

Daniel Herrmann, Laszlo Veisz, Raphael Tautz, Franz Tavella, Karl Schmid, Vladimir
Pervak, and Ferenc Krausz

Optics Letters 34, 2459-24691 (2009).

Generation of Three-cycle, 16 TW Light Pulses by use of Optical Parametric Chirped
Pulse Amplification

Daniel Herrmann, Laszlo Veisz, Raphael Tautz, Alexander Buck, Franz Tavella, Karl Schmid,
Vladimir Pervak, Michael Scharrer, Philip Russell and Ferenc Krausz

The European Conference on Lasers and Electro-Optics (CLEO/Europe) 2009 paper CG1_3.

Third-harmonic generation (THG) on interfaces between transparent optical media [96] or
noncollinear THG by using two subsequent nonlinear crystals have been employed [97]. In
this work we used and upgraded an existing THG scanning autocorrelator initially developed
by K. Schmid [98]. The device alignment was changed and it was extended by thicker wedged
BBO crystals to achieve 11 orders of magnitude detection sensitivity [B1], which is better
than other current state-of-the art devices [34,79]. The autocorrelator was developed for
ultrafast pulse contrast measurements with a scanning range of more than 600 ps and is based
on cascaded type-I phase-matched SHG and SFG in BBO crystals yielding the background-
free intensity third-order correlation function:

0

Smo(z)= [ I* () (t=7)dt. (3.6)

—00

In a third-order correlation, every pre-pulse (post-pulse) will generate a peak at positive
(negative, before the main pulse) delays as well, but this artifact will be of smaller amplitude
than the peak at the real position of the satellite. In a third-order correlation-trace, the peak
value of the actual satellite pulse is approximately the square of the peak-value of the artifact.
In another view, if a correlation-trace is normalized to one, the contrast ratio between the
main pulse and the artifact pulse is given by about the square of the true contrast of the
satellite.
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The optical layout and a detailed description of the THG AC is given in Ref. [98]. To reach
a dynamic range exceeding 10 orders of magnitude, several device aspects were changed and
optimized. The beam sizes have been reduced and the crystal lengths were increased from
100 um to 200 um (SHG) and 400 pum (SFG) yielding higher SHG and THG signals.
Accordingly, the phase-matched pulse bandwidth decreased but was still sufficient to provide
phase-matching around 800 nm fundamental wavelength, where the mayor contrast
contributions of ASE from the Ti:Sa frontend and of OPF from the NOPCPA stages would be
located. Nevertheless, the crystal angles were also detuned to achieve phase-matching at
various central wavelengths and no additional contribution to the LWS-20 pulse contrast
could be found.
Fig. 15 shows the recorded pulse contrast after compression of the Ti:Sa CPA frontend (25 fs,
0.8 mJ, Femtolasers GmbH) and the LWS-20 NOPCPA system (8 fs, 130 mJ). In general, the
scanning range was chosen such to first measure along a wide delay range (-80 to +80 ps,
long range) and then to check in a short range (-20 to +20 ps) wether more features can be
found with higher time resolution. Afterwards the contrast curves are merged (Fig. 15). By
blocking the fundamental, the SH and the TH individually, the contrast detection limit could
be determined as 107° to 10" (Fig. 15, [B1]).
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Fig. 15: High dynamic range THG-AC to determine the pulse contrast of the output pulse of
the CPA frontend (black: long delay range, red: short range with higher time
resolution) and the LWS-20 NOPCPA system (blue curve, long+short range
merged). To determine the detection limit (orange dashes), the individual beams in
the THG-AC are blocked separately.

Fig. 15 reveals several contributions to the normalized pulse contrast of the CPA frontend:
(i) a long-lived contrast degrading ASE pedestal at about 5x107 before and after the main
pulse, (i1) 3 post-pulses probably originating from reflections in the commercial multi-pass
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amplifier all at about 10~ and (iii) a contrast degrading hump just before the main pulse most
likely due to incomplete compression (higher-order residual phase, SPM) in the hybrid prism-
dispersive mirror compressor.

It turns out that the pulse contrast of the LWS-20 NOPCPA system is strongly limited by
these contrast contributions of the CPA frontend laser system: (i) the ASE pedestal at 800 nm
is further amplified within the pump pulse duration (78 ps FWHM) in the NOPCPA chain.
The onset of this contrast degrading contribution depends on the pump-seed delay chosen in
the parametric amplifiers and is at about -20 ps (Fig. 15) for the optimum signal pulse energy
and spectrum. Its magnitude can be minimized to around 107-10® and increases with
parametric gain and degree of saturation in the NOPCPA stages. This pedestal cannot be due
to AOPF generated in the NOPCPA stages, because its level is too high as stated by the above
shown numerical simulations (Fig. 11) and first efforts undertaken to clean the frontend pulse
contrast via cross-polarized wave generation (XPW, [99]) with a result of concurrent
suppression of this pedestal in the LWS-20 pulse [B3]. The fluctuating signal before -30 ps is
originating from back ground noise at the detection sensitivity. (ii) The post-pulses at about
+19 ps originating from the multi-pass amplifier generate visible artifacts (at -19 ps) at the
expected signal intensity and fall outside the pulse duration (40 ps group delay) of the main
stretched seed. They therefore can extract more pump energy as the post-pulse at about +10 ps,
which has to compete with the main pulse. This is apparent from the by 2 orders of magnitude
different intensity level of these post-pulses at the LWS-20 output, while at this low intensity
level their contribution to the measured LWS-20 output energy is negligible. This was also
verified after implementing XPW into the frontend, where similar signal energies could be
obtained at about the same pump energies in the NOPCPA chain [B3]. (iii) The hump at -3 ps
is possibly mainly due to higher-order residual phase in the complex LWS-20 dispersion
management (grism stretcher and hybrid glass-dispersive mirror compressor) and is about the
magnitude as the hump at the same delay in the CPA output pulse contrast.

Overall, the designed NOPCPA chain consisting of a relatively (compared to other seed
generation schemes) strong few-uJ seed, a parametric preamplifier and a saturated parametric
amplifier (both operated at moderate gain) yield a seed-limited pulse contrast after stretching,
parametric amplification and compression. No contrast-degrading contributions from AOPF
can be detected within 10 orders of magnitude dynamic range as a result of the chosen
NOPCPA parameters. This is confirmed by numerical simulations (Fig. 11) and contrast
measurements applying XPW to the seed pulse, where AOPF contributions are not expected
above the 107'° level at this chosen seed energy. Consequently, the present LWS-20 NOPCPA
system can in principle provide a high (> 10 orders of magnitude) contrast ratio at a very few
ps before the main pulse. Nevertheless, the pulse contrast shown in Fig. 15 and Ref. [B1] is
already higher as in many other high-energy laser systems providing light pulses below 20 fs
duration [20,29,34] and is sufficient for many laser-plasma interactions.
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Chapter 4: Investigation of Two-beam Pumped NOPCPA

In section 2.1 it was shown that matching of the signal group velocity with the idler group
velocity in signal direction is necessary to eliminate the first-order derivative of the
wavevector-mismatch in Eq. (2.6) and can be achieved in NOPCPA. In chapter 3, the
potential of the NOPCPA concept using one pump beam was outlined through the generation
of sub-8 fs light pulses containing more than 130 mJ with the potential of energy-upscaling.
To achieve an even broader phase-matching plateau around the central seed wavelength at
small wavevector mismatch, the second-order wavevector-mismatch in Eq. (2.6) also needs to
vanish. Therefore, an additional degree of freedom is required. Apart from the option to
employ angular dispersion or a broadband chirped pump pulse [6,100], angular detuning of
the nonlinear crystal in multiple passes or multiple amplification stages was suggested [101].
Alternatively, using two pump beams to amplify adjacent spectral components of the seed
bandwidth in the same nonlinear crystal (TBP-NOPCPA) was suggested and investigated for
shortening from 98 to 61 fs [102].
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Fig. 16: Experimental broadband phase-matching geometry for NOPCPA employing a type-I
BBO crystal pumped in the ¢-plane by two beams at 532 nm. Both pump pulses
experience the same phase-matching angle 0, but possess individual azimuthal

angles ¢ and internal noncollinear angles ., » yielding two separate idler beams.

In this thesis work [B4,B6], the potential of this concept is studied in detail for few-cycle
pulses and the reduction of the pulse duration from 8 to 7 fs is shown for similar phase-
matching as used for LWS-20. Fig. 16 shows the experimental broadband phase-matching
geometry for TBP-NOPCPA employing a 5 mm long type-I BBO crystal pumped in the ¢-
plane by two pulses of 6 mJ each at 532 nm with a FWHM pulse duration of 78 ps. Both
pump pulses experience the same phase-matching angle 0, but possess individual azimuthal
angles ¢ ;2 as well as different internal noncollinear angles o> (calculated values here:
o1=2.16°, 0,=2.22°, 0,,=23.62°) yielding two separate idler beams. Seed source, stretcher-
compressor arrangement and single-shot 2nd-order autocorrelator from chapter 3 are used. Fig.
17(a) shows that up to 30 nm signal bandwidth below 700 nm can be added to the signal
spectrum from Fig. 9 employing TBP, while the pump to signal conversion efficiencies for
TBP are similar to using one pump beam with the same total energy. Interference patterns
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between the two pump beams of the same polarization orientation are detected and are not
transferred to the common signal beam.
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Fig. 17: (a) Spectral energy density of the signal amplified only by pump 1 (blue), only by
pump 2 (green) and using both pumps (red) along with the measured AC trace (b).

Adaptive pulse compression to within 6% of the Fourier-limit (6.7 fs) yields 7.1 fs (FWHM)
light pulses containing 0.35 mJ of energy in the NIR spectral range at Fig. 17This indicates
that compression of signal spectra composed by TBP-NOPCPA in the same crystal is
possible. , the numerical NOPCPA simulations including the nonlinear coupled wave
equations and AOPF from section 2.3 are extended for the case of TBP. The gain curve
reproduces the amplified signal spectrum and the AOPF level for using one pump seems to be
fairly unaffected by splitting the pump energy into two pulses [B4]. Consequently, TBP-
NOPCPA is a promising approach to extend the phase-matching bandwidth even in the few-
cycle regime with the prospect to yield mJ-level signal energies.

All experimental and theoretical results of chapter4 are described in detail in the
corresponding publication in Appendix B4, B6:

Investigation of two-beam-pumped noncollinear optical parametric chirped-pulse
amplification for the generation of few-cycle light pulses

Daniel Herrmann, Raphael Tautz, Franz Tavella, Ferenc Krausz, and Laszlo Veisz

Optics Express 18, 4170-4183 (2010).

Approaching the Full Octave: Noncollinear Optical Parametric Chirped Pulse
Amplification with Two-Color Pumping

Daniel Herrmann, Christian Homann, Raphael Tautz, Laszlo Veisz, Ferenc Krausz, and
Eberhard Riedle

Advanced Solid-State Photonics (ASSP) 2011 paper JWCI.
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Chapter 5: Approaching the full Octave via Two-color Pumping

Apart from the strategies discussed in chapter 4 for an enhancement of the amplified signal
bandwidth beyond the optimum case of one-beam pumped NOPCPA (LWS-20, chapter 3), in
this chapter we discuss the idea to pump two cascaded type-I NOPCPA stages at different
pump wavelengths. In particular, phase-matching calculations shown in Fig. 18 imply a
significantly increased phase-matching bandwidth approaching an octave in the Vis-NIR
spectral region using the second- (SH, 2®) and third-harmonic (TH, 3®) of a Nd-YAG pump
laser. In this approach, the UV pump amplifies the visible (yellow-red) part of the light
spectrum adjacent to the broadband NIR spectral range amplified by the green pump. The
calculations in Fig. 18 are performed according to the discussion in section 2.1.
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Fig. 18: By pumping the first stage of a cascaded NOPCPA chain by the SH (green) of the
Nd:YAG pump laser and the second stage by the TH (blue), the phase-matching
bandwidth can be extended approaching an octave (580-1050 nm). The effective
phase-mismatch as a function of seed wavelength including wave-vector mismatch
AKL and parametric signal phase shift is calculated for the individual NOPCPA
stages: A,=532nm, 0,,=23.62°, 0=2.23°, L=5mm (green) and A,=354.7 nm,
0pm=34.58°, 0=3.40°, L=3 mm (blue). The red horizontal lines label +.

The experimental and theoretical results of chapter 5 are described in detail in the
corresponding publication in Appendix BS, B6:

Approaching the full octave: Noncollinear optical parametric chirped pulse
amplification with two-color pumping

D. Herrmann, C. Homann, R. Tautz, M. Scharrer, P. St.J. Russell, F. Krausz, L. Veisz, and
E. Riedle

Optics Express 18, 18752-18762 (2010).

Approaching the Full Octave: Noncollinear Optical Parametric Chirped Pulse
Amplification with Two-ColorPumping

Daniel Herrmann, Christian Homann, Raphael Tautz, Laszlo Veisz, Ferenc Krausz, and
Eberhard Riedle
Advanced Solid-State Photonics (ASSP) 2011 paper JWC1.
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Fig. 18 shows the experimental scheme for two-color pumped NOPCPA. Employing tens of
mJ pump energy at the SH and TH of a Nd:YAG pump laser (78 ps FWHM, 10 Hz) to pump
a first NOPCPA stage consisting of a 5 mm long type-1 BBO crystal and a second NOPCPA
stage consisting of a 3 mm long type-I BBO crystal. Broadband parametric amplification is
observed from 575-1050 nm approaching an octave. The spectral energy density shown in Fig.
19 allows for a Fourier-limit of 4.5 fs (inset), which corresponds to just two optical cycles at
the central wavelength of 782 nm. Fig. 19 also reveals that parametric amplifiction is
achieved from 700 to 1050 nm in the 1st NOPCPA stage, while the gain bandwidth ranges
from 575 to 740 nm in the 2nd NOPCPA stage. These results match the predicted signal
bandwidth for the individual NOPCPA stages based on the phase-mismatch analysis shown in
Fig. 18. The UV pumped amplifier even slightly exceeds its expected signal bandwidth.
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Fig. 19: By cascaded two-color pumped NOPCPA, the spectral energy density of the signal
pulse (575-1050 nm, red solid curve) allows for a Fourier-limit of 4.5 fs (inset). This
spectrum is composed of the spectral region amplified only by the SH (700-
1050 nm, green dashed curve) and the TH alone (575740 nm, blue dashed curve).
The seed spectrum (direct T-HCF output, not to scale) is shown as gray solid curve.

For this experiment, the very broad seed was stretched using glass and hence did not allow for
a pulse compression with the available techniques. This was purely due to the short term
availability of components and can be avoided in future work. By variation of the group delay
between the seed spectral boundaries, the optimum pump to signal energy conversion
efficiency of about 13% was achieved for a GD of 69 ps while still maintaining the signal
bandwidth. A total signal energy of about 3 mJ was measured. The GD for 700 to 1020 nm
and for 575 to 740 nm is roughly 33 ps and 43 ps, respectively. In this case, the conversion
efficiency is about 14% and 9% in the NOPCPA stages pumped selectively by the SH and the
TH, which is the highest conversion efficiency obtained for the SH-pumped stage. This proofs
that the 40 ps seed GD chosen for case of the LWS-20 is close to the optimum.

To study the phase behavior in the region of spectral overlap and judge if such composed
spectra can be compressed, a proof-of-principle experiment was performed by extending two-
color pumping also for a 100 kHz NOPA systems employing a Yb:KYW laser (300 fs
FWHM, 100 kHz). The seed was generated in a 2 mm thin YAG plate to minimize dispersion.
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Few-uJ pumping leads to about 1 pJ total signal energy after amplification in 2-3 mm type-I
BBO crystals with the SH (6,,=24°, 0=2.3°) and TH (0,n=35.5°, 0=2.7°) in cascaded NOPA
stages. Due to the shortness of the pump pulses, the signal bandwidth was not limited by the
phase-mismatch in the crystals.

In this low-energy cascaded NOPA system, focusing of the pump and seed beams towards the
BBO crystals is required to achieve adequate intensities (pump: ca.200 GW/cm®) for
parametric amplification. We find that careful matching of seed and pump in both NOPA
stages is desired to obtain homogeneous spatial profiles of the signal. Interestingly, we
observe that spatial overlap between the amplified signal and the unamplified seed in a NOPA
stage is not ensured automatically. This spatial overlap is a prerequisite for amplification of
neighboring spectral regions of the same beam in the two cascaded NOPA stages. If the
overlap is not fulfilled two signal beams with spectrally disjunct spectral energy density will
result apart from the unamplified seed and all these beams will propagate along their
individual optical path. We observe that the amplified signal usually tends to be steared
towards the pump direction and hence leaving the BBO crystal between pump and
unamplified seed. However, we find that only in case of the phase-matching geometry
compensating for Poynting vector walk-off (Fig. 5) and therefore also (partially)
compensating the spatial separation between seed and signal, the spatial overlap between seed
and signal can be achieved. In this case the pump polarization lies in the plane of noncollinear
interaction defined by pump and seed. Since the two NOPA stages are pumped at two
different pump wavelengths, the pump spatial properties inherently differ and make a proper
matching of pump-seed divergence and signal-seed spatial overlap challenging and might
involve slight deviations from the optimum phase-matching parameters.

The gain bandwidth of the individual amplifiers overlap by purpose at around 700 nm, as in
the high-energy case in Fig. 19. By using a prism compressor and 2nd-order autocorrelation,
the signal pulse from the green-pumped amplifier is compressed to 23 fs close to its Fourier-
limit of 20 fs with the prism compressor. If the blue pump is then unblocked, the pulse
duration is about a factor of 2 reduced by adding the spectral components in the blue-pumped
amplifier to the signal pulse amplified in the green-pumped Ist NOPA stage [B5]. The
composite signal pulse amplified in both NOPA stages is compressed to 13 fs close to its
Fourier-limit of 11 fs. One can draw the conclusion from this finding that a signal spectrum
composed by cascaded two-color pumped NOPCPA can be compressed close to its inherent
limits of about two optical cycles. Experimental evidence for parametric phase.

However, a few important experimental challenges have to be overcome. Actually, the
signal pulse only amplified by the blue-pumped NOPA is fairly long (95 fs) for this prism
compressor setting and can be compressed close to its Fourier-limit (28 fs) for a significant
reduction of negative group delay dispersion (GDD) in the compressor (further insertion of
2nd prism). Despite the fact that the signal pulses from the individual NOPA stages
experience the same material dispersion throughout the NOPA system, significantly differing
phase applied in the compressor is needed to achieve pulse compression close to the Fourier-
limit. Consequently, a phase dependent on the parametric amplification has to come into play.
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Fig. 20: Normalized spectral energy density of the signal amplified in the green-pumped

(green) and blue-pumped (blue) NOPA stage centered at 670 nm along with their
Fourier-limits.

To test this hypothesis, both NOPA stages were tuned to amplify almost the same signal
spectrum centered at 670 nm as shown in Fig. 20 along with the Fourier-limits around 20 fs.
The signal pulses amplified in the individual NOPA stages are then compressed separately. If
the prism compressor is adjusted to achieve compression of the signal from the green-pumped
NOPA close to its Fourier-limit, the signal amplified from the blue-pumped NOPA is then
way off its own Fourier-limit as shown in Fig. 21(a). By significantly reducing the negative
GDD in the prism compressor, this observation can be reversed such that the signal from the
blue-pumped stage is compressed in contrast to the signal from the green-pumped NOPA as
shown in Fig. 21(b).
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Fig. 21: Normalized 2nd-order AC traces along with the deconvoluted FWHM pulse
durations. (a) If the signal from the green-pumped NOPA (green) is compressed
close to its Fourier-limit, the signal from the blue-pumped NOPA (blue) is
uncompressed. (b) By significantly reducing the negative GDD in the prism
compressor, this situation can be the opposite.

This implies that the signal experiencing parametric amplification in the blue-pumped NOPA
exhibits less positive second-order phase (positive temporal chirp) as the signal amplified in
the green-pumped NOPA. If one performs the calculations of the parametric phase imprinted
on the signal during amplification according to Eq.(2.4) as shown in Fig. 22 for the
experimental NOPA stages pumped by the SH (green) and the TH (blue) of the pump laser,
the cascaded parametric amplifiers then show opposing signs for this parametric phase. While
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for the green-pumped NOPA a parabola with a negative 2nd-order derivative in the frequency
domain results, the blue-pumped NOPA leads to a correspondingly positive sign. Therefore,
parametric amplification in the first green-pumped NOPA leads to an additional positive
temporal chirp via Fourier-transformation, which can be partially compensated in the second
blue-pumped NOPA vyielding the observed different compressor settings for pulse
compression of the individual signals separately. The signal amplified in the blue-pumped
NOPA needs less negative GDD in the prism compressor, since part of this compensating
phase is already provided by the parametric amplification.
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Fig. 22: Calculated parametric phase according to Eq. (2.4) imprinted on the signal during

amplification for the experimental NOPA stages pumped by the SH (green) and the
TH (blue) of the pump laser. The corresponding spectra are shown in Fig. 20.

These observations are clear experimental evidence for the existence of a parametric phase
imprinted on the signal during parametric amplification and its consequences in the frequency
and space domain. The phase magnitude and sign is strongly pump wavelength-dependent
and can possess a positive or negative component of GDD as shown in Fig. 22. These
findings are in good agreement with the theoretical discussion in course of section 2.1 and
Ref. [B4,B6]: The parametric phase depends in particular on wave-vector mismatch [66],
pump intensity and employed pump wavelength. The first two parameters are not too different
for the present experimental NOPA stages, hence the pump wavelength is expected to yield
the significant parametric phase effect. The insight gained from numerical simulations shown
in Fig. 11 point to even more significant spectral and spatial influence of this parametric
phase in case of pump depletion and saturation. Even for this low-energy NOPA system
employing one pair of two-color pumped cascaded amplifiers, the spectral influence was
observed in terms of challenging pulse compression and the spatial equivalents such as
difficult seed-signal beam overlap. It can be expected that the spectral and spatial effects
observed in the present experiment also affect larger NOPCPA/NOPA systems with multiple
cascaded amplifiers eventually reaching saturation, although a certain regime of two-stage
high-energy NOPCPA in this thesis work could provide high-quality output and was shown to
be scalable in energy to a certain extend [B1,35]. The parametric phase effects will be
pronounced when several pump wavelengths are employed. Moreover, the results of this
thesis and Ref. [66] clearly show that — in contrast to general assumptions [67] - the CEP can
in general not be assumed to remain unchanged during parametric amplification.
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6.1) Few-cycle Laser-Driven Electron Acceleration

The experimental results in this section are based on the publications:

Few-Cycle Laser-Driven Electron Acceleration

K. Schmid, L. Veisz, F. Tavella, S. Benavides, R. Tautz, D. Herrmann, A. Buck, B. Hidding,
A. Marcinkevicius, U. Schramm, M. Geissler, J. Meyer-ter-Vehn, D. Habs, and F. Krausz
Physical Review Letters 102, 124801 (2009).

Density-transition based electron injector for laser driven wakefield accelerators

K. Schmid, A. Buck, C. M. S. Sears, J. M. Mikhailova, R. Tautz, D. Herrmann, M. Geissler,
F. Krausz, and L. Veisz

Physical Review Special Topics-Accelerators and Beams 13, 091301 (2010).

Few-cycle laser-driven acceleration of electrons in a laser-induced plasma, the so-called laser
wakefield acceleration (LWFA), has been a subject of interest for the past decades that relies
on strongly driven plasma waves [103-105]. This approach allows for the generation of
accelerating gradients in the range of several 100 GV/m, which is 3-4 orders of magnitude
larger than the fields attainably by conventional RF-accelerators, which are mainly limited by
electrical breakdown in the accelerating structures to approximately 100 MV/m. Since the
acceleration length required for achieving a particular electron energy is inversely
proportional to the accelerating field, this attribute leads also to a drastic reduction of the size
and cost of the accelerator facility. Moreover, the specific characteristics of electron bunches
accelerated by ultrashort light pulses, i.e. the pulse duration of a few fs, the high charge
density and the high brilliance, open up new possibilities in many applications of these
electron beams such as research employing free-electron lasers (FEL) or deployment in
clinical environments.

An intense spatially varying light pulse drives a plasma wake through the action of the
nonlinear ponderomotive force. The condition for laser-light propagation in plasma
is satisfied in an underdense plasma, where the plasma frequency

nee2

epme

wp = (6.1)

is smaller than the frequency of the light (n.: electron density). In this case the refractive
index of the plasma

n=,1-—— (6.2)

is real and smaller than one, leading to group velocities c-n smaller and phase-velocities c/n
larger than the speed of light c. The electron critical density separating the underdense regime
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from the overdense plasmas is about 1.74-10*' cm™ for light at 800 nm. For comparison,
completely ionized He at 1 bar would lead only to about 3% of the critical free electron
density, while solid state materials offer electron densities of 10**-10** cm™ and are hence
used for overdense plasmas. The cycle-averaged kinetic energy of an electron in an electro-
magnetic field is given by the pondoromotive potential

2

- € =\2
D@ pond () = —ZE( r) (6.3)
4meCOL

which is linked to the light pulse intensity vialp () = (]St | >T = %CSOE (t )2 .

Hence, the spatial variation of the light pulse electric field leads to the pondoromotive force
1Epond = _§q)pond (6.4)

pushing the electrons away from regions of high light intensity towards those of low intensity.
Electrons are then attracted by the remaining heavier positively charged ions and for a short

light pulse even get pushed backwards by Fpond within the plasma wave and thereby

increasing the amplitude, which travels with the group velocity of the light pulse. The plasma
wave is maximized for a FWHM pulse duration matching half the plasma wavelength
(typically 5-20 um). In the non-relativistic case, the electrons will only be accelerated
transversally out of the focal region, while at relativistic intensities (>10'® W/cm?) the
relativistic drift motion starts to come into play causing the electrons to be directed forwards
and sideways (pondoromotive scattering) with a figure-of-eight motion in the co-moving
frame. Focusing an intense laser pulse to a finite spot size into a plasma therefore can lead to
laser accelerated electrons.
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Fig. 23: Schematic of LWFA in the bubble regime (left) focusing a few-cycle light pulse
(white) with relativistic intensities into an underdense plasma (blue). Electrons (red)
are transversally pushed away and are then attracted by the heavy ions (blue) while
some of the electrons are captured by the bubble where they are accelerated.
Experimental single-shot electron spectra (right) for using multi-TW few-cycle light
pulses from the LWS NOPCPA system taken from Ref. [BS].

Numerical studies using Particle In Cell-codes (PIC) have predicted for a certain parameter
regime the emergence of monoenergetic electron bunches with relativistic energies and few-fs
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duration from laser excited plasma waves [106]. In this nonlinear regime, the plasma waves
are strongly driven by a laser pulse of highly relativistic intensity (~10" W/cm?) and a
duration and diameter that are matched to the plasma wavelength. The principle of this
acceleration scheme is shown in Fig. 23. The ponderomotive force of the light pulse pushes
free electrons transversally out of its path leaving the positively charged and much heavier
ions behind. The electrons are pulled back to the axis by the electrical field created by charge
separation after a propagation length comparable to a plasma wavelength. According to the
simulations, a fraction of the returning electrons are trapped in a cavity trailing the laser pulse,
termed a “bubble” (the bubble radius is about half the plasma wavelength), and accelerated by
the strong longitudinal electric field, producing relativistic electron bunches with narrow-band
energy spectra and small Maxwellian background. The bubble constitutes a highly
anharmonic Langmuir wave that breaks down after the first period of its oscillation leading to
self-trapping of electrons in the potential of the wave bucket, which are then accelerated as a
result of energy transfer from the light pulse to the relativistic electron beam.

Sub-10 fs light pulses thereby directly excite a strong plasma wave even with few-10 mJ of
energy while slightly longer (few-10s of fs) pulses need to get shortened to excite that
strongly and have to contain J-level energy. The shortening is done by nonlinear self-
modulation with the plasma period in an extended plasma channel. Instabilities grow during
the electron acceleration process due to this mechanism. Only the leading part of the pulse
contributes, which leads in this case to less efficient energy transfer between light wave and
electrons. For light pulse durations much longer than the plasma period, direct laser
acceleration (DLA) is considered, where electrons receive most of their energy directly from
the transverse laser field leading to a predominant movement of electrons in the laser

direction via the v x B -force and broad thermal-like exponential spectra.

The scaling laws for LWFA in the bubble regime are still debated but theoretical models
predict for the maximum electron energy En Of the quasi-monoenergetic peak and for the
number of accelerated electrons within that peak Niono:

Emono %a Nmono o \/E_, (6.5)
where A is the laser central wavelength, t the 1/¢” pulse duration and E;_ the laser pulse energy.
The energy scaling law is so far confirmed by our LWFA experiments performed with the
LWS NOPCPA system. First experiments focusing 40 mJ, 8 fs light pulses at 800 nm central
wavelength focused down to 6 pm FWHM diameter (1.2:10" W/cm?) into a He gas jet
yielded up to 25 MeV quasi-monoenergetic (<10% relative energy spread) electron beams
containing 1-10 pC of charge (~10’ electrons) as shown in Fig. 23 [B8]. Later, with an
increased pulse energy of 65 mJ, electron energies exceeding 30 MeV were obtained [B9].
However, the stability and reproducibility of this nonlinear process remains to be improved
and the measured charge is up to two orders of magnitude below the predicted value for these
laser parameters. For the currently available LWS-20 output parameters (>130 mJ, 7.9 fs at
805 nm), the scaling laws in Eq. (6.5) would predict electron energies readily exceeding
50 MeV and accelerated charges of more than 500 pC.
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6.2) High-harmonic Generation from Solid Surfaces

Most of the experimental and theoretical results in this section are based on the following
publication, while some remain so far unpuplished:

Toward single attosecond pulses using harmonic emission

from solid-density plasmas

P. Heissler, R. Horlein, M. Stafe, J M. Mikhailova, Y. Nomura, D. Herrmann, R. Tautz,
S.G. Rykovanov, I.B. Foldes, K. Varju, F. Tavella, A. Marcinkevicius, F. Krausz, L. Veisz,
G.D. Tsakiris

Applied Physics B 101, 511-521 (2010).

The generation of coherent high-order harmonics from the interaction of ultra-intense
femtosecond laser pulses with solid density plasmas (also termed Surface High-harmonic
Generation — SHHG [90]) holds the promise for table-top sources of intense extreme
ultraviolet (XUV) and soft x-ray (SXR) radiation. Since SHHG has no inherent limit on the
employed laser intensity (in contrast to gas harmonics sources), they give rise to the prospect
of combining attosecond pulse duration with the photon flux currently only available from
large-scale FEL or synchrotron facilities. The development of ultra-intense sources of single
as-pulses from the interaction of intense laser pulses with solid surfaces could advance
making XUV-pump/XUV-probe investigations of fundamental processes with attosecond
time resolution feasible in the future, while for some envisioned applications single-as pulses
are desired [3]. Using intense multi-cycle light pulses, it was shown that the individual
harmonics are phase-locked and an as pulse train could be characterized [107]. For the
ultimate goal, few-cycle light pulses with controllable CEP as driver of the light-matter
interaction are required [108].

As a first step towards this ambitious goal, the 16 TW, sub-three-cycle light pulses generated
by LWS-20 are focused to relativistic intensities of about 2-10" W/cm? onto a fused silica
disc under 45° angle of incidence. The harmonic radiation was then recorded with an XUV
imaging spectrometer as as shown in Fig. 24.
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Fig. 24: (a) Schematic layout of the experimental setup, (b) Measured single-shot XUV
spectrum with labeled harmonic number (taken from Ref. [B10]).
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The dominant SHHG mechanism under investigation here is called Coherent Wake

Emission (CWE) [90]. According to a 3-step model [B10], the incident electric field
component perpendicular to the target of the obliquely incident, p-polarized ultrashort light
pulse launches electrons into the vacuum. Some of these energetic electrons return back to the
plasma in the second half-cycle of the period forming bunches in the plasma. This yields
resonantly driven plasma oscillations where an integer multiple of the driving frequency op
matches the local plasma frequency o, (q-@.=w,), while each electron moves in the combined
electric field of the incident light pulse and of the space charge. Phase matching results in
periodic bursts of radiation at the local plasma frequency containing harmonics up to the
maximum electron density n..
The origin for the electron bunching is mainly the electron dynamics for different phases of
the sinusoidal laser electric field. At the beginning of each positive-to-negative field crossing
some electrons are revealed but due to the weak field at the outer part of the light pulse their
excursion is short. As the field continues to grow, the electrons move further from the surface
but due to their higher velocity they return about at the same time with the previous ones. This
results in the formation of electron bunches. The harmonic emission contributing to the
formation of as pulses coincides with the return of the revealed electrons, while the electron
bunches are not equidistant as a result of the intensity envelope of the incident pulse.

The performed experiments show that a s-polarized or elliptically polarized incident electric
field leads to reduced XUV intensity, thereby pointing to polarization gating as tool to
generate single as pulses. This effect is likely due to the reduced electric field component in
the plane of incidence and a variation of angles under which the electrons reenter the plasma
reducing electron bunching. This outcome also shows that the temporal pulse contrast shown
in Fig. 15 is outstandingly high, preserving a clean interaction surface, because no clear
picture of the CWE dependence on incident electric field polarization could be obtained with
other laser systems before.

Moreover, the experimental outcome is likely to reveal the few-cycle nature of the harmonic
emission. High-harmonics of the 805 nm fundamental wavelength were recorded up to the
20th harmonic, the highest possible harmonic for CWE based on the experimental plasma
density. Examples of XUV spectra are shown in Figs. 24,25. The individual harmonics are
spectrally broadened and can be strongly distorted in shape, while this distortion fluctuates
strongly from shot to shot. Furthermore, the spectral modulation in the XUV spectrum
disappears for positively chirped incident pulses. Fluctuations of intensity and pulse duration
are within 3% each and can be excluded as source of the fluctuating XUV spectra.
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Fig. 25: Left: Harmonic spectrum up to the 20th harmonic corresponding to the highest
harmonic expected from the CWE mechanism recorded in cooperation with
R. Horlein. Right: XUV spectra recorded for applied GDD via the AOM to the
compressed 8 fs pulse of LWS-20 (taken from Ref. [B10]).

According to the 3-step model and PIC simulations, these observations can be a direct
consequence of the few-cycle nature of the LWS-20 and its varying CEP [B10], which
changes the relative phase between carrier wave and envelope of the incident light pulse. For
this reason, the unequal temporal spacing between the electron bunches in the plasma, and
correspondingly the event of XUV emission, is pronounced using few-cycle pulses and
fluctuates with the varying CEP. Therefore, intrinsic properties of the CWE process could
become apparent due to the few-cycle nature of the multi-TW light pulse of the LWS-20
NOPCPA system. However, the experimental proof of this hypothesis remains for future
research: a locking and defined adjusting of the driver’s CEP.

Already with this laser system, high-harmonics beyond the 20th harmonic could be
observed, which are generated through the Relativistic Oscillating Mirror (ROM) mechanism
[108], which is supposed to be superior with respect to CWE: pronounced reproducibility,
higher photon energy, increased efficiency, smaller divergence and better phase locking
properties. Further experimental investigations are on its way. However, SHHG still needs to
fulfill its promise of higher efficiency compared to gas HHG.

A route to enhance the emission of ROM is a further energy-upscaling of the LWS
NOPCPA system while even enhancing the temporal pulse contrast and solid-state targets
with preshaped surface structure or liquid targets.
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excitation

S, optical probing

Fig. 26: Principle of transient absorption spectroscopy: photoexcitation, time evolution of
wavepackets in excited states, optical probing at certain delay At, ground state
bleach (GSB), photoinduced absorption (PIA), stimulated emission (SE).

The underlying principle of transient absorption (TA) spectroscopy is excitation of a
molecular system and subsequently delayed probing of the photoexcited transient species. In
this approach, the kinetics (formation and decay) of electronic states upon light absorption can
be quantitatively determined within the experimental limits such as time resolution, maximum
pump-probe delay and spectral probe detection bandwidth.

The Beer-Lambert law is a linear relationship between change in optical density AOD and
photoinduced concentration change Ac of the corresponding transient species generated by

photoexcitation with its inherent molar extinction coefficient ey

AOD(t) = &,, - Ac(t)-1 = —log(T(t)/T,), (7.1)

where 1 is the sample thickness. The transient change in optical density AOD is linked to the
transmission T after photoexcitation and Ty without excitation. T and Ty are recorded during
the TA measurements for various delays yielding a 2D TA map as shown in Fig. 27.

Fig. 26 points out the possible transient signals. Light absorption leads to a population of an
excited state (S,) and depletion of the ground state (Sy). For this reason, the excited system
shows more probe transmission compared to the unexcited version yielding a negative
transient signal AOD<0 termed ground state bleach (GSB) at the ground state absorption.

In the spectral range of photoluminescence (PL), the probe can induce a radiative
recombination of the first ecited state to the ground state termed stimulated emission (SE) also
yielding a negative transient signal AOD<O.

Newly occupied states following photoexcitation can possess transitions to higher-lying
states associated to photoinduced absorption (PIA) with positive transient signals AOD>0.
The initial photoexcited state can exhibit a transition to an energetically higher lying state,
rendering an excited state absorption (ESA). Apart from that, it can undergo transitions to
successive photoinduced species such as charged species (e.g., singlet-exciton dissociation to
form free charges) or triplet states (e.g., singlet-exciton fission to yield two triplets or
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intersystem crossing as a result of spin-orbit coupling). This ensemble of potential transient
signals at different energetic positions constitutes the need of broadband probe detection to
gain preferentially comprehensive knowledge of the studied molecular system.
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Fig. 27: Gap-free 2D TA map and lineouts for the TA measurement of (a) P3HT/Si film and
(b) P3HT in chloroform solution.

Prior to retrieving the time evolution of the transient signals via reasonable fits, a detailed
analysis of the TA spectra should be performed.
First, the steady-state absorbance and PL data of the actual investigated system should be
compared to the TA signals to identify GSB and SE. Furthermore, absorption signals of
charged species obtained in steady-state measurements are of high value to identify the
corresponding transient photoinduced charged species.
Second, it needs to be verified if the spectral bands shift with increasing delay. There are a
couple of origins for such a behavior. A spectral shift and narrowing is caused by vibrational
cooling, where vibrational energy is dissipated to other normal modes and to the closeby
environment. A spectral red-shift of bands such as SE can occur due to a conical intersection
(CI) or due to the solvation process, where relaxation of polar solvent molecules after a
change in charge distribution takes place in an excited solute. Moreover, migration of energy
within species or energy transfer between compounds often leads to a spectral red-shift of the
GSB within the corresponding characteristic time. Anisotropy can help to reveal the migration
of photoexcitations.
Third, in case of samples that are a combination of different moieties, the TA spectra of the
individual parts should be compared with the combination at various delays under the same
experimental conditions. In this way, transient species (e.g., charge transfer states, cations,
anions) assigned to the interaction between the moieties can readily be identified.
Fourth, in case of TA measurements of solid thin films also TA measurements of the same
system - or a part of it — in solution can be of useful help to identify transient species in the
film through the exclusion of various photoinduced processes of the film in the liquid but
raising others at the same time. In general, the data evaluation should always be considered as
system-dependent and therefore dynamic.
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Fig. 28: Experimental layout of the ultrafast UV-Vis-NIR pump-probe spectrometer. CPA:
chirped-pulse amplifier, NOPA: noncollinear optical parametric amplifier, SCG:
supercontinuum generation, PC: prism compressor, DM: dichroic mirror, FS: fused
silica, VA: variable attenuator, WG: wire-grid polarizer, PDA: photodiode array.

To investigate the nature of the photoexcitations in thin film photovoltaics and their
inherent kinetics from fs up to several ns after visible excitation we developed a novel
ultrafast pump-probe spectrometer. The gained understanding within the first part of my
thesis work — i.e. generation of tunable ultrashort light pulses via NOPA/NOPCPA as well as
supercontinuum generation — was a prerequisite for this development. The setup is described
in Fig. 28. It allows for ultrafast ultrabroadband (UV-Vis-NIR) transient absorption (TA)
experiments at room temperature. The time resolution was verified to be 40 fs, which is
significantly better than for TA measurements in solution due to reduced group-velocity
mismatch between pump and probe in the 100 nm thin film. The UV-Vis part of the setup
employing a Ti:Sa chirped-pulse amplifier system (CPA 2001, ClarkMXR) with 1 kHz
repetition rate as fundamental light source for pump and probe generation has been described
in Ref. [38]. It was extended in the course of this work to allow the investigation of solid thin
film samples and to expand the detection range into the NIR (Fig. 28, Fig. 29).

The details of this novel ultrafast broadband TA spectrometer are described in the
corresponding publication in Appendix B7:

Role of Structural Order and Excess Energy on Ultrafast Free Charge Generation in
Hybrid Polythiophene/Si Photovoltaics Probed in Real Time by Near-Infrared
Broadband Transient Absorption

Daniel Herrmann, Sabrina Niesar, Christina Scharsich, Anna Kohler, Martin Stutzmann, and
Eberhard Riedle

Journal of the American Chemical Society 133, 18220 (2011).
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Briefly, a single-stage noncollinear optical parametric amplifier (NOPA) was used as pump
source providing ultrashort pump pulses of 15 fs FWHM duration while the pump wavelength
was chosen as 450, 518, 535, 555, 600 and 720 nm for site-selective excitation of the samples.
To prevent photodegradation and to mimic the solar exposure of 1 kW/m” average power,
low-excitation energies in the range of 4-60 nJ (4-60uJ/cm’ excitation fluence) were used for
P3HT/Si, while higher values (>300 nJ) were needed for DIP:C60 films due to its reduced
absorbance. We routinely verified that the samples did not degrade due to the prolonged
illumination by the pump pulses and only observed signal degradation when storing the
samples over several months at ambient conditions in the lab.

Pump central wavelength
Pump duration (FWHM)
UV-Vis probe

Vis-NIR probe

Spectral resolution
Repetition rate

Time resolution
Detection sensitivity
Pump diameter (1/e%)

Probe diameter (1/¢?)

450-750 nm
15 fs
280-740 nm
420-1150 nm
<3 nm

1 kHz

40 fs
AOD~10"
210 pm

110 um

Tab. 1: Experimental parameters of the ultrafast pump, the broadband probe and the pump-
probe measurements.
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Fig. 29: (a) Broadband Vis-NIR probe spectrum and RMS noise (b) Experimental sensitivity
of the Vis-NIR TA spectrometer calculated by taking the transient signal standard
deviation per pixel at negative delays.

For gap-free TA measurements from 420 to 1150 nm (Fig. 29(a)), a novel probe setup was
developed employing a cascade of supercontinuum generation (SCG) in YAG, OPA at
1180 nm in BBO and SCG in CaF; (Fig. 28). The broadband multichannel detection of the
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TA signals employing a fused silica (FS) prism polychromator and a silicon photodiode array
(PDA) based camera with 512 pixels is described in Ref. [38]. Typically, a probe RMS noise
below 2%, a pump RMS noise of 1.5% and a probe detection sensitivity of AOD~10" over
the entire spectral range were achieved (Fig. 29). The wavelength calibration was performed
with various filters and HR mirrors leading to a spectral resolution at the detector of better
than 3 nm/pixel. To minimize pump straylight originating from the solid film samples, a
broadband wire-grid polarizer (WG) was placed in front of the detector. This WG was aligned
with maximum transmission for the probe polarization and the pump polarization was
adjusted to be perpendicular to the probe polarization in this case. The residual straylight was
deleted via subtracting the average signal over negative delays for each pixel, which also
offers a tool to check for proper delay stage alignment.

If one assumes a Poisson distribution for the number of detected photons, the sensitivity is

*
I
-1 R

where the minimum detectable change in photon number Al = I - I has to overcome the

limited by:

In 1+A—I
lp) Al 1IN 1 1
In(10) ~ IpIn(10) N In(10) n-m-In(10)

|AOD| . = =

min

the standard deviation \/N of the Poisson distribution. N=n-m, where n is the detected shot

photon number per pixel and m is the number of averages. In the case of Fig. 29(a) with
n=40000 and m=2000 the calculated sensitivity results in

| AOD | /40000 - 2000 -111(10))_1 =4,9-107>,

min _(

which is well within the experimentally determined sensitivity in Fig. 29(b).

Detector

Fig. 30: A fraction of the pump straylight behind the sample is propagating along with the
probe beam and leads to interferences at the detector. This shows that even the
straylight still has the same defined phase relationship with the probe as the pump
has, despite the cascaded optical nonlinearities and the stray processes in the sample.

Apart from providing the required high sensitivity for these experiments with low excitation
fluence, an accurate calibration of the time zero is needed in order to resolve the primary
photoexcitations in photovoltaics. For this reason, the raw data was corrected for the chirp of
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the probe pulses by adjusting the zero time at half rise of GSB and singlet-exciton signals or
at coherent artifacts which occur due to two-photon absorption or wave-mixing [109].
Subsequently, a polynomial fit for the data points was applied. Additionally, we could show
that the UV-Vis and the Vis-NIR pump-probe setup are interferometrically stable and thus
offer the alternative to employ a periodic modulation due to spectral interference between
pump straylight and probe at the detector to extract the delay via Fourier-transformation (Fig.
31). We have explicitly compared both options and found that the deviation of their result is
negligible and enable calibration of the zero delay with a few-fs accuracy (Fig. 31). Overall,
the time resolution of the ultrabroadband TA measurements was 40 fs, in particular because
we do not need to measure over the spectral region of the SCG fundamental where a time
jump of about 400 fs is present in the broadband probe pulse.
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Fig. 31: Correlation between the nominal pump-probe delay and the delay retrieved from the
interference fringes (insets) in the region of pump straylight on the detector
employing Fourier transformation for the (a) UV-Vis and the (b) Vis-NIR TA
spectrometer.

49



Chapter 9: Charge Generation and Recombination in Hybrid P3HT/Si Photovoltaics

Chapter 9: Charge Generation and Recombination in Hybrid
P3HT/Si Photovoltaics

9.1) Solar Cell Operation

To judge the prospects of photovoltaic materials for future energy supply, the achievable
electrical output power vs. incident solar power has to be regarded. W. Shockley and H.
Queisser performed an analysis termed detailed balance limit of efficiency of a p-n junction
solar cell [110]. They assume, that the sun and the solar cell are black bodies with temperature
Ts and T, and that each absorbed photon with energy greater than the optical band gap energy
Eg=hv, generates one electronic charge e at a certain open-circuit voltage Voc.

First, they estimate the ultimate efficiency u through calculating the electrical output power
devided by the incident light power. They assume a perfectly absorbing photovoltaic device
yielding a voltage Voc equal to the band gap potential V,=hv,/e while employing the Planck
distribution for the number of quanta at a certain frequency incident per unit area per unit time
originating from a sourrounding black body sphere. The maximum efficiency is about 44%,
which comes for a solar temperature of 6000 K and an optical band gap of 1.1 eV.
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Fig. 32: (a) Equivalent circuit of a solar cell: diode, shunt resitance R, serial resitance R,
current [ and voltage U. (b) Current density (J) — voltage (V) curve of a P3HT/Si
solar cell. Open-circuit voltage Voc, short-circuit current density Jsc, current density
(Jm) and voltage (Vy,) at the maximum power point P..

Second, they calculate the nominal efficiency u-¢n, which takes into account geometric
considerations (such as small solid angle radiation from the sun), imperfect light absorption,
and radiative as well as nonradiative processes. Fig. 32 shows the equivalent circuit for a solar
cell and a typical current voltage curve. The removal from holes from the p-type region and
electrons from the n-type region yields a current I. In this case, the voltage Voc is a fraction n
of V, and approaches V, at zero device temperature. The efficiency limit is then additionally
bounded via deviding the only theoretically possible electrical power Voc:Isc by the incident
solar power (Fig. 32):
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]S

%VOC:M(TS,Eg)-gé-n(f,T, T.E,), (9.1)

where Igc is the photocurrent due to illumination (at V=0, short-circuit current), Voc is the
open-circuit voltage at 1=0, ¢ is the probability - averaged over incident solar photons with
photon energy above the band gap - that an incident photon will generate an electron-hole pair.
f is a factor lumping together geometric factors, absorption probability ¢ and recombination
processes [110].

Third, the actual maximum electrical output power for a realistic solar cell is derived by
calculating the maximum rectangular below the current-voltage curve in Fig. 32(b) located at
voltage V, and current /, . This yields a fill factor FF (or impedance matching factor) which
describes the efficiency of the removal of holes from the p-type region and electrons from the

n-type region:

P IV )
FF= max — ( m) Vm .
Isc 'Voc Isc 'Voc

(9.2)

The actual maximum power conversion efficiency termed detailed balance limit of

efficiency n thus results in:
P

_ out

P

in

1w, Lsc V.
IO e (1B (LT E) PR E) = FF-L 20 03)

in in

The power conversion efficiency is therefore proportional to FF, Isc and Voc. An ideal silicon
colar cell with Eg=1.1 eV, T=6000 K, T.=300 K, normal incidence, perfect device absorption
and radiative recombination as only recombination process for electron-hole pairs yields the
maximum efficiency of n=30%, which is often quoted as Shockley-Queisser-Limit [110].

In Fig. 32(a), the shunt resistance R, accounts for all nonradiative losses while the series
resistance R represents bulk, contact and circuit resistivity. Therefore, the corresponding
current equation according to Fig. 32(a) is:

p

where k is Boltzmann’s constant, T is temperature, I is the reverse-bias saturation current and
1<n <2 is the diode ideality factor [111]. R, — o0 and R¢=0 is taken for an ideal solar cell.

A small R, leads to a reduction of Voc and the FF whereas an increase in Ry yields a decrease
in Isc and a dramatic reduction in FF by tilting the whole I-U curve around the point at Voc.
Additional factors come into play in organic photovoltaics, which reduce the theoretical
efficiency limit: disorder, low dielectric constant leading to a considerable exciton binding
energy and losses during charge transport (nongeminate recombination etc.) yielding a
reduced FF. Based on these circumstances particular for organic semiconductors, power
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conversion efficiencies of about 10-12% seem to be achievable under optimized solar cell
conditions.

The experimental results of the following sections of chapter 9 are described in detail in the
corresponding publication in Appendix B7:

Role of Structural Order and Excess Energy on Ultrafast Free Charge Generation in
Hybrid Polythiophene/Si Photovoltaics Probed in Real Time by Near-Infrared
Broadband Transient Absorption

Daniel Herrmann, Sabrina Niesar, Christina Scharsich, Anna Kohler, Martin Stutzmann, and
Eberhard Riedle

Journal of the American Chemical Society 133, 18220 (2011).

9.2) Choice of Materials for Hybrid Photovoltaics

In this work we study the nature of the primary photoexcitations and their inherent kinetics in
hybrid P3HT/Si thin film heterojunctions for photovoltaics by using ultrafast broadband
transient absorption spectroscopy. The key factors determining the efficiency of free charge
generation are identified.

The novel material combination P3HT/Si offers the advantage of combining the “best of
both worlds” [112]. The semicrystalline polymer P3HT exhibits promising characteristics for
optoelectronic applications such as high carrier mobilities, chemical stability and broad sun
light absorption from the UV to the Vis [45,46,113,114]. Silicon adds to the widely used
P3HT its own qualities such as abundant availability in various geometries, being non-toxic
and a low band gap of 1.1 eV (indirect transition) leading to sun light absorption from the UV
(direct band gap transitions) to the NIR (Fig. 34). Both materials can be processed from
solutions for use in low-cost photovoltaic devices as alternative to conventional crystalline
silicon solar cells.

[ Poly(3-hexylthiophene) \ / Silicon \
Regiorandom P3HT (RRa-P3HT) Nanocrystals (Si-ncs)

- p- and n-type doping
_[& w - particle size: 4-50 nm
M o~1.4 nm

® Qoo

Polycrystalline (poly-Si)

\ﬂww ]\ - 30 nm thin layer

Fig. 33: Hybrid P3HT/Si heterojunctions: the unordered RRa-P3HT or the ordered RR-P3HT
are combined with Si, either as few-nm small nanocrystals (Si-ncs) or as thin nm-

Regioregular P3HT (RR-P3HT)

scale polycrystalline layer (poly-Si).
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Due to sp’-hybridization, P3HT builds n-bonds allowing for visible excitation. P3HT can
form two distinct morphological phases associated with different chain conformations (Fig.
33). If the P3HT chain adopts a random coil conformation, the resulting film is amorphous.
The associated absorption spectrum is unstructured and with a maximum centred around
450 nm (about 2.8 eV). This disordered structure prevails for regiorandom P3HT (RRa-P3HT,
Fig. 2, Fig. 33), where steric repulsion between the hexyl side chains and the sulfur lead to a
torsion of the polymer backbone [51,114], and is present in case of P3HT in diluted solution
(Fig. 34). In regioregular P3HT (RR-P3HT, Fig. 2, Fig. 33), the polymer chains can planarize
and assemble to form weakly coupled H-aggregates [115], which arrange in few-A packed
(Fig. 35(b)) two-dimensional lamellar structures via m-stacking [45,46,51,113,114]. As shown
in Fig. 34, their spectroscopic signature is a red-shifted well-structured absorption spectrum
with a 0-0 vibronic peak around 600 nm (about 2.0 eV) [115,B7], which is still a
superposition of coil and aggregates.
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Fig. 34: Absorbance and photoluminescence spectra of P3HT in (a) dilute chloroform
solution and (b) of RR-P3HT film. The absorbance of Si-ncs and RR-P3HT:Si-ncs
(5:1) BHJ as film are also shown. (c) Absorbance spectra of RR-P3HT (blue dashes),
oxidized RR-P3HT after adding FeCl3 (solid grey curve) and P3HT film polaron
absorption (brown dots and brown solid curve).

In order to study the process of charge generation in these material systems, we not only
need to know how many aggregated or coiled chains are present in the P3HT, but we also
require a spectroscopic signature for charges in P3HT films. P3HT thin films can be
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chemically oxidized employing a strong oxidant [46]. Fig. 34(c) shows the absorbance
spectrum of thus oxidized RR-P3HT thin films after dipping into solution of iron(III) chloride
(FeCls) in acetonitrile (CH3CN) followed by rinsing with acetonitrile to remove excess
oxidant. From the raw spectrum of the treated film we obtain the P3HT polaron (P3HT")
absorption as follows. The treatment with FeCl; decreases the known absorbance of the
neutral P3HT molecule (blue dashes) and increases absorbance in the range from about 560 to
1150 nm (brown dots). The difference between the blue dashed line scaled to the peak of the
grey solid curve in Fig. 34(c) and the grey solid curve reveals the RR-P3HT film polaron
absorption (brown dots and brown solid line). It ranges from about 560 to 1150 nm with a
characteristic shape and increases again up to the mid-infrared spectral region. The polaron
absorption spectrum which we obtain in the P3HT films (Fig. 34(c)), closely matches the sub-
gap polaron absorption bands obtained by cw photoinduced absorption (PIA) measurements
as reported in previous publications [46,48,116]. Therefore the measured P3HT polaron
absorption spectra can be compared with the TA spectra in Fig. 37.
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Fig. 35: (a) Scheme taken from Ref. [116] of the one-electron energy diagram for a polaron
localized on a single conjugated chain (left), and delocalized over two cofacial chains
(right). The aggregate possesses an almost filled band and an empty one with polaron
absorption transitions C1 and C3,3’ and the charge transfer transition CT. The
symmetry of the orbitals and the relevant electronic excitations are indicated. (b) 2D
lamellar arrangement of P3HT on the substrate, where the a-direction and b-direction
are parallel and perpendicular to the thiophene ring plane, respectively (scheme taken
from Ref. [51]. Ref. [114] states d,..=16.4 A and dy,=3.8 A for RR-P3HT).

RR-P3HT possesses comparable intra- and interchain excitonic coupling and charge
transfer integerals allowing for light-induced energy and charge transfer between the planar
chromophores [116a]. The term “polaron” is thereby applied to a charged polymer chain in a
film, which interacts with its bulk surrounding via the polarizability to find its new energetic
minimum. The polymer cation is the corresponding case of a single chain in solution, where
the solvent interacts with the charged species. Extraction of one electron from a conjugated
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polymer chain induces two electronic levels P; »in between the previously forbidden HOMO-
LUMO band gap leading to two main sub-gap absorption bands in the mid-IR (C,) and the
Vis-NIR (C;) spectral region as shown in Fig. 35 along with the corresponding optical
transitions [46,116]. The polaron shows decreased bond-length alternations and typically
extends over a few repeat units. Taking the increased interchain coupling of the ordered RR-
P3HT lamellars (Fig. 35) into account leads to delocalization of molecular orbitals and a
splitting of the electronic states yielding four polaronic levels equally shared by the
neighboring chains with their new polaron transitions C; 3. The interchain interactions result
in a weaker lattice relaxation in the aggregate, a polaron absorption red-shift by about 0.1-
0.2 eV with an additional splitting and favoured 2D delocalized charge carriers. It was
speculated that delocalization of the polaron over an infinite number of conjugated chains
would lead to negligible relaxation energies, high band-like charge carrier moblities and low-
energy charge-transfer excited state absorption evolving as Drude-like free charge carrier
intraband absorption approaching the situation of conventional 3D inorganic semiconductors.

It was just recently shown that upon ordering P3HT, only the HOMO level shifts reducing
the bandgap but not affecting the energy difference between P3HT LUMO and LUMO/CB of
acceptor [117]. Fig. 36 shows that this leaves a range for the HOMO level of P3HT depending
on the structural order. Furthermore, the energy difference of P3HT LUMO(D) and Si CB(A)
of about 1.3 eV (neglecting additional influences on the band alignment) is a rather large
driving force [57,118], facilitating efficient electron transfer from P3HT to Si.

IR

I aggRR-P3HT or
Sime /\P3HT RRa-P3HT poly-Si
%\ ﬁ Glass substrate
c.l e
CB
4.0eV
db p*
VB HOMO
5.1eVN_~-4.6-49 eV Glass substrate with ITO

Fig. 36: Left: Proposed view of the energy levels below the vacuum level participating in
charge transfer beween silicon and P3HT (scheme taken from Ref. [119] but values
for P3HT are updated by recent results of Ref. [117]). Dangling bond defect (db)
and polaron (P") are indicated. The scheme does not take into account potential
additional influences on the band alignment such as Fermi level pinning or
interfacial dipoles. Right: Sample architecture of the used hybrid P3HT/Si thin film
(a) planar heterojunctions and (b) bulk heterojunctions on glass substrates [B7].

Additionally, several groups revealed a correlation between the open-circuit voltage V. and
the HOMO(D)-LUMO/CB(A) energy difference [1,118,120], while Veldmann et al. (A
=0.18 eV, [118]) and Scharber et al. (A =0.3 eV, [120]) found empirical formular for organic
blends yielding different energy losses A:
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eV, = EI?OMO _ELAUMO |-A. 9.5)

Additionally, it is currently debated that a minimum LUMO(D)-LUMO(A) offset of 0.1-
0.5 eV is needed as driving force for efficient electron transfer [118, 121]. These losses with
respect to the band gap energy particulary in organic photovoltaics leads on the other hand to
a similar situation as in a conventional p-n junction solar cell as described in section 9.1,
where the open-circuit voltage is always lower than the bandgap potential V,. In organic and
inorganic solar cells V. is further lowered due to shunt losses (section 9.1).

A current-voltage curve of a RR-P3HT:Si-ncs solar cell is shown in Fig. 32(b). An open-
circuit voltage Vo of up to 0.75 eV for RR-P3HT:Si-ncs BHJs is measured [50], while this
value is probably its inherent limit regarding Fig. 36 and currently more than achieved in
polymer:PCBM blends [44,40]. Unfortunately, the HOMO(P3HT)-VB(Si) is rather small
compared to many pure organic blends and can be detrimental for efficient hole transfer
potentially leading to a reduced current in P3HT/Si solar cells. Furthermore, dangling bond
defects know for Si-ncs can lead to enhanced recombination and ask for proper post-treatment
such as etching and annealing of the Si-ncs after production in a microwave reactor. However,
power conversion efficiencies of around 1% are achieved with preliminary devices [49].

The high electron affinity and delocalization as well as the screening that an electron
experiences when being transferred has made PCBM the standard electron acceptor in organic
photovoltaics. However, for investigations of the exciton dissociation mechanism, PCBM has
the disadvantage of showing various TA signals from the Vis to the NIR which superimpose
on the absorption by the exciton and polaron of P3HT (compare Fig. 37 and Fig. 41). The
convolution of these signals renders it difficult to obtain a clear picture of the fundamental
processes. Silicon — like PCBM - allows for a rapid electron delocalization after transfer
which prevents back transfer and enables fast transport away from the interface. Yet, due to
the higher dielectric constant of silicon, this effect should be even more pronounced. In
contrast to PCBM, silicon does not show any photoinduced absorption signals in the spectral
range of interest, so that the photophysics of charge generation can be studied clearly and
unambiguously.

In our study (Fig. 33, Tab. 2), we employ 4-50 nm small Si-nanocrystals (Si-ncs, [122]) and
30 nm thin polycrystalline silicon (poly-Si, [123]) layers as the electron acceptor in order to
study both film geometries of interest, bulk heterojunctions (BHIJs) as well as planar
heterojunctions (PHJs, [43]). For the development of efficient commercial solar cells, the
BHJ structure is favoured since it offers a particularly large donor-acceptor interface. For
studies that focus on the fundamental principles of the photophysics, the PHJ is advantageous
for an unambigious data interpretation. To address the dependence of charge carrier
generation on polymer structural order, disordered RRa-P3HT and semicrystalline RR-P3HT
were used (Fig. 33, Tab. 2), while we also additionally enhanced the aggregation in RR-P3HT
(aggRR-P3HT) by adding small amounts of poor solvent [B7,124].

Apart from the distinct optical effects of coiled and aggregated P3HT discussed above and
shown in Ref. [B7], the structure of the films was carefully monitored via atomic force
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microscopy (AFM). The corresponding topographical images in 2D and 3D plots are shown
in Ref. [B7] and reveal an increased aggregation from RRa- to aggRR-P3HT.

Sample Abbreviation

RR-P3HT (BASF), spun from CHCl; RR-P3HT
RRa-P3HT (Bayreuth), spun from CHCl; RRa-P3HT
RR-P3HT (Rieke), spun from CHCIl3:EtAc  aggRR-P3HT

silicon nanocrystals Si-ncs
polycrystalline silicon poly-Si
RR-P3HT:Si-ncs bulk heterojunction RR-P3HT:Si-ncs BHJ

RRa-P3HT/poly-Si planar heterojunction RRa-P3HT/poly-Si PHJ
aggRR-P3HT/poly-Si planar heterojunction aggRR-P3HT/poly-Si PHJ

Tab. 2: List of samples used in this work along with their abbreviations.

9.3) Probing the Ultrafast Photovoltaic Charge Generation
Mechanism in Real-time

The thin film samples were designed to enable direct comparison between pure P3HT, pure
Si and the P3HT/Si heterojunction in ultrafast TA spectroscopy at the same experimental
conditions by moving the relevant sample regions into the pump-probe region. We choose
pump and probe beam diameters at the sample that allow for ensemble averaging over the
finely grained morphology of the thin films to mimic their use as photovoltaic device and to
ensure low excitation fluence (9 pJ/cm?) comparable to the solar exposure.

Fig. 37(a) shows typical Vis-NIR TA spectra at 300 fs, 20 ps and 1-2 ns pump-probe delays
here for aggP3HT/poly-Si PHJ (red solid curve) compared with the TA spectra of the
corresponding pure polymer film (black solid curve). The excitation was 9 uJ/cm” at 518 nm.
For each measurement, the pairwise difference between TA spectra of the heterojunction and
the pure polymer is calculated (green solid curve). For comparison, the P3HT film polaron
absorption spectrum (blue dashes) is included. In order to directly compare the transient
spectra of pure P3HT with the corresponding P3HT/Si heterojunction (and therefore account
for small variations in experimental conditions between the measurements), the latter is scaled
to yield the same numer of initial photoexcitations at the earliest time (0-80 fs). The integral
over the GSB area equals the product of the excitation density times the strength of the first
electronic transition of P3HT regardless of small variations of Franck-Condon activity due to
differing morphologies of P3HT in the various samples. The GSB integral at the earliest time
possible therefore represents a good relative measure of the number of initial
photoexcitations. This analysis allows to reveal signal changes solely inherent to the different
nature of the samples.
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In the TA spectra of P3HT/Si thin films without an applied external field, we can identify

the transient signatures of P3HT polarons (620-900 nm), P3HT singlet-excitons (900-
1150 nm) and P3HT GSB (420-625 nm). No stimulated emission and no triplet formation is
observed, which we both detected for P3HT in solution [B7].
Adding Si to ordered and unordered P3HT leads to more than a factor 2 increased polaron
yield compared to the pure polymer. This is visualized by the green curve in Fig. 37(a), where
Si simultaneously enhances the polaron signal and reduces the singlet-exciton absorption
throughout the whole investigated time range up to 2 ns.
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Fig. 37: (a) TA spectra of aggRR-P3HT/poly-Si PHJ for 300 fs, 20 ps and 1-2 ns pump-probe
delay. The spectra are scaled to the same number of initial photoexcitations. The
scaled P3HT film polaron absorption spectrum (blue dashes) and the difference (green
solid curve) between pure P3HT (black solid curve) and P3HT/Si (red solid curve) are
compared. (b) Experimental TA signals (open symbols) as function of the pump-probe
delay with corresponding fits (solid curves) of GSB (green), singlet-exciton (red) and
polaron (blue) for aggRR-P3HT/poly-Si PHJ.

As we are particularly interested in the initial signal changes, we treat the ultrafast
component separately by fitting the transient signals according to the function

AOD = A -exp(~t/1,)+ Ag -exp(—t/ tg. )’ + const. (9.6)

while Fig. 37(b) shows typical kinetics of the P3HT transient species along with the fit curves
based on the parameters listed in Tab. 3.
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The GSB shows the distinct vibronic structure of the P3HT aggregates and occurs
instantaneously, i.e. within the time resolution of our pump-probe setup of 40 fs. The singlet-
exciton shows very similar ultrafast kinetics as the GSB and is formed within 40 fs.
Subsequently, both transient signals decrease with an initial rapid exponential decay with a
time constant of 140 fs followed by a stretched exponential decay with a mean decay constant
of <t>=1.3 ps.

The polaron signature shows distinctly different dynamics. The signal shows a delayed rise
with a time constant of 140 fs and reaching its maximum at 300 fs. The observed time
constant of 140 fs therefore clearly correlates the delayed formation of polarons due to the
initial decay of singlet-excitons.

Parameter Polaron Exciton GSB
(660 nm) | (1000 nm) | (550 nm)
A -14.6-10° | 2.6-107 -1.6-107
T1 0.14 ps 0.14 ps 0.14 ps
Ase 20.2:10° | 7.1-107 -13.6:107
TSE 0.41 ps 0.63 ps 0.6 ps

Tab. 3: Fit parameters: amplitudes and time constants for the transient species in Fig. 37.

This charge generation is followed by a stretched exponential decay with a mean decay
constant of <t>=0.8 ps. Importantly, there is no significant polaron formation present directly
after photoexcitation, i.e. at 40 fs. The polaron yield is about a factor 2 higher in hybrid
P3HT/Si using aggregated RR-P3HT compared to employing unordered RRa-P3HT which is
dominated by coils.

This ultrafast GSB recovery can be readily understood by an additional ultrafast
nonradiative decay mechanism of at least some of the excited P3HT molecules. A minimal
rate model (see appendix A3) that allows relaxation of the exciton into the polaron by
dissociation and to the P3HT ground state by nonradiative decay directly renders the result
that the yield of each channel is given by the ratio of the individual rate to the sum of both.
The spectroscopic signal is additionally weighted by the respective extinction coefficients.
The exciton serves as a reservoir and the same femtosecond kinetics is observed for the decay
of the exciton signal and the recovery of the GSB. Nonradiative electronic decay on the
femtosecond time scale is now widely reported for a large variety of molecular systems and
believed to be frequently mediated by conical intersections [4]. Whether a conical intersection
is also responsible for the observed ultrafast nonradiative decay in P3HT films has to be
clarified in the future. It has recently been established in conjugated polymers that exciton
localization occurs in tens of femtoseconds and leads to nonemissive states [2,B7].

The main decrease of the transient signals on the longer timescale can be fitted by a
stretched exponential due to an ensemble of recombination times as a result of an ensemble of
P3HT chain conjugation lengths and on-chain vs. interchain recombination processes [125].
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The constant accounts for long-lived species such as long-lived charges that can readily be
extracted at electrodes.

These experiments probe the ultrafast charge generation mechanism in P3HT and P3HT/Si
for the first time and in real-time revealing instantaneous formation of singlet-excitons in
P3HT as primary photoexcitation which dissociate to form polarons in 140 fs. The speed of
the electron transfer from P3HT to Si implies a strong exchange integral of the excited state
orbitals between donor and acceptor.

9.3.1) Quantitative Analysis

Absorbed photons 2.6:10° / pulse
Areal density of excitations |  2.4-10" cm™
Initial charge density 6:10" cm™
Polaron cross section (3.4+2)-10"° cm?
Polaron extinction coeff. (4£1)-10°M 'em™

Tab. 4: Parameters of the P3HT/Si heterojunction with 9 pJ/cm® excitation at 518 nm.

For an absorbed number of photons of 2.6:10° per pulse at an excitation of 9 uJ/cm® at

518 nm, we obtain an excited state areal density of 2.4:10" cm? (Tab. 4,[B7)). The
supporting information of Ref. [B7] contains the derivation of the polaron molar extinction
coefficient ey of (4+1)-10* M™! cm'l,the polaron cross section ¢ of (3.4+2)-10™'° cm?, and the
initial charge density of 6:10'® cm™ from our TA measurements. These values are similar to
previous investigations of RR-P3HT and RR-P3HT:PCBM blends [54,59,126].
The analysis of the TA measurements revealed formation of singlet-excitons as primary
photoexcitation upon light absorption. As shown in Fig. 38, these bound electron-hole
pairs can dissociate into positive (P3HT") and negative (P3HT") P3HT polarons with
quantum yield & and the remaining photoexcitations can decay to the ground state with
yield 1- & through release of vibrational energy (P3HT + Energy).

& 5 P3HT" + P3HT
/

P3HT + hv —> P3HT*W> P3HT + Energy

§ 5 P3HT" + P3HT
" y——
T P3HT + Energy
P3HT/Si + hv —> P3HT\ 10
1-n *P3HT" + Si

Fig. 38: Yields of transient species generated by photoexcitation of pure P3HT and P3HT/Si
heterojuntions with P3HT as electron donor and Si as electron acceptor.
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In the P3HT/Si heterojunction, a proportion 1 of the photons is absorbed so far away
from the hybrid heterojunction as to lead to the same result as in pure P3HT. The
remaining fraction (1-n) of photons is absorbed near a P3HT/Si interface undergoing
ultrafast electron transfer to the Si with 140 fs forward transfer time. It is possible to
estimate the initial yield of polarons by considering the relative magnitudes of the TA
signals at 300 fs given in Fig. 37(a) [58]. To determine the quantum yields, we first
consider the TA signal magnitude at 300 fs due to singlet-excitons in aggRR-P3HT/poly-
Si PHJ, which typically has about 0.75 times the magnitude as for pure aggRR-P3HT.
Therefore, the fraction of photoexcitations that initially do not sense the Si component is
taken as n=0.75. The maximal magnitude of the TA signal due to polarons at 300 fs is
typically about 2.2 times that for pure P3HT, which results in 6=0.17.

While we obtain a quantum yield of 17% for the formation of P3HT" polarons in a pure
film of aggRR-P3HT, this value raises to 38% in the aggRR-P3HT/poly-Si PHJ in
combination with a Si” anion yield of 25% (Tab. 5). We note that in the heterojunction
device, the P3HT layer covering the silicon has a film thickness of only 40 nm, so that
excitons are created close to the donor-acceptor interface. The significant enhancement of
exciton dissociation through the addition of silicon implies that silicon performs well as
an electron accepting material in agreement with the discussion of Fig. 37. The yields and
time constants point to efficient electron transfer and a spatial singlet-exciton
delocalization in ordered P3HT of about 10 nm in agreement with previous investigations
[55,127].

_|_ - -
Sample P3HT P3HT P3HT+E Si

aggP3HT 017  0.17 083 0

aggP3HT/Si| 0.38 0.13 0.62 0.25

Tab. 5: Initial quantum yields of charges in pure P3HT and aggRR-P3HT/poly-Si PHJ.

9.4) Role of Polymer Structural Order and Excess Energy

Site-selective excitation of P3HT/Si reveals more than a factor of 2 enhancement of initial
polaron yield by only increasing the pump wavelength from 450 to 600 nm under the
otherwise identical experimental conditions (Fig. 39). Furthermore, the present TA
experiments verify that excitation above 550 nm selectively excites P3HT aggregates while
excitation below that increasingly excites P3HT coils [B7]. In particular, exciting RR-P3HT
at 600 nm leads to a complete lack of coil contributions to the GSB of TA spectra from 60 fs
on [B7]. The GSB of RR-P3HT excited at 450 nm initially shows significant coil excitation,
while these contributions slowly vanish within 13 ps. From that time on, the bandwidth of the
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GSB is independent of the excitation wavelength revealing an energy transfer from P3HT
coils to aggregates with an 1/e transfer time of 3 ps. Moreover, the present TA measurements
with varied excitation fluence identify bimolecular nongeminate recombination - pointing to
free charges - in P3HT/Si1 with aggregated polymer (RR- and aggRR-P3HT/Si) and
monomolecular geminate recombination - revealing bound polaron pairs - for the coiled
(RRa-P3HT/S1) version. These findings point to a significant role of polymer structural role
rather than vibrational excess energy on the efficiency of free charge generation. We record
the same factor of 2 more efficient charge generation in hybrid P3HT/Si heterojunctions
employing the aggregated polymer compared to using the unaggregated version by two
different and independent methods: (i) by using different P3HT configurations and therefore
solely changing the structural order in the P3HT film [B7], and (ii) by solely changing the
excitation wavelength and therefore selectively exciting defined P3HT regions (Fig. 39). If
vibrational excess energy was required for the exciton dissociation process as previously
suggested for other systems [52,55-57], we would expect a high initial polaron yield for
excitation at 450 nm and a lower polaron yield for 600 nm pump wavelength. Since this is not
the case, we can conclude that the inherent driving force for electron transfer in P3HT/Si
heterojunctions is sufficient.

RR-P3HT/Si hybrid solar cell: c
I 9
1.2+ =
o
coil aggregate 2
1.0} ’g absorption absorption =
[ 8
08f — {
S
r.Q
>‘ ——————————
[ S
04+ 8
T yield at 600 nm := 1
02} E
I Excitation wavelength [nm]
0.0 : . : L :

450 500 550 600

Fig. 39: Dependence of initial polaron yield (black squares) on excitation wavelength for
hybrid RR-P3HT/Si1 heterojunctions. The initial polaron yield was normalized to 1 at
600 nm excitation. Selective excitation of coiled (P3HT in diluted solution, blue
curve) vs. aggregated (RR-P3HT film GSB with 600 nm excitation, red curve) RR-
P3HT domains reveals greater than a factor of 2 more efficient charge separation if
exciting directly the aggregated RR-P3HT domains.
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Chapter 10: Effect of Morphology in DIP/Cg4, Photovoltaics

As detailed in section 9.1, a crucial limit of any single band gap photovoltaic device operating
under solar exposure is the lack of harvesting the entire solar spectrum and the full energy of
supra-bandgap photons. A possible way to circumvent this limitation is to generate multiple
electron-hole pairs from an absorbed high-energy photon. Multiple generation of excitons has
been shown for inorganic semiconductor nanocrystals but so far not for organic
semiconductors [128]. However, singlet-exciton fission to form two triplet excitons is an
available alternative in conjugated organics to enhance the quantum yield of charges by up to
a factor of 2, if the energy of the singlet-exciton is at least twice the energy of the lowest lying
triplet state. In this case it is energetically favourable and spin-allowed for the singlet to
undergo fission and form two triplets [129]. This has been shown for acene molecules even
recently in photovoltaic systems [130,131]. For the material diindenoperylene (DIP) in
combination with the fullerene Cg this has also been proposed [W. Briitting, private commun.
2010], since in this case the so far unknown DIP triplet energy would be in resonance with the
Cso LUMO eventually promoting efficient electron transfer from DIP to the fullerene. Apart
from this specific mechanism, the more conventional process of dissociation of singlet-
excitons to form charges in DIP/Cg is also possible. To resolve this issue, the PIA of DIP
singlet- and triplet-excitons as well as the DIP cation should be known.

In any case, first DIP/Cq planar (PHJ) and planar-mixed heterojunctions (PMHJ) have
shown to be rather promising solar cells as presented in Fig. 40 and Ref. [132] and DIP
exciton diffusion lengths of about 90 nm were measured [private commun. 2011]. The U-J
curves indicate a strong dependence of J,. and FF on the heterojunction morphology. First TA
measurements on the route to reveal the primary photoinduced processes in DIP/Cgo, with the
aim to correlate them to the U-J curves, are presented here.
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Fig. 40: (a) Schematic sample architecture of a DIP:C60 PMHJ used in this work. (b)
Current-voltage curves taken from Ref. [132] for DIP/C60 PHJ and DIP:C60 PMHJ
showing different Jsc and FF. Thickness: A/B 65 nm, B/C 130 nm

In this work, thin films of pure DIP, pure Cgp (not PCBM), DIP/Csy PHJ and DIP:Cgy PMHJ
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are probed by the ultrafast Vis-NIR pump-probe spectrometer presented in chapter 8. The
results of the individual samples are shown in Fig. 41 along with the steady-state absorbance
(OD) and PL. At first glance it becomes evident that this material combination shows
transient signals over the entire probe spectral range and even exceeding it at both edges. Fig.
41(a) shows that the GSB of DIP shows the distinct vibronic signatures, which are
superimposed by a TA signature from 450-600 nm. DIP also possesses a broad PIA in the
NIR, which can be fitted by a stretched exponential with a mean decay time of about 2.5 ps.
The pure GSB signal below 440 nm shows a similar decay time. Both transient signals
contain a delayed signal change (additional decay for NIR PIA and rise for GSB), which can
be fitted by an exponential with a ca. 40 ps time constant. Fig. 41 shows that the sum (black
dotted curve) of the TA spectra of the individual pure DIP and pure Cg film does not match
the TA spectra of the heterojunctions (black solid curve) in the spectral region from 450-
600 nm. Furthermore, the fraction of photoexcitations leading to the NIR PIA almost entirely
vanishes within 1 ns. The PHJ and PMHJ contain the same amount of DIP and Cg as the pure
films but exhibit different interface architecture of electron donor (DIP) and acceptor (Cq).
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Fig. 41: (a) TA spectra of films of pure DIP (black, top) and pure Ce (black, middle) and the
PMHJ (black solid curve, bottom) all at 420 fs. Black dotted curve: sum of the TA
spectra of pure DIP and pure Cgy at the same conditions. Steady-state absorbance
(OD, red) and PL (blue) as comparison. (b) The raw TA spectrum of DIP:C60 PMHJ
for 420 fs, 16 ps and 750 ps. Excitation of 760 nJ at 550 nm.

The absorption band from 450-600 nm, which is superimposed on the DIP/Cgy GSB is
revealed by subtracting an according to the steady state absorbance of DIP/Cg scaled version
of the pure GSB signal at 440 nm from this composed signature. Fig. 42(a) shows the
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resulting PIA signal of DIP, PHJ and PMHJ for various excitation energies. It indicates that
adding electron acceptor Cgp to DIP in a PHJ, the initial PIA signal magnitude can be
enhanced. A further enhancement can be observed by changing the film morphology from
PHJ to PMHI yielding a factor of 2 higher signal magnitude compared to pure DIP.
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Fig. 42: (a) TA signal between 450 and 510 nm minus the scaled GSB (possibly “cation”
yield) for pure DIP, DIP/C60 PHJ and DIP:C60 PMHJ for various excitation
energies (b) Effect of morphology on the decay rate of the normalized “cation”-
signal for the PHJ and the PMHIJ as function of varied excitation energies.

After normalizing these temporal PIA traces against their initial signal magnitudes reveals a
pronounced bimolecular nongeminate recombination for the PMHJ compared to the PHJ. The
decay of this PIA signal superimposed on the GSB can be fitted by a stretched exponential
with a mean decay time constant of 7 ps and a delayed monoexponential rise with a
significant amplitude and an about 10 ps time constant. If one compares these results with the
black dotted curve in Fig. 41(a), one concludes an ultrafast and a delayed formation of the
PIA superimposed on the GSB. Summing up, this PIA from 450-600 nm superimposing the
GSB is likely to be a transient signature assigned to charges (possibly the DIP cation since the
removal of only one electron should result in a PIA near the ground state absorption of neutral
DIP, however the DIP film remains to be chemically oxidized). Its behaviour upon adding Cg
and as function of varied film morphology matches well the results obtained in Fig. 40 for the
U-I performance. In this context, it could be concluded that the addition of Cg leads to an
electron transfer from DIP to the fullerene, which is more efficient (by 50%) in the PMHJ as
in the PHJ due to the increased donor-acceptor interface leading to increased Jg.. This in turn
leads to pronounced bimolecular recombination in the PMHJ and therefore to a reduced FF as
also becomes visible in Fig. 40(b) and Fig. 42(b).
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Chapter 11: Conclusions and OQutlook

In the course of this dissertation the nature of some of the fastest light-matter interactions was
studied. For this goal the development of spectrally tunable few-cycle light sources was
advanced approaching two optical cycles in the Vis and NIR spectral range.

Few-cycle light pulses were generated in a broad parameter range from nJ to 100 mJ pulse
energies and from 100 kHz to 10 Hz repetition rates. Diagnostics to characterize few-cycle
light pulses in the time and frequency domain were developed to gain insight into phase
effects. Fundamental knowledge and limits of noncollinear optical parametric chirped-pulse
amplification (NOPCPA) was attained through numerical simulations and experimental
investigations. The pursued studies led to the currently most intense few-cycle light pulse
worldwide (7.9 fs, 130 mJ, 16 TW, 805 nm) with high temporal pulse contrast approaching
the limits of NOPCPA. The technique of NOPCPA was shown to be scalable in energy up to
the 200 mJ range. These few-cycle light pulses were used to generate high-harmonic radiation
from solid surfaces in the range of 40 to 100 nm in the regime of coherent wake emission
(CWE) and even approaching the relativistic oscillating mirror (ROM) mechanism. The
generation of multi-TW, few-cycle light pulses allowed to reveal the sub-cycle nature of the
harmonic emission and consequently opens the route to intense single attosecond pulses for
XUV-pump/XUV-probe spectroscopy. Additionally, these light pulses were employed to
accelerate electrons from underdense plasmas yielding 10 fs, 30 MeV, few-pC electron
bunches for use in ultrafast electron diffraction or free electron lasers (FEL) [133,134].

To broaden the gain bandwidth of NOPCPA even in the few-cycle limit, novel schemes
employing two pump beams at the same pump wavelength in one parametric amplifier and
two pump wavelengths in two cascaded NOPCPA stages were characterized. It was found
that composed signal spectra via both approaches possess a slowly varying spectral phase and
could therefore be compressed. With the first approach the generation of mJ-level, 7 fs light
pulses is achieved. The second approach was found to be a route for generating octave-
spanning, sub-5 fs pulses on the multi-mJ level. In this context, the existence of a parametric
phase imprinted on the signal during amplification so as to compensate for wavevector-
mismatch is proven. These approaches are alternatives to complex coherent wavelength
multiplexing using fiber lasers or OPCPA achieving single-cycle waveforem synthesis [8,9].
A theoretical analysis of effective phase-mismatch including this parametric phase is
developed to predict the gain bandwidth in NOPCPA. It is shown that the obtained
predictions match the experimental signal bandwidths very well. Moreover, a strong pump
wavelength-dependence of the parametric phase is found and its challenging consequences for
multi-stage NOPCPA chains reaching saturation and CEP-control are outlined.

I propose to set up a NOPCPA laser system starting with a Yb-based fiber or thin disc laser
as common light source providing 50 uJ pulses at 1035 nm showing a few-100 fs pulse
duration at a few-kHz repetition rate. About 0.5 pJ can be used to generate a supercontinuum
(SC: 460-1020 nm) from bulk such as YAG or sapphire crystals. The main part of the
remaining pump can be frequency-doubled yielding about 20 pJ at the SH for pumping of a
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type-I BBO NOPA. Seed and pump pulse durations can be matched by using a prism
precompressor for the SC. This approach can provide a high-contrast seed for a multi-stage
NOPCPA chain containing about 2 pJ energy, which was shown to be compressable to sub-
10 fs light pulses even at higher energies [86] but needs to be (negatively) stretched for
efficient NOPCPA. The 2-4 cascaded NOPCPA stages should be operated at decreasing
moderate (< 10°) gain but with a saturated last amplifier offering enough gain to dermine the
spectral and spatial signal properties [B5]. A fraction of the fundamental pump light can be
used to synchronize a high-energy Yb-based diode-pumped CPA laser for pumping the
NOPCPA chain with few-ps pulses containing J-level energies. Its pulse duration should be a
compromise between providing high temporal signal pulse contrast (as well as high-gain
broadband parametric amplification) and minimized temporal jitter usually of about 100-
200 fs. A hybrid bulk/dispersive mirror compressor can be used for final pulse compression.
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Fig. 43: Primary photoinduced processes in hybrid P3HT/Si thin film heterojunctions.

The gathered knowledge of NOPCPA in combination with supercontinuum generation
spanning two octaves from the UV to the NIR paved the way to probe ultrafast primary
photoinduced processes in organic materials for photovoltaic applications as shown in Fig. 43
An ultrabroadband (UV-Vis-NIR) pump-probe spectrometer with a high time resolution of
40 fs was realized for these experiments. In the TA experiments, we can identify the transient
signatures of P3HT polarons (630-900 nm) and singlet-excitons (900-1150 nm). Ultrafast TA
of the photoinduced species in hybrid Polythiophene/Silicon (P3HT/Si) films revealed the
formation of singlet-excitons as primary, instantaneous photoexcitation in the organic
semiconductor P3HT, which dissociate to form polarons with a time constant of 140 fs. The
addition of Si to RR-P3HT or RRa-P3HT significantly enhances the polaron yield in the
active layer as a consequence of electron transfer, which reveals its excellent suitability as
electron acceptor. Silicon is a crystalline semiconductor allowing for highly efficient charge
delocalization. It is available abundantly and has a higher dielectric constant as compared to
the state-of-the-art electron acceptor PCBM thus allowing for even improved screening of the
electron preventing back transfer. The speed of the charge transfer (CT) from P3HT to Si
indicates a strong exchange integral of the excited state orbitals between donor and acceptor
and implies the prospect of high efficiencies in corresponding photovoltaic devices. However,
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the formation of charge carriers in organic solar cells is found to be delayed and could resolve
a long lasting debate about the primary photoexcitation in organic semiconductors.

The real-time probing of the charge generation mechanism is a result of the high time
resolution and the very broad probe bandwidth of the developed pump-probe arrangement
employing parametric amplifiers and supercontinua. Spectrally tunable, 15 fs light pulses
allowed to reveal the crucial inherent parameters yielding efficient free charge generation in
P3HT/Si, which is required for efficient solar cells as future solution for sustainable energy
supply. Hybrid sub-100 nm thin films with various sample architecture (planar vs. bulk
heterojunction) were probed with varied P3HT structural order (RRa-, RR- and aggregated
RR-P3HT). An energy transfer (ET) from coiled to aggregated P3HT with a time constant of
3 ps is resolved. Polymer structural order and therefore the mobility of electrons and holes to
enable a high initial electron-hole separation is found to be the key criterion for efficient free
charge generation and suppressed geminate recombination of bound polaron pairs as potential
loss mechanism. Quantitatively, it is found that aggregated P3HT leads to about a factor 2
higher polaron quantum yield compared to using coiled P3HT in P3HT/Si and shows
bimolecular recombination as main loss mechanism in solar cells. Additional supply of
vibrational excess energy is found not to be a crucial necessity for efficient electron transfer
from P3HT to Si and therefore indicates that the inherent driving force is already sufficient.
For this reason, pure organic and hybrid photovoltaic devices using P3HT should employ
highly aggregated P3HT. The loss of the coils as light-harvesting complex and their high-
energy absorption can be compensated by stacking heterojunctions in tandem or even multiple
solar cells using conjugated polymers with different band gaps [135]. Ongoing RR-P3HT/Si-
ncs device optimization led to 1% power conversion efficiency but further optimization of the
Si-ncs properties and the BHJ interpenetrating network is required.

First ultrafast broadband TA experiments were performed on promising organic DIP/Cg
photovoltaics. Transient signatures of charges were obtained. It is found that their yield and
recombination mechanism strongly depend on the heterojunction morphology. Adding Cg to
DIP in a planar-mixed heterojunction enhances the yield of this species by a factor of 2, while
in turn a pronounced bimolecular nongeminate recombination is identified. These findings on
the microscopic scale are in good match with the macroscopic current-voltage performance of
the corresponding photovoltaic devices.

I propose the following experiments to further advance the understanding of
photoconversion in hybrid and organic photovoltaics:

P3HT/Si:
e TA of P3HT polarons in the ns to ps range to determine the lifetime of charge
carriers in P3HT/Si. Vary the temperature of the film to judge if long-lived species
are trapped and can be thermally activated.
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BHJ with sub-10 nm Si-ncs of varied phosphor doping density and varied post-
processing (HF etching, annealing) to reduce surface and bulk defects.

Vary P3HT:Si-ncs mixing ratio to judge if a lower Si-ncs content increases the
polaron formation time via pronounced contributions of exciton diffusion.

Nanostructures of varied size (10-50 nm) should be obtained in the P3HT film.
Choose spin-coating of Si-ncs dissolved in ethanol or spray-coating to cover
structured P3HT layer and achieve percolation paths throughout the BHJ [136].

Ultraviolet Photoelectron Spectroscopy (UPS) is needed to determine the Si CB and
VB and to judge if the bandalignment between P3HT and Si can be optimized.

Polymer/PCBM:

Does the dissociation of singlet-excitons to form polarons also hold true for other
organic solar cells? Investigate the primary photoconversion mechanism in various
polymer:PCBM films. Interesting polymers: MeLPPP, PIF, DOO-PPD, PF2/6 and
low-bandgap polymers such as PCBTBT. Does the polaron formation time depend on
the LUMO(polymer)-LUMO(PCBM) energy gap; how much driving force is needed
for efficient electron transfer?

Vary polymer:PCBM mixing ratio to judge if a lower acceptor content increases the
polaron formation time via pronounced contributions of exciton diffusion.

Probe charge transfer excitons (CTE) in polymer:PCBM films.

Singlet-fission in oligomers:

The absolute triplet energy level in polymers/oligomers is usually at around 1.5 eV
following Ty =|S; - So |gl:0 —0.7eV(0.1eV) [koh09]. Oligomers could be

investigated if they yield singlet-fission to form two triplet states and therefore
enhance the charge quantum yield by up to a factor of 2.

DIP/ Csol

UV-Vis TA measurements of DIP, C60, DIP:Cs in film and solution

TA measurements of DIP and DIP:C¢ films with varied excitation wavelength; in
particular at 430 nm (possible CT state transition).

Anisotropy measurements in film and solution.

TA measurements in reflection with applied electric field:

Apply external electric field on electrodes of solar cells and measure TA in reflection
(double pass).
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Appendix

A1) Derivation of group velocity matching between idler and signal:

Parallel and perpendicular component of wavevector mismatch in Fig. 4:
Ak, =k, —k, —k, =k, —k cos(a)—k cos(B(w)) ’ Ak, =k, -k, =k sin(a)-k,sin(B(w))
ok o

I one assumes a monochromatic pump: a—” =—=0
@

ow
In the following alle derivations against the angular frequency are evaluated at the central
frequency o.

OAk
The phase-matching condition: Ak, =0 A —L" = OBk, =0
ow ow

OAk, ok ) ofp Ok !

——=——Scos(a)+k sin ————Lcos =0
ow ow ( ) ! (ﬂ) ow Ow (ﬂ)
OAk, Ok, . : op Ok . !
—=L=—Sgin(a)—k sin ————1sin =0

ow Ow ( ) ! (ﬂ) ow Ow (ﬂ)

Now, multiply the first equation by cos(f3), second by sin(f) and the addition yields:
2’; (cos(a)cos(ﬂ) —sin(a)sin (ﬁ)) + %(cos(ﬂ)2 + sin(ﬁ')2 ) =0

Using the Sine rule leads to:

Z’Z; cos(Q)+%:0 with Q=a+ 8 5 v, =v,,-cos(Q)

-1 1
with the group velocities v,, = (st ) and v, = _( % J .
@ 1)

Matching of the group velocity of signal and idler in the direction of signal is therefore
required to achieve broadband phase-matching.

A2) Birefringence of BBO, LBO and YCOB [1338, 139]:

1 1 + tan?
n[epm’xp]: 5 . 5 ’ n[q)’}”p]:nY[}‘p] o] 5
cos [0,,] , 5o [0 ] 1+ (ny[2,1/nx[Ap1)" tan?[0]
A, ] n A, ]
BBO:
ng2 = 27359 + — 20878 6 0135402 n 2 = 23753+ — 201224 0151622
A2 - 0.01822 A2 - 0.01667
LBO:
ny? = 24542+ —0OU25 6138802 ny2 22,5390 + — 2277 0184822
A2 —0.01135 A2 —0.01189
YCOB:
ny? = 278232 + — 201120 6 60007256102,
A2 = 0.08990
ny? = 2.88739 + 20'0& —0.000061142.2
A2 —0.08855
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A3) Rate model for the P3HT population kinetics with conical intersection:

The transient optical signals shortly after the optical excitation are composed of the changing
densities of the various species present in the sample and the spectrum of the extinction
coefficient of each species. For clarity consider Fig. A3.

exciton
/

dissociation

.............. polaron
nonradiative
decay

ground
state

complex reaction coordinate

Fig. A3: Scheme of the exciton excitation, dissociation and nonradiative decay.

We denote the arial density of ground state, P3HT, exciton and postive polaron as nGs, Nexc

and npo] . The changes after the optical excitation are given by

dn
% = —(kdiss *+ knr )nexe (A3.1)
dn
d?S = +knrhexc + Krechpol (A3.2)
dnyel
d_I; = +KdissNexc — Kreclpol - (A3.3)

kdiss> knr and ke are the first order rates for dissociation of excitons into polarons, the
nonradiative decay of excitons down to the electronic ground state and the recombination of
polarons to the ground state of P3HT. Since we are only concerned about the early signals and
measurements at low excitation fluence, we can neglect the second term (charge
recombination) in Eqns. A3.2 and A3.3 and any annihilation processes. The rate model can
readily be solved to:

exe (1) = Nexe (£ = 0 e Kdiss +kar) (A3.4)
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nGS(t):[n%S—neXC(t=0+)}+

_nr t=0 ) 1= diss TXnr i|
" Kdiss + kKnr fexe ©

; . (A3.5)
— _ -0t . ~nr -0t _
| 18 = nexe (= 0% )4 B e (1= 0 )|

Knr + ) .—t(kdiss +knr )

. nr t=0 diss T Knr
Kdiss + Knr nexc( )e
ool (t) = ——diss __p (=0 )[1 — ¢ t(kdiss Tknr ) } (A3.6)
kdiss + Knr

We denote the ground state density before the excitation by n%s and the density of primary

photoexcitations by nexe ( t=0" ) . Note that this quantity is directly related to nGg

n(()}s—nexc(t:O"'):nGs(t:O+). (A3.7)

Comparison of Eqns. A3.4 and A3.5 yields the important result that the ground state bleach
has the same temporal evolution on the ultrafast time scale as the primary photoexcitation due
to the nonvanishing nonradiative decay.

The transient optical signal is given by:
AOD( ;1) = [nGS(t) _ngs]gGs(x) + exe (1) gexc () + npol (1) epol (1), (A3.8)

In the range below ~600 nm the extinction coefficient of the exciton and the polaron vanishes
and the signal is dominated by the recovery of the GSB. In the NIR there is no ground state
absorption and consequently also no GSB. The signal in the NIR is given by the population
kinetics of the exciton and the polaron.
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We present a two-stage noncollinear optical parametric chirped-pulse amplification system that generates
7.9 fs pulses containing 130 mdJ of energy at an 805 nm central wavelength and 10 Hz repetition rate. These
16 TW light pulses are compressed to within 5% of their Fourier limit and are carefully characterized by the
use of home-built pulse diagnostics. The contrast ratio before the main pulse has been measured as 1074,
1078, and 107! at t=-3.3 ps, t=—-5 ps, and t=-30 ps, respectively. This source allows for experiments in a

regime of relativistic light—-matter interactions and attosecond science. © 2009 Optical Society of America
OCIS codes: 190.4970, 190.7110, 140.4480, 190.4410, 320.7090, 140.3280.

Multiterawatt few-cycle light pulses offer the poten-
tial of pushing the frontiers of attosecond science
[1,2], quantum coherent control [3], and laser-based
particle acceleration [4]. Phase-controlled, intense,
few-cycle light pulses can be used to generate power-
ful isolated attosecond pulses in the extreme UV
(XUV) range [5,6], providing photon flux levels ad-
equate for the autocorrelation of XUV pulses and
XUV-pump-XUV-probe investigations [7]. For this
purpose, carrier-envelope phase effects with few-
cycle pulses have been demonstrated [8].

The invention of optical parametric chirped-pulse
amplification (OPCPA) offered the prospect of gener-
ating few-cycle light pulses by providing sufficient
gain-bandwidth to approach the terawatt level [9,10].
Noncollinear OPCPA (NOPCPA) offers many advan-
tages over chirped pulse amplifiers (CPAs), such as a
broad gain-bandwidth, high single-pass gain, wave-
length tunability, low thermal effects, and a reduced
stretching and compression factor [11]. Because of
the many challenges, the amplification and compres-
sion of few-cycle, terawatt-class pulses were only re-
cently demonstrated in the near-IR [12-15], and few-
cycle pulses with less energy in the IR [16,17]. Few-
cycle NOPCPA systems require accurate dispersion
control during stretching and compression over a
broad bandwidth, along with optimum phase-
matching conditions, and a high-quality picosecond
pump laser. This is needed to achieve an efficient con-
version, to ensure a good spatial signal profile, to
reach high pulse contrast, and to minimize optical
parametric fluorescence (OPF), which can occur
within the duration of the pump pulse. NOPCPA is
also an efficient method to generate high-quality seed
pulses in hybrid NOPCPA-CPA systems, which can
eventually reach the petawatt level [18-21].

In this Letter, we report a NOPCPA system, which
we call Light-Wave-Synthesizer-20 (LWS-20). It gen-
erates 7.9 fs, 130 mJ (16 TW) pulses at an 805 nm

0146-9592/09/162459-3/$15.00

center wavelength and 10 Hz repetition rate with
high contrast and an excellent beam profile for tight
focusing.

The schematic of our LWS-20 NOPCPA setup is
presented in Fig. 1. The setup starts with a
Ti:sapphire oscillator (Rainbow, Femtolasers GmbH).
Its central wavelength is 800 nm, and its bandwidth
spans 350 nm with an output pulse energy of 4 nJ
and a pulse duration of 5.5 fs at a 10 Hz repetition
rate. 60% (2.4 nd) of the oscillator output is used to
generate the seed for the NOPCPA. The remaining
40% (1.6 nd) is used to seed the flashlamp-pumped
Nd:YAG pump laser amplifier (EKSPLA) providing
all-optical synchronization.

The seed radiation for the pump amplifier, cen-
tered at 1064 nm with several picojoules of energy, is
produced by soliton self-frequency shift in a photonic
crystal fiber and is subsequently coupled into a re-
generative Nd:YAG amplifier [22]. The output of the
regenerative amplifier is split, each half being led to

Tisapphire |55 Tisapphire _25¢ _ Holow-core Fiber
Oscillator 2.3 nJ 9-pass Amplifier 0.8 mJ Ne 2 bar

55fs 5fs (FL)

7
16 nJl ) 304 | AOM . 0.35mJ
Photonic (Dazzler) H
Crystal 25ps
1064 nm | Fiber i
~10pJ 21 3
Nd:YAG — j
Pump 1J Grism Stretcher 15mJ N
532 nm
Laser 78os ] =\
ps 780 mJ
il | — 7
Adaptive Hmd ‘/BlBO 2 T
Mirror (closed loop) 5x 23 x 23mm’
Compressor: | 1-?9 ;2‘]
160 SF57, )
mm 10 Hz

100 mm FS, 4 Chirped Mirrors

Fig. 1. Schematic layout of the NOPCPA setup.

© 2009 Optical Society of America
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a Nd:YAG amplifier chain consisting of a double- and
two single-pass rods with increasing diameters (8, 12,
and 18 mm, respectively). Via noncollinear Type II
second-harmonic generation (SHG) in a DKDP crys-
tal, both amplified beams are used to generate a
single beam at 532 nm with a conversion efficiency of
45%, comprising pulses with 78 ps duration and 1 J
of energy at a repetition rate of 10 Hz as pump for
the NOPCPA. This beam is relay imaged onto two
BBO crystals, which represent the NOPCPA stages.

In case of OPCPA, the contrast ratio between com-
pressed pulse peak and OPF background strongly de-
pends on the seed energy and on the OPCPA gain
[23,24]. To enhance the pulse contrast, we use a new
source to generate more energetic seed pulses com-
pared with our previous work [13]. The oscillator out-
put is first led through a 9-pass, 1 kHz Ti:sapphire
CPA system (Femtopower Compact Pro, Femtolasers
GmbH) and then coupled into a hollow-core fiber
filled with neon gas at 2 bar (1500 Torr) absolute
pressure, thereby achieving a broadened seed pulse
spectrum ranging from 500 to 1000 nm. This spec-
trum corresponds to a 5 fs Fourier limit, and the
pulse contains an energy of 0.35 mdJ. We use a
negative-dispersion reflection grism pair (10% effi-
ciency) and an acousto-optic modulator (Dazzler,
Fastlite, 10% transmission) to stretch the seed pulse
to 25 ps with 3 ud energy at a 10 Hz repetition rate
for seeding the single-pass two-stage NOPCPA setup
(phase-matching angle 6#=23.62°, internal noncol-
linear angle a«=2.23°). The first NOPCPA stage con-
sists of a 5 mm X5 mm X5 mm Type I BBO crystal, is
pumped by 15 md pulses at 532 nm with a peak in-
tensity of 13 GW/cm?, and amplifies the seed pulse to
1 md. The second NOPCPA stage is operated in
saturation and consists of a 23 mm X 23 mm X5 mm
Type I BBO crystal and is pumped by 780 mdJ pulses
at 532 nm with a peak intensity of 8.2 GW/cm?. After
the second NOPCPA stage, the amplified signal pulse
energy is 170 mdJ with energy fluctuations within 3%
rms (limited by 2% rms fluctuations of the pump en-
ergy) and negligible OPF. The pump-to-signal conver-
sion is 22%.

Subsequently, the amplified signal beam is ex-
panded from about 16 mm to 140 mm in diameter
and compressed in bulk material consisting of
160-mm-long SF57 (Schott) and 100-mm-long fused
silica. After the bulk compressor, the beam is down-
collimated to a diameter of about 50 mm, sent to an
adaptive mirror, and led into a vacuum compression
chamber for final compression with four positive-
dispersion chirped mirrors. The compressor has a cal-
culated B integral below 1 and a throughput of 75%
(including several silver mirrors). The pulse duration
and residual phase are measured with a home-built
all-reflective second-order single-shot autocorrelator
and a home-built single-shot SHG frequency-resolved
optical gating device (SHG-FROG). The autocorrela-
tion trace is shown in Fig. 2(a) and reveals a 7.7 fs
FWHM pulse duration with a deconvolution factor of
1.35, calculated from the spectrum. The shot-to-shot
FWHM pulse duration fluctuations are measured
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Fig. 2. (a) Second-order single-shot autocorrelation mea-

surement (solid curve) and calculated autocorrelation
trace, assuming a Fourier-limited pulse (dotted curve). (b)
Focus of the amplified and compressed signal using an [
=500 mm achromatic lens; the horizontal and vertical
FWHM diameters are 10.58 and 10.25 um, respectively.

with the single-shot autocorrelator to be within 4%
rms. The SHG-FROG inversion results with removed
time ambiguity are shown in Fig. 3. A pulse duration
of 7.9 fs FWHM is measured while showing a fairly
flat phase over the spectrum of the amplified pulse
with a FROG error of 0.6%. The Fourier limit typi-
cally shows a duration of 7.5 fs FWHM. Therefore,
compression is typically achieved to within 5% of the
Fourier limit. The main pulse contains 83.5% (taken
between the adjacent minima around the main peak)
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Fig. 3. FROG inversion results of the recompressed

130 md pulse (FROG error 0.6%): (a) temporal pulse inten-
sity (solid curve) with removed time ambiguity, residual
phase (crosses) and the Fourier-limited pulse (dotted
curve). (b) Measured spectrum (696—994 nm, solid curve),
retrieved residual phase (triangles), and unamplified
stretched seed pulse spectrum (dotted curve).
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postpulse, and contributions for ¢ <-30 ps are background
noise.

of the total energy; in the case of a Fourier-limited
pulse it is 94.7%. The contrast with respect to the
main pulse is measured with an upgraded home-built
third-harmonic generation autocorrelator (detection
limit 10~ [23]), and the results are shown in Fig. 4.
The contrast ratio before the main pulse is measured
as 10~%att=-3.3 ps, ~10® at t=—5 ps, and ~1071! at
t=-30 ps. We expect the contrast before :=-30 ps to
be 10712-10-13, calculated with a contrast of
107—1078 for the NOPCPA seed and a subsequent
amplification factor of ~10°. The postpulse at ¢
=18.8 ps originates from a reflection inside the nine-
pass amplifier, while the contribution between ¢
=-30 ps and t=-5 ps was experimentally verified as
a result of amplified spontaneous emission from the
front end, which becomes amplified within the tem-
poral window of the NOPCPA pump pulse.

Wavefront aberrations are corrected by using an
adaptive mirror in a closed-loop configuration. The
focus of the amplified and compressed super-
Gaussian signal beam, using an /=500 mm achro-
matic lens, is shown in Fig. 2(b). The M? is measured
as 2.7, and the Strehl ratio is 0.8.

In summary, we demonstrated for the first time, to
our knowledge, the generation of 7.9 fs, 130 mdJ
(16 TW) light pulses at a central wavelength of
805 nm and a repetition rate of 10 Hz, achieved with
our broadband LWS-20 NOPCPA system. This tech-
nology permits exploring attosecond physics and
high-field interactions in a so far inaccessible param-
eter regime.
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Abstract: We report generation of three-cycle, 8 fs, 125 mJ optical pulses in a noncollinear
optical parametric chirped-pulse amplifier (NOPCPA). These 16 TW laser pulses are com-
pressed to within 6% of their Fourier limit.
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High-peak-power few-cycle light sources are of major interest for a number of applications in nonlinear optics, high-
field, and ultrafast science [1]. Few-cycle pulses open the route to generation, measurement and spectroscopic ap-
plications of isolated attosecond pulses and moreover steering the atomic-scale motion of electrons with controlled
light fields [2—4]. Tsakiris et al. predict the emergence of an isolated single attosecond pulse when a solid density
plasma surface is exposed to a multi-terawatt few-cycle driving laser pulse with cosine-shaped electrical field [5]. By
using few-cycle laser systems, mono-energetic electron acceleration in the bubble regime is expected to show better
reproducibility due to fewer parametric instabilities in the plasma [6]. Experimentally, Schmid ef al. generated mono-
energetic electrons in the bubble regime using 40 mJ, 8 fs pulses. These electrons showed up to 50 MeV energy and
5-10 mrad divergence (submitted).

The invention of OPCPA offered the prospect to generate few-cycle laser pulses by maintaining sufficient gain to
approach the terawatt level for diverse center wavelengths [7]. But due to many challenges, only recently amplifica-
tion and compression of few-cycle, terawatt-class pulses were demonstrated in the near-infrared [8—10], and few-cycle
OPCPA systems with much less energy in the infrared [11]. Few-cycle OPCPA system requires accurate dispersion
control during stretching and compression over broad bandwidth, optimum adjustment of the phase-matching param-
eters in the NOPCPA scheme, and a careful design of a short pulse pump laser to ensure good signal beam quality and
to reduce optical parametric fluorescence (OPF, or superfluorescence) within the temporal window of the pump laser.

In this paper we report on an OPCPA system, that generates 8 fs, 125 mJ (16 TW) pulses at 805 nm center wave-
length at 10 Hz repetition rate.

The schematic of our OPCPA setup is presented in Fig. 1. A key component in our system is the Ti:Sapphire
oscillator (Femtolasers). The central wavelength is 800 nm and the bandwidth spans 350nm with an output pulse
energy of 4 nJ and a pulse duration of 5.5 fs at 80 MHz repetition rate. 60% of the oscillator output is used to generate
the seed of the OPCPA (2.4 nJ). 40% (1.6 nJ) is used to seed the flashlamp-pumped Nd:YAG pump laser amplifier
(Ekspla) for optical synchronisation.

The seed radiation at 1064 nm with several pJ energy for the pump amplifier is produced by Raman-shift in a
photonic crystal fiber and subsequently coupled into a regenerative Nd:YAG amplifier. The output of the regenerative
amplifier is split, each half being led to a Nd:YAG amplifier chain consisting of double- and single-pass rods with
increasing diameter (8§ mm, 12 mm, 18 mm). Both amplifier chain outputs are temporally and spatially overlapped
in a DKDP crystal for noncollinear type-II second-harmonic generation (SHG) leading to 80 ps pump pulses for the
NOPCPA at 532 nm with 1.2 J energy.

The seed for the NOPCPA is first led through a 9-pass Ti:sapphire amplifier (Femtolasers) and then coupled into a
neon-filled hollow-core fiber for providing a broadened seed pulse spectrum ranging from 475 nm up to 1020 nm with
an energy of 0.4 mJ at 1 kHz repetition rate. After the hollow-core fiber crossed-polarized wave generation (XPW) is
optionally used to improve the contrast by suppressing ASE and postpulses from the Ti:sapphire multipass amplifier
before further amplification in the NOPCPA stages. This contrast improvement scheme shows 10% energy-efficiency
and needs compressed pulses after the hollow-core fiber. We use a negative-dispersive reflection grism pair and an
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Fig. 1. Optical layout of the OPCPA experimental setup.

acousto-optic modulator (Dazzler, Fastlite) to stretch the seed pulse to 30 ps with 3uJ energy at 10 Hz repetition rate
for seeding the single-pass two-stage NOPCPA. For a detailed description of the stretcher see previous work [12].

In NOPCPA, the pump pulse is overlapped in time and space with the seed pulse while generating a so-called
idler wave at the difference-frequency. By doing so, the seed pulse extracts energy from the pump pulse and becomes
amplified. The parameters of the NOPCPA process, such as crystal length, phase-matching angle and noncolinear
angle need to be carefully adjusted for efficient amplification of a broad part of the seed spectrum to support few-
cycle, terawatt-class pulses. The first NOPCPA stage consists of a 5 mm x 5 mm x 5 mm type-I BBO crystal, is
pumped by 15 mJ at 532 nm and amplifies the seed to 2 mJ. The second NOPCPA stage is operated in saturation and
consists of a 23 mm x 23 mm x 5 mm type-I BBO crystal and pumped by 800-900 mJ at 532 nm. After the second
NOPCPA stage, the amplified signal energy is 150 mJ with an energy fluctuation of 2.5% rms and negligible OPF.

Subsequently, the amplified signal pulse is expanded and compressed in bulks by using 160 mm SF57 and 100 mm
fused silica. After the bulk compressor, the beam is downcollimated and led into a vacuum compression chamber for
complete compression with 4 positive-dispersive chirped mirrors. The bulk compressor shows a B-integral below 1,
a throughput of 84% and will soon be replaced to increase the transmission. The pulse duration and residual phase is
measured with a home-built all-reflective second-order single-shot autocorrelator and a home-built single-shot second-
harmonic generation frequency resolved optical gating device (SHG-FROG). The autocorrelation trace is shown in
Fig. 2 and the SHG-FROG inversion results are shown in Fig. 3. Typically a pulse duration of 8 fs is achieved while
showing a nearly flat phase over the spectrum of the amplified pulse. The Fourier-limit typically shows a duration of
7.6-8 fs FWHM. Compression is achieved to within 6% of the Fourier limit and the main pulse contains 80% of the
total energy.

pulse duration
=8fs (FWHM)

[arb. units]
o
(=2}

Intensity
o
w

-300 -250 -200 -150 -100 -50 O 50 100 150 200 250 300
Delay [fs]

Fig. 2. Second-order single-shot autocorrelation measurement.

By using a deformable mirror in closed-loop configuration, wavefront aberrations are corrected. With further op-
timizing stretching and compression, we expect to increase the compressed spectral bandwidth (leading to a reduced
Fourier-limit of 7.5 fs) while increasing the amplified energy after compression. We are working on the optimization
of the contrast of the compressed pulse. Additionally, efforts to stabilize the carrier-envelope phase are under way.

In summary, we demonstrated for the first time to our knowledge the generation of 8 fs, 125 mJ (16 TW) light pulses
at central wavelength of 805 nm and a repetition rate of 10 Hz from a broadband OPCPA system. This technology
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Fig. 3. FROG inversion results for the amplified pulse after compression (FROG error 0.6%): (a)
measured pulse spectrum (solid curve), retrieved residual phase (triangles) and amplified spectrum
prior to compression (dotted curve) with uncompressable spectral components above 980 nm, (b)
temporal intensity of the recompressed 125 mJ pulse (solid curve) and residual phase (squares).

permits exploring attosecond physics and high-field interactions in a so far inaccessible parameter regime. An im-
proved stretcher and compressor would already now lead to 20 TW few-cycle pulses. In principle, the OPCPA system
is scalable even further to higher energies and lower pulse durations by using BBO crystals with larger aperture, higher
pump energy, changing the NOPCPA parameters and implementing alternative NOPCPA schemes.

This work was supported by Deutsche Forschungsgemeinschaft (contract TR18), by the association EURATOM-
Max-Planck Institut fiir Plasmaphysik and by the Cluster of Excellence Munich center for Advanved Photonics (MAP).
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We report the first generation of three-cycle, 8 fs, 125 mJ optical pulses in a noncollinear optical para-
metric chirped-pulse amplifier (NOPCPA) operating at 805 nm central wavelength. These 16 TW laser
pulses are compressed to within 5% of their Fourier limit. These parameters come in combination with an
amplified pulse contrast-ratio of 107> at At==+5ps and >1077 at t<-5ps limited by the detection barrier.
Numerical split-step simulations are performed to investigate potential improvements for the NOPCPA
laser system.

Our laser system starts with a broad-bandwidth frontend with improved hollow-core fiber, which
delivers seed pulses with an energy of 0.4 mJ at 1 kHz repetition rate. It is optically synchronized
with a Nd:YAG laser, which provides 532 nm pump pulses of 1.2 J energy and 80 ps duration at 10 Hz
repetition rate. We use a negative-dispersive grism pair and an acousto-optic modulator to stretch the
seed pulse to 30 ps with 2 microjoules energy for seeding the single-pass two-stage NOPCPA [1]. After
amplification, the signal energy is 150 mJ. Subsequently, the amplified signal pulse is compressed by use
of glass bulks and chirped mirrors, and is characterized by using a home-built all-reflective single-shot
second harmonic generation autocorrelator and frequency resolved optical gating device. The contrast
is determined by use of a third-harmonic generation autocorrelator. 7 orders of magnitude contrast is
measured in the +40 ps temporal window and many orders of magnitude better outside of this window
[2]. See Fig. 1 for the experimental results. Recently, the crossed-polarized wave generation technique
(XPW) [3] was implemented in the system leading to a significant improvement of the contrast, which
is expected to be approximately 10 orders of magnitude 5 ps before the main pulse by suppressing the
amplified spontaneous emission from the seed laser below the parametric superfluorescence level, which
is simulated to be 107!, An improved detection limit is expected to resolve this high contrast in the
near future. A Shack-Hartmann wavefront sensor and an adaptive mirror in a closed loop configuration
are used to optimize the focusing properties of the laser to reach >10'? W /cm? relativistic intensity on
target. This laser system permits exploring attosecond and high-field physics in a so far inaccessible
parameter regime.
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Fig. 1: A pulse duration of 8 fs ((a),deconvoluted) and a contrast-ratio of 10™° at At==5ps and >10"7 at t<-5ps is
measured ((b), contrast without (solid line) and with (dotted line) using XPW)
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Abstract: ~ We demonstrate a new and compact ¢-plane-pumped non-
collinear optical parametric chirped-pulse amplification (NOPCPA) scheme
for broadband pulse amplification, which is based on two-beam-pumping
(TBP) at 532 nm. We employ type-I phase-matching in a 5 mm long BBO
crystal with moderate pump intensities to preserve the temporal pulse
contrast. Amplification and compression of the signal pulse from 675
nm - 970 nm is demonstrated, which results in the generation of 7.1-fs
light pulses containing 0.35 mJ energy. In this context, we investigate the
pump-to-signal energy conversion efficiency for TBP-NOPCPA and outline
details for few-cycle pulse characterization. Furthermore, it is verified,
that the interference at the intersection of the two pump beams does not
degrade the signal beam spatial profile. It is theoretically shown that the
accumulated OPA phase partially compensates for wave-vector mismatch
and leads to extended broadband amplification. The experimental outcome
is supported by numerical split-step simulations of the parametric signal
gain, including pump depletion and parametric fluorescence.
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1. Introduction

Light pulses with duration of only a few optical cycles open up novel parameter regimes for
a number of applications, ranging from time-resolved optical spectroscopy to high-field sci-
ence [1, 2]. Progress in strong-field physics such as attosecond science [3] or laser-based par-
ticle acceleration [4] depend on the availability of suitable laser systems. Phase-controlled, in-
tense, high-contrast, few-cycle light pulses can be used to generate powerful isolated attosecond
pulses in the XUV range [5]. For this purpose, carrier-envelope phase effects with few-cycle
pulses have been demonstrated [6, 7].

The invention of OPCPA offered the prospect of generating few-cycle laser pulses by pro-
viding sufficient gain and gain-bandwidth to approach the terawatt level [8, 9]. NOPCPA of-
fers many advantages over chirped pulse amplifiers (CPA), such as a broad gain-bandwidth,
high single-pass gain, wavelength tunability and low thermal effects [10]. Due to many chal-
lenges, amplification and compression of few-cycle, terawatt-class pulses have only recently
been demonstrated in the near-infrared [11, 12, 13]. Few-cycle NOPCPA systems require accu-
rate dispersion control during stretching and compression over a broad bandwidth, along with
optimum phase-matching conditions, and a high quality picosecond pump laser. This is needed
to achieve an efficient conversion, to ensure a good spatial signal profile and to provide a high
temporal pulse contrast. It was shown, that one can minimize optical parametric fluorescence
(OPF) and reach a high pulse contrast suitable for high-field physics via moderately pumped
NOPCPA in combination with a strong seed in 5 mm long BBO type-I phase-matching [13].
OPCPA and OPA allow for the use of multiple pump beams, which is an important but so far
unexploited feature for laser systems [10]. The reason for this promising attribute is, that the
relative pump phases are not important and no interferometric phase alignment is needed since
the phase difference between the signal and the pump pulses are taken away by the idler pulse,
hence compensating for random differences between them [14, 15]. Neighboring spectral re-
gions of the seed can be amplified by using multiple pump beams in individual phase-matching
geometry. Thus, a broader amplified signal spectrum can be achieved compared to employ-
ing just one pump beam. TBP can also increase the repetition rate for high-power OPCPA
systems. Alternative approaches to TBP-NOPCPA for the generation of 1-3 cycle pulses are
one-beam-pumping (OBP) collinear OPCPA at degeneracy and cascaded NOPCPA employing
angular detuning [16, 17]. Previous TBP experimental studies were exclusively done on nar-
rowband NOPCPA without revealing all characteristics like conversion efficiency, broadband
signal spectra, broadband signal compressibility, pump beam interference, signal beam quality
and simulated gain (based on five nonlinear coupled wave equations including pump depletion
and OPF) at the same time [14, 18, 19]. Theoretical broadband TBP-NOPCPA studies predicted
broadband compression to be very challenging because of phase jumps due to the TBP scheme
[20]. Moreover, TBP-NOPCPA needs to be investigated in detail before implementation of this
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scheme in multi-terawatt laser systems [13]. This is the motivation for the present publication.

2. TBP-NOPCPA scheme and numerical simulation

NOPCPA involves phase-matching of the pump, signal and idler waves inside of a birefringent
nonlinear optical crystal showing a second-order suceptibility. Phase-matching can be achieved
by adjusting the phase-matching angles 6,,,, ® and the noncollinear angle ¢ aiming for the
minimum wave-vector mismatch [9, 21, 22]:

Aky =k — ks —ky V1=1,2, (1)

where the index | separates the different pump and idler pulses. BBO is the favored nonlinear
crystal material because of its high damage threshold, large nonlinearity and advantageous
optical properties for broadband phase-matching [23].

OPCPA is described by the nonlinear coupled wave equations [21, 24, 25, 26] which need to
be extended for describing TBP-NOPCPA:
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where 01,01, and oy, are the dispersion coefficients with order m. 11, Bi1 and B, are
the diffraction coefficients at first order and (...) are the higher order terms [27, 28]. 71, ¥ and
Yy are the spatial overlap coefficients due to the noncollinear geometry. Ky, k;; and x,,; are the
nonlinear coupling coefficients as a function of signal wavelength [29], Ak; is the wave-vector
mismatch given by Eq. (1) and z is the direction of propagation.

If there is no input idler present (A;; = A;» = 0), the initial idler phase ®;; self-adjusts to
achieve maximum initial pump to signal and idler conversion efficiency for each pump-signal
interaction separately. This leads to the generalized phase Q(z = 0) at the crystal input:

Q(0) = Byy(0) ~ 0,(0) ~ @y (0) = =7 VI=1,2. )
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In the prescence of wavevector mismatch AKj, there is an accumulated phase | AkjL | with
propagation distance. Consequently, the phases of the waves have to change to maintain the
Q = —nx/2 criteria (Eq. (7)). This means, that an additional phase will be imprinted on the signal
wave during amplification. The phase terms @ 2 51,2 for the pump waves, signal wave and
idler waves can be obtained by solving the imaginary part of the coupled wave equations (Eq.
(2-6)) and using the Manley-Rowe-relation. If the input signal intensity is small compared to the
input pump intensity, i.e. in case of low pump depletion, one can obtain a good approximation
for the signal phase at the output for each isolated pump-signal interaction separately (i.e. one
pump beam is blocked at this time) [9]:

Ak L Ak; X tanh[[g? — (Ak;/2)%]'/2L]
By(z=L) = Dy(0) — L= 1 aret Vi=1,2, (8
B B T 7 VoY R o
where g; = 47rdeff\/ 1,(0)/(2&onp,ngnicAgAy) is the gain coefficient and
deff = d31 Sinepm — d22 Cosepm sin3¢l V1= 1,2 (9)

is the effective nonlinear coefficient. Since the accumulated signal phase @, depends on the
pump intensity, a shot-to-shot variation of the carrier-envelope phase (CEP) is possible in the
parametric amplifier, if the pump intensity is not constant in time. A maximum phase-slippage
of 7 over the crystal length L is acceptable for a coherent built-up of the amplified signal in the
small signal gain regime [22, 30]. This defines a criteria for the parametric bandwidth and leads
to:

|AKL |<m VI=1,2. (10)

We choose the TBP-NOPCPA geometry shown in Fig.2(a), to ensure optimum type-I phase-
matching. In this setup, the critical phase-matching angle 6,,, can be kept the same for both
pump-signal interactions, whereas the internal noncollinear angle o is adjusted for both inter-
actions individually to achieve the broadest amplified signal spectrum. The two pump beams are
located in the ¢-plane, which is perpendicular to the critical phase-matching plane (6-plane).
The change of d.ry due to the deviation of the non-critical phase-matching angle ¢; for the
individual interactions is negligible but nevertheless was taken into account for the numerical
simulations.

This TBP-NOPCPA setup is essentially different from conventional type-I NOPCPA geome-
tries, where the so-called tangential phase-matching or the Poynting vector walk-off compen-
sation phase-matching are used. In these cases, the pump and signal beam are located in the
0-plane. In this conventional configuration, it would not be possible to achieve a TBP geom-
etry, where the two separate pump beams have the same phase-matching angle 6,,, and the
noncollinear angles 0; can be changed without changing 0,,,.

We perform symmetrized numerical split-step simulations of NOPCPA [26, 28, 32, 33]
with the extension to the TBP scheme and including quantum noise field terms & ; Eai(z,1)
into the coupled wave equations (Eq. (2-6)) [34]. The complex stochastic variables ésl,il (z,1)
have a Gaussian distribution with a zero mean value (&;;(z,#)) = 0 and the correlation
(Eg(z,0)EF (2 1)) = 84,6 (z—2')8(t —1') [35]. &5 4 are the noise intensities of the signal and
the idler waves. The spatial overlap coefficient for the signal ¥;; is set to zero as the signal prop-
agates normal to the crystal plane. We perform the parametric amplification in the time domain
within the so-called nonlinear step (Eq. (2-6)) for the amplitudes of the signal wave, the OPF
in the signal direction, the idler waves, the OPF in the idler directions and the pump waves.
For the pump pulses we employ the measured beam shapes: a 6th-order super-Gasussian beam
in space and a Gaussian pulse in time. In case of the seed, we use a Gaussian pulse in time
and space as approximation. As further input parameters, we take measured seed and pump
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characteristics prior to amplification. We choose an unamplified seed spectrum ranging from
650 nm until 1060 nm in the simulation to reveal the maximum parametric gain bandwidth.
The temporal delays between seed pulse and each pump pulse are chosen to achieve best match
between simulation results and experimental outcome. For the broadest signal spectrum, we
choose 01 = 2.22°,0p = —2.16° and 6,,, = 23.62°. The wavevector mismatch Ak is assumed
to be zero only for the OPF. This approximation is considered valid, since the transition rate
from the pump photon to signal and idler photon is highest in the direction of smallest phase-
mismatch and consequently only in this case efficient amplification of OPF is possible from the
quantum noise level [26, 36].

Dispersion, diffraction and spatial overlap due to the noncollinearity for the TBP-NOPCPA
process is taken into account in the linear step. For the dispersion we expand the spectral phase
AQ1 p1,i (@) in a Taylor series until 4th order, including group velocity mismatch, and apply it
in the frequency domain involving the Fourier transform .7 :

At pri(rz+Az,1) = F T [Agt pra(z,1)]e Pttt @)} ¥]=1,2, (11

For the diffraction (diff) and spatial overlap due to the noncollinearity (nc), we include a spatial

phase term A, ‘;t;’ff = AQYf it A(pjli_};’; . by applying the linear Fourier step to the transposed
data matrices [26, 27]: ' o
.\ spatial
Al izt Aty = FHFAT (@) i} vi=1,2. (12)

We perform the numerical model, based on Eq. (2-6) and Eq. (11), (12) with 500 split-step
iteration loops for a 5 mm long type-I BBO crystal.
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Fig. 1. Wave-vector mismatch Ak;L (blue), OPA-phase @ (z = L) (red), sum of both (pur-
ple) and Ak;L= £ (green) for the cases of (a) 6 =2.22°, 0, = 23.62°, L=5 mm, 1,=532
nm (b) 6 =2.16°, 0, = 23.62°, L=5 mm, 1,=532nm (c) 6 = 2.155°, 6, = 23.55°, L=3
mm, A,=532 nm and (d) o = 2.04°, 6, = 23.62°, L=5 mm, A,=515 nm

To directly show, outside the numerical simulations, which spectral components can be am-
plified in TBP-NOPCPA employing 5 mm long BBO type-I phase-matching, we calculate the
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wave-vector mismatch by using Eq. (1) and the signal phase through Eq. (8) separately for each
pump-signal interaction (i.e. while the other pump beam is blocked). The results are shown in
Fig. 1(a) and (b). According to Eq. (10), the spectral components between 675 nm and 1050 nm
can be amplified in case of TBP-NOPCPA (Fig. 1(a) and (b)) and between 700 nm and 1050 nm
in case of broadband OBP-NOPCPA (Fig. 1(a)). This is in agreement with the measured signal
spectra shown in Fig. 4, where the unamplified seed spectrum ranges from 650 nm until 970
nm. Moreover, Fig. 1 shows, that the signal phase ®; accumulated over the crystal length L par-
tially compensates for wave-vector mismatch Ak;L and pushes the overall phase-mismatch for
the amplified spectral components below the limit in Eq. (10) for each individual pump-signal
interaction. Maximum amplification is achieved, if the criterion for the general phase (Eq. (7))
is fulfilled. If there is no idler present at the beginning of the amplification, the idler phase
self-adjusts to maximize the gain. During amplification however, the wave-vector mismatch
(Eq. (1)) forces the phases of the waves to maintain this criterion. Nevertheless,we want to
emphasize, that it remains to be theoretically investigated, how the total wave-vector mismatch
and the total signal phase evolve, if both pump beams are present in the crystal. Nevertheless,
the amplified spectra in Fig. 4 show, that the latter unknown effect does not noticeable change
the phase-matched bandwidth compared to taking the phase-mismatch for each pump-signal
interactions separately and applying the criterion for amplification in Eq. (10) afterwards. This
approach is even exact for spectral regions in Fig. 4(b), where amplification is only due to one
pump beam; i.e. for <~ 700 nm and for ~700 nm-800 nm.

In principle, such a broad spectrum from 675 nm to >1050 nm can also be amplified with a
similar gain using a 3 mm long BBO crystal in OBP-NOPCPA geometry, pumped with about 3
times higher intensity at 532 nm (Fig. 1(c)). Unfortunately, such an approach would lead to in-
creased OPF and reduced temporal pulse contrast eventually not suitable for high-field physics
[26, 31]. Moreover, such a high pump intensity is above the BBO damage threshold for this
pump pulse duration. High contrast amplification of sub-three-cycle, TW light pulses was pre-
viously demonstrated using 5 mm long type-I BBO at moderate pump intensities [13]. More-
over, investigations on TBP-NOPCPA are also of high interest for multiple-color-pumping.
For instance, one can perform pumping it with the second-harmonic of Nd:YAG and with the
second-harmonic of Yb:YAG (at 515 nm) in the same NOPCPA stage to enhance the signal
spectrum. A proposed phase-matching for this case is shown in Fig. 1(a) and (d). For example,
the important question has to be answered, if a signal spectrum consisting of disjunct spectral
components amplified by different pump beams can actually be compressed. The compressibil-
ity of such a spectrum is shown in the present investigations.

3. Experimental setup

The experimental TBP-NOPCPA set up is shown in Fig. 2(b). We use a part of the setup of a
sub-three-cycle, 16-TW NOPCPA laser system described in Ref. [13], which is used for high-
field experiments such as high-order harmonic generation from overdense plasmas and electron
acceleration [7, 4]. As seed source for the TBP-NOPCPA we use 2 uJ pulses with a spectrum
ranging from 650 nm to 970 nm (see Fig. 4(a)) and a FWHM pulse duration of 22 ps at 10 Hz
repetition rate. The seed is negatively chirped by using a reflection grism-pair and an acousto-
optic modulator (Dazzler, Fastlite). The group delay between the spectral boundaries of the
stretched seed is 42 ps. The pump pulses for the TBP-NOPCPA are generated with a commer-
cial Nd:YAG laser amplifier (Ekspla), which provides up to 1 J pulses at 532 nm with a FWHM
pulse duration of 78 ps at 10 Hz repetition rate. The seed and pump pulses are synchronized in
an all-optical way. The TBP-NOPCPA stage consists of a 5 x 5 x 5 mm? type-I BBO crystal
and is pumped with variable total pump energy up to 12 mJ in two beams. The pump beam is
relay imaged from the pump laser output on the BBO crystal and split into two parts (pump
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Fig. 2. (a) Optical schematic of the TBP-NOPCPA phase-matching geometry. (b) Layout
of the TBP-NOPCPA experimental set up: BS - beamsplitter, DS - delay stage, AOM -
acousto-optic modulator.

1 and pump 2) with a 50%:50% beamsplitter. Each pump beam has its own delay stage to
achieve temporal overlap between the pump pulses and the seed pulse. The amplified signal
beam is expanded from about 2 mm to 18 mm and compressed in bulk material consisting of
160 mm SF57 (Schott) and 100 mm fused silica. After the bulk compressor, the beam is down-
collimated to about 6 mm and led into a vacuum compression chamber for final compression
with 4 positive-dispersion chirped mirrors. The stretcher and compressor together have a calcu-
lated B-integral of 0.08 and the compressor has a throughput of 75% (including several silver
Mmirrors).

The pulse duration is measured with a home-built all-reflective single-shot second-order au-
tocorrelator, which is described in section 4.

4. All-reflective single-shot second-order intensity autocorrelator for few-cycle pulse
characterization

Single-shot autocorrelation set ups have been demonstrated many years ago [37][38], as well
as all-reflective multi-shot autocorrelators being able to measure pulse durations of only a few
femtoseconds [39]. To our knowledge, up to now no all-reflective single-shot second-order
intensity autocorrelator was realized and used to characterize light pulses with a duration of
only a few cycles and a spectral bandwidth exceeding 300 nm. The following presented set up
was specially designed to measure the duration and intensity distribution of the pulses generated
in Ref. [13] and in the present experiment.

Figure 3 shows the set up of our home-built all-reflective single-shot second-order intensity
autocorrelator. The main feature of this device is its minimized dispersion as well as the tem-
poral resolution of about 197 attoseconds, which allows the characterization of few-cycle light
pulses. A broad spectral range, from 675 nm up to 1000 nm, made the realization to a major
challenge.

The set up consists of two irises at the entrance of the autocorrelator allowing an accurate
alignment of the incoming beam. For splitting the beam in two identical replicas, geometric
beamsplitting is used, which is done by a D-shaped mirror. This method is used to minimize
dispersion in the optical path of the fundamental pulses. Due to the broad spectrum of few-
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Fig. 3. Setup of the single-shot all-reflective second-order intensity autocorrelator with a
temporal resolution of about 197 as/px and an observation window of 565 fs. 1 & 2: en-
trance iris, 3: geometric beamsplitter, 4: delay stage with micrometer screw, 5: cylindric

mirror, 6: SHG crystal, 7: color-glass filter, 8: achromatic imaging lens, 9: small aperture
iris, 10: CCD detector (Larry 3000 USB)

cycle pulses even thin dispersive elements, like plate beam-splitters, would cause significant
distortion of the original pulse. Pellicle beam-splitters are not chosen because of their sensitivity
to vibrations. The upper part of the beam propagates in forward direction into the delay stage,
whereas the lower part of the beam is deflected by 90°. In single-shot devices, the delay stage
is only used for finding the zero-delay at the intersection point in the nonlinear optical crystal
and for calibration. Unlike in a multi-shot autocorrelator the two pulse replicas are overlapped
in the nonlinear optical crystal under a horizontal noncollinear angle of 6, = 2.34°. A cylindric
mirror with a focal length of 300 mm placed in front of the crystal generates line foci in the
horizontal plane with a vertical diameter of about 51 um. This method drastically reduces
the required pulse energy to 10 uJ. With a phase-matching angle ©,,, = 42° and a thickness
of the BBO crystal of 5 um, type-I phase-matching for the whole spectral bandwidth of the
fundamental is provided, which allows phase matching starting at 465 nm and exceeding 1100
nm. The wavelength which has perfect phase matching was chosen to be 583 nm. The deviation
from the laser central wavelength, located at 790 nm, allows a better phase matching in the short
wavelength region while maintaining acceptable phase matching at long wavelengths.

For alignment purpose, the fundamental light is blocked behind the BBO crystal with a BG37

color glass filter. The second harmonic signal is then imaged by an achromatic lens with a focal
length of 40 mm and four-time magnified from the crystal plane to the detector. The detector
is a linear CCD array (Larry 3000 USB, Ames Photonics) with 3000 pixels in a horizontal row
and a width of 7 um each. In the focal plane of the imaging lens, the two second harmonic
signals, propagating in direction of the fundamental beams, are blocked by a small aperture
to prevent deteriorations of the autocorrelation signal. The isolated second harmonic photons
at the bisector of the noncollinear angle o,., carrying the intensity autocorrelation function in
their transversal spatial intensity profile, are recorded by the detector mentioned above. An ad-
ditional BG37 color glass filter reduces fundamental stray light reaching the detector.
The temporal resolution and observation window, being the two important properties, are de-
fined by the maximum width of the signal, which is limited by the aperture of the BBO crystal
d = 5 mm, and the noncollinear angle ¢,.. Using basic geometry, the temporal observation
window 7, can be expressed by

d-si )
= LN e/2) (13)
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where ¢ denotes the velocity of light in vacuum and n the ordinary refractive index of BBO
at 790 nm. For o, = 2.34° used in the setup, the obtained observation window has a size of
Tops=365 fs (Eq. (13)). The CCD array with a width of 21 mm, containing 3000 pixels, records
a four-times magnified image of the signal with an extension of 20 mm. Hence, the achieved
temporal resolution rac results in the observation window divided by the number of pixels,
covered by the signal, and has a value of r4c = 197 “—i for o, = 2.34°.
To estimate the absolute error of the pulse duration measured with the autocorrelator, the single
errors have to be investigated. The pulse duration observed by autocorrelation consists of three
variables Tac- Tac

Tpulse = T (14)
where K denotes the deconvolution factor, T4c the FWHM of the autocorrelation trace in pixels
and rac the temporal resolution of 197 % as mentioned above. The FWHM pulse duration
(Eq. (14)) is obtained by dividing the temporal FWHM of the autocorrelation trace (Tac - rac)
by the deconvolution factor K. This value is unique and strongly dependent on the pulse
shape and hence strongly influences the measurement error. We calculated the deconvolution
factor for the Fourier transformed pulses of several different spectra of our TW laser system,
ending up with a value of K=1.354(1 -1073). The change in the converted spectrum by the
phase-matching curve of the BBO crystal has also been considered in this calculation.
Fortunately, in single-shot SHG autocorrelation measurement no geometrical distortions occur,
since the generated second harmonic signal propagates along the bisector of angle formed by
the input beams. Consequently there are no geometrical effects, decreasing the accuracy of the
measurement [40].
An error originating from the calibration Arsc was calculated to be 4 % while an error of Ty¢
could be reduced by interpolation to Atyc = 0.1 px.
Gaussian error propagation consequently leads to a total error of 0.12 fs for a fourier limited
pulse. The deviation of the measured pulse from the Fourier limited pulse duration causes some
deviation of the deconvolution factor K. Consequently the measurement error is influenced by
this deviation which is hard to estimate, but as pulse duration gets close to the transform limit
this error is also supposed to become very small.

For measuring the pulses of our present set up, the beam was coupled out of the compressor

chamber through a 3 mm thick fused silica window. In addition to the window and some air,
further dispersion of about 40 fs? is caused by reflections from seven protection-coated silver
mirrors and the 5 um thick BBO crystal inside the autocorrelator. Of course this dispersion is
compensated by the AOM when measuring the optimized pulse duration.
Altogether the presented all-reflective single-shot second-order intensity autocorrelator was
specially designed to characterize few-cycle pulses. With a temporal observation window of
565 fs and a temporal resolution of about 197 as, it is well suited to measure duration and in-
tensity distribution of few-cycle pulses at realtime with a repetition rate of 10 Hz given by the
laser system.

5. Results and discussion

The seed is amplified in the TBP-NOPCPA geometry shown in Fig. 2(a) and a signal energy up
to 0.46 mJ is achieved. The broadest measured signal pulse spectrum is shown in Fig. 4(b). The
signal pulse spectrum ranges from 675 nm to 970 nm leading to a Fourier limit of 6.7 fs. The
TBP setup was modified to operate it also as OBP-NOPCPA with the same total pump energy
by replacing the beamsplitter with a mirror. A typical signal spectrum in the OBP-NOPCPA
case is shown in Fig. 4(a). This spectrum ranges from around 700 nm up to 970 nm leading
to a Fourier limit of 8.5 fs. The spectral limits in Fig. 4(b) at low wavelength (675 nm and 700
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Fig. 5. Initial pump pulses and pump, signal and OPF after amplification in the time and
space domain.

nm) are due to the different phase-matching geometry (see Fig. 1) and at the long wavelength
are due to a lack of seed components above 970 nm, although amplification is theoretically
possible up to 1050 nm (Fig. 4(b)). The dip in the signal spectra at around 800 nm results
from the corresponding dip in the unamplified seed spectrum, which is a consequence of the
self-phase modulation taking place in the hollow-core fiber.

Figure 4(b) shows the spectral parametric signal intensity gain obtained with the numerical
split-step simulation described in section 2. The simulated amplified signal energy content is
0.49 mJ distributed over a spectral bandwidth from 675 nm to 970 nm, which matches the
experimental values. Our simulations show an OPF peak intensity of 2.8-10~7 GW/cm? and
a signal peak intensity of 1.4 GW/cm? after amplification. This leads to an expected pulse
contrast ratio of 6- 107! — 107'% on the picosecond timescale after compression, assuming the
beam transport efficiency and compressor transmission to be the same for signal and OPF. The
OPF after amplification in space and time relative to the pump pulses and the signal pulse at
the end of the BBO crystal is shown in Fig. 5. OPF does only occur within the temporal and
spatial window of the pump pulse and shows strong amplitude modulation in the time and space
domain.

Additionally, we measure the signal energy as function of pump intensity and calculate the
energy pump-to-signal conversion efficiency. The results are shown in Fig. 6(a). For this rea-
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son, we are able to investigate, if the phase-matching (01 = —0» = 2.23° and 0,,,, = 23.62°) for

the TBP-NOPCPA geometry aiming for a spectrum similar to one also achievable with OBP-
NOPCPA (the case of Fig. 4(a)) is comparable to the conversion efficiency of the TBP-NOPCPA
phase-matching geometry in case of Fig. 4(b) with broader amplified bandwidth. As result, the
conversion efficiency is comparable within the error bars for both cases. Moreover, we measure
the pulse duration of the amplified and compressed broadband signal pulse via an all-reflective
second-order single-shot autocorrelation. The results are shown in Fig. 6(b) and reveal a FWHM
pulse duration of 7.1 fs, whereas the Fourier-limited FWHM pulse duration is typically 6.7 fs.
Consequently, compression is achieved to within 6% of the FWHM Fourier-limit. This im-
portant fact reveals the compressibility of the whole amplified signal bandwidth, although this
signal spectrum is composed of two individual NOPCPA interactions taking place in the same
nonlinear crystal. A deconvolution factor of 1.4 is calculated from the spectrum. TBP-NOPCPA
also makes an additional spectral shaping possible compared to OBP-NOPCPA; i.e. shaping of
the steep edge at 700 nm in the amplified signal spectrum in Fig. 4(a). This can potentially
prevent pulse satellites from occuring after compression if a saturated TBP-NOPCPA stage is
used, which would be present due to a sharp spectral edge even in case of compression close
to the Fourier-limit [11, 12, 13]. In this case, a better pulse contrast is achievable due to an
improvement of the foot of the compressed pulse, using a saturated amplifier stage.

Furthermore, there have been concerns, that a transient grating generated by the intersecting
pump beams could potentially degrade the signal beam quality, since the amplification strongly
depends on the pump intensity. For this reason, we investigate if there is an intensty grating (due
to interference) present inside the BBO crystal and whether this grating negatively affects the
signal beam quality. For this purpose, we image the BBO crystal plane with an achromatic lens
onto a CCD camera with a pixel size of 6.7 x 6.7um?. We magnify the object with a calibrated
factor of 11 and verify, that crystal defects in the crystal are sharp on the CCD image in any
case.

Firstly, we imaged only the intersection of the two pump beams and recorded the magnified
crystal plane as a function of relative polarization orientation of the two beams. In this case,
the seed was blocked before the crystal. The images and their lineouts are shown in Fig. 7(c)
and (a), where 0° denotes parallel polarization orientation of the two pump beams and 90°
corresponds to orthogonal relative polarization orientation. We found, that if the polarization
of the two pump beams is parallel to each other and thus allow for interference taking place,
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there is clearly a pump intensity modulation present (see Fig. 7) in the crystal plane with a
period of ~ 7um, taking the magnification factor into account. This modulation vanishes in
case of orthogonal polarization between the two pump beams, because then there is no inter-
ference possible. Consequently, this optical set up is able to resolve an intensity grating due to
interference inside the BBO crystal.

Secondly, we unblocked the seed and measured the magnified image of the amplified signal
in the crystal plane, while the pump beams are blocked after passing through the crystal. Figure
7(b) and (a) show, that we observed no signal intensity modulation due to the pump interference
in the beam profile and the corresponding lineout. This can be explained as follows:

The transient grating due to the interference between the two pump beams inside the BBO
crystal evolves on the angle bisector in between the pump beams. Since the two noncollinear
angles are not the same, the signal beam traverses this bisector leading to a transversal shift
with respect to the bisector of half a grating period over the crystal length. Consequently, this
smearing effect can prevent the pump grating from degrading the signal beam quality. Apart
from general noncollinear smearing, other effects like the Poynting vector walk-off can also
contribute to this effective smearing.

6. Conclusion

We outlined a new concept (TBP-NOPCPA) for the generation of few-cycle, high-contrast,
multi-terawatt light pulses. Moreover, the present experiment demonstrated compressibility
of an amplified signal pulse, whose spectral components result from amplification by two
separate pump beams in the same nonlinear crystal. In this context, we experimentally showed
amplification and compressibility of the signal between 675 nm and 970 nm leading to
7.1-fs, 0.35-mJ light pulses after compression to within 6% of the FWHM Fourier-limit.
Technical details of few-cycle pulse characterization are outlined. We investigated geometry,
phase-mismatch, signal gain bandwidth, pump-to-signal conversion efficiency and signal
beam quality for this new broadband ¢-plane-pumped TBP-NOPCPA scheme. Additionally,
we performed numerical split-step simulations of TBP-NOPCPA to obtain the parametric
gain curve and to study the level of OPF. The temporal pulse contrast ratio was simulated
to be around 107! on ps timescales after amplification and compression. It was shown that
the accumulated OPA phase partially compensates for wave-vector mismatch to maintain
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maximum gain and leads to extended broadband amplification. Summing up, the present
investigations revealed, that TBP-NOPCPA is a promising parametric scheme without a
decrease in amplified signal compressibility, amplified signal beam quality and conversion
efficiency, compared to conventional one-beam-pumping NOPCPA. The presented theoretical
considerations and numerical simulations showed, that amplification is possible between 675
nm and 1050 nm in a 5 mm long BBO crystal. Consequently, high-contrast, sub-7-fs, multi-TW
pulses are achievable with a 5 mm long type-I BBO crystal, pumped at 532 nm, in case of
TBP-NOPCPA.
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Abstract: We present a new method to broaden the amplification range in
optical parametric amplification toward the bandwidth needed for single
cycle femtosecond pulses. Two-color pumping of independent stages is used
to sequentially amplify the long and short wavelength parts of the
ultrabroadband seed pulses. The concept is tested in two related
experiments. With multi-mJ pumping pulses with a nearly octave spanning
spectrum and an uncompressed energy of 3 mlJ] are generated at low
repetition rate. The spectral phase varies slowly and continuously in the
overlap region as shown with 100 kHz repetition rate. This should allow the
compression to the Fourier limit of below 5 fs in the high energy system.
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1. Introduction

High energy ultrafast light pulses are unique tools for applications ranging from the most
fundamental science to medical applications. Quasi-single cycle near infrared pulses can
generate single attosecond pulses or even single cycle attosecond pulses in the XUV that
allow the measurement of the fastest known processes [1,2]. Even with slightly longer pump
pulses highly attractive electron acceleration has been shown that offers a tabletop alternative
to large scale facilities used in clinical environments [3].

With known laser materials used in multi-stage optically pumped chirped pulse amplifiers
the attainable spectral width is limited by either the intrinsic gain bandwidth or even more
severely the spectral gain narrowing in going from nJ broadband seed light to the desired
Joule output levels. To overcome these limitations, frequency broadening in either gas filled
hollow capillary fibers [4] or in filaments [5] is widely used. So far the use is, however,
limited to at most a few mJ.

An attractive alternative for the direct generation of high energy extremely broadband
pulses is optical parametric amplification. With a noncollinear geometry and pumping by a
frequency-doubled femtosecond Ti:sapphire laser, sub-20 fs visible pulses have indeed been
generated at 82 MHz repetition rate [6] and multi-uJ pulses at kHz rates [7]. The concept of
the noncollinearly phase-matched optical parametric amplifier (NOPA) was optimized to the
generation of 4 fs pulses [8].

Pumping by femtosecond Ti:sapphire pulses limits the attainable output energy, even
though extremely short pulses with peak powers of 0.5 TW have been demonstrated [9].
Therefore the use of pico- or even nanosecond pump pulses was suggested in combination
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with a chirped pulse strategy (OPCPA) [10]. All known and technically available pump lasers
with ps pulse duration operate around 1050 nm due to the laser active materials used, e.g. Nd*
or Yb*. The use of such pump lasers has already led to 2 TW pulses [11] and lately sub-8 fs
pulses centered at 805 nm with more than 130 mJ (16 TW) compressed energy [12]. A further
shortening of the pulses in this spectral region becomes increasingly difficult due to the phase-
matching bandwidth of the BBO amplifier medium with one-color pumping.

Already 1996 it was shown that multiple amplification stages with slight spectral detuning
of the individual amplification range could lead to significant shortening of the output in a
100 kHz OPA [13]. Pumping of a single stage with multiple pump beams allowed the
demonstration of pulse shortening from 98 to 61 fs [14] and lately from 8 to 7 fs with an
improved temporal structure [15]. The use of different pump wavelengths was even
suggested, yet no spectral nor temporal characterization of the output has been provided [16].

For a MHz Yb-based femtosecond pump system it was shown that both the green 2w light
and the UV 3o light can be used to pump a NOPA [17,18]. Both configurations easily yield
sub-20 fs pulse durations even without optimized compression. Interestingly, the 20 pumping
produces these pulses in the red and the 3w pumping in the green and yellow part of the
spectrum. We therefore suggest the simultaneous use of green and UV pumped stages
together with a chirped pulse scheme and high energy pumping. This should allow the
generation of pulses with unprecedented shortness and pulse energy.

In this communication we report on two pilot experiments that are aimed on testing this
hypothesis. With tens of mJ pumping the generation of nearly octave-spanning few-mJ pulses
is achieved. For this effort, techniques have been developed to allow efficient frequency
conversion of the 78 ps fundamental pump pulses at 1064 nm. In a second experiment at
100 kHz repetition rate the compressibility and spectral phase behavior of the composite
pulses is investigated.

2. NOPCPA on the mJ-level approaching the octave

Figure 1 shows the layout of the experimental two-color-pumped NOPCPA setup. We have
extended an existing system (denoted as Light-Wave-Synthesizer-20, Ref. [12]), which
generates sub-8 fs, 130-mJ pulses at 805 nm central wavelength and 10 Hz repetition rate.

Ti:Sa H Ti:Sa CPA|+ T-HCF: 500-1050nm |} Glass |-|—,F-~|
Oscillator | 575-1050nm 14mJ '
; | " 1ﬁ'z'

: AN __ 1 _1.4mJ N J =
§Seeding 1.9mMJ i 5mmBBO ¥ - %
Pt\J./mp Laser UL DZE"J -_VBAS VA
Nd:YAG ) 20w I — 3 DKDP >
78ps 10Hz w <‘f\_\, olr"i
1064nm > 9; VA. X
\U 7

Fig. 1. Layout of the mJ-level two-color-pumped NOPCPA setup, which consists of two
cascaded stages employing type-I phase-matching in BBO (T-HCF - tapered hollow-core
capillary fiber, VA — variable attenuator, BS — beam splitter). The pump fundamental
(1064 nm, ®) and its second- (532 nm, 2®) and third-harmonic (355 nm, 3w) are relay-imaged
with vacuum telescopes onto the nonlinear optical crystals BBO and DKDP.

The present system consists of a Ti:sapphire master oscillator from which the broadband
seed and the pump pulses for the two-stage NOPCPA chain are derived. 60% of the oscillator
output is fed into a Ti:sapphire 9-pass chirped-pulse amplifier (Femtopower Compact pro,
Femtolasers GmbH), delivering 25-fs, 800-uJ pulses at 1 kHz. After amplification, the pulses
are spectrally broadened in a 1 m long tapered hollow-core capillary fiber (T-HCF) filled with
neon gas at 2 bar (1500 Torr) absolute pressure, which leads to a seed spectrum ranging from
500 to 1050 nm (30 dB; see Fig. 2). The larger diameter of 500 um in the first 10 cm together
with the small diameter of 200 pm in the main part helps broaden the spectrum by up to
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50 nm in the red wing. These pulses are then stretched in time by a variable amount of glass,
leading to an adjustable group delay (GD) of the seed spectral boundaries. The seed pulse
energy is attenuated to 4 uJ to be comparable with the seed used in Ref. [12].

The remaining 40% of the oscillator output is used to seed the Nd:YAG pump laser
(EKSPLA, UAB), providing all-optical synchronization. This pump laser delivers two beams
of 78-ps (FWHM), up to 1-J pulses at 1064 nm and 10 Hz repetition rate. Pulses at 532 nm are
generated via type-II second-harmonic generation (SHG) of two fundamental 1064 nm beams
in a 10 mm long DKDP crystal. The remaining fundamental and a part of the SH are relay-
imaged with vacuum telescopes onto a 10 mm long DKDP crystal for type-II sum-frequency
generation (SFG). Usually, 6 mJ at 532 nm and 14 mJ at 1064 nm are used to generate 8§ mJ
pulses of the third-harmonic (TH) at 355 nm. The beam diameters are 5 mm each. A high
energy conversion efficiency of 40% and a quantum efficiency of 90% with respect to the SH
is observed. The SH and TH pump pulse durations are also approximately 78 ps due to the

strong saturation in the conversion.
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Fig. 2. The spectral energy density of the signal pulse amplified by the second-harmonic and
the third-harmonic of the Nd:YAG pump laser (575-1050 nm, red solid curve) allows for a
Fourier-limit of 4.5 fs (inset). This spectrum is composed of the spectral region amplified only
by the second-harmonic (700-1050 nm, green dotted curve shown as guide to the eye) and the
third-harmonic alone (575-740 nm, blue dotted curve). A typical output spectrum of the T-HCF
(unamplified seed, not to scale) is shown as gray solid curve.

The first NOPCPA stage (calculated phase-matching angle 6 = 23.62° internal
noncollinear angle a = 2.23°) consists of a 5 mm long type-I BBO crystal with a slight wedge
to avoid adverse effects of internal reflections [9]. It is pumped by 14 mJ of the SH with a
2 mm diameter of the sixth-order super-Gaussian beam and a peak intensity of about
10 GW/cm®. The second NOPCPA stage (6 = 34.58°, a = 3.40°) consists of a 3 mm long type-
I BBO crystal and is pumped by 7 mJ of the TH with 1.5 mm diameter and a peak intensity of
close to 10 GW/cm®. Both stages are operated in tangential phase-matching geometry, both
pump beams being relay-imaged onto the crystals and being slightly smaller than the seed
beam so as to achieve a good spatial signal beam profile. With a group delay of 37 ps for the
full seed bandwidth, the seed is amplified from 700 to 1050 nm to an energy of 1.4 mJ in the
first stage and further amplified from 575 to 740 nm in the second stage. The particular seed
delay was chosen to ensure that the full spectral range of the seed lies within the pump pulse
duration. The very high small signal gain of OPCPA allows utilization of the exponentially
decreasing seed light at the spectral edges. Overall, an output energy of 1.9 mJ and a spectrum
spanning from 575 to 1050 nm is achieved. This nearly octave-wide spectrum supports a
Fourier limited pulse of 4.5 fs (see inset in Fig. 2). The results from the seed GD variation are
discussed in section 4.1. The positively chirped pulses do not allow the use of the available
pulse compressor and hence restrict us to a spectral characterization of the pulses.

3. Proof-of-principle compressibility with high-repetition rate NOPA on the pJ -level

Figure 3 shows the layout for the uJ-level, high-repetition rate NOPA setup. As primary pump
laser we use a commercial diode-pumped Yb:KYW disc laser system (JenLas® D2.fs,
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Jenoptik AG), delivering 300-fs, 40-uJ pulses at a center wavelength of 1025 nm and a
repetition rate of 100 kHz. For generating the seed we split off approximately 1.5 pJ of energy
and focus it (all focal lengths are given in Fig. 3) onto a 2 mm thick YAG plate, where a
supercontinuum ranging from 470 nm to above 1 um results [19]. The main part of the pump
pulses is focused towards two BBO crystals, where type-I SHG and subsequent type-II SFG
are performed in a simple collinear arrangement [18]. In this way we obtain pulses with an
energy of 13.5 uJ at the SH and 7.5 pJ at the TH, which are separated by dichroic mirrors and
independently collimated with fused silica lenses. The supercontinuum is collimated with a
thin fused silica lens and fed into the first NOPA stage (6 = 24.0°, a = 2.3°), which consists of
a 3 mm long type-I BBO crystal. The first NOPA stage is pumped by the SH, whose energy
can be adjusted by a combination of half-wave-plate and polarizer.

D2
N =750
1025nm /VI;ZBEQ
40,J 300fs| 300
100kHz | =300
= = PC
f O80 YAG f 30" BBO 3mm A N FM
2mm * ZAP-
W, $0B0 _ BBO o, 4f=400 4— SPIDER
Uf=400 " 0.8mm D17V D2 VY

Fig. 3. Layout of the two-color-pumped NOPA setup, which consists of two cascaded stages
employing type-I phase-matching in BBO (W - fused silica window, D - dichroic mirror, VA -
variable attenuator, PC - prism compressor, FM - flipper mirror, AC - 2nd-order intensity
autocorrelator). All focal lengths f are given in mm.

To achieve the necessary pump intensities for a high gain in the NOPA process, focusing
of the pump beams and consequently focusing of the seed beams towards the nonlinear
crystals is inevitable with this low-energy system, in contrast to the system described above.
To achieve a good beam profile with a homogenous spectral distribution after both
amplification stages, we find that proper matching of the divergence of pump and seed in both
stages is crucial. For this reason we measured the divergence of all relevant beams around the
position of the nonlinear crystals with a CCD camera and carefully selected and determined
the focal lengths and positions of the respective focusing lenses. The amplified signal of the
first stage was then 1:1 relay-imaged onto the BBO crystal (2 mm, type-I) of the second
NOPA stage (0 = 35.5°, o = 2.7°), which is pumped by the TH.

In each stage special care has to be taken to spatially overlap the amplified signal beam
with the respective seed beam, which is not ensured automatically. We have observed, that
only in case of the geometry with the pump polarization oriented in the plane defined by seed
and pump, spatial overlap of amplified signal and seed can be achieved. Additionally, the
BBO crystal had to be set up to Poynting-vector walk-off configuration. We conclude, that the
birefringent nature of the BBO crystal and the corresponding pump walk-off can compensate
the shift of the amplified signal with respect to the seed direction. In the original design of the
NOPA the noncollinear seed pump interaction is arranged in a vertical plane, the polarization
of the seed is horizontal and that of the pump vertical [6,7]. Many setups use a horizontal
geometry for practical reasons. If the seed is polarized vertical and the pump horizontal in this
arrangement, no physical difference originates [8,12,20]. For the horizontal seed polarization
and the vertical pump polarization used by us, we explicitly compared the vertical and
horizontal pump seed interaction geometry. We found that only for the vertical beam
geometry, a proper overlap of seed and signal could be achieved. Slight deviations from the
optimum noncollinear and/or phase-matching angle had to be accepted.

We amplify spectral regions from 690 to 830 nm with the second harmonic and from 630
to 715 nm with the third harmonic (Fig. 4(a)). Due to the relatively short pump pulses
(estimated to be 220 fs for the SH and 180 fs for the TH) in comparison to the chirped
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supercontinuum seed (close to 1 ps), the amplified bandwidth is determined by the temporal
overlap of pump and seed. and not the phase-matching bandwidth of the crystals. Variation of
only the seed pump delay results in a shift of the spectrum. With a seed energy of 2 nJ, typical
output energies are 1 pJ for the first stage when pumped with 9.3 pJ (200 pm diameter, peak
intensity of 250 GW/cm?) and 350 nJ for the second stage when pumped with 6.0 uJ (205 pm
diameter, peak intensity of 190 GW/cm®). The lower efficiency of the second stage is believed
to be due to the group velocity mismatch between the UV pump and the visible seed. Both
stages operating together typically yield a higher output energy (1.8 uJ) than the sum of the
single stages. This is due to the fact that part of the amplified spectrum in the first stage
overlaps with the amplification bandwidth of the second stage and therefore acts as a stronger
seed than the supercontinuum alone, eventually leading to saturation in the second stage, as is
also visible in the signal spectra shown in Fig. 4(a).
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Fig. 4. (a) The spectral energy density of the signal pulse amplified by the SH and the TH of
the pump laser (630 — 830 nm, red curve) is composed of the spectral region amplified only by
the SH (690 — 830 nm, green curve) and the TH alone (630 — 715 nm, blue curve). These
spectra allow for Fourier-limits of 11 fs, 19.7 fs and 28 fs, respectively. The measured spectral
energy densities are normalized to the peak of the red curve. The corresponding measured
autocorrelation traces with deconvoluted FWHM pulse durations are shown in (b).

After the two amplification stages the output signal is collimated with a spherical mirror
and compressed using a sequence of fused silica prisms with an apex angle of 68.7°.
Characterization of the pulses is performed online with a dispersion-free autocorrelator that
provides direct information in the time domain [21] and alternatively with a ZAP-SPIDER
setup that characterizes the pulses in the spectral domain [22]. We use a 30 pm thin BBO
crystal for both devices. As auxiliary pulse for the ZAP-SPIDER we use the residual
fundamental at 1025 nm after SHG and SFG, which is stretched by transmission through
1270 mm SF57 glass to a FWHM duration of 1.4 ps.

4. Results and discussion
4.1 NOPCPA on the mJ-level approaching the octave

The amplified signal spectrum in case of the mJ-level, cascaded two-color-pumped NOPCPA,
which is outlined in section 2, ranges from 575 to 1050 nm with a total confined energy of
1.9 mJ. The pulse has a Fourier-limit of 4.5 fs (FWHM duration, see Fig. 2 inset) and a central
wavelength of 782 nm. The spectral boundaries are determined by the effective phase-
matching bandwidth shown in Fig. 5(a). The effective phase-mismatch in a BBO crystal of
length L is calculated according to Ref. [15] as the sum of crystal-dependent wavevector-
mismatch 4kL and amplification-dependent OPA-phase (Eq. (8) in Ref. [15]). 4kL leads to a
phase-slippage between the pump wave, the seed wave and the idler wave generated in the
BBO. The OPA-phase is a phase imprinted on the signal during amplification so as to
compensate for the phase-slippage and therefore maintain high gain even in areas of
significant 4kL [15]. A maximum effective phase-mismatch of :7 is acceptable for coherent
build-up of the amplified signal in the small-signal gain regime. The compensating effect of
the OPA-phase broadens the acceptance bandwidth. In our experiment, the amplified
bandwidth in the NOPCPA stage pumped by the SH matches exactly the calculated one
shown in Fig. 5(a). In case of the TH-pumped stage, the measured amplified bandwidth is
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even slightly broader. This may be because Eq. (8) in Ref. [15] is only valid for low pump
depletion.

Effective phase-mismatch [rad] T 1T (b)
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Fig. 5. (a) Effective phase-mismatch as function of seed wavelength including wave-vector-
mismatch 4kL and OPA-phase for the individual NOPCPA stages: Ap = 532 nm, 0 = 23.62°,
o =2.23° (green) and Ap =354.7 nm, 0 =34.58°, o =3.40° (blue). The red horizontal lines
label +7 . (b) The spectral region below 700 nm is shapeable via adjusting the pump delay and
the phase-matching angle (varied colors) in the NOPCPA stage pumped by 3.

Figure 5(b) shows a cut-out of signal spectra obtained through amplification by the SH
and the TH. A steep spectral edge at around 700 nm leads to satellite pulses in the time
domain after almost Fourier-limited compression [12], potentially degrading the temporal
pulse contrast on the femtosecond timescale. This can be avoided by spectral shaping of the
region below 700 nm via adjusting the pump delay and phase-matching angle in the NOPCPA
stage pumped by the TH. Consequently, if one achieves adaptive compression of this octave-
spanning pulse close to the Fourier-limit, optimization of the temporal structure of the
compressed pulse seems to be possible via spectral shaping in the NOPCPA stages. The
spectral structure above 700 nm in the signal spectrum in Fig. 2 is mainly dominated by
modulation of the unamplified seed, which is spectrally broadened via self-phase modulation
in the tapered hollow-core capillary fiber filled with neon gas.

It has been predicted that the overall pump-to-signal conversion efficiency and the full
signal bandwidth of a NOPCPA are functions of group delay of the seed spectral boundaries
[23]. Measured results for our cascaded two-color-pumped NOPCPA are summarized in
Fig. 6 and represent to our knowledge the first reported measurement. Figure 6 shows that a
variation from the seed GD of 37 ps, which is chosen for most of the measurements, can
improve the conversion efficiency even further. A GD of (69 + 2) ps for 575 to 1020 nm leads
to the highest overall conversion efficiency of (12.5 + 1.3)%, while still maintaining the signal
bandwidth. The GD for 700 to 1020 nm and for 575 to 740 nm is roughly 33 ps and 43 ps,
respectively. In this case, the conversion efficiency is 14.4% and 8.8% in the NOPCPA stages
pumped selectively by the SH and the TH, which is the highest conversion efficiency obtained
for the SH-pumped stage. In the SH-pumped stage, the pump energy is 16 mJ and the signal
energy is 2.3 mJ. For the TH-pumped stage, the corresponding energies are 8 mJ and 0.7 mJ,
yielding a total output energy of 3 mJ. Hence, both stages are operated near saturation. At the
experimentally verified optimum seed GD, the results show a signal spectrum in the SH-
pumped stage similar to that in Ref. [12] but with higher conversion efficiency, although the
seed GD for 700 to 1020 nm is similar in both cases. We suspect that this is because we do not
use an acousto-optic modulator (Dazzler) in the unamplified seed beam and for this reason
observe a spatially and spectrally more homogeneous unamplified seed beam profile in the
present experiment.

In general, the temporal overlap between the seed pulse and the 78 ps (FWHM) pump
pulse increases with increasing seed GD until the optimum GD is reached. In this range, the
conversion efficiency grows and the signal bandwidth stays constant as long as the NOPCPA
stage is operated near saturation for most of the seed wavelengths. Otherwise, a decrease in
seed intensity because of an enhanced stretching ratio can lead to lower signal bandwidth due
to a lack of saturation [23]. Beyond the optimum GD, the seed pulse increasingly experiences
the Gaussian temporal shape of the pump pulse, leading to a decrease in signal bandwidth and
conversion efficiency.
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Fig. 6. Measured full signal bandwidth (red diamonds) and the overall pump-to-signal
conversion efficiency (blue squares) as function of group delay between the seed spectral
boundaries. The optimum group delay is found to be (69 + 2) ps.

In conclusion, with a proper and precise dispersion management, two-color-pumped
NOPCPA with type-I phase-matching in BBO is a promising approach for the generation of
sub-two-cycle light pulses on the mJ-level. In this case, the present technique would close the
gap between chirped-pulse amplifiers with HCFs (~4 fs, ~1 kHz, ~1 mJ [24,25]) and few-
cycle one-color-pumped NOPCPA systems (~8 fs, ~10 Hz, 15-130 mJ [11,12]).

4.2 Proof-of-principle compressibility with high-repetition rate NOPA on the uJ —level

The amplified signal spectrum in case of the pJ-level cascaded two-color-pumped NOPA
described in section 3 ranges from 630 to 830 nm with a total confined energy of 1.8 uJ. The
spectral overlap is chosen to be similar to that in the mJ-level NOPCPA setup in section 2,
with a central wavelength of 740 nm. Figure 4 shows the amplified spectrum and the
corresponding measured autocorrelation trace (both in red). With identical prism compressor
settings, we measure a FWHM pulse duration of 23.1 fs (Fourier-limit: 19.7 fs) and 95.0 fs
(Fourier-limit: 28.0 fs) for the signal pulse amplified only by the SH and only by the TH. The
signal pulse amplified in both stages is compressed to 13.2 fs, compared to its Fourier-limit of
11.0 fs. The measurement matches the simulation of our prism compressor and the
compressibility is comparable to other experiments employing related prism compressors
[20,26].

The prism compressor setting for optimum compression of the signal pulse resulting from
amplification in both NOPA stages is also the optimum setting for the signal pulse amplified
by the SH alone, in contrast to the signal amplified by the TH alone. To compress the signal
amplified in the TH-pumped stage, the second prism of the compressor is further inserted.
Consequently, less negative GDD is required if the signal amplified in the TH-pumped stage
is to be compressed. During the course of the experiments, a deformable mirror as prism
compressor end-mirror was sometimes found to reduce the outer wings of the compressed
pulse.

A more detailed understanding can be gained from the determination of the spectral phase
of the amplified pulse. Figure 7(a) shows the result of a ZAP-SPIDER [22] measurement for a
particular pulse with a total amplified range of 615 to 780 nm. Figure 7(b) shows the
amplified and compressed pulses calculated from the measured spectral intensity and phase
given in Fig. 7(a). The FWHM pulse durations determined in this way are close to the results
obtained with autocorrelation measurements of the same pulses.

The compressibility is determined by three factors. First, the bandwidth, whose phase can
be managed throughout the present dispersive bulk materials (YAG and BBO crystals, fused
silica lenses) and the fused silica prism-compressor, is limited. In case of the optimum
compressor setting for the investigated spectral region a nearly vanishing spectral phase over a
wide range results. The GD as a function of the signal wavelength shows a maximum around
710 nm, which limits the bandwidth of the compressed pulse. Furthermore, the third-order
dispersion (TOD) due to the dispersive components leads to satellite pulses after compression.
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These limitations mean that the spectral components below 660 nm and above 800 nm occur
in the wings of the compressed pulse for the case of Fig. 4. This is responsible for the
observation of the long pulse durations seen when the signal is amplified only by the TH.
Nevertheless, the TH-pumped stage amplifies spectral components not amplified in the SH-
pumped stage and whose phase can still be managed in our case using the prism compressor.
For this reason, a shorter pulse duration is achieved in case of amplification in both NOPA
stages compared to using only the SH-pumped stage, for the same prism compressor settings.
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Fig. 7. (a) Spectral phase of the compressed signal pulses retrieved by the ZAP-SPIDER
measurement. Solid red curve: amplification by the SH and TH of the pump laser, solid green:
amplification only by the SH, solid blue: amplification only by the TH; all for identical settings
of the compressor. For comparison the calculated OPA-phase for the two stages is shown with
dashed lines. The solid grey curve shows the spectral energy density of the signal. Taking the
measured spectral phase, spectral intensity and pulse energy leads to the retrieved pulses shown
in (b) with their FWHM pulse duration.

Second, the phase imprinted on the signal to compensate for phase-mismatch and to
maintain high gain (OPA-phase) comes into play [27]. As mentioned in subsection 4.1 and
outlined in Ref. [15] and Ref. [28], this phase contribution affects ultra-broadband optical
parametric amplification. Employing Eq. (8) of Ref. [15] for the case of small depletion, these
phase contributions due to amplification in the TH-pumped and the SH-pumped NOPA stages
are shown as dashed lines in Fig. 7(a) for the experimentally determined parameters like
crystal angles and the pump intensities. One can see that the phase contributions have opposite
signs. A positive linear chirp defined in the time domain leads to a parabola with a negative
second derivative in the frequency domain via Fourier-transformation. In contrast to the SH-
pumped NOPA stage, the phase imprinted on the signal during parametric amplification by
the TH shows negative group delay dispersion (GDD). This matches our observation that less
negative GDD was required with the prism compressor when the signal pulse was amplified
by the TH alone. Moreover, these two phase contributions partially compensate each other
and therefore lead to an extended region of reduced residual phase around the spectral
overlap.

To experimentally verify this phase effect, we adjusted both NOPA stages to similar
amplified spectra centered at 670 nm (different from the pulses previously described) and
subsequently compressed the signal pulse amplified by each stage separately with the same
prism compressor spacing. These compressed pulses were characterized with the
autocorrelator. It was found that for optimum compression of the signal pulse amplified in the
TH-pumped NOPA stage, the second prism in the compressor was inserted by about 2 mm
more compared to the signal amplified in the SH-pumped stage. This implies that the prism
compressor applies less negative GDD to the signal pulse, which matches the signs of the
OPA-phase contributions due to parametric amplification shown in Fig. 7(a).

Note that the residual phase of the compressed signal pulse amplified by the SH or the TH
alone is different from the residual phases of the corresponding spectral regions in case of
amplification in both NOPA stages. Apart from the compensating effect of the phase-
contribution due to parametric amplification in the region of spectral overlap, this occurs
because Eq. (8) in Ref. [15] is strictly speaking only valid for the case of low pump depletion
(i.e. negligible saturation). This observation has the consequence that the two amplification
stages and the pulse compression can only be optimized simultaneously.
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Third, cross-phase modulation (XPM), which is possible in optical parametric
amplification as a result of the high pump intensities, would lead to positive GDD [29].
According to Ref. [29], we calculate the B-integral due to XPM in our NOPA stages to be
1.4 rad in the SH-pumped and 0.8 rad in the TH-pumped stages. This is comparable to the
value found in the investigation of XPM [29]. Since the B-integral of the SH-pumped stage is
approximately twice as high as that of the TH-pumped stage, a higher additional positive
GDD can be present in the SH-pumped stage. This is consistent with our observations.

In conclusion, cascaded two-color-pumped NOPA with type-I phase-matching in BBO is
also a promising approach for the generation of sub-two-cycle light pulses on the pJ-level in
high-repetition rate NOPA systems.

5. Conclusion and perspectives

In this work results from two novel experimental setups were analyzed to investigate the
feasibility of two-color pumping of a NOPCPA for the generation of high energy pulses
approaching the single cycle regime. At low repetition rates, 3 mJ pulses with a nearly octave
wide spectrum were demonstrated in a first double-stage arrangement. At 100 kHz repetition
rate and pJ output energies the spectral phase and compressibility was studied. The two-color
scheme exhibits a slowly and continuously varying spectral phase that should be well
compensatable with existing compression schemes. The addition of the visible part of the
pulse spectrum by the 3w-pumping indeed shortens the pulse by nearly a factor of two without
any change to the prism compressor. We conclude from the combination of results that the
concept of two-color pumping can be expanded to multiple stages. Proper care has to be taken
in the design and alignment to utilize the full available pump energy. Pulses approaching a J
energy and a duration around 5 fs seem on the horizon. While sub-5s pulses were previously
reported with 400 nm Ti:sapphire based pumping, this range is now reachable with the
1050 nm pump lasers of much higher energy.

Various challenges have to be resolved to achieve these ambitious goals. Already in the
present experiments matching of the wavefront and beam pointing of the two contributions to
the composite pulses needed high attention. We suspect that the birefringent nature of the
amplifier crystals, possible inhomogeneities in the material, partial depletion of the pump and
associated spatially-dependent OPA phase and classically neglected higher-order nonlinear
interactions are the main causes of this situation. The OPA phase will depend selectively on
the pump color, the degree of saturation and therefore on the OPA’s location within an
extended amplifier chain, and on the particular phase-matching adjustment of a selected
crystal. Therefore an adaptive phase-correction will most likely be desirable for routine
operation. An acousto-optic programmable dispersive filter with sufficient bandwidth is
already available. Last but not least, the correct stretching ratio of seed and pump for the
optimum balance of bandwidth, compressibility and overall efficiency is of high importance.
For all these issues the present report provides a first basis.

Two-color pumping potentially allows more efficient usage of the available pump energy.
Only for the short wavelength part of the output spectrum are the “expensive” short
wavelength pump photons used, while the red part of the spectrum is amplified with the help
of the remaining green pump light. Already now the generation of the UV pump utilizes the
fundamental pump pulses twice. In future extensions of the concept one could even think of
adding another amplifier stage pumped by the residual pump fundamental to widen the
spectrum in the near infrared and to add even more energy.

It is interesting to compare the optical principles underlying the present approach for the
generation of extremely broadband pulses with other methods of light wave synthesis.
Recently it was demonstrated that interferometric spatial addition of phase-locked pulses
generated at neighboring wavelength ranges in a fiber-based MHz system leads to single cycle
near-infrared pulses [30]. This approach of individual amplification and dedicated
compression of the spectral parts allows for more flexibility. On the other hand, the spatially
and temporally stable overlap of the contributions, without adverse effects from
inhomogeneities in scaling to high pulse energies and consequently large beam sizes, might be
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critical. In our approach a common seed and beam path is used and could eventually be more
practical.

The motivation for our work was the high energy, low repetition rate regime. In the course
of the work we realized that two- or even multiple color pumping for the extension of the
output spectrum is also feasible at 100 kHz repetition rates. This might provide interesting
sources for spectroscopic investigations of samples in the condensed phase that require only
low pulse energies. It is certain that the concept can close existing gaps between Ti:sapphire
based systems with hollow-core capillary-fiber compression (~4fs, ~750 nm, ~1mlJ,
~1 kHz [24,25]) and 8 fs, 800 nm, 10 Hz, 15-130 mJ NOPCPA systems [11,12].
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Abstract: We amplify ultrabroadband spectra to mJ energies: 575-1050nm by two-color-pumping
and 675-1000nm by two-beam-pumping. We demonstrate the compressibility of these spectra and
reveal the significance of a parametric phase imprinted on the signal.

1. Introduction and motivation

Few-cycle light pulses are of large interest for numerous applications in high-field science like the generation of
surface high harmonic radiation and in time-resolved ultrafast spectroscopy of charge transfer in molecular
systems. Noncollinear optical parametric chirped pulse amplification (NOPCPA) provides a powerful method to
generate such pulses because of its broad amplification bandwidth, spectral tunability and high single-pass gain.
Current state of the art multi-terawatt systems are mainly based on Nd* and Yb'-based pump lasers and BBO as
amplifying crystal and are capable of generating pulses down to 7.9 fs duration with energies of up to 130 mJ
[1]. A further reduction of the pulse duration is not limited by the seed spectrum (500—1050 nm), but by the
amplification bandwidth of BBO when pumping with the second harmonic (SH, ~ 532 nm) of the the pump
laser. A possible solution for broader amplified spectra is to use other amplification crystals with broader gain
spectra (e.g. DKDP), however they typically possess much lower conversion efficiencies than BBO.

We present the use of two different pump wavelengths with neighboring optimal spectral amplification
regions for two subsequent stages of a NOPCPA chain. We also outline the usage of two pump beams with
identical wavelength in one NOPCPA stage. Both concepts aim to achieve a much broader overall bandwidth.

In case of two-color-pumping, a first NOPCPA stage is pumped by the SH, and a second stage by the third
harmonic (TH, 355 nm) of a Nd:YAG pump laser, we achieve an overall amplification from 575-1050 nm
(Fig. 1), considerably broader than the 700—1000 nm spectral region reached before [1]. In this way we achieve
signal spectra with Fourier-Limits of 4.5 fs. To test if potential problems like phase discontinuities arise in the
spectral overlap region, we performed a proof-of-principle experiment with slightly narrower amplified signal
spectra employing a low-power high repetition rate laser system of similar fundamental wavelength. We show
that we can compress a composed spectrum to 13.2 fs by the use of a prism sequence only, close to its Fourier-
Limit of 11 fs, and considerably shorter than the single signal spectra of either stage permit.
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Fig. 1. By pumping the first stage of a cascaded NOPCPA chain by the SH of the Nd:YAG pump laser and the second
stage by the TH, the spectral energy density of the signal pulse (575-1050 nm, red solid curve) allows for a Fourier-limit of
4.5 fs (inset). This spectrum is composed of the spectral region amplified only by the SH (700-1050 nm, green dotted
curve) and the TH alone (575-740 nm, blue dotted curve). The seed spectrum (not to scale) is shown as gray solid curve.

For two-beam-pumping, a single NOPCPA stage is pumped by two beams at 532 nm under different phase-
matching conditions resulting in two complementary gain bandwidths. The composed amplified signal spectrum
ranges from 675-1000 nm and is compressed to 7.1 fs, which is close to the 6.7 fs Fourier-limit.

Both studies reveal and quantify the significant influence of a parametric phase imprinted on the signal and
proof that a smooth spectral phase in the overlap region of the composed spectra is present employing these two
schemes for optical parametric amplification. This opens up the route to a sub-5 fs multi-mJ NOPCPA system.
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2.1 Cascaded two-color pumped NOPCPA as a novel technique for high-power two-cycle light pulses

To show the potential of two-color pumping for high-power few-cycle pulse generation, we extended and
modified part of the Light-Wave-Synthesizer 20 (LWS-20) NOPCPA system [1,2]. The system consists of a
Ti:Sa master oscillator from which the seed and pump pulses for the NOPCPA chain are derived. For the seed,
part of the oscillator output is amplified in a 9-pass Ti:Sa multipass amplifier, delivering 25 fs, 800 nJ pulses at
1 kHz. These pulses are broadened in a tapered hollow-core fiber filled with neon at a pressure of 2 bar to a
spectrum covering 500 — 1050 nm. The pulses are variably stretched in glass to roughly match the associated
pump pulse durations and to study the NOPCPA efficiency as function of seed group delay (GD). We also
attenuate the seed to a pulse energy of 4 uJ with neutral density filters, to simulate the expected pulse energy
when a more complex stretcher consisting of a combination of grisms and an acousto-optic modulator is used,
which will be necessary for a dispersion management allowing full compression of the generated spectra.

The remaining 40% of the oscillator output is used to seed the Nd:YAG pump laser, providing all-optical
synchronization. This pump laser delivers two beams of 78-ps (FWHM), up to 1-J pulses at 1064 nm and 10 Hz
repetition rate. Pulses at 532 nm are generated via type-II second-harmonic generation (SHG) of two
fundamental 1064 nm beams in a 10 mm long DKDP crystal. The remaining fundamental and a part of the SH
are relay-imaged onto a 10 mm long DKDP crystal for type-II sum-frequency generation (SFG). Typically 6 mJ
at 532 nm and 14 mJ at 1064 nm are used to generate 8§ mJ pulses of the TH at 355 nm. The beam diameters are
5 mm each. A high energy conversion efficiency of 40% and a TH quantum efficiency of 90% relative to the SH
is observed. The SH and TH pump pulse durations are also 78 ps due to strong saturation in the conversion.

For the first NOPCPA stage 14 mJ of the 532 nm beam are split off and relay imaged onto a 5 mm long
type-1 BBO crystal, cut at 24°. With a seed group delay of 37ps (575-1020nm) and an internal noncollinear
angle of 2.2° we achieve broadband amplification from 700-1050 nm (green curve in Fig. 1) with an energy of
1.4 mJ. The output signal of this stage is then further amplified in a second NOPCPA stage pumped by the third
harmonic in a 3 mm long BBO crystal, cut at 32.5°. With a noncollinearity angle of 3.4°, we amplify a spectral
region from 575-740 nm (blue curve in Fig.1), which neatly connects to the amplified spectrum of the first
stage. The resulting pulses have a total energy of 1.9 mJ, a spectral range of 575-1050 nm (Fig. 1), and a
Fourier-Limit of 4.5 fs [2]. Enhanced stretching of the seed to a GD of (69 + 2) ps for 575 to 1020 nm leads to
3 mJ total signal energy with the highest overall pump-to-signal conversion efficiency of (12.5 £ 1.3)%, while
maintaining the signal bandwidth. The GD for 700—1020 nm and for 575-740 nm is then 33 ps and 43 ps.

2.2 Compressibility of composed spectra

Compression of the single spectra of the SH pumped stage is already shown [1], and accordingly no difficulties
are expected for the TH pumped stage alone. Crucial is the spectral overlap region and the question if phase
discontinuities arise, e.g., by different parametric phases in the stages due to the different pump wavelengths [3].
To test this, we performed a similar experiment with a Yb-based pump laser system, delivering 300 fs, 40 pJ
pulses at a center wavelength of 1025 nm and a repetition rate of 100 kHz. We accordingly built two cascaded
BBO based noncollinear OPA stages pumped by the SH and TH of the pump laser [4]. As seed light we used a
supercontinuum generated in a 2 mm thick YAG plate. We amplified spectral regions from 690—830 nm with the
SH and from 630-715 nm with the TH (Fig. 2). Special care had to be taken to spatially overlap the output of the
two stages, which was not ensured automatically. The pulse was then compressed in a fused silica prism
compressor and the output characterized by a dispersion-free autocorrelator and a ZAP-SPIDER setup.
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Fig. 2. Amplified signal spectra (a) and autocorrelation traces (b) of the 2m pumped NOPA stage
(green), the 3o pumped stage (blue) and of both stages operating simultaneously (red). These spectra
allow for Fourier-limits of 19.7 fs, 28 fs, and 11 fs. The measured spectra are normalized to the peak
of the red curve.

With the identical compressor setting we measure a pulse duration of 23.1 fs for the signal pulse amplified
by the SH pumped stage alone and a duration of 95 fs for the 3w pumped stage. Both stages together render a
pulse duration of 13.2fs, close to the Fourier-Limit of the complete spectrum of 11fs [2]. Moreover,
amplification of the same signal spectrum centered at 670 nm in each stage separately and subsequent
compression reveal, that a parametric phase of strongly pump-wavelength-dependent magnitude and even sign as
well as spectral and spatial behavior is imprinted on the signal during amplification.
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3. Investigation of two-beam-pumped NOPCPA

To investigate the potential of two-beam pumping (TBP) for high-power few-cycle pulse generation, we
extended the LWS-20 system [1,5]. As seed source we use 2 pJ pulses with a spectrum ranging from 650—
1000 nm and a GD of 42 ps. The seed is negatively chirped by a reflection grism-pair and an acoustooptic
modulator (Dazzler). The pump pulses are generated with the above described Nd:YAG laser amplifier. The
TBP-NOPCPA stage consists of a 5 mm long type-I BBO crystal and is pumped with a variable total pump
energy up to 12 mJ in two beams with different noncollinear angles (a,=2.23°, a,=-2.16°) included with the
seed. The pump beam is relay imaged from the pump laser output on the BBO crystal and split into two parts
with a 50%:50% beamsplitter. Each pump has its own delay stage for optimal temporal overlap with the seed.

The composed amplified signal pulse spectrum ranges from 675—-1000 nm leading to a Fourier limit of 6.7 fs
with a total energy of 0.5 mJ. The two pump pulses amplify spectral components of 700—-1000 nm and 675—
710 nm plus 800—-1000 nm, respectively. We measure the signal energy as function of pump intensity and
calculate the total pump-to-signal conversion efficiency. It turns out, that the conversion efficiency is
comparable for TBP and one-beam-pumping with the same total pump energy. The amplified signal beam is
compressed in a hybrid bulk/chirped mirror compressor in a vacuum chamber. A compressed pulse duration of
7.1 fs (Fig. 3(b)) is measured with a home-built all-reflective single-shot second-order autocorrelator [5]. It is
also verified, that a pump interference pattern present in the BBO crystal plane is not transferred to the signal
beam, no degradation of the spatial quality is observed.
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Fig. 3. (a) Effective phase-mismatch (purple), wave-vector mismatch AKL (blue) and parametric phase (red) as
function of seed wavelength for a one-beam-pumped NOPCPA stage: Ap = 532 nm, 6 = 23.62°, o. = 2.22°,
L=5 mm. Green horizontal lines: +n. (b) Autocorrelation for the measured (red) and Fourier-limited pulse(gray).

The effective phase-mismatch in a BBO crystal of length L is calculated according to Ref. [4] as the sum of
crystal-dependent wave-vector mismatch AkL and amplification-dependent parametric phase (“OPA-phase”™).
AkL leads to a phase-slippage between the pump, the seed and the idler wave generated in the BBO. The present
experiments reveal that the OPA-phase is indeed imprinted on the signal during amplification. The theoretical
studies in Fig. 3(a) and Ref. [5,6] also show, that this parametric phase partially compensates the phase-slippage
and therefore maintains high gain even in areas of significant AkL. A maximum effective phase-mismatch of +n
is acceptable for coherent build-up of the amplified signal in the small-signal gain regime. The compensating
effect of the OPA-phase broadens the acceptance bandwidth. In our experiment, the amplified bandwidth in the
NOPCPA stage pumped by the SH matches exactly the calculated one shown in Fig. 3(a) (purple).

4. Conclusion and outlook

Both demonstrated novel NOPCPA schemes lead to the amplification of extremely broadband composed spectra
on the mJ-level with the potential of upscaling the energy. It is shown, that composed spectra from an OPA can
be compressed close to their Fourier-limit even in the range of only a few optical cycles. This demonstrates that
no phase discontinuities arise in the spectral overlap region. Pulses approaching a J energy and a duration around
5fs seem on the horizon. Further realizations of our pumping concept can be envisioned, as for example
combined ® and 2» pumping for broadband amplification in the near-infrared spectral region.
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ABSTRACT: Despite the central role of light absorption and the subsequent
generation of free charge carriers in organic and hybrid organic—inorganic
photovoltaics, the precise process of this initial photoconversion is still debated.
We employ a novel broadband (UV—Vis—NIR) transient absorption spectros-
copy setup to probe charge generation and recombination in the thin films of the
recently suggested hybrid material combination poly(3-hexylthiophene)/silicon
(P3HT/Si) with 40 fs time resolution. Our approach allows for monitoring the

\'F
= 140 fs

time evolution of the relevant transient species under various excitation intensities and excitation wavelengths. Both in regioregular
(RR) and regiorandom (RRa) P3HT, we observe an instant (<40 fs) creation of singlet excitons, which subsequently dissociate to
form polarons in 140 fs. The quantum yield of polaron formation through dissociation of delocalized excitons is significantly
enhanced by adding Si as an electron acceptor, revealing ultrafast electron transfer from P3HT to Si. P3HT/Si films with aggregated
RR-P3HT are found to provide free charge carriers in planar as well as in bulk heterojunctions, and losses are due to nongeminate
recombination. In contrast for RRa-P3HT/Si, geminate recombination of bound carriers is observed as the dominant loss
mechanism. Site-selective excitation by variation of pump wavelength uncovers an energy transfer from P3HT coils to aggregates
with a 1/e transfer time of 3 ps and reveals a factor of 2 more efficient polaron formation using aggregated RR-P3HT compared to
disordered RRa-P3HT. Therefore, we find that polymer structural order rather than excess energy is the key criterion for free charge

generation in hybrid P3HT/Si solar cells.

1. INTRODUCTION

Thin film solar cells constitute one of the future technological
solutions for sustainable energy supply. A particularly promising
route is offered by solar cells made from organic semiconductors
or inorganic semiconducting nanopartides.]_4 In recent years,
hybrid solar cells based on an organic semiconductor in con-
junction with an inorganic nanoscale material are considered as
an alternative to purely organic solar cells, as they allow achieving
additional functionality by combining the advantages of the two
materials.” " In comparison to polymers, inorganic semiconduc-
tors offer a broader spectral range of absorption, particularly in
the NIR spectral range, a higher charge carrier mobility, and a
better thermal and morphological stability. At the same time,
their application in the form of nanoparticles enables the
possibility of band gap tuning for sufficiently small nanoparticle
diameters and the technological advantages of purely organic solar
cells, such as low-cost solution processing, roll-to-roll assembly,
or processing onto flexible substrates, are maintained. In the
literature, various composites based on Si, ZnO, TiO,, CdSe, and
a few other nanomaterials are currently of scientific interest.’'*

However, in hybrid and organic solar cells, a detailed funda-
mental understanding of the processes of light absorption,

v ACS Publications ©2011 American chemical Society

formation of free polarons, and the subsequent transport of
these charges to the electrodes, which are central to their
operation, is lacking. In purely organic solar cell devices, these
photophysical processes have been shown to depend strongly on
the morphology of the heterojunction'® so that the device
efficiency can be im;)roved significantly by the processing con-
ditions of the film."” " The widely used and highly attractive
polymer poly(3-hexylthiophene) (P3HT) can form two distinct
morphological phases associated with different chain conforma-
tions. If the P3HT chain adopts a random coil conformation, the
resulting film is amorphous. The associated absorption spectrum
is unstructured with a maximum centered around 450 nm (about
2.8 eV). This disordered structure prevails for regiorandom P3HT
(RRa-P3HT). In regioregular P3HT (RR-P3HT), the polymer
chains can planarize and assemble to form weakly coupled
H-aggregates,zo’21 which arrange in closely (a few angstroms)
packed two-dimensional lamellar structures via 77-stacking.”*~>*
Their spectroscopic signature is a well-structured absorption spec-
trum with a 0—0 vibronic peak around 600 nm (about 2.0 eV).*!
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Such aggregates are partially formed when RR-P3HT is embedded
in a poor solvent or in a film after spin-coating from solution. RR-
P3HT is a semicrystalline polymer whose degree of crystallization
can be controlled by processing conditions. While it became clear
that the charge carrier mobility is enhanced in aggregated P3HT
chains,***’ studies on the role of the aggregated or coiled con-
formation in the process of charge carrier generation and separation
in organic devices have been emerging only recently.'®

For the design and operation of a solar cell, it is therefore of
crucial importance to understand the influence of morphology
on each of the individual photophysical steps. In organic
semiconductors, there is widespread agreement about the photo-
conversion process. The elementary step is light absorption to
generate excited states of a donor, followed by diffusion of the
excitation to the internal interface formed by a donor adjacent to
an acceptor and the decisive electron transfer from the excited
donor to the acceptor forming a Coulombically bound electron—
hole pair. Ideally, this is followed by their dissociation into free
charges that move away from the interface, preferentially not
suffering bimolecular recombination before being collected at the
respective electrodes. Moreover, there is agreement that in purely
organic blends the process of charge carrier generation takes
place on an ultrafast time scale in the range of 100 fs."%** 3!

However, the exact mechanism of charge separation is still
debated for purely organic solar cells and still in an early phase for
hybrid composites. For P3HT in combination with [6,6]phenyl-
Cg,-butyric acid methyl ester (PCBM), which has been demon-
strated to achieve power conversion efficiencies of around 5%,
there are suggestions that Frenkel-type excitons are the grimary
photoexcitations that dissociate into free charges.'®***" There
are indications that the charge separation takes place more
efficiently for blends of RR-P3HT:PCBM than for RRa-P3HT:
PCBM." In contrast, prompt polaron formation during laser
excitation was considered for neat P3HT and RRa-P3HT:
PCBM.>*** For the polymer PCDTBT in combination with
PCBM, there are also contradicting interpretations in discussion.
On the one hand, it has been suggested that light absorption may
directly create mobile electrons and holes by interband 7—m*
transitions which would subsequently evolve into Coulombically
bound excitons in less than 1 ps.”" Similarly, for a composite of a
PPV derivative with PCBM, the primary photoexcitation has been
suggested to be an ultrafast electron transfer on the time scale of
45 £5.2% On the other hand, ultrafast exciton dissociation to form free
charges was also considered very recently for PCDTBT:PCBM
blends.** For hybrid donor—acceptor materials, detailed ultrafast
spectroscopic investigations are still in an early phase. The question,
whether light absorption initially creates free charge carriers or
excitons, is central to the understanding of light harvesting in organic
and hybrid systems. A problem in resolving this issue pertains to the
experimental limits of time resolution and spectral range that are
accessible to optical probing. Here, we have developed a novel
ultrabroadband transient absorption spectroscopy setup with a time
resolution of 40 fs covering the entire broad spectral range from 415
to 1150 nm without interruption. This allows us to monitor both the
kinetics of the decay of the primary excitation and its evolution into a
charge pair state in thin hybrid films.

In our studies, we focus on composites of P3HT in combina-
tion with silicon which is a particularly promising inorganic acceptor
for several reasons. It unifies an almost unlimited abundance with
environmentally friendliness, allowing for its widespread use. Silicon
additionally provides high electron affinity and allows for rapid
electron delocalization and screening after charge transfer which

may prevent back transfer and enables fast transport away from the
interface. Because of the higher dielectric constant of silicon
compared to PCBM, this effect should be even more pronounced
as in purely organic films, thus rendering silicon a very promising
alternative to PCBM for photovoltaic devices and fundamental
studies. Proof-of-principle investigations of charge transfer in hybrid
P3HT/Si systems were recently performed using electron spin
resonance (ESR).” Prototype devices exhibited a relatively high
open-circuit voltage of 0.75 V,'* and power conversion efficiencies
of around 1% have been achieved.® However, no detailed spectros-
copic understanding has been available so far. Because of its
current availability in crystalline, nanocrystalline, and amorphous
forms, silicon serves as a model system with fundamental implica-
tions for various other hybrid or organic material systems. In
particular, the exciton dissociation mechanism and therefore the
photophysics of charge generation and separation can be studied
more clearly in silicon-based devices. The reason for this is that
these processes are difficult to assess in the widely studied P3HT/
PCBM composite, since the various PCBM transient signals from
the visible to NIR*® superimpose with the transient absorption by
the polaron and exciton of P3HT.

In our study, we employ Si nanocrystals (Si-ncs) and poly-
crystalline silicon (poly-Si) as the electron acceptor in order to
study both film geometries of interest, bulk heterojunctions and
planar heterojunctions. For the development of efficient com-
mercial solar cells, the bulk heterojunction structure is favored,
since it offers a particularly large donor—acceptor interface. The
efficiency of planar heterojunctions is limited by the smaller
interfacial area, yet the two-dimensional interface area avoids re-
combination associated with interrupted percolation pathways
and cross-currents of electrons and holes. However, as our studies
primarily focus on the fundamental principles of the photophysics
(charge generation and separation), our devices are optimized for
an unambiguous data interpretation. To address the dependence
of charge carrier separation on polymer structural order, both
disordered RRa-P3HT and semicrystalline RR-P3HT were used.

Our pump—probe setup allows us to directly monitor in real
time the process of charge generation in hybrid thin film P3HT/
Siheterojunctions, here at room temperature in the absence of an
applied external field. For both RR- and RRa-P3HT, we observe
an instant creation of singlet excitons that subsequently dissoci-
ate to form polarons on an ultrafast time scale. We observe that
the yield of polaron formation through exciton dissociation is
significantly enhanced by adding Si as electron acceptor. Further-
more, we find that the yield of polaron formation and the degree
of Coulombic binding of the corresponding polaron pairs formed
in P3HT/Si depend on the polymer structural order, with
efficient free charge carrier generation in RR-P3HT/Si and
geminately bound charge carriers formed in RRa-P3HT/Si.

2. SAMPLE PREPARATION AND SUMMARY OF EX-
PERIMENTAL METHODS

2.1. Sample Preparation. In this work, three different types of
poly(3-hexylthiophene) with varying degree of aggregation were used.
For fundamental studies of interactions between disordered and ordered
regions of P3HT, films of a RR-P3HT (BASF SE, Sepiolid P 100,
regioregularity ~95%, M, = 50000 g/mol, M, /M, = 22) were
prepared by spin-coating from chloroform (CHCI;) solutions with a
concentration of 7.5 mg/mL onto precleaned glass substrates. The same
polymer was dissolved in spectroscopically pure chloroform, toluene,
and 1,2-dichlorobenzene with concentrations of 0.075 mg/mL and filled
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Figure 1. Sample architecture of hybrid P3HT/Si thin film: (a) planar
heterojunction and (b) bulk heterojunction on glass substrates.

in 1 mm fused silica cuvettes for the transient absorption spectroscopy of
P3HT in solution.

P3HT/Si thin film heterojunctions with varied morphology were
prepared as planar heterojunctions (PHJs, Figure 1a) and bulk hetero-
junctions (BHJs, Figure 1b). For the PHJs with varied polymer structural
order, RRa-P3HT (University of Bayreuth, Germany, M,, = 40000
g/mol, M,,/M,, =2.4) dissolved in chloroform (S mg/mL), and RR-P3HT
(Rieke Metals, M,, = 39000 g/mol, M,,/M, = 2.0) dissolved in 98%
chloroform and 2% ethyl acetate (EtAc) (S mg/mL) was used. The
former was synthesized by treating thiophene with FeCly.*® For the
latter, ethyl acetate as nonideal solvent for P3HT was admixed to
enhance the aggregation of the RR-P3HT molecules,®” ™ which is
therefore referred to as aggRR-P3HT. All sample preparations were
performed under argon atmosphere.

Silicon nanocrystals (Si-ncs) were synthesized in a low-pressure
microwave plasma reactor by decomposition of silane.** The pres-
sure of the process gases and the microwave power determine the
mean diameter of the Si-ncs. Phosphorus doping of the Si-ncs was
achieved by adding phosphine during growth and increases the
carrier mobility in the Si-ncs. The nominal doping concentration is
defined by the phosphine flow and the flow of the total precursor gas.
The Si-ncs used in this work have a mean diameter of 4 and 18 nm and
nominal doping concentrations of 5 x 10°° and 6.5 x 10" cm?,
respectively. The standard deviation of the particle diameter is
typically 0 ~ 1.4 nm.

Blend films of RR-P3HT and Si-ncs with a weight ratio of 5:1 were
spin-coated under nitrogen atmosphere from solutions in chloroform
(concentration 7.5 mg/mL) to form RR-P3HT:Si-ncs BHJs (Figure 1b).
For the intended application as a solar cell, 1S mm X 15 mm X 1.1 mm
aluminoborosilicate with an approximately 110 nm thick conductive
indium tin oxide layer (ITO, Delta Technologies, R, = S—15 Q)
was used as a substrate. Before spin-coating, the substrates were
cleaned by subsequent ultrasonic treatment in acetone and isopropanol
for 10 min each. A typical sample layer thickness of 100 nm was achieved.
The thin film samples were sealed against air by using fused silica
coverslips (150 ym thin) and silicone sealant.

The refractive index of the Si-ncs was previously measured to be
about 2.0 with only a slight monotonic decrease with wavelength. The
refractive index of the blend films can be expected to be close to the one
of a neat P3HT film, which has a reported index of around 1.7—-2.0.4
Consequently no significant change of the Fresnel losses upon mixing of
the two materials is expected and the weak excitation should also not
lead to a transient change.

Polycrystalline silicon (poly-Si) films were prepared by silver-induced
layer exchange (AgILE).** For a resulting poly-Si film thickness of
30 nm, an amorphous silicon precursor layer (50 nm) was grown on top
of a 30 nm silver layer on a fused silica substrate. The crystallization was per-
formed at 800 °C for 10 h under nitrogen atmosphere. Afterwards, the

Table 1. List of Samples Used in This Work along with Their
Abbreviations

sample abbreviation
RR-P3HT (BASF), spun from CHCly RR-P3HT
RRa-P3HT (Bayreuth), spun from CHCly RRa-P3HT
RR-P3HT (Rieke), spun from CHCl;/EtAc aggRR-P3HT
silicon nanocrystals Si-ncs
polycrystalline silicon poly-Si
RR-P3HT:Si-ncs bulk heterojunction RR-P3HT:Si-ncs BHJ
RRa-P3HT /poly-Si planar heterojunction RRa-P3HT/poly-Si PHJ
aggRR-P3HT/poly-Si planar heterojunction aggRR-P3HT/poly-Si PHJ

silver was etched away with a 1:1 mixture of hydrogen peroxide and
ammonia solution at 100 °C. We prepared PHJs of 40 nm RRa-P3HT or
aggRR-P3HT and 30 nm poly-Si (aggRR-P3HT /poly-Si PHJ and RRa-
P3HT/poly-Si PHJ, Figure 1b) under nitrogen atmosphere. To be able
to perform TA spectroscopy of the individual materials and of the
heterojunctions, the poly-Si covers only a part of the substrate
(Figure 1a). Furthermore, we removed a stripe of the P3HT on the Si
side using a cotton tip with chloroform. A summary of the sample
structures used is given in Table 1.

2.2. Summary of Experimental Methods. Details about the
basic optical and morphologic characterization of the thin film samples
and the novel ultrafast transient absorption spectrometer are given in the
Supporting Information. To investigate the nature of the photoexcitations
and their inherent kinetics after visible excitation, we used an ultrafast
1 kHz pump—probe setup with a probe range of 290—740 nm.* The
visible excitation with 15 fs pulses in the range from 450 to 720 nm is
accomplished by a noncollinear optical parametric amplifier (NOPA).***
We expand the probe range to 415—1150 nm by the combination of two
supercontinuum generation stages and a NIR-OPA operated at 1180 nm,
allowing for broadband UV—Vis-NIR TA spectroscopy with 40 fs time
resolution (Figure S3). This OPA was seeded with a supercontinuum
from a YAG crystal*® and generated the Vis—NIR probe continuum in a
CaF, crystal. The pump and probe were focused towards the sample to a
210and 110 um 1/ ¢* beam diameter that allows ensemble averaging over
the finely grained morphology of the thin films to mimic their usage as
photovoltaic device and to ensure low local excitation densities.

3. RESULTS AND DISCUSSION

3.1. Structural Implications of Regioregularity and Sol-
vent. In our study, we aim to understand the process of charge
carrier generation in the polymer P3HT and in the hybrid system
formed by P3HT in combination with silicon. P3HT is a
semicrystalline polymer whose degree of aggregation depends
on the degree of regioregularity of the chain as well as on the
solvent used. In order to assess the role of aggregated P3HT
chains in the charge generation process, we employed samples
with different degrees of regioregularity and spun from different
solvents, as summarized in Table 1. The resulting structure of the
films was carefully monitored via atomic force microscopy
(AFM). The corresponding topographical images in 2D and
3D plots are shown in Figures 2a—c and Figure S1 and reveal a
varied aggregation: While RRa-P3HT exhibits a rather long
spatial coherence length (Figure 2a, Figure Sla), aggRR-P3HT
possesses a fine structure (Figure 2c, Figure S1b). RR-P3HT is
between these two extremes (Figure 2b).

The differences can be understood by regarding the different
processing conditions. In the case of aggRR-P3HT, we have used
chloroform as the main solvent, which exhibits a lower (61 °C)

18222 dx.doi.org/10.1021/ja207887q |J. Am. Chem. Soc. 2011, 133, 18220-18233



Journal of the American Chemical Society

Figure 2. Topographical AFM images of spin-coated films of (a) RRa-
P3HT (rms roughness Ry = 2.2 nm), (b) RR-P3HT (Ry = 1.2 nm), (c)
aggRR-P3HT (R, = 5.4 nm) directly on glass substrate as well as (d)
aggRR-P3HT on top of a 30 nm thin polycrystalline Si layer (Ry =
6.3 nm). For (c) and (d), 2% ethyl acetate was mixed with the chloroform
solution to enhance the aggregation of the RR-P3HT molecules.
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Figure 3. Absorbance and photoluminescence spectra of P3HT in (a)
dilute chloroform solution and (b) of RR-P3HT film. The absorbances
of Si-ncs and RR-P3HT:Si-ncs (5:1) BHJ as film are also shown. (c)
Absorbance spectra of RR-P3HT (blue dashes), oxidized RR-P3HT film
after adding FeCl; (solid gray curve) and P3HT film polaron absorption
(brown dots and brown solid curve).

boiling point as the nonideal solvent ethyl acetate (77 °C). The
already partially aggregated polymer falls out of solution before
the main solvent is fully dissipated and before the film has fully
dried, leading to enhanced aggregation evident in the fine
structure of the AFM data. Comparison of Figure 2c¢ and
Figure 2d further reveals that when spin-coating aggRR-P3HT
directly on poly-Si instead of glass, the fine structure indicating
the aggregation is maintained.

3.2. Optical Characterization. The amount of aggregation
present in a P3HT sample manifests itself not only in the AFM
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Figure 4. (a) Absorbance spectra of neat RRa-P3HT, RR-P3HT + ethyl
acetate (aggRR-P3HT), and neat poly-Si and (b) the corresponding
P3HT/poly-Si PHJs samples compared with the solar spectrum.

characteristics but also in the optical spectra. Figure 3 shows the
absorbance (OD) and photoluminescence (PL) spectra of RR-
P3HT in the dilute chloroform solution and for thin film samples
used in this work. In dilute solution with a good solvent such as
chloroform, RR-P3HT is known to adopt a random coil con-
formation with a distribution of short conjugation lengths. This
results in a structureless absorbance that has its maximum at
446 nm and in a red-shifted more structured PL with peaks at 627
and 688 nm (Figure 3a). The PL originates from the longest
polymer segments after relaxation of the initial photoexcita-
tion. In film, the RR-P3HT chains can planarize to form weakly
interacting H-aggregates that are embedded in a matrix of
amorphous coiled P3HT chains. The resulting absorption thus
consists of a superposition of absorption by coiled chains and
absorption by planar, highly conjugated and aggregated chains.”"
Consequently, the absorption is shifted to longer wavelengths, is
broadened, and shows vibronic peaks at 518, 558, and 608 nm
(Figure 3b) due to the 0—2, 0—1, and 0—O0 transitions, respec-
tively, in agreement with literature data.*' The corresponding PL
also contains vibronic structure with peaks at 650, 712, and 800 nm
(mainly the C=C symmetric stretching mode, 1452 cm™ ).

By considering the intensity of absorption between 400 and
500 nm and by considering the vibrational structure around
600 nm through a modified Franck-Condon analysis as described
in refs 21 and 47, it is possible to derive the amount of aggregates
present in a film (Figure S2). Figure 4a shows the absorption
spectra of the two limiting cases given in our study, that is,
RRa-P3HT and aggRR-P3HT. The absorption of poly-Si is also
shown for comparison. Analyzing the P3HT absorption in this
fashion, with the assumption that the absorption coefficient
of aggregated chains is 1.39 times that of coiled chains,*” yields
a percentage of (38 & 5)% aggregates for the aggRR-P3HT
sample and of (24 £ 5)% aggregates for the RRa-P3HT sample
(Figure S2). RRa-P3HT possesses less aggregation and a reduced
conjugation length compared to RR-P3HT, which was attributed
to the adverse steric repulsive interactions between the hexyl side
chains and the sulfur."”*® Figures 3b and 4b illustrate that when

18223 dx.doi.org/10.1021/ja207887q |J. Am. Chem. Soc. 2011, 133, 18220-18233



Journal of the American Chemical Society

the P3HT is intermixed with Si-ncs or spun on top of poly-Si,
the absorption spectrum is given by a superposition of the
individual components. Thus, in agreement with the AFM
data, spinning a film on top of a silicon substrate does not seem
to affect the amount of aggregates formed. Figure 4b further
demonstrates the good match of the heterojunction absorp-
tion against the solar irradiation spectrum that is essential for
efficient solar cells.

In order to study the process of charge generation in these
material systems, we do not only need to know how many aggre-
gated or coiled chains are present in the P3HT but also require a
spectroscopic signature for charges in P3HT films. P3HT thin
films can be chemically oxidized employing a strong oxidant.”>*
Figure 3c shows the absorbance spectrum of thus oxidized RR-
P3HT thin films after dipping into 20 ppm solution of iron(III)
chloride (FeCly) in acetonitrile (CH3;CN) for 1 min followed by
rinsing with acetonitrile to remove excess oxidant. From the raw
spectrum of the treated film we obtain the P3HT polaron
(P3HT") absorption as follows. The treatment with FeCl;
decreases the known absorbance of the neutral P3HT molecule
(blue dashes) and increases absorbance in the range from about
560 to 1150 nm (brown dots). Partial saturation occurs at
treatment longer than 2 min. The difference between the blue
dashed line scaled to the peak of the gray solid curve in Figure 3c and
the gray solid curve reveals the RR-P3HT film polaron absorption
(brown dots and brown solid line). It ranges from about 560 to
1150 nm with a characteristic shape and increases again up to the
mid-infrared spectral region. The same oxidation was performed for
RRa- and aggRR-P3HT, and the results are shown in Figure 5.
Comparable but, because of reduced conjugation length, slightly
shifted results of the cation absorption are obtained for P3HT in
solution where chemical oxidation was introduced via adding
pentachloroantimonate (Figure S6, see details in Supporting In-
formation). Similar oxidation experiments as the ones gresented
here have been reported and yielded very similar spectra.”>*>>

The polaron absorption spectrum, that we obtain in the P3HT
films (Figure 3c), closely matches the subgap polaron absorption
bands obtained by CW photoinduced abso;ption (PA) measure-
ments as reported in recent publications.”'"***"** Therefore,
we use our measured polaron absorption spectra for the indivi-
dual P3HT types for comparison with the transient absorption
spectra throughout the whole work.

3.3. Primary Photoexcitations. The thoroughly character-
ized samples and the systematic variation of their composition
allow the study of the excitations formed after illumination. To
directly probe the nature of the primary photoexcitations and the
inherent photovoltaic conversion processes in hybrid P3HT/Si
layers, we performed ultrafast pump—probe (transient absorp-
tion, TA) spectroscopy. The thin film samples were designed to
enable direct comparison between neat P3HT, neat Si, and the
P3HT/Si heterojunction in ultrafast TA spectroscopy at the same
experimental conditions by moving the relevant sample regions
into the pump—probe region. We chose pump and probe beam
diameters at the sample that allow for ensemble averaging over the
finely grained morphology of the thin films to mimic their usage
as photovoltaic device and to ensure low excitation fluence
(9 uJ/cm” at 518 nm) comparable to the solar exposure. The low
excitation fluence was also chosen to prevent modulation of the
transient signatures due to a thermally induced sg)ectral blue shift,
which might occur at high excitation fluences.’

Figure S shows typical Vis—NIR TA spectra for aggP3HT/
poly-Si PHJ, RRa-P3HT/poly-Si PHJ, and RR-P3HT:Si-ncs BHJ

(red solid curves) compared with the TA spectra of the corre-
sponding neat polymer film (black solid curves). Spectra were
recorded for the full range from 10 ps prior to the pump pulse up
to 2 ns after the pump pulse (see Figure S11). Spectra taken at
300 fs, 20 ps, and 1-2 ns pump—probe delay are shown. The
spectra are composed of negative AOD signals in the spectral
region of the P3HT film absorption between 415 and 630 nm
because of ground state bleach (GSB) and positive signals at
longer wavelengths due to photoinduced absorption (PIA), i.e.
excitons and polarons.

In order to directly compare the transient spectra and the
kinetics of the charged species of the various neat P3HT with
the corresponding P3HT/Si heterojunctions, the same number
of initial photoexcitations needs to be considered. Small devia-
tions in this number of initial photoexcitations occur in the
experiment due to small variations in film quality, film thick-
ness, and thus absorption or due to small changes in pump
beam size and pump energy between the various samples. The
integral over the GSB area equals the product of the excitation
density times the strength of the first electronic transition of P3HT
regardless of small variations of Franck-Condon activity due to
differing morphologies of P3HT in the various samples.>* The
integral therefore represents a good relative measure of the
number of initial photoexcitations. We use the transient spectrum
of the aggRR-P3HT film as reference. The TA spectra of the other
polymers and PHJs are each scaled by a small factor (0.7—1.3) for
the whole data set of 250 time steps and 512 wavelengths. As a
result, all spectra yield the same GSB area integral at the earliest
usable time delay. We found that any delay time between 0 and 80
fs gives the same result. This procedure allows for considering the
same number of initial photoexcitations in the films. Any changes
in the optical density (AOD in %) that would be seen under
reference conditions are then solely inherent to the different
nature of the sample.

For each measurement, the pairwise difference between TA
spectra of the heterojunction and the neat polymer is calculated
(green solid curves). For comparison, the particular P3HT film
polaron absorption spectrum (blue dashes) is included. The GSB
of aggRR-P3HT and RR-P3HT clearly reveals the characteristic
vibronic structure of the P3HT aggregate, in particular at 1-2 ns
after excitation, which does not show a spectral shift during the
delay times covered in the TA measurements. In Figure 5, we
further observe the relative signal ratio between the 0—0 and
0—1 GSB peak to change over time and, most importantly, the
GSB at 500 nm to reduce with time. As detailed further below in
section 3.6.1 and in the Supporting Information, this is a
signature that energy transfer takes place from coiled chains to
aggregated chains.

Since the GSB is due to those P3HT chains which are not in
the electronic ground state, it directly monitors the total
number of photoexcitations such as excitons or polarons still
present at a given delay time. The broadband PIA signals with
positive AOD (compare Figure 5) are adjacent to the GSB and
exceed the NIR detection range. We compare the PIA for the
hybrid heterojunctions (red solid curves) to the corresponding
neat polymer (black solid curves) and the difference spectra for
each pair with the chemically obtained P3HT film polaron
absorption spectrum. We find that the difference spectra match
the P3HT film polaron absorption spectra in the range of about
620—850 nm. The comparison also reveals a region of en-
hanced PIA through adding Si to P3HT. From this we conclude
that combining P3HT with silicon results in the generation of
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Figure S. Transient absorption of (a) aggRR-P3HT/poly-Si PHJ, (b) RRa-P3HT /poly-Si PHJ and (c) RR-P3HT:Si-ncs BHJ for 300 fs, 20 ps and
1—2 ns pump—probe delay. The spectra are scaled to the same number of initial photoexcitations. The P3HT polaron absorption (blue dashes)
and the difference (green solid curve) between neat P3HT (black solid curve) and P3HT/Si (red solid curve) are compared. Excitation: 518 nm,

9 uJ/cm®.

additional P3HT cations, i.e. polarons. In the neat P3HT film,
this polaron absorption also seems to be present, albeit at a
significantly reduced level. From a comparison of the signal
magnitude at 660 nm in the neat P3HT film and in the hybrid
heterojunction we infer that the polaron yield in the P3HT/Si
heterojunctions is more than a factor of 2 higher. Clearly, there
must be ultrafast electron transfer from P3HT to Siin PHJ and
BH]J morphologies. Consequently, Si is a promising electron
acceptor for hybrid photovoltaic devices, in accordance with
results by LESR.”

18225

We now focus on the PIA spectra in the range of 900—1100 nm.
In this range, the difference spectrum, given by the green solid curve
in Figure S, does not match the polaron absorption sPectrum
(blue dots). In agreement with previous investigations, 6125,29,30
we assign the photoinduced absorption in this spectral range to
absorption by singlet excitons. To support this assignment, we
performed TA measurements of RR-P3HT in various dilute
solutions, where the intermolecular distance is high. We found
that under these conditions, P3HT cation formation does not
take place (Figure S7, see details in Supporting Information).
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Figure 6. (a) Experimental TA signals (open symbols) as function of the pump—probe delay with corresponding fits (solid curves) of GSB (green), singlet
exciton (red), and polaron (blue) for the aggRR-P3HT /poly-Si PHJ. The fit parameters are listed in Table 2. (b) PIA band single-channel fit amplitudes and
time constants for the 140 fs component (red triangles) and the 1 ps component (black dots). The dashed lines are the signals taken for (a). The band
assignment (inverted green curve) from Figure Sa agrees with the separation of polaron and exciton signatures via the fit amplitudes of the 140 fs component.

The singlet exciton leads to stimulated emission and undergoes
intersystem crossing on the nanosecond time scale to a triplet
state with a characteristic transition at 1.49 eV (830 nm). The
energetic position of the P3HT triplet transition conﬁrms and
adds to recent experimental and theoretical investigations." 35 In
addition to confirming the assignment of the singlet and triplet
excitons, this measurement also implies that excitation dissocia-
tion does not occur efficiently on a single polymer chain.
Moreover, the difference spectrum between the hybrid system
and the neat P3HT in Figure S shows a reduced PIA in the range
of 900—1150 nm, which suggests that adding silicon to P3HT
rapidly reduces the number of singlet excitons. The time evolu-
tion of the TA signals will be analyzed in detail further below. No
transient signatures of stimulated emission (SE) or a triplet state
are detected in any of the film measurements. This observation
and the concomitant increase of polaron absorption and reduc-
tion of exciton absorption when P3HT is combined with silicon
suggest the dissociation of singlet excitons as a path for polaron
formation. We therefore conclude that the enhancement of
polaron yield in P3HT by adding Siis due to an ultrafast electron
transfer from P3HT (electron donor) to Si (electron acceptor)
for all morphologies, namely PHJ and BHJ. We note that
no transient signatures could be detected for the neat Si films
or for excitation of the P3HT/Si heterojunctions with a pump
wavelength of 720 nm, which is outside the P3HT absorption
(Figures 3b and 4a). This shows that the observed effect of
enhanced polaron absorption and reduced exciton absorption is
due to electron transfer from excited P3HT to Si and not due to
optical effects such as a transient change of index of refraction in Si.
So far we have assigned the various features of the TA spectra
to photoexcitations, and the general observations pertained to all
sample structures. We now consider the quantitative differences
that arise between the various samples. In agreement with
previous work,"®**** we find some polaron formation to occur
also for the neat P3HT films. Taking the signal magnitude around
660 nm as a measure for the amount of polaron formation, we find
the initial yield to decrease in the order aggRR-P3HT, RR-P3HT,

and RRa-P3HT. This is also the order in which the amount of
aggregated chains in the film decreases (Figure 2). Therefore, the
obtained clear discrimination between the TA spectra of the three
types of P3HT matches the distinct differences in the correspond-
ing optical and structural properties. We thus associate a higher
polaron yield with an enhanced degree of aggregation and extended
conjugation, enabling hlghly delocahzed excitations and charge
carriers with high mobility.”*

This effect of the P3HT structural order on the polaron yield is
also manifested in the hybrid heterojunctions. Comparison of the
polaron absorption signal (at 660 nm; see red curve in Figure S)
indicates about a factor of 2 more efficient initial polaron
formation for aggRR-P3HT/poly-Si PHJ compared to RRa-
P3HT /poly-Si PHJ. We attribute this finding to the higher
degree of conjugation, pronounced exciton delocalization, and
an increased mobility of charge carriers which enable a more
efficient charge transfer. A possibly more favorable free energy of
charge generation through improved band ahgnment for ordered
P3HT chains remains to be investigated.*® Recent results state a
rise only of the HOMO energy level and no change of the LUMO
level through chain ordering.’” For a possible photovoltaic
application, we compared RR-P3HT:Si-ncs BHJs with aggRR-
P3HT /poly-Si PHJs. The polaron yield is higher and their
lifetime is slightly longer in aggRR-P3HT/poly-Si PHJ than in
RR-P3HT:Si-ncs BHJ as becomes evident through comparison
of the TA spectra in Figure 5a,c. The former can be attributed to
the intermediate P3HT type used in the BHJ. The latter is
assigned to Si dangling bond defects in Si-ncs which act as
recombination centers. To address this, we are currently working
on postgrowth treatments, e.g.,, HF etching, vacuum annealing,
and surface functionalization, which improve the surface and
defect properties.*® Moreover, interrupted percolation paths in
the current BHJ morphology can also lead to enhanced recom-
bination and limit the efficiency, as not the entire amount of
photoinduced charge carriers can move to the electrodes. To
overcome this, the fabrication of a defined BHJ morphology via
nanoimprinting is a promising approach.
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In summary, our TA measurements point out that polymer
structural order plays a significant role in hybrid solar cells,
though Si can significantly enhance the initial polaron yield even
in the disordered RRa-P3HT (Figure Sb). Below, it will be
investigated whether bound polaron pairs or mobile charge
carriers are formed in the P3HT/Si heterojunctions.

3.4. Temporal Evolution of the Charge Generation Process.
Having identified the features of GSB (about 415—620 nm),
polaron absorption (about 620—900 nm), and singlet-exciton
absorption (900—1150 nm), we now consider their inherent
kinetics in a quantitative fashion. Figure 6a shows the evolution
of the TA signals for the GSB (at 550 nm), the polaron absorption
(at 660 nm), and the singlet exciton absorption (at 1000 nm) of
aggRR-P3HT /poly-Si PHJ on a time scale up to 2 ns with a time
resolution of 40 fs. From Figure 6a, a few observations can be made
immediately. First, the GSB and the singlet exciton absorption
reach their maximum signal with a rise time of 40 fs (see also the
inset), i.e., within the experimental resolution. This observation is
important, as it implies that the exciton is formed directly upon
photoexcitation. Second, the polaron absorption signal shows a
delayed rise. It reaches its maximum at about 300 fs. This rise of the
polaron signal is matched by a corresponding initial decay of the
singlet exciton absorption signal. This suggests that the singlet
exciton, formed by absorption, decays to form polarons. Third, the
ultrafast time evolution of the GSB and the singlet exciton
absorption signal is very similar. This can be readily understood
by an additional ultrafast nonradiative decay mechanism of at least
some of the excited P3HT molecules. A minimal rate model that
allows relaxation of the exciton into the polaron by dissociation
and to the P3HT ground state by nonradiative decay directly
renders the result that the yield of each channel is given by the ratio
of the individual rate to the sum of both.** The spectroscopic
signal is additionally weighted by the respective extinction coeffi-
cients. The exciton serves as a reservoir, and the same femtosecond
kinetics is observed for the decay of the exciton signal and the
recovery of the GSB.>’ Nonradiative electronic decay on the
femtosecond time scale is now widely reported for a large variety
of molecular systems®~** and believed to be frequently mediated
by conical intersections.®>*® Whether a conical intersection is also
responsible for the observed ultrafast nonradiative decay in P3HT
films has to be clarified in the future. It has recently been
established in conjugated polymers that exciton localization occurs
in tens of femtoseconds and leads to nonemissive states.’”*®
Single-molecule spectroscopy has correlated the ultrafast relaxa-
tion to aggregated regions of the polymer.”’

To further substantiate the conclusion that the polarons are
formed from the excitons, we have fitted the decay of the transient
data. Already a visual interpretation of the kinetic traces shows that
there is the ultrafast signal change as discussed above and an
additional slower component. It is possible to model the decay of
the GSB and the singlet exciton absorption as a stretched expo-
nential (SE) curve. A stretched exponential decay is expected for
films that possess an ensemble of ordered and disordered regions
and a correspondingly broad distribution of decay times.”””" As we
are particularly interested in the initial signal changes, we treat the
ultrafast component separately by fitting the GSB and the singlet
exciton absorption according to the function

AOD = Ajexp( —t/11) + Aspexp( — t/‘L’SE)ﬁ + const (1)

We also use eq 1 to fit the polaron absorption signal. The
polaron decay will also be characterized by a distribution of

Table 2. Fit Parameters: Amplitudes and Time Constants for
the Transient Species in Figure 6

parameter  polaron (660 nm)  exciton (1000 nm)  GSB (550 nm)

A, —146 x 10 26 x10°° —16x10°
7, (ps) 0.14 0.14 0.14

Ase 202 x 1073 71 %103 —13.6 x 10
7gg (ps) 0.41 0.63 0.6

relaxation times, because of various on-chain and interchain
recombination paths. Therefore, the use of a stretched exponen-
tial fit for the decay kinetics is justified.”" The fit curves obtained
are indicated as solid colored curves in Figure 6a. The fit
parameters A;, Agg, Ty, Tsg are listed in Table 2 for the AOD
signals at 660 nm (polaron), 1000 nm (exciton), and 550 nm
(GSB). The exponent 3 was found to be 0.5 in all cases. Figure 6b
illustrates how these fit parameters vary as a function of probe
wavelength across the entire detected spectral range.

We find that the singlet exciton absorption and the GSB both
decay with a similar first ultrafast time constant of 140 fs,
followed by a slower decay, for which the combination of
Tsg & 0.6 ps and 3 = 0.5 yields an average decay time (7) of about
1.2 ps. We find the same time constant of 140 fs for the delayed
buildup of the polaron signal, followed by a decay characterized
by an average decay time (7) of about 0.8 ps. The fact that the rise
of the polaron population is correlated with a simultaneous decay
of the exciton population is strong evidence that the Eolarons are
created through the dissociation of singlet excitons.””

From the overview of the fit parameters in Figure 6b, we see
that the time constants found in our fits stay rather constant over
the entire spectral range of the individual transient species.
Moreover, the fastest time constant 7, is present over the entire
probe spectral range. This implies that the chosen model
describes the intrinsic dynamics properly. The variations of the
Tsg decay time between the transient species can be attributed to
different recombination processes for polarons and excitons as
well as energy transfer processes between coils and aggregates
suggested above and demonstrated in more detail below. The
amplitudes for the ultrafast 140 fs component (A,) and the
slower component (Agg) have the same sign in the spectral
region describing the singlet exciton absorption, that is, from 900
to 1150 nm and beyond. For shorter probe wavelengths, when
the polaron absorption is probed, the amplitude A, for the 140 fs
component changes sign, as it no longer describes an absorption
decay but rather the delayed rise of the polaron absorption. This
evident correlation between singlet exciton decay and polaron
rise further strengthens our interpretation. Similar kinetics are
observed for neat P3HT, RRa-P3HT/poly-Si PHJ, and RR-
P3HT:Si-ncs BHJ, independent of pump polarization orienta-
tion. At 6 ns, the GSB shows 5% of its initial signal magnitude that
we assign to long-lived photoexcitations, which can readily be
harvested in a solar cell. At this point we want to emphasize that
the samples were optimized for ultrafast TA measurements and
not for optimum solar cell performance, where reduced recom-
bination can be achieved via various methods as detailed in the
introduction and the conclusion sections.

For an absorbed number of photons of 2.6 x 10 per pulse at an
excitation of 9 uJ/cm” at 518 nm, we obtain an excited state
areal density of 2.4 x 10" cm™ > (Table 3, see details in Support-
ing Information). The polaron cross section of (34 + 2) X
10 '° cm?, the polaron molar extinction coefficient of
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Table 3. Parameters of the P3HT/Si Heterojunction with
9 u)/cm” Excitation at 518 nm

parameter
absorbed photons 2.6 x 10°/pulse
areal density of excitations (cm ™) 24 % 10"
polaron cross section (cm?) (34+2)x 107
initial charge density (em™3) 6 x 10'®

Table 4. Initial Quantum Yields of Charges in Neat P3HT
and aggRR-P3HT/poly-Si PHJ

Sample P3HT" P3HT ™ P3HT + E Si—
aggP3HT 0.17 0.17 0.83 0
aggP3HT/Si 0.38 0.13 0.62 0.25

(44 1) x 10* L mol " cm ™', and the initial charge density
of 6 x 10"® cm ™ obtained from our measurement series are
similar to previous investigations of RR-P3HT:PCBM BH]
at comparable excitation fluence.'®*%7?

With the interpretation that photoexcitation generates exci-
tons that subsequently decay into polarons, it is possible to
estimate the maximum yield of polarons formed initially by
considering the relative magnitudes of the TA signals at 300 fs
given in Figure S. Details of the calculations can be found in the
Supporting Information. While we estimate a maximum quan-
tum yield of 17% for the formation of the P3HT" polaron in a
neat film of aggRR-P3HT, this value raises to 38% in the planar
heterojunction (aggRR-P3HT/poly-Si PHJ) in combination
with a maximum Si~ yield of 25% (Table 4). We note that in
the heterojunction device, the P3HT layer covering the silicon
has a film thickness of only 40 nm so that excitons are created
close to the donor—acceptor interface. The significant enhance-
ment of exciton dissociation in the presence of silicon implies
that silicon performs very well as an electron accepting material.
The charge yield points to efficient electron transfer and a spatial
exciton delocalization in ordered P3HT of about 10 nm, in
agreement with previous investigations.ﬁ/z*'75

The obtained polaron yields are similar to RR-P3HT:PCBM
studied previously,” which raises the hope for aggRR-P3HT/Si
heterojunctions to achieve comparable power conversion effi-
ciencies as existing and even commercially available thin film
solar cells based on RR-P3HT:PCBM BH]Js.>*

3.5. Charge Recombination Processes. So far we have
substantiated the discussion of the yield and the time scale of
the exciton dissociation into polarons. Now we address the issue
of whether the positive and negative polarons formed are still
Coulomb-bound as a geminate pair or whether they are free
charge carriers. This question is crucial for the efficient operation
of photovoltaic devices. There is no obvious reason why the TA
spectra of bound polarons should be very different from those of
free polarons. We are therefore not able to distinguish between
bound and free polarons on the basis of the TA spectra. However,
it is possible to distinguish the two species by considering their
recombination kinetics. We expect a pair of geminately bound
positive and negative polarons to recombine (radiatively or
nonradiatively) with each other, i.e., monomolecularly. Their
decay should therefore not be affected by the overall number
density of bound polaron pairs that are formed upon photo-
excitation. Further, the number density of bound polaron pairs

formed should not impact on the singlet exciton population, thus
leaving the decay kinetics of the singlet exciton absorption or the
GSB unaltered. In contrast, if exciton dissociation results in the
generation of free, i.e., nongeminate, positive and negative polar-
ons, then these charges can only recombine when they meet each
other, i.e,, by bimolecular charge—charge annihilation. The prob-
ability of meeting the oppositely charged polaron thereby increases
with the number density of polarons formed.'®”* Further, singlet
excitons can recombine through quenching by free polarons, and
the probability for this exciton-charge annihilation also increases
with the number density of free polarons.'®”®”” Thus, in summary,
for geminately bound polarons we expect the decay transients of
polaron absorption, singlet exciton absorption, and GSB to be
independent of excitation fluence, while we expect accelerated
decays with increasing excitation fluence for free polarons gener-
ated upon singlet exciton dissociation.

To study the role of delocalization and the nature of the
recombination processes in P3HT /Si heterojunctions, we record
Vis—NIR TA spectra up to 2 ns delay with increased excitation
fluences from 4 to 60 uJ/cm® The absorption signals of the
corresponding relevant transient species in aggRR-P3HT/poly-
Si PHJ (Figure 7a), RRa-P3HT/poly-Si PHJ (Figure 7b), and
RR-P3HT:Si-ncs BH]J (Figure S8) are normalized against their
individual initial maximum. This allows the study of the recom-
bination rate as a function of excitation fluence. For the RRa-
P3HT/poly-Si PHJ sample we find the decay kinetics to be
independent of excitation fluence. Consequently, the polarons
formed in a PHJ of silicon with RRa-P3HT are predominantly
Coulomb-bound. In contrast, we find enhanced decay rates with
increasing excitation fluence for aggRR-P3HT/poly-Si PH]J,
suggesting the predominant formation of free polarons. The
same observation is made for RR-P3HT:Si-ncs BH]Js (Figure S8).
In Figure 7a the enhanced decay rate leads to an apparent shift of
the maximum of polaron absorption to earlier times, covering the
delayed polaron rise.

Consequently, in the aggRR-P3HT /poly-Si PHJ and the RR-
P3HT:Si-ncs BHJ photoinduced ultrafast generation of free
charges is obtained, which opens the route for efficient charge
extraction from the active layer in the hybrid devices. In fact, it
was recently shown that the competition between extraction and
bimolecular recombination of mobile charges determines the
dependence of the photocurrent on the applied bias and there-
fore the fill factor in RR-P3HT:PCBM BHJ devices.”®””

It is worthwhile to briefly reflect on these results. For the RRa-
P3HT/poly-Si PHJ, photoexcitation near the hybrid interface
results in excitons that are mostly localized on coiled chains. An
electron is then transferred to the poly-Si with a time constant of
140 fs, leaving behind a P3HT™ cation, i.e., a positive polaron. In
silicon, the electron can be expected to be well delocalized
because of the high dielectric screening. However, on the coiled
P3HT chain, the conjugation length is low and the energetic
disorder is high. As a result, the positive polaron is localized in the
sense that its coherence length and its mobility are low. It seems
that the presence of a more “pointlike” and moreover “immobile”
positive charge on the P3HT prevents the formation of free
polarons. In a certain way, the situation is comparable to that of a
point charge in front of a metal that feels an attractive force. In
contrast for the aggRR-P3HT /poly-Si PHJ, a significant fraction
of the excitations are created on planar, aggregated chains that are
characterized by a high conjugation length and low energetic
disorder. After charge transfer, the delocalized electron in the
silicon is thus interacting with a positive polaron that not only is
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Figure 7. (a) Decay of TA signals for increased excitation fluences (4, 10, 40, and 60 xJ/cm® at 518 nm) reveals bimolecular nongeminate
recombination in the case of aggRR-P3HT /poly-Si PHJ. (b) Decay of TA signals for increased excitation fluences (S, 20, 40, and 60 4]/ cm”at 518 nm)
reveals monomolecular geminate recombination in the case of RRa-P3HT /poly-Si PH]J.

comparatively delocalized but also has a high initial mobility due
to the low disorder. Such a polaron might move away from the
hybrid interface, for example, by spectral diffusion to slightly
longer conjugated segments, thereby overcoming the weak
Coulomb attraction to the delocalized electron in the silicon
and thus leading to the formation of a free pair of positive and
negative charge. This finding is also supported by anisotropy
measurements (Figure $10). It seems that a key issue in exciton
dissociation is the delocalization, the dielectric screening, and the
mobility of both the electron and the hole. Thus, a significant
implication of the polymer structural order for hybrid and
organic solar cells becomes evident and can be understood on
a microscopic level.

Our interpretation of the results is based on the concept of
singlet exciton dissociation into bound or free polaron pairs that
we support by Figures 5 and 6. From the excitation fluence of
4 4] /cm®, where bimolecular annihilation sets in, we derive a mean
excitation spacing of more than 6 nm in aggRR-P3HT and RR-
P3HT, assuming an isotropic distribution of photoexcitations
within the pump—probe volume. This finding reveals that despite
the 6 nm (~15 thiophene repeating units) separation between the
initial photoexcitations, the subsequent bimolecular interactions
due to the generated mobile polarons can still take place pointing
to high charge carrier mobility and rather spatially delocalized
excitations, in agreement with other TA measurements for con-
jugated polymers,”>”* and supporting the degree of delocalization
indicated from our quantum yield calculations mentioned above.

It was previously suggested that polarons in conjugated polymers
may also be generated from higher excitonic states accessed b
sequential excitation or by exciton—exciton annihilation.***~%
These delocalized “hot exciton” charge-transfer states are supposed
to exhibit a higher dissociation probability via enhanced electron—
hole separation and charge mobility.”>**** These additional pro-
cesses cannot, however, be the dominant polaron formation

18229

pathway in the present work for several reasons. First, the polaron
formation happens with a 140 fs time, which is too fast for
bimolecular annihilation processes.'®””** Second, sequential excita-
tions during the pump pulse come into play only at very high
excitation fluences starting at 100—400 uJ/cm”*"** Third, the
polarons show the same intensity dependence as the excitons
(Figure S9) and are thus generated from singlet excitons.

3.6. Variation of Excitation Wavelength.

3.6.1. Energy Transfer. We have seen that the conformation of
the polymer chain has a major impact on the nature of the
photogenerated charges. The number of excitations created on
coiled chains or on aggregated chains is determined not only by
the choice of P3HT regioregularity and solvent but also by the
choice of excitation wavelength. Figure 8 shows ultrafast
UV—Vis TA spectra of neat RR-P3HT thin films at 60 fs, 300
fs, 13 ps, and 140 ps with excitation at 450 nm (blue solid curve)
and 600 nm (red solid curve). The spectra are normalized against
the GSB so that signal changes solely inherent to the variation of
the pump wavelength can be studied. The transient absorption
spectra contain signatures of GSB (425—625 nm) and of polaron
absorption (>625 nm). The inverted RR-P3HT film absorption
spectrum (OD, green solid curve) is scaled to the RR-P3HT GSB
peaks. The calculated difference spectra between the GSB and
the inverted thin film absorption are shown as dashed curves for
both excitation wavelengths (TA — OD, dashed). These differ-
ence spectra are then compared to the scaled absorption
spectrum of RR-P3HT in dilute chloroform solution (OD, cyan
solid line).

At 60 fs, the GSB of the RR-P3HT film is significantly broader
when excited at 450 nm than for excitation at 600 nm. Immediately
after excitation with 600 nm, the GSB of the film lacks the spectral
components equivalent to the absorption spectrum in dilute
chloroform solution. In dilute chloroform solution, polymers form
coils as the chains curl up. Thus, at 60 fs after excitation, only planar
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Figure 8. UV—Vis TA spectra of RR-P3HT thin film at 60 fs, 300 fs,
13 ps, and 140 ps with excitation at 450 nm (solid blue curve) and at
600 nm (solid red curve). The inverted absorption spectrum of RR-
P3HT thin film (OD, green solid curve) is scaled to the RR-P3HT GSB
peaks to extract the differences (TA — OD, corresponding dashed
curves) between the transient spectra and the film absorption, which are
compared to the absorption spectrum of RR-P3HT in dilute chloroform
solution (OD, cyan solid curve).

aggregated chains are excited by light with 600 nm, while both
coiled and aggregated chains are excited by light with 450 nm. This
distinct difference between the spectra obtained for excitation with
450 nm and with 600 nm stays visible up to 13 ps. At 13 ps, the film
GSB coincides for both pump wavelengths. The difference
between the GSB at 13 ps and the inverted film absorption
spectrum corresponds to the absorption spectrum of P3HT coils
except for some weak low energy tail around 480 nm.

At 140 ps after excitation, the GSB shows even clearer vibra-
tional structure and the difference between GSB and inverted film
absorption spectrum reveals spectral parts missing in the GSB
which are even beyond the coil absorption spectrum. This indicates
further slow energy migration within the aggregates toward more
planar and extended conjugated segments, e.g., via torsional relaxa-
tion or excitation energy transfer (EET).%>* Thus, the GSB beyond
13 ps reveals the absorption spectrum due to RR-P3HT aggregates
only, which is taken from the 140 ps case for Figure 9. It can be seen
that aggregate absorption ranges from 460 to 625 nm.

For excitation at 600 nm, the GSB at 60 fs and the GSB at
140 ps are identical except for the changes in the 0—0 peak intensity
already discussed in the context of Figure S. In contrast, for
excitation at 450 nm, the GSB loses the higher energy contribu-
tions that are attributed to coiled chains. We attribute this
behavior to an energy transfer from unordered (coils) to ordered
domains (aggregates, planar segments) in RR-P3HT films, as
also indicated in the TA measurements of the PHJs and the BH]J
above. Parts a and b of Figure 3 show that the PL of RR-P3HT in
dilute solution (coils) overlaps with the absorption spectrum of
RR-P3HT thin films, which is a prerequisite for efficient electronic
energy transfer.®®”® With excitation of the RR-P3HT film at

RR-P3HT/Si hybrid solar cell:
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Figure 9. Dependence of initial polaron yield (black squares) on
excitation wavelength for RR-P3HT/Si heterojunctions. Selective ex-
citation of coiled (blue curve) vs aggregated (red curve) RR-P3HT
domains reveals greater than a factor of 2 more efficient charge
separation if exciting directly the aggregated RR-P3HT domains.

450 nm, both coils and aggregates are addressed; however, the
coils undergo downhill energy transfer to the aggregated
regions. An analysis of the ratio between the GSB intensity
at 480 nm for excitation at 450 and at 600 nm reveals a forward
1/e energy transfer time of about 3 ps (Figure SS, see more
details in the Supporting Information). It is interesting to note
that this is the same time constant as observed for the energy
transfer from glassy phase to a planarized phase in poly(9,9-
dioctylfluorene).>”

3.6.2. Role of Excess Energy. Figure 8 allows us to distinguish
the absorption range of coils and aggregates. For excitation
wavelengths above 500 nm one predominantly addresses the
aggregated RR-P3HT regions. For excitation above 550 nm one
exclusively addresses the aggregated RR-P3HT regions. Further-
more, with excitation wavelengths below 500 nm one predomi-
nantly addresses the coiled RR-P3HT regions. We can therefore
selectively excite ordered or disordered regions of P3HT films.
Variation of the excitation wavelength thus provides an alter-
native approach to control whether coiled or aggregated chains
are initially excited. We use this to further corroborate our results
obtained on the morphology dependence of the polaron yield.
Figure 9 shows the initial polaron yield at about 300 fs as a
function of the excitation wavelength at the hybrid heterojunc-
tion with the intermediately aggregated RR-P3HT. For compar-
ison, the absorption spectra of coiled and of aggregated P3HT
chains (taken as the GSB at 140 ps from Figure 8) are also shown.

For this experiment, the pump pulse was adjusted to central
wavelengths of 450, 475, 518, 535, 555, and 600 nm and pulse
durations of about 15 fs with the same experimental pump—probe
conditions. For directly comparing the transient spectra of hybrid
RR-P3HT/Si heterojunctions excited at different wavelengths, the
transient spectra were scaled according to the individual initial
P3HT GSB (internal standard). In this case, comparing the initial
polaron absorption magnitudes of the various TA spectra can
reveal changes in polaron yield solely inherent to the different
excitation wavelengths while considering the same number of
initial photoexcitations in the P3HT/Si heterojunction.

Figure 9 reveals an enhancement of more than a factor of 2 of
initial polaron yield by increasing the excitation wavelength from
450 to 600 nm. The trend was obtained independently on the
device structure, i.e., for PHJ and BHJ geometries. The error bars
result from multiple measurements of several hybrid RR-P3HT/
Si samples under the nominally same experimental conditions.
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The increase by a factor of 2 matches the enhancement of the
polaron yield which was observed in Figure Sa,b by comparing
highly aggregated aggRR-P3HT/poly-Si PHJ with RRa-P3HT/
poly-Si PHJ. In the latter case, P3HT coils were predominant.
Our findings are an extension of previous TA investigations
where the degree of aggregation was varied via thermal
annealing.19 In conclusion, we record the same factor of 2 more
efficient charge generation in aggregated polymer-based hybrid
heterojunctions compared to the unaggregated version by two
different and independent methods: (i) by using different P3HT
configurations and therefore solely changing the structural order
in the P3HT film (Figure S) and (ii) by solely changing the
excitation wavelength and therefore selectively exciting defined
P3HT regions (Figure 9). If excess photon energy was necessary
for the exciton dissociation process, we would expect a high initial
polaron yield for excitation at 450 nm and a lower polaron yield
for 600 nm excitation. The fact that we observe exactly the
opposite tendency clarifies that excess photon energy is not
required; however, structural order is essential. Whether this
order enhances charge separation by increasing the initial charge
carrier mobility or by improving the overall energetics or by both
remains an intriguing question for further research.

4. CONCLUSIONS AND IMPLICATIONS FOR HYBRID
AND ORGANIC PHOTOVOLTAIC DEVICES

We have comprehensively studied the nature of primary photo-
excitations and their inherent dynamics in neat P3HT and in
hybrid P3HT/Si thin films by ultrabroadband (UV—Vis—NIR)
transient absorption (TA) spectroscopy with 40 fs time resolu-
tion and varied excitation wavelength. Hybrid heterojunctions
with 30 nm thin polycrystalline Si layers or Si nanocrystals were
processed with P3HT of varied polymer structural order and film
geometry. The spatial and optical properties of planar and bulk
heterojunctions show that Si does not change the P3HT
structure and leads to a broad film absorption range from the
UV to 1100 nm needed for efficient light-harvesting.

Scheme 1 summarizes the primary photoinduced processes in
hybrid P3HT/Si thin film heterojunctions. In the TA experi-
ments, we can identify the transient signatures of P3HT polarons
(620—900 nm) and singlet excitons (900—1150 nm). Our
measurements reveal singlet excitons in P3HT as primary
photoexcitation with a subsequent ultrafast electron transfer
from P3HT to Si as inherent photovoltaic conversion process
for all employed hybrid heterojunctions. The addition of Si to
RR-P3HT or RRa-P3HT significantly enhances the polaron yield
in the active layer

These experiments show that silicon is a particularly favorable
electron acceptor because of the highly efficient charge deloca-
lization. Moreover, the higher dielectric constant, compared to
the state-of-the-art electron acceptor PCBM, allows for an
improved screening of the electron, preventing back transfer.
Besides these advantages compared to organic semiconductors,
Si is abundantly available and offers the possibility of selective
surface modifications and thus interface engineering.

In neat P3HT and in P3HT/Si heterojunctions, we reveal a delayed
polaron formation compared to singlet excitons, which appear
within the experimental time resolution of 40 fs. The population
of polarons has a maximum at about 300 fs after excitation. Thus,
charge generation is probed in real time, revealing a 140 fs rise
time for polarons, which is found to correlate with the initial 140 fs
decay of the singlet excitons in P3HT. We conclude that the

Scheme 1. Primary Photoinduced Processes in Hybrid
P3HT/Si Thin Film Heterojunctions

correlated decay of the exciton population and the rise of the
polaron population indicate polaron formation via singlet
exciton dissociation. In particular we stress that there is no
significant polaron population immediately after excitation,
i.e., after 40 fs. The ultrafast charge transfer (CT) process
implies a strong exchange integral of the excited state orbitals
of electron donor and acceptor.

This result demonstrates that the observation of ultrafast
charge carrier generation is not in contradiction to the initial
formation and subsequent dissociation of a singlet exciton, in
contrast to recent suggestions made for the mechanism of charge
carrier generation in the blend of the low band gap polymer
PCDTBT with PCBM.*! Their argument essentially pertains to
the fact that free charges can be observed as fast as 100 fs after
photoexcitation. Similar interpretations for a MDMO-PPV:
PCBM blend have been made earlier.”® This issue, whether light
absorption immediately creates free charge carriers or excitons, is
central to the understanding and optimization of photoconver-
sion in organic and hybrid solar cells. A problem in resolving
this issue pertains to the experimental limits of time resolu-
tion and spectral range that are available for optical probing.
Here we have developed a novel ultrabroadband gap-free TA
spectroscopy setup with a time resolution of 40 fs over the
entire spectral range from 415 to 1150 nm. This allows us to
monitor both the decay of the primary excitation and its evolution
into a charge pair state.

We have investigated the difference in the polaron formation
process for RRa-P3HT, where only a small part of the film is
composed of aggregates and for RR-P3HT containing an in-
creased fraction of aggregates. TA measurements with varied
excitation fluence clarify that in hybrid P3HT/Si heterojunctions
with aggregated P3HT exciton dissociation predominantly leads
to free charge carriers, which can in principle be extracted as
photocurrent. This is evident from the fact that in RR-P3HT/Si
planar as well as in bulk heterojunctions we observe an increasing
recombination rate of polarons with increasing excitation fluence,
indicating bimolecular nongeminate recombination of charges
outside the Coulombic capture radius. These recombination rates
indicate that besides the primary photoconversion processes,
the charge transport and extraction at the electrodes are crucial
issues toward more efficient hybrid photovoltaic devices.
Although we have already performed initial systematic studies
on the reduction of Si dangling bond defects in the Si-ncs,*®
which act as recombination centers, the charge transport and
extraction need to be further addressed in future work. How-
ever, power conversion efficiencies of 1% have been shown
recently with the first P3HT:Si-ncs blends.® Combined with an
optimized charge transport and extraction at the electrodes,
their efficiency is expected to increase.

In contrast, for RRa-P3HT/Si, where there is initially a higher
proportion of excitons on coiled P3HT chains, the decay rate is
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independent of the excitation fluence, suggesting monomolecular
geminate recombination of bound carriers, making it less suitable
for photovoltaics from the photophysical perspective. Geminate
recombination was recently also found for polymer—polymer
blends and seems to be one of the main obstacles to be overcome
for photovoltaic applications.””*” We attribute this difference
between RRa- and RR-P3HT to a more localized hole in RRa-
P3HT leading to localized charge carriers in RRa-P3HT/Si as
opposed to highly delocalized charge carriers in RR-P3HT/Si
revealing that high polymer structural order is a necessity for free
charge generation in P3HT/Si.

Quantitatively, we can demonstrate that using aggregated
P3HT leads to a factor of 2 higher polaron yield compared to
employing disordered P3HT in photovoltaics, by two different and
independent methods: (i) by using different P3HT configurations
and therefore solely changing the structural order in the P3HT film
and (ii) by solely changing the excitation wavelength and therefore
selectively exciting defined P3HT regions. Combined with results
from a modified Franck—Condon analysis, we find that the
polaron yield in P3HT/Si increases disproportionally with in-
creasing degree of aggregation in P3HT. Moreover, we find that
supplying excess energy does not assist the charge carrier separa-
tion, whereas our results indicate that ultrafast generation of free
charges is more dependent on polymer structural order. We argue
that the larger conjugation length, low energetic disorder, and the
concomitant higher initial charge carrier mobility in the planar
aggregated P3HT compared to the short conjugation length in
coiled P3HT favor the dissociation process into free charge
carriers. Additionally, we observed that downhill energy transfer
(ET) from coiled to aggregated chains takes place with a time
constant of 3 ps.

For this reason, purely organic and hybrid photovoltaic devices
using P3HT should employ highly aggregated P3HT. The
loss of high-energy polymer absorption can be compensated
by stacking heterojunctions in tandem or even multiple
solar cells using conjugated polymers with different band
gaps.**®® Detailed investigations of the optimum Si-nc band
gap for charge transfer remains for future research. The
present ultrafast spectroscopic studies combined with on-
going P3HT/Si-ncs device optimization in terms of surface
and defect properties of the Si-ncs as well as of the film
morphology raise the hope to realize efficient P3HT/Si
photovoltaic devices.
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Basic Optical and Structural Characterization of P3HT

The basic optical characterization of the thin film samples was done by UV-Vis-NIR
absorbance measurements recorded with a Perkin Elmer Lambda 750 spectrophotometer. To
differentiate between absorption and scatter, some spectra were recorded with a Perkin Elmer
Lambda 900 equipped with an integrating sphere. Visible photoluminescence spectra were
recorded with a Spex Fluorolog 2 fluorimeter. To gain knowledge on the morphology of the
samples atomic force microscopy (AFM) images were taken with a Veeco MultiMode

Nanoscope V microscope in tapping mode (Figs. 2,S1). The scan size was 10 pm x 10 pum.

Figure S1. Corresponding topographical 3D AFM images of spin-coated films of (a)
RRa-P3HT and (b) aggRR-P3HT on fused silica.
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Figure S2. Modified Franck-Condon fit to the absorption spectra of (a) RRa-P3HT and
(b) aggRR-P3HT taken from Fig. 4(a).
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With the assumption that the absorption coefficient of aggregated chains is 1.39 times that of

coiled chains 'S

, a percentage of (38 + 5)% aggregates for the aggRR-P3HT sample and of
(24 £ 5)% aggregates for the RRa-P3HT sample can be derived with a modified Franck-

Condon fit to the absorbance spectra as indicated in Fig. S2.

Description of the TA Spectrometer

To investigate the nature of the photoexcitations and their inherent kinetics after visible
excitation we used a novel pump-probe spectrometer that allows for ultrafast broadband (UV-
Vis-NIR) transient absorption (TA) experiments at room temperature with a time resolution of
40 fs. The UV-Vis part of the setup employing a Ti:Sa chirped-pulse amplifier system (CPA
2001, ClarkMXR) with 1 kHz repetition rate as common fundamental light source for pump
and probe generation has been described previously. It was extended to allow the
investigation of thin film samples and to expand the detection range into the NIR (Fig. S3). A
single-stage noncollinear optical parametric amplifier (NOPA) was used as pump source
providing ultrashort pump pulses with tunable wavelength. The NOPA allows a very broad
tuning of the pump wavelength providing the possibility of a selective excitation from 450 to
760 nm. For the P3HT-based samples investigated in this work, excitation wavelengths of

450, 518, 535, 555, 600 and 720 nm were selected.

SCG CaF, VAW
T | A UV-Vis probe &
SR PDA

DM1 ='sample 5

Mzﬂ I » FS prisms
V4

—DM2 7

.V,
\

pump}
%i SCG CaF, v
L) [ ]4m  delay
NIR-OPA
I I] Vis-NIR probe VA+WG

PDA

Figure S3. Experimental layout of the novel ultrafast UV-Vis-NIR TA pump-probe
spectrometer. NOPA: noncollinear optical parametric amplifier, SCG:
supercontinuum generation, PC: prism compressor, DM: dichroic mirror, VA:

variable attenuator, WG: wire-grid polarizer, PDA: photodiode array.

The NOPA pulses were compressed with a fused silica prism compressor (PC) and showed

a Fourier-limited 15 fs FWHM pulse duration, measured at the sample position with a second-
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harmonic generation scanning autocorrelator. The pump energy was adjusted to 4-60 nJ using
a combination of an achromatic A/2 waveplate and broadband wire-grid polarizer (Moxtek
Inc.). The energy stability was typically 1.5% RMS. A chopper wheel in the pump beam
blocked every second excitation pulse such that changes in the optical density (AOD) of the
sample could be recorded. The pump beam was led through a 2 ns delay stage. A A/2
waveplate in front of the sample was used to adjust the linear pump polarization relative to the
linear probe polarization.

The UV-Vis and a Vis-NIR broadband probe source were employed in subsequent
measurements. For gap-free TA measurements up to the NIR spectral range, a novel probe
setup was developed employing a combination of two supercontinuum generation (SCQG)
stages and OPA (Fig. S3). First in a NIR-OPA, approximately 1 uJ light from the Ti:Sa
amplifier was focused into a 4 mm YAG crystal to generate a supercontinuum with high NIR
content *°. The SC was subsequently amplified at 1180 nm in a collinear OPA stage
employing a 3 mm long type-I BBO crystal (phase-matching angle: 20°) and pumped by the
fundamental light from the Ti:Sa. Second, about 1-2 puJ of the amplified signal at 1180 nm
were focused into a 5 mm long circularly translated CaF, crystal for SCG. After passing a
short pass dichroic mirror (DM) deposited on a 1 mm fused silica substrate to block the
intense light around 1180 nm and an OD filter, the broadband probe ranged from 415 to
1150 nm limited by the transmission of the DM.

The pump and probe were weakly focused into the sample leading to a 210 pm and 110 pm
1/e* beam diameter at the sample, respectively. The weak focusing leads to an ensemble
averaging over the finely grained morphology of the thin films to mimic their usage as
photovoltaic device and to ensure low local excitation densities. We routinely verified that the
samples did not degrade due to the prolonged illumination by the pump pulses and only
observed signal degradation when storing the samples over several months at ambient
conditions in the lab.

A broadband multichannel detection of the TA signals employing a fused silica (FS) prism
polychromator and a silicon photodiode array (PDA) based camera with 512 pixels is used.
Typically, a probe noise below 2% and a probe detection sensitivity of AOD~10" over the
entire spectral range were achieved. Selected measurements were repeated on later days and
with additional samples of the same nominal composition. No differences were found within
experimental accuracy.

All TA measurements were performed from -10 ps up to 2 ns delay in small steps and

additionally at fixed delays of 3, 4, and 6 ns. 3 runs with averaging over 1500 pump on/off
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couples per delay step were recorded and averaged. The pump beam was led through a
carefully aligned 2 ns delay stage with a maximum pump pointing deviation at the sample of
2 um over the whole delay range. The vertically aligned sample was not moved during the
recordings and could be adjusted in all directions. The spectral resolution at the detector was
better than 3 nm/pixel. To minimize pump straylight originating from the solid film samples,
a broadband wire-grid polarizer (WG) was placed in front of the detector. This WG was
aligned with maximum transmission for the probe polarization and the pump polarization was
adjusted to be perpendicular to the probe polarization in this case.

For accurate calibration of the time zero, the raw data was corrected for the chirp of the
probe pulses by adjusting the zero time at half rise of the signals. Additionally, we could show
that the pump-probe setup is interferometrically stable and thus offers the alternative to
employ a periodic modulation due to spectral interference between pump straylight and probe
to extract the delay via Fourier-transformation. We have explicitly compared both options and
found that the deviation of their result is negligible and enable calibration of the zero delay
with a few-fs accuracy. Overall, the time resolution of the ultrabroadband TA measurements
was 40 fs, in particular because we do not need to measure over the spectral region of the
SCG fundamental where a time jump is present in the broadband probe pulse. This is
considerably better than for measurements with solutions due to the effective lack of a group

velocity mismatch contribution in the 100 nm thin films.

Formulas of Optical Densities, Cross-sections and Excitation Densities

The Beer-Lambert law is a linear relationship between absorbance change AOD (optical
density, OD) and photoinduced concentration change Ac of the corresponding species
generated upon photoexcitation (e.g. polarons) with its inherent molar extinction coefficient

gy in L mol”! cm

AOD(t) = &, - Ac(t)-1 =—log(T(¢)/ T;) (1)

where | is the sample thickness. The transient change in optical density AOD is linked to the
transmission T after photoexcitation and Ty without excitation. T and Ty are recorded during

the TA measurements.
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The carrier concentration ¢ in mol/L is connected to the carrier density n in cm™ via

1000
NA

c n, (2)

where Nu is Avogadro’s constant. Therefore the polaron molar extinction coefficient can be

derived from the TA data

e = AOD;yy, . N,
M IP3HT 1y -1 1000

(3)

where for the carrier density, the initial photoinduced charge density [P3HT'],,, at the
maximum of the polaron signal (at 300 fs) is taken. For its calculation, the polaron cross-
section is needed.

From the TA data we can estimate the polaron cross-section ¢

AT
0= TN’ (4)
where N is the areal density of excited states. N is equal to the pump photon number per
square centimeter multiplied by the fraction of photons absorbed, which is determined by the
absorbance of the sample at the pump wavelength. Employing the polaron cross-section, we

determine the initial charge density [P3HT" ], at the maximum of the polaron signal

n(t=300 £5)=[P3HT" 0, = % , s
O-.

where |AT/T|3005 15 the initial magnitude of the polaron TA signal at 300 fs.
The cross-section is related to the absorption coefficient ain m™ and the extinction

coefficient via

a &y-c  &,-1000

4 = : (6)
n log(e)-n log(e)-N,
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Raw TA Data for Comparison

E[eV]G 24 22 20 18 1.6 14 12 Elev]26 24 22 20 18 16 14 12
(a)1.0F T P)OF—T T T T T T T T 7

]
[aggRR-P3HT/poly-Si PH ] RRa-P3HT/poly-Si PHJ 1
05} k* »a 0.5} 1
- Y ] o s ey
0.0 < 0.0 e L e RS ey

g g i oA
[m) r 8 i 1
2 -0.5} - < -0.5F 4
1.0f - -1.0 e
F 0-1 0 o 300 fs 1 300 fs
1 1 1 | I .| 1 1 1 1 1 1 1
0.1
£ 00 < W N
[m) polaron a
S -01f exciton {  Q
-0.2f 4
20 ps
1 L 1 2 1 n 1 PR R N |
=
0.0 == ﬁﬁ/\/a‘_
[m) (]
e e
-0.1 E 01} E
0-0 1-2ns 1-2 ns
I 1 n 1 n 1 PR 1 1 1 1 1 1 I 1 P [E =T |
A[nm] 500 600 700 800 900 1100 A[nm] 500 600 700 800 900 1100

Figure S4. (a) Raw TA spectra of pure aggRR-P3HT (black) and aggRR-P3HT/poly-Si
PHJ (red). (b) Raw TA spectra of pure RRa-P3HT (black) and RRa-
P3HT/poly-Si PHJ (red). All at the nominal same excitation of 9 pJ/cm® at
518 nm. The difference spectra (green) are compared to the individual P3HT

film polaron absorption spectrum (blue dashes).

Energy Transfer from amorphous P3HT to aggregated P3HT

When considering the vibrational structure displayed in Fig. 5 of the manuscript for different
delay times, we observe that the ratio 0-0 to 0-1 decreases until 13 ps and subsequently
increases again. In addition, the relative intensity of the GSB signal around 500 nm reduces
with time. These changes imply that some dynamic process must take place in P3HT after
photoexcitation. We recall that the P3HT absorption spectrum, and similarly the GSB
spectrum, arises from a superposition of contributions of coils (around 450-500 nm) and
aggregates (around 600 nm). In addition, within the aggregate absorption spectrum, a high 0-0
peak signal implies planar chains with long conjugation length and with weak excitonic

coupling to their neighbors, while a lower 0-0 peak suggests chains with somewhat shorter
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conjugation length and concomitantly stronger excitonic coupling .

Furthermore, the
reduction of the relative GSB intensity around 500 nm with time suggests that the ground
state of the coiled chains recovers faster than the ground state of the aggregated chains, for
example by energy transfer from coiled to aggregated chains. To quantify on which timescale
this energy transfer takes place, we have displayed the ratio between the GSB intensity at
480 nm for excitation at 450 nm to excitation at 600 nm (Fig. S5), using the data displayed in
Fig. 8 of the manuscript. This ratio reaches a constant value after about 13-20 ps. Fig. S5
reveals a forward 1/e energy transfer time of about 3 ps. It is interesting to note that the same

1/e time of 3 ps had been found for the energy transfer from a glassy phase to a planarized

phase in the blue-light-emitting poly(9,9-dioctylfluorene) >*.

RS
©
14 +
e o o data
—-=—-1.12
12
PELIPSPUDN . .
e ®
probe ratio:
480nm signal (450nm exc)/480nm signal (600nm exc)
1.0 +
Time [ps]
0 5 10 15 20 25

Figure SS. The ratio of 480 nm GSB signal for 450 nm to the 480 nm GSB signal for 600 nm
excitation shows a 1/e energy transfer time from coils to aggregates of 3 ps derived

from a monoexponential fit. The energy transfer is completed at around 13-20 ps.

In order to analyse the temporal changes in the 0-0 intensity shown in Fig. 6 of the manuscript
in full quantitative detail, the contributions from coiled and aggregated chains would need to
be deconvoluted. This is beyond the scope of this paper. However, the change from a
relatively high 0-0 peak (300 fs) to a lower one (20 ps) and again to a high 0-0 peak (1-2 ns)
is obvious. It suggests the excitation to be initially delocalized, then more localized and
subsequently again more delocalized. Whether these changes are due to structural
rearrangements of polymer chains such as torsional relaxation 5, or whether they are due to
spectral diffusion to more conjugated chain segments, or due to a combination of both

effects®®, cannot be distinguished on the basis of these data.
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Quantum Yields

The PIA is determined by singlet-excitons and polarons in P3HT. The maximum quantum
yields of charges can be derived from the TA spectra in Fig. 5, accounting for the observed

photovoltaic conversion pathways shown in Scheme S1 %7

§ o P3HT" + P3HT
P3HT + hv —> P3HT*1—> P3HT + Energy

§ & P3HT + P3HT
n
e W P3HT + Energy

P3HT/Si + hv —> P3HT
1}A P3HT" + Si

Scheme S1. Yields of transient species generated by photoexcitation of pure P3HT and
P3HT/Si heterojunctions.

According to our findings, exciting pure P3HT with pump photons in the absorption range
initially leads to the formation of singlet-excitons. These Frenkel-type excitons can dissociate
into positive (P3HT") and negative (P3HT") P3HT polarons with quantum yield & and the
remaining photoexcitations can decay to the ground state with yield 1- d through release of
vibrational energy (P3HT + Energy). In the P3HT/Si heterojunction, a proportion 1 of the
photons is absorbed so far away from the hybrid heterojunction as to lead to the same result as
in pure P3HT. The remaining fraction (1- 1) of photons is absorbed near a P3HT/Si interface
to yield ultrafast electron transfer to the Si with 140 fs forward transfer time. To determine the
quantum yields (Tab. S1), we consider the TA signal magnitude at 300 fs due to excitons in
aggRR-P3HT/poly-Si PHJ, which typically has about 0.75 times the magnitude as for pure
aggRR-P3HT. Therefore, the fraction of photoexcitations that initially do not sense the Si

component is taken as n=0.75. The maximal magnitude of the TA signal due to polarons at

300 fs is typically about 2.2 times that for pure P3HT, which results in 6 = 212_ T _0.17.
|

+ _ -
Sample P3HT P3HT P3HT+E Si

aggP3HT 0.17 0.17 0.83 0

aggP3HT/Si| 0.38 0.13 0.62 0.25

Table S1. Initial quantum yields of charges in pure P3HT and aggRR-P3HT/poly-Si PHJ
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TA Measurements of RR-P3HT in Dilute Solutions

To identify the PIA of singlet-excitons, we performed TA measurements of RR-P3HT in
dilute solutions of toluene, chloroform and 1,2-dichlorobenzene, where the intermolecular
distance is too high for P3HT cation formation (Fig. S7). In this condition, the inherent
lifetime of singlet-excitons can be studied. It is found to be significantly increased compared

to the film, enabling their radiative decay (SE) and ISC to the triplet state on the ns timescale.

3 2 Energy[eV] 1
— = -neutral P3HT in solution
oxidized 3wt-% SbCl,

e e ¢« cation absorption

o

[e2)

T T
N

-

cation absorption x10

Optical Density
o
~

o
N
T

OO e

400 A [nm] 600 800 1000 2400

Figure S6. (a) Absorbance spectra of pure P3HT (blue dashes), chemically oxidized
P3HT in  1,2-dichlorobenzene  solution  after adding 3wt-%
pentachloroantimonate (SbCls) (solid grey curve) and P3HT cation absorption

(brown).

P3HT in solution can be chemically oxidized employing a strong oxidant to obtain the P3HT
cation signature. Fig. S6 shows the absorbance spectrum of chemically oxidized P3HT in 1,2-
dichlorobenzene solution after adding 3wt-% pentachloroantimonate (SbCls). From this we
obtained the P3HT cation (P3HT") absorption spectrum as follows. Adding SbCls decreases
the absorbance of the neutral P3HT molecule (blue dashes) and increases the cation
absorbance (brown dots). Saturation occurs at adding 10wt-% SbCls. The difference between
the blue dashed line scaled to the peak of the gray solid curve in Fig. S6 and the gray solid
curve reveals the P3HT cation absorption (brown dots and brown solid line) ranging from 470
to about 1200 nm and increasing again up to the mid-infrared spectral region. The absorption
spectrum of RR-P3HT in dilute solution (Fig. S6) shows reduced conjugation and hindered
aggregation compared to RR-P3HT film (Fig. 3(b)) >*.
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Figure S7. (a) TA spectra (black solid curves) of RR-P3HT dissolved in chloroform at
200 fs, 100 ps and 2 ns. The cation absorption spectrum (brown dots) as well
as the P3HT absorption (blue dashed curve) and PL spectra (orange dashed
curve) are scaled to the transient absorption spectrum to identify GSB, SE and
singlet-/triplet-exciton absorption. Excitation: 15 pJ/cm® at 475 nm. (b) Time
evolution of the SE center spectral position for P3HT in 1,2-dichlorobenzene

(green squares), chloroform (black circles) and toluene (red triangles).

Fig. S7(a) shows TA spectra (black solid curves) of RR-P3HT in dilute solutions of
chloroform at 200 fs, 100 ps and 2 ns with low excitation fluence of 15 uJ/cm® at 475 nm
pump wavelength. In order to cancel out effects of molecule orientation in solution on the
dynamics, the polarization direction of the linearly polarized pump pulse was adjusted at the
magic angle of 54.7° with respect to that of the probe pulse. For comparison, the P3HT
absorption (blue solid curve) and PL (orange solid curve) spectra as well as the P3HT cation
absorption spectrum are incorporated in Fig. S7(a). The TA spectra reveal signatures of GSB
and SE (AOD<O0) as well as signatures of PIA (AOD>0) at the expected spectral positions.
The GSB shows a more rapid decay at longer probe wavelengths (lower energy), which we
attribute to a faster decay of excited longer conjugations that are less stabilized by interchain
interactions >°. Fig. S7 shows that the SE spectrally shifts with time towards lower probe

photon energy (longer probe wavelength) by about 0.22 eV until it vanishes at around 1 ns,
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whereas the total shift depends on the solvent polarity. We note that only broadband probe
detection of the TA signals allows for observing this relaxation process which other-wise
would be misinterpreted as a decay process in case of single-wavelength probe detection. We
assign this effect to funneling of intrachain excitons to lower-energy sites °°, torsional

5556 and solvation effects 5%

relaxation of the polymer backbone in the excited state
It should be noted, that no signatures of P3HT cation absorption are present in Fig. S7(a). The
early PIA signature above 750 nm (1.65eV) in Fig. S7 is assigned to singlet-exciton
absorption in agreement with the results of Fig. 5, taking into account the energetic shift of
the signals between film and solution. At around 2 ns, a distinct PIA peak at 1.49 eV (830 nm)
remains, which stays constant at least up to 6 ns (the maximum investigated delay).
Consequently, this signature can be assigned to a PIA of a P3HT triplet state, which confirms

S10

and adds to recent theoretical predictions > °. We attribute this observation to intersystem

crossing (ISC) with a ~1 ns-1 rate from the singlet-exciton to the triplet state *'"'%,

Bimolecular Recombination
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Figure S8. (a) Decay of TA signals for increased excitation fluences (4, 30, 60 and
160 uJ/cm2 at 480 nm) reveals bimolecular nongeminate recombination in

case of RR-P3HT:Si-ncs BHJ.
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Figure S9. Transient signal magnitudes normalized with respect to excitation fluence
plotted against the excitation fluence for aggRR-P3HT/Si PHJ excited at
518 nm. The polarons (650, 800 nm) show the same intensity dependence as

the excitons (1000 nm) and are thus generated from excitons.

Time-dependent Anisotropy

The TA spectra in Fig. 5 were recorded with perpendicular (pp) pump and probe polarization
to allow for optimum straylight suppression. To study the time-dependent anisotropy r(t) of
polarons and singlet-excitons via Eq. 15, additional traces were recorded with both

polarizations parallel (pa) to each other.

_ AOD,,-AOD,,
AOD,, +2-A0D,

r(t) =0.2-(3-cos’ 6-1) (15)

From the anisotropy, the the transition dipole orientation angle 0 can be derived. The
excitation fluence was kept low at 9 pJ/cm’. Fig. S10(a) compares the anisotropy spectra of
pure aggRR-P3HT (green solid curve) and aggRR-P3HT/poly-Si PHJ (blue solid curve) with
the corresponding TA spectrum of pure aggRR-P3HT (black dashes) all at 300 fs with
518 nm excitation. Fig. S10(b) shows the time-dependent anisotropy decay of the transient

species.
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Figure S10. (a) Anisotropy spectrum at 300 fs of pure aggRR-P3HT (green solid curve)
and aggRR-P3HT/poly-Si PHJ (blue solid curve) compared to the
corresponding normalized TA spectrum (black dashes) of pure aggRR-
P3HT (Fig. 6(a)). (b) Transient anisotropy decay and -corresponding
transition dipole reorientation angle 0 of polaron (710 nm) and singlet-

exciton (1000 nm).

In case of pure aggRR-P3HT, the anisotropy at 710 nm probe wavelength within the
characteristic polaron band is r = 0.39 immediately after photoexcitation, which corresponds
to parallel pump and probe transition dipole moments. Subsequently, the anisotropy decays to
r=0.20 at 4 ps and levels off at r~0.02 after 20 ps (Fig. S10(b)). The anisotropy at the
characteristic exciton band (1000 nm) is r=0.10 immediately after photoexcitation
(Fig. S10(b)), subsequently decays to r = 0.05 at 1 ps and finally completely vanishes at 20 ps,
which might indicate a random relative orientation of pump and probe transition dipole
moments. The anisotropy spectrum of pure aggRR-P3HT at 300 fs reveals a distinct peak
from 620 to 910 nm, which matches the spectral range of polaron absorption in Fig. 5(a). We
therefore assign the distinct peak around 710 nm with high anisotropy to polarons in pure

aggRR-P3HT that are localized on a chain and completely loose their initial polarization
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memory within 20 ps through energy migration °'°. We attribute this anisotropy decay to
hopping of charge carriers with a characteristic 1/e hopping time of 7 ps.

On the other hand, the anisotropy spectrum of the aggRR-P3HT/poly-Si PHJ at 300 fs reveals
no distinct feature. The anisotropy at the characteristic polaron band (710 nm) in case of the
aggRR-P3HT/poly-Si PHJ is r=0.19 immediately after photoexcitation. Subsequently, the
anisotropy decays to r=0.13 at 1 ps and r=0.10 at 20 ps, where it saturates (Fig. S10(b)).
Fig. 7(a) reveals that the ultrafast charge transfer between aggRR-P3HT and Si leads to
generation of mobile charge carriers. We therefore conclude that the ultrafast loss of
anisotropy for polarons in the aggRR-P3HT/poly-Si PHJ compared to aggRR-P3HT is
attributable to this ultrafast charge transfer leading to a rapid loss of polarization memory and
uncorrelated charges. It should be noted that an excess electron in the inorganic

semiconductor Si possesses a highly delocalized wavefunction.

Exemplary 2D Gap-free TA Maps
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Figure S11(a). 2D map and lineouts for the TA measurement of aggRR-P3HT/Si PHJ
excited at 518 nm with 9 uJ/cm®.
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Figure S11(b). 2D map and lineouts for the TA measurement in Fig. S7(a).
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We report on an electron accelerator based on few-cycle (8 fs full width at half maximum) laser pulses,
with only 40 mJ energy per pulse, which constitutes a previously unexplored parameter range in laser-
driven electron acceleration. The produced electron spectra are monoenergetic in the tens-of-MeV range
and virtually free of low-energy electrons with thermal spectrum. The electron beam has a typical
divergence of 5-10 mrad. The accelerator is routinely operated at 10 Hz and constitutes a promising
source for several applications. Scalability of the few-cycle driver in repetition rate and energy implies
that the present work also represents a step towards user friendly laser-based accelerators.

DOI: 10.1103/PhysRevLett.102.124801

Laser-driven plasma waves were proposed as compact
electron accelerators [1] owing to their ability to produce
longitudinal accelerating fields several orders of magnitude
larger than those attainable in conventional accelerators. A
promising implementation relies on strongly driven “bro-
ken” plasma waves. In this regime, the laser intensity is so
large that the generated plasma wave breaks directly be-
hind the pulse and some electrons of the background
plasma are injected into the first wake of the plasma
wave and are accelerated. Numerical studies [2-4] have
shown that the accelerated electrons emerge from the
plasma as monoenergetic electron bunches with relativistic
energy and few-femtosecond duration. Under optimal con-
ditions, the driving laser pulse has relativistic intensity
(>10'"®* W/cm?) and a duration and diameter that are
matched to the plasma density. This demand calls for a
pulse length equal to or less than half the plasma wave-
length A,/2 =~ 7¢/w,, and a focal diameter of =~ A,,.

Here, w, = v/n,e?/(eym,) is the plasma frequency and
e, m,, n, stand for the electron charge, mass, and density,
respectively. In this case, the ponderomotive force of the
laser pulse is so large that the majority of the free electrons
are transversally pushed out, leaving the positively charged
ions behind. After a propagation length comparable to a
plasma wavelength, the electrons are driven back to the
axis by the fields built up by charge separation. A cavity
void of electrons trailing the laser pulse emerges, it has
been dubbed a ““bubble” [2]. A fraction of the returning
electrons is injected and trapped in the bubble and accel-
erated by its strong longitudinal electric field, resulting in
relativistic electron bunches with narrow-band energy
spectra [5,6].

0031-9007/09/102(12)/124801(4)

124801-1

PACS numbers: 41.75.Jv, 41.75.Ht

In order to reach the intensities required for this scheme
with laser pulses of typical durations between 30—80 fs and
matched spot-size, pulse energies in the Joule range are
required. This restricts this acceleration mechanism to
rather large lasers or requires additional nonlinear self-
modulation of the pulse in the plasma, which transforms
the laser pulse into the required domain. In the last few
years, a number of studies have been devoted to laser-
generated monoenergetic electron beams in this regime,
starting with the proof of principle in 2004 [7-9] and
followed by investigations about the self-modulation of
the laser pulse [10], and experiments that increased the
energy and/or improved the quality of laser-generated
electron beams considerably [11-15].

Here, we demonstrate monoenergetic electron accelera-
tion in a new laser-parameter range by employing for the
first time few-cycle laser pulses to this end. Analytical
scaling laws [3-5] and our simulations [16] indicate that
for laser pulses shorter than 10 fs, this regime can be
accessed with less than 100 mJ pulse energy. Thanks to a
laser pulse duration of 8 fs, a laser pulse energy as low as
40 mJ enabled the acceleration process to work, giving rise
to clean, monoenergetic electron spectra in the range of
several 10 MeV.

In our experiments, we used LWS-10 (Light Wave
Synthesizer-10), the world’s first multi-TW sub-10-fs light
source [17]. It draws on a noncollinear optical parametric
chirped pulse amplifier, allowing the amplification of
broad bandwidth pulses. In our investigations, the system
produced pulses with 50-mJ energy, 8 fs duration, and
spectra covering the range of 700-980 nm at a 10-Hz
repetition rate. Because of losses in the beam line connect-

© 2009 The American Physical Society
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ing laser and experiment, the energy on target was reduced
to 40 mJ.

The laser pulses are focused by a gold-coated f/6 off-
axis parabola onto a helium gas jet (see Fig. 1) to a spot
diameter of 6 um FWHM, yielding an on-axis peak inten-
sity of 1.2 X 10! W/cm?. An adaptive mirror in closed
loop mode is used to correct wave front aberrations.

The helium interaction medium is provided either by a
supersonic gas jet with an approximately constant density
within a diameter of 300 um or by a gas jet with a
Gaussian-shaped density profile produced by a subsonic
nozzle with a diameter of 400 um. The gas density can be
varied between 10'® and 10?° cm™3. The laser-generated
plasma channel is imaged transversally by a long-object-
distance microscope objective onto a CCD camera, allow-
ing high-resolution measurements of channel diameter and
length. In addition, a weak probe beam can be coupled into
the side-view imaging system for assisting in the alignment
of the nozzle and for studying the plasma channel.

The electron energy spectrum is measured by a high-
resolution focusing permanent-magnet spectrometer suit-
able for analyzing electrons in the range of 2—400 MeV. It
comprises a 30-cm X 40-cm focusing permanent magnet
with a magnetic field of 1 T over a gap of 5 cm and uses 600
highly sensitive scintillating fibers coupled to a 16-bit CCD
camera. Alternatively, a scintillating screen (Kodak Lanex)
is imaged to a 12-bit CCD camera, allowing simultaneous
measurement of energy spectrum and divergence. Lanex
and fibres were cross-calibrated using an image plate [18],
but subsequent changes in the detection system restricted
the accuracy of the bunch-charge measurement to a factor
of 2. Low-energy electrons down to ~100 keV were de-
tected and analyzed by a smaller spectrometer.

For both types of gas jets used in our experiments,
optimal conditions for the accelerator were obtained with
an electron density of 2 X 10! cm™3. This matches very

Monoenergetic

Permanent Magnet
Electron Bunches

Electron Spectrometer

8 fs, 40 mJ

\

8fs,<1md Scintillating
Radiation Fibres &
Laser Pulses Helium Gas Jet  Shield Screens

FIG. 1 (color). Schematic illustration of the experiment. The
8-fs laser pulses are split into a driver beam with 40 mJ energy
and a weak probe beam with less than 1 mJ energy. The driver
beam is focused onto a helium jet with electron densities
between 10'® to 10%° cm™3. The electron beam emerging from
the laser-plasma interaction is characterized by a permanent-
magnet electron spectrometer.

well the requirements of the bubble regime for our laser
pulse duration and focusing conditions.

Typical spectra of electron beams emerging from the
plasma accelerator using the 400 wm cylindrical nozzle
are shown in Fig. 2. The displayed spectra comprise a very
low number of thermal electrons at low energies and
pronounced monoenergetic peaks between 13 and
23 MeV comprising a charge of the order of 10 pC.

Figure 3 shows raw data and calibrated line outs of a shot
captured by the scintillating screen. The spectrum shows a
monoenergetic peak at 24.6 MeV with 3.3% relative energy
spread (FWHM), a transversal beam divergence of
6.3 mrad (FWHM) and a charge of approximately 3 pC.
Two weak features at higher energies are also discernible;
they probably stem from (weak) injection and acceleration
in different plasma wave troughs. This effect was also
observed in our simulations.

The side-view imaging of the interaction region revealed
a weakly scattering, channel-like structure with a length of
approximately 100-120 wm, which is approximately
equal to the Rayleigh range of the laser beam, and a
diameter of approximately 5 wm. Strong scattering, in-
dicative of self-modulation observed in experiments with
longer laser pulses, was not observed. The measured
channel length and electron energies of 10-30 MeV im-
ply an average longitudinal accelerating gradient of
0.1-0.3 TeV/m, assuming acceleration taking place over
the entire channel length. Since no pronounced structure of
the channel was observed, the point of injection could not
be determined, but measurements with a gas jet of only
150 wm diameter led to similar electron beam parameters
as the larger jets, providing an upper limit for the accel-
eration length. The above mentioned gradient is also in

w
T

N
T

Charge per
Energy Interval (pC/MeV)

—
T
-~

2 4 6 8 1012 14 16 18 20 22 24 26
Electron Energy (MeV)

FIG. 2. Typical spectra of monoenergetic electron beams from
the sub-10-fs laser-driven accelerator. They have mean energies
of 134, 17.8, and 23 MeV. The bunches carry a charge of
approximately 10, 3.5, and 1.6 pC, respectively. All three spectra
show remarkably few thermal background electrons, an obser-
vation that has been confirmed down to energies of 100 keV
using a smaller spectrometer. These spectra were obtained with
the cylindrical (subsonic) 400 um gas jet.
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FIG. 3 (color). Electron spectrum and transverse beam size
obtained with a scintillating screen placed in the electron spec-
trometer and imaged onto a CCD camera. The false-color plot
shows the image on the screen with the right and the bottom
panels depicting calibrated line outs along the energy axis (lower
plot) and the transversal axis (right side). The displayed result
was obtained with a 300-um supersonic gas jet and exhibits a
monoenergetic peak at 24.6 MeV with 3.3% energy spread
(FWHM), a divergence of 6.3 mrad (FWHM), and a charge of
3 pC. Also shown is the simulated electron spectrum (red,
dashed line), which is in reasonable agreement with the experi-
mental result.

good agreement with values previously reported [19] as
well as with our simulations.

An important feature of the observed electron spectra is
the apparently very low number of low-energy electrons.
These ‘“‘thermal’ electrons typically show up in the spec-
trum of laser-accelerated electrons with an exponentially
decaying energy distribution in the energy range between 1
to 10 MeV [19-21]. We confirmed the low number of
thermal electrons down to energies of 100 keV by employ-
ing an electron spectrometer optimized for the energy
range of 100 keV to 13 MeV. Quantitative comparison
with earlier experiments is hampered by the lack of spec-
tral analysis of the thermal electrons in most previous
studies. The low thermal background also leads to a low
dose of gamma radiation generated by the electron beam,
which—together with low gas load due to the small gas
jets—allowed us to routinely operate the accelerator at a
repetition rate of 10 Hz.

To gain more insight into the details of the acceleration
process, we performed numerical simulations with the 3-
dimensional particle-in-cell (3D PIC) code ILLUMINATION
[16]. The plasma is modeled with a uniform transversal
density distribution, whereas in the longitudinal direction,
a 120-um broad flattop profile, matching the experimen-
tally determined channel length, with an electron density
of 2 X 10" ¢cm™3 terminated by exponential gradients, is
assumed. The 1/e scale length of the entrance gradient is
chosen to be 5 wm, to avoid numerical problems with a
steep gradient. The exit gradient was chosen as 30 um to
match the experimental conditions. The laser pulse had a

(FWHM) duration of 8.5 fs, a Gaussian beam waist of
6 pm, a pulse energy of 38 mJ, and a carrier wavelength
of 800 nm.

Figure 4 shows a snapshot of the electron density distri-
bution, laser intensity, and longitudinal electrical field of
the plasma accelerator after the laser pulse has travelled
125 pwm across the 155-um-thick gas jet. The strongly
driven plasma wave, forming electron voids (‘‘bubbles’)
trailing the laser pulse, as well as wave breaking and
injection are conspicuous. Figure 4(b) shows line outs of
on-axis instantaneous laser intensity and electron density
along the optical axis of the laser beam in a propagation
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FIG. 4 (color). Simulation results showing the physical state of
the system after the laser pulse has travelled a distance of
125 pm inside the fully preionized plasma. Panel (a) shows
the electron density (grey-scale plot) and the instantaneous laser
intensity (rainbow-scale false-color diagram). The laser intensity
plot is clipped along the contour line where the intensity drops
by a factor of 1/e? with respect to its peak value. The red line
shows the longitudinal accelerating field caused by charge
separation in the bubble, amounting to about 0.45 TV/m at
the bunch location. Panel (b) plots line outs of electron density
and instantaneous laser intensity along the optical axis of the
laser beam. The injected electron bunch (red) contains 4.5 pC
charge and has almost an order of magnitude higher density than
the background plasma.
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interval confining the laser pulse and the first bubble
behind it. The laser pulse expels approximately 75% of
the free electrons in the vicinity of the propagation axis.
The expelled electrons swing back to the axis forming the
prominent density peak at the back of the bubble. Some of
the returning electrons are then scattered into the bubble by
the space charge field of that peak and accumulate within
the bubble, forming a dense electron bunch (shown in red)
that is trapped and accelerated. The accelerating longitu-
dinal electrical field is produced by the density peak at the
bubble vertex and by the positively charged ions inside the
bubble, Fig. 4(a) (red line). It is hardly perturbed by the
space charge of the bunch itself, in principle permitting
further loading of the beam. The electron spectrum after
the electron bunch has left the plasma and propagated
several 100 um into the surrounding vacuum is given in
Fig. 3. It shows a monoenergetic peak at 24 MeV, which
implies together with the accelerating field at the bunch
location of 0.45 TV /m an effective acceleration length of
about 60 um. The electron bunch emerging from the
plasma carries a charge of about 4.5 pC, has a duration
of about 1 fs, and is accompanied by a small exponential
background. The ultrashort electron bunch duration is
approximately preserved within the range of simulated
propagation extending several 100 micrometers behind
the gas jet.

Our simulations show that our current laser parameters
are close to the threshold for self-injection and formation
of a stable accelerating structure [16]. As can be seen in
Fig. 4(a), the laser intensity is just high enough to produce
self-injection but still keep the wave breaking small
enough to allow several oscillations of the wake wave.
This is in good agreement with both the analytic theory
of bubble acceleration [5], which—for our pulse dura-
tion—predicts the onset of the process at pulse energies
of about 30 mJ, and the experimental finding that gradual
reduction of the laser pulse energy results in rapid increase
of fluctuations of the electron beam properties, with accel-
eration ceasing completely for pulse energies below 25 mJ.
Similarly, a deviation of the plasma density of 10% from
the optimum value reduced the yield of monoenergetic
spectra by as much as a factor of 2. Also stretching the
pulses to more than 13—14 fs lowered the yield of mono-
energetic spectra dramatically. This implies that with our
current on-target energy of 40 mJ, we operate the bubble
accelerator close to the boundary of its operational regime.
Higher driving pulse energies should not only improve
stability but—according to our simulations—also dramati-
cally increase the laser-to-electron energy conversion effi-
ciency, from currently ~1% to up to 20%. Furthermore, the
simulations also predict that the laser pulse is rapidly
depleted by energy transfer to the background plasma
and therefore looses its ability to sustain a stable bubble
already after 250 uwm propagation. To verify this, an ex-
tremely small Laval nozzle with only 150 pwm exit diame-

ter was used to produce a gas target with a length shorter
than the depletion length of the laser, which led to an
improved stability but also to somewhat lower electron
energies.

Our experimental and numerical results make few-
cycle-laser-driven electron acceleration appear a promis-
ing concept for producing relativistic, monoenergetic elec-
tron bunches with ultrashort duration. With 8 fs laser
pulses containing 40 mJ energy, we generated monoener-
getic electron bunches with multi-10 MeV energy, approxi-
mately 10 pC charge and 5 to 10 mrad (FWHM)
divergence. The electron accelerator is routinely operated
at 10 Hz, which renders this electron accelerator a prom-
ising source for many applications including time-resolved
laser-pump electron-probe experiments and seeding of
wake-field acceleration stages. The reliance on optical
parametric amplification in the generation of the laser
driver offers the potential of increasing the repetition rate
and pulse energy by orders of magnitude. Hence, this study
also constitutes a first step towards the development of user
friendly laser-based electron accelerators.
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We demonstrate a laser wakefield accelerator with a novel electron injection scheme resulting in
enhanced stability, reproducibility, and ease of use. In order to inject electrons into the accelerating phase
of the plasma wave, a sharp downward density transition is employed. Prior to ionization by the laser pulse
this transition is formed by a shock front induced by a knife edge inserted into a supersonic gas jet. With
laser pulses of 8 fs duration and with only 65 mJ] energy on target, the accelerator produces a
monoenergetic electron beam with tunable energy between 15 and 25 MeV and on average 3.3 pC charge
per electron bunch. The shock-front injector is a simple and powerful new tool to enhance the
reproducibility of laser-driven electron accelerators, is easily adapted to different laser parameters, and
should therefore allow scaling to the energy range of several hundred MeV.

DOI: 10.1103/PhysRevSTAB.13.091301

Laser wakefield accelerators [1] are intensely investi-
gated due to their ability to produce longitudinal acceler-
ating gradients several orders of magnitude larger than
those attainable in conventional accelerators. Especially
since the first experimental evidence of monoenergetic
electron spectra produced by such accelerators [2—4] inter-
est in this field multiplied, culminating in the generation of
monoenergetic electron beams with 1 GeV energy [5]. All
these experiments relied on self-injection of plasma elec-
trons into a laser-driven plasma wave by wave breaking
[6]. In this regime the intensity of the driving laser pulse is
so large that the plasma wave breaks and some electrons of
the background plasma are injected into the first wake of
the plasma wave. The longitudinal electric field built up by
the plasma wave rapidly boosts the speed of these injected
electrons close to the velocity of light. They become
trapped and are subsequently further accelerated to highly
relativistic energies by the wave [7]. This self-injection
offers the great benefit of obviating the need for the ex-
perimentally very challenging injection of an externally
generated electron pulse. The inherent disadvantage of this
injection technique is posed by the absence of control over
the exact locations at which wave breaking—and hence
injection—starts and stops and over the amount of injected
charge. In order to gain some control over the injection
process several different approaches have been adopted so
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far: injection at a density down ramp produced electrons
with a momentum of 0.76 * 0.02 MeV/c [8], enhanced
injection was also shown using mixtures of different gases
[9,10]. A scheme employing a counterpropagating laser
pulse [11,12] was shown to improve the reproducibility of
the generated electron beam.

Here we present a simple scheme that allows for pre-
cisely localized injection of electrons into a laser-driven
plasma wave and subsequent acceleration yielding a mono-
energetic spectrum. This scheme draws on a sharp down-
ward (along laser propagation) plasma density transition
between two adjacent regions of different densities [13].
The laser intensity and plasma density are adjusted such
that the interaction is highly nonlinear but no wave break-
ing occurs while the laser propagates in either of the two
regions. This allows for the generation of a stable but
highly anharmonic plasma wave, which, in turn, provides
large accelerating gradients. During the downward density
transition, the plasma wavelength A, increases abruptly
from its high-density value to the low-density one. Here,
the plasma wavelength is given by A, = 2mc/w p» and the

plasma frequency by w, = v/ne*/(eym,), with e, m,, n,
being electron charge, mass, and density, respectively. This
sudden increase in plasma wavelength causes a rephasing
of a sizable fraction of the plasma electrons into the
accelerating phase of the plasma wave. We point out that
this is different to the injection caused during density
downramps that extend over many plasma periods [8],
where a reduced plasma wave phase velocity enables effi-

© 2010 The American Physical Society
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cient trapping of nonrelativistic plasma electrons. In con-
trast, in the case of the sharp transition, the plasma wave is
fully loaded at once due to the sudden increase in plasma
wavelength. Electron trapping at sharp downward density
transitions has been extensively studied theoretically [14—
16]. Sharp in this context means that the characteristic
length of the transition is on the order of the plasma
wavelength [17]. Up to now experimental realizations of
this scheme did not produce monoenergetic electron beams
and relied on a second laser beam that induces a plasma
density transition via local plasma heating [18-20].

In contrast to former schemes, in the present experimen-
tal approach the density transition is formed in the gas jet
prior to ionization by the driving laser pulse. It exploits
shock-front formation in a supersonic He-gas jet. The jet is
generated by a pulsed de Laval nozzle with an exit diame-
ter of 300 um; the shock is generated by introducing a
knife edge laterally into the gas jet. In contrast to a sub-
sonic flow, the supersonic flow cannot adapt upstream to
the obstacle and therefore needs to adapt locally in the
form of an abrupt change of all flow parameters. The
typical length scale of this sudden change is on the order
of a few times the molecular mean free path depending on
initial Mach number and shock angle [21,22]. The (asymp-
totic) values of the flow parameters before and after the
shock can be calculated using the Euler equations. For the
ratio of gas densities in front of and behind the shock, one
obtains [23]

n 2 1
=og- - , 1
ny K+ 1( (M, sina)z) 0

where n; and n, are the gas densities before and after the
shock, respectively, « is the specific heat ratio with a value
of 5/3 for a monoatomic gas, M, is the initial Mach
number of the gas flow, and « (see Fig. 1) is the angle
between the gas flow and the shock front. Relation (1)
exhibits a minimum for & = 90° corresponding to a strong
perpendicular shock and a maximum value of 1 for «,, =
arcsin(1/M,) for weak distortions propagating at the Mach
angle. A sketch of the nozzle setup is given in Fig. 1(a).
The razor blade is mounted on a small translation stage
allowing to switch the shock front on and off as well as
moving the shock transversally through the gas jet. Since
moving the knife edge through the gas jet not only changes
the shock-front position but also the angle, the density ratio
changes accordingly.

The laser employed in the present experiments is the
multi-TW sub-10-fs light source light wave synthesizer 20
(LWS-20) [24], an upgraded version of the system used for
the experiments in [25]. During the experiments it deliv-
ered pulses with 65 mJ energy on target and a duration of
8 fs full width at half maximum (FWHM). The laser pulses
are focused onto the target by a f/12 off-axis parabolic
mirror (OAP) to a spot diameter of 12 um (FWHM),
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FIG. 1. Sketch and shadowgraph image of the target setup (a).
A razor blade is introduced laterally into a supersonic gas jet
(undistorted gas jet edges: white dashed lines) in order to
generate a shock front (blue line). The shadowgraph image
was taken during the experiments showing the nozzle tip, the
razor blade (slightly tilted), and the plasma produced by the
driving laser. Inside the plasma the tilted shock front can be
discerned and a small, bright spot indicative of electron injection
is visible. (b) Measured electron density along the laser propa-
gation axis.

yielding a peak intensity of 2.5 X 10'® W/cm?. This value
takes into account losses introduced by residual phase front
distortions.

The electron energy spectrum is measured by a high
resolution focusing permanent magnet spectrometer [26]
suitable for analyzing electrons in the range of 2—400 MeV.
Scintillating screens (Kodak Lanex) imaged to a 12 bit
CCD camera are used for electron detection, allowing
simultaneous measurement of energy spectrum and diver-
gence. This detection system was absolutely calibrated at a
linear accelerator source [27].

Shadowgraph images of the plasma [Fig. 1(a)] are ob-
tained during the experiments by using a small part of the
laser beam as back light. By introducing a Nomarski
interferometer [28] into this probe beam, the same back
light is used for interferometric measurements of the
plasma density. Lineouts parallel to the shock front are
taken out of the phase-shift maps produced by the mea-
surement and subsequent Abel inversion yields the plasma
density distribution. It was confirmed that the tilt by the
angle « of the lineouts with respect to the plasma channel
does not significantly change the results. A density lineout
along the laser axis is shown in Fig. 1(b).

Figures 1(a) and 1(b) yield @ = 16 *+ 0.5° and n,;/n, =
1.6. Substitution into formula (1) gives a Mach number
M = 5.1 £ 0.2 which is in good agreement with M = 5.3
obtained from computational fluid dynamics simulations.

091301-2



DENSITY-TRANSITION BASED ELECTRON INJECTOR ...

Phys. Rev. ST Accel. Beams 13, 091301 (2010)

TABLE I. Comparison self-injection and shock-front injec-
tion.

Parameter Self-injection Density transition
Energy (MeV) 26.0782 233733
Energy spread (%) 1279, 9+¢
Divergence (mrad) 10.9733 8.9731
Charge (pC) 3.7°29 33729

For the resultant effective Mach number M; sin(«) of 1.4,
the width of the hydrodynamic shock is expected to be
roughly 1 order of magnitude larger than the molecular
mean free path [22] which for He at a neutral gas density of
1.9 X 10" ¢cm™3 is approximately 0.6 um. From Fig. 1
we evaluate the width of the density transition as = 5 um,
in agreement with this expectation.

After fine-tuning the plasma density and focal spot
position, quasimonoenergetic electron energy spectra are
obtained. As in [25], the spectra are virtually background-
free. Depending on the day of operation, the occurrence
probability of a quasimonoenergetic electron spectrum
varies between 50% and 95%. In order to quantify the
improvement obtained with this new injection scheme,
Table I shows a comparison of electron beam parameters
produced by self-injection and by shock-front injection.
Errors are root-mean-square (RMS) deviations from the
average value. To account for asymmetric distributions, the
RMS value was independently calculated for the occur-
rences with higher-than-average and lower-than-average
value. In Fig. 2 and Table I, energy spread and divergence
refer to FWHM.

200

300 400

(a) Self injection

It can be seen that for density-transition injection, all
shot-to-shot fluctuations as well as the energy spread and
divergence are smaller than in the self-injection case. In
both cases, approximately 36% of all the shots fall within
the RMS error intervals with respect to all four parameters
simultaneously. Since these error intervals are much
smaller for the density-transition case, this again shows a
clear advantage of injection at sharp density transitions.

Representative electron spectra out of the 10% fraction
with lowest energy spread are displayed in Fig. 2. It is
evident that the shock-front injection scheme yields a much
cleaner and more reproducible beam than obtainable with
self-injection. The accelerator is routinely operated at the
laser repetition rate of 10 Hz; therefore, the electron ac-
celerator currently produces approximately one high qual-
ity shot per second on a daily basis and is, thus, ready for
first applications. To support the claim that electron injec-
tion is indeed happening exclusively at the location of the
shock front, we note first that at the crossing point between
the laser beam and the shock front a bright spot of broad-
band light emission occurs in the side view images [see
Fig. 1(a)] resembling the wave-breaking radiation reported
in [29]. It was confirmed that the brightness of the spot is
correlated to the accelerated charge. Further support is
provided by the fact that the electron energy scales linearly
with the position of the shock front and, hence, with the
acceleration length. In this way the electron energy could
be varied between 15 and 23 MeV; the accelerating gra-
dient was determined as ~190 GV/m. This result is pre-
sented in Fig. 3.

Numerical simulations with the three-dimensional
particle-in-cell (3D-PIC) code ILLUMINATION [30] pro-

500 600 700 800 900 1000 1100
Charge density (pC/(MeV/msH) I o
+ O
™ IEEEEEEEEEEN - ¢
8 5
25
s §
EENENEEEEEEN
w
PR B o o o R RS

(b) Injection at density transition

FIG. 2. A few shots representative for those 10% of all the shots with lowest energy spread for self-injection (a) and injection at a
density transition (b). The horizontal axis in each image corresponds to the transversal electron beam size; the vertical axis shows
electron energy. For self-injection the parameters of this fraction are 29.7 = 1.2 MeV energy, 8 = 5% energy spread, 10.0 = 2.3 mrad
divergence, and 3.1 = 1.0 pC charge. For injection at the density transition, these values are 24.3 = 0.9 MeV, 4 = 0.5%, 7.3 =

0.5 mrad, and 1.8 = 0.5 pC, respectively.
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FIG. 3. Variation of electron energy with the position of the
density transition. The grey dashed line shows a linear fit
yielding an acceleration gradient ~ 190 GV/m.

vided further details of the injection process. The laser
pulse and plasma parameters used in the simulation match
those of the experiment. Figure 4 shows, from top to
bottom, the physical state of the laser-driven plasma
wave shortly before, immediately after and ~85 fs after
the laser pulse crossed the downward density transition.
The plasma wave is strongly driven by the laser pulse, but
does not break until the laser pulse crosses the density
transition. At the transition the wave breaks and a compact
electron bunch with 60 pC charge is injected into the first
wave bucket after the laser pulse, leading to a complete
destruction of the following plasma wave buckets. This is
to say, the wave fully breaks down at this point, leaving
only the accelerating bubble structure. The accelerating
field at the position of the electron bunch is 250 GV /m,
in reasonable agreement with the experimental value. The
PIC simulations confirm that electrons are exclusively
injected at the density transition and show the injection
mechanism to be quite robust against changes of the upper
and lower density levels, a fact which was also confirmed
experimentally.

In conclusion, we present a simple, reliable, and robust
method of injecting background electrons into a laser-
driven plasma wake. It relies on injection at a sharp down-
ward density transition originating from a shock front
which is generated by a razor blade introduced laterally
into a supersonic gas jet. The resulting electron beam is
typically monoenergetic and has a significantly improved
stability and reduced energy spread. Additionally, the elec-
tron energy can be tuned in a wide range. It is important to
note that the present setup is easily adapted to different
laser parameters and—once applied to multi-Joule laser
pulses—could pave the way towards a reliable tabletop
electron accelerator in the multi-100 MeV range. By gen-
erating a supersonic shock front inside a guiding structure
like a capillary [5], even the GeV energy range comes into
reach.

$(10” cm) |
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wm O
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S 4 o wu o
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10 15 20 25 30 35 40 45
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FIG. 4. State of the accelerator as obtained from PIC simula-
tions shortly before (upper panel), immediately after (middle
panel), and ~85 fs after (lower panel) the laser pulse has crossed
the density transition. White arrows indicate the position of the
density transition; grey lines show the contour where 13.5% of
maximum laser intensity is reached. The normalized instanta-
neous laser intensity is shown in a rainbow color map. The upper
panel shows a strongly driven plasma wave that does not break.
Strong injection triggered by the shock front is evident in the
middle panel. The strong electric field of the injected electron
bunch destroys the remaining plasma wave thus impeding injec-
tion in more than one wave-trough. This leads to a fully devel-
oped bubble structure (lower panel) that accelerates the injected
electrons to several 10 MeV energy. Since the bubble is fully
loaded with electrons, no further injection occurs.
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Abstract We report on investigations of high-order har-
monic generation from solid surfaces in the coherent wake
emission regime with relativistically intense few-cycle (8 fs)
laser pulses. Significant spectral broadening compared to
previous experiments with many-cycle pulses and the ap-
pearance of substructures on the harmonics are observed
that strongly fluctuate from shot-to-shot. Measurements in
which the linear polarization was rotated or ellipticity of the
laser pulse was varied exhibit a strong dependence of the
harmonic emission on the polarization state of the incident
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pulse. We show that the observed spectral features are ulti-
mately connected to the sub-cycle electron dynamics in the
laser-solid interaction and thus proof of the few-cycle nature
of the observed harmonic emission. Using a simple model
we have investigated the factors that play an important role
in the shape of the emitted spectrum.

1 Introduction

It has been recently demonstrated that the harmonic emis-
sion emanating from the interaction of intense laser pulses
with solid-density plasma possesses a remarkable prop-
erty, the individual harmonics in the emission spectrum are
phase-locked [1, 2]. This conclusion is based on the ex-
perimental observation that in the time domain the emitted
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light is bunched in form of a train of sub-laser-cycle dura-
tion pulses. Moreover, substantial theoretical [3—8] and ex-
perimental [9-15] evidence has been accumulated indicat-
ing that the plasma medium additionally exhibits the char-
acteristics required for a source of spatially coherent, ex-
treme ultraviolet (XUV) pulses of attosecond duration and
unprecedented brightness. This new source is superior to
the one based on the harmonic emission from gaseous me-
dia in several aspects. Besides being more efficient, it ex-
hibits no inherent limitation on the laser intensity that can
be used. In conjunction with rapid progress in laser technol-
ogy, the plasma medium holds promise for building a source
delivering attosecond pulses [16] with enough intensity to
be used in XUV-pump XUV-probe spectroscopy. For most
of the envisaged applications, the availability of a single at-
tosecond pulse is desirable [17]. There are two approaches
toward this objective. Whereas the first relies on the “inten-
sity gating” technique that requires modern laser systems
delivering pulses with some Joules of energy and few-cycle
duration [6], the second is based on the “polarization gat-
ing” technique [18-20] that can be used with the more read-
ily available conventional laser systems delivering 2040 fs
laser pulses. In both cases, Carrier-Envelope-Phase (CEP)
stabilized pulses are necessary [21].

In this work, we report on investigations pertaining to
both approaches. Using the high-power Light Wave Synthe-
sizer (LWS) [22, 23] delivering 3-cycle (8 fs), non-phase-
stabilized 800 nm, ~16 TW laser pulses, we were able to
observe for the first time high harmonics up to the 20th order
(H20) generated by the interaction of few-cycle laser pulses
with solid targets. During these investigations, the parame-
ters associated with the laser pulse from the LWS laser sys-
tem were such that the dominant harmonic emission mecha-
nism appears to be what by now is dubbed as Coherent Wake
Emission (CWE) [9, 24]. Generally, CWE prevails for val-
ues of the normalized vector potential up to ar, ~ 1, which
in terms of the focused laser intensity /i, and wavelength Ap,
is given by a? = I A} /[1.38 x 10'8 W cm =2 um?]. For val-
ues of ar, > 1 the so called Relativistic Oscillating Mirror
(ROM) [3, 4, 15] mechanism is considerably more efficient
and the harmonic emission is exclusively due to this process.
For intermediate values of ap, 2 1, the two processes can
coexist and which one of the two dominates depends sensi-
tively on the shape and gradient of the plasma density pro-
file [12].

The novelty in these investigations is the shortness of the
laser pulse in combination with on-target intensities exceed-
ing 10'® Wcem™2. This constitutes a step toward realiza-
tion of “intensity gating” for the harmonic emission from
solid targets. As in the case of gaseous media, the reduc-
tion of the number of cycles under the laser pulse envelope
would inevitably lead to fewer attosecond pulses in the gen-
erated train [17]. Furthermore, only those cycles within the

@ Springer

pulse with enough instantaneous intensity would produce
harmonic emission in the necessary spectral range for at-
tosecond time scale emission. In this context, harmonic gen-
eration using the plasma medium is more favorable because
only one attosecond pulse per laser cycle is produced in-
stead of two as in the case of a gaseous medium. Under these
circumstances however, some new effects appear that have
not been observed before. For example, it is found that the
laser pulses are short enough for effects like random Carrier-
Envelope-Phase (CEP) fluctuations to manifest themselves
in the observed harmonic spectra. The experimental results
are analyzed in terms of a simple model supported by 1D
PIC (Particle-In-Cell) simulations. The performed analysis
not only explains the main features of the experimental re-
sults, but more importantly sheds light on the microscopic
electron dynamics responsible for the harmonic emission.
The “polarization gating” technique has been also proposed
as a method to generate single attosecond pulses [19, 20].
To ascertain the appropriateness of the polarization manip-
ulation to achieve a temporal “gate”, a detailed study of
the harmonic emission in the CWE regime is undertaken in
which (a) the polarization between s- and p-polarized light
and (b) the ellipticity of the incident laser pulse was varied.
The results are in agreement with PIC simulations and indi-
cate that the first method appears to be quite promising.

2 Experimental investigation of the harmonic emission

The experiments were carried out using the unique few-
cycle Light Wave Synthesizer (LWS) [22, 23], which is
a Noncolinear Optical Parametric Chirped Pulse Amplifi-
cation (NOPCPA) system. During these investigations the
light source was upgraded from 8 TW (LWS-10) to 16 TW
(LWS-20) peak power output. A schematic of the layout of
the LWS system is shown in Fig. 1. The Nd:YAG pump laser
after frequency doubling delivers 78 ps pulses of 0.5 J in
case of LWS-10 and 1 J in case of LWS-20 energy at 532 nm
and is optically synchronized to the titanium:sapphire front
end (Femtopower, Femtolasers GmbH). The 1 kHz front end
produces 25 fs, 800 wJ pulses that are broadened in a hollow-
core fiber filled with 2 bar neon to seed the NOPCPA.
A grism based stretcher introduces negative group delay dis-
persion and elongates the pulses to 45 ps that are partially
compressed to about 25 ps in an acousto-optical program-
mable dispersive filter (DAZZLER). The non-collinear op-
tical parametric amplification from 700 nm to 980 nm takes
place in two consecutive single-pass Type I BBO stages. In
case of the LWS-20 laser system, the pulses are amplified
from a few puJ after the DAZZLER up to 1 mJ in the first
stage and up to 170 mJ in the second stage. After a bulk
compressor including 160 mm SF57 and 100 mm Quartz,
an adaptive mirror and a wavefront sensor in a closed loop
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Fig. 1 Layout of the Light
Wave Synthesizer 20 (LWS-20)
laser system [23]
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configuration optimize the focusability. The pulses are sent
to a vacuum chamber, where four positively chirped mir-
rors compress them to a typical intensity Full-Width-Half-
Maximum (FWHM) duration of 8 fs, which for the 800 nm
center wavelength results in sub-3 optical cycles. Accord-
ingly, the E-field of the pulse has a FWHM duration of 11, =
4.2 laser cycles. The compressed energy is up to 130 mJ
(65 mJ in the case of LWS-10) corresponding to 16 TW
(8 TW) power.

Figure 2(a) shows schematically the experimental setup.
The laser was focused onto the target at 45° angle of in-
cidence using an F/3, 30° off-axis parabola (effective focal
length feff = 168 mm). In case of LWS-20, the average fo-
cused intensity inside a focal spot radius containing 86%

B XUV

target ‘ -

spectrometer

intensity (a.u.)
shot# 071

b wavelength (nm)

Fig. 2 (a) Schematic of the experimental setup, (b) raw data record
obtained with the grazing-incidence imaging XUV spectrometer

of the total energy, was aj, =~ 1.5. The corresponding peak
intensity is estimated to be afeak ~ 3. The measured laser
pulse contrast was 10~* at 3.3 ps and 1078 at 5 ps before
the peak [23]. The 120 mm diameter fused silica disc targets
were mounted on a rotating mechanism allowing the acqui-
sition of approximately 3500 shots at a repetition rate of up
to 10 Hz. The generated harmonic radiation in the specular
direction was recorded using a grazing-incidence imaging
XUV spectrometer equipped with a Csl coated MCP detec-
tor. Except for the measurements where the laser polariza-
tion was varied (see Sect. 3), the rest of the data were ob-
tained with p-polarized laser beam. An example of a raw
data record is shown in Fig. 2(b). The investigated spec-
tral range was 40-100 nm, which for a laser wavelength
of 800 nm corresponds to 8th—20th harmonic orders (H8-
H20).

2.1 Harmonic spectrum with 3-cycle laser pulses

Figure 3 shows a set of six single-shot harmonic spectra ob-
tained with our 3-cycle laser pulses in the H11-H16 spectral
range. In a more detailed spectral scan a distinct cutoff in
the harmonic spectra at H20 was observed. This corresponds
to the highest harmonic that the plasma density can sustain
confirming that indeed CWE is the dominant harmonic gen-
eration process [9]. This is further supported by PIC simu-
lations conducted with parameters close to the ones in the
experiment. The measured spectra in Fig. 3 correspond to
single laser shots recorded under nominally the same laser
conditions. Two distinct characteristics in the spectra are no-
ticeable. The individual harmonics are broadened compared
to those from a longer pulse [1, 2, 9, 13] and exhibit from
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Fig. 3 Single-shot harmonic spectra from fused silica targets. These
six records were selected form a set of consecutive shots obtained un-
der nominally same conditions where all the controllable laser para-
meters were kept fixed. The irreproducible substructure due to CEP
variation is clearly visible

shot to shot a strongly irreproducible substructure and a sig-
nificant spectral shift. Although broader harmonics are ex-
pected due to the shortness of the laser pulse, the complex
and from shot-to-shot strongly varying spectral structure is a
new feature not observed in measurements with longer laser
pulses [1, 2]. As discussed in the next Sect. 2.2, the same
well behaved spectra exhibiting single harmonic peaks were
also observed with the present laser system using positively
chirped pulses. This is unequivocal proof that the structure
observed with 3-cycle pulses is due to the shortness of the
laser pulse.

2.2 Pulse duration variation

The variation of laser pulse duration was accomplished by
manipulation of the Group-Delay-Dispersion (GDD) us-
ing the DAZZLER incorporated into our laser system (see
Fig. 1), i.e., by introducing a chirp in the frequency spec-
trum of the pulse. This way pulse durations from the nearly
Fourier-Transform-Limited (FTL) value of 8 fs to (chirped)
pulses of several tens of fs were readily generated.

Figures 4 and 5 depict the main characteristics of the har-
monic emission for different pulse durations. They also pro-
vide another proof of the fact that the complex structure of
the harmonics is due to the shortness of the driving laser
pulses. The results indicate that, in contrast to the shortest
driving pulse of 8 fs which leads to a complex structure of
the harmonics that varies from shot-to-shot (see Fig. 3), the
longer pulses obtained by introducing positive chirp values
lead to reproducible single peaked harmonics. This is clearly
seen in Fig. 4 where a direct comparison of the harmonic

@ Springer

spectra for four values of GDD is shown. For nominally FTL
pulses (shot # 611), as already discussed, the harmonic spec-
tra appear to be very sensitive to the random variations of
CEP when using non-phase-stabilized pulses of only three
optical cycles under the envelope (8 fs). For positive val-
ues of GDD (shot # 617 and 622) the spectra become pro-
gressively narrower and more reproducible. The insuscepti-
bility of the spectrum on the CEP for long, chirped pulses
manifest itself in the same way as in the case of experi-
ments on high-harmonic generation on solids and gases with
long, FTL pulses. For negative values of GDD (shot # 628)
the individual harmonics become even broader and fluctu-
ate even stronger than with FTL pulses. This behavior for
different GDD values has been observed before with longer
laser pulses [13] and it is attributed to the compensation of
the intrinsic harmonic chirp for positive values of GDD. The
origin of the intrinsic harmonic chirp is the unequal spacing
of the individual pulses in the attosecond pulse train and it
is discussed in detail in Sect. 4. In case of uncompensated
negative GDD the intrinsic chirp is further increased and the
shape of the individual harmonics depends even more sensi-
tively on the CEP variation.

N
N

_ shot # 628 ' ' "shot # 611
5 GDD=-200 fs’ GDD=0 fs’
© 0.8
2
£04
E

0.0 1 1 1 1 1 1 1 1

1.2 T T T T T T T
. shot# 617 shot # 622
5 GDD=+200 fs’ GDD=+400 fs’
808
2
é 0.4
£
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8 9 10 M 12 138 9 10 11 12 13

harmonic order harmonic order

Fig. 4 Harmonic spectra obtained for different values of GDD corre-
sponding to negative chirp (shot 628), no chirp (shot 611) and positive
chirp (shots 617 and 622)

8 o

77 : :
300 200 -100 0
GDD (fs?)

10-th har. wavelength (nm)

+100 +200

Fig. 5 Dependence of the H10 wavelength on GDD. The line is a fit
through the experimental points (circles)
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Another interesting effect observed under variation of the
chirp of the laser pulse is the shift of the central wavelength
of the individual harmonics. Namely as the GDD value in-
creases the central wavelength also increases. This is de-
picted in Fig. 5 for the H10. This is attributed to the fact
that harmonics are produced predominantly during a par-
ticular part of the laser pulse where the intensity is high.
As a consequence for a particular value of GDD different
parts of the spectrum are responsible for the harmonic gen-
eration.

3 Spectral measurements with polarization variation

The dependence of the harmonic emission on the polariza-
tion of the incident driving laser pulse is not only inter-
esting from a fundamental point of view but also in con-
nection with the polarization gating technique as a means
of generating single attosecond pulses. A number of re-
ports have investigated this subject already theoretically
[3, 20, 25, 26] and experimentally [27-31], but no clear pic-
ture for the CWE regime has been established so far. In pre-
vious reports with long laser pulses or existent prepulses,
Rayleigh—Taylor instabilities of the preplasma caused strong
surface rippling and therefore polarization scrabbling thus
diminishing the effect of changing polarization of the inci-
dent laser. However, in our case the shortness and the good
contrast of the used laser pulse preserves a clean interac-
tion surface. Since the early theoretical works of Lichters
et al. [3] it is well-known that for the polarization depen-
dence of high-harmonics generation certain selection rules
apply. In general it was found that the polarization of the
generating laser pulse might influence both the intensity and
the polarization state of the generated harmonics. In the case
of investigations with short-pulse lasers (i.e. shorter than
100 fs) harmonics have only been observed for p-polarized
incoming beam. This is expected for the CWE mechanism
in which case the existence of an E-field component in the
plane of incidence is essential to drag electrons out of the
solids (see discussion in Sect. 4). The experiments cited pre-
viously aimed primarily at determining the harmonic inten-
sity dependence on the two major polarization directions
(s and p) of linearly polarized laser pulses. On the other
hand, it is also of interest to investigate experimentally the
dependence of the harmonic emission for arbitrarily directed
linearly polarized laser light and as a function of the degree
of ellipticity. The aim of the present experiment is to obtain
a detailed picture of polarization dependence of harmonic
generation in the CWE regime. This will provide valuable
information regarding the applicability of the polarization
gating to generate single attosecond pulses.

The use of the LWS 20 laser system with its polariza-
tion insensitive bulk glass and chirped mirror compressor

enabled us to change the polarization by inserting small
aperture waveplates directly into the unexpanded beam of
the laser system where the pulses are still stretched. The po-
larization state of the laser radiation has been measured at
target position, to exclude any influence of the transmission
through the compressor and the beamline.

3.1 S—P variation

For measuring the effect of the polarization of the incident
laser radiation on the harmonic generation process a com-
mercial broadband, achromatic, zeroth order half-wave plate
has been introduced into the laser beam. The plate was ro-
tated in steps of 4 degrees and for every step around 30
spectra in the range of H8 to H13 were recorded with the
grazing-incidence spectrometer (see Fig. 2). These spectra
have subsequently been integrated over the given harmonic
range and averaged. In Fig. 6 the resulting values are shown.

A maximum is observed around fully p-polarized inci-
dent laser light. But by rotating the polarization plane to in-
crease the E/E, ratio, the efficiency of the harmonic gen-
eration is dropping rapidly to less than 1%, which is around
the detection limit of our spectrometer. This behavior is ex-
pected, since we are looking at harmonics produced by the
CWE mechanism, whereby electrons are accelerated out of
the plasma by the component of the incident electric field
perpendicular to the target surface. By rotating the half-wave
plate in the laser beam, this p-component is decreasing in fa-
vor of an increasing s-component while leaving the overall
intensity on target constant. This behavior is reproduced by
the PIC simulations discussed in detail in Sect. 4.3.

3
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Fig. 6 The effect of the polarization variation from S to P and back
to S on the harmonic emission. The squares represent the measured
values with the error bars being 1 SD over 30 spectra. The triangles
and the circles are the results of PIC simulations with fixed and variable
scale length for the preplasma (see discussion in Sect. 4.3). The curves
indicate the expected dependence o |E,|" forn =1,2,4
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Fig. 7 The effect of the ellipticity variation on the harmonic emis-
sion. Points represent the measured values with the error bars being
1 SD over 30 spectra. The curves indicate the dependence o< | E,|" for
n=1,2,4

3.2 Ellipticity variation

Similar to the linear polarization measurement the depen-
dency of the harmonic emission on the incident laser pulse
ellipticity has been measured. This measurement was ac-
complished by replacing the half-wave plate with a zero or-
der quarter wave plate, which also has been rotated in steps
of 4 degrees to change the polarization of the transmitted
laser beam from circularly polarized on target to linearly
p-polarized and back to circular by a rotation of the plate
by 90°. Again around 30 spectra of the emitted harmonics
in the H8—H13 range have been recorded at each position.

In Fig. 7 the integrated and subsequently averaged val-
ues of the spectral intensity are shown. As expected, a clear
maximum of the harmonic emission is observed for linearly
p-polarized light on target. The intensity of the emitted har-
monics is dropping rapidly to around 20% of the peak value
with increasing ellipticity. Similar to the case of changing
from s- to p-polarization, the reduction in efficiency is much
faster than expected when considering just the reduction of
the component of the driving electric field perpendicular to
the target surface (see discussion in Sect. 4.3).

4 Theoretical analysis and discussion

We first investigate some aspects of the Coherent Wake
Emission (CWE) mechanism [1, 2, 9, 12—-14], which as al-
ready discussed, appears to be the dominant harmonic gen-
eration process in our experimental studies. In this regime,
several features in the emission spectrum can be understood
in terms of a 3-step model that describes the coherent sub-
cycle dynamics of the plasma electrons.

@ Springer

4.1 The 3-step model

According to this model, which is reminiscent of the 3-step
model for the harmonic generation in atoms [32], the in-
teraction unfolds as follows: (i) first, the E-field compo-
nent perpendicular to the target of the obliquely incident,
p-polarized laser pulse launches electrons into the vacuum
(Brunel electrons [33]), (ii) depending on the E-field phase
during the ejection some of these energetic electrons are
then hurled back into the plasma during the second half-
cycle of the laser period and form bunches that pass through
a density ramp, (iii) this gives rise to resonantly driven
plasma oscillations at positions x, within the density gra-
dient where an integer multiple of the driving frequency wr,
coincides with the local plasma frequency wp, i.e., where
qoL = wp(xy). At these resonance positions, the excited
plasma waves undergo linear mode conversion into EM-
waves via inverse resonance absorption [34].

Following the formulation of [33], the electron dynam-
ics can be described in a simplified fashion by the one-
dimensional equation of motion along the x-axis (withx =0
on the plasma—vacuum interface). Since we deal with mildly
relativistic intensities, i.e., It >~ 1018 W/cm?, we write the
equation of motion in its relativistically correct form. Each
single electron moves in the combined E-field of the laser
and electrostatic field due to space charge accumulation:

d
d_}f =4x Sin(@)aL(l - 52)3/2

x [EL(t + t9) cos(wL(t + 1o + )
— EL(19) cos(wL (10 + ¢))]. (H

with x the distance from the interface in wavelengths Ap,
B =dx/dt. Here E1(t) = exp(—t2/0.72rf) is the temporal
envelope of the laser E-field, ® the angle of incidence, and
wr, = 2m the laser frequency. The time ¢, #y and the FWHM
intensity pulse duration t, are in laser periods 71, and the
CE-phase ¢ is normalized to 2. The last term in (1) rep-
resents the effect of the space charge to the electron mo-
tion as formulated in [33]. The instant of release of the elec-
tron from the plasma—vacuum interface is denoted as #y. In
the relativistically correct equation of motion we have ne-
glected the magnetic field term to keep the model simple
and one-dimensional. As PIC simulation confirm, for mildly
relativistic intensities this is justified. A similar analysis
but with emphasis on the escaping electrons has been re-
ported in [35]. The numerical solution of (1) for ap, = 1.5,
7, =3 and ® = 45° is depicted in Fig. 8(a). The electrons
at the vacuum—plasma interface are initially at rest and uni-
formly distributed, i.e. fg is varied in equidistant intervals.
After reentry into the plasma region they are assumed to
travel at the constant velocity acquired during the excursion
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Fig. 8 (a) Numerical solution of (1). The trajectories of the electrons
released into the vacuum at uniformly varying values of #y and return-
ing to the plasma surface are shown in green and the histogram (num-
ber of electrons per unit time) at a depth of x = —0.1 is plotted in
black line (yellow filled). For reference the driving electric field is also
plotted (red line). (b) The electron density evolution for few cycles at
the beginning of the pulse obtained from the 1D-PIC simulation and
the E-field of the driving pulse (red). The density is color coded with
the solid-density target slab appearing as a dark bar. (c) The generated
as-pulses (blue) are positioned at the point in time coinciding with the
return of the expelled electrons

in the vacuum. In Fig. 8(a) only those orbits of the elec-
trons returning to the plasma region are plotted. The his-
togram of the electrons per unit time crossing a line located
at x = —0.1 behind the interface clearly shows a temporal
bunching of the returning electrons within a time window
amounting to a fraction of a cycle. The reason for this bunch-
ing is merely the electron dynamics for different phases of
the sinusoidal E-field of the laser. A careful examination
of the orbits in Fig. 8(a) indicates that at the beginning of
each cycle (positive-to-negative field crossing) some elec-
trons are pulled out but due to the weak field their excursion
is short. As the field continues to grow, the subsequent elec-
trons move further from the surface but due to their higher
velocity they return approximately at the same time with the
previous ones. This results in a crossover of the orbits in-
side the plasma and the formation of electron bunches. Since
the harmonics are generated via these bunches of energetic
electrons (e-bunches), the emission time of the individual

attosecond bursts will follow the occurrence of the electron
temporal localization.

We have further substantiated the validity of our simple
CWE 3-step model by performing simulations using the 1D
PIC code PICWIG [20]. The input parameters used were
close to those in the experiment, namely ap, = 1.5, ® =45°
and n,/n. =400 where n, is the maximum electron density
and n. is the critical electron density corresponding to the
frequency wr, of the driving laser pulse. The laser spot size
is estimated to be «7 um, which is larger than the length of
the 3-cycle laser pulse of 2.4 um. This indicates that the
interaction is nearly one-dimensional and thus the use of 1D
PIC code is justified. We chose to conduct the simulations
at the average intensity in the interaction area to approxi-
mate the behavior of the whole focal region. Furthermore,
for the calculation of the harmonic emission a linear density
ramp with a scale length of L = 0.2\, was assumed in front
of the plasma slab. This value is based on a simple estima-
tion in which an expansion velocity of 5 x 107 cm/s is as-
sumed and as expansion interval the point of 10~* contrast
at 3.3 ps before the peak of the laser pulse, i.e. the point
where plasma is generated. The electron density evolution
due to a 7, = 3 (FWHM in intensity) laser pulse of those
electrons returning to the plasma for few cycles at the be-
ginning of the pulse is depicted in Fig. 8(b). It exhibits an
almost quantitatively similar behavior as the one deduced
using the CWE 3-step model (compare Fig. 8(a)). In par-
ticular, the time interval during which most of the electrons
are pulled into vacuum is preferentially near the first quar-
ter cycle after each positive-to-negative zero crossing of the
electric field and their return half a cycle later as predicted
by the model also. The attosecond pulse train generated by
the coherent superposition of the H10 to H20 harmonics is
shown in Fig. 8(c). This confirms the postulation that the
harmonic emission contributing to the formation of attosec-
ond pulses occurs at the points in time that coincide with
the return of the expelled electrons. From this comparison
it becomes apparent that the CWE 3-step model despite its
simplicity contains most of the relevant physics.

The change in the oscillation amplitude due to the enve-
lope of the driving pulse gives rise to another effect, which
for moderate laser intensities ap, = 0.2 and longer pulses has
been investigated before using PIC simulations [13]. As is
clearly seen in Fig. 8(a), the e-bunches are not equidistant.
The distance between them monotonically increases with
time while the time interval Az, between the nth positive-
to-negative zero crossing of the E-field and the resulting
e-bunch decreases on the rising edge of the pulse but then in-
creases again. Figures 9(a) and 9(c) show the data points ex-
tracted from the corresponding histograms for the unequally
spaced e-bunches generated by a 15-cycle and 3-cycle laser
pulse. For a Gaussian pulse envelope the data points follow
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Fig. 9 Time delay between the nth positive-to-negative zero crossing
of the E-field and the return of the individual electron bunches calcu-
lated for three different CE-phases for (a) a 15-cycle and (c) a 3-cy-
cle pulse. The intensity of the driving pulses is given for reference.
(b) and (d) show the harmonic spectra corresponding to pulse trains
with as-pulses spaced according to the results shown in (a) and (c) re-
spectively. For comparison, in (d) the spectrum for regularly spaced
pulses is shown (dashed line)

very closely a At, (¢, ¢) = A|(t — (p — ¢0))/7L|P + B de-
pendency with A, B, ¢g and p fitting parameters. The expo-
nent p depends weakly on the pulse duration t, and for the
two cases considered to a good approximation is constant
and equal to 3. This is shown in Figs. 9(a) and 9(c) for the
“long” and “short” pulse where Af, has been calculated for
three CE-phases. It is seen that all values fall on the same
curve indicating that it is the pulse envelope that determines
At, for each ¢. Note also that ¢y # 0 because of the finite
time spent by each electron in the vacuum.

4.2 Short-pulse spectra

To assess the influence of the unequal spacing on the spectra
expected with laser intensities of a;, = 1.5 and for a given
pulse duration tp, we have calculated the spectrum ET(w)
of a train of attosecond pulses unequally spaced in time
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given by:

Er(®) = EA(®) Y EL(ty)e'™. )

E A (w) represents the spectrum of a single electron burst
of sub-cycle duration that excites plasma oscillations at all
frequencies and it is assumed to be constant in the spectral
range of interest. According to the CWE 3-step model, for a
given ¢ the attosecond pulse within the nth cycle will occur
at time t, = At,(n,¢) +n — (¢ — ¢o). Using (2) we have
computed the spectrum for 71, = 15 (Fig. 9(b)) and 71, =3
(Fig. 9(d)). For “long” pulses the spectrum exhibits regu-
larly spaced individual harmonics in good agreement with
the spectrum from previous experiments [1, 9, 13] and with
properly “chirped” pulses (see Fig. 4). When the model is
applied to a 3-cycle pulse (see Fig. 9(c)) the effect on the
spectrum is striking (Fig. 9(d)). The individual harmonics
are not only broadened but also are strongly distorted in
shape. It is important to emphasize that despite the distor-
tions the spectrum shown in Fig. 9(d) corresponds to a short
train of individual attosecond pulses.

The key to the observed substructure in the harmonic
spectrum lies in the intrinsic properties of the CWE gen-
eration process, which become perceptible because of the
shortness of the driving laser pulse. To investigate the ori-
gin of the shot-to-shot variation in the spectrum and assess
the impact of various parameters on the spectral structure
of the emitted harmonics, we have conducted a parametric
study for 3-cycle laser pulses using the model described pre-
viously. Using (2) we have calculated the expected spectra
for the range —0.5 < ¢ < 0.5 and in the frequency range
of the experimentally acquired spectra. Also, for the same
laser pulse duration (3-cycles) we have performed PIC sim-
ulations using the code LPIC [3] and computed the emitted
spectrum similarly for a range of the CEP. The thus obtained
spectra for selected values of ¢ are depicted in Fig. 10 for
both cases. We find that for specific values of ¢ the spectra
calculated using the model and PIC simulation reproduce
qualitatively remarkably well the features exhibited by the
measured ones (see Fig. 3). As seen in Fig. 10 there is no
exact correspondence of the spectrum for the same value
of ¢ between model and simulation. This is attributed to
the fact that while the PIC simulation computes everything
self-consistently the model uses some simplifications. For
example, the phase jump between the incident and the re-
flected wave at the plasma—vacuum interface depends on the
local plasma density. This effect is taken into account self-
consistently in the PIC simulation. In the model however,
a constant phase jump of 7 is assumed.

According to the model, the time of emergence of the at-
tosecond pulses crucially depends not only on CE-phase ¢
but also on the overall shape of the Az, curve. As expected,
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Fig. 10 Top: Modeled spectra obtained using (2) in the experimen-
tally recorded range and for four different values of the normalized
CE-phase ¢. The spacing of the individual as-pulses was inferred from
the data shown in Fig. 9. Bottom: PIC simulated spectra for the same
values of the CE-phase

CEP variations have practically no influence on the har-
monic spectrum of the 15-cycle pulse because most of the
emitted attosecond pulses emanate in a time interval where
the instantaneous intensity variation is negligible and as a
result are equidistant. However, this is not the case for the
3-cycle pulses that were used in the experiments. An inspec-
tion of the analytical expression for the At,, curve shows im-
mediately that its shape would also be affected by inherent
pulse duration tp, fluctuations, which, for our laser system,
amount to 3%. Detailed model calculations indicate that this
fluctuation level affects the relative amplitude of the peaks
within each harmonic, whereas the overall shape (single-vs
multi-peaked) is determined predominantly by the value of
the CE-phase. A similar analysis shows that intensity (also
in the 3% range) and scale-length fluctuations are affecting
only the constants A and B and have negligible effect on
the calculated spectrum. This suggests that shot-to-shot CEP
fluctuations are chiefly responsible for the observed spectral
structure.

4.3 Simulations on the effect of the polarization variation
in the CWE regime

Previous reports [1, 9] have shown that, for purely
p-polarized driver laser, the efficiency of harmonic gen-
eration varies with the intensity of the laser as Ixpyy
18'471 oc | EL|%82. Therefore, for mixed polarization (par-
tially s-polarized and partially p-polarized) one expects that
the harmonic intensity would similarly vary as o Eﬁli_z
where E , is the p-component of the obliquely incident
laser field. But from Fig. 6 it is evident, that in our case
changing the plane of polarization from purely p to purely s,
the efficiency is decreasing considerably faster than | Er 12
We have simulated the polarization variation using the
PICWIG code and the results are shown in Fig. 6. The in-
put parameters were the same as those given in Sect. 4.1 but
the scale length in one case was kept constant at L = 0.1,
(triangles in Fig. 6) while in the other was reduced progres-
sively from L = 0.1A for Er s = 0.3 to L = 0.04A, for
Er s = 1.0 (circles in Fig. 6). As it is discussed later on,
this is to simulate the effect of reduced absorption due to
increasing s-polarized component in the incident field. As
can be seen, the PIC simulations confirm the |EL, p|2 de-
pendence for the case of fixed scale length. On the other
hand the reduction of the scale length for increasing values
of E1  yields a dependence much closer to |Ep, p|4 and to
experimental results.

This result can be understood in terms of the different
absorption mechanisms and their dependence on the polar-
ization of the incident light. As has been reported in [36] the
absorption of ultrashort laser pulses in overdense plasma is
considerably lower in case of s-polarized light. The forma-
tion of preplasma and thus the resulting scale length depends
on how much energy is absorbed in the time before the ar-
rival of the peak of the pulse. It is reasonable to assume that
the amount of absorption decreases as the part of s-polarized
component in the incident pulse becomes more dominant.
This in turn leads to smaller scale-length values. For rea-
sons discussed by Dromey et al. [37], the consequence of
that is the reduction of the harmonic emission due to the
CWE mechanism.

In case of ellipticity variation the discrepancy to the sim-
ple scaling law shown in Fig. 7 can be attributed to more
complex electron dynamics at the vacuum—plasma interface.
The field component parallel to the target surface is influ-
encing the trajectories of the extracted electrons. With in-
creasing ellipticity of the incident electric field the electrons
emanating from the target surface at different times will feel
different parallel field components resulting in trajectories
tilted under different angles to the target surface. Electrons
reentering the plasma will therefore arrive under various an-
gles which effectively reduces the bunching of these elec-
trons and consequently diminishes plasma wave and with
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this also harmonic production. Also in this case the absorp-
tion and therefore preplasma generation is different for p-
and circularly polarized light, which is further affecting har-
monic generation. The observation that for circular polar-
ization there is still a 20% harmonics conversion is entirely
different from the behavior of gas harmonics. The reason is
that for circularly polarized laser light there still exists an
electric field component in the plane of incidence, which re-
mains the source of Brunel electrons for the CWE mecha-
nism.

5 Conclusions

In summary, high-harmonic emission from solid targets was
studied for the first time using a 3-cycle laser pulse in the
multi-TW power scale. New aspects associated with the
few-cycle emission have become apparent. We have identi-
fied the mechanism responsible for the substructures on the
individual harmonics as due predominantly to the sub-cycle
dynamics of the electrons responsible for harmonic genera-
tion.

The dependence of harmonic conversion on the polariza-
tion of the incoming laser beam—in the first approxima-
tion—corresponds to the expectations for the CWE mech-
anism. The high conversion to harmonics for a p-polarized
beam drops very fast either by changing the direction of the
linearly polarized radiation or by varying the ellipticity. This
behavior might be advantageous for a possible approach to
the generation of single attosecond pulses using the polar-
ization gating technique. It appears that ellipticity variation
is not an appropriate method because the conversion does
not vanish even for purely circularly polarized radiation.
On the other hand the fast decrease and high contrast when
changing the polarization from p to s might open new pos-
sibilities for which an s—p—s polarization gating has to be
developed.

Although the results obtained with our LWS laser sys-
tem represent a decisive step forward, to reach the ulti-
mate goal of isolated attosecond pulse generation with re-
producible characteristics, further advances in laser tech-
nology like multi TW-scale laser systems delivering even
shorter pulses with CEP stabilization and excellent charac-
teristics are necessary. Provided that such high-performance
laser systems become available, the effort should concen-
trate in reproducibly generating harmonics via the ROM
mechanism, which appears to deliver a harmonic spectrum
with superior characteristics, (e.g. higher photon energy, in-
creased efficiency, smaller divergence, better phase locking
properties) compared to that from the CWE mechanism.
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