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Zusammenfassung:

Nonlinear Photocoductive Sampling (NPS) als ein zeitaufgelostes Messverfahren des elektrischen Feldes
deckt eine groRe Bandbereite im optischen Frequenzbereich ab. In diesem Verfahrern, wird ein
dielektrikisches Material mit groRer Bandlicke durch die nichtlineare Wechselwirkung mit einem
intensiven Wenige-Zyklen Trager-Einhullenden-Phase (CEP)stabilen Lichtpuls leitfahig. Danach werden
die erzeugtenfreien Ladungstrdger mit einem orthogonal polarisierten verzérgerten kurzen Lichtpuls im
Leitungsband des Materials gesteuert und ein makroskopischer elektrischer Dipol wird im Material
induziert. Das elektrisches Feld dieses Dipols wird durch externe Elektroden abgeschirmt, wodurch dort
eine elektrische Ladung induziert wird, die proportional zum Vektorpotential des verzorgerten Feldes ist.
Der starke nichtlineare Charakterdes NPS bringt mehrere Unbestimmtheiten hinsichtlich des
Anfangszustands des injizierten Ladungstragerwellenpakets mit sich, wodurch seine Untersuchung
verkompliziert wird.

Diese Arbeit zielt darauf ab, die Komplexitat des NPS durch ultra-kurze lineare Injektion mit einem
vakuum-UV-Puls zu vereinfachen. Darliberhinaus wird durch die lineare Induktion der Leitfahigkeit der
Injektionsschritt von derr Ansteuerung entkoppelt, wodurch auch die Notwendigkeit der orthogonalen
Polarisation fur die Injektions- und Ansteuerungspulse entfallt.

Ein in-situVergleich zwischen diesen Strdmen und Attosekond Streaking beweist, dass wenn das
Leitungsband eines Materials eine parabolische Dispersionsrelation besitzt, ist die Gruppengeschwindigkeit
der injizierten Bloch-Wellenpakete propotional zum Vektorpotential des Ansteuerungsfeldes.

Ein Vergleich zwischen den Photo-strémen in Lithiumfluorid und amorphem Siliziumdioxid wird
durchgefiihrt. Das Ergebnis zeigt, dass die linear induzierte Photoleitfahigkeit in einem Medium mit groRer
Bandliicke die obere Grenze der nachweisbaren Frequenzen des elektrischen Felds erhoht. Ein
Kreuzkorrelationsanalyse zwischen der spektralen Antwort in Attosecond Streaking und unserem Verfahren
zeigt, dass die Dauer der linearen Photoinduktion der Ladungstrager in LiF auf weniger als 1.2 fs begrenzt
ist. Da diese Schaltungsfrequenz in der Ndhe von 1 petahertz ist,nennen wir dieses Verfahren Linear
petahertz Photoconductive Switching (LPPS).

Der Untersuchung des dynamischen Bereichsdes LPPS zeigt, dass dieseMethode bis zu einer
Ansteuerungsfeldamplitude von F, = 0.2 V/A linear ist. Derweil liegen die kleinsten messbaren
Feldoszillationen iiberhalb des Hintergrundrauschens fast 0.008 V/A. Daher hat das Vefahren in LiF einen
dynamischen Bereich von fast 27 dB.

Die Ansteuerung der photoinduzierten Ladungstriiger mit den Feldamplituden von iiber 0.2 V/A resultiert
in die Abweichungen der Strome vom entsprechenden Vektorpotential. Wir folgern daraus, dass die
begrenzteAusdehnung des nahe parabolischen Dispersion im ersten Leitungsband von LiF und der Landau-
Zener Ubergang der elektronischen Bloch-Wellen der oberen Bander diese Abweichungen verursachen.

Die Ergebnisse des LPPS in LiF zeigen, dass wir fir ein gutes Signal-Rausch-Verhaltnis (SNR) zwei
Bedingungen bendtigen. 1) eine groRe lineare Ubergangsenergie und 2) ein unendliche
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ausgedehnterparabolischer Endzustand. Inerte Gase sind dafir perfekten Kadidaten. Wir fuhrendaher die
gleichen Experimente in Neon durch (lonisierungsenergie von 21.56 eV). Die erste Beobachtung ist, dass
das SNR in neon 158 mal starker als in LiF ist. Wir schlielen daraus, dass hier die Ursache fur dieses
gewaltige Signal der Transport der Elektronen zu den Elektroden ist. Wir sehen auch, dass LPPS in Neon
eine groRere spektrale Empfindlichkeit gegentiber dem UV-Bereich besitzt. Schlieflich berichten wir, dass
die unendlich ausgedehnten parabolische freien elektronische Endzustdnde in Neon den Dynamikbereich
des LPPS auf tiber 50 dB in der Intensitét erweitern.

Zuletzt untersuchen wir das Ausmald der spektralen Bandbreite der Messung durch Frequenzverdopplung
des grundlegenden NIR-Transienten (1000 nm bis 500 nm) unter Verwendung eines Beta-Bariumborat
(BBO)-KTristalls. Diese Messungen zeigen, dass die spektrale Grenze der Detektion bis zu 1 PHz (300 nm)
erreichen kann. Theoretische Berechnungen zeigen, dass das SNR des Signals der zweiten Harmonischen
verdoppelt werden kann, indem die CEP des NIR-Pulses, der den Injektions-VVUV-Puls erzeugt, so gewéhlt
wird, dass pro Oszillationszyklus der zweiten Harmonischen ein lineares Injektionsereignis stattfindet.



Abstract:

Nonlinear photoconductive sampling (NPS) as a time-resolved measurement technique covers a large
bandwidth of measurement. In this method, a large band-gap material is nonlinearly photo-conducted by a
strong few-cycle CEP stable laser pulse. A second delayed optical transient further steers these carriers in
the conduction band of the material, that induces a macroscopic electric dipole in the medium. The electric
field of this dipole screens electric charge on external electrode that is proportional to the vector potential
of the delayed optical transient. The strong nonlinear nature of the photo-injection in NPS brings multiple
uncertainties on the initial state of the injected carriers’ wave-packet. As a result, deeper study of these
photo-currents becomes complicated.

The work presented in this thesis was motivated by the need to simplify these complexities of NPS through
ultra-short injection of photo-carriers linearly. Linear injection by short VUV pulses decouples the injection
and the driving steps, which eliminates the requirement of orthogonal polarization for the injection and the
drive pulses.

An in-situ comparison of these currents with attosecond streaking proves that, when the dispersion relation
of these bands is parabolic, the group velocity of injected Bloch wave-packets is proportional to the vector
potential of the driving field.

A comparison of the induced photo-currents in lithium fluoride and amorphous silicon dioxide was
performed. The result of this comparison reveals that photo-conduction in a medium with a larger band-gap
extends the cutoff frequency of the detection. A cross correlation analysis between the spectral response of
the field measurement of attosecond streaking and this current sampling technique showed that the duration
of linear carrier photo-injection in LiF is confined to less than 1.2 fs. Since this switching frequency is close
to the 1 petahertz frontier, we call the sampling technique Linear petahertz Photo-conductive switching
(LPPS).

The measurement of the dynamic range of LPPS in LiF show that this technique up to driving field
amplitude of F, = 0.2 V/A remains linear. Meanwhile, the smallest detectable oscillations above the noise
floor are about 0.008 V/A. This is about 27 dB of intensity dynamic range.

Steering photo-carriers with driving field amplitudes above 0.2 V/A results in a deviation of the currents
from the vector potential. It was deduced that the limited parabolic extent of the LiF first conduction band
and Landau-Zener transition electronic Bloch waves to upper bands cause these deviations

LPPS in LiF shows that for good SNR we need two conditions. 1) a large linear transition energy and 2) a
large parabolic final state that ideally extends to infinity. Inert gases are perfect candidates. Experiments
wer performed in in neon (lonization energy of 21.56 eV). The first observation is that the SNR is 158 times
stronger than the case of LiF. We deduced that the cause of this huge signal is the transport of the electrons
to the electrodes. Also, we see that LPPS in Ne has more spectral sensitivity toward the UV region. Finally,
we report that, the infinite parabolic free electronic state of Ne extends the dynamic range of LPPS to above
50 dB in intensity.
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Finally, we set out to discover the extent of the spectral bandwidth of the measurement by frequency
doubling the fundamental NIR transient (1000 nm to 500 nm) using a beta-barium borate (BBO) crystal.
These measurements show the spectral cutoff of the detection can reach 1 PHz (300 nm). We calculated that
the SNR of the second harmonic signal can be doubled, by choosing the CEP of the NIR pulse that generates
the injection VUV pulse such that one linear injection event occurs per second harmonic oscillation cycle.
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1. Introduction:

One of the grand goals of signal processing is to push its speed further into the petahertz region [1,2].
Currently, the maximum speed of electronic processing, by modulation doped field-effect transistors
(MODFET), is about 0.25 THz [3]. Using high electron mobility transistors, this limit can be pushed toward
1 THz [4]. The limiting factor in the speed of processing is due to the dependence of these gating systems
on the transport of electrons along semiconductor junctions; therefore, different scattering processes limit
the electron mobility and as a result the processing speed.

A normal semiconductor-based switch has a base pin that provides electronic carriers and the gate allows
these carriers to flow toward their collection point. Carriers are provided by doped semiconductors that are
biased by a DC voltage. The junction is a configuration of P-type and N-type semiconductors which creates
a potential barrier from the emitter and the collector pin. The gating can turn on and off the conductivity of
this semiconductor bridge which allows the carriers to flow through the switch (figure 1.1). An ideal switch
should allow instant transport of the charge carriers. But the uncertainty principle dictates that the lower
limit of the switching time ATs,,; should be given by the inverse of the bandgap of the semiconductor
ATswe = h/Eg,p [5]. Semiconductors usually have bandgaps around 1 eV. Therefore, the switching time
cannot be shorter than AT, = 4.2 fs. Increasing the bandgap reduces this intrinsic time scale but, on the
other hand, reduces the conductivity of electrons® [6]. This is only achievable in the ideal case where
switching speed is not limited by carrier mobility and diffusive transport limitations. Therefore, all
electronic signal processing is not a promising way to achieve petahertz signal processing.

VCC

Gate

Figure 1.1. A common NPN bipolar semiconductor transistor switch. VVcc is the DC voltage that carriers. Existence of the middle
P-type semiconductor between the base and the collector and the base and the emitter prevents the current to flow through the
collector to the emitter. Applying a voltage between the base and the collector pin would suppress the PN potential barrier. As a
result, electrons will move from the emitter to the collector. Since by convention movement of positive charges defines the
direction of the electric current the current arrow is from the collector to the emitter.

Auston et al. [7] have proven that using photoconduction as the source of switching can increase the speed
of signal processing up to 0.6 THz. The switch consists of two electrodes that are connected by a

! This relationship is an indirect consequence of the size of the bandgap. The conductivity is the product of carrier
mobility and carrier concentration. The former is dependent on the curvature of the band structure. The latter is related
to the density of states and the occupation number of the band. Bigger bandgap materials have smaller carrier
concentrations therefore their conductivity is lower.
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semiconductor. These electrodes are biased by a DC voltage. The carriers are provided by linear
photoconduction from the electric field of a pulsed laser with femtosecond pulses which are focused on the
gap. The excited charge carriers in the conduction band of the semiconductor are subsequently accelerated
by the bias voltage. The induced acceleration from the photocurrent causes the charge carriers to radiate at
terahertz frequencies, generating a pulse lasting several picoseconds [8, 9]. The limiting factor for the speed
of such switch is the rise time of carrier excitation, transit time of carriers, and screening effects at
interconnects [10]. This limitation can be reduced if the driving of carriers is done by optical means.

An- early evidence which supports the hypothesis that nonlinear optical transition can serve as fast switching
gate, was the generation of high harmonics in solids [11]. Ghimire et.al have shown that focusing a mid-
infra-red (MIR) pulse on a ZnO crystal would create harmonics of the MIR source up to 25" order [12]. The
observations shows that the frequency spacing of such harmonics is twice that of the carrier frequency of
the intense driving field, thus it is deduced that these carriers’ dynamics should happen with the period of
half cycle of the strong field. A simple explanation of this observation is as follows: The intense laser pulse
allows the electrons to tunnel from the valence band (VB) to the conduction band (CB). This creates an
inter-band current. Afterward, the electronic Bloch wave-packet is steered by the same field, which results
in the generation of Bloch oscillations in the band structure. Steering of Bloch waves creates an intra-band
current. When these charge carriers reach the edge of the Brillouin zone, they Bragg diffract and return to
the zone from the opposite side of the band, having a nan-parabolic band result in generation of higher
energy photons as result of these periodic motion. Later, it was shown that steering carriers into non-
parabolic parts of CB is enough to create odd harmonics [13] During the excursion of carrier in the CB, it
can recombine with the respective hole in VB at a different point in band. This also result in generation f
high energy photons. [14]. Further proof of such ultra-fast dynamics has been reported, for example, by M.
Schultze et.al. [15]. They reported that the absorption rate of the extreme-ultra-violet (XUV) in SiO> can be
modulated by strong field interaction with a laser field at field amplitudes near = 2 V/A . These modulations
of the XUV absorption were in synchrony with the vector potential of the strong laser pulse, providing a
sub-cycle control of the optical properties of the SiO2. In a recent development, J. A. Gessner has shown
that depending on the conductivity of the material (i.e. metallic, semiconductor, or insulator) these
modulations can be in synchrony to an electric field or the vector potential of the strong field [16].
Furthermore, H. Mashiko et.al [17] showed that using strong field interactions in gallium nitride, dipole
oscillation can be manipulated on a timescale as fast as 860 as. The resultant dipole frequency reaches 1.16
PHz, showing the potential for future high-speed signal processing technologies based on wide-bandgap
semiconductors.

Probing of such petahertz sub-cycle dynamics requires the time-domain measurement of the electric field
of the optical pulses. Any ultra-fast dynamics induced by photoconduction and further being driven by
another optical field create radiation that modulates the driving field. The time-domain study of the radiation
not only provides information about the “fastness” of induced dynamics but also can serve as a new strong
spectroscopic technique. This is due to the fact that the emitted radiation has a unique temporal fingerprint
for each material. These kinds of measurements are usually done in a pump-probe manner. The pump is
always a strong interaction that triggers these electronic dynamics. This causes a change in the optical
properties of the medium under interaction including the absorption coefficient, linear and nonlinear
refractive index, and electronic conductivity. The probe is normally a weaker interaction that is delayed
versus the pump, which is used to measure these changes.

The study of dynamics which arise due to injection would be hard if we cannot distinguish the excitation
from the secondary dynamics. This becomes more difficult when the excitation is temporally long. For
example, a simple case of energy transfer between medium and light becomes ambiguous. Whether the
energy transfer is due to excitation itself -which means that imaginary part of the susceptibility tensor of
medium is changing- or the change is due to changes in the wave function of the electron in the new excited
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state by the same field —changes in the real part of susceptibility tensor- [18]. Therefore, the excitation step
and the subsequent electronic dynamics become coupled (figure 1.2). One way to decouple these steps is
achieved by confinement of the excitation steps to shorter time windows. Short excitation on the sub-cycle
timescale provides a better understanding of how fast the optically driven dynamics can be induced.
Additionally, since, optical interactions that happen in shorter time scales can excite a larger band of
electronic excitations, ranging from fast electronic to slower molecular dynamics can be induced. The
former happens in normally the UV-VIS-NIR and the latter occurs in the NIR-MIR spectral range. In terms
of the optical bandwidth, the dynamics can cover more than two octaves of bandwidth.

Aa A b

Bl Bl
= N
B >
5 5
= =
a8 a8
r >
Time (fs) Time (fs)

Figure 1.2. Time-resolved energy transfer between the electric field and the medium W (¢t) = f_tm E(t" dZ—(tt,’)dt’ (blue curve), the

electric field of the interacting radiation (red curve). a) when we consider the dipole acceleration during the injection. The steps

can be the result of the injection of the carrier from the initial state to the final state of the medium, the modulations on the steps

are due to the driving of the carriers in the final step. b) turning off the drive artificially the steps become clear stationary periods
are due to the fact that zero crossing of the electric field doesn’t contribute to any energy transfer.

Optical excitations induce time dependent electronic polarization in medium. The temporal variation of the
electric dipole generates radiation [19]. If we can measure the electric field of this radiation, we can
understand the dynamics of these dipoles. Since each dipole excitation has a unique characteristic, such
time-resolved measurements lead to time-resolved spectroscopy. Time-resolved spectroscopy not only
provides spectral information of the system under the study but also, sheds light on the time scale of different
dynamics. One way to perform time-resolved spectroscopy is through the time-resolved measurement of the
electric field. An overview of the different measurement techniques that can provide sub-cycle information
is given in the following sections.

1.1. Overview of different measurement techniques

In the past decade, advancements in the generation of tailored carrier-envelope-phase (CEP) stable ultra-
short electromagnetic transients [20], have enabled a variety of techniques for the measurement of the
electric field of light. For two decades attosecond streaking served as the cornerstone of the time-resolved
measurement of the electric field of light [21, 22, 15]. But this method suffers from a low signal-to-noise
ratio as a result of a time-consuming measurement technique. In a nutshell, an isolated extreme ultra-violet
(XUV) pulse creates an electron wave packet, with a final group velocity that is modulated by the vector
potential of a delayed IR light transient at the moment of electron ionization. Measuring the final velocity
of these electrons gives temporal information about the electric field of the light transient [23]. The short
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nature of the photo-ionization inherent in the XUV photons results in a large measurement bandwidth. But
this comes with a number of complications:

1. Measurement of the final velocity of the electrons is achieved using time of flight spectroscopy. As a
result, this technique doesn’t have a high signal-to-noise ratio (SNR).2

2. The final velocity is proportional to the vector potential of the electric field of light which is intended to
be measured. Since in frequency-domain A(w) = iE (w)/w, the technique doesn’t have sensitivity for high
frequencies.

3. The measurement has to be done in strongly evacuated chambers (order of magnitude 10® mbars of
vacuum). This makes the method expensive.

4. The ionization cross-section for XUV photons is low. Furthermore, the angle of acceptance of electrons
into the time-of-flight spectrometer (TOF) is small. As a result, counts of detected electrons in the TOF are
low. Therefore, a long integration time is needed to scan the entire electric field of an optical transient. This
is achieved only when a laser system can stay stable over a long period of time.

These shortcomings of attosecond streaking motivated researchers to invent new methods[30, 35, 32, 37].
All these methods have one thing in common—an ultra-fast excitation as a gate followed by a delayed
probing pulse whose electric field is intended to be measured. The majority of these methods use nonlinear
interactions as gating mechanisms since nonlinear excitations are generally faster than linear excitations
[24].

Mathematically, the measured signal S(t) is a convolution of the gating function G(t) and the time-
dependent quantity under the study q(t):

S(T)zfooq(t)xG(t—T)dt 1.1

In an ideal case, the G(t) is Dirac’s delta function. Therefore, the signal will be the exact value of the quantity
at the moment of the sampling:

S(1) =fooq(t)><5(t—r)dt=q(r) 1.2

Depending on the measurement technique, the gating function either couples to the electric field F(t) or to
the vector potential of the field which in SI unit is®:

A(t) = fooF(t’)dt’ 1.3
t

In the rest of this chapter, a review of the variety of techniques that use nonlinear interactions as their gating
for the sampling of the electric field of ultra-short pulses is presented. The comparison is provided on how
the order of nonlinearity and the way that respective interaction couples with the electric dipole of sampling
medium will play a role in the sensitivity and the bandwidth of measurement of each sampling technique.

The lowest nonlinear order is the second-order nonlinearity. The nonlinear electric dipole is created by wave
mixing of two electric fields. Electro-optic sampling (EOS) uses this order of nonlinearity to measure the
electric field. This method was invented by Gérard Mourou [25, 26, 27]. Here we have two pulses, an ultra-
short pulse which is traditionally called the sampling pulse and the longer pulse to be measured which is

2 The limits of SNR of attosecond streaking are described in section 2.2.1
3 In absence of magnetic field
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called the test pulse. The sum-frequency generation (SFG) and the difference frequency generation (DFG)
of the pulses up-convert the spectrum of the test pulse. These SFG or DFG then spectrally overlap with the
upper or lower part of the spectral window of the sampling pulse respectively. The electric field of this
overlap region is called the local oscillator. As a result of the interference between the local oscillator and
the SFG or DFG, a beat signal is generated. If the local oscillator is very short with respect to the test pulse
the beat signal will be proportional to the electric field of the test pulse at the moment of the delay between
test and sample pulse [28]. To remove the background signal from the local oscillator a balanced detection
method is used. In the terminology of this thesis, the sampling pulse is given by the injecting pulse and the
test pulse corresponds to the drive pulse.

EOS or any method like this that uses a nonlinear crystal to mix gate the drive pulse nonlinearly has to have
a large phase-matching bandwidth, which is limited by the finite crystal thickness necessary for efficient
nonlinear processes. Another key aspect that limits the bandwidth is the required overlap of the spectrum of
the SFG/DFG pulse with the sampling pulse. In the case of high-frequency components of the test pulse,
part of the SFG signal will not overlap with the local oscillator and therefore cannot be measured. The
highest detection bandwidth in EOS has been demonstrated by Ridente et al. [29] who could show that by
shortening the time duration of the sample pulse toward 2.5 fs, radiation up to 0.5 PHz can be resolved.

There are numerous ways to use nonlinear interactions that don’t require phase matching. In these methods
nonlinear absorption provides the gate in which the electric field that we want to measure, which has a delay
with respect to the nonlinear injecting field changes the final state of the electronic wave function created
by nonlinear injection and this delay dependent change is measured. Some changes of final state are
proportional to the electric field of driving field some are proportional to the vector potential of such field.

An example of the measurement techniques which the measured quantity is proportional to electric field of
the sampling field has been achieved using a method called the tunneling ionization with a perturbation for
the time-domain observation of an electric field (TIPTOE) [30, 31]. In this method, the injecting pulse is
used for tunneling ionization in a gaseous medium. The sampling pulse, furthermore, modulates the
tunneling probability of the electrons. This change in the ionization probability is measured by the electric
current obtained from an electrode.

As was discussed, the signal in TIPTOE should be proportional to the number of tunneled electrons. But,
studies have shown that the further acceleration of the tunneled electrons with the weaker probe pulse can
contribute to the signal, in an effect called femtosecond streaking [32]. Furthermore, since we want to
modulate the rate of tunneling ionization, we need to start with a high probability of tunneling ionization.
The tunneling ionization is more probable at longer wavelengths [33]. Therefore, the gate pulse cannot have
a short half cycle. This in return will limit the upper limit of the detected frequency. The highest frequency
reported using this measurement technique is about 0.75 PHz [34].

Another approach that involves tunneling ionization is called the petahertz optical oscilloscope [35]. In this
method, the injecting pulse is used to generate high harmonics. In a nutshell, the injection pulse causes the
tunneling ionization of an electron, accelerates the electron away from the atom, and later accelerates it back
toward the parent atom. As a result of the recombination of the electron with the parent ion, XUV photons
are emitted. This excursion happens in a fraction of the sampling pulse’s optical cycle. The sampling pulse
can modulate the trajectory of this excursion and as a result, change the phase of the generated XUV photon.
It has been shown that this phase change is proportional to the amplitude of the sampling pulse electric field
at the moment of tunneling ionization.

In the petahertz optical oscilloscope, the XUV generation is perturbed in an angled geometry, where the
sampling pulse and injecting pulse propagates with a relative angle with respect to each other. Therefore,
each change in the XUV phase changes the direction of the generated XUV pulse and this change of angle
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is linearly proportional to the phase change. Finally, the signal is obtained by looking at the angle change
of the detected XUV spectra.

As was discussed before, phase matching limits the detection bandwidth of the electric field. The deflection
angle of the XUV radiation is a result of phase matching; therefore, the highest detected frequency in the
PHz optical oscilloscope did not exceed 0.6 PHz.

A reliance on phase matching and the need for angle-resolved XUV spectroscopy complicate the electrics
field measurements using the petahertz optical oscilloscope technique. While TIPTOE does not suffer from
these shortcomings, it relies on the probability of tunneling ionization which favors longer wavelengths.

Although tunneling ionization in gases provides ultra-fast gating, it requires very intense laser pulses to
enable strong-field ionization, due to the high ionization potential for commonly used noble gases. Another
way to access short gating times can be achieved by nonlinear photoconduction in large bandgap materials.
In a method called nonlinear photoconductive sampling (NPS). Since this method will not deal with electron
counting or XUV spectroscopy it doesn’t require a vacuum chamber, which makes it tabletop. On the other
hand, the complications due to tunneling ionization are solved since the gating happens due to multi-photon
absorption. As will be discussed in more detail in the next section, this method can overcome many of these
shortcomings and it is a suitable technique for the measurement of the electric field of ultra-short optical
transients.

1.2. Nonlinear photo-conductive sampling

In the past, field-effect transistors have been used to sample electric fields up to 100 GHz [3]. As mentioned
above, ultra-fast photoexcitation followed by Auston switch sampling can push the bandwidth of solid-state
measurements towards the multi terahertz region [9]. In the mentioned experiments, the solid-state switch
is made out of a semiconductor. The bandgap of these materials does not exceed 1 to 1.5 eV. The radiation
that linearly photo-excites the carriers in these materials has the half-cycle time of 2.06 fs. If this radiation
has only one half-cycle, then the highest frequency that we can resolve is roughly 0.241 PHz.

Therefore, it was proposed that instead of small bandgap materials, large bandgap materials can be used
[36]. Also, to confine the photoexcitation to an even shorter time scale with respect to the normal optical
half-cycles, nonlinear photoexcitation should be employed; therefore, the proposed method was called
nonlinear photoconductive sampling.

In this method, a strong few-cycle CEP stable transient injects charge carriers to the conduction band (CB)
of a large bandgap material (for example SiO2, Eg,, = 9 eV). Furthermore, these carriers will be driven by
a delayed pulse with orthogonal polarization with respect to the injecting pulse. In crude classical picture as
a result of acceleration of electric charges that are suddenly born in an external electric field the charge
carriers will obtain final velocity. As result of this velocity the electron hole pair that are created by nonlinear
injection will drift away from each other which will create an asymptotic electric dipole, the electric field
of this dipole screens some charges on external electrodes. The studies have shown that the detected delay-
dependent currents have a temporal form similar to the vector potential of the driving field [37] (another
example of a method where the real part of the induced dipole moment is modulated by the field).

The ultra-short injection time provided by the strong nonlinear nature of the photo injection in SiO», resulted
in an unprecedented extension of the detection bandwidth in NPS. For a few-cycle titanium doped sapphire
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(Ti:Sa) laser system (1 mJ, 300 KHz, 4 fs, 780 nm, 1.57 eV), nonlinear photo-conduction in SiO. requires
4 photon injection®. The gate function for this injection can be approximated by [37]:

G(t) = Fi?lject(t) 14

Here, Finject(t) is the electric field of the laser pulse. Therefore, the detected current in the case of the
NPS SiO; using an 800 nm pulse is:

S(T) = f Agrive () X Fi?lject(t —1)dt 15

Here Aq4rive(t) is the vector potential of the field that is to be detected. Since the integral in Eq. 1.5 is a
convolution integral, the spectrum of the recorded signal, S(w), is the product of the spectrum of the vector
potential of the drive pulse, A(w), and the spectrum of the gate, G(w):

S(w) = A(w) X G(w) 1.6

Figure 1.3.b shows the spectral response G(w) of the pulse shown in figure 1.3.a. As can be seen in figure
1.3.c, the sensitivity of the measurement, for frequencies above 1.75 PHz (~6 eV, ~190 nm), drops below
20% of the maximum value. The minima in the spectral response are the result of the injection spikes left
and right of the main spike in figure 1.3.b. Sederberg et.al have shown experimentally that using this
technique they can sample up to 1.1 PHz in normal atmospheric pressure [37]. Detection of higher
frequencies is impossible since air will absorb any radiation above 1.2 PHz [38].
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Figure 1.3. a) The electric field of the injecting pulse. b) The gate function for Ff,‘lject(t). ¢) The absolute value of the Fourier
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4 This 780 nm pulse is so broadband that 550 nm part of it can do the 4 photon injection.
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The sample geometry of the NPS is very simple. For example, one can take a normal piece of silicon dioxide
wafer, put two electrodes over it and shine the inject and the delayed drive pulse on it. There is no need to
use a vacuum system. This is much simpler in contrast to TIPTOE where the signal is dependent on the
electron counts this will set a constraint on the geometry of the electrode.

The strong field interaction of the injecting field provides a far better sampling of the electric field of ultra-
short optical transients in comparison to similar techniques (i.e. TIPTOE and petahertz optical oscilloscope),
however at same time this strong field prevents full decoupling of the injecting and the driving step. This
means that both steps can influence the other step.

The first problem is that the nonlinear injection depends on the amplitude of the total electric field. Figure
1.4 depicts all the existing fields in NPS. The total electric field consists of two electric field contributions,
the injecting field, and the driving field, and it is the total field that injects carriers into the conduction band.
The following simple example can help us understand how small changes in the total field amplitude can
change the carrier injection probability:

¥
l

Inject field amplitude

=i mmmmem Drive field amplitude

Total field amplitude
. Finject(t)

J > Farive(t)

Figure 1.4. Depiction of the fact that actual nonlinear photo-injection is the result of the total electric field. The red curve is the
intended injecting field; the orange curve is the intended driving field. Shaded areas depict the time extend when we expect that
the injection should happen in the injecting field. The solid arrow shows the direction and the amplitude of the injecting field; the
horizontal dashed line is the depiction of the direction and the amplitude of the driving field; The oblique dashed line depicts of
the direction and the amplitude of the total field that eventually nonlinearly injects the carriers to CB.

Consider that, two orthogonally polarized laser pulses that propagate along the z-direction exist, whose
electric fields are defined as follow:

Finject(t) = Fo()%cos(kz — wt) e

ﬁdrive(t) = 0.1 X Fy(t)9cos(kz — wt + wt) 1.6.b
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where F,(t) is the temporal field envelope of the inject field and 7 is the delay between injecting (F)in]-ect)
and driving (ﬁdrive) fields. Fy(t) can be written as:

Fo(t) = af(t) L

where a is the maximum envelope amplitude and f(t)is a distribution function normalized to unity, for more
simplicity, we can choose it to be Gaussian, but in general any form of this function will not change the
result of our analysis.

Let’s assume that only the strongest half cycle of the injecting field is responsible for the carrier injection.
Depending on the inject/drive delay (t), we shall have the following cases for the maximum and minimum

amplitude of the total field:
A 2
MAX (Aroe) = |A% + (1—0) = AV1.01 18a

MIN(Ayop) = A 1.8.b

For the case of injection in SiO, with 1.57 eV pulse (4 photon absorption) the transition probability scale

with A%, which in the maximum case will be A% x (\/1.01)8 = A® x 1.04 and in case of the minimum is
A8. As you can see, we can change the injection probability by 4 percent. The situation is worse if we have
higher bandgap material like LiF (13 eV), (in this case with 6 photon absorption for 1.57 eV inject pulse)
we can change the injection probability by 6 percent. Therefore, NPS suffers from the fact that the
probability of photo-injection changes by delaying the injecting and the driving pulse.

Another problem is that after carriers are promoted to CB they still experience the existence of the strong
field. Although choosing orthogonal polarization for the injecting and the driving field ensures that the
injecting will not drive the carriers in CB, it still can facilitate the transition of the carriers to the upper bands
(Figure 1.5). As a result the initial population of carries in the CB is will be unknown. The created electronic
occupation can be dispersed throughout the Brillouin zone and distributed over several conduction bands®

5> We shall explain in section 4.2 why the dispersed population in various CBs will prohibit a one-to-one mapping
between optical and electronic signals and their coupling to external circuitry.
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Figure 1.5. Depiction of complications of nonlinear carrier photo-injection in NPS.

Another problem is that if the according to Eq. 1.1, for the full reconstruction of the driving pulse we must
have a perfect characterization of the injecting pulse unless the central of half cycle of the injecting pulse is
dominant enough that only one instance of photo-injection matters. While we can get some information
about the nature of the photo-conduction process by recording the CEP dependent current, a complete
understanding of this step requires two-foci experiments, wherein one plane of focus a delayed inject and
drive measurement is performed and in the second plane of focus the changes in the electric field of the
injecting and the driving pulse in each delay is measured. Since these measurements have to be repeated for
all delays between the inject pules versus the drive pulse, performing such measurement can give us
unprecedented information about the dynamics of injecting and driving but also is very time consuming and
cumbersome®.

The complexities that are mentioned up to now can be resolved if we introduce a simpler way of injection,
that decouples the injection and the driving step completely. One way to achieve cleaner injection is to
transfer carrier population to the CB of large bandgap materials employing ultra-short linear injection. In
contrast to nonlinear injection, linear can be controlled using bandwidth selection, and consequently, single-
photon injection permits the homogeneous exhaustion of the full energy spread of individual energy bands
(please refer to section 4.2). A Bloch wave that is created through this linear injection is steered by means
of a secondary optical delayed transient. Because the source of this carrier injection is linear, it can switch
on the conductivity in the medium on the 1 fs time scale (please refer to section 4.5). We call this method

& More information about these kinds of two foci measurements can be found in the doctoral thesis of the Dmitry Zimin
[39]
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linear petahertz photoconductive sampling (LPPS). It will be shown that due to the nature of the injection,
the linear injecting field cannot create any ultra-fast current in the medium. As a result, the need to use
orthogonally polarized geometry for the inject/drive measurements is removed. The main focus of the
current thesis is to provide such a solution and scrutinize further dynamics that arise from the ultra-fast
control of the charge carriers. In the next chapter, we shall discuss current benchmarking techniques for the
full characterization of the electric field. Furthermore, we shall discuss the replacement source of injection,
and finally, we shall talk about the theory of the charge carrier optical driven dynamics.
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1.2. Nonlinear photo-conductive sampling



2. Theoretical background

In the previous chapter, it has been discussed that ultrashort linear injection of carriers in CB of large band-
gap materials provides a better understanding of ultrafast light-driven carrier dynamics. While nonlinear
injection offers the ultra-short time scale for photo-carrier injection, it will create an electronic wave-packet
that is dispersed over multiple bands in the CB which brings uncertainty on the understanding of the initial
state of the injected electronic wave-packet. Because of this complication, if the carriers are promoted to
CB in a controlled linear fashion, a better understanding of ultra-fast light-driven currents is established.
This injecting source should have enough photon energy to trigger electronic transitions from VB to CB of
these materials and have large bandwidth to ensure the fast transition. One way to create radiation with such
characteristics (High photon energy, temporally short) is called High Harmonics Generation (HHG).

In this chapter, first, we will have a quick review of the process of the HHG as a source of linear photo-
injection in large band-gap materials. Later on, we will discuss how electronic wave-packets promoted by
linear photo-injection would evolve in time under influence of a secondary linear photo-drive. Additionally,
one of the goals of this thesis is to introduce linear photo-conduction as a gating source for field sampling.
Since any field sampling method requires benchmarking versus a standard method, another part of this
chapter will focus on attosecond streaking as the cornerstone method of measuring the electric field of light.
We will discuss all its capabilities and shortcomings as a method of time-resolved field measurement.

2.1. High harmonic generation

When an ultra-short strong electric field is focused on a gas target, it will create a train of high-energy
photon bursts that can have energies that extend to the extreme ultraviolet region’ and beyond?®. The spectra
of these high-energy photons are spaced by twice the energy of the ultra-short pulse. At first one might think
that the generation of these higher harmonics can be explained by perturbative nonlinear light-matter
interaction. But the change of intensity of these higher harmonics does not follow perturbative prediction.
In the perturbative framework, we don’t consider that the external field is strong enough to change the
Hamiltonian of the Coulomb interaction between electrons and the nuclei. But in this case, the strong electric
field distorts the Coulomb potential of a neutral atom (figure 2.1). The bending of the potential well (dashed
green curve in figure 2.1.a) enables the electron to tunnel out the potential well. This tunneled electron is
born with zero average velocity [42]. After the tunneling ionization, the strong electric field accelerates this
electron away from the atom until the sign of the field changes. Afterward, the electron decelerates while
moving away from the atom till it stops and again accelerates back toward the parent atom [43, 44].

At the moment of recombination, the electron has kinetic energy acquired by the acceleration in an external
field. As a result of recombination with the parenting ion, a photon is released which has the final kinetic
energy of the electron plus the ionization energy of the atom. It can be shown [45] that, the maximum
classical energy from this three-step model equals to®:

" Bandwidth within 10 eV to 124 eV is called extreme ultra violet.

8 keV HHG photons have been reported by extreme intense laser pulses with intensities around I ~ 101® W/cm?[40,
41]

® This relation does not take into account the quantum effects. There are photons whose energy supersedes this limit,
but the flux of these photons falls rapidly above this cutoff limit.



32 2.1. High harmonic generation

Emax = Ip + 317 x U, 2.22
22

_ R 2.2b
P 4ma?

where I, is ionization energy, e is electron charge, F, the maximum electric field amplitude of the external
field, m the mass of electron and w, = 2 X /T, is the electric field carrier angular frequency (T, is period
of one cycle of external field). U}, is called ponderomotive energy, which is the energy of quiver motion of
a free electron in an external field averaged over one cycle [46].

The tunneling ionization can happen in each strong half cycle of the external field. Therefore, we shall have
these strong bursts every half cycle. Since the generation of these photons occurs every half cycle of the
external field T = T, /2, where T, is period of the field, then the frequency of the generated harmonics are
spaced by Avy = T, /2 = 2v,. So, the energy spacing of these photons is twice the energy of the carrier
wave of the external field.

We described 3 steps in the generation of higher harmonics photons: 1) tunneling ionization, 2) electron
round trip, and 3) recombination. These steps play different roles in the yield and energy of these high-
harmonic photons. The energy of these photons is affected only by the first and second steps while their
yield is affected by the first and third steps. [47].

The probability of tunneling ionization depends on the magnitude of the external field amplitude [48]. A
stronger field bends the Coulomb potential more. As a result, an electron sees a thinner potential barrier to
tunnel through, which leads to a higher probability of tunneling (figure 2.1.b).

As result of tunneling ionization, the electronic wave function will be a combination of a bound part and a
free propagating part [49]:
P(©) = |GD) + o) 2.3

where |G(t)) is the time-evolved bounded state wave function and |@(t)) is the free-electron wave packet
that is propagating inside the external field (these states can be written as a superposition of Volkov states
[50, 51]).

Since the wave function has two terms, the created dipole has an interfering part between the tunneled and
the bound part of the wave function. Oscillations of this dipole moment are causing the radiation. We can
write the dipole moment expectation value as follows:

(D(B)) = e{P(®) X[ (1)) 24
(D)) = e(GO)|X|p(t)) + c.c. 25
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Figure 2.1. The Coulomb potential of the neutral atom (blue curve) is bent (green dashed curve) by the external electric field, the
interaction is depicted in length gauge (red line indicates the dipole interaction of the external electric field with an atom) As a
result of this barrier bending part of the wave function of the bounded electron (black function) is tunneled out (violet wave
packet). The effect of the strength of the electric field on the probability of the tunneling ionization can be seen by the comparison
made in a) stronger electric field E; bends the Coloumb barrier more. b) The weaker electric field E,bends the barrier less. The
less tunneling length leads to the higher probability of tunneling.

The second time derivative of the term (G(t)|X|¢(t)) and its complex conjugate are responsible for the
radiation of these photons [52]. If |@(t)) has a large spatial spread, the resulting integrals in Eqg. 2.5 will be
very small [53]. The electron wave function is a composition of many plane waves with different
momentum. In free space, the faster components of the wave-packet will travel more than the slower parts.
That is why longer propagation results in more spread of the wave-packet over free space [54]. This
diffusion of the wave packet reduces the chance of recombination [55]. The bound part of the wave function
is localized; therefore, the large spatial spread of the free-electron wave packet reduces the spatial overlap
with the bound part, which in return reduces the amplitude of the dipole integral. If we start with a larger
atom, the initial tunneled wave packet is larger. A large spread in space means a smaller spread in
momentum, which in return reduces the spatial spread of the wave packet during the propagation, which
increases the recombination probability for larger atoms [56]. The length of the round trip depends on the
moment of tunneling. If tunneling happens near the extremum of a half-cycle, an electron sees a stronger
electric field it will accelerate further away from the ion, which in return reduces the probability of electron
recombination; this means that electrons with higher kinetic energy have a smaller chance of
recombination®,

The final kinetic energy of the electron following one round trip depends on the moment of tunneling
ionization [57]. Considering electrons that are born in one half-cycle of the electric field (let’s call this half-
cycle as birth half-cycle), those that are born near the zero-crossing of the electric field before the extremum
of the birth half cycle can experience more accelerating time than those which are born later. These electrons
will travel farthest. The one that is born before the extremum of the birth half-cycle will never return to the

101t should be noted that also just like any scattering cross-section, the recombination cross-section decreases starting
from a certain kinetic energy.
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parenting atom. Because, right before they can return to the atom by the next half-cycle the sign of the
electric field changes, and again, they travel away from the atom. Returning to the atom is only possible for
those electrons which are after the extremum of the birth half-cycle!* . Moving away from the extremum
the length of the round trip to the atom starts to decrease. The final kinetic energy of the electron will first
start to increase and then after a certain point, it decreases again. The reason for the initial increase of final
kinetic energy is that when the moment of tunneling is moved away from the extremum the time duration
in which returning half-cycle accelerates this electron back to atom increase. Hence final kinetic energy
increases. But also, by moving away from the extremum we will decrease the length of the electron
excursion, since the tunneled electron experiences a weaker electric field, which in return results in the
reduction of the final velocity of the returning electron. Therefore, the electron energy will start to decrease
again. As a result, HHG spectra from each half cycle have two sets of energy distribution. They are
distinguished by the length of their round trip. One set is called a long trajectory and the other is called a
short trajectory. Since the moment of tunneling ionization plays an important role in the final kinetic energy
of the corresponding electron, HHG photons will have an inherent chirp, which is negative.

In the case of long trajectories, if the corresponding electron tunnels out when the electric field has a stronger
amplitude, it will experience a narrower potential barrier, thus, the ionization probability is more. On the
other hand, electrons that are born near the stronger field amplitude will travel more, thus, the recombination
probability is lower. For the case of short trajectories, since tunneled electrons experience weaker field
amplitude, they experience larger potential barriers and consequently, they will have a shorter round trip
(i.e. lower tunneling and higher recombination probability). Therefore, in a certain span of HHG spectra,
there will be a balance of tunneling and recombination probability. As a result, the intensity of HHG photons
in this span remains almost constant. This region is called the plateau region [58, 59].

In addition to the moment of tunneling, the amplitude of the neighboring next half-cycle affects the final
magnitude of the kinetic energy of the electron [60, 61]. If the neighboring half-cycle has a stronger electric
field than the tunneling half cycle, during the time that electron accelerates back, it will experience a stronger
electric field than the moment of tunneling. Thus, the final kinetic energy of the electron increases. As a
consequence, electrons with the highest final kinetic energy are those born in the half-cycle before the
strongest half cycle of the external field. In the case of a pulse with CEP = 0 which is also called a cosine
pulse, there is only one half-cycle that can provide these electrons with such final kinetic energy. Therefore,
is no modulation of HHG spectra in this region. This region is called the cutoff region [62]. In case of the
pulse with CEP = /2 which is called a sine pulse two half cycles can provide electrons with the same final
kinetic energy and as a result the cutoff region becomes modulated. The photons from the cosine pulse have
the highest cutoff energy and those from the sine pulse have the highest harmonic yield (figure 2.2)

There is also a third region harmonics spectrum. The energy of these photons is lower than those of the
plateau region. Harmonic generation within this region is not well described by the three-step model and
simple multi-photon transition also falls short to describe the generation of such photons [63]. These photons
have energies below the ionization energy of their parent atom.

The fact that a cosine pulse can create HHG photons that have no equivalence in the neighboring half-cycles
helps us to isolate HHG pulses in time [64]. Applying a high-pass spectral filter to the HHG pulse train will
ensure the transmission of HHG spectra that are generated from the electrons that belong to the cutoff region.
As a result, we shall have a single short burst of HHG photons. Although we have lost the bandwidth of
radiation by spectral filtering, which means temporal stretching of the pulse, choosing the right thickness

11 The reader should remember that we are only talking about one half-cycle. So, if we state that the return is only
possible after extremum, we are only talking about the event which takes place in one half-cycle. For sure if we go
further to the next half-cycle between the zero-crossing till just before the extremum of that half-cycle there will be no
return to atom.
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for the HHG filter will compensate for the inherent negative chirp of the HHG pulse, which can compress
the pulse. Using this filtering technique, we can generate HHG bursts below 80 as [65].

Figure 2.2. Comparison of the effect of CEP on the cutoff energy and the yield of harmonics. Shaded areas under the half cycles
denote part of the electric fields that accelerate the electrons back toward the parent ion. a) Cosine pulse: The green half-cycle
ionizes electrons that are returned with the violet half cycle (i.e. the green trajectory). Since the violet half cycle is the strongest
half cycle the final kinetic energy of the electrons is the highest, but since the electrons didn’t tunnel out at the strongest half cycle
the harmonics yield is not the largest. On the other hand, if the violet half-cycle ionizes the electrons the blue half-cycle returns
them to the atom. Here the strongest half-cycle ionized the electron therefore we have the highest harmonics yield but we don’t
have the highest energy of XUV photons. b) Sine pulse: violet and blue half-cycle have the same amplitude, therefore any
electron that is driven back by these two half-cycles has the same final kinetic energy. Electrons that are ionized in the violet half-
cycle have a higher yield than the electrons which are ionized from the green half cycle; therefore, we shall have two half-cycles
with same cutoff energy but one has a higher yield than the other one (higher yield XUVs are depicted in the upper plot in the
inset of b and lower yields are the lower plot in the same inset)

These ultra-short high-energy pulses allow us to characterize the electric field of optical pulses. In the next
section, we will talk about a method that incorporates these radiations as injection sources for the detection
of the few-cycle optical transients.
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2.2. Attosecond Streaking

In this section, we will talk about the most prominent technique for electric-field measurements of optical
transients, which is called attosecond streaking.

If a free electron interacts with the entire temporal electric field of an electromagnetic pulse, the field cannot
transfer any momentum to the electron [66]. This is because, for propagating laser pulses, the integral of the
electric field over time is zero:

f F(t)dt =0 26

To have a net momentum transfer, an electron has to be born during a pulse. In that case, the net transfer
momentum is:

Ptransfer = _ef F(t)dt 2.7
T

Where e is the elementary charge and 7 is the moment in time when the electron is born inside the electric
field.

One way to fulfill such conditions is to release the electron in an ultra-fast manner into a pulsed electric
field. XUV photons with pulse durations around couples of hundreds of attoseconds, provide us with such
opportunity. They can ionize atomic systems and the generated electronic wave-packets by such ionization
have the temporal structure of these XUV photons.

In attosecond streaking, the creation and time evolution of the electronic wave-packet happens in a two-
color scheme. An ultra-short XUV pulse and a delayed optical transient will interact with an atom (mainly
an inert gas). Due to the ultra-short ionization-time provided by XUV photons, Eq. 2.7 can be used to predict
the average final momentum of the created electronic wave-packet [67], if F(t) is the electric field of the
optical transient and T is the delay between the XUV (we shall call this inject pulse) and optical transient
(we shall call this pulse the drive pulse).

Let’s consider a case, where the delay of the injecting pulse versus the drive pulse is equal to 7. Assume that
these two pulses are focused onto a jet of an inert gas (e.g., argon or neon, which have ionization energies
of 15.75 eV and 21.56 eV, respectively). The initial kinetic energy of ionized electrons is:

To = hvxyy — I 2.8

here h is the Planck constant (h = 6.62 x 1073* m2kg/s), vxyy is the frequency of the ionizing XUV
photon and I, is the ionization potential of the inert gas.

Since these electrons were released with a delay 7 to the drive pulse, the final velocity becomes:

1 ©
Vfinal = m_ X <Vinitia1 —€ j F(t)dt> 2.9
T

e

where m, is the mass of the electron (9.1 x 10731 kg) and Vi1 = +/2meKj is the initial velocity of the
electron.

The integral in the right-hand side of Eq. 2.9 is the vector potential of the pulse at the moment of z, therefore:

1
Vfinal = —X (Vinitial — €A(1)) 2.10
e
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From Eqg. 2.10, we realize that the measurement of final velocity is equivalent to the measurement of the
vector potential of the pulse at the moment of ionization. Therefore, measurement of the delay-dependent
final velocity of these electrons would result in the full temporal characterization of_A)(r). If the delay 7 to
—oo or 400 would get the information about the initial velocity of these electrons at the moment of ionization

as well (since liJrrn A = 0), as a result, the initial velocity of electrons is measured.
T—>1T 0

The solution for electron velocity measurement is offered by a kind of mass spectrometer that is called a
TOF [68]. A basic TOF is a long vacuum tube of length L with an electron-sensitive detector. If an electron
with velocity Vi, enters the TOF and travels the length L, it takes an electron T = L/Vgna Seconds to
reach the detector. The detector for the TOF is a micro-channel plate detector (MCP) [69]. Based on a
triggering event (that we will call the zero-channel) the TOF will know when electrons were born. In a usual
TOF experiment, a gas nozzle is placed close to the entrance of the TOF (figure 2.3), then from the moment
of the trigging event, a timer starts to measure the time until the electron hits the MCP.

T

TOF

Delay = At

Figure 2.3. Schematic of the attosecond streaking measurement

By differentiating —A(t) with respect to T, we will get the delay-dependent value of the electric field of the
drive pulse:

dA(t) .
== —E(D) 2.11

In the previous chapter, we mentioned that isolated XUV pulses can be generated by HHG and a high pass
filter can be used to transmit cutoff harmonics. If we generate harmonics from argon (ionization energy
I, = 15.75eV) using a few- cycle NIR transient at 780 nm (4 fs, 800 wJ), and use a 150 nm
aluminum/scandium (AISc) filter, we shall have a bandwidth 10 eV centered at 60 eV. The Fourier limit of
such bandwidth is about At,,, = 140 as. Because this time duration is short, the temporal structure of the
XUV pulse will map directly to the temporal structure of the electronic wave-packet, even when these
electrons are accelerated in the external electric field. Therefore, the detected signal by the TOF is a
representation of the structure of XUV photons [70] (Figure 2.4).
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Figure 2.4. Normalized spectra of electrons detected by TOF, when we use AlSc as the XUV filter

By changing the delay between injecting and drive pulses, we will record a spectrogram of electrons. Since
the average energy of each delay-dependent electron distribution is equal to the expectation value of the
energy of the electron wave packet for each delay [71], i.e.:

Jpe o N(E)EAE

Ewave) = —=
( ) fg:oN(E)dE

2.12

The average energy of the electron spectrum is used to calculate the final velocity of the electron and finally,
reconstruct the electric field of the driving pulse.

It can be shown that the quantum mechanical equation that describes the detected spectrogram is similar to
the one that describes frequency-resolved optical gating (FROG) [72]:

(o] ipz
S(p,v) = f Fouy(8) X G(t + T)e 2 'dt 2.13
D(po + Adrive(t)) (7 N, L " g4
G(t) = 0 D(por)we exp| —i f PoAdrive(t") + 3 A?irive(t )dt 2.14
t

where Fy,,(t) is the temporal shape of the XUV field, D(p,) is the transition dipole moment of the gas
between initial bound state and final ionized state with momentum p,, and Ag4ive (t) is the vector potential
of the driving pulse. Therefore, if we perform a FROG retrieval algorithm on the spectrogram, we can
characterize the XUV pulse as well.

2.2.1 SNR of attosecond streaking

Let’s consider an XUV photon with energy of 70 eV. If we use this XUV photon to ionize neon atoms (I, =
21.56 eV), the initial velocity of ionized electrons is 4.12 x 10° m/s. If the length of the TOF is L = 43
cm, then the time of flight for unaccelerated electrons is T, = 1.04 X 1077 s. Also, let’s assume the
following form for the electric field of the driving pulse:
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2
F(t) = Fyexp [—1.38 <Ti> ] cos(wt) 2.15

p

where t, = 4 fs is the pulse duration, w = 2.41 PHz is its central angular frequency, and F, = 0.6 V/A

(corresponding to 10 W/cm? intensity, remember that 10 W/cm? is the intensity needed for HHG in
Argon).

Let’s assume that, the XUV ionization of an electron happens, at the zero-crossing electric field of the
strongest half cycle of the electric field of the driving pulse (in other words, the maximum amplitude of
vector potential, see figure 2.5). For this delay, the driving pulse changes the velocity of the ionized electrons
by Av = 4.33 x 10°m/s. As a result, the time of flight of the accelerated electron will be: T = 0.94 x
1077 s.

The difference between time of flight of the accelerated and unaccelerated electrons are:
AT =Ty — Ty = 9.9 x 107,

For a 100 ps per time bin, multiple-event time digitizer like MCS6A, this is 99 channels. Ideally, we should
be able to detect changes in the electric field when there is at least 1 channel change (in our case 100 ps), or
AV = 4.3 x 10° m/s. This value corresponds to AA = 2.44 x 10~°. For an optical wave at 780 nm, this will
correspond to an electric-field change of AF = 0.06 V/A. This is theoretically the weakest field amplitude
at A = 780 nm that will be measured in the absence of noise by the aforementioned setup. At, A = 390 nm,
the weakest field amplitude increases to AF = 0.12 V/A, since attosecond streaking measures vector
potential. Therefore, to measure weaker fields, a longer TOF is required. But having a longer TOF reduces
the number of electrons that reach the MCP which reduces the sensitivity of the measurement.

This theoretical calculation shows that attosecond streaking has low SNR for the detection of optical
transients with weak electric field amplitude. The situation becomes worse at higher frequencies because
the final velocity of the electrons is the function of the vector potential of the driving field. Any detection
that relies on the measurement of the vector potential naturally favors lower frequencies.
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Figure 2.5. The theoretical electric field of the driving pulse (blue curve). Corresponding vector potential field (red curve)
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2.3. Intra-band current
Time-dependent change in electric dipole creates electric currents [19]. Let’s consider a simple dipole i.e.:
p= q(i 2.16

Where the p is the dipole moment vector, q is the amount of electric charge that is separated and d is the
displacement vector. If the amount of separated charge is constant, then, the temporal change of this dipole
is:

dp
F_ o5 2.17
ac 1
where V is the relative velocity of the charge separation.
In quantum mechanics, it is easier to talk about momentum:
dp _qp 2.8

dt m
(Please note that since electric dipole and momentum are usually showen using the letter p, the author has
chosen to use normal font p for momentum and script font p for momentum.), where m is the effective mass

of the charge carriers. Moreover, the measurable quantities in terms of quantum mechanics are expectation
values:

<@)> — q(ﬁ) 2.19
dt m
Finally, for a system that has multiple charge carriers, the total dipole change is:
o z:%@ﬁ
dt total £ m; 220
i=all
charge

carriers

where the index i indicates the different charge carriers. Charge carriers in a solid-state system are electrons
and holes. These carriers may be distributed in different quantum states, with different population
probabilities. So(p;) is the product of the occupation number of the specific state times the density of that
state times the expectation value of the momentum of the single state:

®i) = gi X pi X (P); 2.21

where g; is the density of state i and p; the occupation number for that state. One can use density functional
theory (DFT) to calculate initial density of states [73]. When charge carriers interact with an external electric
field, they transition to other states; therefore, the occupation numbers also change with time. This time-
dependent change can be furthermore calculated within the framework of the time-dependent DFT (TDDFT)
[74]. In our current model, we consider that the density of states remains constant (this assumption is valid
under weak-field interaction) [75].
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2.4. Bloch equation

The next question is how to calculate the expectation value of the momentum for a given state? Most of the
systems that we study are periodic. Therefore, we can use the Bloch theorem to describe their wave function
[76]. The Bloch theorem states that given a system with a periodic potential:

V(E+R) =V 2.22

The energy eigenstates this system can be written as:

Pn(F) = eikf(;bn ) 223

Here, ¢ (%) is periodic in © with R periodicity. The k is called the lattice wave vector and should not be
confused with the wave vector for the particle momentum. The index n is the indicator of the energy band
that the carrier is occupying.

Inserting this wave function in the Schrédinger equation we get

R 1o -°
Higha () = (ﬁ (F9+K) + V(r)) Bu() 2.4
Looking at the Schrédinger equation for these systems we notice quickly that the energy eigenvalue for each

band is a function of k. If we move by one lattice wavenumber value (i.e. q), and we take the Taylor
expansion of the energy in k we have:

10 926, (k)

En(k+1) = &, (k) + V&, (k). + 5 ) 3ok qiq

+0(¢®) 2.25

This equation looks similar to the small-perturbation correction to eigenenergies. In this case, &, (T( + (_1’) is

eigenvalue for Hf(ﬁ, which according to periodic nature of the Hamiltonian looks like:

hZ

1_ .
=Hq+—(—,\7+k>.*+ 2.26
kK m\i 1

" a
k+q m

2 -
Since q is small, we can neglect the quadratic term in Eqg. 2.10 and 2.11 and consider %GV + k) as a

perturbation source. Next, we calculate the perturbative energy shift and equate terms with the same g order
in Eg. 2.25 and 2.26. As a result, the perturbative energy relation is:

Teu() = = [ i (17 + k) gD
Using the Bloch wave function relation, we get:
vea(k) = f Wi () (ihV ) (B)d3F 2.28
This is the definition of expectation value for the momentum:

() = ey (k) = f Wi (@) (ihV )y, (D d3F 2.29



42 2.4. Bloch equation

One of the requirements for the validity of the above analysis is that the wavelength of the applied field
should be orders of magnitude larger than the spatial extent of the wavefucnction. In the language of the
reciprocal lattice, this means that the wavefucnction should occupy multiple k points.

Now we need to know how this expectation value evolves in a system that interacts with external fields.

Since the band energy, is a function of k., the change in the expected value of momentum has to come from
the change in k point in the crystal which the carrier is occupying. By applying some semi-classical
approximation*? Bloch predicted that the carrier under influence of external field would travel through k
points in the lattice in a ballistic manner, thus:

ke =k; + %K(t) 2.30
Putting this time-dependent value of k into Eq. 2.29 we get:
®) = Ve (i + %T\(t)) 230
Now, we can easily describe the current due to time-dependent dipole moment changes.

In a system with multiple bands, with different band energy dispersion relations, the time-dependent inter-
band current is:

1© =) aaxpn (k(©) x (Tea (k) a1
k n

Let’s consider a wave packet with a crystal momentum spread of Ak centered at the crystal’s T point (k =
0). Let’s also assume that this crystal has a parabolic dispersion relation:

(k) = ak? 2.32

where we define the effective mass of the carrier as:

2a
Mg = Y 2.33
Then the energy extent is AE = aAk?. This means that time-domain extent of the wave packet should be
h R g
AT = 25 = TRz (figure 2.6).

12 1t means that the electromagnetic field is treated classically, and it is assumed to be homogeneous. This assumption
also neglects the existence of any scattering [73].
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Figure 2.6. The validity of the semi-classical model. The blue curve demonstrates the envelope of wave packet of charge carrier in
space. The red curve is the spatial extent of the wavelength of the external field. The semi-classical model is valid when this
wavelength is much greater than the spatial spread of the charge carrier wave function.

From the previous discussions, we conclude that for a better understanding of the ultrafast carrier currents
in large bandgap mediums, we need to find another injection process. An injection process that completely
decouples the inject and drive steps, gives us a well-defined initial carrier wave packet in CB and does not
damage the medium. This process also has to happen on a short time scale. Linear injection using XUV
pulses from HHG can provide us with the means to achieve all these goals.

2.5. Landau-Zener transition
The acceleration theorem provides a fair description of what happens when the electron wave-packet

propagates adiabatically within its energy band. But it does not describe the transition of electrons between
bands?3.

Landau and Zener proved formalism for the diabatic'* transition between two-level systems where the
energy levels are a function of a time-dependent parameter [77, 78, 79, 80]. In the case of solids, during the
interaction with an electromagnetic wave, this parameter is the time-dependent lattice momentum, k(t) =
ko + 1/c x A(t).

The energy eigenvalue of each band has a dispersion relation to k. One approach is to plot the energy with
respect to k; but, in case of an external influence that can change the value of k, we can directly describe
the energies of the two bands as functions of time. As a matter of fact, in this formalism, the change of the
parameter is always due to the perturbation from an external influence. In our case, this is a time-dependent
electric field.

Landau and Zener have shown that, if there exist a critical value of the parameter k, where the energy
difference of the two states is very small, then a non-adiabatic transition can occur, after which the system
can evolve adiabatically.

To illustrate the problem, let’s first consider a simple two-level system where the Hamiltonian is:

13 1t should be noted that, any superposition of Bloch states that possess the same crystal momentum obeys the
acceleration theorem, even if the accelerating field causes transitions among the bands

14 Diabatic means non-adiabatic which means there is a transfer of energy or particle in contrast to the adiabatic case
where there is no transfer of energy or particle.
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P
H = . at
Hi, -5

where H,, and its complex conjugate are very small®.

If the coupling term is zero the time-dependent energy eigenvalues for the two states ¥, = ((1)) and y, =

0 _at _ o at
(1) would be, E; = Y and E, = > (figure 2.7.a).

Now if we include the coupling term, at t = 0, we shall have the energy eigenvalues E(0) = +|H,,|. For
t > too, tliT E(t) = tat/2. So, the energy of these states 1, = ((1)) and ¥, = ((1)) will evolve like

figure 2.7.b since state 1 and 2 will change to one another at t = 0, we define two energy function E, and
E_ as follow:

Ey = +/|Hp,|* + a?t?/4 2.35
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Figure 2.7. Time evolution of energy eigenvalue of a two-level system, with state ((1)) depicted by blue curves and state ((1))
depicted by red curves. a) Crossing states, the coupling between two state is zero if the initial time electron is in one state (e.g.
state ((1))) it will continue to remain in the same state at the point of crossing blue. b) Anti crossing scenario, where due to the

coupling of the two states, ((1)) will continue its evolution in state ((1)) The dashed line represents the uncoupled scenario.

These energy curves are also known as diabatic energy eigenstates.

15 For better understanding of this example please refer to the following paper [81] by J. R. Rubbmark et.al.
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Let’s consider that at t = —oo we are at state i, = ((1)

suggests that the system at t = 0 will follow the same curve and continue to evolve with the same energy
i = 1 16
curve as in the state ¢, = (0) .

), i.e. the energy is E_(t). The adiabatic theorem

If we want to stay in state ¥, = (2) after t > 0 we cannot rely on an adiabatic evolution anymore.

Therefore, the diabatic transition has to happen. To understand the reason behind this transition, let’s take a
look at the Hamiltonian of the system at t = 0:

0 H,
= 2.36
H (H;z 0 )

This Hamiltonian looks like the Hamiltonian of the Rabi system, with Rabi oscillation frequency of [82]:

|Hi|

VRabi =~ 2.37

Therefore, due to this coupling term the system at time zero make a transition to level two adiabatically.
The period of this Rabi oscillation plays an important role in the definition of the diabatic transition time.

The half period, when the tangent line of the energy curves at t = 0 (the black horizontal line in figure 2.8)

is taken and continued in both negative and positive direction until it crosses the energy curve for the non-

coupled system (blue and red dashed lines in figure 2.8), is defined as the diabatic time:
|H,|

Tq = 2 X 2.24

2 X 14 is the time it takes for the energy of the non-coupled system to change from the — %t to %t If the

period of one Rabi oscillation is smaller than the diabatic time, it is possible to start from the E_(t) curve
and continue to the upper curve, i.e. E, (t). The criterion for such transition is:

16 Remember that adiabatic transition just means that the energy is conserved. Therefore, continuing from state ((1))
for t < 0 to the same state for ¢t > 0 is prohibited.
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Figure 2.8. Semi-classical demonstration of the time required to for state y; = ((1)) turn into the statey, = (2) If the time is
greater than the Rabi oscillation period of these states, then Landau-Zener transition happens.

|Hy|?
» 1 2.38
ah
Landau and Zener proved that the probability of such transition is equal to:
Pp = exp(—4m%VRapiTq) 2.39
If the |H,,| is sufficiently small the probability of transition increases.
This approximation is only valid when:
1. The perturbation parameter in the Hamiltonian is a known, linear function of time.
2. The energy separation of the diabatic states varies linearly with time.
3. The coupling in the diabatic Hamiltonian matrix is independent of time.
An important parameter in this approach is the Landau-Zener velocity:
0
_ m|E+ —E_| ~ dq
e 2.40
57 |E+ —E_|
dq 't

where q is the strength of the perturbation. A larger v;; means a larger diabatic transition probability [83].

You can use this parameter to rewrite the probability of the transition as:
2.41

Py = exp(—2my)

Here y is:
|Hiz|? /1
2.42

y =
dq 0
ataq Er —E-)
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In a periodic system, if we don’t have the coupling?’ the energy eigenvalues are completely parabolic:
E(k) o k? 2.43

According to the Bloch theorem, any periodic system has to have same energy after every Brillouin zone,
i.e.

E(k+n/a) = E(k) 2.44
where « is size of the lattice.

If we plot these energy eigenvalues (figure. 2.9) in one Brillouin zone we will see a collection of points
that look like crossing points same as the figure 2.7.a.

—3and 4
a —Band §

Encrgy [cV]

— o~

-dmle -2mie -win r e 2ier dmia
k[aw]

Figure 2.9. The energy dispersion free electrons in a periodic system without any coupling near Bragg planes. a) the reduced
Brillouin zone scheme. b) The extended Brillouin zone scheme

The coupling term is the effect of neighboring sites that will break the degeneracy at half of the Bragg
points in the reciprocal lattice (Fig. 2.10 a).

17 Coupling is usually due to the effect of the coulomb potential of the neighboring sites on the crystal.
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Figure 2.10. The energy dispersion free electrons in a periodic system with the addition of coupling near Bragg planes. a) the
reduced Brillouin zone scheme. b) The extended Brillouin zone scheme.

Therefore, in a periodic system those states that have energy relations like Eq. 2.43 are equivalent to ¢, =
(é) and Y, = ((1)) with energy eigenvalues E; = %t and E, = —%t and states that are separated due to

coupling (solid lines in Fig 2.10 b) are like new states in Eq. 2.35. If we use the Bloch acceleration theorem,
we can easily see that the evolution of the states is governed by the change of the vector potential.

In a system where the diabatic states are the energy bands of the crystals, the interpretation of the parameter

%;—q(&r — E_) becomes very interesting. This parameter indicates how fast the energy changes with

respect to time. In Bloch formalism, the change in energy of the band comes through the temporal change
of the crystal momentum to vector potential of the external field (Eq. 2.30). Let’s consider a simple
dispersion relation band 1 and 2:

Ey = F(k) — Eg/2 2.45
E, =G(k) + Eg/2 2.46

Where F(k) and G(k) are the dispersion relations of the 1% and 2" band and E, is bandgap of the two
bands at edge of Brillouin zone:

2|Hy,| = Eg 247

According to Bloch theorem the temporal evolution of the energy with is:

E,=F|k 1At Eg
1= ts (®) -5
1 E,
E,=Gk+=A@1) ) +-2
c 2
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If we take g = A(t), then:

dg dA
A 2.48
dt dt Fext(t)
Also:
O By~ Ey) = 2 (B, — By)
aq 1 2 8A 1 2 210
_ 1 Alt [6F 6(}]
o (®) 0A 0A
Therefore:
2
y = [Ee/2[ /1 2.50
- 1 oF 0G :
|- P4 57— 5|

As it is evident the probability of the Landau-Zener transition is non-zero somewhere between the extrema
of the electric field and the extrema of the vector potential. At extrema of any of them, this transition has
zero probability.

Another observation from this result is that the probability of the Landau-Zener transition increases by
increasing the field amplitude of the external field. Also, if the effective mass of the electron is higher the
chancer of this transition also becomes higher.
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2.5. Landau-Zener transition



3. Experimental Setup and
measurement procedure.

In this chapter, a detailed description of the experimental system that has been used for this thesis is
provided. This includes a brief introduction of the laser source and more detailed information about the
attosecond beamline, the AS2000. In the end, data acquisition method and experimental procedures are
described.

3.1. Laser source

To provide the NIR source for our experiment, we use a Kerr lens mode-locked (for further information
about Kerr lens mode-locking please refer to [84, 85, 86, 87]) Ti:Sa oscillator (Rainbow 2, Femtolasers
GmbH) with pulse duration of 8 fs, pulse energy of 9 nJ, carrier wavelength of A = 780 nm and repetition
rate of veep = 78 MHz.

Right after the oscillator, there is a commercial CEP stabilization module (CEP4, Femtolasers GmbH) [88].
This module contains a periodically poled lithium niobate (PPLN) crystal. This crystal has been made for a
quasi-phased matched generation of DFG of the NIR pulse. The DFG pulse and the low-frequency part of
the NIR pulse will interfere. It has been shown [89] that the beat frequency of this interference can be
calculated by frequency comb considerations and is equal to:

foeat = fcEo 31

where fco is the carrier-envelope offset-frequency. This beat signal is sent to the spectrum analyzer module
of CEP4 and locked onto the 7.5 MHz. Long-term CEP jumps are compensated by a pair of wedges inside
the laser cavity.

For compensation of short-term CEP jumps, the beat signal is amplified to a signal level of 40 dBm and sent
to an acousto-optic frequency shifter (AOFS). This device creates an acoustic wave that can change the
refractive index of the crystal which will affect the CEP of the pulse and as a result, the diffracted beam will
be CEP stable (for more details about this method of CEP stabilization please refer to reference [90]).

After CEP stabilization the resulting pulse is very weak E,yise = 4 nJ. This weak pulse is amplified using
the method of chirped pulse amplification (CPA) [91]. The CPA amplifier is a 9-pass commercial system
(Femtopower Compact PRO HP/HR, Femtolasers GmbH). First, the pulse is stretched using a pair of
wedges. Then a strongly pumped Ti:Sa crystal is seeded by this weak laser pulse. The pump laser is a Q-
switched frequency-doubled Neodymium-doped yttrium lithium fluoride (Nd:YLF) laser (DM30-527,
Photonics Industries International Inc.), with an average pulse power of 25 W and pulse duration of 9 ns
and repetition rate of 3KHz.

At first, the NIR pulse gets amplified during four round-trips. A Ti:Sa crystal with a thickness of 3 mm
cannot handle the amplification of 78 MHz pulses any more than this. Therefore, after the 4™ pass, the pulse
is sent to a Pockels cell as pulse picker to reduce the rep-rate of the laser. The output becomes 3KHz (a
better overview of our CPA system is given in reference [92]).
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The effect of gain narrowing in Ti:Sa crystal reduces the bandwidth of the amplified pulse [93]. To negate
this shortcoming, the pulse after the Pockels cell is sent to an acousto-optic programmable dispersive filter
(AOPDF), which is commercially called DAZZLER (HR 800, Fastlite). The DAZZLER creates an acoustic
wave which through wave mixing can modulate the transmission of the pulse [94, 95]. The wave mixing in
DAZZLER can also correct the spectral phase up to the 4™ order which helps later when we need to compress
the output of CPA.

After the DAZZLER, the pulse passes through the Ti:Sa crystal 5 more times. The output pulse energy is
Epuise = 1.2 m]. Since the pulse has been stretched before the CPA, it needs to be re-compressed after the
amplification. Normally, materials don’t have negative dispersion. To create this condition, a pair of
transmission gratings are used. This pair can compensate for the 2" order dispersion [96]. After this pair the
pulse should have the duration of tpse & 25 fs and pulse energy of Epj5¢ = 0.8 m].

Further compression of these pulses requires the generation of more bandwidth. We can extend the
bandwidth of these pulses by self-phase-modulation (SPM) [97, 98]. After the CPA, the laser beam is
focused on a 2 m hollow-core fiber (HCF) filled with Ne gas at a pressure of 1.8 bars. The broadened output
of the HCF covers the bandwidth over the range of 450 nm to 1100 nm. The output pulse energy after the
fiber is about Ey15e = 0.5 m].

From the exit window of the fiber tube, the reflected beam is picked up and is focused onto a beta barium
borate (BBO) crystal which is set to generate phase-matched SHG of 780 nm. The interference of the SHG
signal and the blue part of the fundamental is used for the stabilization of CEP [89]. The CEP jumps are due
to the amplification step in CPA. The compensation of the CEP is done by changing the amount of glass in
the stretching pair of wedges before CPA.

Now, we have the bandwidth for the creation of pulses as short as 3 half-cycles (more than an octave of
bandwidth), we need to compress this pulse with such large bandwidth. This is done using 4 pairs of
multilayered broadband double angle chirped mirrors (the angles of incidence on these mirrors are 5 and 19
degrees). Chirp mirrors can only compensate 1 octave of the bandwidth [99, 100, 101]*8. Therefore, they
have high reflectivity only in the wavelength range from 1000 nm to 500 nm. Each pair can compensate for
1 mm of SiO; glass (group delay dispersion of GDD = 40 fs? at 780 nm) or roughly 2 m of air. The first
pair compensates for the exit window of the fiber tube and the second pair compensates for the extra air
distance that we have. A third pair compensate for the window of the vacuum system flange. We need the
fourth pair because later on, we use a 1 mm beam splitter in the vacuum system. For finer control of the
dispersion, chirp mirrors are designed to overcompensate the dispersion. As a result, we shall have negative
dispersion, which we shall compensate using a pair of SiO2 wedges. After full compression, we end up
having a short pulse with a duration of t,, ;5 = 5 fs and pulse energy of Ep ;15 = 250 pJ.

The energy and duration of this pulse are now suitable for high-harmonic generation. Since XUV photons
are absorbed in air, we send the beam into a vacuum system. In the next section, we will describe the vacuum
chambers in detail.

18 It should be noted that 1.5 octave chirp mirrors have been reported [102]. But the reflectivity of such mirrors has a
deep around 800 nm where the carrier wavelength of our laser is.



3.2. AS2000

Our attosecond metrology setup is an interferometer in which the measurement is performed in a pump-
probe manner. One arm of the interferometer contains the pump and the other arm contains the probe. There
is always a piezo translation stage that will be used to delay probe versus pump pulse. This beamline is
comprised of three chambers: a HHG chamber in which XUV photons are generated and has the beam
splitter of the interferometer; a delay chamber where the delay between the pump and the probe pulses is
created. Also, it contains the beam combiner; an experimental chamber, where the measurement is
performed. We shall describe each of these chambers in detail in the next three subsections.

3.2.1. HHG chamber

The NIR pulse produced by our laser first enters the HHG chamber and passes through a motorized iris.
This iris is used to achieve phase matching for the different XUV photon energies'®. After the iris, a beam
splitter is placed. The splitting ratio is 90% to 10%. The HHG arm receives 90% (= 225 pJ) and the beam
is focused by a 600 mm focal length spherical mirror onto an argon-filled ceramic target (300 um hole size,
3 mm tube length). The argon backing pressure is chosen between 40 and 70 mbars (depending on the phase
matching). The intensity of the pulse for HHG is estimated to be I = 7.1 x 10*W/cm? which correspond
to field amplitude of F = 5.1V /A. This pulse is intense enough to generate cutoff harmonics up to
approximately E,,, = 80 eV (refer to equations 2.2a and 2.2b). We use a pair of fused silica wedges to
control the dispersion for the NIR pulse before the HHG target. We shall call this arm of the interferometer
the inject arm.

The remaining 10% of the NIR pulse energy (25 pJ) passes through a separate pair of fused silica wedges.
This pulse is directed toward the delay stage in the Delay chamber. We call this arm the Delay arm.

Since we inject argon gas with a backing pressure above 40 mbars into harmonics target, we don’t need an
ultra-high vacuum condition in HHG chamber. So, one turbo pump can easily maintain the pressure of the
chamber at Py = 5 X 10~ mbars when there is no gas. When the target is fed with gas, the pressure of
the chamber rises to Pyyg~1 X 10~3 mbar. (For a better understanding of the HHG chamber design, please
take a look at figure 3.1)

Since the delay and the injecting beams separated before HHG target, we can put two independent pairs of
wedges to control the CEP of injecting and delay pulses independently. The beams from the injecting and
the delay arm are later sent to the delay chamber.

19 Please take a look at Kevin Scharl master thesis for more detailed information about the HHG phase matching [104].
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Figure 3.1. Schematic of the HHG chamber in AS2000. MMs are motorized flat silver mirrors. FMs are normal flat silver mirrors.
SM is the spherical mirror to focus on the HHG target (focal distance of 600 mm). BS is the beam splitter

3.2.2. Delay chamber

As the name of the chamber indicates, it is used to create a controllable delay between the inject and delay
arms. Apart from the delay stage, this chamber contains XUV optics. Therefore, it needs a higher level of
vacuum than the HHG chamber, otherwise, XUV optics could become oxidized and the intensity of XUV
photons would get reduced. The usual performance pressure of this chamber is about Pyejq, =1 X

10~® mbars.

In the inject arm, the generated XUV pulse train passes through a filter. Depending on the measurement,
different spectral filters (mounted on a filter wheel) are used. We have a 500 nm thick Al filter for alignment
purposes, a 150 nm Aluminum-Scandium (AlSc) filter for isolation of single XUV bursts, and one empty
holder for photo-conductive measurements. Right after the filter wheel, there is an off-axis toroidal mirror.
This mirror is gold-coated on a monocrystalline silicon toroidal substrate (Pilz-Optics). It is designed to
image the harmonic target at point measurement in the experimental chamber. The distance from the HHG
target to the toroidal mirror is about 2.5 m. The image point is 80 cm away from the toroidal mirror in the
experimental chamber.

In the delay arm, the beam first passes through an iris, that allows the pulses energy to be adjusted between
0.034 yJ to 23.4 pJ. Depending on the type of measurement, either a reflective half wave plate (a periscope),
a broadband quarter-wave plate?°[104], or simply nothing can be inserted. Afterward, the beam goes onto
the delay stage. This is a silver mirror mounted on a piezo stage. The stage has a translation range of Az =
80 um with closed -loop operation. Since the light bounces off a flat silver mirror mounted close to the

normal incident, it creates a maximum delay range of 2 x % = 533 fs. The stage can reliably generate delay

increments down to At = 100 as. After the reflection from the delay mirror, the beam reflects from a retro-
reflector, which consists of two flat mirrors at 45 degrees that are 4 inches away from each other. These two
mirrors can be replaced by two off-axis 90 degree parabolic mirrors. In this case, the focus between these
two parabolas is served as an intermediate focus, in which extra mediums can be placed. In this thesis, we
used this intermediate focus to generate the second harmonic of the NIR pulse (refer to section 5.6).

T In order to focus the light on to the measurement plane of focus in the experimental chamber, we use a
1600 mm radius of curvature (ROC) spherical mirror. For normal experiments (no extra broadening) we use
mirrors with a protected silver coating. In cases where we create higher frequencies in between parabolas,
based on the intended spectral domain we intend to measure, mirrors with suitable spectral reflectivity would
replace the usual protected silver mirrors.

20 For more detailed information about the design of the broadband fully reflective quarter-wave plate please take a
look at the master thesis of Lukas Lehnert [105]



Finally, a perforated flat mirror recombines the injecting and the delay arm. The injection pulse passes
through the hole while the driving pulse bounces off the reflecting area around that hole and both beams are
sent to the experimental chamber. (An illustration of the Delay chamber is drawn in figure 3.2)

XUV
Filter

Toroid

Medium-

—_|PM

Figure 3.2. Delay chamber of the AS2000. PM mirrors can be flat or 90-degree parabolas. For the purpose of alignment, the upper
PM is motorized. The FM is the spherical mirror that that focuses the delay arm. This mirror is also motorized. PFM is the
perforated mirror. This mirror is also motorized.

3.2.3. Experimental chamber

The experimental chamber should support a vacuum level suitable for attosecond streaking. Therefore, the
vacuum level of this chamber should be on the order of magnitude of 10 mbars. To this end, we need a
differential pumping stage from the delay chamber to the experimental chamber.

For the temporal and spatial alignment, in the box used for differential pumping between the delay and the
experimental chambers, there is a flip mirror that sends the light to a charged coupled device (CCD) camera.
The distance from this camera to the flip mirror is equal to the distance from the focus of the experiment to
the flip mirror.

The TOF is placed just above the position of the experimental plane of focus. The gas nozzle and the photo-
conductive printed circuit board (PCB) are a few mm below the TOF on a two-dimensional translation stage
that moves in and out of focus and across the beam.

After the focus, there is a translation stage that moves across the beam. There are three important positions
on this translation stage. 1) The transmission mode position: in this position, the light is sent out of the
chamber onto a power meter or a grating spectrometer. 2) The profile mode position: at this position there
is an unprotected gold mirror. The angle of incidence on this mirror is 80 degrees. The purpose of this mirror
is to send the XUV light to an XUV camera. This is meant for better alignment of the NIR pulse onto the
HHG target. 3) The monochromator mode position: at this position a toroidal grating is mounted (Horiba).
This toroidal grating is blazed for XUV photons of 80 eV. It images the focus of the experimental chamber
onto the detector of the XUV camera (GE 2048 Bl UV1, Greateyes GMBH). (Please take a look at figure
3.3 for illustration of the experimental chamber).
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Figure 3.3. Schematic of the experimental chamber in AS2000.

3.3. Data acquisition

This section describes the data acquisition tools required for the measurement of the attosecond streaking
and the photo-conductive sampling. This includes some technical details about the data acquisition cards,
some information about the measurement requirement such as required pressures, voltages, etc. Each
measurement technique is described in its subsection.

3.3.1. Photo-conductive sampling

As we have discussed in previous sections, ultra-fast light-driven currents are best detected in large bandgap
materials. In this thesis, we are using LiF and SiO- (bandgaps 13.6 [106] and 9 [107] eV respectively). For
the detection of the current, we have glued 2 stripes of conductive silver epoxy (EPO-TEK H22 Silver
Epoxy Glue, Epoxy Technologies Inc.), as our electrodes; on a thin wafer of both LiF (figure 3.4) and SiO..
A thin wire connects each electrode to a central pin of a BNC female port. Coaxial cables connected to these
BNC ports transfer the current from the PCB to the amplifier. The experimental chamber can act as a giant
antenna. It can induce unwanted noise onto the coaxial cables. To reduce this noise a feedthrough-CF flange
with float grounding (figure 3.5) is used. The coaxial cables are also antiphonal; therefore, they reduce any
mechanical vibration-induced noises.
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Figure 3.4. The sampling medium is a 1 mm-thick off-the-shelf lithium fluoride VUV window polished for high transmission at

120 nm (Korth Kristalle GmbH) without specified crystal direction. The sample is glued to a PCB. The electrodes are stripes of

silver-enriched conductive epoxy glue. Two thin copper wires connect these electrodes to the PCB pins and from there the signal
is picked up by the male connector of the BNC terminals.

Figure 3.5. Feed-through CF flange. Floating ground has been used to isolate the signal from the body of the experimental
chamber.

The current from the medium under study is very small (on the order of picoAmpere). For detection of such
small currents, we use a combination of trans-impedance and lock-in amplifiers. For the trans-impedance
amplifier, we use a Variable Gain Low Noise Trans-Impedance Amplifier DLPCA-200, which can provide
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a gain of up to 9 orders of magnitude?* (which has amplification bandwidth of 7 kHz). Since the amplifier
also amplifies all the noises we use a distorted lock-in measurement. In these kinds of measurements, we
modulate the signal with a lower frequency than its rep-rate and lock-in to the frequency of modulation.
Due to the fact that lock-in amplifiers integrate the signal with a sine pulse of the same frequency [108], the
measured signal would be the difference of the changes of the signal due to the modulation. This difference
measurement scheme removes most external noises present in the system.

To modulate our signal, we change the CEP of each neighboring pulse from 0 rad to = rad by the DAZZLER.
Because a CEP change by m rad changes the sign of the signal the difference measurement in lock-in will
result in doubling the signal amplitude.

To further increase the signal amplitude, we read the signal from two electrodes that are placed on the
opposite side of each other with the dipole in their middle. Since the electrodes will be charged with opposite
charges, subtracting the measured currents from both electrodes doubles the signal. Further details of this
detection method are provided in appendix A.

3.3.2. Streaking

The gas we used in this thesis for attosecond streaking is neon. lonized electrons from neon are collected by

a TOF from Stefan Kaesdorf (Kaesdorf ETF11). It is 43 cm long with a MCP to detect electrons. The
working voltage of the MCP is 2.15 kV. With this high voltage we cannot increase the pressure of the neon
jet beyond the value of Pror < 2 x 107° mbars, otherwise, electric sparks from the neon gas itself would
damage the MPC. For our beamline, this corresponds to a backing pressure of 80 mbars for the gas nozzle.

Data from the MCP are amplified by a 25 dB RF-amplifier and sent to a 100 ps per time bin, multiple-event
time digitizer (MCS6A, Fast ComTec GMBH). The MCS6A provides the delay time from the triggering
event. The normal acquisition delay that we use is about 21235.2 ns.

For measuring the time of flight of electrons, the zero-channel of electrons has to be found first. The zero-
channel is the first spike that appears on the data of the MCP (figure 3.6). It is from the scattering of the
XUV photons from the nozzle that reaches the MCP. Since the TOF is 43 cm long, it takes 1.4 ns for these
photons to reach the MCP. This is equivalent to 14 amount of time bins on the MCS6A. So, the following
equation would give the time of flight of the electrons:

ttor = (Ch - Cho - 14) X 10_10 S 3.2

where Ch is the channel number of the electrons and the Ch,, is the zero channel.

There is an electron lens in the TOF which based on its voltage can focus the electron beams of a certain
energy range. Based on the value of the voltage, there are calibration curves that can be used to map the
time of flight of the electrons to their Kinetic energy (figure 3.7 shows the calibration curve for the 200 V
lens value). From the kinetic energy, we calculate the final velocity, and then we can find out the full
information about the vector potential and consequently the electric field of the driving pulse.

21 Highest achievable amplification is 10%* but it only has 1 Hz bandwidth of amplification which is not ideal for our
case where the rep-rate of laser is 3 kHz
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Figure 3.6. Electron counts vs TOF channels. The first spike at the 2346™ channel is the zeros channel of electrons. For example,
the time of flight of the maximum electron counts at the 3234t channel, according to Eq. 3.2 the time of flight is t;or = 87.4 ns.
Based on the calibration curve for 200 V of lens this time of flight corresponds to the kinetic energy of 52.5 eV.
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Figure 3.7. Calibration of electron kinetic energy with the time of flight at 200 V of lens. It should be noted that the drift tube of
the TOF should be off for this calibration to be used.
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3.4. Experimental procedure

In this section, we will describe the measurement procedure for the streaking and the photo-conductive
sampling. Like in the previous sections, each of these techniques has its own separate subsections for the
description.

3.4.1: Streaking

An attosecond streaking experiment is a pump-probe measurement. An isolated XUV pulse is the inject
pulse and the few-cycle NIR pulse is the probe. The spatial and temporal overlap between the injecting and
the driving pulse is made possible by the NIR leakage from the harmonics target. For this purpose, the filter
wheel on the injecting arm is set to the no-filter position.

After overlaps are set, the CEP of the pulse should be tuned such that the spectrum of the transmitted XUV
photons has no modulation in the cutoff region. This means the NIR pulse that generates harmonics is a
cosine-like pulse (i.e. CEP = 0).

3.4.2. Photo-conductive sampling

The linear petaherz photo-conductive sampling (LPPS) experiment procedure is almost similar to the
attosecond streaking measurement. The main difference is that in streaking we are interested in the XUV
photons of the cutoff region (in the case of AS2000 with argon as HHG gas it’s about 70 eV photons). On
the other hand, in the case of photo-conductive sampling, the situation is different. It turns out (check section
4.2) that we need to use low-energy photons near the energy of the bandgap of the medium (9 eV for SiO2,
13.6 eV for LiF). Therefore, to maximize the counts of these photons we need to phase-match for low energy
harmonics. We know that to phase match low energy photons we need to increase the argon pressure in the
HHG target. We found out that the perfect backing pressure of the target for the generation of these photons
is 70 mbars.

Another difference in these measurements is that we need to remove our XUV filters to see the signals since
we don’t have any good XUV filter for regions between the 9 and 13.6 eV, since none of our filters have
transmission below 21 eV.



4. LPPS 1n solids

One of the main topics that we want to understand in this thesis is how ultra-fast electronic wave-packets
are driven in by optical transients in solids. One of the established methods for the study of these currents
is NPS. In NPS an ultra-short nonlinear interaction creates carriers in the CB and VB of a large bandgap
material and a delayed weak field optical transient drives these carriers. Extracting full information about
these currents requires a well-understood initial condition of the Bloch waves in CB. The nonlinear nature
of the injection in NPS doesn’t provide such conditions (see section 1.3). To simplify these complications,
we proposed ultra-fast linear injection. Linear injection with high energy photons (i.e. above 9 eV) has two
additional advantages: 1) the complete decoupling of the injecting and the driving step. This will remove
the necessary condition that injecting and driving pulse should be orthogonally polarized. 2) The injection
step does not damage the sample. In this section, we shall investigate how this experiment works and provide
results for bandwidth and dynamic range of the photo-conductive sampling by linear injection.

4.1: Theory of ultra-fast currents

The HHG radiation that we generate has an energy bandwidth from 1.57 to 70 eV. This bandwidth is large
enough to inject electrons from the VB of large bandgap materials to their CB. Since the injection is linear??
and the dispersion relation for the bands in LiF and SiO; is symmetrical for both negative and positive k
points, we shall have a symmetrical population of electrons around I' point in CB and also symmetrical
holes distribution around the T point in VB (figure 4.1). Since the group velocity of the electrons in a
symmetrical band structure is opposite for the different signs of k, a symmetrical electron-hole population
around k = 0, will result in no currents [see Eq. 2.31].

k

Figure 4.1. Linear photo-injection. In a large bandgap system (i.e. E,q;, > 9 €V). Populating the conduction band with charge
carriers can be achieved by dipole transition using high-energy photons (E},~E,;,). The red shaded area is the states that have
electron population in VB and the white area is where the holes are. The blue shaded area in CB is where the electrons from the
VB were transited to. While the population carriers in the CB can easily make the solid conductive, it cannot create any current by
itself. Since the population of the charge carriers is symmetric around the I" point of the band structure.

22 It should be emphasized here that the lack of symmetry of the carrier distribution is the cause of the total net current.
There are cases such as the photovoltaic effect where linear photo-injection creates currents. The difference is that due
to breakdown spatial symmetry at the PN junction the injected photo-carrier will experience an electric field and flow
through the barrier from P side to N and the respective hole will flow in a reverse way.
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If an optical field interacts with this system, then according to the Bloch acceleration theorem, it can move
the distribution of the charge carriers away from the I" point (figure 4.2). The resulting asymmetry in the
population distribution means that the sum over k vectors in Eg. 2.31 will not cancel out, which in return
means we will have a light-driven current.

K

Figure 4.2. The two-color scheme for the creation of ultra-fast currents in large bandgap solids. The high-energy photons (the blue
field) will create some population in CB (blue shaded area in CB) and leave some holes in the VB initially (white area in VB).
Then a secondary field (the red field) will move the charge carriers in both valence band (light blue shaded area shows how the

electrons in VB fill the position of the holes there) and CB (where light violet shaded area shows the journey of the carriers in the

CB). The breakdown of symmetry in the population of the carriers with respect to crystal momentum will result in the net value of

group velocity for both electrons and holes which in return creates the ultra-fast currents.

In real space, an XUV pulse creates electron-hole pairs in the material. Furthermore, the delayed drive pulse
pushes these pairs away from each other. The resulting dipole moment induces some charges on the
electrodes that are grounded. As a result of charging the electrodes, a small current is detected by the
Ammeter (figure 4.3).

Using some simplifications, we can estimate the size of the induced charges on the electrodes. Let’s assume,
based on counts of XUV photons on the XUV camera, that we have 5 x 107 XUV photons that will be
completely absorbed within less than 100 nm a medium like LiF. It is also safe to assume that the coherent
buildup of the dipole moments is responsible for the signal. Therefore, any contribution to the final signal
should come from the excursion of the charge carriers before any scattering takes place [109]. From the
statistical point of view the longest length that a charge carrier can travel before an event of scattering
happens is defined as mean free path. In this case looking at the mean free pass of the medium gives us a
upper limit of how far electrons can travel away from their initial point, which for the case of the LiF is
about 1 nm for electrons? which are excited at the bottom of the CB. Therefore, the size of macroscopic
dipole is:

23 It should be noted that this value is for inelastic electronic mean free path[110].
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Dior = 5 X 107 X 1nm X 1.6 X 1072°C = 8 x 10721 Cm
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Figure 4.3. Macroscopic picture of the detection of the ultra-fast currents. The VUV pulse separates the electrons hole pairs.
Moreover, the NIR pulse pushes these pairs further from each other. The electric field from this dipole is screened by the
electrodes. As a result, the electrodes are charged up. Using proper amplification, we can measure the currents that charge up
these electrodes.

Using the model of dipole charge between two infinite grounded plates, we can assume that the total induced
charge is equal to:

where L is the distance between the total dipole and electrodes. If we assume that this distance is around
100 um, then the total charge is about Q.. = 8 X 10715 C. For a laser source that has a repetition rate of
3 KHz, the asymptotic current from charging these electrodes is equal to:

Lasy = Qror X 3000 = 12 x 107127

That’s why we use a combination of CEP flipping, trans-impedance amplifiers, and differential lock-in
measurements to detect these very weak currents.

4.2. LPPS in SiO; and LiF

The first sample that we used was non-crystalline SiO: (Eg,, = 9 €V). The XUV radiation was filtered by
a 500 nm aluminum filter (transmission bandwidth from 21 to 73 eV). The immediate observation is that
there is no signal. But signal appears by removing the aluminum filter. Since the removal of XUV filter
unblocks the NIR in the inject arm as well, we need to confirm that the injection of carriers is not due to
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nonlinear transitions from this NIR pulse. Therefore, we block the XUV radiation by turning off the gas jet
of the HHG target. We quickly see that the signal vanishes (table 4.1 summarizes these findings). The same
results are observed in LiF (Eg,p, = 13.6 €V) as well.

Table 4.1: dependence of LPPS signal on the injection bandwidth and the HHG gas pressure

Filter Gas pressure Spectrum Signal
500 nm Al 70 mbar 21to 73 eV No signal
No filter 70 mbar 1.57t0 73 eV Signal
No filter 0 mbar 1.57 eV No signal

To understand this result, we recall that from the theoretical section, the induced drift current is equal to
Eq2.31:

1© =)D an X pn (k®) x v (k)
k n

This sum is over all the VBs and CBs that contribute to the dipole transition by the XUV pulse. vg (n, f{(t))
is the group velocity of each band and is proportional to gradient over k of the energy dispersion relation of
a band: v, (n, f((t)) = %Vks(n, f((t)). Figure 4.4 shows energy bands and respective group velocity of last

3 VBs (dashed line) and the first 8 CBs (solid lines) of the LiF. Since aluminum filter blocks XUV photons
below 20 eV, linear transition happens from VBs to parts of CBs that 20 eV apart (figure 4.5a shows these

bands). Let us assume a simple where case where p, (f((t)) is same?* for bands. If we perform the sum over

those bands depicted in figure 4.5a in Eq. 2,31, we get results depicted in figure 4.5b with solid red lines.
Comparing these results with the summation over all bands (Blue solid curve in figure 4.5b), we see a slight
attenuation of current. Considering 500 nm aluminum filter has transmission of 30 % for photons above 20
eV, we will see that the current attenuates by 75 % (yellow solid curve in figure 4.5b). This picture is flawed
because it assumes all the bands have the same charge density. The largest probability amplitude of the
transition is from highest VB to the lowest CB, which further suppresses the contribution of currents form
upper bands. As a result, the detected current should be only from the contribution of charges in first
conduction band.

From this discussion, we conclude that only optical transitions with photon energies equal to the bandgap
of the medium result in any measurable microscopic photoconductive optical driven currents. LiF has the

24 Note that this assumption is made to make the summation over bands easier. Under no physical circumstance, this
assumption is true. In dipole approximation p, (f((t)) depends on the magnitude of dipole transition matrix between
the state initial state VB and the final state in CB and the occupation number of the final state.
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bandgap of Eg,, = 13.6 V. To create electron-hole pairs photons with energy above 13.6 eV are required.

These photons lie in the vacuum ultraviolet region (VUV). From now on, we use the term VUV for injections
sources in solids.

Using broadband linear injection allows us to properly control the bandwidth of injection through proper
filtering and proper phase matching of the harmonics. This is one of the advantages of linear injection over
nonlinear injection.
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Figure 4.4. Density functional theory (DFT) calculations for LiF band structure along x cut of the crystal. a) Energy dispersion
curve for the last 3 VVBs (dashed curves) and first 8 CBs (solid curves) of LiF. b) Group velocity dispersion curve for the last 3
VBs (dashed curves) and first 8 CBs (solid curves) of LiF. The bandgap calculation is courtesy using the Vienna ab-initio
simulation package [113]
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Figure 4.5. Density functional theory (DFT) calculations for LiF band structure along x cut of the crystal. a) Energy dispersion
curve for the last CBs that are 20 eV above the last VB for LiF. b) Summation of the current contributions for all bands(blue
cure), for all bands except CB1 (red curve) and for all bands except CB1 times the attenuation by aluminum filter. The bandgap
calculation is courtesy using the Vienna ab-initio simulation package [113]
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4.3. Benchmarking of LPPS in solids vs attosecond streaking

As we discussed before, the signal is only due to the injection of carriers in the first CB. If the dispersion
relation in the first CB is parabolic, then according to Bloch theorem, the evolution of the group velocity of
the carriers in an external field is proportional to vector potential of that field:

1
ve(k) = = Vye(k) )
e(k) o k? $ - vg( k) « A(1) 4.1
1 |
k(t) = k(0) + EA(T)}

We can verify this postulate by in-situ measurement of the LPPS and the attosecond streaking (figure 4.6
shows the schematic of this benchmarking experiment).

In this measurement we made sure that the TOF and the gas nozzle are at the same focus as the LPPS sample.
The x stage (see figure 3.3) in the experimental chamber moves the nozzle and the dielectric sample across
the beam. It is used to put the nozzle of the LPPS sample in the focus. So, for streaking, we push in the
nozzle in the focus and for LPPS we push the sample in the focus. The gas that we use for streaking is Ne
(I, = 21.52 eV). For the photoionization we use high pass filtered XUV bursts, which means we again use
a 500 nm Aluminum filter.
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Figure 4.6. Benchmarking setup for LPPS. Benchmarking is performed with respect to attosecond streaking. The gas nozzle and
the dielectric sample are placed on a linear stage. When we want to perform streaking, we place the nozzle under the TOF and
when we want to perform LPPS we push in the dielectric sample to the same focus under the TOF.
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Figure 4.7 shows the result of the benchmarking for the SiO,. We extract the vector potential by means of
the center of energy averaging of the harmonic’s electron spectra for each delay (black curve in figure 4.7.a).
The comparison of the measured vector potential and LPPS current is shown in figure 4.7.b. Both data are
normalized to the maximum of their temporal envelope. Since the recorded LPPS currents resembles the
streaking data, it proves that the induced currents are in fact proportional to the vector potential of the driving
field. The benchmarking for the LiF also shows the same resemblance to attosecond streaking (figure 4.8).
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Figure 4.7. Benchmarking of the LPPS in SiO2 with streaking in Ne. a) spectrogram of the streaking vs delay. the black curve
shows the average energy of the electrons in each delay. this energy has been used to calculate the final momentum of the
electrons and as a result the vector potential of the driving pulse. b) comparison of the streaking result (red curve) with the LPPS
in SiO2 (blue curve)
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Figure 4.8. Benchmarking of the LPPS in LiF with streaking in Ne. a) spectrogram of the streaking vs delay. the black curve
shows the average energy of the electrons in each delay. this energy has been used to calculate the final momentum of the
electrons and as a result the vector potential of the driving pulse. b) comparison of the streaking result (red curve) with the LPPS
in LiF (blue curve)

4.4, Bandwidth of detection of LPPS in solids

A perfect electric field sampling technique should have a wide bandwidth of detection. The spectrally
broadened NIR transient from the HCF has a bandwidth of 1100 to 450 nm. This bandwidth covers more
than one octave, which means our multi-layered broadband dielectric chirp mirrors (PC1941), cannot
compress the full spectrum. In this case, the cutoff for the compression is 500 nm. To have a good frequency
resolution of the NIR transient we must perform a long measurement (500 fs).
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First, we compare the results of photo-conductive sampling with a grating spectrometer. We should take
note that the measured current is proportional to the vector potential and the measured spectra from the
grating spectrometer is proportional to the square modulus of spectral electric field in wavelength. For
comparison we need to first find the relation between the spectra of the vector potential and the spectra of
the in electric field. Since the electric field is the time differential of the vector potential, we have:

dA(t) :ifA((x))e_iwtd(l) — fE(w)e—iwtdw 4.2
dt dt ’

- E(w) = —iwA(w)

E(t) =

For the second problem, we should remember that the amplitude spectral intensity in the range of A and A +
dA is not equal to spectral intensity in the range of v and v + dv, but the sum over the total bandwidth is
equal:

43

f](l)d/l = fl(v)dv

Since the spectrum is saved in wavelength, we should do a calibration to turn it into the spectra in frequency,
which is as follows:

1
di| = —=c|d
4] vzcl vl 4.4

c
- I(v) =ﬁ1(/1)

The next step is then to calculate the square modulus of the |E (w)|? and compare the normalized behavior
of that with respect to the calibrated spectra from the spectrometer.

Figure 4.9 shows this measurement for the SiO,. The blue curve in Fig 4.9.b is the spectral intensity vs
frequency of this scan. The red curve is the measured spectrum from a grating spectrometer (MAYA10034
ocean optics). As it is evident there is a clear cutoff at 700 nm. When we replace the SiO, sample with the
LiF (13.6 eV) we immediately see that we can extend the bandwidth to 600 nm (figure 4.10).

To understand the reason for the cutoff frequency, we recall that the microscopic current that we measure
is a convolution integral of the injection envelope and the driving vector potential [37]:

45

J(t) = ij(t)W(t —17)dt

Convolution theorem states that the Fourier transform of the convolution of two functions is the product of
their Fourier transforms, i.e.:
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46
J(w) = A(w)W (w)
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Figure 4.9. Frequency sensitivity of the LPPS in SiO2. a) long scan for better spectral resolution. b) Comparison of the spectrum
of the NIR field measured by LPPS (orange curve) and the spectrum from the spectrometer (green curve). The right axis is for the
calculated group delay of the detected field by LPPS (blue curve).
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Figure 4.10. Frequency sensitivity of the LPPS in LiF. a) long scan for better spectral resolution. b) Comparison of the spectrum
of the NIR field measured by LPPS (orange curve) and the spectrum from the spectrometer (green curve). The right axis is for the
calculated group delay of the detected field by LPPS (blue curve).

Therefore, the spectral shape of the injection probability will affect the spectral sensitivity of the detected
current.

In the time-domain, this means that, if the injection time is equal to the duration of one complete oscillation
of electric field, different parts of the electronic wave packet will experience different signs of the driving
electric field which result in a zero sum of group delay [figure 4.11]. This means that if the injection time is
longer than one period of electric field the detected current is zero. This is another way to express the

Nyquist-Shanon theorem, which says that sampling frequency should be twice the frequency of measured
signal [111, 112].
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Figure 4.11. Illustration of the effect of injection time on the bandwidth of measurement in LPPS. a) FWHM of the injection
envelope (blue curve) is equal to one full cycle of the oscillation of the field (red curve). The half-cycle that is marked by pink
shade has a different sign from the one with blue shading. Since both half cycles are summed over in Eq. 4.5, the resulting current
will smear out. b) FWHM of the injection envelope (blue curve) is equal to one half-cycle of the oscillation of the field (red
curve). This half-cycle is marked by green shade. Since there is no half cycle with opposite under the envelope of injection, we
shall have a signal.

Baring this in mind, if we calculate the J(w) from the long LPS measurement and A(w) from the streaking,
then we can calculate the W(w). The inverse Fourier transform of W(w) gives the time-dependent injection
probability envelope. The temporal width of this function puts an upper limit for the duration of the temporal
domain injection envelope. These calculations in the case of LPPS in LiF have resulted in 1.2 fs injection
time. (See figure 4.12)

This is to our knowledge the first demonstration of switching conductivity within one femtosecond by linear
absorption. We claim to create an Auston switch with near-petahertz bandwidth, and hence as a
consequence, we name the method linear petahertz photoconductive switching (LPPS). In analogy to
attosecond streaking [69], the injection pulse duration should be shorter than the duration of half of an
optical cycle of the gate field. In our experiment, we find that our method provides a linear transfer of gate
signals down to about 650 nm (~1.1 fs half-cycle time), in good agreement with the deconvolution. Beyond
this limit, the spectral sensitivity rolls off (take a look at the blue curves for the spectral phase in figure. 4.9
and 4.10) while the temporal phase can be retrieved up to significantly higher frequencies using same
methods employed in [37].
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Figure 4.12. Calculated temporal intensity profile of the VUV pulse that injects the carriers into the CB of the LiF.

The experimental results show, that increasing the bandgap of the medium results in the extension of the
detected bandwidth. This is a direct consequence of the HHG mechanism, higher harmonics are created by
stronger electric fields, and stronger electric-field is confined in shorter time scales. Consequently, the
higher harmonics inherit this shorter generation duration.

4.5. Dynamic range of LPPS in solids

Next, we investigate the dynamic range of this measurement technique. We need to determine the lowest
and highest limit of linear field measurement. The noise floor of the measurement limits the lowest
detectable field strength. On the other hand, finding the upper limit is easier. The first detectable deviation
from linear behavior:

4.7
S(@) =J(@) — Jrer(7)

, can be regarded as the upper limit of the dynamic range.

For the determination of the dynamic range, we need to change the amplitude of the driving field. This is
done by opening and closing an iris in the delay arm of the Delay chamber.

We mentioned before that LPPS current in both LiF and SiO, comes from the photo-conduction by VUV
photon which energy bandwidth around energy band-gap of these solids, i.e. 13.6 eV and 9 eV. Finding a
proper filter to select these photons with transmission above 10 % is impossible. Therefore, we didn’t use
any filter. As a result, the NIR transient, which generates the vacuum ultraviolet (VUV) source is present at
the point of measurement, with the field amplitude of 0.08 V/A. In total, we have the injecting VUV photons
plus the driving the NIR photons which come from the Delay arm and the NIR photons from the VUV arm.
For the power scan of LPPS current traces of the NIR driving field, we need to ensure that the NIR field
itself does not inject any charge carriers nonlinearly. For this purpose, we perform two measurements in the
following order, 1%) the LPPS current is measured when the VUV and NIR in the VUV arm and the NIR in
the delay arm are impinged on the sample, 2"%) the LPPS current is measured when only the NIR in the
VUV arm and the NIR in the Delay arm are impinged on the sample. Then the current from the second
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measurement is subtracted from the first measurement. We postulate that this subtraction reduces the effect
of the photo-carriers injected by nonlinearly by the NIR in the drive arm on our result. The reason can be
seen by examining Eq. 4.5. From the three available fields in this experiment, the VUV field and the NIR
field in the Delay arm can inject carriers. Thus, the total injection probability, Wi, consist of two terms:
the injection probability from the VUV by Wy yy (t) and the nonlinear injection probability by the NIR field
in delay arm as Wy, i.e. Wiorr) = Wyyy(t) + Wyir(t + 7). The total vector potential that steers the
electrons Ao (t) also consists of two parts: the vector potential of the NIR in the VUV arm, Ayr_vuv (%),
and the vector potential of the NIR field in the Delay arm, Anir-delay(t), i-€. Ator = ANiR-delay(£) +
Anir-vuv(t — 7). By inserting these defined terms for A.,, and Wy, () in Eq. 4.5 we have:

[0}

L1(0) = f_ [ANIR—delay(t) (Wyyy(t — 1) + Wyir(t)) 48
+ A(t — Dnrovoy Wyyy (t — 1) + Wyr(1))]dt

This integral is for the case one. For the case two we set Wyyy (t) to zero. Therefore, we have:

J.(@) = f_ [ANIR-delay ) Wnir () + A(t — T)nirovuvWhir (B) ] dt 4.9

Then subtracting the current from both measurements will result in:

J(@ = f_ [ANIR-delay (D) Wyyy(t — T) + A(t — DnrovoyWiir(t — 7)]dt 4.10

The first term in the integral Eq. 4.10 is the current that we would like to measure and the second term adds
a constant offset to the current. In this manner, it is made sure that any contribution to the final result of the
power scans current measurements is due to linear injection of the carriers to CB.

Figure 4.13 shows the results of the power scans. The reference scan at 0.12 V/A average power is
benchmarked again a streaking measurement, and the rest of the scans are normalized according to their
respective field amplitude vs the reference scan. The shaded area in the plots depicts the deviation currents,
AS(7), from each power with respect to the reference scan. It is evident that with increasing NIR field
amplitude, the difference between the measured current and the reference current increases.

The study of these delay-dependent discrepancies shows that there are two types of differences. The type 1s
differences are those that increase with the amplitude of the vector potential, and type 2s differences are
those that do not appear at the extrema of the vector potential.
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Figure 4.13. Intensity-dependent LPPS measurements in LiF. The current due to different field amplitude are depicted by different
colors and the reference scan is depicted by grey color. The shaded areas show the deviation of the currents vs the reference scan.

To understand the type 1 discrepancies, we should investigate Eq. 2.31 again. In this equation, the current
is proportional to the group velocity of the electron Bloch wave packet, v,. Remember that we explained
that the changes in v, are proportional to vector potential if the dispersion of CB is parabolic, i.e. £(k) « k?
(Eq. 4.1). If the NIR field drives the Bloch wave to non-parabolic parts of the CB then v, will deviate from
the vector potential of the NIR field. Therefore, stronger fields lead to bigger discrepancies in current vs
vector potential. This intra-band current contribution, due to the flattening of the dispersion, results in the
reduction of the height of the peaks of the LPPS signal with an increase of the driving field strength. As this
effect depends only on the instantaneous vector potential A(t) at the moment of carrier injection, due to the
Bloch theorem, it should be most pronounced at the strongest driving field vector potential extrema.

Let’s first consider only this mechanism for the current deviations from linear behavior. So, the assumption
is that we fill some states symmetrically in the CB and move the electrons around the k points in the
reciprocal lattice. If we only have one electron that is placed in the T' point of the band, how strong should
the electric field be to drive this electron into the non-parabolic regions band structure? To answer this
guestion, we should calculate the dispersion relation of the band and use the Bloch acceleration theorem.

There is no proper definition about which range of k values is considered parabolic. The way we define it
is the following: the parabolic region is the region where the difference between the group velocity of the
actual band and the parabolic band is less than 15 percent group velocity of the parabolic band (this is
number is based on our experimental results, see figure 4.14) of the actual group velocity of the parabolic
band:

|Vg(k)Lif - Vg(k)parabola| < 0.15x |Vg(k)parabola| 4.7

Applying this formula to the dispersion relation of LiF, calculated by DFT for the X cut direction?®, we find
that if we move by Ak = 0.4a.u., we go out of the parabolic region (figure 4.15). Using the Bloch
acceleration theorem, we find out that any field amplitude above the 2.3 V/A drives the electrons out of the
parabolic region.

2 This calculation is done in the local-density approximation (LDA) using the Vienna ab-initio simulation package
(VASP)[113]
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Figure 4.14. Deviation from vector potential at driving field amplitude of F,,e = 0.24 V/A. Almost 15 percent deviation of
current (pink curve) is observed at the position of the maxima vector potential (dark grey curve). This value is used to calculate
the extent of the parabolic region of CB in LiF. The bandgap calculation is courtesy of using the Vienna ab-initio simulation
package [113].

2.3 V/A is a huge amplitude. Our data shows that deviations already start at field amplitudes of 0.24 V/A.
This huge difference is due to the fact that we only considered one electron occupying the T point of the CB
of the LiF. Considering that XUV radiation has a large bandwidth we know that CB cannot only be filled at
the T point. 0.24 V/A can add Ak = 0.04 a.u. to the crystal momentum of the electronic wave packet. If a
k value of 0.4 is the edge of the parabolic region, then it means that the last occupied electronic state from
XUV transition should be filled at k;,; = 0.36 a.u.. According to the dispersion relation of the LiF this state
should have energy of E(k;,;) = 8.6 eV. The lowest point of the CB (i.e. I' point) for the LiF has energy of
E(T) = 6.87 eV. Therefore, the range of energy that promotes the electrons population in the CB of LiF is
about AE = 8.6 — 6.87 = 1.73 eV. Translating this to photon energies we find that we shall have:

AE,(13.6eV) = 1.73 eV
This roughly means that the Fourier limited duration of the injection around 13.6 eV photons is:
Atinject ~ 1.3fs

This result is in good agreement with our calculations of the injection time in the previous section. The
difference can be attributed to the fact that in this analysis we consider that the population from the I" point
to the highest filled state at k = +0.36 a.u. is constant.

This result shows that the injection time for the detectable signal is not only dependent on the bandgap of
the material. One simply can achieve shorter injection times. The result of such a short injection is that we
not only populate the non-parabolic regions of the first CB but also the higher CBs. Both of these in return
reduce the amplitude of the current. We find that the extent of the parabolic region is another important
factor on the duration of the photo-injection that results in a linear detectable current.

In fact, for coherently manipulating and steering a momentum-non-dispersive Bloch wave packet, only the
lower portion of CB1 should be initially populated, reducing the available bandwidth to about half of AE ¢, .
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The observed excitation time of At ~ 1.2 fs in our experiment is indeed consistent with initially populating
only the lower half of CB,, reconfirming that, future ultrafast optoelectronic devices may be efficiently
operated up to frequencies approaching the petahertz frontier.

If we only consider the above reasoning as the source of discrepancies, then we should only see that
increasing the drive amplitude will increase the differences. But what we see is that above certain field
strength, there are cases that the biggest disagreement between recorded current and the reference current
happens right before the maxima of the vector potential of the reference current, i.e. 1.5 fs. This means,
there is a second mechanism that affects the induced currents above certain field strength.
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Figure 4.15. The extent of parabolic dispersion region for the first CB of the LiF. a) Energy dispersion of actual band (red curve)
vs the parabolic band (blue curve). b) Group velocity dispersion of actual band (red curve) vs the parabolic band (blue curve). The
boundary is defined as the k point where the difference between the parabolic dispersion group velocity and the actual band group

velocity is below 20 percent. The bandgap calculation is courtesy of using the Vienna ab-initio simulation package [113].

Up to now, we have only considered the Bloch acceleration theorem, when we dealt with the interaction of
the NIR field with the electrons in CB. For materials like LiF and SiO2, around their I" point, this is a fair
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approximation. Near the I point, the energy difference of the first CB and second CB (which from now on
we call CB; and CB) are around 7 eV (figure 4.16). This means that if the electron remains in the vicinity
of the I point, the NIR field cannot cause any transition from CB; to CB. But as we have said earlier, if the
NIR field drives the electrons further away from the I" point toward the edges of the Brillouin zone, then
there would be a case that the energy difference between CB; and CB; is going to be comparable to the
energy of one photon transition from the NIR field.
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Figure 4.16. Demonstration of the mechanisms that cause deviations from vector potential like the behavior of the optically driven
currents. Mechanism one is shown by the black curved arrows. Driving of the charge carriers toward non-parabolic parts of the
CB. Since in these regions the dispersion curve of the band flattens, the group velocity of the wave-packets reduces and as a
result, current amplitude is underestimated. Since these currents are due to Bloch acceleration their respective deviations are
supposed to increase by increasing the amplitude of the vector potential. Mechanism 2 is shown by the pink arrow. As we drive
the carriers closer to the edge of the Brillouin zone, the coupling between the first and the second CB becomes stronger. When the
coupling between two bands becomes stronger, the Landau-Zener transition probability increases. Since this transition is non-zero
when both electric field and vector potential are non-zero, the deviation of the current due to these transitions do not occur at the
extrema of the vector potential

The group velocity of the CB. has an opposite sign of the group velocity of the CB; (figure 4.17). Once
again, if we use the Bloch acceleration term for the current (Eq. 2.31) for the first two CBs like the following:

1
J(@) = pcs, (ko — EA(r)) X Vg(ko — 1/CA(T))CB1 + 4.8

pcg, (ko — 1/cA(D)) X Vg(ko — 1/014(T))CB2

since sign Vg (ko — 1/cA(1)) ., is opposite of Vg (ko — 1/cA(T)) ., , then the signal gets leveled off with
1 2
respect to the vector potential.

When the transition is complete and part of the electron wave packet is in the higher bands. Electronic wave
packets in all occupied bands will continue to propagate again as the acceleration theorem predicts.
Deviations like these are most pronounced in the half-cycle before the highest extrema of the vector
potential. These transitions don’t happen at points of the vector potential extrema, since these points are
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zero crossing of the electric field. if we remember from the theoretical discussions about the Landau-Zener
transitions, The probability of the transition is hon-zero when both the electric field and the vector potential
are non-zero. If we take into account these kinds of transitions then in time the following is the sequence of
the things that will happen:

1. Linear injection by XUV photons will put electrons in CB;

2. Weak half cycles of the vector potential will drive electrons in the parabolic regions

3. Stronger half cycles of the vector potential will drive electrons further into the non-parabolic
regions

4. Before the strongest half cycle of the vector potential, electrons can transit into CB>

The main Landau-Zener transition happens 1.5 fs before the maxima of the vector potential of the NIR field.
The half-cycle after this transition is not as significant as before. One reason for this is the existence of the
population in the upper band. The existence of electronic population in the CB; will reduce the transition
probability in this half cycle. Therefore, due to Pauli blocking, the probability of this transition decreases
(figure 4.17). Therefore, we don’t see much deviation of the second kind after the first deviation happens.

This result can be understood in the following way: in order to have a one-photon transition from CB; to
CB: the electron should be in a position in the band where the energy difference between the two bands is
equal or less than the photon energy of the driving field. This point in LiF is located at k = 0.7 a.u.. Based
on the Bloch equation amplitude of vector potential that can send the electron from I point to k = 0.7 a.u. is
about
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Figure 4.17. All the steps that lead to the final current. Step 1: photoconduction by the XUV pulse creates an electron-hole pair.
Step 2: NIR pulse drives the electron and hole in the CB1 and VB respectively. Step 3: part of the electronic wave packet is sent to
the CB: via Landau-Zener transition. Step 4: both parts of the electronic wave-packet are driven to the opposite side of the band
structure. Due to the existence of the electron population in CB: the transition from CB1 to CB:2 is blocked. Therefore, we do not
see large deviations.
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4.6. Conclusion of LPPS in solids

From all these results we conclude that steering of linearly induced photo-carriers can result in a measurable
macroscopic current if this linear injection is fast. One way to achieve this is to use large bandgap materials.
But this is not the full picture for ultra-fast linear switching. Another important condition is a broadband
initial spread AE of the conduction charge carriers. The addition of these two facts together can create
enough conditions for a fast switching-time. The speed of excitation build-up alone is controlled by the joint
density of states and can include many valence and conduction bands of the active material. However, as
observed in the experiment, the occupation of multiple conduction bands will result in the reduction of the
magnitude of the detected current. Since different bands have different signs of group velocity for the
carriers. Therefore, increasing the bandwidth of linear injection does not necessarily help to achieve a faster
switching time. Therefore, a future device should avoid populating multiple conduction bands. It is most
feasible to have a large first conduction band and fill only this band for best switching conditions. If the CB;
is filled it also creates problems regarding current detection. Since steering electronic wave-packet in non-
parabolic parts of the CB decrease the current. On the other hand, it will increase the chance of Landau-
Zener transition to the upper bands which in return decreases the current further. For the lower frequency
component of the driving field, this transition happens closer to the edge of the Brillouin zone than the
higher frequencies. Since Landau-Zener transition for higher frequency components can happen closer to
the T point of the CB, they can only be detected if the population is less broadband. On the other hand, less
broadband injection bandwidth means longer injection time which in return limits the bandwidth of
detection. We conclude that for better linear switching we need to have larger liner transition energy and a
larger extent of the final state. This can only be achieved by inert gases, which will be described in the next
chapter.
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Our results from LiF experiments suggest that, in order to detect higher frequencies with the LPPS
technique, we need to have a shorter injection time as well as a final state with infinite parabolic dispersion
relation. Since we cannot push the linear carrier injection time in LiF we need to find another material with
higher transition energy. Since LiF has the highest bandgap in solids, we have to use gases for this purpose.

Like in the case of Attosecond streaking, inert gases are perfect candidates. Furthermore, we want to have
as high transition energy as possible. Therefore, we choose Ne with lonization energy of I, = 21.56 eV In
this chapter we will investigate the feasibility of LPPS in neon and present the result of those
measurements?®.

5.1 Measurement procedure

The measurement procedure is similar to LPPS in LiF. A few-cycle NIR pulse with the central wavelength
of 800 nm and pulse energy of E, = 266 pj and pulse duration of T, = 4 fs is split into two pulses. 80
% is focused on a HHG target, to create the source pulse. The other 20% will be sent to the Delay arm, as
our gating pulse. The HHG pulse train is focused using the toroidal mirror. The delayed NIR pulse will be
focused by a spherical mirror ROC = 800 mm. These two arms are finally recombined through a perforated
mirror and sent to our electrodes.

To detect these electronic currents, we use a copper plate as our electrode. We also place the gas nozzle
almost 3 mm away, right above the copper plate and below the TOF, at the attosecond streaking focus. Same
as the case of LPPS in solids we collect the currents from the electrode and amplify this current with a trans-
impedance amplifier and we send this amplified current to a Lock-in amplifier for digitization. (figure 5.1)

In LiF measurements, we had to phase-match our HHG radiation to have maximal photon counts around 13
eV. In order to have a better signal to noise ratio, we need to phase-match for radiations above the ionization
energy of Ne (I, = 21.56 eV). We found out that best phase-matching for these photon energies is achieved
by setting the backing pressures of argon gas in the HHG target at 40 mbars.
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uv| BAGEP
V \a/
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Figure 5.1. Data acquisition for LPPS in gases. The current from the collected electrons is amplified by a transimpedance
amplifier and detected by a lock-in amplifier.

26 Helium has higher ionization energy than neon; but, we choose neon because when ionized it will mainly go to an
s-wave. Therefore, the final state is isotropic.
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After achieving the suitable condition for better electron ionization, we observe under the same gating pulse
amplitude that, with respect to the case of LiF, the signal amplitude is 158 times stronger. We need to
identify the reason for this huge increase in amplitude (figure 5.2).
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Figure 5.2. The comparison of the signal amplitude of the LPPS in Ne (blue curve) and in LiF(red curve) at drive power 20 mW.
a) detected currents. b) normalized currents (the normalized currents are shown to prove that both methods measure the same
signal)
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5.2: Source of signal

In the case of the LiF, the source of the current signal is from the macroscopic dipole that is formed in the
medium due to the charge separation caused by our NIR driving field. The asymptotic dipole then induces
some charges on the external electrodes. The very famous example of charges in between two grounded
infinite metallic plates serves as a good example of how these currents are formed. So, the signal we measure
is directly proportional to this dipole.

5.2.1: comparison of dipole magnitude in LiF and Ne

As we know, dipole magnitude is the product of charge and charge separation. First, let us take a look at the
charge that we create. In the lattice structure of LiF, the atomic density is very high. The lattice constant of
LiF is ajj; = 403.51 pm. Since we are exciting one electron per molecule of LiF, per volume V = a® =
0.066 nm® we have 4 electrons. So, the electron density is p = 6.08 x 1028 m™3 . in section 4.1 we
described a method to calculate the charge separation. In chapter 4.1 we showed that the maximum charge
separation for one dipole would be d; ;r = 1 nm. So, the dipole moment created by one single charge would
be:

p=exd=1.6x10"28Cm

In the case of Ne, we need to first calculate the gas pressure a couple of millimeters away from the nozzle.
Since our gas nozzle releases the Ne with the backing pressure of almost 1.5 bars to vacuum, the jet of Ne
atoms is supersonic.

We use a simple model of a Mach cone to describe the expansion of this jet [114], to calculate the angel of
expansion:

6 = 2 X asin (Z) 54

where v = 343 m/s is speed of sound and u is speed of the jet.

To calculate the speed of the jet bursting out of the nozzle, we use Bernoulli's equation:

1
P — 2 55
= —2 pu

With P being the backing pressure of the nozzle and p the density of the gas. Neon has a density of
0.9 kg/m3 in STP? (i.e. p, = 0.45g/Lat 0.5bar). Sou = 471.4 m/s. Putting this value in Eq. 5.4, we
get:

6 = 2 x asin(0.71)

We estimate that the region of interaction is about 2 mm away from the nozzle. Therefore, the radius of the
Mach disk 2 mm away from the nozzle will be:

R = 2Xxsin(u/v) = 2.07mm

27 STP stands for standard temperature and pressure. According to IUPAC these standards are 273.15 K for temperature
and 1 bar for pressure [115]. Therefore, if neon has 0.9 kg/m? density at STP, then it has p, = 0.45 g/L at 0.5 bar.
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We estimate that the nozzle hole has a radius of r = 25 um. Then the density of the neon jet 2mm away

2
from our nozzle would be p = p, (%) = 6.3 X 10~°kg/m3. Since, the atomic mass of neon ism,, =
3.35 x 10726 kg, the atom density willben = 1.86 x 10%* m™3,

The particle density of Ne, in our case is about 3.3 x 10° times smaller than the LiF. The charge separation
in Ne is much larger because long after the electric field is gone the electron can go on without any
disruption. So, the charge separation, in this case should be calculated up until the detection time of our
external circuit. This time is approximately on the order of nanoseconds. The highest energy of ionized

electrons in this case is about Ex, = 40 eV. For some, the same driving field amplitude (i.e. 0.2 V/A), the

e;(ﬂ. In case of our laser amplitude of the vector

final velocity of the electron is Vy = \/2Ego/m. +

potential is A, = 8.27 X 107 kg - % thus the final velocity is Vi = 3.89 x 10° m/s. In one nanosecond
this electron can travel d,,, = 3.89 x 10~3 m. The dipole moment is:

Pne = € X dpe = 6.22 X 10722

As you can see the dipole moment in neon is 0.85 x 108 times larger than in LiF and the density is 3.3 x
10° times smaller. As a result, we should have an even smaller signal if the induced current on the electrodes
are from the screening of electric field of macroscopic the induced dipole in neon. So, the source of this
huge signal should be the transport of these electrons.

The picture that we have about the transport effect is the following: XUV light ionizes the Ne atoms and
generates bunches of electrons with initial kinetic energy of 0 eV < Ek, < 40 eV. These electrons with the
initial kinetic energy above 5 eV easily reach the electrodes in less than a nanosecond. Therefore, we will
always have an offset signal in our detectors. At lower energies, the increase or decrease in Kinetic energy
of these electrons by the driving field can be enough to allow them to reach the electrodes or not.

This picture is still incomplete because this means that the delay-dependent signal should only be
proportional to the spectral density of electrons. But as we can see that, the signal goes we with vector
potential (for a detailed discussion, refer to the benchmarking section). So, what is the reason behind this
dependence?

5.2.2: Population transfer

The XUV ionization of the Ne atoms creates a spherical electronic cloud (figure 5.3.a). In case of no extra
accelerating field, electrons that are in the upper half-sphere will always reach the upper electrodes and vice
versa. The addition of an accelerating field, in this case, the NIR, will add extra momentum to all electrons
(which is proportional to the vector potential A(t) of the field at the moment of electron ionization).
Depending on how slow the electrons are, the additional momentum from the NIR can change the final
direction of the electrons. Therefore, if |eA(t)| > |P;y;l, then electrons with initial momentum less than
|P.i| Will change direction and are added to the population of the other half-sphere (figure 5.3.b).



5. LPPS in gases 85

eA 1)

Figure 5.3. Population transfer mechanism. a) Creation of spherical S-waves by ionization of the Ne atoms with XUV pulse. In
the absence of the driving field population ionized electrons of the upper sphere (6 < 7/2) is equal to population ionized
electrons of the lower sphere (6 > 7/2). b) Electron density in momentum space. The blue arrow shows the initial momentum of
electrons. The red arrow is the added momentum from the driving field. The pink shaded area is electrons that will move
downward and the orange shaded area is electrons that will move upward.

The total number of electrons that are being release in 4m angle is:
Pmax
N = f n(P)d3P 5.6
0

where n(P) is the electronic population density that has absolute momentum between P and P + dP. If the
accelerating field is polarized in z direction, then at a certain delay t the shift in momentum from the NIR
is eA,(t). Consequently, the total amount of electrons that will change their direction will be:

Pmax 0 2m

AN:_[ f fn(P)Pzdecos(Gp)dfﬁp 57
0 eAz(mo
P

If we assume that n(P) = const, then we shall have:

3 eA,(t
2 Bnax

5.8

Calculation of this integral for the initial electron energies between 0 to 60 eV has been performed for 3
different driving field amplitude 0.01,0.5 and 1.0 V/A f. The calculated delay-dependent integrals are
presented in the figure 5.4. The result shows that at 0.01 V/A the population transfer acts like a sign function
(figure 5.4.a). At very low amplitudes, the driving field cannot change the final direction of electrons, except
extremely slow electrons and for electrons that are born with 0 Kinetic energy any field amplitude can either
completely send them up or down depending on the sign of A(t). Therefore, most of the signal comes from
the electrons which were born at 0 eV kinetic energy. Increasing the driving field, we can manipulate the
faster electrons, and that is the reason why at 0.5 V/A the signal resembles the vector potential more. So,
this means if we increase the driving amplitude then we get closer and closer to a signal that behaves like
vector potential.
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Figure 5.4. Comparison of the signal from population transfer mechanism (blue circled curve) and the vector potential of the
driving field (black curve) at 3 different electric field amplitudes. a) 1.0 V /A, b) 0.5 V/A, ¢) 0.01 V/A
One might ask why this behavior is not seen in the integral of Eq. 5.8. The answer comes from the fact in
solving that integral we are neglecting the fact that cos(6p) = eAZ(T) , where P = 0 is undefined. Extra care
should be taken when in the second integral in Eq. 5.8 the boundary has a singularity in it.

The calculated results show that the mechanism of the population transfer works perfectly when we neglect
the effect of ultra-slow electrons. The addition of these electrons results in having deviation from the vector
potential like currents (especially, at weak driving fields). Therefore, we conclude that this mechanism is
not the only reason that LPPS in gases behaves like vector potential.

5.2.3: Metallic barrier transmission probability
Consider a one-dimensional step potential like this:

_ x<a
V(x) = {W > a 5.9

where x = a is the barrier between metallic surface and vacuum, and w is the work function of this metal.
When an electron wave packet that propagates from negative x values to positive values, reaches this step,
a part of its wave function will be transmitted through the step and the other part will be reflected.

The transmission probability of the wave function is:

PV — Ve

T = 5.10

Vi Vb — i Vyy

Where the ;, U, Ui and i are the incident, the transmitted wave function and their complex conjugates
respectively [116].

By solving the Schrodinger equation for this system we find that T is:



5. LPPS in gases 87

4k, X k,

=" = 5.11
(ky + k3)?
where k; = —VZZ‘EE and k, = —Vz"leh(EJ'W) and E is the kinetic energy of the incident electron on to the
potential step.
The incident energy is:
ed)? J2mEy eA
E=Ek0+( )+ e ko 5.12

2m, Mme

For the electric field with amplitude of F = 0.2 V/A and Ey, < 40 eV, in the Eq.5.12 the second term is
about 0.06 eV and less than 1.61 eV for the third term. So, we can drop out the second term:

\2meEy eA 513

E = Eko +
e
Inserting this in k; = —V27:‘*E we have:
1 J2meEx eA
by ==X [2mg (B, + Y0 5.14
h 0 e
and for k, = —Vzmehw we have:

5.15
1 J2moEy eA
k, ng\/Zme<Ek0 +e—k°+w>

e

In the case of very low energy electrons, we can neglect the first term and the third term and we will have

2
ky = %and k, = % X JZme ((;:l)e

+ w). For normal metals, the work function is aboutw = 5 eV, so we

. (eA)? . )
can throw away the quadratic term, Pl K,:

me '’
1
k, = 7 X/ 2mew 5.16

Then for the case of low energy electrons we have:

_ eA X \/2Zm.w
(eA + ,/Zmew)z

Figure 5.5 shows the Eq. 5.17 for the same driving field amplitudes as in the case of the previous mechanism
(0.01,0.5 and 1.0 V/A). These results show that for very low diving field amplitude (0.1 V/A) the model
perfectly fits the vector potential behavior, but as the diving field becomes stronger and stronger the
deviations from the vector potential-like behavior gets more and more. So, this mechanism works perfectly
at small driving field amplitude and does not fit the vector potential at high driving fields.

5.17




88 5.2. Source of signal

0 to 60 eV electrons, 2nd mechanism

‘—S—Current
—A

o=}

'
—_

—_

'
—

Normalized signal [arb.u.]
— =

-40 -30 =20 -10 0 10 20 30
Inject/Drive delay [fs]

Figure 5.5. Comparison of the signal from the metallic barrier transmission probability mechanism (red circled curve) and the
vector potential of the driving field (black curve) at 3 different electric field amplitudes. a) 10 V/nm, b) 5V /nm, ¢) 0.1 V /nm

Figure 5.6 shows the situation where both mechanisms are considered. These results show that, while the
first mechanism fails at low driving field amplitudes, the second mechanism compensates for this failure.
On the other hand, failure of the second mechanism at high driving field amplitudes is compensated by the
first mechanism. Therefore, currents that were calculated by consideration of both mechanisms fit the vector
potential-like behavior.

0 to 60 eV electrons, both mechanism
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Figure 5.6. Comparison of the signal from both mechanisms (green circled curve) and the vector potential of the driving field
(black curve) at 3 different electric field amplitudes. a) 10 V/nm, b) 5V /nm, ¢) 0.1 V /nm.
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5.3. CEP dependence of the signal
In the previous section, we proved that the main contribution to signal comes from the low energy harmonics
near the ionization energy of Ne. In this case, the photons near the ionization energy of Ne (21.56 eV) are
responsible for the generation of the signal.

From the experimental results, we can see that when the CEP of the NIR pulse that generates this VUV
radiation, changes, the SNR of the detected current drops at some specific CEP (figure 5.7 blue curve).
Since we can only measure the relative value of this CEP, we call the CEP of the lowest SNR, n/2). We
can also see that changing this CEP by m/2 maximizes the SNR (figure 5.7 Red curve).

YUYV inject/NIR drive CEP sensitivity

10.0 —— CEPOrad
—— CEP pi/2 rad

current [pA]

20 -10 ] 10 20
VUV/NIR delay [fs]

Figure 5.7. Comparison of the LPPS signal at 2 different injection CEP of 0 rad (red curve) and 7z /2 rad (blue curve)

Since the measured current is the convolution of the vector potential and the injection probability envelope,
knowing the injection envelope provide explanation for these results.

We simulate the HHG spectra with HHGMAX code [117, 118]. For the NIR field that generates HHG, we
use an electric field that we measured with attosecond streaking and we scale the amplitude to get the field
strength required for HHG cutoff frequency around 80 eV.

The calculated time-domain electric field of the high harmonic radiation for CEP 0 and /2, for photons
with energy spectra between 21 to 26 eV, are shown in figure 5.9. The red curve shows that at CEP = /2
rad, we have two instances of injection that are separated by one half-cycle of the NIR field. This means
that each instance of injection of the VUV pulse will experience electric field of the driving pulse with
opposite signs. In other words, the integrand in the integral of Eq. 4.5, has different signs in the neighboring
half cycles of the driving pulse. Thus, integrating over one full cycle suppresses the value of the integral in
Eq. 4.5. As aresult, the measured current will be smeared. However, in the case of the CEP = 0 (blue curve
in figure 5.8), there is only one instance of injection. Therefore, the measured current will be stronger. Hence
the SNR is higher.
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Figure 5.8. Envelope of the injecting pulse at 2 different CEPs: 0 rad (red curve) and /2 rad (blue curve)

5.4. Benchmarking

We have shown theoretically that our measured current resembles the vector potential of the driving field
with a constant of proportionality. Similar to cases of the LiF and SiO,, we performed in-situ attosecond
streaking measurements to sample the diving NIR field. The Ne gas nozzle is placed below the TOF and
above the copper electrode. For the case of the attosecond streaking measurement, an aluminum scandium
filter is used to create a single burst of XUV light. Later on, for the photo-conductive, this filter is removed
and the current is measured.

Figure 5.9 shows the final spectrogram and averaged final kinetic energy of the electrons in this
measurement. The normalized current beautifully fits the reconstructed vector potential (figure 5.10). The
spectral response of both measurements (figure 5.11 blue and red curve left axis) and the respective spectral
group delay (figure 5.11 green and black curve, right axis) of both measured waveforms fit perfectly to each
other. These results are strong evidence that photo-conductive in gases can be used as a perfect tool to
measure the electric field of the NIR field from 1100 nm down to 500 nm (the cutoff of our laser). This
result shows LPPS in neon exactly acts like attosecond streaking in the sense that all the temporal and
spectral information of the measured field in both cases are equivalent, up to the cutoff of our laser.
Therefore, if we calibrate the LPPS measurements with respect to attosecond streaking once we can replace
measurements that require attosecond streaking with LPPS in neon.
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Figure 5.11. Comparison of the spectrum of the detected signals (left y-axis) and their respective group delays (right y-axis). The
Red and the blue curve are the spectrum of the streaking and the LPPS in Ne respectively. The green and the black curve are the
group delays of the streaking and the LPPS in Ne respectively.

5.5. Dynamic range

Furthermore, we set out to find the dynamic range of measurement. Again, similar to the case of LiF/SiO,,
we control the driving field amplitude using an iris in the delay chamber. Since only 10% of the NIR pulse
energy is sent to the Delay arm and the spot radius of this beam at the point of measurement is roughly 110
um, we can only have field amplitudes up to 0.73 V/A (note that, this value is an estimate of field envelope
amplitude). The lowest field envelope amplitude we can reach (almost totally closed iris) is about 0.1 V/A.

For the reference scan, attosecond streaking of a NIR transient with field amplitude of F, = 0.199 V/A is
performed. The extracted vector potential is compared with LPPS current at different field amplitudes. The
results of comparison between reference streaking scan and LPPS currents at field amplitudes of 0.142,
0.244, 0.345, 0.404, 0.456 and 0.502 V/A is presented in figure 5.12.

The perfect resemblance of these scans to the reference shows that at this vast range LPPS in Ne is linear.
We define the dynamic range as the ratio of the amplitude of the largest oscillation at last scan (F, =
0.502 V/A) to the amplitude of the smallest field oscillation in the first scan (F, = 0.142 V/A). The latter
field amplitude is about 0.003 V/A (figure 5.13). As a result, we report up to 44 dB of dynamic range in
field intensity. We estimate we can reliably measure the electric field of NIR pulses, up to the point of
multiphoton injection NIR pulse in Ne.
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Figure 5.12. Comparison of the LPPS signal in gas for 6 different field amplitudes (solid curves) with the reference signal (dashed
grey curve).
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Figure 5.13. The lowest detectable current (i.e. vector potential) oscillation by LPPS in Ne. The largest half-cycle has has 1.1 pA
amplitude, which correspond to amplitude of electric field equal to Fy = 1.42 V /nm, while the lowest oscillation has the absolute
value of the 0.025 pA (inset plot shows the zoomed view of the vicinity of that oscillation), which has F = 0.03 V /nm. The
largest detectable oscillations were with electric field amplitude of F, = 5.02 V/nm (Brown curve in Fig. 5.13)

5.6: Extension of bandwidth of detection in LPPS by Ne

The spectral bandwidth of detection is an important factor in establishing a new method for sampling the
electric field of optical pulses. The most desired time-resolved sampling method should be able to detect
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from the MIR to the VUV spectral region. Up to now, we have established that the LPPS in Ne can cover
the whole bandwidth of the Ti:Sa source (i.e. 1000 nm to 500 nm). To investigate what the highest detectable
frequency is for LPPS, we need to generate higher frequencies employing nonlinear effects such as SGH.

5.6.1: UV light generation

Since our NIR source has the bandwidth down to 500 nm, to test the extent of bandwidth of LPPS we need
to broaden our NIR source further toward the UV. Any broadening process is a nonlinear, since only 10%
of our 800 pJ few-cycle pulse is sent to the delay arm, in order to achieve strong nonlinearities in broadening
medium, we need to create an intermediate focus, in the Delay arm. Therefore, we exchange the PM mirrors
in the Delay chamber (see figure 3.2) with two off-axis 90-degree parabolic mirrors with reflective focal
length RFL = 2 inches . For the nonlinear medium, we use 0.5 mm thick beta barium borate (BBO) with
6 = 29°and ¢ = 90° (BBO-1204-10H Eksma optics, UAB). This crystal is phase-matched to generate the
second harmonic down to 266 nm.

The original spectral range of our laser is between 1000 nm to 500 nm. In this case, normal silver protected
parabolic mirrors (MPD129-P01, Thorlabs) can be used. However, silver mirrors do not have ideal reflection
below 300 nm; therefore, the collimating parabola, the spherical focusing mirror, and the perforated mirror
should be replaced with UV enhanced Aluminum mirrors, when we aim to broaden the bandwidth of the
optical transient. For the collimating parabola, we use the commercial Off-Axis Parabolic Mirrors, UV-
Enhanced Aluminum RFL 2-inches parabola (MPD149-F01, Thorlabs). Also, the spherical mirror has the
same kind of coating, 1500 mm ROC, 2-in diameter spherical mirror (CM508-750-F01, Thorlabs). For the
case of the perforated mirror, we use a TFAN coating (OFBP-50C08-10-TH1.5-45, OPTOSIGMA
EUROPE SAS).

5.6.2: Signal modulation

Previously we have mentioned that for the detection of LPPS currents, we use CEP flipping of the pulses,
and we lock into the rep-rate of this flipping. While this procedure works perfectly for the fundamental
signal, it fails to work for the second harmonic signal, since flipping the CEP of the fundamental pulse from
0 to m results in the flipping of the CEP of the second harmonic from 0 to 2m. As a result, when the lock-in
amplifier subtracts the neighboring pulses at 3 kHz it will result in zero signal.

Although it seems reasonable to assume that we can use a CEP change of 0 to i/2 (since it will change the
second harmonics CEP from 0 to ), this scheme doesn’t work. We change the CEP using the DAZZLER
in the CPA (please refer to section 3.1 about the laser source). This will also change the CEP of the NIR
pulse that generates the HHG. This change in the CEP, changes the time-dependent envelope of the injection
pulse from one shot to another. Consequently, the detected signal in lock-in amplifier will be noisy.

To solve this problem, we use a chopper in the Delay arm. The chopper is locked at 1.5 KHz. As a result,
instead of having a 3 kHz signal from driving field we will have a 1.5 kHz signal. Further details of chopper
detection scheme are discussed in appendix A.

5.6.3: Measurement geometry

Since we are using type 1 phase-matching for the generation of the second harmonic, we need to alter the
polarization of the fundamental from S to P, remember that the electron transport to the electrodes is the
source of the signal so having the S polarization of the fundamental means P polarization for the second
harmonics which will not be detected by the electrodes.
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We rotate the polarization of the fundamental by placing a periscope in the Delay arm of the delay chamber
right after the iris (see figure 3.2). The change in polarization is set in a way that still 10 percent of the
intensity of the fundamental remains in the direction of S polarization, we are going to use this remaining
component of polarization for analysis of the detected second harmonics. Therefore, when we measure the
signal after the BBO we expect to have the spectrum from the fundamental and the second harmonics (see

figure 5.14 for clarification).
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Figure 5.14. Schematic optical geometry of the LPPS setup for detection of the second harmonics. the polarization of the NIR
pulse that is chosen to be not purely P (the dashed horizontal arrow). As a result, we will have a bit of the S polarization of NIR
(the solid vertical arrow) that we can detect. this residual NIR is used to characterize the generated second harmonics (see section
5.6.6.). as a result of this small rotation of polarization, the generated second harmonics will have S (the dashed vertical line) and
a P (solid horizontal line) polarization.

5.6.4: Streaking of UV pulse
First, we set to detect this pulse with attosecond streaking. The retrieved vector potential and its Fourier
transform (i.e. spectra of vector potential) are depicted in figure 5.15.a and b.

Looking at the spectral amplitude, we see that above 0.5 PHz (600 nm) there are not enough strong
oscillations. If we zoom in the spectral region between 0.5 to 1 PHz, where the second harmonics signal
should appear for frequencies between 0.25 to 0.5 PHz, we see a small spectral amplitude (see the inset in
figure 5.15.b). If you look at the spectral components above 1 PHz you can still see some peaks and we need
to understand how to distinguish whether these peaks are noise or signal.
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Figure 5.15. Results of Attosecond streaking for detection of the second harmonics of the NIR pulse from Ti:Sa source. a) The
retrieved vector potential. b) Fourier transform of the vector potential. The inset in b is the plot of the spectral region that we
expect the second harmonics should exist.

5.6.5 Differentiating between noise and signal at high frequencies

Both streaking and LPPS measure the vector potential of the electric field. In the spectral domain the
relation between the electric field and vector potential is:

E(w) = iwA(w)

The absolute value of spectral components of the noise has a constant offset. When noise is multiplied with
frequency the absolute value of the noise will rise linearly. But if the peak is due to a signal from the second
harmonic, it should have a Gaussian envelope (figure 5.16 demonstrates this situation). As you can see, the
spectral components between 0.5 to 1 PHz do not rise linearly. So, there is a possibility that this part of the
spectrum is from the second harmonic radiation.

To further make sure that these components are in fact signal, two different spectral filters are applied to the
signal. The first filter is from 0.25 PHz to 0.5 PHz (for the fundamental signal), the second is from 0.5 PHz
to 1 PHz (for the second harmonics). Later, we perform the inverse Fourier transform on these two filtered
signals, back to the time-domain (figure 5.17a show the inverse Fourier transform of these selected band).
Next, we plot the second harmonics vs the fundamental (figure 5.17b). We can easily fit a parabolic function

0 it (E50 (t) = XE5 ).
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Furthermore, for a more accurate selection of the bandwidth of the second harmonic signal, first, we choose
a fundamental bandwidth. Then we calculate the time-domain second harmonics signal for this bandwidth
range. Let f(t) be your signal (figure 5.18.a) and F(v) be the corresponding Fourier transform (figure
5.18.b). Let v; and v, be lower and upper limits of your fundamental signal (in this case v; = 0.2 PHz and
v, = 0.55 PHz). The time-domain fundamental signal is:

1 (V2 ,
fruna (t) = —f F(v)e tmvtgy 5.18
2 ),

Next, we take a square of the fundamental signal, and perform a Fourier transform of this signal to the
frequency-domain.

fsqr(t) = frund(t) X fruna (£)
© ' 5.19
R = | e ay

This spectrum consists of two spectral regions. The low-frequency part is due to optical rectification (OR)
and DFG (figure 5.18.e the red triangles). The high-frequency part is due to SHG and SFG (figure 5.18.e
the green hexagons). The SHG signal is extracted, by applying a high pass filter to this spectrum and then
inverse Fourier transforming this spectrum to time-domain (figure 5.18.b blue curve).

Let v3 and v, be the lower and upper limit of the Fs.(v) for SHG, in this case above 0.5 and below
1 PHz, then £, 4(t) is defined:

1 (Vs .
fana(®) = 5~ j Fyqr(v)e ™™t dy 5.20
%

3

Now that we know the bandwidth range of the second harmonics signal, we can take a Fourier filter of our
original pulse and extract the SHG part of that signal. So, in F(v) we choose the bandwidth range v; and v,
(i.e 0.5to 1 PHz) and perform the inverse Fourier transform it back to time-domain (figure 5.18.b red curve).

Attosecond streaking results show, the second harmonic is detectable between 0.5 PHz to 1 PHz. In other
words, in LPPS data if any spectral components between 0.5 PHz to 1 PHz are seen, these are definitely due
to the electric field generated from SHG. Furthermore, these results show that the amplitude of the second
harmonic signal is half of the component of polarization of fundamental signal that is parallel to the
polarization of the second harmonics?,

28 Recall that in order to have a reference between the fundamental and the second harmonics, we rotated the
polarization of the fundamental such that, it has a some amplitude along the y-axis, while maintaining most of it
amplitude along the x-axis (figure 5.15)
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Figure 5.18. The final test for separating the signal from the noise of the second harmonics signal. a) Take the actual signal and
differentiate it with respect to time. b) Calculate the square of the signal and perform the Fourier transform of it (blue the solid
line is the Fourier transform of the, red triangles indicated DFG and OR parts, green hexagons indicate SFG and SHG. c) Apply a
high pass spectral filter (choose only the hexagons) and perform an inverses Fourier transform it back in time-domain, meanwhile
choose the same bandwidth (green hexagons) and apply it to the time derivative of the signal (the green sold region in the plot
5.22.d), the blue solid lines indicated the former and the red solid lines indicate the latter. As you can see, the two curves match
each other perfectly where we have the strongest half cycles of the fundamental signal. This test is the final proof that what we
have between 0.5 PHz and 1 PHz is in fact the current induced by the electric fields that is generated in our BBO.
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5.6.6 Second harmonics detection by LPPS

The results from attosecond streaking show, the electric field amplitude of the measured second harmonics
signal is half of the fundamental signal. Now that we know what is the frequency bandwidth of the second
harmonics signal and how big is its amplitude, we set to detect the signal by LPPS in gases.
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Figure 5.19. The measured LPPS current of the second harmonics field (@ 390 nm) and the fundamental field at (@ 780 nm). a)
the time-domain current, where the blue solid line is the trance of the fundamental field and the red solid line is the trace of the
second harmonics field. b) the Fourier transform of two spectral region blue the detected second harmonics part with spans from
0.5 to almost 0.9 PHz and the red solid curve indicates the spectral region of the fundamental field which is the same as the usual
output from a Ti:Sa source (1000 to 500 nm).

The experimental results show (figure 5.19) that the amplitude of the detected second harmonics current is
very weak with respect to the amplitude of the detected fundamental current. We expect to detect a stronger
amplitude since we are using a phased-matched BBO crystal for second harmonics of 780 nm (8ggg =
29.2°, dgpo = 90°). The first reason is that; the current is proportional to the vector potential of the
measured pulse. For the same electric field amplitude, the second harmonic vector potential amplitude (A,,,)
is half of the fundamental field’s vector potential (A,,).
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The second reason is the direct result of the duration of injection. Using the simulation with HHGMax code
we find out that the duration of injection for VUV injection between 21 and 26 eV photons is about 1 fs
(figure 5.20.a). Looking at the result of the calculation of spectral sensitivity for this injection envelope
(figure 5.20.b), it is evident that the sensitivity of the measured current drops almost by half in the blue part
of the spectrum (above 0.7 PHz).
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Figure 5.20. Spectral sensitivity of LPPS in Neon. a) The intensity envelope of the injecting VUV pulse. Since the LPPS signal is
mainly from low-energy electrons with initial kinetic energy below 5 eV, it is safe to assume that injecting VUV has a bandwidth
from 21 to 26 eV. This in return gives an injection duration of about 1 fs. b) The spectral sensitivity of the LPPS with injecting
pulse from figure 5.23.a. red curve the spectrum of Ti:Sa, blue is calculated spectrum of second harmonics, and the green curve is
the spectral sensitivity curve, which is Fourier transform of the square of the injecting field from VUV pulse which extends from
21to 26 eV. As is evident the sensitivity drops by 50 % in the blue part due to the duration of injection.

The blue curve in figure 2.21 shows the calculated second harmonic time-dependent current (given if the
second harmonic field amplitude is equal to fundamental field amplitude) and for the sake of comparison,
the fundamental field calculated current is also plotted (red curve). As you can see, starting from the same
field amplitude theoretically we will measure almost one-fifth of the fundamental signal. Further reduction
of the signal amplitude is due to the fact that the second harmonics field amplitude is not the same as the
fundamental field amplitude, and the reflectance of the mirrors after BBO is not the same as for the entire
spectrum.
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Figure 2.21. Comparison of the detected fundamental and second harmonics signal if both have the same amplitude of electric
field envelope.

5.6.7 A recipe to increase SNR for second harmonics signal

In the following section, we will introduce a recipe to increase the SNR of the detected second harmonics
current. As we mentioned before, the detected current in LPPS is the convolution of the vector potential of
the driving pulse and the injection envelope, which is the square modulus of the electric field of the VUV
injection pulse, (Eg. 4.5). Since we create the VUV injection source from the fundamental of our Ti:Sa laser,
the UVU bursts are spaced by one half-cycle of our NIR transient. We have mentioned before that according
to Eq. 4.5, if we have odd numbers of injection incidents, then the measured current from the NIR transient
has a high SNR.

The situation is different when we create the second harmonic of the NIR (let’s call it UV pulse). Here the
spacing of the injection field is no longer one half-cycle of the UV pulse but rather one full-cycle of the UV
pulse. Our simulation of HHG with the HHGMAX code shows that for CEP 0 of the NIR field that generates
the VUV radiation (21 to 26 eV), the VUV pulse train has only one strong burst (the blue curve figure 5.9).
When we change the CEP to mt/2 then we get two VUV bursts (the red curve in figure 5.8).

If we have two instances of injection, according to Eqg. 4.5, we add the neighboring cycles of the UV field;
therefore, we expect to get double the amplitude of the CEP 0 case.

If Eq. 4.5 is used to calculate the spectral response of both cases for the measured current from the second
harmonics pulse as the driving field, then as we predicted, we see that the sensitivity of the response with
CEP m/2 (figure 5.22 black curve) is almost twice the case of CEP 0 (figure 5.22 green curves). Although
we can increase the sensitivity of current detection at second harmonics of Ti:Sa, we will create a hole in
the spectrum of fundamental pulse.
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Figure 5.22. The CEP dependence of spectral response b of the LPPS for fundamental and second harmonics spectrum of the
Ti:Sa source. The red solid curve is the spectrum of fundamental NIR pulse and the blue solid curve is the spectrum of the second
harmonic pulse. The green curve is the response of the LPPS at CEP 0 and the black curve is the sensitivity at CEP /2.

According to Eqg. 4.6, the spectrum of the current is proportional to the spectrum of the vector potential
times the spectrum of the injection’s envelope. Calculation of the Eq. 4.5 for the Ti:Sa fundamental, and the
calculated second harmonics of the Ti:Sa, for both CEPs (0 and mt/2), are shown in figure 5.23.
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The results of LPPS in Ne show that in terms of bandwidth and dynamic range supersedes LPPS in LiF.
These are the direct consequences of two important properties that Ne has in comparison to a LiF; 1) the
energy of linear transition in Ne is larger than the case of the LiF (21.6 eV vs 13.5 eV). Since higher
harmonics are created in a shorter time scale, the transition time happens in a shorter time scale; 2) ionized
state of an electron in Ne case have infinitely large parabolic dispersion relation. This first means the
bandwidth of the transition, in this case, can be infinitely large and as a result even shorter transition time.
Furthermore, the factor that limited the Dynamic range of LPPS signal in LiF was the finite size of its band
first CB. The removal of this limitation in Ne increased the LPPS dynamic range from 27 dB to over 44 dB.
We predict LPPS in Ne can reach 56 dB can be reached before the field strength of the optical transient can
ionize the Ne atoms.

Although, Ne has an infinitely parabolic free-electron state, the sensitivity of signal detection of LPPS in
Ne for frequencies above 0.7 PHz drops below 20 %. For the case of LPPS, it is expected that the existence
of infinitely large parabolic CB would result in a large bandwidth of photo-conduction which reduces the
photo-injection duration and consequently large bandwidth of detection. This result is only possible when
the external circuit of current detection only sees the electric field of the asymptotic dipole from the injection
and the driving process. In the case of LPPS in gases, since the source of the signal is the transport of photo-
electrons to electrodes, the signal from fast electrons only creates a large constant current offset. Fast
electrons only need a few picoseconds to reach electrodes while mechanisms such as population transfer
and the metallic barrier transmission probability cannot modulate the population of the received electrons
to electrodes. Based on the cutoff of the spectral sensitivity of LPPS in Ne we predict that only electrons
with below 5 eV initial Kinetic energy, contribute to the detected LPPS signal (i.e. photo-ionization with
UVU photons from 21.6 to 26.6 eV). The Fourier limit of this photo-ionization pulse is 247 as. But VUV
generated by the high harmonic generation is not compressed. The calculations VUV pulse for this range
show a pulse duration of 1 fs.

With the mentioned photo-ionizing pulse (21.56 eV to 26.56 eV with pulse duration of 1 fs) the detection
of frequencies above 0.7 PHz is challenging. Furthermore, since the LPPS current is proportional to the
vector potential of the field, the sensitivity of detection of higher frequencies drops inversely with respect
to frequency. Our proposed scheme of to XUV pulse that can provide two instance of injection which are
separated in time by one half-cycle of the NIR pulse seems to increase the sensitivity of detection of second
harmonic frequencies with a fundamental pulse (1000 nm to 500 nm). While this method increases the
sensitivity of detection by a factor of two, the absolute phase of the detected frequencies becomes unknown.
We can guess this absolute phase if we have the temporal structure of the injection envelope. For this
purpose, we can perform a CEP scan and treat integral 4.2 as the case of the FROG. Once this injection
envelope is determined the full phase of the 2nd harmonics field can be extracted. This can push the extent
of detection of frequencies up to 1.2 PHz.
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6. Conclusion and outlooks

The experimental results of this work show that LPPS, both in large bandgap solids and inert gases, can be
used as a new method for the time-resolved measurement of the electric field of optical pulses. The main
motivation for introducing this method in contrast to NPS is to reduce the complications arising from the
nonlinear nature of photoconduction in NPS. We showed that linear injection using VUV pulses, generated
by means of high harmonics generation, creates an attosecond Auston switch. By proper selection of the
bandwidth of injection, the method can become analogous to attosecond streaking in large bandgap
materials.

We have shown that, with linear injection, we can measure the electric field of the NIR transients with
intensities up to 0.4 TW/cm? linearly, corresponding to field amplitude of 0.24 V/A. This result is possible
because the first conduction band of the LiF has a large parabolic extend and the energy difference between
the first and the second conduction band is large. Moreover, we can detect light pulses down to intensities
of 1 GW/cm?, which correspond to field amplitude of 0.08 V/A. When averaging over an estimated 108
ultraviolet photons per second, we achieve a signal-to-noise ratio for the driving field intensity structure of
26 dB in the linear regime. Using VUV pulses as source linear photo-conduction also reduces the chance of
damaging the medium, that’s why strong driving fields with intensities up to 0.4 TW/cm? did not damage
our sample.

The spectral sensitivity of LPPS in LiF does not surpass the frequencies above 0.5 PHz. This is the direct
consequence of the limited electronic switching speed in LiF. By comparing the results of the spectral
bandwidth of the LPPS in LiF and attosecond streaking we could estimate an injection duration of 1.3 fs.
We have shown that further compression of the injecting pulse by increasing its bandwidth will not increase
the detected bandwidth because this leads to the occupation of more empty states in the first CB of LiF. As
a result, driving fields with lower field amplitude can easily move the electrons toward non-parabolic parts
of the CB and transit these electrons to higher CBs. In both cases, the averaged group velocity of the Bloch
waves will be less. As a result, SNR and the bandwidth of detection will decrease. Therefore, a faster
injection time might not be suitable for current detection. We concluded that the perfect condition for LPPS
is solids is a material with a large bandgap and large parabolic CB.

Learning from the experience with solids, we used gases to investigate if we can increase the upper limit in
the bandwidth of detection of LPPS. The results indicated that we can push this limit toward 1 PHz (i.e. 300
nm). Also, as a byproduct of the infinite parabolic dispersion of the ionized states of the free electrons from
Ne, we could increase the dynamic range of the measurement to 44 dB, this is the upper limit only due to
the fact that we couldn’t send more power to the Delay arm of our setup. If this limit is removed, we can
reach up to 56 dB of dynamic range.

We observed that the source of the detected current for the case of LPPS in Ne was the transport of the
ionized electrons with initial kinetic energies of 0 to 5 eV. Due to the effect of the transport, the SNR of
LPPS in Ne was 100 times stronger than the case of Lif for the same driving field amplitude.
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We expect that we can increase the upper limit of the bandwidth of detection by using bias voltage across
the electrodes. In this way, we expect to block electrons with initial kinetic energies below half the voltage
of the bias. Since the higher energy electrons are ionized by higher energy photons, we expect to get a
shorter injection time and a higher cutoff of detected frequency.

The CEP of the injecting pulse plays an important role in the amplitude and bandwidth of the measurement.
We have seen two different ways it can affect the signal. For the bandwidth of the frequencies of the NIR
transient, setting the CEP to 0 will give the best SNR. Since the HHG radiation is generated by the same
source, setting the CEP to 0 rad will generate only one dominant instance of ionization in neon. This is the
same case as in LiF which results in large SNR. Setting the CEP to CEP /2 would result in 2 instances of
ionization which are separated by one half-cycle of the NIR field which would reduce the SNR. But for the
frequencies which have double the value, CEP = /2 rad results in better SNR. The reason is that at this
CEP, for which we have 2 instances of injection, the spacing of the injection instances, in time, is one
complete cycle. Therefore, the SNR becomes twice the case of CEP = 0 rad.

One of the limiting factors for the detection bandwidth of the LPPS is the duration of the injection. A VUV
pulse with 5 eV photon energy bandwidth centered around 23 eV should have almost 400 as pulse duration
at Fourier limit. One of the shortcomings in creating such a pulse via HHG is that this pulse will be inherently
chirped. Therefore, the pulse duration is much longer (around 1 fs) than the Fourier limit. Proper
compression of these pulses can lead to shorter injection times in Ne and, as a result, larger bandwidth of
detection.

We conclude that LPPS in neon can be used as a proper technique to replace attosecond streaking for
measurement of the time-dependent electric field of the optical transients. The high SNR of this method
provides us with fast measurements?. It can also resolve electric field oscillations as small as 0.003 V/A.
In comparison to attosecond streaking, this lower limit is 20 times smaller, which makes LPPS a far superior
technique for time resolve spectroscopy measurements where the amplitude of the radiated spectra from the
sample is minute. The recipe is simple just put one electrode at the point of measurement and read the
current. Since this current is proportional to the vector potential of the driving pulse there is no need for
rigorous numerical calculations for retrieval of the vector potential as is the case for the attosecond streaking.

One shortcoming of this technique as well as other techniques which we discussed in this thesis is that it
cannot give information about the temporal structure of the injecting pulse. This information is crucial for
the initial calibration of any measurement technique and is only provided by the attosecond streaking. We
can retrieve this information only if we can do a series of scans by changing the CEP of the injection source.

The ability to switch on the large bandgap materials at near-petahertz frequencies is the first step in creating
optoelectronic switches at optical frequencies. The next step is to create such a switch is to turn off the
conductivity. Ultra-fast linear injection creates electronic Bloch wave-packets in the CB. And the
subsequent optical drive will leave the electron in a position in CB, determined by the vector potential of
the optical drive at the moment of carrier injection; but, after the optical drive is gone, the electron will stay
at this k point in the CB until, due to some thermal effects, it recombines with the corresponding hole in
VB. The thermalization time is on the order of a few tens of femtoseconds. Future studies should focus on
finding a solution for faster electron hole recombination or removal of these carriers from CB. Promising
results on optical assisted carrier transfer in multilayered Nickel-Platinum thin films have been reported by
F. Siegrist et.al [119]. We predict these kinds of carrier elimination can be helpful to create ultimate
petahertz switches.

29 |t takes 30 seconds to measure a temporal window of 50 fs, while such measurements with attosecond streaking
would take 12 and a half minutes with the same laser source.
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Appendix A. Lock-In
modulation:

A lock-in amplifier such as ZURICH INSTRUMENT HF2LI has differential signal input ports. In this case
if you feed to signals in ports +in and —in diff, then the lock-in would measure the difference the signals fed
to these two ports. If we connect our two electrodes in these ports, we will get yet again twice the signal.
So, a combination of CEP flipping and differential electrode measurement will give us 4 times gain (figure.
A.1 demonstrates how this method works).
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Figure A.1. Detection mechanism of the Lock-in amplifier. The data has 3 KHz rep rate. We flip the sign of each second pulse
and we lock to 1.5 KHz frequency. This will remove the shot to shot laser noise and results in twice the amplitude of each single
shot. Later we use the differential input of the Lock-in to read out the signal from the opposing electrodes. Since the current on the
opposing electrodes has different signs, the difference input increases the signal amplitude by another factor of two and we end up
having 4 times the signal.

In case of measurements of second harmonics signal we cannot use CEP flipping since a CEP flip 0 to «
rad change the CEP of the second harmonics from 0 to 2 rad. If we give a modulated signal like this to
lock-in amplifier will result in zero signal (figure A.2).
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Figure A.2 Demonstration of failure of the CEP flipping scheme in 2" harmonics detection.
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Instead we use chopper in the drive arm to modulate the signal. Since we are not chopping the VUV injection
we shall have, at 3 KHz, one shot that has the inject and the drive pulse and one shot that only has inject.
Most of the 3 KHz signal that we have is due to the total amount of the electrons that reach the electrodes.
So shot to shot we have a situation like this: shotl) inject + drive, shot2) inject. Considering the fact that
locking in to 1.5 KHz with the lock-in amplifier means that we will subtract the neighboring shots at the 3
KHz, the chopping scheme will result in only having the drive part of the signal (figure A.3 shows how this
chopped modulation works). One drawback of this modulation technique is that we lose an amplification
factor of 2 that was the direct result of the CEP flipping (since we are blocking every second signal).

~> Drive
— Inject

Figure A.3. Signal modulation scheme for detection of the 2" harmonics pulse. Red arrows are indicative of the electron
population transfer plus momentum change due to the driving pulse (in this case the UV). Blue arrows are indicative of the
electron initial population due to the XUV ionization. The chopper is set to pass every second pulse in the drive arm creating a 1.5
KHz UV signal, while the XUV remains unchanged. When we trigger to 1.5 KHz signal in the Lock-in amplifier the resultant
output is only the changes made by the UV pulse.



Appendix B. lithium fluoride
crystal:

Lithium fluoride (LiF) is an ionic crystal that has simple cubic lattice. The lattice constant of LiF is a =
0.4026 nm. The reciprocal lattice of the LiF is simple cubic as well. its reciprocal lattice constant of isb =

2 X g = 15.6065 nm™1. Since we drive the electrons along the X symmetry of the reciprocal lattice, the
edge Brilloiun zone is at k= (0,1,0) x b. The magnitude of this point is k = 15.6065 nm™1.

The energy difference for LiF between the first CB and the second CB along the L direction is 6.1 eV. Using
a simple quadratic approximation, i.e:

B.1

,we estimate that effective mass of the electron in this band is mgg = 1.04 x 1073%g. this is 1.52 times
heavier than actual mass of electron.

The average group velocity is can be calculated as follow:

(Vg) = >——— = 1.18 x 10° m/s B.2

2 X Mesf



Appendix C. Data Archiving:

All the data presented in the current work are archived on the server of the Laboratory for Attosecond
Physics at Max Planck Institute of Quantum Optics and can be found in the following directory: /afs/ipp-
garching.mpg.de/mpg.lap/publication_archive/

Detailed explanation of the relation between the figures and the raw experimental data can be found in the
document “Code.docx”. The figures are saved in the folder figures. The generating codes are in the folder
codes. All the data related to thesis are also in the code folder in sub folders of data and XUV.
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