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Chapter 1

Introduction

The new frontier in ultrafast time-resolved studies is in the attosecond domain. The or-
bital period of the electron on the ground state of Bohr's hydrogen atom is ~150 as (1 as
= 10™%s). This simple example already illustrates that attoseconds represent the natural
time scale of fast electron dynamics in atoms and molecules. Attosecond time resolution
allows one to follow electron rearrangement dynamics in atoms or molecules, e.g. after
ionization [1], during reactions or dissociation events [2], to resolve electron cloud os-
cillations of plasmon resonances of metal nano-particles, photo-emission from solid sur-
faces [3], or migration of electrons from a substrate to an adsorbate [4], to name just a
few examples in various disciplines. How do molecular orbitals evolve to their new
configuration after an electron has been removed from the molecule? How does the in-
tra-molecular energy transport in early phases of such important processes as photo-
synthesis or vision work?

The field of attosecond science is one with exciting prospects but is still in its
infancy. The tools to address some of the above questions have only recently become
available and still undergo rapid development. Only relatively few measurements with
attosecond time resolution have been demonstrated so far. In the following we give a
non-exhaustive overview of some typical experiments: A prototype measurement was
the detection of the electric field of a few-cycle pulse with the so-called attosecond
streak-camera providing ~200 as temporal resolution [5]. Resolving the dynamics of
various ionization processes has drawn particular attention. One of the first experiments
was the time-resolved measurement of Auger decay in Kr [6]. More recently infrared
induced tunnel ionization of highly excited Ne* atoms has been time-resolved with a
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resolution of a few hundred attoseconds [7]. Two experiments measuring the timing be-
tween the photo-electrons emitted in single-photon ionization from the 2s and 2p orbi-
tals in neon yielded contradictory results and show how important subtle effects become
on such short time-constants [8, 9]. In a first experiment on a solid-state sample, the
time-resolved photoemission from a tungsten surface was studied [3]. Without actually
using attosecond pulses, angularly resolved momentum distributions of the fragments of
helium field-ionized by circularly polarized few-cycle pulses yielded similar timing ac-
curacy [10]. This data was used to determine an upper bound on the tunneling time of
the electron leaving the helium ion with a few 10 as accuracy [11]. Trains of attosecond
pulses were used to perform electron wavepacket interferometry and thereby to probe
phase information in single-photon ionization of argon [12]. Beyond pure ionization
processes, the periodicity of attosecond pulse trains was used to obtain stroboscopic pic-
tures of strong-field driven electron rescattering events [13]. Attosecond resolution of
proton motion in molecules has been demonstrated without directly using attosecond
pulses in the so-called PACER technique [14]. Using PACER, proton motion in H," in
the few femtoseconds following ionization was tracked with ~100 as resolution.

When looking at the above experiments, one can extract a number of common-
alities that characterize the state of attosecond science and the underlying technology.
Most experiments are being performed on relatively simple model systems — often rare
gases. All of them involve strong laser fields. As a result, the system under investigation
is always under the influence of non-perturbative fields. Sometimes this might be de-
sired, sometimes not. Almost all experiments detect charged particles and thus intrinsi-
cally require ionization to occur in one form or another. Furthermore, count rates per
shot are limited when detecting charged particles in order to prevent space charge ef-
fects. This immediately brings up another technological aspect: All of the above ex-
periments use Ti:sapphire amplifiers as the primary laser source. Ti:sapphire systems
are limited in repetition rate due to thermal effects. Low repetition rates affect meas-
urement duration and achievable signal-to-noise. Furthermore, they're bulky, inefficient,
and expensive.

Overcoming some of the technical limitations and introducing new, more gen-
eral measurement schemes will ultimately allow the field to move to more complex mo-
lecular and solid-state systems. Here, we will present our recent contributions to sources
and techniques for attosecond science. This includes the development of a novel pri-
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mary laser source for high-field science, the investigation of quantum-path interference
in high-order harmonic generation — a basic strong-field phenomenon and the process
underlying all current attosecond pulse sources —, and the application of a new all-
optical attosecond spectroscopy technique to the detection of electron wavepacket inter-
ferences in helium strongly driven by an external laser field.

Femtosecond laser pulses are a success story for applications in many fields of
research and engineering. While femtosecond lasers start to make it into industrial or
medical applications, such short pulses are still far easier to generate in certain spectral
regions than in others, even more so, if high power levels or high intensities are re-
quired. One particularly difficult region for the generation of intense femtosecond
pulses is the mid-infrared, mainly due to the non-existence of sufficiently broadband
gain media and the small selection of suitable optical materials in general. The most
successful femtosecond mid-infrared sources so far were all based on optical parametric
amplification (OPA). We introduce a new system concept for compact and affordable
generation of intense, few-cycle mid-infrared pulses at record-high average powers in
Chapter 2. The system uses proven, industrial 1-um laser technology as the pump and a
fiber laser operating at the 1.5 pum telecom wavelength as the seed generator or seed di-
rectly. To enable efficient and broadband operation with this particular combination of
wavelengths, a new technology for the amplification medium needed to be developed in
collaboration with the group of Prof. M. M. Fejer from Stanford University [15-19].

High-order harmonic generation is a prototype strong-field process discovered
25 years ago [20, 21]. It underlies all presently demonstrated schemes for attosecond
pulse generation. It's also a key process for measurement schemes that do not aim at
high time-resolution (see, e.g., [22]) or it just serves as a table-top source of XUV radia-
tion [23]. High-order harmonic generation can be described as a simple three-step proc-
ess, in which an atom is field-ionized by a strong laser pulse [24]. The created electron
is subsequently accelerated in the oscillating external laser field and — if released at the
right instant — may ultimately recombine with its parent ion. Upon recombination it
emits its excess Kinetic energy as an XUV photon. Even when describing the resulting
electron trajectories purely classically, one finds that within each laser cycle, two (or
more if one looks beyond a single cycle) trajectories can result in the same emitted pho-
ton energy. This finding can also be confirmed in a more rigorous quantum mechanical
treatment [25]. As the trajectories originate from the same ground state, end in the same
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final state, and are driven in a coherent process, one expects quantum interference to
occur. In Chapter 3, we present evidence for the first experimental observation of these
interferences. The discussion in Chapter 3 also shows that high-order harmonic genera-
tion remains to be a playground for more experimental and theoretical work as it is far
from understood in all its subtle aspects.

As a prerequisite for attosecond spectroscopy one needs an experimental setup
providing sufficient mechanical stability. For a time-resolution on the order of 100 as a
mechanical stability of tens of nanometers between the arms of a pump-probe setup is
required. In Chapter 4, we briefly describe the apparatus that was developed for this
purpose in our laboratory.

As outlined above, attosecond time-resolved experiments traditionally record
photo-electron or photo-ion spectra or momentum distributions. Most of the experi-
ments use the streaking of electrons by a strong infrared laser field and the energy-
resolved detection of these particles as the fundamental measurement principle. We also
listed some of the associated shortcomings. In Chapter 5, we introduce a very recent all-
optical measurement method called attosecond transient absorption [26-28] and apply it
to the detection of transiently bound electron wavepackets in helium strongly driven by
an external laser field. In this experiment, we were able to observe the fastest dynamics
detected by all-optical means thus far and reported the first optical detection of attosec-
ond wavepacket interferences.

We present an overall conclusion and outlook in Chapter 6, readdressing some
of the issues raised in this Introduction.
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Mid-infrared optical parametric
chirped-pulse amplifier

Femtosecond laser pulses have proven to be a very powerful tool across many disci-
plines. Fields of application range from physics over physical chemistry to biological
imaging, material processing, metrology, and medical applications, to name just the
most prominent examples. Two Nobel prizes have been awarded to work directly linked
to femtosecond laser sources [29-31]. While femtosecond sources cover a large parame-
ter space of pulse duration, energy, and repetition rate in the near-infrared spectral re-
gion, femtosecond technology is found to be more difficult to extend to other spectral
regions. This is particularly true for the important mid-infrared wavelength range,
where no sufficiently broadband laser gain media exist. Nonlinear optical frequency
converters typically driven by near-infrared lasers fill the gap left open by the tradi-
tional laser media based on population inversion.

Our own interest in developing an intense source of few-cycle pulses in the
mid-infrared lies in the wavelength scaling of high-field processes. For example, in high
harmonic generation (HHG) the cut-off energy is proportional to the wavelength
squared [32]. As a result, if the intensity of a typical near-infrared source can be main-
tained in the mid-infrared, it should be possible to extend harmonic photon energies -
and thereby attosecond pulses - into the multi-hundred electronvolt to keV range. This
photon energy regime is of tremendous interest for x-ray absorption spectroscopy on
metal-organic complexes. Even if photon energies are only scaled to a couple of
100 eV, one gains access to the so-called water window, which is of high experimental
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significance because in this range (284 eV to 543 eV) absorption by carbon atoms is
stronger than that from water — a prerequisite for the investigation of biologically rele-
vant systems. More of these applications are discussed at the end of this Chapter.

Nonlinear frequency conversion processes used for the generation of femtosec-
ond mid-infrared pulses typically are difference frequency generation (DFG) or optical
parametric amplification (OPA) — both closely related to each other. The nonlinear con-
verters are most commonly pumped by Ti:sapphire based femtosecond near-infrared
laser systems [33-47]. For higher pulse energies, these Ti:sapphire systems are often
chirped pulse amplifiers (CPA, [48]) running at relatively modest repetition rates on the
order of a kHz or even below. This is the case for the commercial TOPAS system by
Light Conversion Ltd. or the more recent results in the wavelength range around 2.1 pm
[49, 50] or 3—-4 um [51]. The repetition rates of such systems are limited by thermal
load in the Ti:sapphire gain medium. Since Ti:sapphire itself is pumped again by fre-
quency-doubled near-infrared lasers, the overall complexity of such systems is usually
high and the overall efficiency low.

Recent developments in the field of diode-pumped solid state and fiber lasers
make it possible to advance to applications previously limited to conventional chirped
pulse amplification systems, while benefiting from compactness, efficiency, and reli-
ability of this new laser technology. This recent progress also enabled the demonstration
of high-repetition rate OPA sources in the visible to near infrared based directly on di-
ode-pumped laser technology [52-54]. A major benefit of parametric amplifiers is the
relatively low thermal load in the gain material. This benefit can be exploited with high
repetition rate pump sources for relatively easy scaling of average power and repetition
rate.

While mid-infrared pulses have been generated in the idler wave of the system
reported by Marangoni et al. [54], their main interest was on the near-infrared output
and the idler was therefore not further characterized. An early result by Laenen et al.
[55] used 0.523 and 1.047 um pump wavelengths for the generation of femtosecond
pulses in the 2.6 to 7 um wavelength interval, but their pump laser was flashlamp
pumped and thus limited to a repetition rate of 50 Hz.

In the context of this work, we demonstrated the first femtosecond optical pa-
rametric chirped-pulse amplifier (OPCPA, [56]) operating in the mid-infared [57, 58]
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and being pumped by diode-pumped solid-state lasers directly. A similar system operat-
ing at slightly shorter wavelengths was developed and demonstrated by Chalus et al.
[59]. Our OPCPA is based on a 1064 nm, 10 ps, 100 kHz laser amplifier system as a
pump. First incarnations of the system used a 3—4 um seed source. In this case, the mid-
infrared output is obtained through difference frequency generation (DFG) from a
1.5 um femtosecond Er:fiber amplifier [60, 61]. The choice of pump and seed genera-
tion laser is driven by the fact that both are available as commercial products. These
compact and diode-pumped lasers are reliable and enable turn-key operation. As we will
point out in more detail below, we later developed a booster amplifier for our pump la-
ser and moved to a new seed concept that uses the 1.5 um fiber laser pulses as a direct
input to the OPCPA. The main goal of all this work is to develop a source of intense,
carrier-envelope offset phase (CEP) stable few-cycle mid-infrared pulses providing suf-
ficiently high peak intensity to be suitable for studying strong-field interactions in

atomic and molecular physics (i.e., /., =10" W/cm?).

OPA systems 2.5-5 pym:

7 O Bridaet al., [51] ..
10 — O Ghotbi et al., [33] .
Fecko et al., [34] \“.
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6 _| Maekawa et al., [36] ..
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Figure 2.1: Repetition rate and pulse energy of previously demonstrated sources of femto-
second pulses in the 2.5-5 um wavelength range. The dashed diagonal line marks points
corresponding to an average power of 100 mW. The graph clearly shows that many sources
are limited to the ~1 kHz repetition rate of their Ti:sapphire pump lasers.
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Figure 2.1 gives an overview of previous demonstrations of femtosecond
pulses in the wavelength range from 2.5 to 5 um and also shows the recent results with
our mid-infrared OPCPA. This graph clearly demonstrates that the average output
power of our system compares very well with the Ti:sapphire based approaches. The
higher repetition rate of our system is highly beneficial for many applications. More
shots in a given time interval translate to better measurement statistics and signal-to-
noise ratio. In experiments detecting charged particles, pulse energies have to be limited
to avoid space charge effects. Some experiments thus only become realistically feasible
with a laser source providing a sufficiently high pulse repetition rate.

This chapter is structured as follows: In Section 2.1 we discuss a slab amplifier
that we developed to boost the output power of our commercial pump laser. This pump
laser scaling was a prerequisite for achieving an average output power in the mid-
infrared of more than 1 W. The first incarnation of our OPCPA system used commercial
periodically poled lithium niobate (PPLN) crystals as the amplification medium and
was seeded by an intrinsically CEP stable seed source. Section 2.2 is devoted to the de-
sign and modeling of this system. The theoretical considerations motivate certain design
choices and show up the limitations of the approach. Results obtained with this OPCPA
design are described in Section 2.3. The bandwidth limitation of conventional PPLN
amplifier crystals lead us to develop new aperiodically poled lithium niobate (APPLN)
structures in collaboration with the group of Prof. M. M. Fejer from Stanford Univer-
sity. The first demonstration of such aperiodical quasi-phase matching structures for
OPCPA is reported in Section 2.4. All this work showed some limiting aspects in our
initial system concept. These can be overcome by modifying the seed concept. The new
concept and initial results are discussed in Section 2.5. Finally, we give an outlook to-
wards future directions and applications with this source in Section 2.6.

Results presented in this Chapter have been reported in scientific journal publi-
cations [18, 57, 58, 62].
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2.1 Pump laser scaling

2.1.1 Introduction

Modern ultra-broadband optical parametric chirped-pulse amplifiers (OPCPA) [18, 57,
63-67] need reliable picosecond lasers as pump sources with high peak power and at
least hundreds of microjoules of pulse energy. Such systems are used to reach ultrahigh
peak-powers or to explore high-field phenomena in previously uncovered wavelength
regimes [68]. The latter is the main motivation behind our mid-infrared OPCPA work.

A pump pulse duration of on the order of 10 ps turns out to be ideal for our
class of OPCPA [69]. The reason for this is the required stretching of the seed pulses
that is needed to limit the peak power of the amplified pulses in the gain medium while
achieving a significant temporal overlap between seed and pump for efficient energy
transfer. Low stretching factors below a few picoseconds would cause unacceptably
high peak powers in the gain medium or severely limit the maximum achievable output
fluence. On the other hand, stretching few-cycle pulses beyond several picoseconds ren-
ders recompression challenging.

To date not many diode-pumped solid-state laser systems have been reported
that deliver picosecond pulses with peak powers in the MW-regime. Most of them are
limited to repetition rates below 10 kHz [70-73]. For example Yb:YAG thin-disk ampli-
fiers produced pulse energies up to 4.5 mJ at a pulse duration of 4.5 ps. Our system as
described here reduces the complexity compared to these implementations. We focus on
stability and ease of operation while obtaining as much pulse energy as possible.

2.1.2 Booster amplifier

We adopt the InnoSlab concept [74, 75] for amplifying energetic picosecond pulses at
50-100 kHz repetition rate from a picosecond seed laser. This concept has been proven
for the amplification of low peak-power lasers without deteriorating beam quality and
noise performance [74]. Up to now slab amplifiers have only been used for picosecond
pulses in a side pumped geometry yielding <20 MW peak power [71, 72]. Successful
power scaling of a 615-fs system at 20 MHz repetition rate has recently been demon-
strated with two Yb:YAG slabs in a 7+1 pass configuration yielding kW-level average
output power [76].
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Here, we report on a picosecond Nd:YVOQO, InnoSlab amplifier with a record
high pulse energy of 600 uJ and 12-ps pulse duration. It exhibits excellent noise per-
formance with pulse fluctuations below 0.8% rms over a measurement interval of
30 min.

Our amplifier is built in a 4-pass configuration based on a 0.4% doped
Nd:YVO, crystal with a dimension of 1x10x10 mm®. The InnoSlab concept consists of
a thin crystal that can be conduction-cooled homogeneously and efficiently through the
large sides of the slab. This results in a one-dimensional heat flow transversely to the
laser beam propagation. The resulting thermal lens is cylindrical with low aberrations
and avoids depolarization losses. A hybrid resonator-like multi-pass configuration with
one stable and one unstable axis enables high-energy pulses with excellent beam quality
[74].

Our seed source is the industrial laser “Duetto” from Time-Bandwidth Prod-
ucts Inc., delivering 12-ps pulses at repetition rates of 30 kHz to 8 MHz and an average
output power of up to 12 W. Highest pulse energies are achieved at low repetition rates,
therefore we operate the laser at 50 and 100 kHz. Only 1 W of the laser output power is
used to seed the slab amplifier while the remaining power pumps the first stage of a
mid-IR few-cycle OPCPA [18]. Seeding with less power reduces the output energy sta-
bility of the slab amplifier. The output of the slab amplifier described here is then used
for pumping an additional high-energy stage of this OPCPA.

Other InnoSlab amplifiers use a confocal, cylindrical cavity in the unstable axis
to increase the beam diameter within the amplifier and, therefore, to limit the intensity
with increasing power [74]. We however implemented a simpler plane-plane mirror
configuration (Figure 2.2), using the adapted inherent divergence of the gaussian seed
beam for the same purpose [77]. The beam divergence of the seed beam is adapted to
generate a fast and a slow diverging beam with a simple and robust telescope, consist-
ing of only one spherical and one cylindrical lens. The plane mirrors have to be tilted
with respect to each other to avoid parasitic oscillations within the multi-pass resonator.
These tilt angles together with the slow-axis beam divergence are designed to obtain a
large fill-factor inside the gain crystal, a small overlap of the individual beams and low
diffraction losses at the gain crystal edges. The seed beam is adjusted such that the di-
vergence is set to about 9.7 mrad in the fast (stable) axis and 5.5 mrad in the slow (un-
stable) axis, resulting in a beam diameter of 600 um and 300 um, respectively, at the
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entrance of our hybrid resonator. In the fast axis, the gaussian shaped gain profile of the
slab fits to the resonator’s TEMgy, mode and the cylindrical thermal lens reproduces the
mode at the cavity mirrors. The thermal lens changes with pump power, it is therefore
favorable to operate the amplifier at a fixed working point. We optimized our setup for
an absorbed pump power of 180 W (200 W incident pump power). Due to the larger
divergence of the seed, a part of the seed clips at the crystal mount for all other pump
powers, resulting in a distorted beam profile.

Diode
stack
50 MW, 12 ps
Pump
shaping
Seed optics
laser
D
| - <]
CL -200 mm
Nd:YVOy / /
0.4% / /\ = CL -100 mm
SN 7
O V “
<1 =1 SL 200 mm
SL 175 mm = =
N O 4 & stable axis
<> unstable axis
CL 200 mm

Figure 2.2: Amplifier setup with typical beam profile. A cylindrical lens (CL) and a spheri-
cal lens (SL) are used to set the divergence for the hybrid resonator. A telescope of cylin-
drical lenses ensures a circular outpur beam profile.
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Figure 2.3: Output of the slab amplifier versus pump power. The slope efficiency is 36% at
100 kHz (red circles) and 27% at 50 kHz (green triangles) repetition rate.

The output of the amplifier is transformed back into a round beam profile with
a three-lens telescope. We obtained an M? of 1.15 in the stable and 1.38 in the unstable
direction. A spherical lens is used to set the collimated beam diameter and a cylindrical
lens telescope ensures a circular beam shape. A typical reshaped output beam profile at
full pump power is shown in Figure 2.2. For all output energies the intensity autocorre-
lation has been measured, which shows no deviation from the gaussian shaped seed

trace.
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Figure 2.4: Optical spectrum of seed and amplified seed at 50 and 100 kHz, respectively.
Only small spectral broadening is observed at 100 kHz, 38 MW (left). Broadening by a fac-
tor of two occurs at 50 kHz, 50 MW (right). At 50 kHz repetition rate the pump power is
limited to 177 W in order to avoid damage at the Nd:YV O, crystal.
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Our design goal was to generate the largest possible beam diameter for the last
pass through the slab amplifier to minimize the optical power density and to maximize
the overlap with the pumped gain area. With the relatively short seed pulse duration of
12 ps power scaling is not limited by thermal effects but by the B-integral determined
by the peak power of the amplified pulse. To avoid any damage to the vanadate crystal,
we limit the output peak-powers to a range where the spectral broadening through self-
phase modulation (SPM) does not exceed a factor of two (Figure 2.4). The maximum
achievable output energy could be increased by chirped pulse operation, reducing the B-
integral, as implemented in [78]. This would, however, come at the expense of a higher
complexity of the system, which we wanted to keep low. Simplicity was one of our
main design objectives.

We optimized the system for good noise performance. A 1-W seed was used
for reducing the gain to below 20 dB, considerably suppressing noise caused by ampli-
fied spontaneous emission (ASE). Furthermore, a stable laser-diode driver, isolation
from air currents and a small footprint resulted in as little as 0.8% rms pulse energy
fluctuations over a measurement interval of 30 min. The rms fluctuations have been
quantified with a photodiode (10 ns rise time). We ensure operation of the photodiode
in a linear regime (I < 0.7 mA) and eliminate sensitivity towards pointing instabilities
by recording the stray light of a large area power meter.

The amplifier is used in our lab on a daily basis and realignment was not
needed over a period of several months, which further confirms its excellent long-term
stability. The system provides a reliable pump for our OPCPA. The peak power of the
output pulses is verified with the power scaling of second harmonic generation (SHG)
in LBO. A quadratic dependence of the second harmonic with respect to the incident
fundamental power validates a vanishing noise background. Our OPCPA experiments
represent an independent confirmation of this observation.

2.1.3 Summary

In conclusion, we have demonstrated a high peak and average power slab amplifier at
50-100 kHz pulse repetition rates delivering hundreds of microjoule pulse energy. Our
setup maintains the excellent beam profile and low noise of our industry grade seed la-
ser. We chose not to operate the system beyond spectral broadening by a factor of two
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compared to the initial seed bandwidth. This is a somewhat arbitrary but conservative
choice and limits the maximum peak power in this experiment. The maximum output
pulse energy we achieve is 600 pJ (Pay = 30 W, Ppeak = 50 MW) at 50 kHz and 466 pJ
(Pav = 46 W, Ppeak = 38 MW) at a repetition rate of 100 kHz (Figure 2.3). The scaling of
output power with pump power shows no signs of thermal rollover. This indicates the
potential of scaling to higher average powers at higher repetition rates. Our seed source
is capable of tuning its repetition rate from 30 kHz to 8 MHz with only minimal output
beam parameter changes. Since the target repetition rate for our OPCPA is 100 kHz and
below, other regimes were not explored [18]. We observe no indications for being close
to the damage threshold when operating the system at its maximum peak power and
limiting the SPM-induced spectral broadening.

2.2 Design of a PPLN based OPCPA

Intense femtosecond mid-infrared laser sources in the wavelength range from 3 to 4 um
are of interest for many applications, ranging from traditional ultrafast spectroscopy to
high-field laser science. This wavelength range coincides with many important vibra-
tional transitions in molecules [79-81]. In high-field science, mid-infrared laser sources
are expected to significantly increase cut-off energies in high-harmonic generation [82].

In this Section, we discuss the design and dimensioning of a femtosecond opti-
cal parametric chirped—pulse amplifier (OPCPA, [56]) operating at high-repetition rates
in the mid-infrared. Its basic concept was already introduced at the beginning of this
Chapter. The OPCPA is based on a 1064 nm, 10 ps commercial pump laser operating at
100 kHz repetition rate. The mid-infrared idler seed is obtained through difference fre-
quency generation (DFG) from a 1.5 um femtosecond Er:fiber amplifier [60, 61].

No suitable laser gain medium exists for intense femtosecond pulse generation
in the mid-infrared. Pulses in this regime are usually generated by nonlinear frequency
conversion such as optical parametric generation (OPG) or optical parametric amplifica-
tion (OPA). Table 2.1 gives an overview of previous demonstrations of femtosecond
pulses in the wavelength range from 2.5 to 5 um. The same data is displayed in Figure
2.1.
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Reference Repetition | Pulse Pulse Output Comments
rate energy duration center
[kHz] [wd] [fs] wavelength
[pm]
Brida et al., [51] 1 2 ~30 31-47 Pulse duration not measured, transform limit indi-
cated instead
Ghotbi et al., [33] 1 ~15 110 3.1 Higher pulse energies below 2.5 um
Fecko et al., [34] 1 3-4 45 3 Pulse energy before compression
Wang et al., [35] 1 70 ~150 2.9-4
Maekawa et al., [36] 1 0.5-5 55 3-8 Pulse duration measured at 3 pm only
Witte et al., [37] 1 <1 >190 3-10 Maximum energy, shortest pulses at 3 um
Kaindl et al., [38] 1 <1 50-150 3-20 High energy, short pulses on short wavelength side
Rotermund et al., [39] 1 15 160 3.5
Gale et al., [40] 1 11-13 200 2.6-3.6
Emmerichs et al., [41] 1 6-16 150-400 2.8-34
Petrov et al., [42] 1 0.5-7 <200 3-44 High energy on long wavelength side
Seifert et al., [43] 1 ~0.05 160 3.3-10 Pulse duration measured at 4 um
Golubovic et al., [44] 100-150 <0016 <50 2422 Pulse duration estimated from signal-idler
crosscorrelation
Gruetzmacher et al., [45] 4 ? <65 2.7-4.7 Pulse energy unknown
Holtom et al., [46] 250 0.55 160 2.5-2.9 Energy and duration for 2.75 um
Emmerichs et al., [47] 7.610° 10* 200-400 2.6-4
Laenen et al., [55] 0.05 <2 500-2600 2.6-7 Pumped at 0.523 pm and 1.047 um

Table 2.1: Previous results of femtosecond mid-infared laser sources in the wavelength
range from 2.5t0 5 um.

The high-repetition-rate OPCPA system, which is discussed in this Section,
employs a tunable femtosecond mid-infrared source for seed generation [61]. It is
based on difference frequency mixing of one output from a two-branch femtosecond
Er:fiber amplifier [83] with the spectrally shifted output from the second branch. The
spectral shift is generated in a highly nonlinear fiber (HNLF, [60]). The pump source in
our experiments and simulations is the Duetto system from Time-Bandwidth-Products,
which covers repetition rates in the range from 50 kHz to 8 MHz and pulse energies up
to 200 uJ at a central wavelength of 1064 nm. The 10 ps duration of its output pulses
fits well to the attainable stretching factors of the seed. With simple and efficient bulk
or prism stretchers we can easily stretch the mid-infrared seed to a duration on the order
of several ps. For higher repetition rates in the MHz regime, the direct output from
modelocked thin-disk oscillators could be used as the pump source. Pulse energies of up
to 26 pJ have been reported recently from such lasers [84, 85]. This is sufficient energy
to operate the first amplification stage of the OPCPA discussed in this Section.

One of the challenges at mid-infrared wavelengths is posed by the choice of
available optical materials for the nonlinear amplification and dispersive stretching of
the pulse. Only a few materials are transparent between 3 and 4 um. Most materials that
are successfully used for 800 nm OPCPAs are no longer transparent at wavelengths
longer than 2 um. A prominent example for this is B-barium-borate (BBO). In Subsec-
tion 2.2.1, we discuss the selection of nonlinear materials for a mid-infrared OPA to-
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gether with their suitability for broadband amplification in this wavelength regime. Ma-
terials for quasi phase-matching (QPM) as well as for noncollinear birefringent phase
matching are investigated.

We then present the design of a two-stage OPCPA, beginning with the optimi-
zation of the pulse duration ratio for pump and seed source. This is essential for a large
amplification bandwidth and high conversion efficiency. For the same purpose we have
studied the impact of the beam radii and have determined the optimal nonlinear crystal
length. We show that for the available seed intensity it is necessary to distribute the am-
plification into two stages, a pre-amplification and a power-amplification stage, and we
analyzed how the available pump power needs to be distributed between these two
stages. The numerical results are supported by experimental data.

Numerical simulation makes it possible to look at pulse evolution inside the
nonlinear crystal and get a detailed understanding of the optical parametric amplifica-
tion process. We benefit from this capability when optimizing the crystal length. It turns
out that the length of the nonlinear medium has to be chosen carefully. A crystal that is
too short leads to spectral narrowing, while in a long medium back conversion from the
signal to the pump can take place [86] or background noise from unsuppressed optical
parametric generation can be amplified.

Our OPCPA system incorporates two independent modelocked laser oscillators
— one seeding the fiber amplifier and one seeding the 1 um pump laser — that need to be
synchronized to each other. In our case, this is done electronically with a phase-locked-
loop (PLL) (model CLX-1100 from Time-Bandwidth Products). Due to the instantane-
ous nature of the optical parametric amplification process, the quality of this lock is
crucial for the stability of the OPCPA system. Therefore, we have carefully analyzed
the influence of the timing jitter between the two synchronized lasers onto the OPCPA
system. These simulation results can be used to determine the tolerable jitter level of the
PLL electronics.

In the last part of this Section, possible alternative schemes to increase the
conversion efficiency and amplification bandwidth are discussed.
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2.2.1 Materials

The nonlinear gain material is one of the key components for each OPA system deter-
mining most of its properties. For high conversion efficiency the nonlinear material
should ideally have a high damage threshold to apply tight focusing and a high nonlin-
ear coefficient to keep the required crystal length short. A short crystal reduces the im-
pact of the divergence mismatch between the involved beams. The dispersion relations
should permit broadband phase-matching and the material should, of course, be trans-
parent at all involved wavelengths. A list of suitable materials together with some of
their basic optical properties can be found in Table 2.2.

Material Transparency Nonlinear coupling con- Phase matching band- Damage threshold
range 4’ width for 1 mm crystal at (taken from [87])
(nm) stant - s 3.5um
nnnAd2 (nm)
((pm/V)*/um?)

Periodically poled
materials:

>40 GW/cm? (30 ps @ 1064 nm
[49])

MgO:LiNbO; 330-5500 470 323 10 GW/cm? (6 ps @ 1064 nm)

LiTaOs 250-5500 2.49 292

Bulk materials:

MgO:LiNbO; 330-5500 0.27 881 10 GW/cm? (6 ps @ 1064 nm)
LilO; 300-6000 0.06 1677 19 GW/cm? (6 ps @ 1064 nm)
KNbOs* 400-4500 059 1035 100 GW/cm? (100 ps @ 1064 nm)
KNbO3** 400-4500 0.19 939 100 GW/cm? (100 ps @ 1064 nm)

Table 2.2: Nonlinear media for a 1064 nm-pumped 3.5 um OPCPA and their optical prop-
erties. * Phase-matching in XZ plane, ** Phase-matching in XY plane

The table is divided into two sections. The first section shows two materials
that allow for quasi phase-matching (QPM): stoichiometric lithium tantalate (LiTaOz3)
and magnesium doped lithium niobate (MgO:LiNbQO3). Lithium niobate can also be
used for birefringent phase-matching together with lithium iodate (LilO3) and potassium
niobate (KNbO3) as listed in the second section of Table 2.2. The lithium based materi-
als are all transparent up to at least 4.8 um with a gradual onset of absorption above
4 um [88]. This is sufficient for covering the tuning range of our DFG seed source,
which is tunable between 3.2 um and 4.8 um [61]. KNbO3; shows a more pronounced
reduction in transparency above 4 um.
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A major benefit of quasi phase-matching is the ability of designing the nonlin-
ear medium such that the largest nonlinear coefficient can be exploited for the nonlinear
interaction, only reduced by the QPM-specific factor of n/2. This leads to an effective
nonlinear coefficient that is significantly larger than attainable with birefringent phase-
matching. The coupling coefficient x* =d,, /n,n,n,A, 2,2, for the three-wave optical
parametric mixing process scales accordingly [89].

Table 2.2 also reveals that the coupling coefficient for QPM LiNbO3 is more
than an order of magnitude higher than for bulk LilO3z. A LilO; crystal would thus have
to be more than an order of magnitude longer than the periodically poled LiNbO3 crys-
tal to achieve the same optical gain. However, noncollinear phase matching, typically
required for broadband amplification in birefringently phase-matched media, and
Poynting vector walk-off limit the interaction length in the OPA crystal. In contrast, the
QPM crystals can be operated in a collinear configuration, which results in a relatively
high gain in a simple beam geometry and with short crystals.

32
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24
22 —
20 —

1.5 2.0 2.5 3.0 3.5 4.0 4.5
Wavelength (um)

QPM period (um)

Figure 2.5: Wavelength dispersion of the quasi phase-matching period for congruent peri-
odically poled LiNbO3; with the pump at 1064 nm (solid red line) and 800 nm (dashed blue
line), respectively.

For the two QPM materials, the coupling coefficient of LiNbO3 is a factor 2
larger than for LiTaOs, but the damage threshold of lithium tantalate is higher than for
lithium niobate because of reduced photorefractive damage caused by green-induced
infrared absorption [90, 91]. The gain bandwidth for the two materials is similar but
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limited. Larger gain bandwidth could be achieved by pumping the OPA at 800 nm (see
Figure 2.5) with a Ti:sapphire pump laser for example. However, this would come with
all the drawbacks of Ti:sapphire laser systems such as lower repetition rate and effi-
ciency while being larger in size and higher in cost and complexity. With a pump wave-
length of 1 um, the degeneracy of PPLN, which would allow for broadband amplifica-
tion, is located at 2 um [92]. The downside of such a degenerate configuration is that it
cannot be operated in a collinear geometry since the signal and idler are at the same
wavelength.

The phase matching bandwidth for an OPA is in first order inversely propor-
tional to the group velocity mismatch GVM =1/v,,,—1/v,, . Broadband amplifica-
tion can therefore be achieved when the group velocity of the signal and idler are identi-
cal. This condition can be reached by a noncollinear beam geometry [93]. Under this
configuration, an amplification bandwidth of up to 1.6 um is feasible with LilO; at

signal

3.5 um center wavelength and assuming a 1 mm thick crystal (Table 2.2). This configu-
ration comes, however, with the lowest available nonlinear coupling constant. The sec-
ond largest amplification bandwidth is obtained with KNbO3z but compared to QPM
LiNbO3, the coupling constant is still a factor 8 smaller.

Not only the effective nonlinearity but also the choice of interacting wave-
lengths plays an important role for a large nonlinear coupling coefficient. This is illus-
trated by comparing the values calculated for our mid-infrared OPA with those of a
visible OPA based on BBO. While the effective nonlinear coefficient of BBO is low
compared to most materials presented in Table 2.2, the shorter interacting wavelengths,
with the pump at 400 nm, the seed at 630 nm, and the idler at 1100 nm, lead to a cou-
pling constant that is comparable to the one of MgO:LiNbO; for a 3.5 um OPA. There-
fore both the visible and the mid-infrared OPA show similar optical gain for compara-
ble crystal lengths.

Many other nonlinear materials exist that are commonly used for mid-infrared
nonlinear frequency mixing but are not listed in Table 2.2. Examples are mercury-
thiogallate  (HgGaS4), d, =306 pm/V, or silver-thiogallate  (AgGaSy),
d, =123 pm/V that both provide a high nonlinear coefficient and have recently be-
come commercially available [87]. But compared to the materials mentioned above,
they are either not completely transparent in the respective wavelength range, or more
important, they cannot provide broadband phase-matching.
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Another promising material is GaAs that shows a high nonlinear coefficient of
95 pm/V [94] in the case of quasi phase-matching. However this material cannot be fab-
ricated in the dimensions required by our OPCPA.

From the above discussion, we find that periodically poled MgO:LiNbOjs is the
most promising material for an OPA operated with our pump and seed sources. It al-
lows for a high gain at relatively short crystal lengths. This is necessary to permit tight
focusing to achieve the required high intensities.

2.2.2 Numerical model

All simulations in the following have been performed with a nonlinear propagation code
written by G. Arisholm [95]. The same code has been used successfully to model an
OPCPA laser system operating at 800 nm [64, 96]. The program numerically solves the
equations for second-order nonlinear frequency mixing for a full three-dimensional
beam in an arbitrary birefringent crystal and takes into account the effects of depletion,
diffraction, and walk-off. The software offers two numerical solvers: a Fourier-space
method and a split-step method. For our simulations, we used the Fourier-space solver.
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Figure 2.6: Measured seed spectrum from our DFG setup. This spectrum is used as the in-
put for the OPCPA simulations.
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Where not stated differently, the following numerical values were used in our
simulations. For the first amplification stage model we have assumed a 3.9 uJ,
1064 nm, transform limited Gaussian pulse of 10 ps duration as the pump pulse. The
seed energy is 6.5 pJ, which corresponds to 0.5 mW of average mid-IR power at the
82 MHz repetition rate of our seed source. The pump and the seed beams are focused to
49 um and 42 pum, respectively, corresponding to our experimental conditions. To get
an estimate for the temporal input pulse shape we used the measured seed spectrum
from our previous DFG experiment [61], centered at 3.6 um and with a full-width-at-
half-maximum (FWHM) bandwidth of 326 nm (). The temporal pulse profile was calcu-
lated from this spectrum assuming a constant spectral phase, and resulted in a pulse du-
ration of 55 fs. From earlier simulations of our DFG seed source we know that the DFG
output can safely be assumed to be close to transform limit. The two beams were over-
lapped temporally at the input of the crystal with the focus placed in the center of the
crystal. The first amplification stage consists of a 3 mm long PPLN with an effective
nonlinear coefficient of d,, =20 pm/V. We have treated the nonlinear frequency mix-
ing in the bulk approximation.

2.2.3 Stretcher design

One of the key components of an OPCPA laser system is the stretching of the seed
pulse. The most gain can be expected when the pulse duration of the pump pulse and
the seed pulse match. We show in this section that the ratio between the seed and the
signal pulse has to be selected carefully to optimize the gain bandwidth. The low seed
power of <1 mW of our DFG based seed approach [61] together with the general ex-
perimental challenge to detect signals in this spectral range make prism or grating se-
quences difficult to align. We therefore limit our simulation to the case of stretching by
bulk material.

There is only a small selection of sufficiently transparent dispersive materials
available in the mid-infrared spectral region. The pulse-stretching factor was optimized
with simulations for bulk sapphire (Al,O3, polarization along ordinary axis), silicon
(Si), or germanium (Ge) with a variable length between 1 mm and 140 mm. While sap-
phire exhibits a negative group velocity dispersion (GVD) of -966 fs>/mm at 3.5 pm, the
semiconductor materials provide positive GVD of 420 fs>/mm and 1727 fs>/mm for Si
and Ge, respectively. This corresponds to stretched seed pulse durations of up to 8 ps
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for the maximum material length considered. Sapphire and one of the semiconductors
could be combined as a bulk stretcher/compressor pair as they have opposite sign in
GVD. However, their third-order dispersion (TOD) has the same sign and would there-
fore remain uncompensated, rendering this approach unsuitable for broadband pulse
compression.

In our simulations, the seed and pump beams were temporarily overlapped at
the end of the crystal, such that the pump depletion is only taking place in the central,
most intense part of the pump pulse. The assumed pump intensity amounts to
7 GW/cm?, and the seed intensity ranges from 2 kW/cm? to 2 MW/cm? depending on
the stretching factor. The pump intensity is set to our experimentally determined dam-
age threshold for the nonlinear medium.
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Figure 2.7: Simulations of the first OPCPA stage consisting of a 3 mm PPLN crystal for
various amounts of stretcher material (sapphire, blue dotted line; germanium, red dashed
line; silicon, solid green line). a) Achievable output power as a function of stretcher mate-
rial length. b) Full width at half maximum (FWHM) output bandwidth obtained for varying
lengths of the three stretcher materials. ¢) Gain bandwidth versus seed pulse duration.

The amplified output power shows the same qualitative behavior for all three
materials (Figure 2.7a). With increasing stretcher material length and seed pulse dura-
tion the output energy rises linearly and then starts to saturate. For short input pulses,
the rising slopes of the three curves are correlated to the GDD of the applied materials.

The gain bandwidth shows a strong dependency on the ratio between pump and
seed pulse duration (Figure 2.7b and ¢). For short pulses below 0.5 ps and 1.5 ps for the
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semiconductors and sapphire, respectively, the OPA shows a strong spectral gain nar-
rowing, which is reduced as the input pulse becomes longer. The bandwidth reaches a
maximum of 390 nm for a 1-ps pulse stretched by germanium or silicon. The maximum
bandwidth of 338 nm is obtained when stretching the pulse to a duration of 1.5 ps with
sapphire. Further stretching leads to more output power but a reduced gain bandwidth.
The observed behavior is a result of the interaction between the chirp of the seed pulses
and gain saturation.

Our observations can be explained as follows. Three regimes exist for the ratio
of the seed and the pump pulse durations. In the first regime, the seed pulse is close to
its transform limit and therefore much shorter than the pump pulse. The seed experi-
ences nearly constant pump amplitude over its entire duration such that even if gain
saturation is taken into account for a nearly transform limited seed pulse, all spectral
components are exposed to the same pump intensity. The gain bandwidth is therefore
only limited by the phase-matching bandwidth of the nonlinear crystal. For a 3 mm long
PPLN this is approximately 100 nm.

In the second regime, the stretched seed pulse is still considered short com-
pared to the pump pulse, but cannot be treated transform limited anymore. For such a
stretched seed pulse, the spectral wings map to its temporal wings. When the OPA is
operated with strong pump saturation, the more intense spectral components of the seed
can deplete the pump pulse earlier than the weaker components located in the spectral
wings. By burning a temporal hole into the pump pulse, the central spectral components
effectively reduce the available pump energy. The spectral wings do not temporally
overlap with this hole and therefore have their own pump energy reservoir. The unsatu-
rated pump thus further amplifies them. This leads to a reduced spectral narrowing.

In the third regime, the stretched seed pulse becomes comparable to the pump
pulse duration. The temporal pump pulse profile now needs to be taken into account.
The central part of the seed pulse still overlaps with the same part of the pump pulse as
in the previous regime and therefore experiences similar gain. The temporal and thus
also spectral wings of the seed pulse now overlap with the lower intensity temporal
wings of the pump pulse. As a consequence the wings of the seed become less amplified
than the central part. This obviously results in significant gain narrowing.
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We aim to generate the shortest possible pulses. Therefore we want to operate
the OPCPA with a stretching factor yielding maximum amplification bandwidth corre-
sponding to the second regime discussed above. From the simulation results depicted in
Figure 2.7 we can extract the optimum amount of stretcher material. Due to its rela-
tively high group delay dispersion (GDD) per unit material length only 16 mm of ger-
manium is required, which results in a bandwidth of 397 nm and an output pulse energy
of 69 nJ. A silicon material length of 51 mm yields the same bandwidth at a pulse en-
ergy of 75.8 nJ. Stretching with negative GDD from 36 mm of sapphire leads to a
bandwidth of 338 nm and an output energy of 80 nJ. By slightly increasing the amount
of sapphire to 51 mm, it is possible to increase the pulse energy to 107 nJ with an ac-
ceptable reduction in bandwidth to 329 nm. Significantly more silicon would be re-
quired for similar performance: 91 mm of silicon yields 116 nJ with a 370-nm band-
width.

These results demonstrate that the positive GDD from the semiconductor mate-
rials is capable of providing a slightly higher gain bandwidth than the negative GDD
from sapphire. The main advantage of sapphire lies in the lower sensitivity of the OPA
bandwidth to the stretcher length. Even a sapphire crystal that was chosen too long by
50% does not significantly reduce the gain bandwidth.

Germanium and silicon show nearly the same performance when comparing
bandwidth and output power. The main difference between the two is the required
stretcher length. The ratio of GDD to TOD is different for the two semiconductor mate-
rials, which gives a clear indication that GDD plays a more important role in the OPA
process than the TOD. From a practical point of view, silicon has the advantage that it is
transparent from the mid-infrared to a wavelength of 1100 nm. It is therefore possible
to use the signal output from our collinear DFG seed source located at 1500 nm as an
alignment beam for the OPA.

Our optimization leads us to select the 51 mm sapphire as the optimal stretcher.
As will be shown below, this choice is confirmed by our experiments.

2.2.4 First amplification stage

In the previous section, we based our simulations on a 3 mm long PPLN crystal and
beam radii of 49 um for the pump and 42 um for the seed, corresponding to the values
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from our experiment. In this section, we discuss the optimization of the nonlinear me-
dium length and the beam radii with the help of our simulation tool. Important for this
optimization is the capability of our simulation code to give insight into the evolution of
the amplification process along the crystal. Our results show that the previously selected
values are close to the optimum.

The most important parameters of the first amplification stage are gain, con-
version efficiency, and amplification bandwidth. Gain should be high such that the
number of amplification stages can be kept small. The conversion efficiency should be
maximized to make best use of the available pump power. A fundamental upper limit to
conversion efficiency comes from the mismatch of the seed and pump pulse durations,
which is necessary for maximum amplification bandwidth as shown in the previous sec-
tion.

The simulation of the first OPA stage was done for a range of 1/e* beam radii
between 20 um and 180 um. We were assuming identical beam sizes for pump and
seed. For each individual beam radius we have performed an intensity scan by varying
the pump energy until we reach the damage threshold of the OPA crystal. To obtain in-
sight into the evolution of the amplification along the nonlinear medium, the crystal was
divided into thin slices with the calculated data recorded for each of these slices. This
enables us to determine the optimum crystal length and is ultimately used to decide on
the number of amplification stages needed for our OPCPA system.

The results of our simulations are shown in Figure 2.8. Figure 2.8a) shows the
OPA mid-infrared output power as a function of pump power for different choices of
the beam radii. An increase in pump beam radius needs to be compensated for by an
increase in pump power to maintain the same pump intensity. Since our seed source, on
the other hand, only provides a fixed output power, seed intensity drops with increasing
seed beam radius. This affects the coupling strength between the pump and the seed
field. Therefore the maximum possible conversion efficiency reached at the damage
threshold of the nonlinear medium decreases with increasing beam radii whereas the
achievable output energy rises (Figure 2.8b). For each beam radius the highest energy
was always reached at the end of the 3 mm PPLN. The conversion efficiency shows a
maximum of 2.7% at a beam radius of 30 um and drops to 2.4% at 20 um and to 1.24%
at 180 um. The decrease in coupling strength can be compensated for by increasing
pump intensity, which is however limited by the damage threshold, or by choosing a
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longer crystal. The output energy at damage threshold amounts to 19 nJ for a 20 um
beam radius when pumped with 700 nJ and rises up to 0.82 pJ for a radius of 180 um
with a corresponding pump energy of 50 uJ. The spectral bandwidth of the amplified
pulse shows a maximum of 330 nm between 30 and 60 um radius and drops signifi-
cantly towards smaller and larger radii (Figure 2.8c). We therefore can conclude that
our femtosecond OPA should be operated with a beam radius between 30 um and
60 um for maximum bandwidth and reasonable efficiency. We have selected a radius of
50 um as a compromise between efficiency and output energy and predict an output en-
ergy of 115 nJ, a FWHM bandwidth of 331 nm, and a conversion efficiency of 2.25%.
The corresponding spectrum supports 80 fs pulses.
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Figure 2.8: Simulation results for the first OPA stage. a) OPA output power versus pump
power for different beam radii (20 um, 50 um, 100 um, and 180 um). The vertical lines
mark the damage threshold for the different beam radii with the left-most line correspond-
ing to the smallest radius and the right-most to the 100 pum radius. The damage threshold at
180 um is at 65 pJ. b) Maximum output energy achievable when reaching the damage
threshold (red solid line) and the corresponding conversion efficiency (blue dashed line).

¢) Full width at half maximum (FWHM) amplification bandwidth as a function of beam ra-
dius.

Through the calculation of the nonlinear interaction on a fine grid along the
propagation axis, we are able to gain insight into the broadband, short pulse amplifica-
tion process in a regime of high pump depletion. As expected, the energy of the mid-
infrared pulses first increases exponentially, while saturation starts to become signifi-
cant towards the end of the crystal (Figure 2.9a). The bandwidth of the amplified signal
exhibits a strong gain narrowing on propagation through the first half of the crystal.
This can already be predicted within the undepleted plain-wave approximation. The
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bandwidth reaches a minimum of below 200 nm at 2.1 mm but starts to recover after-
wards. An analogous behavior can be observed for the pulse duration of the stretched
seed pulse. To understand the dynamics of this process, we have plotted the temporal
intensity profiles of the seed and pump pulse at six positions inside the crystal (Figure
2.10). On the first 1.2 mm of the nonlinear interaction, a significant shortening of the
seed pulse takes place, while the gain factor amounts to only 41 and no depletion of the
pump pulse can be recognized. The depletion of the pump pulse starts to manifest itself
after 1.8 mm, where a gain of 785 is reached. This is the position where the pulse dura-
tion of the seed as well as its spectral bandwidth reaches the minimum (Figure 2.9b).
The slightly modulated pump pulse profile enhances the wings of the mid-infrared pulse
compared to its central part. This effect becomes more pronounced the longer the two
pulses interact (see Figure 2.10 at 2.4 mm and 3.0 mm). Towards 3.0 mm, a strong tem-
poral broadening can be observed. For the strongly linearly chirped mid-infrared pulse
this is equivalent to a strong spectral broadening (Figure 2.9b). Therefore pump deple-
tion can support both a high gain of 17'000 and a broader spectral bandwidth. At the end
of the crystal the spectral bandwidth has recovered from its minimum of below 200 nm
back to 330 nm. This is 90% of the initial input bandwidth of 360 nm.
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Figure 2.9: Evolution of pulse energy, bandwidth and pulse duration along the 3 mm PPLN
crystal of the first OPA stage. a) Energy in the mid-infrared beam at different positions in-
side the crystal. b) Mid-infrared full width at half maximum (FWHM) bandwidth (solid red
line) and pulse duration (dashed blue line) along propagation axis. A minimum is reached
around 2 mm and the output values recover to close to the initial values.
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Figure 2.10: Temporal profile of the pump pulse (red dotted line) and the signal pulse (blue
solid line) at various positions along the crystal. No saturation effect is visible for a propa-
gation length of up to 1.8 mm. Between 1.8 mm and the end of our 3 mm long crystal, the
pump pulse becomes strongly depleted. Pump depletion leads to a temporal and spectral
broadening of the seed. The pump energy is 4.3 J and the beam radii are 50 pum.

From our simulations we find that a shorter crystal would only reduce the con-
version efficiency and lead to a smaller gain bandwidth. An even longer crystal has the
benefit of even higher gain, but crystal length is limited by the onset of significant opti-
cal parametric generation (OPG). OPG does not require a seed but starts directly from
quantum fluctuations. Even though it can be expected that the OPG beam is initially
much weaker than the amplified seed, the two processes will compete for gain. The
OPG radiation has the competitive advantage compared to the desired seed amplifica-
tion that it is always perfectly temporally and spatially overlapped with the pump. The
amplification of the OPG signal may thus saturate later than the desired seed amplifica-
tion process. Significant OPG contributions increase the noise level in the output beam.
We simulate the OPG process by including quantum noise modeled by numerical white
noise into our calculations. The simulated noise starts to build up and destabilizes our



-29- Mid-infrared OPCPA

simulations if the nonlinear propagation is extended well beyond the 3 mm crystal
length.

Our simulations for the first amplification stage lead us to the following de-
sign: a 3 mm long MgO:PPLN with beam radii of around 50 um for the pump and the
seed pulse. The pump pulse energy is set to 3.9 pJ

2.2.5 Second amplification stage

We have demonstrated in the previous section that a single OPA stage is not sufficient
to fully benefit from the available 10-W average pump power while maintaining effi-
cient and broadband amplification. Therefore, we have repeated the same types of simu-
lations performed for the first OPA stage in the context of a subsequent second OPA.
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Figure 2.11: Evolution of amplified mid-infrared power, bandwidth and pulse duration
along the 2nd OPA crystal. The OPA was pumped at 50 pJ, with a seed pulse energy of
84 nJ and beam radii of 180 um. a) The amplified energy shows a maximum at 1.4 mm
crystal length. Afterwards back conversion from the mid-infrared to the 1.5 um signal and
1 um pump starts to become significant. b) Spectral bandwidth (red solid line) and pulse
duration along the crystal length (blue dotted line).

The simulated mid-infrared output from the first optimized amplification stage
was used as the input for the second amplification stage. Taking into account the
Fresnel losses at the uncoated surface of the PPLN, we chose an effective input energy
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of 84 nJ in the mid-IR. We first performed simulations at various positions along a
2 mm long PPLN crystal assuming beam radii of 180 um and a pump energy of 50 pJ,
close to the damage threshold of the crystal. With the much higher seed intensity com-
pared to the first OPA, the pump pulse is depleted much earlier inside the crystal
(Figure 2.11a). The strong pump depletion may cause some back conversion for which
sum-frequency generation is dominating the nonlinear interaction instead of OPA. As a
consequence the energy flows back from the signal and the idler wave to the 1-um
pump. This can significantly lower the achievable output power. As can be seen in
Figure 2.11a), 1.2 uJ of output energy is generated after 2 mm of PPLN whereas a
maximum of 1.79 uJ is reached at 1.4 mm inside the material. The conversion effi-
ciency is nearly 50% higher for the optimized length of PPLN. The spectral bandwidth
and pulse duration show the same behavior as was seen with the first OPA (Figure
2.11Db). Spectral broadening due to pump depletion follows an initial spectral narrowing.
The effect is much less pronounced than in the first OPA stage. Our simulation results
clearly show that it is crucial to choose the crystal length sufficiently short to optimize
the output power and conversion efficiency.
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Figure 2.12: Optimization of beam radii and stretching factor for the second OPA stage.
The stretcher consisted of 100 mm (triangles) and 50 mm (squares) of Al,O; and 50 mm
(circles) and 25 mm (crosses) of Si. a) Gain bandwidth for different pump intensities and
stretchers. The highest bandwidth is obtained with 50 mm Si, followed by 50 mm Al,Os. b)
The highest conversion efficiency Po/Ppump is achieved when stretching the pulses with
100 mm Al,03, followed by 50 mm Al,O3. ¢) Output energy obtained when pumping at the
damage threshold.
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We ran an additional simulation with the goal of determining the optimum
beam radii for the mid-infrared seed and the pump. The simulated radii covered the
range from 60 um to 300 um. The seed intensity therefore ranges from 10 to
300 MW/cm?. The pump energy was set to operate close to the damage threshold of the
PPLN crystal. Pump energies of up to 100 pJ were used, corresponding to the maxi-
mum available energy from our 10-W, 100-kHz Duetto pump laser. To additionally in-
vestigate the influence of the stretcher material on the performance of the two-stage
OPA we have repeated the same calculations for pulse stretchers made up from 50 mm
and 100 mm of Al,O3 or 25 mm and 50 mm of Si. The results shown in Figure 2.12 are
read out after the OPA crystal length yielding the highest conversion efficiency. The
detailed numerical results of our simulations can be found in Table 2.3. The comparison
of the four possible pulse stretchers clearly shows that 50 mm of Al,O3; provides the
best performance for our broadband OPCPA. It results in the highest available gain
bandwidth at high conversion efficiency.

Stretcher material 1¥ OPA outputenergy 1 OPA FWHM gain 2" OPA outputenergy 2" OPA FWHM gain
(nJ) bandwidth (nm) (W) bandwidth (nm)

50 mm Al,O; 115 332 1.79 335

100 mm Al,O; 160 260 3 280

25 mm Si 43 354 0.77 250

50 mm Si 68 360 1.25 357

Table 2.3: Influence of the stretcher material choice on the output performance of the two
OPA stages. The first OPA is pumped at 3.9 uJ, whereas second OPA is pumped at 50 pJ.

In contrast to the first OPA stage we did not observe a clear limit for power
scaling. In the second OPA stage the seed intensity is sufficiently high to obtain power
scaling over a wide range. A practical scaling limit of the second OPA is set by the
available crystal sizes. The 180 um beam radius that we determined to be the optimum
for our available pump energy is already large compared to the typical 1 mm clear aper-
tures of commercial PPLNs. Larger clear apertures are, however, becoming commer-
cially available. With larger apertures, bigger beam radii and higher pump energies
could be used. Alternatively, one could exchange the PPLN by PPLT, which offers a
higher damage threshold (>40 GW/cm?, for 30 ps pulses at 1064 nm [49]). The higher
damage threshold allows increasing the pump energy to 330 uJ at the beam radius of
180 pum. With these parameters, the input beam is amplified to 11 pJ and the generated
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pulses possess a bandwidth of 390 nm. This result corresponds to a conversion effi-
ciency of 2.7%.

We implemented the optimized OPCPA design in our laboratory [57]. These
results are discussed in detail in Section 2.3. Here, we only briefly compare them with
our simulations. Because we did not use fully optimized optics, the effective pump en-
ergy available in the second OPA was only 40 uJ instead of the 50 puJ used in the simu-
lations. All other experimental parameters closely match the simulations. When we take
the lower second stage pump energy into account in our model, we find very good
agreement between theory and experiment. We have measured a pulse energy of 100 nJ
after the first amplification stage and 1 pJ after the second amplification stage corre-
sponding to an average power of 100 mW at 100 kHz repetition rate. Simulations pre-
dict a somewhat higher pulse energy of 1.37 pJ. When operating the OPCPA at a center
wavelength of 3.6 um, we measured for the output pulses a FWHM bandwidth of
332 nm after the first OPA and 311 nm after the second OPA, which are close to our
simulations predicting a bandwidth of 323 nm for the first and 313 nm for the second
amplification stage. We characterized the compressed output pulses of the OPCPA us-
ing frequency-resolved optical gating and obtained a pulse duration of the recompressed
OPCPA output of 95 fs. This corresponds to an 8-9-cycle pulse at this particular wave-
length. We have not measured significant power from OPG.

2.2.6 Timing jitter considerations

One of the major practical issues of an OPCPA system based on two independent short
pulse laser systems is the repetition rate locking of the two lasers with respect to each
other. This is typically done by an electronic phase locked loop (PLL) [97]. The stabili-
zation works well as long as the individual lasers exhibit no significant noise in average
output power and pulse repetition rates. Therefore a solid mechanical design and a good
isolation from environmental influences are a prerequisite to minimize the residual tim-
ing jitter between the two lasers. We have simulated the influence of a residual timing
jitter on the performance of our two-stage OPCPA design. The two-stage amplification
system has been modeled in two steps. The seed was identical to the previous simula-
tion runs, stretched by 50 mm Al,O3. Pump and seed were focused down to 49 um and
42 um, respectively, inside the 3 mm long PPLN of the first OPA. The output pulse of
the first stage was then calculated for different time delays between seed and pump. For
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each of these time delays, the temporal profile of the output pulse is obtained by a
weighted average across the transverse beam profile. The output from the first stage was
then launched into the second OPA consisting of a 1.4 mm long PPLN crystal. The sec-
ond stage was pumped with 43 pJ and with beam waists corresponding to our experi-
mental values of 186 um for the pump and 199 um for the seed. Through the calculation
with a longer than optimum PPLN crystal, it is possible to determine the point inside the
crystal where the maximum amplified seed energy is reached. The time delay between
the seed and the pump is the same in the second stage as at the input to the first stage.
For the simulations, we neglect additional timing jitter due to mechanical instabilities
introduced after the splitting of the pump pulse for the two stages.
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Figure 2.13: Dependence of the output power from the two-stage OPCPA on timing jitter.
The power is plotted for the optimum PPLN length of 1.4 mm in the second OPA.

A normal distribution is assumed for the time delays introduced in our model
and weighted averages of bandwidth and output energy are calculated for the different
rms (root mean square) jitter values. Calculations have been performed with a resolu-
tion of 100 fs and a temporal span of the delay ranging from -5 ps to 5 ps. Figure 2.13
depicts the results from our model. A timing jitter of 1 ps reduces the output energy by
5% whereas the bandwidth is only reduced by 2%. Bandwidth is less affected than out-
put energy. From the jitter simulations we can conclude that a timing jitter of less than
1 ps rms should only have a minor impact on the performance of our OPCPA system.
The PLL electronics of our experimental setup (model CLX-1100 from Time-
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Bandwidth Products) measured an in-loop timing jitter of below 200 fs. With recent im-
provements on the detection system, this was further reduced to well below 150 fs. This
demonstrates that the repetition rate stabilization by our electronics is sufficient for our
application and no direct optical stabilization of the fiber and pump lasers are needed
[98]. The latter would be difficult to implement with the combination of laser sources
used in our setup.

2.2.7 Alternative schemes

The previous Subsections have clearly shown that the combination of a modelocked pi-
cosecond solid-state and a femtosecond fiber laser amplifier system is a useful in the
context of efficient generation of broadband mid-IR pulses at high repetition rates,
avoiding many of the drawbacks of the more conventional Ti:sapphire based technol-

0ogy.

However, our simulations also show the bandwidth limitations of such an
OPCPA system. At our operating wavelengths, the performance is limited by the phase
matching bandwidth of PPLN. Noncollinear phase-matching cannot solve this problem
because of the low power level. Overall conversion efficiency has to be traded against
bandwidth since the temporal profile of the pump implies weak stretching of the seed
for broadband amplification. The resulting small temporal overlap with the pump pulse
makes only limited use of the available pump energy. The best achievable conversion
efficiency is 5% of the input power. This value is obtained by stretching the seed with
100 mm of sapphire and pumping the two stages at 3.9 uJ and 50 pJ, respectively. This
corresponds to a photon conversion efficiency of 19%.

One option to increase the efficiency is to use a flat top spatial beam profile in-
stead of a Gaussian beam profile. To simulate the flat top beam we used a super-
Gaussian of order 26 to pump the second OPA, while the first OPA was still pumped by
a Gaussian beam profile. 50 mm of sapphire were used to stretch the seed. The flat
beam profile increases the pulse energy after the second stage from 1.79 pJ to 2.36 pJ
with a pump energy of 50 uJ. Bandwidth slightly decreases from 335 nm to 320 nm. A
flat top temporal profile of the pump pulse would allow for longer stretching factors of
the seed and thus for an improved temporal overlap with the pump.
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In Section 2.4 we will discuss an alternative approach that overcomes many of
the shortcomings of the PPLN based OPCPA modeled here. It replaces the PPLN crys-
tals with aperiodally poled gain structures [18]. This novel gain medium offers large
bandwidth and better pump/seed overlap at the same time.

2.2.8 Conclusion

We have shown the possibility to implement a femtosecond, high-repetition-rate, and
high-power mid-IR OPCPA laser system starting from a commercially available diode-
pumped solid-state pump laser and fiber seed laser. Our numerical model predicts opti-
mized OPCPA performance using two amplification stages. From the currently avail-
able mid-infrared gain materials we concluded that MgO:PPLN was the most suitable
choice with our concept. Best performance of the system is obtained when stretching
the seed pulses through 50 mm of sapphire material. Optimization of the two OPA
stages made us choose 4 pJ of pump energy and a 3 mm long PPLN crystal for the first
OPA. The remaining part of the pump is sent into the 1.4 mm long PPLN crystal of the
second stage. Numerical simulations were used to determine the optimum beam sizes in
both OPAs. The numerical model gave us detailed insight into the gain process and let
us identify a mode of operation where some of the bandwidth limitations through gain
narrowing could be overcome by operating the OPASs in strong saturation. Our two-
stage OPCPA design amplifies the seed obtained through DFG with an energy of below
10 pJ to the pJ-level. This corresponds to a gain of about 50 dB in a total of 4.4 mm
PPLN material length. The OPCPA configuration optimized through simulations was
built in our laboratory and the experimental results are consistent with the theoretical
model (see Section 2.3 and [57]). This experiment was the first demonstration of an
OPCPA system at such long wavelengths.

The proposed dual-stage OPCPA design with all its limitations holds a lot of
promise for many femtosecond mid-infrared physics and chemistry experiments. Such
experiments greatly benefit from the high repetition rate of this system, leading to
shorter measurement times and/or improved signal to noise ratios. The average power is
significantly higher than for most Ti:sapphire based optical parametric systems in this
wavelength regime. As we will show in this Chapter, further scaling of repetition rate
and average power is feasible.
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2.3 OPCPA results with conventional PPLN

In this Section, we present experimental results from our new approach for a femtosec-
ond mid-infrared laser source. Its main feature is that it delivers potentially carrier-
envelope offset phase (CEP, [99]) stable pulses at high repetition rates. As outlined in
the previous Section, it is based on optical parametric chirped-pulse amplification
(OPCPA) [56, 100] and uses a commercially available diode-pumped solid-state laser as
its pump and a commercial fiber laser amplifier for the CEP-stable seed generation. The
pump laser is a Duetto from Time-Bandwidth-Products, whereas the mid-infrared seed
is generated through difference frequency mixing of the two-branch output from an
Er:fiber laser amplifier (FFS from Toptica) [61, 83]. The difference frequeny mixing
signal is intrinsically CEP-stable [101, 102] and is expected to remain so even after am-
plification in an OPA pumped by an unstabilized laser [96]. As we will show, this con-
figuration of our OPCPA system produces sub-100-fs pulses with a pulse energy of up
to ~1 uJ at a repetition rate of 100 kHz. To our knowledge this is the highest repetition
rate from a mid-infrared OPCPA laser system. The generated pulses have an optical
bandwidth of >300 nm and the central wavelength can be selected between 3.5 um and
3.7 um.

2.3.1 OPCPA design and results

1550 nm

34 pm
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1064 nm | |[HWP HWP
Duetto pump laser

Delay line

Figure 2.14: Schematic setup of our OPCPA system. The three nonlinear optical stages
DFG, OPA 1, and OPA 2 are based on MgO:PPLN crystals with lengths of 2 mm, 3 mm,
and 1.4 mm, respectively. Lenses in the pump beam are not shown. (HWP, half-wave plate;
PBS, polarizing beam splitter cube; HNLF, highly nonlinear fiber; FFS, fiber amplifier sys-
tem).
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A schematic setup of our OPCPA system is shown in Figure 2.14. The system configu-
ration takes the form of a two-stage amplifier optimized for broadband output between
3 and 4 um. The OPCPA seed is generated through difference frequency generation
(DFG) from the two outputs of a commercially available two-branch Er:fiber la-
ser/amplifier system and has been discussed in detail elsewhere [61]. In summary, one
output of the 1.5 um fiber laser is spectrally shifted in a highly nonlinear fiber to
1070 nm [60] and collinearly overlapped with the beam from the other branch in a
2 mm long MgO:PPLN crystal. In this DFG stage, up to 1 mW of mid-infrared radiation
is generated at the full 82 MHz repetition rate of the fiber laser. This corresponds to a
pulse energy of 12 pJ. The full-width-at-half-maximum (FWHM) spectral bandwidth
reaches up to 360 nm. Using a MgO:PPLN device with a fan-out design permits us to
tune the generated mid-infrared radiation between 3.4 and 4.8 um. Simulations show
that the pulses can be assumed to be close to their transform limit with a duration be-
tween 55 fs and 60 fs. This corresponds to about 5 optical cycles at 3.5 um.

The Duetto pump laser in Figure 2.14 is a Nd:YVO, based amplifier system
operating at 1064 nm. Its repetition rate is tunable between 50 kHz and 8 MHz and it
provides 10 ps pulses with a pulse energy of 100 pJ at the 100 kHz repetition rate of our
OPCPA system. Due to unoptimized beam routing and lossy optics, only 55 pJ of the
total pump energy are used in our experiments. The pulse trains from the seed and the
pump laser are locked to each other electronically with a commercial phase locked loop
(PLL) detector (CLX-1100 from Time-Bandwidth-Products) [97]. We have employed
the fiber laser as the master oscillator and are controlling the output of the oscillator of
the Duetto. The residual in-loop timing jitter amounts to 170 fs rms. Although direct
optical stabilization schemes could potentially provide better stability [98], these are
difficult to implement for our system. The measured timing jitter is sufficiently low for
our OPCPA design as demonstrated with the simulations in Subsection 2.2.6.

The mid-infrared seed is first collimated by an anti-reflection (AR) coated Si-
lens with 30 mm focal length. The seed is then separated from the other two waves at
1.1 ym and 1.6 um that are also present in the DFG stage by passing the beam through a
germanium wafer under Brewster's angle. The seed pulses are temporally stretched in
50 mm of bulk sapphire (Al,O3) providing total group delay dispersion (GDD) of about
-50'000 s and third order dispersion (TOD) of 330'000 fs* at 3.5 um. This stretches
the input pulse to a duration of 2.4 ps. While one would expect to achieve the best con-
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version efficiency with a seed pulse duration approximately matching to the pump pulse
duration, we optimized our system for maximum amplification bandwidth. The underly-
ing design considerations have been discussed in detail in Subsection 2.2.3. These simu-
lations revealed that the highest amplification bandwidth for our OPCPA design could
be achieved with a seed pulse duration in the range of 1 to 3 ps. Furthermore, simula-
tions also show that we obtain larger output bandwidth by operating the first OPA stage
in strong gain saturation. In this regime, the pump pulse is saturated first around the
peak of the seed pulse. The temporal wings of the strongly linearly chirped input pulse
saturate their gain later and may thus experience a larger overall amplification factor for
a sufficiently long nonlinear medium. This leads to a spectral broadening due to the fre-
quency-to-time mapping resulting from the strong chirp. A seed pulse that is too long,
on the other hand, experiences time-dependent gain leading to gain narrowing.
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Figure 2.15: Measured and normalized mid-infrared spectra directly after the DFG seed
source (left), after the first amplification stage (middle) and after the second amplification
stage (right). All spectra were recorded with a scanning monochromator equipped with a
HgCdTe (MCT) photodiode connected to a lock-in amplifier. The solid lines correspond to
the OPCPA operating at a center wavelength of 3.5 um, whereas the dashed lines show op-
eration at 3.7 um.

The stretched 3.5 um seed beam with 0.8 mW of average power and 9.8 pJ
pulse energy is refocused by a Si-lens with 75 mm focal length into the first OPA stage.
The resulting 1/e? beam radius is 42 pm. The measured seed spectrum is shown in the
left-most part of Figure 2.15. The first OPA consists of a 3 mm long, uncoated
MgO:PPLN crystal with 7 different quasi-phase matching (QPM) grating periods
(28.76, 29.30, 29.86, 30.46, 31.10, and 31.78 um). The selected gratings allow phase-
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matching a 1.064 um pumped OPA between 2.5 um and 4.0 um. This covers the main
operation range of our DFG seed source. For our experiments, we fully characterized
the system with phase-matched center wavelengths of 3.5 um and 3.7 um. The results at
3.7 um are discussed in more detail below.

The time delay between the pump and seed pulses is fine-tuned with an optical
delay line. A coarse tuning of the delay is achieved with the electrical signal cable
length between the two PLL detector photodiodes near the two oscillators and the PLL
electronics. After the delay line, the pump beam is split into a small part used to pump
the first OPA (4.7 wJ) and the rest pumping the second OPA stage (47 uJ). The pump
beam for the first OPA is focused by a lens with 250 mm focal length and overlapped
collinearly with the seed beam on a dichroic mirror. The resulting pump beam radius
reaches a 1/e? value of 49 pum inside the PPLN. The effective pump energy is 3.9 pJ af-
ter accounting for the reflection losses on the uncoated nonlinear crystal. This is suffi-
cient to amplify the seed to 9.7 mW average power or 97 nJ pulse energy at a central
wavelength of 3.5 um and the 100 kHz repetition rate of the pump. The amplified idler
is then separated from the signal wave located at 1.58 um and the pump at 1.064 um by
transmission through a germanium wafer under Brewster's angle. The idler beam is sub-
sequently recollimated by an AR coated Si-lens with 75 mm focal length. The measured
FWHM bandwidth of the amplified spectrum after the first OPA stage is 340 nm (see
Figure 2.15, middle).

A telescope consisting of two Si lenses with 200 mm and -100 mm focal length
then reduces the size of the output beam from the first OPA. This beam is refocused by
another Si-lens with 150 mm focal length. The remaining pump beam passes through
another optical delay line for fine tuning of the delay inside the second OPA and is then
focused by a 250 mm focusing lens. Again, the pump and the signal beam are over-
lapped collinearly on a dichroic mirror. The measured focal beam radii amount to
180 pum for both beams.

The second OPA stage consists of an uncoated, 1.4 mm long MgO:PPLN crys-
tal. By pumping the second OPA with an effective 39 pJ, the idler is amplified to
0.95 wJ, corresponding to an average power of 95 mW. The measured spectral FWHM
spans 332 nm at 3.5 um, supporting 79 fs pulses (see Figure 2.15, right). This corre-
sponds to 6 to 7 optical cycles at this wavelength.
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We have measured a parametric superfluorescence background of 0.4 mW af-
ter the first amplifier and 5 mW after the second amplification stage when blocking the
seed beam. This may serve only as a worst-case estimate for the actual superfluores-
cence background as the superfluorescence background competes for gain with the am-
plified seed under normal operating conditions.

The mid-infrared idler is separated from the pump by a dichroic mirror. This is
to prevent an unnecessary thermal load in the collimating Si-lens through the unused
pump light. Without this dichroic mirror, we observed damage to the mid-infrared AR
coating of the lens and distortions of the transmitted beam. The signal beam is only par-
tially removed by the dichroic mirror. A small fraction of the reflected signal is sent
onto a photodiode and used as part of a slow feedback loop stabilizing the pump-seed
delay. This ensures long-term stability even in the presence of room temperature and air
pressure fluctuations. A lens with 100 mm focal length recollimates the final output
beam after the second OPA.

When the OPCPA is operated at 3.7 um (dashed lines in Figure 2.15), 0.5 mW
of DFG seed power are amplified to 9.6 mW in the first OPA. The output power after
the second OPA amounts to 88 mW. The bandwidth was measured to 326 nm FWHM
after the DFG, which is subsequently broadened to 331 nm in the first OPA. The output
bandwidth after the second amplification stage was 313 nm and supports 87 fs pulses.

2.3.2 Pulse compression and characterization

We have compressed the output of the OPCPA system with a 4—prism compressor,
where the beam passes the four uncoated silicon prisms under Brewster's angle (Figure
2.16, [103, 104]). Simpler compressors such as bulk silicon, which provides the oppo-
site sign of GDD compared to sapphire and LiNbOs, or a classical two—prism compres-
sor [105] can also introduce the desired amount of GDD. However, these simpler ap-
proaches possess the same sign of third order dispersion (TOD) compared to sapphire
and LiNbOs. In contrast to the 4-prism compressor, they are therefore not suitable for
TOD compensation. The relatively high refractive index of silicon yields a Brewster's
angle of 73.7°. This results in the beam geometry shown in Figure 2.16, where the total
beam deflection angle over one prism pair is larger than 180°. As a consequence, the
different beams cross in the middle of the two prism pairs depending on the required
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prism apex distance. The amount of prism bulk material along the beam path can be in-
creased by moving the two prism pairs towards the center of the compressor, unlike the
behavior of more conventional prism compressors. So far, the throughput of our prism
sequence is limited to 41%. This corresponds to a transmission of ~90% per prism. The
main contribution to the losses is likely due the large Brewster's angle on the prism:
small deviations from the ideal angle lead to significant losses as the reflectivity steeply
rises within the few remaining degrees towards grazing incidence. A total of 16 silicon-
air interfaces are passed through the entire compression path.
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Figure 2.16: 4-prism compressor setup based on two pairs of silicon prisms (P1 and P2).

With this setup we were able to compress the pulses to 92 fs. Pulse characteri-
zation was performed with second-harmonic generation frequency-resolved optical gat-
ing (SHG FROG, [106]). Our SHG FROG setup employed a 250 um thick silver gal-
lium selenide (AgGaSe;) crystal to generate the second harmonic signal. The generated
spectra ranging from 1.5 um to 2 um have been measured with a scanning monochro-
mator equipped with an extended InGaAs photodiode connected to a lock-in amplifier.
The FROG trace was recorded on a (128x128) grid. The acquisition of a complete
FROG trace in Figure 2.17 took more than one hour because we had to scan both the
monochromator grating and the pulse delay in the FROG setup. Thus, this measurement
also serves as a demonstration of the stability of our OPCPA system.



Chapter 2 -42 -

1.0 -
= 5
3 S 3
c & 0.6 — o)
IS} — @
& = _
§ ;é:) 0.4 — \%
= 024
0.0 —
-400 -200 O 200 400 -200 0 200
Delay (fs) Time (fs)

Figure 2.17: Measured FROG trace (left) with retrieved pulse shape and phase (right)

2.3.3 Conclusion

We have demonstrated a femtosecond mid-infrared OPCPA laser system based on reli-
able, compact and commercially available solid-state and fiber laser technology. Our
system operates at a high repetition rate of 100 kHz and delivers output pulses at center
wavelengths of 3.5 um and 3.7 um with a pulse energy of ~1 pJ. We have compressed
the pulses to a duration of 92 fs. To our knowledge this is the highest repetition-rate
OPCPA system in the mid-infared demonstrated so far. However, our work on OPCPA
using conventional PPLN as the gain medium also revealed several shortcomings of this
concept. The most serious limitation with respect to our goal of generating intense,
CEP-stable few-cycle pulses is the insufficient amplification bandwidth provided by the
PPLN crystal. We solved this problem by switching the OPA stages to aperiodic quasi-
phase matching as discussed below.

2.4 OPCPA with aperiodically poled gain structures

The generation of few-cycle pulses in the mid-infrared region is a challenging task be-
cause known laser crystals do not supply optical transitions with sufficient amplification
bandwidth. Nonlinear optical frequency mixing is a common approach for generating
short pulses at wavelengths where suitable laser crystals are not available [89]. In the
mid-infrared, this approach relies — with a few exceptions — heavily on Ti:sapphire
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technology with its associated cost, average power limitation, and limited wall-plug ef-
ficiency.

Our work using conventional PPLN as the amplifcation medium has demon-
strated before that optical parametric chirped-pulse amplification (OPCPA) directly
pumped by diode-pumped solid-state lasers operating around 1-um wavelength is a
powerful method for amplifying sub-100 fs pulses in the mid-infrared at high repetition
rates [57, 59]. Our numerical simulations, however, have shown that the achievable
bandwidth while maintaining efficient amplification is limited with this gain medium
(see Section 2.2 and [58]). For the specific pump and seed wavelengths and parameters
of our system, maximum bandwidth was found to be on the order of 300 nm at 3.6-um
center wavelength. To overcome this constraint while keeping the benefit of the high
nonlinearity of PPLN, we use chirped quasi-phasematching (QPM) for femtosecond op-
tical parametric amplification. The concept of chirped or aperiodic QPM for increased
acceptance bandwidth and even pulse shaping has previously been successfully applied
to other nonlinear optical interactions.

While the first proposal of chirped QPM was limited to the idea of extending
the acceptance bandwidth for cw second harmonic generation (SHG) [107], it was soon
realized that chirped QPM also has interesting properties for the broadband conversion
of ultrashort optical pulses [108]. The first application was to exploit the localized con-
version of different frequency components in aperiodically quasi-phase-matched SHG
for phase shaping and compression of the output pulses [108] and was soon extended to
more general pulse shaping [109]. The phase shaping and very large bandwidth of these
devices was exploited for the production of sub-6-fs pulses by second harmonic genera-
tion from Ti:sapphire few-cycle pulses [110, 111]. The idea of aperiodic QPM was also
transferred to other applications of second order nonlinearities such as optical paramet-
ric amplifiers (OPA) [112] and optical parametric oscillators (OPO) [113]. However, to
our knowledge, there exists no prior experimental demonstration of femtosecond OPA
or OPCPA using aperiodic QPM. It turns out that the extension of the approach to this
particular application is non-trivial. Several critical aspects of aperiodical QPM OPAs
have been addressed in References [15-17].

In this new amplification medium, near-arbitrary bandwidths are possible be-
cause the grating provides the range of k-vectors to phasematch all frequencies of inter-
est. The spectral gain of such a device is inversely proportional to its chirp-rate (k-
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vector change per unit length) [15]. For a given chirp-rate and gain, the available band-
width is proportional to the length of the device and, thus, only extrinsically limited by
the transparency range of the material, and practically available crystal sizes. The grat-
ing can be engineered to overcome spectral gain narrowing, tailor the group delay spec-
tra, and improve efficiency by reducing back-conversion [15, 19]. These capabilities
enable pulse durations beyond what was possible by conventional means with the given
input parameters.

2.4.1 Design and results
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Figure 2.18: The grating used has a length of 7.4 mm and a negative chirp rate of x’ =
-250 cm™. It has perfect phase matching points for wavelengths in the range from 3 to
4 um.

For our first demonstration, the local QPM period is varied smoothly across the range of
phasematching k-vectors for the idler bandwidth. The grating k-vector is varied linearly
(Figure 2.18), which in the near-field limit and small bandwidth leads to a flat amplifi-
cation spectrum with low-order polynomial phase suitable for subsequent compression.
Amplification occurs for each spectral component around its phasematched point until
the local phase mismatch becomes too large, or until the pump is significantly depleted.
In contrast to periodically poled gratings where pump depletion is followed by complete
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back-conversion in a sufficiently long grating, in aperiodically poled lithium niobate
(APPLN) pump depletion increases monotonically with pump and seed intensity, except
for ripples associated with abrupt on and offset of phasematching at the edges of the
grating [19]. These ripples can be suppressed by apodization techniques, which reduce
the local coupling strength by adiabatically increasing the phase mismatch (increasing
or decreasing the QPM period) or by reducing the effective coupling coefficient, for ex-
ample by reducing the QPM duty cycle [15]. Misalignment of pump and seed can occur
when optimizing the amplifier gain in the laboratory, leading to a self-apodization effect
where the beam interaction is gradually turned on as the beams walk across each other
through the crystal.

We use two optical parametric amplifier stages designed to operate in the mid-
IR around 3-4 um wavelength. The system is seeded by the intrinsically carrier-
envelope offset phase (CEP) stable difference frequency generation (DFG) setup al-
ready discussed in the previous Sections of this Chapter. It delivers pulses from 50-
100 fs in the spectral region from 3.2 um to 4.8 um [61]. This seed source is expected to
enable CEP-stable output pulses from our amplifier. Both OPA stages are pumped at a
wavelength of 1.064 um with a slightly upgraded version of the same commercial solid
state laser used for the PPLN based experiments. It delivers 11 ps pulses at energies of
up to 120 pJ and a repetition rate of 100 kHz (Time-Bandwidth Products AG, Duetto).
By using a 1-um pump laser technology, power scaling should be easy to achieve. As
before, the pulse train of this laser is stabilized to the pulse train of the seed laser with a
phase locked loop (PLL) yielding a timing jitter of less than 150 fs rms [97].

The pulses of our mid-infrared seed source are stretched to approximately
2.5 ps by propagation through 50 mm bulk Al,O3. The two OPA crystals are 7.4-mm
long uncoated MgO:APPLN with a poling structure illustrated in Figure 2.18. With a
chirp rate of k' = -250 cm™ (defined as the slope of the spatial frequencies of the grat-
ing) we could achieve an amplification bandwidth of more than 800 nm (Figure 2.19).
In the first stage the obtained gain is 40 dB and the second stage adds another 14 dB
resulting in pulse energies of up to 1.5 uJ at a repetition rate of 100 kHz, which corre-
sponds to 150 mW of uncompressed average output power. Due to pump depletion the
spectrum is broadened after the second stage, supporting 54-fs transform-limited pulses.
This occurs because the central spectral components are saturated before the wings.
Ripples on the spectra (Figure 2.20) and the corresponding pre-pulses on the com-
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pressed pulse originate primarily from the abrupt onset of nonlinear coupling at the ends
of the grating, and can be suppressed by apodization of the QPM grating as discussed
above [15].
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Figure 2.19: Gain spectrum of the first OPA stage (green solid line), showing more than
800 nm amplification bandwidth when pumped at 1.9 GW/cm?. The measurement is lim-
ited only by the available seed bandwidth, giving rise to noise in the spectral wings. The
red dotted curve is the measured gain spectrum of a 3 mm long conventional PPLN device
as used for OPA 1 in our previous experiments.

After compensation of second and third order dispersion with the same 4-prism
silicon compressor setup introduced in Subsection 2.3.2 [103], we reached a nearly
transform limited pulse of 75fs (Figure 2.21). The transmission of the compressor
amounted to only 30% due to an increased sensitivity to misalignment and the effect of
surface roughness at the near-grazing-incidence on the silicon Brewster prisms at our
operation center wavelength of 3.4 um.

APPLN OPAs are sensitive to optical parametric generation (OPG, or paramet-
ric superfluorescence) because quantum noise can be amplified throughout the whole
grating [17]. In contrast, the seeded collinear amplification process occurs only over a
relatively small region for each spectral component. This results in an unwanted OPG
background, which can be suppressed by using two short amplification crystals, pushing
the required gain below the OPG threshold.
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Figure 2.20: The power spectrum of the seed (blue, dash-dotted) supports 71-fs transform
limited pulses. After the first amplifier (green, dashed) the spectrum is broadened, support-
ing 65-fs pulses, and further broadened after the second amplifier (red, solid) providing
bandwidth for 54-fs pulses.
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Figure 2.21: After compensation of GDD and TOD the pulses are compressed to 75-fs
FWHM.
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Figure 2.22: The left graph shows the power scaling of OPA 1. There is only negligible
OPG output. In the right graph one can clearly see the amplification of the remaining OPG
of OPA 1. This can be suppressed by the use of a steeper long-pass filter between the two
OPA stages. A completely unseeded OPA 2 generates less than 2 mW OPG.

Nevertheless, some OPG remains. For our QPM grating design this occurs
primarily below 3 um and can be spectrally filtered with a long-pass filter. To estimate
an upper limit for the remaining OPG power we did a conservative analysis by measur-
ing the unseeded output power of both OPAs. After the first OPA stage there is nearly
no measurable radiation above 3 um (Figure 2.22). When the input to the second OPA
is blocked, the OPG is below 2 mW of the amplified seed power, which confirms that
the amount of spontaneous radiation after the second stage is still small. If one directs
the small remaining OPG output (mostly leakage of our long-pass filter) of the first
OPA into the second stage the output power is 25 mW (Figure 2.22). This means that an
appropriate filter with higher suppression of the radiation below 3 um from the first
OPA could suppress the overall OPG contribution to less than 1.5%.

2.4.2 Summary and conclusion

With APPLN one can overcome the bandwidth limitations of conventional PPLN in a
collinear OPCPA. We have demonstrated this new amplification concept with a femto-
second mid-infrared OPCPA based on aperiodically poled MgO:LiNbO; crystals. In
this first implementation we used linearly chirped gratings and were able to achieve
75 fs output pulses characterized by SHG-FROG [106], maintaining the 72 fs transform
limit of the seed. With the DFG seed source, we do not fully exploit the amplification
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bandwidth of our APPLN devices. The spectral ripples and temporal pre-pulses that we
observe are understood and can be suppressed with apodization.

Other issues associated with conventional OPCPAs can be overcome with
APPLN. QPM engineering can be used to achieve a flat gain profile even with a non-
flat-top temporal pump profile. This allows for a better pump-seed temporal overlap
without experiencing the significant gain narrowing that would occur with traditional
gain media (e.g., see Subsection 2.2.4). With tandem amplifier designs [114] the group
delay of the pulses can be engineered to achieve transform limited output pulses over
the large bandwidth offered by these devices. Furthermore, with APPLN the intrinsic
damage threshold of the material is no limitation to the bandwidth anymore as was the
case with our previous PPLN based implementation. Finally, back-conversion limiting
efficiency and spectral broadening in conventional PPLN devices is significantly re-
duced in APPLN [19].

This first generation APPLN design clearly shows the potential of the tech-
nique and holds promise for significant further improvements of pulse duration and sys-
tem efficiency. With an upgraded seed source bandwidth and improved QPM designs,
the output of our system can be expected to reach into the few-cycle regime (one cycle
at 3.4 um is 11.3 fs). Some of the more recent results with the aperiodic quasi-phase
matching approach and the corresponding improvements of the performance of our sys-
tem are discussed below.

2.5 New seed concept and power scaling

While the APPLN devices allowed us to overcome the bandwidth limitation of the am-
plification sections in our OPCPA system, additional bottlenecks or conceptual issues
could be identified during this work. Namely, the problematic areas in our system are
the following:

e Compressor throughput. Our current implementation using a 4-prism
compressor (Figure 2.16) suffers from an extremely low throughput of
only 30 to 40%. This is thus not better than a comparable grating com-
pressor and wastes a lot of the expensive mid-infrared photons.
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e Compressor bandwidth. Prism and grating compressors introduce sig-
nificant higher order dispersion. Furthermore, bandwidth is also con-
strained by geometry in these types of compressors (angularly dispersed
beams not fitting on the finite apertures of the optics). It is therefore not
clear how our prism compressor concept could be scaled to the large
bandwidths of true few-cycle pulses.

e Low seed pulse energy. Our available seed energy is only on the order
of 10 pJ. This increases our susceptibility to parametric superfluores-
cence (high gain in first OPA stage). Furthermore, the low seed power
in conjunction with its difficult-to-handle wavelength renders alignment
of the system a tedious task.

e Low seed bandwidth. Our seed bandwidth is not sufficient for reaching
true few-cycle operation of our OPCPA. In fact, our APPLN based re-
sults are entirely seed limited with respect to the achieved bandwidth.
Due to the low seed energy, additional nonlinear spectral broadening of
the seed is not an option.

The combination of these issues is serious enough to prevent us from reaching
our original goal of generating intense, CEP-stable few-cycle pulses in the mid-infrared.
A modification of our concept therefore needed to be found to overcome these limita-
tions. It was found that a change of the seed source solves all of the above problems.

2.5.1 New seed source

The new seed approach is depicted in Figure 2.23. Rather than converting the output
from our femtosecond fiber laser system into the mid-IR to obtain a suitable idler seed,
we use it to seed the first OPA stage at the signal wavelength directly. This step yields
immediately two orders of magnitude higher seed pulse energy (1.8 nJ). Furthermore,
alignment is simplified because of the higher power and a center wavelength that is eas-
ier to handle as we can rely on proven 1.5-um technology. The easier alignment enables
us to use a more complex stretcher setup. We use a combination of a transmission grat-
ing stretcher and a two-prism stretcher. The latter uses the same silicon Brewster prisms
that were previously used in our compressor. The grating stretcher is set up in a near-
zero dispersion 4-f configuration. This will later on allow us to add a liquid crystal
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pulse-shaping device to the setup for ultrabroadband fine dispersion control [115]. Spa-
tial light modulators operating at 1.5 pm are available commercially.

Prism stretcher

1.56 pm
100 fs

\

. 1.56 um
EDFA Grating strefcher _____ .
NN AN/
1
1
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Figure 2.23: The new seed setup. The output of our femtosecond Er:fiber laser is directly
used as the seed of the first OPA stage of the OPCPA. Its amplified (EDFA, erbium doped
fiber amplifier) output pulses pass through a 4-f (near-zero dispersion) grating stretcher and
a prism stretcher.

In addition, the higher pulse energy and the associated high peak power of our
1.56-um seed allow us to implement nonlinear optical spectral broadening schemes.
The bandwidth directly available from the fiber laser corresponds to a transform limited
pulse duration of 55 fs. For further pulse shortening, nonlinear pulse compression
schemes are required. We plan to exploit continuum generation in PPLN waveguides

for this purpose [116].
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Figure 2.24: New OPCPA concept. We discard the mid-infrared idler beam after OPA 1
and rather use the amplified 1.56 pm signal beam as the input to OPA 2. We only keep the
mid-infrared idler after the last amplification stage. Compression occurs in bulk sapphire.
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The new seed source affects our OPCPA setup as shown in Figure 2.24. The
1.56-um seed beam is amplified in OPA 1. We now discard the mid-infrared idler beam
after OPA 1 and use the 1.56 um signal beam as the input to OPA 2. This is made pos-
sible by the collinear geometry of our amplifiers. Both OPA stages still use the same
APPLN devices reported in Section 2.4. The idler output of OPA 2 centered at 3.4 um
is then compressed in a bulk sapphire (Al,O3) compressor. The new bulk compressor
eliminates the bandwidth and throughput limitations of our previous prism compressor.
This setup now also uses the upgraded pump source discussed in Section 2.1.

The price one has to pay for the change in seed source is the loss of the passive
CEP-stability that our DFG-based seed offered [61, 101]. While the active (electronic)
locking of two independent oscillators as required in our case is not trivial, it is a solved
problem [117]. An alternative scheme for optical locking of the seed and pump lasers
cannot be easily transferred to our specific primary laser sources but might be an attrac-
tive solution for future implementations of similar OPCPA concepts [49, 98]. The elec-
tronic locking of seed and pump oscillator brings the benefit of direct and rapid control
of the CEP through electronic means.

2.5.2 Initial results

In the following, we present initial experimental results that were obtained with the new
seed concept and the upgraded pump laser. For these first measurements, we did not yet
use a pulse-shaping device in the seed beam path and no external spectral broadening of
the seed was performed. Already these first data sets, however, reveal the large potential
of the new approach.

Our amplifier is again a two-stage optical parametric chirped-pulse amplifier
(OPCPA) based on APPLN with the same gain crystals previously used for the results
presented in Section 2.4. A mode-locked femtosecond fiber laser operating at A =
1.56 um is used to seed the OPCPA with 1.8 nJ of energy. Its spectral bandwidth sup-
ports 55-fs transform limited pulses. The pump source is an industrial laser (Time-
Bandwidth Products Inc., Duetto), delivering 12-ps pulses at a repetition rate of
100 kHz and average output power of up to 11 W. About 10% of the output from the
Duetto is further amplified in the Nd:YVO, slab amplifier described in detail in Section
2.1.
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The seed pulses are stretched with a silicon prism stretcher to about 6 ps pulse
duration to ensure good temporal overlap with the pump pulse. The two beams are over-
lapped in the first and second OPA stage at pump intensities of 6.8 GW/cm?® and
9.4 GW/cm?, respectively. In both stages we use a 10-mm-long, 1-mm-wide APPLN
chip. A chirp-rate of x = -250 cm™ is used to achieve a broad phase-matching spectral
window ranging from 2.71 to 4.24 um. The negative chirp rate is chosen to better sup-
press the effective lens effects of the pump due to the parametric frequency conversion
[118]. This focusing can lead to deterioration of the beam quality
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Figure 2.25: Idler spectra at different positions along OPCPA system. The seed spectrum
(blue solid curve) was calculated from the input spectrum measured in the 1.5 um signal
spectral region. The small loss of bandwidth at long wavelengths after OPA 1 (green dotted
curve) can be attributed to missing poling domains in the used APPLN crystal. This band-
width is recovered in OPA 2 (red dashed curve).

The first stage generates an idler output spectrally centered around 3.3 um with
an output power of 75 mW (8 W pump) and a transform-limited pulse duration of 69 fs
(Figure 2.25). The idler is amplified up to 1.4 W (30 W pump) after the second stage
and spectrally broadened to support a bandwidth for 56-fs pulses, which corresponds to
5 optical cycles (Figure 2.25). We loose some spectral power on the long wavelength
side of the spectrum in OPA 1. This is due to missing poling domains at the end of the
crystal (Figure 2.26). As there are still photons present, this bandwidth is recovered in
OPA 2. Our measurements show that the APPLN crystals are capable of amplifying the
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full bandwidth of our current seed source. The spatial beam profile is well-behaved and
allows focusing into a small area for reaching high intensities (Figure 2.27a). The power
scaling of both stages as well as the estimated optical parametric generation (OPG)
background are illustrated in Figure 2.27b) and c).
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Figure 2.26: Microscope images of the APPLN chips of OPA 1 and OPA 2. a) QPM grat-
ing used in OPA 1. It can be clearly seen that some domains are missing towards the right
hand side. b) QPM grating used in OPA 2.
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Figure 2.27: Output beam profile and power scaling. a) Spatial beam profile at 1.4 W of
idler output power (linear color scale). b) Power scaling of OPA 1. ¢) Power scaling of
OPA 2. The OPG level is below measurement threshold (10 pW) while blocking the seed
for OPA 1. The output of OPA 2 shows OPG background below 5% at maximum output
power and 0.2% at half output power.
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As pointed out above, care needs to be taken in APPLN OPAs to avoid optical
parametric generation (OPG). Quantum noise can be amplified throughout the entire
grating via non-collinear phasematching [17]. This is in contrast to the seeded collinear
amplification process, which occurs for each spectral component over only a relatively
small region. This increased noise gain leads to an unwanted OPG background, which
we suppress using two amplification stages (reducing the gain required in the first
stage) and sufficiently large beam diameters to prevent non-collinear gain guided modes
[17]. As an overestimate of the OPG in the saturated-amplifier regime, the idler average
power was measured while blocking the seed of the first stage and feeding its output
into the second stage. This resulted in 0.2% OPG at 700 mW and 5% at 1.4 W output
power.
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Figure 2.28: FROG data from initial compression attempt. a) FROG trace. b) Reconstructed
pulse shape and temporal phase. In this first compression result with the new concept still a
lot of higher order phase is not compensated, resulting in significant pedestals on both sides
of the pulse.

We did a first compression attempt with the new OPCPA concept. For this
purpose we used a total of 150 mm of bulk sapphire in the output beam. The bulk com-
pressor consists of two uncoated rods of 100 mm and 50 mm length, respectively. De-
spite the still missing antireflection coating, we now obtain a compressor throughput of
76%. During our compression experiments, the OPCPA system was running at some-
what reduced performance compared to the 1.4 W of uncompressed output power ob-
served earlier. Nevertheless, we end up with 8 puJ pulses after compression with a
FWHM duration of 100 fs (Figure 2.28). The corresponding average output power is
0.8 W. This is the highest average power reported to date for a femtosecond source in
the wavelength range from 2.5 t0 5 um.
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2.5.3 Conclusion

With APPLN one can overcome the bandwidth limitations of conventional non-
degenerate collinear OPCPA, enabling ultrashort laser pulses in the mid-infrared region.
We have successfully demonstrated the possibility to operate an APPLN OPCPA with
low noise and high average power. Unlike a PPLN OPA, which would limit the band-
width, or a noncollinear OPA, which would yield an angularly dispersed idler, our
APPLN OPCPA system is able to transfer seed pulses from the well-developed 1.5 pum
spectral region to the mid-infrared, while maintaining bandwidth and good spatial beam
quality. With a 10-mm-long APPLN chip, we are able to achieve 1.4 W uncompressed
idler output power with low OPG background. In a first rough compression experiment,
we also managed to obtain 0.8 W of average power with 100 fs output pulses. OPG was
suppressed by using a wide pump beam and relatively low-gain amplification stages.
We do not yet use the full power of our pump source because of the small pump spot
required with our 1-mm clear aperture APPLN crystals. Further power scaling will be
possible with wider-aperture devices.

2.6 Outlook: Towards high-field physics in the mid-IR

Future work on the OPCPA system itself will focus on fully exploiting the advantages
of our new seed concept introduced in Section 2.5. First, the APPLN devices in the am-
plification stages will be replaced by more optimized designs. So far, we used the grat-
ings that were originally designed for the old seed concept and do not take into account
the slightly different wavelengths interacting in the new approach (3.4 um output center
wavelength instead of 3.6 um). We will also experiment with lithium tantalate (LiTaOs3)
instead of lithium niobate as the nonlinear gain material. Lithium tantalate offers higher
damage thresholds with the downside of providing lower nonlinearity. It needs to be
tested experimentally whether this new material allows efficient operation with lower
susceptibility towards photorefractive and thermal effects.

Furthermore, we will work on spectral broadening of the 1.5 um seed pulses.
For this purpose, we will explore continuum generation in reverse-proton-exchanged
PPLN waveguides. These devices were shown to be capable of providing octave span-
ning spectra with nJ input pulses [116]. Alternatively, we will look into traditional con-



- 57 - Mid-infrared OPCPA

tinuum generation in highly nonlinear fibers. Only with a spectrally broadened seed
source we will be able to fully exploit the large amplification bandwidths offered by
aperiodic quasi-phase-matching.

More work is also needed on the dispersion compensation side of our system.
While an improved coarse dispersion management can be achieved by better optimizing
our combination of stretcher and compressor, near-perfect compression is expected after
the addition of a spatial light modulator for fine dispersion control in the seed path. Our
current grating stretcher is already designed to accommodate the liquid crystal mask.

With all these improvements and making full use of our available pump power,
we expect to realistically generate 25-to-30-fs pulses (two-cycle pulses) with around 10
to 20 pJ of pulse energy in the mid-infrared. With these parameters we can reach suffi-
cient intensity for most high-field physics applications (of course, still tighter focusing
is required than with the more energetic pulses from traditional Ti:sapphire amplifier
systems operating at 800 nm wavelength and similar pulse durations).

Another focus of our work will be to actually use this unique source of intense
ultrashort pulses for applications. We're exploring its use for multi-dimensional spec-
troscopy (see e.g., [119] and other work in this special issue). Due to its spectral loca-
tion, our OPCPA system offers itself for spectroscopy on water. While the high repeti-
tion rate would benefit the signal-to-noise ratio, it needs to be seen whether the high av-
erage power could be detrimental for some molecular spectroscopy applications [120].
For spectroscopy on water this would not be an issue.

As our own motivation for developing the OPCPA system is in the field of
high-field physics, we plan to perform the first experiments in this area. Already with its
current performance (8 pJ, 100 fs), high-harmonic generation and strong-field ioniza-
tion are in reach of the system. More specifically, we plan to investigate strong-field
ionization of xenon with a velocity-map imaging spectrometer [121] (Figure 2.29). By
strongly focusing our current pulses with short-focal-length aspheric optics we expect to
reach 1/e® beam radii of about 7 um. This will enable peak intensities on the order of
10" W/cm?. The first goal is to observe strong-field ionization. This will be an immedi-
ate proof that our system reaches the required intensities. We will then investigate the
structure of the electron spectra at higher energies. There's an ongoing debate whether
the otherwise extremely successful tunneling picture of strong-field ionization breaks
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down when the ionizing laser field is scaled to long wavelengths (see, e.g., [122-124]).
While the tunneling theories predict a single-peaked electron energy distribution, an al-
ternative theoretical approach based on velocity-gauge strong-field approximation pre-
dicts a double-humped structure with a pronounced local minimum between the two
peaks [124]. This significant qualitative difference between the two predictions should
be easy to verify. It is thus well suited as a first experiment with our OPCPA system.

Figure 2.29: Velocity-map imaging spectrometer in our laboratory. a) Outside view. b) In-
side view. An electron lens system images the photo-electrons (or —ions) created in the in-
teraction zone onto a micro-channel plate followed by a phosphor screen. The resulting im-
age is recorded by a CCD camera (not shown). The radial impact points of the charged par-
ticles can be related to their energy. This spectrometer thus allows recording angularly re-
solved electron (and ion) spectra.
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Quantum path interferences in high-
order harmonic generation

High-order harmonic generation (HHG, [21]) is together with strong-field ionization
one of the most fundamental strong-field processes. HHG also forms the basis for cur-
rent schemes of attosecond pulse generation [125-130]. With amplified femtosecond
laser pulses, the electrical field-strength in the beam can easily reach and surpass inner-
atomic field strengths. In this regime, the interaction of the light field with the atoms
cannot be considered a simple perturbation anymore. HHG is one of the most prominent
processes occurring in this non-perturbative regime. The process of HHG can be de-
scribed semi-classically with the so-called three-step model [24]. It is usually sufficient
for a qualitative understanding of many aspects of HHG. The concept behind the three-
step model is schematically depicted in Figure 3.1. The strong electric field of the driv-
ing laser significantly deforms the Coulomb potential of the atom. In step 1, around a
maximum of the laser field, an electron may leave the atom through tunnel ionization.
The evolution of the electron after ionization is then treated purely classically with the
driving laser field accelerating the electron. Through this acceleration, the electron gains
kinetic energy. As the oscillating electric field of the laser changes its sign a quarter pe-
riod after the maximum, the electron is slowed down and is eventually driven back to-
wards its parent ion. With a certain probability, the electron then recombines with the
ion in the third step of the process. Upon recombination, the electron releases the excess
energy corresponding to the gained kinetic energy plus the ionization energy of the
atom in the form of a photon. This photon can be much more energetic than the driving
laser photon energy.

-59-
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Step 1 Step 2 Step 3

tunnel ionization acceleration in laser field recombination

Figure 3.1: Three-step model of HHG. In step 1, the electron is field-ionized from the atom.
The electric field of the driving laser pulse accelerates the electron in step 2. Finally, the
electron may return to its parent ion and recombines with a certain probability in step 3.

Due to the symmetry of the system, the three-step process described above re-
peats on every half-cycle of the driving laser field. From this periodicity in the emission
of the energetic photons, it directly follows that the spectrum of the generated radiation
consists of discrete peaks located at odd integer multiples of the laser photon energy. It
lies in the non-perturbative nature of HHG that those peaks may extend to very high in-
teger multiples. The peak photon yield of the perturbative harmonics known from clas-
sical nonlinear optics (third harmonic, fifth harmonic, and maybe even seventh har-
monic) drops exponentially with increasing harmonic order. It is typical for HHG that
around the seventh to ninth harmonic a transition to a plateau of almost constant photon
yield takes place. This plateau region can extend over many (even hundreds) harmonic
orders before it reaches the cut-off where conversion efficiency drops exponentially to-
wards zero. The location of the cut-off can be estimated using the cut-off law

ROy = 317U, +1,, (3.1)

with o, denoting the cut-off angular frequency, 7, the ionization potential
of the HHG medium, and U, the ponderomotive energy [24, 32]. The ponderomotive
energy is given by

U,=¢E; [(4m,0?). (3.2)

Here, e is the electron charge, E, the laser electric field amplitude, and m, the
electron mass. One can see that the higher the laser intensity, the higher the cut-off. The
maximum useful intensity is however limited to well below the intensity at which the
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tunneling barrier is completely suppressed. This is not the only limiting effect. How-
ever, a detailed discussion of limiting effects to HHG yield is beyond the scope of this
Chapter. It can also be seen from the above equation that at constant intensity, a longer
driving laser wavelength can further extend the cut-off.

—_~ e trajectories
~

Figure 3.2: Classical trajectories of electrons (thin lines) released from the atom and accel-
erated in the electric field of the driving pulse (thick solid red line). The trajectory an elec-
tron takes depends on the electron release time with respect to the electric field. Recombi-
nation with the parent ion can take place at zero-crossings. The kinetic energy at recombi-
nation is highest for the cut-off trajectory (blue solid line). The length and color of the
dashes visualizes the recombination energy of the other trajectories: longer dashes, redder
color represent lower energy. Electrons released during the first half of the half-cycle (not
shown) cannot return to the parent ion and thus do not contribute to HHG.

When looking at the classical trajectories of the electrons in the external elec-
tric field of the driving laser pulse, one finds that electrons released between the zero-
crossing and maximum amplitude of the field never return to the parent ion. Those elec-
trons do not contribute to HHG. Electrons freed between the field maximum and its
next zero-crossing, however, return to the parent ion and may recombine. Examples for
such classical trajectories are shown in Figure 3.2. The actual trajectory and the energy
gained by the electron depend on its release time. For each energy value below the cut-
off two corresponding trajectories are found: a long trajectory for which the electron
was freed close to the field maximum and a short trajectory with a later electron release
time. This can be easily understood in the simple picture of the three-step model: The
long trajectory electrons are those that already passed their point of maximum kinetic
energy but now have to travel "uphill” against the combined laser and atomic potential
before they may recombine. The short trajectory electrons, on the other hand, are still in
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their "downhill" acceleration phase when they recombine. Through both pathways, the
same final energies can be reached.

Figure 3.2 also clearly illustrates that the total harmonic emission from the
short family of trajectories possesses an up-chirp in time, while the emission from the
long trajectories is down-chirped. These findings obtained from the purely classical pic-
ture are in excellent qualitative agreement with quantum mechanical models. It should
also be noted that there exist also higher-order trajectories that take more time to re-
combine than a single laser oscillation cycle (i.e., they pass the ion core at least once
without recombining). The recombination probability for these higher-order trajectories
is very low due to electron wavepacket diffusion. Therefore they usually do not play an
important role in practice.

Most commonly, HHG is performed in a gas jet. The three-step model and the
rest of the above discussion only take into account how a single atom responds to the
strong laser field. In a gas jet, however, the beam interacts with an ensemble of atoms.
The high-order harmonic light observed after the generation medium is thus a coherent
superposition of the microscopic response of the individual atoms. A significant amount
of harmonic light can be observed macroscopically only if the contributions from the
individual microscopic emitters add up constructively. For efficient HHG, one therefore
needs to ensure phase-matching. A review of macroscopic aspects of HHG is given by
Gaarde et al. [131]. Phase-matching is strongly trajectory dependent [132-134]. This
allows phase-matching of only the short trajectory by placing the focus of the driving
laser beam in front of the gas jet used for HHG.

The long and short trajectories leading to the same final harmonic photon en-
ergy start from the same initial state and end in the same final state. Furthermore, the
entire process is coherently driven by the incident infrared laser. As a result, one ex-
pects interference to occur between the long and the short trajectory emission. It is,
however, not obvious how and whether such interference manifests itself in the macro-
scopic high-order harmonic beam. Can experimental conditions be found that both tra-
jectories contribute with comparable strength to the macroscopic signal?

In the following we present theoretical and experimental evidence for what we
think is the first observation of quantum-path interference (QPI) between long and short
trajectory contributions in HHG. In Section 3.1, we report the first experimental
manifestation of this interference structure and discuss the experimental conditions that
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festation of this interference structure and discuss the experimental conditions that were
necessary to succeed. We will show in Section 3.2 that these conditions are universal
and can be transferred to other gas species. We will then generalize the experimental
configuration, which enabled us to record interferences in spatio-spectral domain (Sec-
tion 3.3). With Section 3.4 we end this Chapter by critically assessing all the evidence
and potential alternative explanations for the observed structures.

Results presented in this Chapter have appeared in scientific journal publica-
tions [135-138].

3.1 First observation of guantum path interferences in
HHG

High-order harmonic generation (HHG), leading to the production of extreme ultravio-
let (XUV) emission by interaction of an intense laser field with an atomic or molecular
target, has become intensely studied [139], in particular for the generation of isolated
[126-130] as well as trains [125, 140] of attosecond pulses.

The underlying physics is well described by the semi-classical three-step
model introduced above [24, 141]. In this model, an electron initially in the ground state
is freed into the continuum by tunnel ionization, accelerated and ultimately driven back
to the core by the oscillating linearly polarized laser field. At the core it may recombine
and emit a high-energy harmonic photon.

A quantum-mechanical theory has been developed within the strong-field ap-
proximation (SFA) [142]. Similar to the Feynman's path integral approach, the har-
monic dipole moment can be written as the sum over different quantum path contribu-
tions to the XUV emission [25]. These quantum paths are a generalization of the classi-
cal electron trajectories described above.
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3.1.1 Conditions for the observation of interferences

The phase ¢f]") associated to each quantum path (j) of harmonic order ¢ is given by
the classical action along the corresponding trajectory, and can be approximated by the
product of the ponderomotive energy U, with the electron excursion time rf]” :

09 ~ U 19 ~—a'1, (3.3)

where [ is the laser pulse intensity and ¢;” is roughly proportional to 7\”. An
introduction of the concept of the "alpha-values™ or reciprocal intensities oc;” can be
found in Ref. [134]. The longer the trajectory, the longer the excursion time, the larger
the corresponding alpha value and, thus, the stronger the intensity dependence of the
associated dipole phase. The relative phase between the different trajectories leads to
interference in the total single-atom dipole moment. This generic behavior is illustrated
in Figure 3.3 for harmonic 15 generated in argon (solid black curve). The calculated di-
pole strength exhibits fast oscillations with increasing intensity when the harmonic is in
the plateau region, where many quantum paths contribute to the emission. At low inten-
sity when the harmonic enters the cutoff, the interferences disappear due to only a sin-
gle quantum path contributing.

When the harmonic dipole is restricted to the two main quantum paths, i.e. the
two  shortest  orbits, referred to as the short (7" <065-T,
o) ~1-5-10"" rad-cm®/W with T denoting the laser oscillation period) and long
(0.65-T <7’ <T, o =20-25-10"" rad-cm®/W) trajectories [143], regular oscilla-
tions are observed (red curve in Figure 3.3) with an average period of 0.3x 10" W/cm?
close to the expected 2z /Aa interference period of the two first quantum paths (first
order QPI — as opposed to higher-order QPI, which is interference involving at least one
higher order trajectory).

These fast oscillations are smoothed out if integrated over laser intensities
varying by only a small amount on the order of 2z / Aa . In the experimental conditions
of a gas jet positioned in the focus of an ultrashort laser beam, the averaging over the
spatial and temporal intensity profile will smear out these oscillations in the macro-
scopic response (dotted curve in Figure 3.3). Indeed only monotonic, unmodulated dis-
tributions have been measured up to now despite extensive measurements in different
experimental conditions [144] [145]. While the contributions from the two main quan-
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tum paths have been independently characterized experimentally (see, e.g., [146-149]),
their relative phase is still unknown since no direct observation of their interference has
been reported so far.
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Figure 3.3: Calculated signal of the 15™ harmonic in argon. The single-atom dipole strength
including all quantum paths (black solid curve) is compared to the same quantity in the case
when only the two shortest trajectories are considered (red solid curve). The green dots rep-
resent the macroscopic response with no spatial filtering, whereas the blue solid line is the
macroscopic harmonic signal with off-axis spatial filtering between 14 and 20 mrad in the
far-field. (Simulations by T. Auguste)

In the following, we will show that we can theoretically define, and experimen-
tally find, conditions where the QPI are directly observable. In order to avoid temporal
averaging, we perform spectral filtering, whilst spatial averaging is partly avoided
through far-field spatial filtering. The latter also allows one to balance the weight of the
two quantum-path contributions to increase the interference contrast. The measured
contrast is high enough to resolve the QPI over all the generated plateau harmonics.
This gives access to the relative phase of the quantum paths that is needed to reconstruct
the single atom dipole moment and get insight into the ultrafast electronic dynamics in
the emission process. Moreover, by slightly changing the laser intensity, we demon-
strate control of these paths on an attosecond timescale. Indeed, only tiny changes (of a
few 10 as) of the electron trajectories are enough to shift their relative phase by 7.
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Let us first consider temporal averaging effects due to the pulse envelope. We
can get around them by using the temporal variation of the dipole phase that induces a
chirp of the harmonic emission through a phase modulation process [132, 150-152]:

W)W _ ) A0

an(r) = ot ! ot

(3.4)

This chirp, and thus the harmonic spectral bandwidth, increases with laser in-
tensity. However, if one considers the signal precisely at the harmonic central fre-
quency, it always corresponds in time to the maximum of the laser temporal envelope,
while the emission from the envelope edges is shifted to different side frequencies (i.e.,
the harmonic chirp effectively maps time to frequency Aw =0 -, ).

Laser intensity (10" W/cm?)

15 17 19 21 23 25
Harmonic order

Figure 3.4: Harmonic spectra as a function of peak lasers intensity for a single argon atom
and 30 fs input pulse duration. (Simulations by A. Zair)

By spectrally resolving the harmonic, we thus get rid of the temporal averag-
ing. Even if the chirp is larger for the long trajectory contribution than for the short one,
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the spectral bandwidth where the two contributions overlap is generally large enough to
allow detection of harmonic yield modulations. This is illustrated in Figure 3.4, which
shows the single-atom harmonic spectrum for argon as a function of peak laser inten-
sity. These simulations were performed in the strong-field approximation (SFA, [142])
for a 30 fs (FWHM) Gaussian laser pulse at 800 nm center wavelength. At each har-
monic central frequency, the photon yield is modulated as a function of the peak laser
intensity due to first order QPI and the harmonic spectral width increases as expected.
On either side of the central harmonic frequency, a parabolic shape of the harmonic
spectral distribution is visible. The long trajectory typically dominates the HHG process
in this region but also a few percent of the short trajectory still contribute and may in-
duce a fringe pattern with a low contrast. Some additional fine structure is also visible
in this region, especially for low order harmonics; this is attributed to higher-order QPI
and phase modulation effects.

We also performed simulations based on the solution of the time dependent
Schrodinger equation (TDSE) in the single active electron approximation, using a
model atomic potential [153]. The results confirm our observations and highlight the
robustness of the interference effects.

Let us now consider the spatial averaging effects. The averaging effect along
the laser propagation direction can be reduced by using a generating medium shorter
than the laser confocal parameter. As for the transverse averaging, we may use the spa-
tial analog of the temporal/spectral filtering. The intensity dependence of the dipole
phase leads via the Gaussian transverse profile of the laser beam to a curvature of the
harmonic phase front (equivalent to a spatial chirp) [132, 151, 152, 154]: the (near-
field) distribution at the exit of the medium is "projected” into the far field so that a far-
field spatial selection can prevent transverse spatial averaging. Note that the long trajec-
tory contribution has a larger beam divergence than the short one.

However, an additional difficulty arises here due to different phase-matching
of the two quantum paths [133]. We obviously need generating conditions where both
paths give significant contributions to the macroscopic response. This implies focusing
the laser after the generating medium. In this situation, the short path is phase-matched
on-axis, and the long path off-axis. This results in a concentration of the short (long)
path contribution at the center (outskirts) of the far-field profile. The relative contribu-
tion of the two trajectories thus varies radially. There is an optimum position off-axis
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where the QPI fringe contrast will be maximum. A far-field spatial filter positioned at
this optimum divergence angle will select this region and in addition limit the spatial
averaging.

The importance of this spatial selection for the QPI observation is demon-
strated by simulations of the full macroscopic response using the SFA dipole and a
three-dimensional propagation code that solves the propagation equations for the laser
and harmonic fields in the paraxial and adiabatic approximations. The generating condi-
tions are the following: a 30-fs laser pulse is focused 3 mm after a 1-mm long argon gas
jet. Its pressure amounts to 10 Torr. The confocal parameter of input beam is
b =12 mm. The harmonic spectrum was calculated after propagation of the generated
harmonic electric field to the far field region where we applied spatial filtering along
one dimension: a 6 mrad wide integration window centered at a divergence of 17 mrad
off axis.
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Figure 3.5: Calculated macroscopic spectra of the 15™ harmonic argon as a function of peak
laser intensity without (left) and with (right) a far-field off-axis window of 6 mrad width.
The harmonic signal is plotted with a linear color scale defined as blue at zero strength to
red at maximum strength (10*° without window and 4.5-10” with window). (Simulations by
T. Auguste)

Figure 3.5 shows the simulation results for harmonic 15 as a function of the
peak laser intensity with and without the spatial selection. In the latter case (left curve),
the integration is performed over the total spatial profile, but the main contribution
comes from the 6-mrad central part, mostly because of the strong short-trajectory con-
tributions in this area. The spatial averaging results in blurring of the QPI and therefore
the harmonic amplitude is not modulated, but the spectral width still increases with the
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peak laser intensity as expected. In contrast, when the far-field filtering is performed
(right curve), the harmonic spectrum reveals a clear parabolic shape similar to those ob-
served in the single-atom response in Figure 3.4. The contrast of the fringes is maxi-
mum at the harmonic central frequency (AE = 7Aw =0), as expected for the first-order
QPI. The fringes are shifted to higher peak laser intensity when |AE| increases because
these frequencies are generated on the edges of the temporal envelope of the input laser
pulse and thus correspond to a smaller effective intensity. This could explain the para-
bolic shape of the QPI. We have observed a similar behavior for all plateau harmonics.
The fine structures visible in the SFA single-atom response corresponding to high-order
QPI and phase modulation are here smoothed out by the macroscopic response. Note
finally that the harmonic signal is reduced by one to two orders of magnitude when the
spatial selection is performed, which makes the experimental observation of QPI chal-
lenging.

3.1.2 Experiments

In the experiments, we used a Ti:sapphire laser system delivering 30-fs, 800-nm pulses
at a repetition rate of 1 kHz with a maximum pulse energy of 1.5 mJ. The laser beam is
focused by a spherical mirror with 50 cm radius of curvature (ROC) into a pulsed argon
jet. A half-wave plate and a polarizer are placed in the IR beam to precisely and con-
tinuously control the peak intensity in the jet from 0.5-10" W/cm® to 4.5-10" W/cm”.
The high-harmonic emission is reflected by a spherical gold mirror (ROC=30 m) under
grazing incidence at the entrance of a spectrometer composed of a platinum grating and
a backside-illuminated CCD. The gold mirror can be transversally moved to spatially
select a part of the beam, acting as a spatial window with an acceptance angle of 6 mrad
that can be moved from perfect on-axis alignment to an off-axis position. The gas jet is
positioned 3 mm before the laser focus to phase-match both quantum paths. The acqui-
sition of each harmonic spectrum is performed over 5000 laser shots. High pulse energy
stability of the laser is thus required to ensure that QPI is not smeared out due to inten-
sity fluctuations.
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Figure 3.6: Measured harmonic spectra as a function of laser peak intensity with far-field 6-
mrad spatial filtering. a) filter positioned on-axis; b) filter positioned off-axis.

Figure 3.6 shows the harmonic spectra acquired as a function of laser peak in-
tensity. In Figure 3.6a), on-axis spatial selection is performed, such that the short trajec-
tory contribution dominates. As expected, the harmonics are spectrally narrow and their
amplitudes saturate monotonically with laser intensity. Very similar spectra are ob-
tained when the jet is positioned 3 mm after the focus, in a condition where only the
short quantum path is phase-matched. In Figure 3.6b), an off-axis section of the har-
monic beam is selected. Due to the filtering, the harmonic signal is reduced by one or-
der of magnitude. A clear broadening of the plateau harmonics (from order 13 to 25) is
visible, consistent with the long trajectory contribution as observed in [148]. At a suffi-
ciently high intensity, neighboring harmonics start to overlap. If the laser carrier-
envelope offset phase (CEP, [99, 155, 156]) would be stabilized, one would observe in-
terferences between overlapping long-path contributions from both harmonic orders
generated at different instants within the laser envelope [147]. In our experiments, the
CEP was random so that these interferences were blurred out and did not perturb the
observation of the first order "intra-harmonic™ QPI. The latter does not depend on the
laser CEP since it occurs on a subcycle, attosecond time scale.

The amplitudes of the plateau-harmonics are clearly modulated as a function of
laser peak intensity. The parabolic structures observed in the calculation are clearly
visible in the experimental data and the fringe periodicity (~0.3-10" W/cm® at the
harmonic central frequency) coincides with the calculated value for the first order QPI.
Other possible sources of spectral distortions cannot explain the observed behavior.
lonization starts to play a role around 2.5-10' W/cm® (argon saturation intensity) and
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induces an asymmetry in the calculated and measured spectra at high intensity. Changes
in phase-matching may also occur with increased intensity, but they are not expected at
lower intensities where the parabolic shapes first appear. Finally, the strong phase
modulation of the long trajectory may alone produce spectral interferences due to the
emission of the same frequency at two different instants of the laser temporal intensity
profile (in close analogy to self-phase modulation known from traditional nonlinear op-
tics). However, in this case, the spectrally integrated harmonic signal (integrated over a
single harmonic) would not show any modulation upon varying the laser peak intensity
because phase modulation only spectrally redistributes the energy. This is in contrast to
our measured and simulated spectra, as is shown in Figure 3.3 where the spectrally-
integrated but spatially-filtered signal of harmonic 15 still exhibits modulations (blue
curve), though with a reduced contrast due to the remaining temporal averaging (aver-
aging over the pulse envelope). The spectral interference structures induced by phase
modulation do not occur at the exact harmonic frequency since emission at this fre-
quency happens at a single instant in time — the peak of the temporal pulse profile.
Phase modulation can therefore be ruled out completely as a possible explanation of the
modulations observed at the center harmonic frequencies.

3.1.3 Conclusion

In conclusion, the above experimental data represents the first observation of the inter-
ference between the two shortest quantum paths contributing to the high-order harmonic
emission. Spectral and far-field spatial filtering allow us to minimize the temporal and
spatial averaging that otherwise blurs out the interference in the macroscopic response.
This interference is not CEP sensitive since it occurs on the subcycle timescale of the
quantum paths. By varying the laser intensity, we change their relative phase and thus
demonstrate a control of the paths on an attosecond time scale. Indeed, at
1.5-10" W/em?, a 10% variation of the intensity shifts the QPI from constructive to
destructive interference for harmonic 15. Saddle-point calculations show that the corre-
sponding variations in excursion times are extremely small for both quantum paths:
At{) =22 as and At? =+13 as. The resulting attosecond emission is shifted in time
by similar amounts, demonstrating the possibility for unprecedented accuracy in the
control of attosecond pulses.
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Our experiment is also a first step towards the direct measurement of the full
single-atom dipole. Longer quantum paths are predicted by the SFA and TDSE calcula-
tions and their interferences appear as fine structure in the single-atom harmonic spec-
tra. These higher order QPIs may become observable in the macroscopic response by
means of our detection technique, in particular in Neon or Helium, when several higher-
order trajectories could contribute significantly to the HHG process [157] while ioniza-
tion effects will be limited. Finally, the high sensitivity of our interferometric technique
will be particularly useful for the investigation of trajectory behavior in HHG taking
place in more complex systems such as molecules or clusters.

3.2 Signatures of ionization effects in quantum-path in-
terferences

In the following, we show that quantum path interferences (QPI) are indeed an intrinsic
phenomenon of HHG and can be observed for various generation media. We compare
results obtained in xenon, argon, and neon and investigate how the different ionization
potentials of these gases affect the appearance of QPI, both experimentally and theoreti-
cally. This comparison also demonstrates that the conditions defined for the observation
of QPI (see Subsection 3.1.1) are indeed universal and can be transferred to different
gas species. In the experiments reported here, we put the main emphasis on investigat-
ing how QPI scale to different generation media and what role ionization effects play
for the observed interference structures. lonization effects affect the single-atom re-
sponse of the medium via ground-state depletion and the macroscopic harmonic emis-
sion via free electron dispersion and phase matching.

3.2.1 Impact of different ionization potentials on QPI

In the following, we present both experimental and theoretical results obtained in dif-
ferent rare gases. The generation conditions are the same as those described in Subsec-
tion 3.1.2 and only briefly summarize them here. Laser pulses with a center wavelength
of 800 nm and a duration of 30 fs are sent through an iris aperture and focused by a
spherical mirror into a pulsed gas jet. The radius of curvature (ROC) of the focusing
mirror was 50 cm for the case of argon and xenon, and 25 cm for the case of neon. A
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half-wave plate and a polarizer control finely the energy of the laser pulses. The jet is
movable along the propagation direction to control phase matching conditions. The
emitted harmonic radiation is refocused by a spherical gold mirror (ROC = 30 m) in
grazing incidence. This mirror is movable perpendicular to the propagation direction for
lateral windowing (i.e., spatial filtering) of the beam. The refocused harmonics pass an
aluminum filter (150 nm thickness) and hit the entrance slit of an XUV spectrometer
consisting of a reflective grating and a XUV CCD.

For the theoretical results presented, we simulate the full macroscopic response
as measured in the experiments using the strong-field approximation (SFA) dipole and a
three-dimensional propagation code that solves the propagation equations for the laser
and harmonic fields in the paraxial and adiabatic approximations.

A generic behavior with respect to the phase matching conditions, independent
of the ionization potential of the generating medium, is observed. When selecting the
short trajectory (jet after the laser focus), we observe spectrally narrow harmonics as a
result of the small frequency chirp of the short trajectory. Their amplitude increases
monotonically with the laser intensity since in this case only one trajectory is detected.
With the experimental setup described above, we can filter out transverse sections of the
emitted beam in its far field distribution. Changing the far field spatial selection from
on-axis to off-axis with phase matching optimized for the short trajectory only affects
the overall detected harmonic yield, reducing it by roughly one order of magnitude.

In contrast to the previous situation, both trajectories are phase-matched for a
jet placed before the laser focus. For an on-axis spatial selection in the far field, the
harmonic signal is still spectrally narrow because stronger on-axis emission from the
short trajectory with its lower divergence is detected. When selecting the off-axis por-
tions of the beam, a clear broadening of the plateau harmonic spectral width with in-
creasing laser intensity is observed. This is the typical signature of the long trajectory
resulting from its larger intrinsic chirp. When properly balancing the relative contribu-
tions from the short and the long trajectories by adjusting the position of the far-field
spatial filter, interference contrast is maximized and a clear modulation of the harmonic
yield with laser intensity occurs. This interpretation is further supported by the fact that
in the cutoff region we neither observe significant broadening nor any modulations
since only one quantum path exists.
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Figure 3.7: Harmonic spectra generated in argon versus laser peak intensity with short and
long trajectory phase-matched and off-axis spatial selection: a) measured spectra, b) simu-
lated spectra around harmonic 21. (Simulations by T. Auguste)

The harmonic spectra measured in argon in the optimized conditions for QPI
observation are shown in Figure 3.7. The intensity for barrier suppression in argon
(ionization potential 15.8 eV) is 2.5-10"* W/cm®*. Below this intensity, we observe sev-
eral modulation periods attributable to QPI. For higher intensities, the onset of ioniza-
tion effects results in both an asymmetric shape of the different harmonic orders and a
much weaker modulation of the on-axis harmonic signal. These trends are reproduced
in our simulations, in particular for harmonic 21 shown in Figure 3.7b). For the calcula-
tions, a 6 mrad wide far-field integration window centered 17 mrad off-axis was used.
The experimentally measured average modulation periodicity of ~3-10"W/cm® is
consistent with our simulations indicating that the modulations are caused by first order
QPI (see also Section 3.1, [135]).

Different particle densities in the interaction region do not affect the described
spectral behavior significantly in our measurements as well as in our simulations. Espe-
cially the modulation periodicity remains unchanged, indicating that dispersion does not
play a dominant role for the harmonic yield modulations. However, closer inspection
reveals subtle changes in the fine structure of the fringes when the pressure is increased.
This is illustrated in Figure 3.8 showing simulations for harmonic 15 of argon for gas
pressures of 1 and 10 Torr. While the modulations at the harmonic central frequency are
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rather robust, the fine details within the fringe structure are pressure dependent in par-
ticular on the blue side and at high intensities. An apparent splitting of the fringes can
be observed at 10 Torr for intensities between 2.5-10“W/cm® and 3-10"*W/cm’.
Since this splitting appears only for the high-pressure scenario and above the barrier
suppression intensity, it can clearly be attributed to macroscopic nonlinear optical ef-
fects.
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Figure 3.8: QPI dependence on pressure calculated for H15. a) P = 1 Torr. b) P = 10 Torr.
The harmonic intensity is plotted on a logarithmic scale normalized for each plot to the
maximum signal. (Simulations by T. Auguste)

We further analyzed the origin of the different fringe structures with detailed
simulations. Figure 3.9 shows the result of the full model compared to simulations with
either all ionization effects switched off or only the single-atom level ionization effects
included. The latter case thus includes the medium depletion but does not take into ac-
count the macroscopic effects of free-electron dispersion. The simulations show that the
asymmetry of the harmonic spectrum at high intensity results from ground state deple-
tion, which is a single atom effect. The harmonic signal on the red side of the spectrum
is reduced because on the trailing edge of the generating laser pulse the medium is al-
ready depleted. The asymmetry of the harmonic spectrum is thus a direct result of the
time-to-frequency mapping caused by the harmonic chirp. The simulated data in Figure
3.9 also reveal that the apparent fringe splitting on the blue side of the harmonic line
and other distortions of the fringe structure are a direct consequence of free-electron
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dispersion. These free electrons are created on the leading edge of the pulse for intensi-
ties beyond barrier suppression. Since the free electrons are concentrated on the beam
axis, it is expected that they affect the emission from the short trajectory more strongly
than from the long trajectory due to their different phase-matching properties [25, 131,
151]. Interference in the far field between contributions from the short and long trajec-
tory originating from different transverse locations in the medium explains the observed
distortions in their relative phase.
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Figure 3.9: Simulated QPI for H15 in argon at a pressure of 10 Torr. a) full simulation, b)
ionization switched off, ¢) with depletion, but free electron dispersion switched off. (Simu-
lations by T. Auguste)

Xenon with its lower ionization potential of 12.1 eV shows saturation effects at
lower intensities than in argon. The intensity for barrier suppression is 8.7 -10"° W/cm®.
Above this intensity, the harmonic yield saturates and the effective driver pulse duration
contributing to the harmonic emission gets shorter with increasing laser intensity due to
the fast medium ionization. Only the leading part of the pulse generates harmonics, re-
sulting in a strong asymmetry of the harmonic spectra. Meanwhile, the harmonic chirp
increases further, which leads to asymmetric broadening on the blue side only (Figure
3.10).
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Figure 3.10: QPI in xenon. a) Measured harmonic spectra generated in xenon versus laser
peak intensity. b) Simulated spectrum for harmonic order 17. (Simulations by T. Auguste)
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Figure 3.11: QPI in neon. a) Experimental harmonic spectra generated in neon with respect
to the laser peak intensity: over the full range of accessible intensities located below ioniza-
tion threshold neither a blue shift nor a saturation of the harmonic signal at the harmonic
central frequency is observed. b) Simulated spectrum for harmonic order 35. (Simulations
by T. Auguste)

In the case of neon, the high ionization potential of 21.6 eV leads to a satura-
tion intensity, which is approximately one order of magnitude higher than in the case of
xenon. Therefore it is possible to generate high harmonics efficiently well below the
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saturation intensity, opening the way to study the QPI over a wide range of intensities
without being limited by ionization. As expected, the data displayed in Figure 3.11
shows no sign of blue shift. Within the range of covered intensities, we are able to
clearly identify about five modulation periods of the harmonic yield with an average
periodicity of ~8-10"W/cm”.

3.2.2 Conclusion

The presented data show that experimental and theoretical conditions can be found al-
lowing for the observation of quantum-path interferences in high-harmonic generation
independent of the harmonic generating medium. This is made possible through proper
spectral and spatial filtering. The filtering prevents spatial and temporal variations of
the interference conditions from smearing out the fringes. We discussed the influence of
the generation medium, and more specifically ionization effects, on the observed inter-
ference structures. The comparison of measurements taken in different gases allowed us
to study the behavior of QPI with laser intensities above, around and below the ioniza-
tion threshold. Depending on this regime, the plateau harmonics exhibit intensity-
dependent features such as saturation of the harmonic yield, spectral blue shift, and tra-
jectory dependent spectral broadening. The measurements are well supported through
simulations. Our method provides the possibility of investigating this behavior in more
complex systems such as molecules or clusters. Recent experiments have shown that in
small molecules, such as CO,, Nz, Hy, D, the continuum dynamics of the electron
wavepacket (which is at the origin of QPI) is similar to that of atoms, at least for the
short trajectories [14, 158]. One can thus expect that QPI will be observable in these
systems and that its interferometric sensitivity will reveal differences between the mo-
lecular and the atomic continua. Our method is a general, robust tool to collect informa-
tion directly in the spectral domain of the harmonic generation process including its
temporal dynamics under varying experimental conditions.

3.3 Spatial fingerprint of quantum-path interferences

In Section 3.1, we reported the first observation of the intensity dependence of the QPI
by properly selecting phase matching and spatial filtering conditions [135]. In follow-up
experiments performed in different gases and discussed in Section 3.2, we investigated
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the influence of ionization effects on the observed interference patterns and could iden-
tify the signatures of microscopic and macroscopic processes [136]. Here, we extend
our studies to the spatial domain and report the first observation of spatially and spec-
trally resolved QPI as a function of intensity. Our experimental setup gives both, spec-
tral resolution along one transverse axis of the harmonic beam and spatial resolution
along the orthogonal transverse direction. We therefore gain access to both, the spatial
fingerprint of the QPI and the intensity-dependent spectral QPI structures studied in our
previous experiments. A theoretical model based on the strong-field approximation
(SFA) and including propagation reproduces the experimental data very well and aids
its interpretation [25, 143].

Theoretical and experimental analysis show that the two shortest electron
quantum paths give the main contributions to the harmonic emission, referred to as
“short” and “long” trajectories according to their excursion time. This is the result of
both, the three-step process occurring on a single-atom level and the macroscopic effect
of phase matching [133, 134, 151]. Both trajectories contribute macroscopically when
the generation medium is placed before the laser focus. The emission resulting from the
short trajectory presents a small beam divergence while the contribution of the long tra-
jectory, mainly emitted off-axis, exhibits a larger divergence. Because the relative phase
between the interfering high harmonic contributions depends on intensity, we expect a
spatial structure for the QPI resulting from the beam profile of the driving laser. With
spatially resolved HHG we have fully resolved this spatial interference structure, and
followed its alteration as a function of the laser peak intensity.

3.3.1 Theory

In the following, we briefly summarize the QPI theory with respect to their spatial
properties. A more detailed discussion of QPI theory can be found Section 3.1 and in
References [135] and [137].

The occurrence of an interference pattern between contributions of different
quantum paths can be explained as follows: The phase ¢f]") of the quantum path j con-
tributing to harmonic order ¢ is approximately proportional to the ponderomotive po-
tential U, times the electron excursion time 7.”,
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o0 (r,t) = U 2 = =D (1(r,1)) - 1(r,t) = =P (1)1, exXp— rz exXp—- th (3.5)

where the laser beam has a peak intensity of 7, a spatial size of w and a tem-
poral width of 7.

In the plateau region, a;f) is a slowly varying function of the laser intensity 7
[134]. Since o > o’ >0, the phase associated to the long path (characterized by a long
excursion time, j=2) varies much more rapidly than that of the short path (character-
ized by a short electron excursion time, j=1). This leads to a complicated interference
pattern in space and time during the HHG process. However, it is possible to understand
the qualitative signature of QPI in space and time by disentangling the two dimensions
as follows.

In the spatial domain, the radial variation of the laser intensity leads to a spatial
dependence of the harmonic phase difference A¢q(r)=¢;1) - ¢ = Aex I(r), Which results
in modulations of the harmonic yield along the spatial coordinate through interference.
Another way of looking at this is to consider that Equation (3.5) results in a phase front
curvature of the harmonic beam that depends on the trajectory:

. _ 200
o(r) ~ -1+ —5 = (3.6)

W2
for the central part of the beam where r <w. The interference of these two dif-
ferent phase fronts in the far field results in an annular fringe pattern. This pattern ob-
viously changes with time as the laser intensity varies in the laser pulse.

In the temporal domain, Equation (3.5) results in a phase modulation — a chirp
— of the harmonic emission, which is the stronger the longer the trajectory is:

a<Z>“)(t) do (1(t) al(t)
ot al

a|(t) 50 210 _ Aol

Aw(t) = - 1) +o (1) o ~ t (3.7)

This harmonic chirp maps the time to a frequency shift in the harmonic spec-
trum. The emission generated by the leading or trailing edge of the pulse is thereby
mapped to higher or lower energy respectively. At the temporal peak of the laser pulse,

the exact harmonic frequency is created because ag(t) =0 (Equation (3.7)).
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In addition, spatio-temporal effects appear. Since the contributions from the
temporal wings are generated with lower spatial peak intensity, they should appear with
a smaller divergence in the recorded far-field pattern (see Equation (3.6)). One thus ex-
pects that the spatial extent of the harmonic beam will be largest at the central harmonic
frequency and will decrease on both spectral sides.

By spatially and spectrally resolving the harmonic emission, it should be pos-
sible to observe the QPI in the two dimensions.

3.3.2 Experimental setup

In our experiments (Figure 3.12), near infrared laser pulses centered at 800 nm wave-
length with a duration of 30 fs and a pulse repetition rate of 1 kHz have been focused
into an argon gas jet by a spherical mirror (ROC =500 mm).

Entrance slit

| Grating

Al filter

Aperture

,

Target

N

Figure 3.12: Experimental setup. The incoming laser beam passes through an aperture and
is focused into a pulsed argon jet. The harmonics propagate through an Al foil that filters
out the intense generating laser beam. The strong center part of the harmonic emission is
cut by the entrance slit of the spectrometer.

The laser peak intensity was changed from 6.0-10" W/cm? to 3.3-10* W/cm?
by using a variable attenuator (half-wave plate and polarizer). To find proper phase
matching conditions, we adjusted both, the input beam aperture and the position of the
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gas jet along the propagation direction of the laser. In all our measurements, the gas jet
was placed before the laser focus. Once an optimal configuration was found, it was left
unchanged for all intensities. The emitted harmonic radiation hit the vertical 1-cm high
slit of a XUV spectrometer (McPherson 248/310G) placed 1 m behind the jet. Spatial
resolution was obtained with a 2-dimensional CCD detector. We adjusted the weight of
the different quantum path contributions by moving the incoming beam in the vertical
direction (corresponding to the slit direction) and therefore controlling the portion of the
beam entering the spectrometer. Blocking the intense central part of the harmonic beam
resulted in an increased visibility of the weaker parts with high divergence.

3.3.3 Results

Spatially and spectrally resolved harmonics have been measured for different laser in-
tensities. To clarify the general behavior, we first discuss a spectrum recorded at fixed
laser intensity. The spatially resolved spectrum shown in Figure 3.13a) was recorded at
a fixed peak intensity of 3.3.10 W/cm? in argon. Each spectral component plotted
along the horizontal axis is spatially resolved along the vertical axis. We have observed
spatial and spectral modulations of the harmonic yield. The areas with constructive in-
terference create a parabolic structure: Moving from the blue side of the harmonics to
the exact harmonic frequency to the red side, these areas first increase in divergence,
reach their maximum and decrease again. Applying the time-to-frequency mapping of
the harmonic chirp, one sees that these areas increase in divergence on the leading edge
of the pulse until the temporal peak of the pulse is reached, and then decrease in diver-
gence on the trailing edge. Since the harmonic phase difference A¢, (t)= Ao, - 1(z) is
proportional to 1(¢), the parabolic shape is to be expected close to the maximum of the
laser envelope where the harmonics are emitted.
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Figure 3.13: Spatially resolved harmonic spectrum. a) Measured and b) simulated result.
The measured data shows harmonic orders 19 and 21 at a fixed intensity of 3.3-10" W/cm?.
The simulations were done for harmonic 21 at a peak intensity of 2.5-10" W/cm?.

The interference structure disappears for a jet positioned after the laser focus
where the short quantum path dominates the emission. The latter holds true also for the
center part of the beam, which is orders of magnitude more intense even for a jet posi-
tioned before the laser focus. It was therefore crucial to suppress this part of the beam.
However, the very low signal makes it very difficult to measure the spatial fringe pat-
tern. Our experimental results are reproduced by SFA calculations and consecutive
propagation of the electric fields. In Figure 3.13b) a calculated spatially resolved har-
monic spectrum is shown for a fixed laser peak intensity of 2.5-10" W/cm?. A fringe
pattern very similar to the measured one is obtained. To our knowledge, this is the first
time that QPI is observed inside the harmonic beam, and not as a variation of the beam
properties. Indeed, when the laser intensity is varied, the fringe pattern is altered: the
rings move outwards as the intensity increases (Figure 3.14a). In the previous experi-
ments (Section 3.1 and 3.2), the harmonic beam was integrated within an off-axis spa-
tial filter window, and we measured the modulations of the harmonic yield with laser
intensity as the rings of the QPI interference pattern were moving across the spatial fil-
ter [159]. We were thus measuring the variation of the pattern, not the pattern itself.
This is a significant step towards a full characterization of the harmonic emission. Note
that QPI leads to an annular interference pattern that is very different from the fringe
pattern resulting from two spatially separated sources. The latter exhibits vertical stripes
in the beam profile and was used in, e.g., [160, 161] to get information on the phase of
the quantum paths through the interference of contributions from the same quantum
path (short or long) from the two separate sources. However, no interference of contri-
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butions from the short trajectory with contributions from the long trajectory was re-
ported.
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Figure 3.14: a) Spatially resolved spectrum of harmonic 21 for a laser peak intensity of
1.6:10" W/cm? (left) and 2.0-10* W/em? (right). b) Harmonic signal integrated from 7.5 to
9.2 mrad (area Il in &) and in Figure 3.13a) along the spatial coordinate.

By recording spatially resolved spectra for different laser peak intensities and
then performing a numerical integration over an interval in the spatial direction, we can
reproduce the previous results from Section 3.1 and 3.2 as shown in Figure 3.14b).
Please note that in the current experiment our spatially resolving spectrometer has less
dynamic range since is uses a MCP with phosphor screen, which is then imaged to a
CCD sensitive in the visible instead of direct detection by an XUV CCD. The spatial
window used for the integration is indicated by the red lines in Figure 3.13a). A corre-



-85- Quantum path interferences in HHG

sponding line-cut at the exact harmonic frequency then shows modulations of the har-
monic yield with laser intensity.
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Figure 3.15: Harmonic yield versus laser intensity for three different spatial integration
windows (marked in Figure 3.13a) for harmonic order 21 (measured data shown as dots,
solid lines show data smoothed by Fourier low-pass filtering).

In Figure 3.15, three non-overlapping integration windows for harmonic 21
(areas marked in Figure 3.13a) by I, Il, I11) were chosen. Moving the integration area to
higher divergence (from region 1 to I11) shifts the modulations to higher intensities and
the modulation period increases. A possible interpretation is that the harmonic emission
in the outer part of the beam (high divergence) was created with a lower effective inten-
sity. This is the case if the curvature of the harmonic phase front is that large at the exit
of the generating medium that the spatial pattern is directly projected into the far field.
As a consequence, the contributions in the observed far-field spatial regions are gener-
ated at a position in the spatial wings of the laser pulse r® =r® £0 where the intensity
is lower than the peak intensity. One then expects that the resulting QPI modulations
will be shifted to higher peak intensity (and their period will be increased) as compared
to the modulations in the inner part of the harmonic beam generated at » closer to O. If
the phase front curvatures of contributions from the short and the long quantum path are
sufficiently different, one may even consider that they originate from two different posi-
tions r® = r® within the medium such that aa = A, (1(r,1), 1(r®,1)).
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When the harmonic dipole is restricted to the short (¢0’=~T/2,
o’ =1-5-10™ rad em’/W ) and the long (z{” =T, o” ~20-25-10™ rad cm*/W) trajectory
(T being the oscillation period of the laser field), the theoretically expected interference
period of the two first quantum paths is 2z/Ac ~3-4-10" W/icm?. This is in excellent
agreement with our experimental observations for a spatial integration window close to
the center of the beam. The measured periodicity for a spatial integration window
marked with | in Figure 3.13a) is 4.10™ W/cm? This periodicity increases to
7-10* W/cm? for the integration window marked with 111. For higher harmonic orders
in the cutoff region, modulations are not observed because only one trajectory contrib-
utes to the emission (data not shown). We can thus conclude that the behavior observed
in the numerically integrated spatially resolved data is consistent with our results in
Sections 3.1 and 3.2 and previously published in References [135] and [136].

In addition to our confirmed previous observations, spatial resolution of the
QPI spectra should give us access to faster oscillation periods resulting from higher or-
der electron trajectories that could be averaged out by the spatial integration. Fourier
analysis of our data however did not clearly reveal such signatures. A possible reason
for the absence of higher order modulations in the Fourier transform of the QPI data
could be the relatively low signal-to-noise ratio of our data that prevents us from detect-
ing the theoretically predicted weak contribution of higher order trajectories. Indeed, the
quantum diffusion during their long excursion time results in a much lower recombina-
tion probability compared to the two shortest trajectories.

Another benefit of spatially resolved measurements is that they provide a
means to identify a possible contribution to intensity-dependent modulations of the
harmonic yield, which is not due to QPI. Slow spectral modulations appear when the
single-atom response is calculated with SFA using only the shortest trajectory [137].
These modulations cannot be attributed to QPI, but are a direct consequence of the har-
monic phase modulation. All frequencies apart from the exact harmonic frequency can
be generated at two different instants of time within the laser pulse envelope leading to
a possible interference between these contributions. However, this is simply a spectral
redistribution of the frequency components and does not affect the spectrally integrated
signal. Therefore, the spatially resolved emission gives us an accurate tool to distinguish
between QPI and interference due to phase modulations: the latter should disappear
when spectrally integrating the spatially-resolved signal, while QPI modulations should
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persist (with a decreased contrast due to the temporal averaging over the envelope of the
laser pulse).
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Figure 3.16: a) Spatially integrated (5.80 — 5.88 mrad) yield for harmonic 19 and 21. b)
Spectral integration over area indicated in a). The spectrally integrated yield is still modu-
lated with a periodicity of ~4-10" W/cm?, which is a clear indication for QPI.

In Figure 3.16a) spatially integrated spectrum with an integration window of
5.80 to 5.88 mrad is shown. This small spatial integration was performed just to in-
crease the signal to noise ratio. When spectrally integrating harmonic 19, the harmonic
signal is still modulated with a periodicity of ~4-10* W/cm?, as can be seen in Figure
3.16b). As a result, phase modulation can be excluded as the origin for the appearance
of an interference structure.

3.3.4 Conclusion

By recording spatially resolved spectra of high order harmonics generated in argon, we
found fingerprints of quantum path interference between the two shortest quantum
paths. Our measurements represent the first observation of QPI inside the harmonic
beam. The parabolic structure of the spatially and spectrally resolved emission can be
explained by the intensity dependence of the harmonic phase of the two trajectories and
the corresponding time-to-frequency mapping. Our experimental results underline the
necessity of spatial filtering and blocking of the central part of the beam to observe the
QPI and are fully supported by simulations including SFA-calculation of the single-
atom response and propagation of the electric fields in the macroscopic medium.
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When performing a — partial — spatial integration of the signal, we find that the
modulation period of the QPI increases when moving the integration window to higher
divergence. We attribute this behavior in the outer region of the harmonic beam to the
generation of the signal at a position in the spatial wings of the laser beam (or even at
two different positions) with lower effective intensity than the peak intensity. Further-
more, we can reproduce our previously reported measurements (Section 3.1 and 3.2,
[135, 136]) when integrating the spatially resolved signal over the same window.

By spectrally integrating the harmonic yield, we rule out the phase modulation
as the origin for the occurrence of interference fringes. With improved signal-to-noise
levels, our method has the potential to be a sensitive detector for QPI contributions from
higher order electron trajectories and may thus yield first direct experimental evidence
for such higher order contributions to high-order harmonic generation.

3.4 Alternative explanation for observed HHG yield
modulations

In the previous Sections, we have discussed the properties of high-harmonic yield
modulations resulting from the interference of the emission from different electron tra-
jectories in the HHG process. These quantum-path interferences (QPI) are intrinsically a
single-atom phenomenon. We have explained in detail under what conditions this sin-
gle-atom response can be observed macroscopically. In essence, one needs a short gen-
eration medium, a spatial filter, and a spectral filter (equivalent to a temporal filter) to
avoid macroscopic averaging over many modulation periods and thereby removing the
signatures of QPI.

Throughout this discussion, we also made clear that phase modulation as an al-
ternative source for intensity-dependent photon yield modulations in harmonic spectra
can be ruled out as the origin of the observed fringes. Since phase modulation only re-
sults in a spectral redistribution of the photons, harmonic yield modulations resulting
from this process do not survive spectral integration (see, e.g., Figure 3.16).

Very recently, Heyl et al. [162] brought up yet another possible explanation for
the observed structures. They experimentally and theoretically investigated transient
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phase-matching in HHG. They attribute the observed modulations to the well-known
Maker fringes from conventional nonlinear optics [163].

In a simplified one-dimensional and homogeneous nonlinear optical medium,
the photon yield S from the nonlinear interaction scales as

AkL), (3.8)

S o< [*sinc’ (—
2

where L is the nonlinear medium length and Ak is the wavevector mismatch
(or wavenumber mismatch in the one-dimensional case). The Maker fringes originate
from the oscillatory behavior of the sinc® function upon variation of Ak. In a practical
HHG scenario, Ak depends on a variety of parameters [131]. The wavevector mismatch
depends in particular on instantaneous laser intensity and thereby intrinsically becomes
space and time dependent. As a result, local harmonic yield maxima may occur in time
and space.

Heyl et al. [162] now found that the local HHG yield maxima in space as well
as the temporal maxima mapped into frequency domain through the harmonic chirp
may result in fringe patterns that closely resemble those observed in our experiments.
These fringe patterns would thus result from a macroscopic effect (phase matching)
rather than from a single-atom process as in the case of QPI. Furthermore, since the
fringes are not a result of the interference of the emission from different electron trajec-
tories, they can be observed when only one quantum path (the long one) is phase
matched.

In the following we give arguments why we think that we observed QPI and
not just Maker fringes. It needs to be stressed, however, that this does not rule out that
at least parts of the observed modulations can be attributed to pure phase matching ef-
fects.

a) The modulations observed in our experiments always vanish towards the
harmonic cut-off. This is expected in the QPI picture since the two quan-
tum paths are degenerate for the cut-off harmonics (i.e., only one dominant
trajectory exists). There is no similarly strong argument why the Maker
fringes should disappear towards the cut-off. It needs to be noted, however,
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that the time-to-frequency mapping on which the observation of the Maker
fringes relies scales with the reciprocal intensity oc;”. For the long trajec-
tory, this parameter becomes smaller as one approaches the cut-off. It thus
becomes more difficult to observe the Maker fringes.

b) Experimentally, we find that the proper regime for observing the harmonic
yield modulations is not trivial to find and needs a careful selection by an
off-axis spatial filter. There is no intrinsic reason why this should be the
case with the Maker fringes. Furthermore, Heyl et al. [162] report that they
observe their modulations in an on-axis section of their harmonic beam
(11 mrad horizontal and +5 mrad vertical spatial filter). In contrast, we
observe only spectrally narrow and unmodulated harmonics on-axis (see,
e.g., Figure 3.6).

c) We find experimentally and theoretically that the locations of modulation
maxima and minima for small detuning from the exact harmonic frequency
are robust against pressure changes (see, e.g., Figure 3.8). This is indicative
for a microscopic origin of the modulations and is not expected for Maker
fringes since the wavevector mismatch Ak directly depends on particle
density. However, we also confirmed (Subsection 3.2.1) that the fringe pat-
tern for larger detuning from the exact harmonic frequency does sensitively
depend on macroscopic parameters. It can therefore not be ruled out or is
even expected that a Maker fringe like process contributes to the pattern in
these spectral regions.

d) The modulation periods that we observe are consistent with those expected
from single-atom theory. Error bars are however relatively large and this
could be just by coincidence. Nevertheless, this circumstance provides fur-
ther evidence for the correctness of the QPI interpretation.

To summarize, we think our experiments and the theoretical analysis provide
sufficient evidence to proof that we indeed observed QPI in HHG. It is, however, also
likely that QPI is not the sole contributor to the measured modulation structures. This
applies in particular to fringes at larger detuning from the exact harmonic frequencies.
In these spectral regions, overlap between spectral content from the short and the long
trajectories becomes smaller and we observe an increased sensitivity towards phase
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matching effects. We expect that the concept of Maker fringes as introduced by Heyl et
al. [162] plays a role in this context.

This discussion shows that the process of high-order harmonic generation that
underlies many applications in strong-field and attosecond science is almost 25 years
after its discovery [20, 21] still not fully understood.






Chapter 4

Attosecond beamline

In this Chapter, we will give a brief overview of the experimental setup for attosecond
science that was constructed at ETH from the end of 2006 to early 2008. While all re-
sults presented in Chapter 3 have been recorded on an earlier high-harmonic setup, it
was found that this implementation lacks the mechanical stability and the flexibility re-
quired for true attosecond time-resolved experiments. The poor mechanical stability
was not an issue for the observation of quantum path interferences as they occur “intra-
pulse” on a single-atom level.

4.1 Design goals and implementation

The design goals for our new attosecond beamline were mostly driven by the shortcom-
ings of the old setup and the desired flexibility demanded by potential future directions.
We decided that the new experimental apparatus would sit on an optical table for in-
creased total mass/inertia and resulting stability. The entire optical path required for the
pump-probe delay line, attosecond pulse generation, and possible processing of the in-
frared beam (e.g., frequency conversion or beam shaping) shall fit on a single common
platform kept under vacuum. The common platform was designed to be rigidly con-
nected to the supporting optical table at multiple points.

Another shortcoming of our hold high-harmonics setup was that it employed a
back-focusing geometry in its target chamber. That way, the XUV beam was required to
pass the target area twice. Since the XUV photon energies induce single-photon absorp-
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tion in essentially every medium, this resulted in many stray electrons created by the
unfocused harmonics beam on its way to the focusing mirror. To avoid this double-pass
of the XUV beam, we decided to design our beamline for a front focusing geometry. At
the same time care was taken to maintain the flexibility to convert the setup into a back-
focusing geometry at a later stage if a particular experiment requires this.

Furthermore, the efficiency of collection and redirection of the XUV photons
passing the target chamber into the XUV spectrometer was aimed to be as high as pos-
sible. And decoupling from external vibration sources was a prime objective.
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Figure 4.1: Attosecond beamline design (bottom) and implementation (top).

Figure 4.1 shows the final design of the beamline and a picture of the opera-
tional setup. The infrared laser beam enters from the left through an evacuated tube. A
small chamber (not shown) before the actual beamline contains a beamsplitter that picks
up a small fraction of the beam. This reflection is used for active pointing stabilization
of the laser beam into the attosecond beamline. This is needed because the laser system
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is located in another laboratory several meters from the experimental chamber on its
own optical table.
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Figure 4.2: Example of optical layout in generation chambers (for this particular setup only
two of the three chambers are used). The shown setup could for example be used for
RABBITT characterization of the generated attosecond pulses [125, 164].

After the small chamber used for pointing stabilization, the infrared beam en-
ters the generation part of the beamline. The generation section is rather large and con-
sists of three separate chambers. This design choice was driven by the maximum cham-
ber size that can be manufactured in-house. The three generation chambers sit on a
common 60 mm thick aluminum base plate. Aluminum was chosen because of its con-
siderably lower weight and cost compared to steel. The plate is temperature stabilized to
prevent flexing under changing temperatures resulting from the material mismatch to
the optical table and vacuum system. In addition, the plate is rigidly bolted to the optical
table from outside of the vacuum as well as from the inside of the vacuum (with O-ring
sealed screws). The generation chambers are directly clamped to this bottom plate and
O-ring sealed for vacuum tightness. The three generation chambers are interconnected
by large rectangular and reconfigurable flanges. The flanges can serve as differential
pump stages. The high-harmonic generation target is typically located in the center
chamber. All the rest of the optics needed for beam focusing, shaping and pump-probe
delay are distributed throughout the generation section. After a thin aluminum filter
suppressing the remaining infrared, the XUV beam passes through a center hole of a
silver mirror. There, it is recombined collinearly with an additional delayed infrared
beam for pump-probe type of measurements. An example of an optical setup in the gen-
eration section of the beamline is shown in Figure 4.2.
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f\XUV diagnostics

Figure 4.3: Focusing chamber with toroidal mirror and XUV beam diagnostics (view from
opposite side compared to Figure 4.1; i.e., beam enters from the right).

After the generation section, the beam is directed through another differential
pump section into the focusing chamber (Figure 4.3). Its dimensions are identical to the
three generation chambers. The focusing chamber hosts the gold coated toroidal mirror
that focuses the combined XUV and IR beams into the interaction chamber. It performs
a 1:1 imaging from the high-harmonic generation focus into the interaction focus. The
mirror can be removed from the beam path if one plans to perform an experiment in a
back-focusing geometry. The chamber also contains a calibrated photo-diode for abso-
lute XUV flux measurements and an XUV beam profiler. Figure 4.3 also gives a nice
view of the turbo-molecular pump fitted with our own design of vibration dampers.
They consist of two rings welded to a flexible bellow and connected through rubber
dampers. This design yields about 25 dB of damping while reducing pumping capacity
by merely 8%.

The interaction chamber was not changed compared to the old setup and is
therefore not described in detail. It is a rectangular chamber that contains the gas target
for our experiments. We use a home-built electron time-of-flight spectrometer to record
spectra of the generated photo-electrons. The transmitted XUV beam is directed to a
gold coated spherical mirror under 10° grazing angle. This mirror focuses the XUV
beam as a highly astigmatic line focus onto the entrance slit of a commercial XUV
spectrometer (McPherson model 251). The spectrometer is equipped with a XUV-
sensitive CCD camera.



-97 - Attosecond beamline

Refocusing Filter holder Entrance slit  Grating XUV CCD
chamber

Figure 4.4: XUV detection consisting of a refocusing mirror and an XUV spectrometer.

4.2 Attosecond pulse train characterization

The first experiment that we performed on the new attosecond beamline served the
characterization of the generated attosecond pulse trains. We characterized their struc-
ture in time using reconstruction of attosecond harmonic beating by interference of two-
photon transitions (RABBITT, [125, 164]).

An early data set of a RABBITT characterization of an attosecond pulse train
generated in argon is shown in Figure 4.5. The full data matrix took 30 h to record. The
delay range depicted in Figure 4.5 corresponds to about 12 h of measurement time. The
regular and smooth modulations demonstrate not only the stability of our laser system
during that time but also the mechanical stability of our experimental setup.

Figure 4.6 shows the data obtained from the RABBITT characterization. The
reconstructed average pulse duration for the pulses in the attosecond pulse train is
450 as. The pulses could be compressed closer to their transform limit of 160 as by
changing the thickness of the aluminum filter used to separate the pulse train from its
driving infrared laser pulse [165]. For our case, we obtain an optimum thickness of
500 nm for the aluminum filter.

The photon flux of the attosecond pulse train was measured with the calibrated
photo-diode located in the focusing chamber. We determined a total XUV pulse energy
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of 1.4 nJ, corresponding to 2.4-10° photons per shot. The total infrared to XUV conver-
sion efficiency was 2.8-10°.
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Figure 4.5: Data set from RABBITT scan. The bottom axis represents the raw electron
time-of-flight bins. The raw data is shown with no post-processing applied.
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Figure 4.6: Pulse reconstructed from RABBITT. a) Corresponding harmonic spectrum (red)
and phase (blue). b) The temporal pulse profile has a full width at half maximum of 450 as.
The transform limit of the spectrum is 160 as. The actual reconstructed data is represented
by the black dots. The red line corresponds to a fitted curve.
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4.3 Future directions

We plan to expand the attosecond beamline towards the capability of delivering atto-
second pulses to two experimental chambers. This way it should become possible to
change relatively quickly from one experiment to another. For this purpose, we will re-
place the current refocusing chamber located between the interaction chamber and the
XUV spectrometer. In its place, we will insert a new beam routing chamber that will
allow switching between the present spherical refocusing mirror and a second toroidal
mirror. The toroidal mirror deflects the beam into the opposite direction compared to
the spherical mirror and reimages the focal area of the interaction chamber into a second
interaction region. The first interaction chamber will continue to be devoted to gas
phase experiments, whereas the second interaction zone will be used to accommodate
experimental chambers from external collaborators. First experiments on surface physi-
cal systems are planned for the end of 2011.






Chapter 5

Attosecond transient absorption

Traditionally, photo-electron or photo-ion spectra or momentum distributions are re-
corded in attosecond time-resolved experiments. Most of the experiments use the
streaking of electrons by a strong infrared laser field and the energy-resolved detection
of these particles as the fundamental measurement principle (see, e.g., [3, 5-8, 10, 11]).
The principle of streaking is that the free electrons are near-instantaneously created
through ionization of the target, e.g. by an isolated attosecond pulse, and then acceler-
ated in the strong oscillating infrared laser field [126]. The detected electron momentum
distribution experiences a shift that depends on the relative timing between the ioniza-
tion event and laser pulse. If recorded over a range of delays, one thus essentially meas-
ures a crosscorrelation between the created electron wavepacket and the electric field of
the laser. As this measurement depends on the electric field of the pulse rather than its
envelope one attains sub-femtosecond resolution despite crosscorrelating with a multi-
femtosecond pulse. Under suitable conditions one can then extract information about
the dynamics of the system under study from this crosscorrelation data.

The streaking methods are by far the most successful and most versatile ap-
proaches to attosecond time-resolved spectroscopy demonstrated so far. Similar con-
cepts were also used with attosecond pulse trains [12] — with additional information
contained in the inteference between successive attosecond pulses. While the streaking
techniques are very successful and difficult to replace for certain applications, they
share in common a number of shortcomings:
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e The intrinsically required strong laser field distorts the system under
test

e Charged particles are detected, which limits measurement speed (space-
charge effects) and signal-to-noise

e It is questionable whether the current streaking approaches can be
transferred to systems exhibiting complex dynamics

The streaking field can generate a significant background signal through
above-threshold ionization. It is often very challenging to find proper operation parame-
ters that allow extracting the actual streaking signal from such a background. This is
usually the more difficult the smaller the energy of the electrons one wishes to detect
and the lower the ionization threshold of the target. Given these difficulties, which
come in addition to the already major challenge of generating isolated attosecond pulses
in the first place, it is not surprising that most of the streaking studies performed so far
have been done on simple model systems where the outcome of the experiment could be
guessed beforehand. They thus were rather a test of the methods than of the system be-
ing studied.

A new measurement method that was recently reported by three different re-
search groups holds promise to address some of the major shortcomings of the streaking
techniques. This new and purely optical method is called attosecond transient absorp-
tion [26-28]. We were the first to demonstrate this new technique with trains of attosec-
ond pulses and reported the so far only transient absorption experiment observing true
sub-cycle dynamics [28]. In transient absorption spectroscopy, there is no intrinsic need
for the presence of a strong laser field and it relies on the detection of photons. Photons
do not suffer from space-charge effects and can be detected very efficiently, sensitively,
and with high dynamic range using existing CCD technology. We have shown that for
comparable experimental parameters we gain about two orders of magnitude in meas-
urement time (6 min vs. 10 h) for a full pump-probe scan when using transient absorp-
tion rather than conventional electron detection using a time-of-flight spectrometer (see,
e.g., Section 4.2). Such a speed-up in measurement time is a prerequisite for certain ex-
periments, e.g., in surface science, where surfaces may contaminate/oxidize in tens of
minutes even under vacuum. Transient absorption does also not suffer from the above-
threshold-ionization background problem of streaking and allows selective probing of
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transitions and resonances. Furthermore, transient absorption is capable of directly
probing bound-bound transitions, which is intrinsically impossible with photo-
electron/photo-ion detection. Due to its high sensitivity it is expected to be a promising
route towards true attosecond pump — attosecond probe experiments, a holy grail cur-
rently out of reach for existing attosecond technology. The combination of transient ab-
sorption with spectral interferometry may lead to phase sensitive measurement schemes.
It also needs to be stated that transient absorption does probe a fundamentally different
physical observable in a time-dependent system than the traditional schemes based on
ionization and may thus provide additional, otherwise inaccessible information [28].

In Section 5.1 we will report on an experiment using transient absorption spectroscopy
for the detection of transiently bound electron wavepackets in helium. These experi-
ments also yielded additional observations that are not yet fully understood. We will
show this data in Section 5.2.

Results in this Chapter have been published in Ref. [28].

5.1 Attosecond electron wavepacket interference ob-
served by transient absorption

The availability of light pulses in the extreme ultraviolet (XUV) and with attosecond
duration [125, 126] enables the direct observation of the dynamics of electrons on their
natural time scale. Isolated attosecond pulses [126] are usually preferred for traditional
pump-probe measurement schemes. For example, they have been used for studying the
dynamics of various ionization processes in atoms [6-8] and on the surface of solids [3].
Attosecond pulse trains (APT, [125]) on the other hand allow for probing the interfer-
ence of electron wavepackets initiated by the individual pulses in the train [12, 13, 166].
The interference of subsequent wavepackets enhances the sensitivity of the method and
enables the extraction of phase information.

Recently, the ionization probability of helium atoms with APT photon energies
below the ionization threshold in presence of a time-delayed infrared (IR) field was
studied [166]. It was found that the ion yield is modulated with twice the IR driving la-
ser frequency. The result was explained by the interference of transiently bound electron
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wavepackets (EWP). We investigated this physical system with the all-optical approach
of attosecond time-resolved transient absorption spectroscopy. Instead of detecting ions
or electrons, we spectrally resolve the transmitted harmonic radiation in the presence of
a time-delayed IR field. Our experiment probes a different physical observable than
electron or ion detection and reveals more insight into the time-dependent perturbation
of the atom by the IR field including contributions from bound-bound transitions. While
transient absorption is a well-known measurement technique in the femtosecond domain
(see, e.g., [167] for transient absorption with high-order harmonic sources), it was only
recently extended into the attosecond regime using isolated attosecond pulses [26]. The
different aspects probed by our optical technique compared to the experiment by Johns-
son et al. [166] allows us to verify the plausibility of the previously introduced intuitive
theoretical model and to demonstrate attosecond control of the relative absorption of the
individual spectral constituents of an APT. This rapid absorption modulation represents
the fastest dynamics resolved by all-optical methods so far.

5.1.1 Experiment and previous findings

Figure 5.1 shows the experimental configuration (a) and the spectral location (b) of the
APT with respect to the energetic structure of helium. The APT is generated by high-
order harmonic generation (HHG) in a xenon target with 30-fs pulses from a
Ti:sapphire laser centered at 800 nm wavelength. The plasma induced spectral blue-
shift in the xenon target results in an apparent driving wavelength of 785 nm. The re-
maining IR radiation is removed after the HHG source by passing the beam through a
thin aluminum filter. A small part of the original Ti:sapphire laser beam is sent over a
second independent optical path of the setup that can be time-delayed with respect to
the APT. This relatively weak IR beam is recombined collinearly with the APT on a
mirror with a center hole and then focused into a dense helium target (particle density
~5.10%" cm™). The harmonic photons transmitted through the target are collected and
sent into a XUV spectrometer equipped with a CCD camera. It is important to note that
the infrared intensity chosen in the helium target (in the range from 0.7-10" W/cm? to
1.7-10" W/cm?) alone is not sufficient to induce strong-field processes in ground-state
helium. Furthermore, our APT consists mainly of harmonic orders 13 and 15, which are
energetically located below the field-free ionization potential (IP) of helium and har-
monic 17, which is above the IP (see Figure 5.1b). As a result, harmonic 13 and 15 are
not absorbed in the absence of the infrared field unless they overlap with internal reso-
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nances of helium. The latter is the case only for the weak spectral wings of harmonic
15, which can populate the 1s4p and the 1s5p from the helium ground state by single-
photon absorption. The helium pressure is set such that about 50% of the photons at
harmonic 17 are absorbed in the field-free case. The pulses in the APT were character-
ized with the RABITT technique (reconstruction of attosecond beating by interference
of two-photon transitions, [125, 164]) to assure that the individual harmonics form in-
deed an APT. The average pulse duration in the train was found to be ~380 as. The full
width at half maximum of the pulse train envelope can be estimated to be on the order
of 10-12 fs, which would contain 8-10 attosecond pulses.
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Figure 5.1: Experimental configuration. a) Setup for attosecond transient absorption. BS,
beam splitter; PZT, piezo translation stage; CT, capillary target; ALF, Al-filter; HM, mirror
with center hole; TM, toroidal mirror; PV, pulsed valve; SM, spherical mirror; TG, toroidal
grating; CCD, XUV-CCD. b) Optical spectrum of the APT in relation to the energetic
structure of helium. Only the field-free p-levels and first ionization potential are shown.
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\ EWP

Figure 5.2: Schematic of the electron wavepacket dynamics generated by an APT in the
presence of an additional IR-field. A pulse in the APT creates a transiently bound EWP in
the potential modified by the IR-field. This EWP interferes with the EWP created by a sub-
sequent pulse in the APT, rendering the process sensitive to the phase accumulated in the
IR-field.

With an experimental setup and parameters similar to ours, Johnsson et al. ob-
serve periodic modulations of the He" ion yield as they change the relative delay be-
tween the APT and the IR field [166]. The modulation period corresponds to twice the
fundamental frequency of the IR pulse. If they replace the helium target gas by argon,
the modulations are absent. Johnsson et al. explain their observation by two effects.
First, the oscillating IR field distorts the atomic potential and thereby modifies the ab-
sorption probability for the APT photons depending on the relative delay between the
two fields. Second, transiently bound EWP initiated by the bursts forming the APT are
accelerated by the IR field and have returned with a certain probability back into the
vicinity of the ion when a subsequent attosecond pulse excites a next wavepacket. These
processes are repeated with a half-cycle periodicity due to the symmetry of the system.
The EWP are only transiently bound because the potential barrier may be sufficiently
lowered for proper delay between the infrared and the APT such that the wavepackets
can escape into the continuum. The interference between wavepackets excited by sub-
sequent attosecond pulses significantly alters the ionization probabilities with delay. It
is found that the second effect dominates the first one by an order of magnitude. This
theoretical model is schematically pictured in Figure 5.2. In this study, Johnsson et al.
also found theoretically that only 60-70% of the population transferred out of the
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ground state by the XUV is ionized in the presence of an IR field, whereas roughly 30-
40% of the population promoted by the XUV remains in an excited state. The probabili-
ties of absorbing a photon, generating a continuum electron, or promoting the electron
into a bound excited state furthermore exhibit a phase shift with respect to the pump-
probe delay. Since the detection of He" ions is only sensitive to processes leading to the
ionization of an atom, no complete information on the relative phases and amplitudes of
the absorption of photons can be derived from such a measurement. Riviére et al. intro-
duce a minimal analytical model for the total photon absorption probabilities based on
the strong-field approximation [168]. They find that the replicated EWP can be factor-
ized into two terms: A term that depends on the number of IR-cycles the APT spans
(which is a comb-function and acts as a momentum filter) and a term that depends on
the number of attosecond pulses per laser cycle. In their model, the modulation of the
absorption probability is assigned exclusively to the interference of electron wavepack-
ets. An alternative theoretical description based on Floquet theory arrives at similar
conclusions [169]. It directly addresses the differences in the behavior with argon and
helium target gas and compares single attosecond pulse to APT excitation.

Two main observations in the ion yield experiment were considered indicative
for the transiently bound wavepacket interference model. First, the modulation contrast
was considerably higher than that expected for a single attosecond excitation pulse.
Calculations showed that the interferences enhance this contrast by an order of magni-
tude for an APT with a 10 fs FWHM envelope and bring it to the level observed ex-
perimentally. Second, the strongly directional emission seen in the two-dimensional
photoelectron momentum distribution along the direction of the IR field polarization
was found to be consistent with the fact that the electrons are ejected preferentially
along the directions where the potential barrier is lowered by the IR field. For electrons
ionized well above the ionization potential, such directionality is not observed as can be
verified by replacing the helium target gas with argon.
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5.1.2 Results and discussion
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Figure 5.3: Transmitted harmonic photon yields with respect to APT-IR-pump-probe delay.
All harmonics are modulated at twice the fundamental laser frequency. These modulations
are robust against spectral integration (a), which is expected from the He" yield measure-
ments by Johnsson et al. [166]. In the spectrally resolved data, it can be seen that the phase
of the modulations on individual harmonics remains unchanged for different thicknesses of
the Al-filter used (b, harmonic 13; ¢, harmonic 15). The phase, however, sensitively reacts
to a change in the IR intensity. The dotted lines correspond to the measured data, the solid
lines to a signal smoothed by Fourier low-pass filtering. The black and blue traces in b) and
¢) have been rescaled for easier visual comparison as indicated next to the corresponding
trace.
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With transient absorption we can now examine the impact of the IR-field on the absorp-
tion probability of the XUV photons and thus the influence of a time-dependence in the
transition operator much more completely. Transient absorption allows us to see which
photon energies get absorbed to what extent and at which APT-IR delays. Figure 5.3
shows the transmitted HHG photons as a function of delay. It can be clearly seen that
the transmission (or absorption) of the harmonics is modulated at twice the infrared
fundamental frequency. This modulation survives spectral integration (see Figure 5.3a)
even though the individual modulations exhibit a phase shift with respect to each other.
This must be the case because the total absorption is directly related to the ion yield de-
tected in the experiment by Johnsson et al.. However, the relative phases seen in the
spectrally resolved case yield additional information allowing the verification of the
proposed theoretical models. Figure 5.3b) and c) show the modulations on the individ-
ual harmonics 13 and 15, respectively. The plotted values were each detected by a sin-
gle CCD column located on the respective harmonic spectral peak. The pixel columns
cover approximately 20 meV photon energy in width. From the simple picture shown in
Figure 5.2 (as well as the analytical model and the Floquet-theory based approach), we
can derive the following predictions for the interference of subsequent wavepackets:
The temporal phase of each pulse in the APT directly maps onto the EWP upon its
birth. The so-called "atto-chirp” [140] describes phase contributions that are identical
for all pulses in the train. The interference of wavepackets generated by subsequent at-
tosecond pulses should thus not depend on the atto-chirp. On the other hand, the domi-
nant influence on the interference of a previous wavepacket with a newly created one
should come from the phase accumulated on its excursion into the continuum. The
phase picked up by the EWP during the acceleration in the electric field of the infrared
pulse depends sensitively on the laser intensity [142]. Any change in the interference
conditions between EWP from subsequent attosecond pulses should manifest itself in a
change in the observed absorption modulation pattern.

In order to test the first prediction, we varied the thickness of our aluminum fil-
ters used to separate the APT from its generating infrared field. Varying the filter thick-
ness by hundreds of nanometers is known to change in good approximation only the
spectral phase difference between neighboring harmonics [165]. In the time domain,
this harmonic-to-harmonic phase variation corresponds to the atto-chirp. Larger
amounts of dispersion that would lead to non-negligible pulse-to-pulse phase variation
were not investigated in our experiments. Figure 5.3b) and c¢) compare the transmitted
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photon yield for harmonics 13 and 15 as a function of APT-to-IR delay for aluminum
filter thicknesses of 500 nm and 100 nm. Both data sets were recorded at identical infra-
red intensity of with a step size of 107 as over 1400 steps and an exposure time of
50 ms and 10 ms per spectrum, respectively. For the 500 nm case, harmonics 13 and 17
are oscillating in phase (phase difference 0.1 rad), whereas harmonics 13 and 15 are
shifted by 2.5 rad with respect to each other. If the filter is replaced by the 100 nm ver-
sion, then the relative phase between harmonics 13 and 17 amounts to 0.2 rad, while a
phase shift of 2.2 rad is observed between harmonics 13 and 15. The differences be-
tween these two cases are within experimental uncertainty as was verified by repeating
the measurement with the 500 nm filter after the 100 nm filter run. The phase values
have been extracted from the measured data by Fourier analysis and were found to be
reproducible within 0.5 rad. For comparison, the linear dispersion of Al changes the
spectral phase difference between harmonics 13 and 15 of the incoming APT by 1.3 rad
and between harmonics 13 and 17 by 1.74 rad. The observation of negligible phase
change in the absorption modulations for significant filter thickness change is consistent
with the theoretical pictures outlined above.

In order to verify the predicted sensitivity of the modulations towards IR inten-
sity changes, we performed one measurement run with the 500 nm aluminum filter but
at a lower intensity of 1.1-10"° W/cm? (black lines in Figure 5.3b) and c)). This time,
even with the intensity being lowered by merely 15%, the relative phase between the
transmitted photon yield modulations changes considerably by an amount well beyond
experimental uncertainty. The relative phase between harmonics 13 and 17 is now de-
termined to be 1.6 rad, while the modulations on harmonic 13 and 15 are shifted by
3.0 rad with respect to each other. As expected qualitatively from the theoretical models
and the schematic picture in Figure 5.2, the infrared laser intensity has a strong effect on
the electron wavepacket interference conditions. This is due to the fact that the interfer-
ence occurs between an EWP having accumulated phase during acceleration in the IR
field and an EWP having just been excited from the ground state by the following atto-
second pulse. The relative phase is thus always being governed by the contribution from
the IR driven EWP excursion. The atto-chirp phase contribution, on the other hand, is
identical for each EWP and thus cancels upon interference.

Our experiment thus provides strong evidence for the transiently bound
wavepacket interference picture and is in agreement with all three theoretical descrip-
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tions developed so far. This makes this experiment the first all-optical observation of
attosecond wavepacket interferences. Transient absorption offers a valuable alternative
view of the physical system as compared to photo-ion or photo-electron detection. In
addition, we find that the sensitive optical detectors allow for rapid data acquisition with
good signal-to noise ratio. The insensitivity towards space charge effects enables us to
work with higher target gas densities for an additional boost in signal levels. It needs to
be noted, however, that the theoretical frameworks needed for the calculation of trans-
mitted photon spectra in strong-field laser-matter interactions do not yet exist — in par-
ticularly not in a regime close to the ionization threshold where many traditional
approximations break down.

5.1.3 Conclusion

We have used attosecond transient absorption of an APT in the presence of a moder-
ately strong infrared field in a dense helium target to investigate the interference of tran-
siently bound electron wavepackets. Our measurements provide more complete insight
into the influence of the ultrafast perturbation of XUV transitions in an atom irradiated
by an IR-field. We find that the relative phases between the rapid modulations of the
transmitted photon yield at harmonics 13, 15, and 17 sensitively depend on the infrared
intensity but remain unchanged within experimental uncertainty for changing atto-chirp
of the APT. By changing the IR-APT delay and the IR intensity, the relative absorption
of the individual harmonics can be controlled with high precision. This can be consid-
ered a form of absorptive pulse shaping of the original APT. Furthermore, our experi-
ment demonstrates that transient absorption can provide more physical insight into the
attosecond dynamics of suitable systems compared to the more traditional electron or
ion detection. With improved theoretical approaches for the modeling of the optical re-
sponse of physical systems on this time scale, it will become possible to extract even
more information from such data and to obtain a better quantitative understanding of the
processes under investigation.

5.2 Femtosecond emission structures and outlook

The rapid modulations discussed in Section 5.1 represent only one aspect of the rich
dynamics observed in our transient absorption data taken in an optically dense helium
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target. While the interpretation of all these features is still a work in progress we briefly
present and discuss some of the phenomena seen in our experiments below.
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Figure 5.4: Transmitted XUV spectra as a function of APT-IR delay. The Figure shows
harmonic orders 13, 15, 17, and 19.

Figure 5.4 shows the transmitted APT harmonics as a function of delay with
respect to the IR pulse. The rapid modulations discussed in Section 5.1 can be seen as
horizontal stripes. Upon closer inspection, one sees that these stripes are slightly tilted
and that the tilt has an opposite sign above or below the static ionization threshold of
helium located at 24.6 eV (best seen when comparing harmonics 13 and 17). The origin
of this tilt is unknown. It might be attributed to the slight detuning between the APT pe-
riodicity and the IR oscillation period due to the spectral blue-shift experienced by the
driving laser during APT generation in xenon.

The structure of the transmitted harmonic 15 also shows a clear asymmetry
with respect to pump probe delay and with respect to the harmonic center frequency. In
the following, we will make use of the high spectral resolution of our experiment and
have a closer look at this particular harmonic.
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5.2.1 Zooming in on harmonic 15

Harmonic 15 is located the closest to the ionization threshold of helium, less than one
infrared photon energy away. It is also the only constituent of the APT that overlaps in
its spectral wings with internal states of helium.
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Figure 5.5: Transmitted XUV spectrum of harmonic 15 as a function of delay. Positive de-
lays correspond to the XUV pulse arriving before the IR pulse. a) The recorded signal is
asymmetric with respect to delay and center frequency (linear color scale). b) Signal with
helium divided by signal without helium. The 1s4p and the 1s5p levels located in the spec-
tral wings of harmonic 15 can be identified as the vertical blue lines. At a delay of about
20 fs, a net emission of photons is observed below the 1s4p resonance.

A close-up of the recorded XUV spectra around harmonic 15 is shown in
Figure 5.5. The 1s4p and the 1s5p levels are energetically located in the spectral wings
on both sides of harmonic 15. While they cannot be easily identified in the direct signal
shown in Figure 5.5a), they become apparent once we divide the recorded signal by a
reference signal taken without helium (Figure 5.5b)). They manifest themselves as the
vertical blue lines in this figure. We concentrate our discussion on the 1s4p level since
this spectral section of the data exhibits a better signal-to-noise ratio than the section
around the 1s5p level. In the region of overlap between the IR pulse and the APT, one
clearly sees how the IR radiation induces a level shift and broadening of the resonance.

When the APT arrives ~20 fs before the IR pulse, a significant emission of
photons occurs directly below the field-free 1s4p level. In a narrow frequency band we
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observe twice as many photons exiting from the helium target than were initially sent
in. The origin of this emission feature is still unknown. The simplest possible explana-
tion is that it is a result from spectral redistribution due to cross-phase modulation be-
tween the XUV und the IR. In the proximity of the resonance, the nonlinear coupling
between the interacting waves could potentially be rather high. Further investigation is
needed to explore the plausibility of this idea. Less pronounced emission also seems to
occur at negative delays between 23.8 eV and 24 eV.

We know, however, the origin of the asymmetry along the delay axis from the
solution of the time-dependent Schroedinger equation (performed by P. Riviére at
MPIPKS Dresden). If the helium atom is in its ground state, the IR is too weak to in-
duce any strong-field or even multi-photon processes. The XUV, on the other hand, is
also too weak to induce any nonlinear optical process. As a result, only XUV single-
photon transitions from the ground state to p-levels of helium will occur. Now, if the
APT comes first, the p-levels will be populated when the IR pulse arrives. The IR can-
not be considered a weak pulse anymore for the excited energy levels close to the ioni-
zation threshold. For the excited p-levels, the IR can induce multi-photon interactions,
transferring population via the continuum into the f-levels. This process only occurs for
one particular order of the two pulses and thus explains the observed asymmetry with
respect to delay.

Clearly more work is needed to fully understand all the features observed in
our transient absorption experiments. However, the rich details in our data set demon-
strate the strengths of attosecond transient absorption spectroscopy. In a fraction of the
time needed for a traditional experiment detecting photo-electrons or ions, we acquired
data with excellent signal-to-noise ratio and without compromise on temporal and spec-
tral resolution. Most theoretical tools in attosecond and strong-field science are geared
towards computing ionization yields rather than the optical properties of a particular
interaction. A significant effort is therefore also needed towards developing the new
theoretical frameworks for transient absorption in the attosecond domain.



Chapter 6

Conclusion and outlook

We have presented a new long-wavelength source for strong-field physics in Chapter 2,
an investigation of fundamental processes underlying attosecond pulse generation and
high-order harmonic generation in general in Chapter 3, and in Chapter 5 we discussed
the application of a new attosecond measurement method to time-resolved studies in
basic atomic physics. In the following we will put this work into a bigger context and
try to predict future trends in these areas.

Ti:sapphire amplifier systems operating at a center wavelength around 800 nm
are the traditional workhorse in strong-field and attosecond physics. As strong-field
processes are inherently governed by the electric field of the driving laser pulse rather
than its intensity profile, the periodicity of the field's oscillations can be an important
parameter. For example, it determines the excursion time of a field-ionized electron and
its recollision energy if it's on a recolliding trajectory. With moving to longer and longer
driving wavelengths, excursion times and thereby the acceleration phase can become
long enough for the electron to reach relativistic velocities — provided that the laser in-
tensity is sufficiently high. This is just one aspect that shows that the driving wave-
length is of crucial importance for strong-field processes. It is therefore of fundamental
interest to explore other wavelength regimes than just the Ti:sapphire spectral region for
a better understanding of strong-field physics. A few groups have used parametric
sources to investigate, for example, the scaling of above-threshold ionization electron
spectra, high-order harmonic generation or — more specifically — the harmonic cut-off
[68, 170-173]. The parametric amplifiers used in those experimental studies are all
pumped by Ti:sapphire amplifier systems. This immediately implies that these infrared
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sources were all limited in repetition rate by the thermal limitations of the primary
Ti:sapphire system. And furthermore, such systems are bulky and expensive.

We demonstrated an alternative approach based on commercial solid-state and
fiber laser technology in Chapter 2. While our mid-infrared OPCPA cannot yet compete
with state-of-the-art OPA pulses from Ti:sapphire based systems in terms of pulse en-
ergy and pulse duration (see, e.g., [174, 175] for energetic pulses in the near-IR or [51,
176] for short pulses in the mid-IR) we expect to close the gap further in the future. In
particular if we restrict ourselves to femtosecond pulses in the 2.5 to 5 um spectral re-
gion as shown in Figure 2.1 then our pulse energy is already close to the best
Ti:sapphire results and the average power sets a new record. We do not yet hit any fun-
damental limits with our concept, so further scaling of its performance should be possi-
ble. The next steps will be to fully exploit the potential offered by the APPLN gain me-
dium. For this, we will have to broaden our seed spectra — e.g., by spectral broadening
in PPLN waveguides [116]. We expect a considerable shortening of the output pulses
by combining the larger seed bandwidth with fine dispersion control using a spatial
light modulator in the seed beam. A bigger challenge will be the implementation of the
active CEP-stabilization that is required with the new seed concept. However, no fun-
damental roadblocks are expected.

Beyond these rather short-term goals and first applications of the system to
strong-field physics experiments, what are possible future directions? The engineerabil-
ity of APPLN may allow for phase and maybe even pulse shaping using the nonlinear
medium directly [114]. Furthermore, it should be rather straightforward to transfer our
concept to other emission wavelengths. Further scaling of the repetition rate becomes
possible with the latest advances in high power thin-disk lasers [84, 85]. In terms of ap-
plications, large interest may also come from the field of multi-dimensional molecular
spectroscopy. For this application, sub-100-fs pulses with a pulse energy of few pJ in
the mid-infrared are needed [120]. It remains to be seen, however, what the optimum
pulse repetition rate is, as high average powers may thermally destabilize the molecules
under investigation [120]. On the other hand, simpler and more compact laser sources
may benefit the commercialization of multi-dimensional molecular spectroscopy.

The development of our OPCPA system addresses the progress and evolution
of the primary lasers sources used in high-field and attosecond science. The discussion
in Chapter 3 shows on the other hand that also the sources of attosecond pulses and
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high-order harmonic radiation in general need further attention. The process of high-
order harmonic generation remains a playground for fundamental research even
25 years after its discovery [20, 21]. Fortunately, this lack of understanding of certain
basic aspects does not prevent the application of HHG in many different areas. With
regard to possible applications of the quantum-path interferences reported in Chapter 3
it remains to be seen whether they can be exploited for the characterization of the full
harmonic dipole. Can the phase sensitivity of the interference process be used as a
probe? As the short and the long trajectory electrons interact differently with their envi-
ronment, such difference should show up in the phase encoded in the observed har-
monic yield fringes. Our analysis has also shown that we exert very fine control on the
electron trajectories (in particular on their relative timing) with our intensity "knob".
Can this control be put to use in a strong-field control experiment?

Besides our work on the sources, we also introduced transient absorption with
attosecond pulse trains as a new experimental technique in attosecond science [26-28].
We applied the method to a simple atomic species and could report the first all-optical
observation of attosecond wave-packet interferences [28]. As we stated in Chapter 5,
further work is needed to explain all the rich structures manifesting themselves in our
data. In particular, theory needs to catch up with these recent experimental develop-
ments. Only little theory has been performed so far on the optical response of systems in
strong-field and attosecond science (see, e.g., [168, 177]). Independent of this, we ex-
pect attosecond transient absorption spectroscopy to establish itself as an experimental
tool in attosecond research with applications to many different systems of varying com-
plexity.

The need for further improvement of sources and techniques for attosecond
science is evident. The field will only be able of sustainable growth if the technology
can be simplified and be made more robust. Attosecond time-resolved spectroscopy will
only have a lasting impact beyond its own community if it can be applied to more gen-
eral and ultimately more complex systems. It is our hope that the work presented here
represents at least a small enabling step into this direction.
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