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Abstract

Electromagnetic radiation in the terahertz (THz) frequency range, from 0.1 THz to 10 THz,
encompasses elementary excitations such as lattice vibrations in solids, rotational transitions
in molecules, and the dynamics of free electrons. Recent breakthroughs in the generation of
ultrafast high-field THz transients have not only enabled selective studies of such excitations,
but also the creation of new transient states of matter, opening up a wide range of phenomena
to be investigated in chemistry, biology, and materials science. Despite all advances, some
experiments require electric or magnetic field strengths beyond what current THz sources can
provide. Hence, field enhancement structures have attracted quite some attention. Additionally,
control over the THz polarization state is often critical, especially when the symmetry of a
particular excitation requires a very specific field direction.

In this thesis, we introduce novel concepts and structures to locally enhance the THz field
beyond the corresponding values in free space, and demonstrate new technologies to manip-
ulate the polarization state of broadband THz pulses. For experimental characterization, we
use a THz time-domain spectrometer based on photoconductive antennas, a spatially resolved
near-field electro-optical sampling setup with the capability to measure all three electric field
components, and intense THz sources based on optical rectification in lithium niobate or OH1.
We complement the experimental findings, unravel underlying principles, and optimize struc-
tures by means of numerical simulations.

This thesis begins with a demonstration of three-dimensional printing technology as a cost-
effective and time-saving tool for fabricating THz wave- and phaseplates. We fabricate and
demonstrate simple elements such as quarter- or half-waveplates, as well as more complex
structures such as g-plates or spiral phaseplates for generating THz pulses carrying angular
momentum. Next, we design field-enhancing sub-wavelength structures and use them for various
applications, for example, to develop short-period undulators for future compact x-ray sources
based on free electrons, or to study ultrafast mode switching in metamaterials based on field-
induced carrier generation in semiconductors. We demonstrate THz Stark spectroscopy as a
novel tool for time-resolved studies, allowing for the first time inferences about the static and
dynamic electrochemical properties of molecular and, in particular, bio-molecular systems in
their natural environment. Finally, we present an integrated THz waveguide platform featuring
low loss, vacuum-like dispersion, and local field enhancement. Hence, it not only allows for
reshaping-free propagation of single-cycle THz pulses, but also improves THz pump visible probe
spectroscopy over an extended interaction length. We then use this platform to demonstrate
THz-induced alignment of molecules in the gas phase to an extent that could not be achieved
with conventional setups.
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Chapter 1

Introduction

Electromagnetic radiation with frequencies between 0.1 THz and 10 THz lies in the so-called
terahertz (THz) frequency range. This frequency range transitions to microwaves at lower fre-
quencies, and to infrared radiation at higher frequencies. The THz range thus bridges the gap
between conventional electronics and optics — that is, two frequency ranges that are popular in
both basic research and commercial applications. However, the THz range itself has long been a
challenge for researchers due to technical hurdles in generating and detecting THz frequencies.
This even led to the term ”THz gap”, to designate this last unexplored region of the electro-
magnetic spectrum in the study of the interaction of electromagnetic fields with matter. It is
only in the last few decades that THz science has developed rapidly and is now a very active
and dynamic field with a variety of new applications in communication [1-4], nondestructive
testing [5-8] or particle accelerators [9-11], to name a few. As indicated in Fig. 1.1, THz ra-
diation encompasses elementary excitations such as lattice vibrations in solids, rotational and
vibrational transitions of molecules, intraband transitions in semiconductors, molecular and col-
lective electronic spin transitions, and the motions of free electrons. Therefore, the THz range
is important for a variety of applications in chemistry, biology, and materials science.

Weak THz fields

Nowadays, tabletop femtosecond laser systems (i.e., with a pulse duration of about 100 fs) in
the infrared and visible range can be used to generate and detect broadband THz radiation.
For example, there are THz sources based on photoconductive antennas [12, 13] excited by
femtosecond lasers with a high repetition rate on the order of 100 MHz. With the electro-
optical scanning technique [14], the electric field of the generated THz pulses can be measured
directly, so that not only the field amplitude but also the spectral phase can be detected. This
is in stark contrast to optical spectroscopy, where usually only intensities are measured.

Relatively weak THz sources are used in THz time domain spectroscopy (THz-TDS) to
measure linear optical material properties using a Fourier transform method [15, 16]. Linear
THz-TDS is a powerful tool for characterizing material properties and the underlying fundamen-
tal processes. For example, rotational and vibrational transitions in gaseous or liquid molecular
samples can be studied to identify chemical components such as amino acids, peptides, and
explosives, which is particularly important for pharmaceutical or security applications. In con-
densed matter samples, THz-TDS can be used to study interband transitions in semiconductors,
the dynamics of photocarrieres, or strongly correlated electron systems [15].
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Figure 1.1: Overview of fundamental excitations in solids and molecular systems in the THz

frequency range. The axis labels indicate the wavelength, oscillation period, and photon energy
corresponding to the THz frequency.

Unlike THz sources and detectors, passive THz optical elements — such as mirrors, lenses,
or waveguides — can be fabricated relatively easily. Since the THz free space wavelengths are on
the order of 100 pm, the required accuracy for such elements can be achieved using conventional
manufacturing methods such as CNC machining or three-dimensional printing.

Strong THz fields

With the advent of high power table-top femtosecond laser systems, strong THz sources became
available which are based on optical rectification in nonlinear crystals such as lithium niobate
(LiNbOs3), zinc telluride (ZnTe), or OH1 organic crystal [17]. Previously, intense THz sources
were only found in large-scale facilities such as synchrotrons or free-electron lasers. In addition
to improved availability, femtosecond laser systems also have the advantage that they can be
used for time-resolved nonlinear spectroscopy on ultrashort time scales. Typically, these systems
deliver THz single-cycle pulses at kHz repetition rates and peak electric field strengths ranging
from 100 kV/cm to several MV /cm. The duration of a THz cycle is on the order of a picosecond,
which is slower than typical electronic motions. Therefore, one can study the non-resonant
distortion effect of the electronic potential leading to new dynamical states of matter.

Since the energy of the THz photons matches the energy of elementary excitations as shown
in Fig. 1.1, it is possible to target a desired excitation. This allows controlled manipulation of
processes as well as resonant manipulation of properties of matter, such as distortion of lattice
structure, collective spin excitations, rotational/vibrational control in molecular systems, and
charge carrier dynamics. For detailed information, there are several excellent reviews on the
generation of high-field THz pulses and their application in spectroscopy [18-25].



Field enhancement structure

The study of nonlinear material properties is ultimately limited by the available THz field
strength. Therefore, great efforts have been made to improve THz sources and THz focusing.
In free space, focusing is limited by diffraction, but stronger THz fields can be generated in
specially designed sub-wavelength structures that locally enhance the incident THz field. Similar
sub-wavelength structures are also at the core of so-called meta-materials with unique optical
properties not found in nature. In most cases, the enhancement occurs in micron or sub-
micron insulating gaps between conductive elements such as dipole antennas (see reviews [26,
27]). Field enhancement of several orders of magnitude is found within nanometer-size regions,
yielding field strengths so far exceeding 10 MV /cm in some cases [28, 29]. Waveguide-based
field enhancement structures have also been demonstrated [30] and applied, for example, in
particle acceleration [31].

Numerical simulations

The theory of light and electromagnetism is described by Maxwell’s equations, known since the
19th century. However, even if we know the governing equation, we often cannot find analytical
solutions to real-world problems where electromagnetic radiation interacts with various objects,
such as the interaction of a THz pulse with a field enhancement structure. This is where
numerical methods for solving the partial differential equations come into play. In the finite
element method (FEM), for example, the space of the system under consideration is divided
into thousands to millions — or even billions — of smaller and simpler elements called mesh cells.
This corresponds to a large system of equations that models the entire problem. This system
of equations can be solved using computers, with the available computer memory ultimately
limiting the maximum number of mesh cells. Numerical simulations are nowadays usually
performed using commercial software packages such as CST Studio Suite [32] and COMSOL
Multiphysics [33].

Numerical simulations have two main strengths. First, quantities can be studied that cannot
be directly measured experimentally. Therefore, simulations provide a better insight into the
underlying microscopic mechanism. Second, simulations are a cost-effective and time-saving
method to study versatile problems. Therefore, structures can be tested and optimized (e.g., in
terms of field enhancement) prior to experimental implementation.

About this work

This cumulative thesis summarizes the technologies developed and the proof-of-principle exper-
iments performed during my PhD at the Institute of Applied Physics at the University of Bern.
In chapter 2 we start with the development of THz optics to control the polarization state and
waveform, which is crucial for many strong THz-field applications such as nonlinear THz spec-
troscopy or for applications in free electron accelerators. As an example of such an application,
a novel short-period undulator based on a THz-driven split ring resonator structure featuring
field enhancement is discussed in chapter 3. Even higher field enhancement are demonstrated
in chapter 4 considering ultrafast mode switching in metamaterials with nanometer-sized gaps.
In chapter 5, we demonstrate a novel spectroscopy method for time-resolved THz Stark spec-
troscopy. To achieve higher field strengths in such nonlinear spectroscopy, we have developed
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a versatile THz waveguide platform (chapter 6) and demonstrate its ability to take nonlinear
spectroscopy to the next level (chapter 7).
In detail, this thesis is organized as follows.

e Chapter 2 (published in Opt. Ezpress 29 (17), 27160-27170 (2021))

In many applications of intense THz pulses, control over the THz polarization and the
wavefront is crucial. For example, radially polarized THz pulses are used to accelerate
free electron bunches [10], or vortex beams carrying orbital angular momentum are used
to study dichroism of antiferromagnetic resonances [34]. In this context, we demonstrated
that various wave- and phase-plates can be manufactured by three-dimensional printing.
We used numerical simulations for optimizing the structures, and we experimentally char-
acterized their performance in detail by spatial characterization of all three electric field
components. This work is of general interest for the THz community due to the cost-
efficient and time-saving manufacturing technique for optical components with similar
performance as commercial products.

The entire work was carried out at the Institute of Applied Physics at the University
of Bern. T. Feurer coordinated and supervised the project. The numerical simulations,
waveplate manufacturing, and measurements were performed by D. Rohrbach. B. J.
Kang and T. Feurer provided useful input for the measurements and the data analysis
and assisted in writing the manuscript.

e Chapter 3 (published in Phys. Rev. Accel. Beams 24, 010703 (2021))
One application of intense THz pulses is the manipulation of free electron bunches. In this
work we propose a short period undulator based on the electromagnetic field pattern in
a THz-driven split ring resonator structure. The resonator structure locally enhances the
electric field, which in turn forces the electron bunches on an oscillatory trajectory. We
developed an analytical model and compared different geometric configurations in detail
using numerical simulations. This concept can be used as compact novel x-ray sources.

This work is a collaboration between the Lawrence Berkeley National Laboratory (LBNL)
in the Unites States, and the Institute of Applied Physics. T. Feurer coordinated and su-
pervised the project. D. Rohrbach performed the numerical simulations. C. B. Schroeder
and W. P. Leemans from LBNL helped with the simulation and the development of an
analytical model. Z. Ollmann and M. Hayati assisted in writing the manuscript and with
the data analysis.

e Chapter 4 (published in Nano Lett. 22 (5), 2016-2022 (2022))

Another application of intense THz pulses is ultrafast mode switching in metamaterials.
Here, the electric field of a THz pulse is locally enhanced in nanometer-sized gaps of split-
ring resonators and triggers nonlinear carrier generation in the semiconductor substrate.
These additional carriers in turn change the resonance mode of the split-ring resonators.
To get better insight into the observed nonlinear response, we developed coupled three-
dimensional time-domain simulations for the electromagnetic fields and the carrier gen-
eration processes in the semiconductor substrate. Our results clarify which mechanisms
of charge carrier generation prevail in different semiconductor materials and what their
dynamical features are.


https://opg.optica.org/oe/fulltext.cfm?uri=oe-29-17-27160&id=456010
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.24.010703
https://pubs.acs.org/doi/10.1021/acs.nanolett.1c04776

This work is a collaboration between the Laboratory for Micro- and Nanotechnology,
the Paul Scherrer Institute (PSI) in Switzerland, and the Institute of Applied Physics.
T. Feurer coordinated and supervised the project. The sample were manufactured and
measured by F. D. J. Brunner, S. Bagiante, and H. Sigg. B. J. Kang evaluated the
experimental data and D. Rohrbach carried out simulations that confirmed and extended
the experimental results.

Chapter 5 (submitted)

In this chapter, we demonstrate that the electric field of intense single-cycle THz pulses
induces a Stark shift in molecular samples and can therefore be used for ultrafast time-
resolved Stark spectroscopy in liquids. THz Stark spectroscopy offers several advantages
over conventional Stark spectroscopy, where the sample must be frozen in order to prevent
poling effects.

This work is a collaboration between Temple University (United States), the Chemistry
and Biochemistry Department at the University of Bern (Switzerland), and the Institute
of Applied Physics. T. Feurer coordinated and supervised the project. B. J. Kang, E. J.
Rohwer, and D. Rohrbach performed THz Stark experiments, analyzed data and wrote the
manuscript. S.-X. Liu, R. J. Stanley, S. Decurtins, E. Zyaee, A. Cannizzo and T. Feurer
discussed and analyzed all results. M. Akbarimoosavi, E. J. Rohwer, S. E. Meckel and R.
J. Stanley performed conventional Stark experiments and suggested ways to improve the
analysis. G. Sorohhov, S. Decurtins, and S.-X. Liu prepared samples. A. Borgoo and M.
Cascella performed DFT calculations.

Chapter 6 (submitted)

To further increase the available field strength in nonlinear THz Stark spectroscopy, we de-
veloped a broadband dispersion-free THz waveguide platform featuring field-enhancement.
To ensure efficient coupling of free space single-cycle THz pulses, we present a judiciously
designed horn antenna. Based on the robust waveguide platform, we demonstrate a com-
pact power splitter and a THz-interferometer for waveform synthesis for potential appli-
cations in coherently controlled nonlinear interactions.

The entire work was carried out at the Institute of Applied Physics at the University
of Bern. D. Rohrbach and B. J. Kang performed the experiments and analyzed data.
D. Rohrbach performed the numerical simulations. D. Rohrbach, B. J. Kang, E. Zyaee,
and T. Feurer discussed all results and contributed to writing and reviewing of the final
manuscript.

Chapter 7 (In preparation for submission)

To demonstrate the capabilities of our THz waveguide platform, we consider THz-induced
alignment of gas molecules due to the interaction between their dipole moment and the
THz electric field. Compared to the standard free space focusing of THz pulses, the THz
waveguide approach increases the acquired signal in two ways: The electric field is locally
enhanced and the interaction length is extended. We experimentally demonstrate a signal
increase by more than an order of magnitude, allowing us to detect features that we could
not measure otherwise.

The entire work was carried out at the Institute of Applied Physics at the University of
Bern. D. Rohrbach, H.-M. Frey, and B. J. Kang performed the experiments and analyzed
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data. D. Rohrbach, H.-M. Frey, B. J. Kang, E. Zyaee, and T. Feurer discussed all results
and contributed to writing and reviewing of the manuscript.

Additional work

During my PhD, I contributed to further projects and publications which are not within the
scope of this thesis:

o K. Topfer, A. Pasti, A. Das, S. M. Salehi, L. I. Vazquez-Salazar, D. Rohrbach, T. Feurer, P.
Hamm, and M. Meuwly, Structure, Organization and Heterogeneity of Water-Containing
Deep Eutectic Solvents in J. Am. Chem. Soc., (2022), DOI: https://doi.org/10.102
1/jacs.2c04169.

This work provides molecular-level insights in deep eutectic solvents using molecular dy-
namics simulations in combination with two complementary spectroscopic techniques —
2D infrared spectroscopy and standard linear THz spectroscopy.

e D. Rohrbach, C. B. Schroeder, A. Pizzi, R. Tarkeshian, M. Hayati, W. P. Leemans, and
T. Feurer, THz-driven surface plasmon undulator as a compact highly directional narrow
band incoherent x-ray source in PRAB 22, 090702 (2019), DOI: https://doi.org/10.1
103/PhysRevAccelBeams.22.090702

In this work, we propose a short period undulator based on THz-driven surface plasmons
in graphene, which features only minor field enhancement.

e 7. Ollmann, D. Rohrbach, B. J. Kang, M. Hayati, R. Tarkeshian, T. Feurer, H. W. Kim,
I. H. Baek, K. Y. Oang, M. H. Kim, , Y. C. Kim, K.-H. Jang, and Y. U. Jeong, THz
streaking of relativistic electron bunches (in preparation for submission)

This work focuses on pulse duration and temporal jitter measurements of ultrashort elec-
tron bunches using a THz streak camera.

e B. J. Kang, M. A. Stucki, D. Rohrbach, H. Park, S. J. Hong, Y.-M. Bahk, and T. Feurer
Optical-induced nonlinear dynamics of complementary THz meta-surfaces on long-carrier
lifetime semiconductor (in preparation for submission)

In this work, we investigate complementary THz meta-surfaces and characterize their
nonlinear dynamics induced by optical pumping.
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Abstract

Three-dimensional printing based on fused deposition modeling has been shown to provide a
cost-efficient and time-saving tool for fabricating a variety of THz optics for a frequency range
< 0.2 THz. By using a broadband THz source, with a useful spectral range from 0.08 THz to
1.5 THz, we show that 3D-printed waveplates operate well up to 0.6 THz and have bandwidths
similar to commercial products. Specifically, we investigate quarter- and half-waveplates, g-
plates, and spiral phaseplates. We demonstrate a route to achieve broadband performance, so
that 3D-printed waveplates can also be used with broadband, few-cycle THz pulses, for instance,
in nonlinear THz spectroscopy or other THz high field applications.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

2.1 Introduction

Recent progress in the development of THz systems led to a variety of new applications in com-
munications [1-4], nondestructive testing [5-8| or particle accelerators [9-12], to name a few.
For THz beam transport and beam manipulation, these systems need different passive THz
optical elements, such as mirrors, lenses, beam splitters, waveguides, or waveplates. Beside con-
ventional fabrication methods, such as cutting, milling, polishing, or etching, these elements can
also be manufactured using a three-dimensional (3D) printer. Different 3D-printing technologies
exist, but the most popular uses fused deposition modeling (FDM). This 3D-printing technique
has several advantages: It is time- and cost-efficient, shows good reproducibility, and requires
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2.2 Experimental setup

no post-processing. Since the minimum feature size of most 3D-printers is around hundred
microns, this fabrication method is best suited for the sub-THz range [13]. Printable materials
are usually polymers with a THz refractive index around 1.5, which is favorably low for trans-
mission type optical elements. In addition, a negligible absorption coefficient is essential and
is provided, for instance, by polystyrene or by the cyclic olefin copolymer (COC) TOPAS [14,
15]. A variety of 3D-printed devices have already been demonstrated, e.g., THz lenses [14, 16],
gratings [14, 16], waveguides [17], axicons [18], phaseplates [19, 20|, half-waveplates [13] and
g-plates [21]. A comprehensive review on different 3D-printed structures for THz applications
is found in [15].

Most of these studies were performed in the frequency range between 0.1 THz to 0.2 THz
and used continuous wave, narrowband THz sources. To the best of our knowledge, except for
reference [20] pulsed broadband THz sources have never been used, for instance, to determine
the useful bandwidth of 3D-printed THz waveplates. By using such a source, we characterize
waveplates in a frequency range from 0.08 THz to 1.5 THz. We consider the most important
waveplates for THz applications, namely quarter-waveplates (QWP), half-waveplates (HWP),
g-plates and spiral phaseplates (SPP). We show that the operation frequency can be adjusted by
a proper scaling of the design and we measure the useful bandwidth of all wave- and phaseplates.
Finally, we outline a route toward achromatic waveplates, specifically we demonstrate a QWP
design with a twice as large bandwidth compared to the standard QWP. This principle can be
extended to other waveplates as well.

2.2 Experimental setup

The THz-pulses are generated by a photo-conductive antenna (PCA) gated by a bias voltage
and exited by 780 nm, 100 fs laser-pulses at a repetition rate of 80 MHz. We mount a wire
grid polarizer to define the THz polarization state to be linear horizontal. The source is imaged
with two aspheric lenses with a focal length of 50 mm and 25 mm to the detection plane. In
between the two lenses the THz beam has a diameter (1/e?) of about 40 mm and is nearly
collimated. Here, we mount the waveplate under investigation. The second lens focuses the
modified THz beam and we use a near-field THz scanning microscope to characterize the electric
field distribution at the focus as a function of time and transverse position. We cannot measure
the electric field directly after the waveplate since the field strength there is too low. However,
the measured electric field distribution in the focus is related to the field distribution after the
waveplates by a two-dimensional Fourier transformation. Note that we also Fourier transformed
the results of numerical simulations and analytical models before comparing them with the
measured spatial distributions in the focal plane. The only caveat is that the second lens might
modify the THz polarization due to the different Fresnel coefficients for the horizontal and
vertical polarization component, but we calculated this effect to be less than 5%.

A detailed description of the near-field scanning unit is given in the supplemental document
and in references [22, 23]. Briefly, the electric field of the THz pulse is measured through
electro-optic sampling using ZnTe crystals. The spatial resolution is approximately 20 pm. The
detection unit is mounted on a motorized x-, y- and z-stage, such that the electric field can
be raster-scanned. By using either a (110)-cut or a (100)-cut ZnTe crystal we can measure
the horizontal, vertical, and longitudinal components of the THz electric field as a function of
transverse spatial position and cover a frequency range from 0.08 THz to 1.5 THz. Note that
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due to imperfections of the coating and of the ZnTe-crystals, the detection efficiency varies
for the different crystal orientations, and we estimate these variation to be smaller than 10 %.
Based on the statistical analysis of multiple measurements we estimate the error in the measured
phase to be of order 0.1 rad in the frequency range of interest. In the following we consider
these amplitude and phase errors in the error propagation.

2.3 Wave- and phaseplate design and fabrication

In order to manufacture a birefringent metamaterial, out of which the waveplates were fabri-
cated, we consider a one-dimensional array of alternating layers with a refractive index of n;
and ng with a corresponding layer thickness of L; and Ly. The effective refractive indices n.
and n, for an electric field polarization parallel and perpendicular to the layers are given by
[24, 25]

2 o  1[A 2 2 ? 2 2  1[A —2 —2 3 ?
ne =nj+3 X7”71772(”1 —nj) Mo = N1+ 3 | 7N (n? —ny?)nyni |, (21)
where A = L1 + Lo is the period of the structure, A is the free-space wavelength, and
m = Li/A and ny = Lo/A are the filling factors of the individual components. We defined
nﬁ = mn? + non3 and n? = (mn;? +772n2_2)_1. Equation (2.1) is only strictly valid for
A > naA [26] assuming ny > ng. In the limit of A > A, the indices of refraction asymptotically
approach n. ~ nj and n, ~ ny. For lower wavelengths, diffraction from the periodic one-
dimensional grating structure degrades the performance of the waveplate.

Prior to fabrication, all waveplate designs were optimized by time-domain simulations per-
formed with CST [27]. The simulation volume contained a single unit cell of the grating and
we used periodic boundary conditions in transverse directions. The incident THz pulse was
modeled as a plane wave and open boundary conditions were used in the propagation direc-
tion. With the help of the simulations the design parameters of all waveplates, i.e., grating
period, height and filling factor, were optimized within the limitations of the printing process.
Specifically, we fixed the wall thickness to a value determined by the nozzle of our 3D-printer.
Then, we ran parametric sweeps for the period and the structure height and selected the best
combination.

The wave- and phaseplates were fabricated using standard FDM technology with an Ulti-
maker 2+ 3D-printer. We use commercially available COC-filaments, which have a measured
refractive index of 1.53 and an absorption coefficient of less than 1 cm ™! for frequencies between
0.2 THz to 0.8 THz [14]. The waveplates are based on a grating-like alternating air (n; = 1)
and filament (ng = 1.53) structure with the design parameters calculated from Eq. (2.1). All
waveplates were printed in less than 12 hours using a nozzle diameter of 0.25 mm and a layer
height of 0.1 mm. The nozzle temperature was set to 210°C and the build plate temperature
to 70°C. All the waveplates have a 3 mm thick 3D-printed cylindrical support plate with a
diameter of 50 mm. In order to minimize imperfections from 3D-printing we selected the wall
thickness for all waveplates such that walls are printed as single lines from the extruder. Mea-
surements revealed a wall thickness of (0.224+0.02) mm, which is slightly smaller than the nozzle
diameter. The error of 20 pm is due to thickness variations in the printing process. In order to
minimize their influence we used, whenever possible, a filling factor well below 0.5. As a result
the 3D-printed structure shows a birefringence of approximately 0.12, which is more than two
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times higher than that of standard THz waveplates made out of quartz [28]. This is of special
interest for the low THz frequency range, where standard waveplates tend to become rather
bulky. From the frequency dependent birefringence An(f) we calculate the structure height to
h = %m, where c¢ is the speed of light in vacuum and ¢ is the target phase retardance
at frequency f. Due to the minimum feature size and the accuracy of the FDM technology,
the smallest useful period A is approximately 0.3 mm. As a result, the waveplates are limited
to frequencies up to approximately 0.6 THz. Photographs of different 3D-printed wave- and
phaseplates are shown in Fig. 2.1. Note that also much larger waveplates can be printed if

needed. With our printer the maximum size is limited to 223 x 223 mm?.

Half-waveplate Spiral phaseplate

Figure 2.1: Photographs of a 3D-printed half-waveplate, g-plate, and spiral phaseplate. The
two insets show a top- and side-view of the half-waveplate structure (Photographs are provided
by Rhoda Berger).

First, we printed QWPs and HWPs with a design similar to the one proposed in reference
[13], but scaled to the more than two times higher design frequency of 0.35 THz. The grating
structure has a period of 0.7 mm and the grating height is 1.9 mm for a QWP and 3.8 mm for
a HWP. To evaluate the influence of the grating period, we manufactured an additional HWP
with a 1.1 mm period while keeping the grating height constant. Moreover, to demonstrate the
tunability we fabricated a QWP and a HWP both with a higher design frequency of 0.5 THz.
Here, the grating period was reduced to 0.4 mm and the grating height to 1.5 mm (QWP) and
3.0 mm (HWP). Next, we printed ¢-plates, which locally act as HWPs whereby the orientation
of the fast axis changes as a function of azimuthal angle. For a g-plate with a topological charge
of ¢ = 0.5, the angle of the fast axis changes as a(p) = 0.5¢0+ g, where ¢ is the azimuthal angle
and qq is an offset corresponding to the plate orientation. The layout of the grating structure
consists of a set of profile curves in the xy-plane each given by y(x) = £1/yo(yo + 2x), where
Yo is the intercept of the considered curve with the y-axis. Note that the grating period and
the filling factor change depending on the distance to the origin. The profile curves are chosen
such that the grating period is 1.1 mm at a radius of 0.8 cm. Closer to the origin, the grating
period is smaller, whereas further away it is larger. The grating height is fixed to 3.8 mm.

Spiral phaseplates, which change the orbital angular momentum of the THz beam, do not
require a birefringent material, but a phase retardance that decreases or increases linearly with
azimuthal angle. For a SPP with a topological charge of +1 at the design frequency f, the
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step height h at an azimuthal angle of zero is given by [29, 30] h = An(cf)f, where An(f) is the
frequency dependent refractive index difference between the plate material and its surroundings.
As an example, we consider a topological charge of +1 at 0.3 THz, which corresponds to a step
height of 1.9 mm. As demonstrated in [18] also higher topological charges can be achieved by
using integer multiples of the step height A or multiple equidistant steps along the azimuthal
angle. Ultimately, the step height is limited by the minimum 3D-printed layer thickness, which

is typically as low as 60 pm.

2.4 Results

In this section, we analyze the performance of a QWP, HWP, g-plate, and SPP as a function
of frequency, compare the results to an analytical model as well as numerical simulations, and
extract the useful spectral bandwidth. Even though the setup allows to record data up to
1.5 THz, we show data only up to 0.6 THz, because the onset of diffraction above the critical
frequency f. = ¢/A leads to meaningless results. In addition, diffraction losses are not properly
captured by the CST simulations, because we use periodic boundary conditions. The analytical
model is based on 4 f-imaging of a linearly polarized Maxwell-Gaussian beam [31, 32], where
the polarization or the phase in the Fourier plane (2f) is modulated in accordance with an ideal
wave- or phaseplate performance. A design frequency around 0.35 THz is a good compromise
between the 3D-printer resolution and the spatial resolution of the THz near-field scanning
setup. However, for one example, i.e. a QWP, we demonstrate that the design frequency can
be adjusted by a scaling of the design parameters. Finally, we consider an achromatic QWP
design based on a two layer structure.

2.4.1 Quarter-waveplate

Generally, a QWP produces an elliptical state of polarization with a left- or right-handed
symmetry. To verify the proper functioning of the 3D-printed QWP, we measured the horizontal
and the vertical polarization component for different waveplate rotation angles. In the following,
a rotation angle of 0° corresponds to the fast axis pointing in (1,0, 0)-direction.

u T 1.5 T T—
0.25 & Experiment & ® Experiment
’ —— Simulation g qpls Standard QWP for 0.35THz | |
0.2 (---- Model < o
c g "Qllbbrv“—gj oo
S o5 (b) =
& .
wmmﬁ“""’
O 1 ' 1 1
0.1 0.2 04 05
Frequency (THz) Frequency (THz)

Figure 2.2: (a): Birefringence as function of frequency from experiments, simulations, and
the analytic model. (b): Frequency dependent phase retardance normalized to w. The black
dashed curve corresponds to a QWP with frequency-independent birefringence. The grey area
indicates the frequency range within which the phase shift deviates less than 10 % from the
nominal value of 7/2.
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2.4 Results

Figure 2.2 (a) shows the birefringence as function of frequency. We compare the experimental
results with CST-simulations as well as the analytic model based on Eq. (2.1). While the
agreement between experiment and CST simulations is close to perfect for the entire frequency
range, the analytical model starts deviating above 0.45 THz, where it is no longer valid since
it neglects diffraction at the line structures. A key-parameter to characterize the performance
of the QWP is the phase retardance between the fast and the slow axis. Figure 2.2 (b) shows
the retardance normalized to 7 as function of frequency with the blue circles referring to the
experimental results and the dashed curve corresponding to the analytic model assuming a
standard QWP with a frequency independent birefringence. The grey region indicates the
frequency range in which the retardance deviates less than +£10% from the ideal value of 7 /2.
For the experimental results we find a bandwidth of approximately 60 GHz (i.e., a relative
bandwidth of 17%), while the analytical model for a standard QWP predicts 70 GHz (i.e, a
relative bandwidth of 20%). Thus, the bandwidth of the 3D-printed QWPs is similar to that
of a standard commercial QWP. At the design frequency we found that approximately 80% of
the incident power is transmitted and we attribute 9% of the losses to Fresnel reflections at the
two interfaces and 11% to material absorption [14]. For comparison, the transmitted power for
a standard waveplate made of quartz with n = 2.1 [28] is 76%.

Qwp HWP

1 ' " | —F— Experiment (at 45°)
° —1— Experiment (at 135°)
@ of —— Simulation (at 45°)
U)‘_ (d) 14 T T

0.1 0.2 0.3 0.4 0.5 0.6 0.1 0.2 0.3 0.4 0.5 0.6
Frequency (THz) Frequency (THz)
Figure 2.3: Normalized Stokes parameters of a QWP (left column) and a HWP (right column)

as function of frequency for two different rotation angles of 45° and 135°. The black curves show
the simulation results.

To study the frequency dependent waveplate performance it is useful to consider the Stokes
parameters. Note that we can calculate the Stokes parameters from only two measurements,
because we have access to the z- and y-component of the electric field. The normalized Stokes
parameters are shown in Fig. 2.3 (a)-(c) where the solid black curves correspond to simula-
tion results. We find excellent agreement between experiment and simulations. At the design
frequency of 0.35 THz the normalized Stokes parameters of an ideal QWP are S1/Sy = 0,
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S2/Sp = 0, and S3/Syp = £1. For a QWP rotation angle of 45° the polarization is left-handed
circular (using the source-convention) and we find S;/Sy = —0.23 + 0.15, S2/Sy = 0.20 £ 0.13
and S3/Sp = —0.95 + 0.04. For a 135° rotation angle the polarization is right-handed circular
with S1/S9 = —0.10 £ 0.16, S3/Sp = —0.19 £ 0.14 and S3/Sy = 0.98 + 0.03.

QWP at 45° QWP at 135°

y-component
(arb. units)
y-component
(arb. units)
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Figure 2.4: Electric field vector horizontal and vertical component of the transmitted signal
through a band pass filter and the QWP optimized at 0.5 THz orientated at 45° (a) and at 135°

(b).

To change the design frequency, we simply have to scale the design parameters, which we
demonstrate by fabrication of a QWP for 0.5 THz. When we combine the waveplate with a
bandpass filter also centered at 0.5 THz and with similar bandwidth, we expect perfect circularly
polarized THz pulses. At 0.5 THz the filter transmits 80 % of the power and the bandwidth
at 1/e? is 0.15 THz. Figure 2.4 shows the measured horizontal and vertical component of the
THz electric field for two different orientations of the QWP, namely at 45° (a) and at 135°
(b). For better visualization, we applied a moving averaging with a 300 fs time window to
the measured signals. While the horizontal components are identical for both orientations, the
vertical components show a 7 phase-shift. As a result, the electric field vector as a function of
time follows a left-handed or right-handed spiral, as indicated by the red curves. Hence, we can
unambiguously distinguish between left (a) and right (b) circular polarization.

2.4.2 Half-waveplate

Next, we consider a HWP and Fig. 2.5 shows the relative power of the z- (a) and y-polarization
(b) as a function of frequency and HWP rotation angle.

At rotation angles of 45° and 135° and for frequencies around 0.35 THz the horizontally po-
larized component (z) is minimal, whereas the vertical component (y) is maximal. At lower fre-
quencies, the polarization remains predominantly horizontal, and at higher frequencies, diffrac-
tion losses at the HWP structure set in. These results indicate the correct functioning of the
HWP with a phase retardance of 7 at the design frequency.

Figure 2.3 (d)-(f) show the normalized Stokes parameters as function of frequency for a HWP
rotated to 45° and 135°. For comparison we show the simulated results for a rotation angle of
45° and we find excellent agreement between experimental results and simulations. Around
the design frequency of 0.35 THz the polarization is rotated by 90° and the experimentally
determined normalized Stokes parameters are S1/Sy = —0.999 £ 0.001, S2/Sy = 0.016 £ 0.006,
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Figure 2.5: Relative transmitted power as function of frequency and rotation angle of the HWP
for the horizontal (a) and vertical (b) polarization.

and S3/Sp = 0.03540.006. Note that a HWP performs as a QWP around one half of its design
frequency. Indeed, Fig. 2.3 (d)-(f) show normalized Stokes parameters indicative of a QWP
around 0.2 THz. This frequency is larger than half of the design frequency, which is explained
by the fact that the birefringence increases with frequencies, as shown in Fig. 2.2 (a). The
influence of the grating period on the performance of the HWP is of special importance for the
design of the g-plates, since they consists of a grating structure with a spatially varying grating
period. Therefore, we increased the grating period of the HWP from 0.7 mm to 1.1 mm while
keeping all other parameters fixed. For the larger period of 1.1 mm, diffraction losses start
already at a frequency around 0.27 THz. Nevertheless, we find a normalized Stokes parameter
S1/S0 = —0.987 £ 0.004 at 0.3 THz, which indicates that the HWP performs as expected even
if diffraction losses decrease the overall transmission.

2.4.3 ¢g-plate

g-plates, depending on their rotation angle, convert an incident linear polarization into either a
radial or an azimuthal polarization. If the symmetry axis of the waveplate is parallel (perpendic-
ular) to the incident linear THz polarization, the beam is converted to a radially (azimuthally)
polarized beam. To verify the proper functioning of the ¢-plate we measure, spatially resolved,
all three electric field components. We scan an area of 3 mm-by-3 mm in the xy-plane in steps
of 0.1 mm (i.e., 31-by-31 points).

Figure 2.6 shows the field distribution of the radial (a) and the azimuthal (b) polariza-
tion at a frequency of 0.325 THz. The color-coded amplitude of the transverse electric field
is shown together with a vector field indicating the instantaneous direction. The amplitude
shows the typical doughnut-shape spatial profile with a singularity at the origin. The three
insets show the amplitude distribution of the horizontal, vertical, and longitudinal electric field
components in the transverse plane. The horizontal and vertical field components exhibit the
characteristic spatial distribution with two lobes, which are w-phase shifted. The asymmetry
of the azimuthally polarized beam profile is most likely due to an unwanted tilt of the g-plate.
In the supplemental document we present an analytic model assuming a perfect g-plate in a
4f-imaging system and we find good agreement of the resulting spatial polarization pattern
with the experimental results. Moreover, for the radially polarized beam, we observe a strong
longitudinal electric field component close to the beam center. A detailed description of the
longitudinal field for a radial THz pulse can be found in [33]. For an azimuthal polarization,
the longitudinal electric field is negligible, instead there is a strong longitudinal magnetic field
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Figure 2.6: Measured radially (a) and azimuthally (b) polarized beams. The main figures show
the color-coded amplitude distribution of the transverse electric field. The corresponding vector
field E,%+ E,¥ is indicated by black arrows at an arbitrary overall phase (where X and § are unit
vectors in z- and y-direction). The insets show the field distributions of the horizontal, vertical,
and longitudinal electric field components. All plots are shown at a frequency of 0.325 THz
and the same scaling is used for all the electric field components. (c): Normalized projected
polarization for the radial and azimuthal polarization as function of frequency.

component (see supplemental document). To characterize the polarization state as a function
of frequency, we project the measured transverse electric vector field distribution E(z;,y;, f)
onto an ideal mode of the same polarization state

2(a7 +y3)
wo(f) P

_x% —i—yjz

wi(f)

(f) = ZE(ﬂﬁz’,yjaf) -Eo ; (2.2)

where the sum runs over all pixels and the amplitude of Eg is chosen such that a perfect
radial or azimuthal polarized mode yields v(f) = 1. The global phase of the electric field
distribution E(z;,y;, f) is adjusted for a maximum (f). The beam waist wo(f) is obtained
from a fit to the measured amplitude distribution and we found wo(f) = 600 pm%fTHz at
the frequency f. Figure 2.6 (c) shows the projected polarization, v, as function of frequency.
A similar performance is found for both ¢-plate orientations, with the maximum projected
polarization of 0.95 at 0.325 THz being close to the ideal value of 1. For frequencies between
0.275 THz and 0.375 THz we find a projected polarization larger than 0.9, which indicates that
the ¢-plate works as intended in this frequency range. At lower and higher frequencies the
projected polarization decreases rapidly.

2.4.4 Spiral phaseplate

SPPs are used to generate beams with angular momentum without affecting the state of polar-
ization. Hence, the transmitted THz pulse remains horizontally polarized, but depending on the
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spatial position the wavefront is retarded. We measured the horizontal electric field component
in the transverse plane in an area of 3 mm-by-3 mm in steps of 0.1 mm (i.e., 31-by-31 points).
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Figure 2.7: Amplitude distribution of the horizontal polarization (a) for a spiral phase plate
with a topological charge of £1 and the corresponding phase (b) for a frequency of 0.3 THz.
For pixels with an amplitude of less than 30 % of the peak amplitude, the color-coded phase
is greyed out. The white circles enclose the region used to extract the phase as a function of
azimuthal angle. (c): Phase step height in units of 27 as function of frequency.

Figure 2.7 shows the amplitude of the horizontal field component at 0.3 THz (a) and the
corresponding phase (b). The phase is shown only when the amplitude at the same pixel is
larger that 30% of the maximum amplitude. The amplitude distribution shows a doughnut-
shape spatial profile due to a singularity at the beam center. The color-coded phase distribution
indicates that the phase retardance decreases linearly by 27 as function of the azimuthal angle
around the beam center and exhibits a phase step A¢ at 0°. Due to the layer resolution of
0.1 mm, which is ten times smaller than the considered wavelength, no discrete phase steps are
observed. Figure 2.7 (c) shows the phase step A¢ as function of frequency. The phase was
averaged over the radial direction around the amplitude maximum, i.e., between r = 0.3 mm
and 0.6 mm, as indicated by the two white circles in Fig. 2.7 (b). The phase step A¢ normalized
to 27 corresponds to the topological charge. Note that A¢ has to be an integer multiple of 2,
because the unwrapped phase of electromagnetic fields must be continuous. For comparison,
we used the same recipe to calculate the phase step from an analytical model. In both cases,
we find discrete steps when plotting the phase step as function of frequency. When we use
alternative recipes to extract the phase step, the overall picture remains the same, except the
exact frequencies at which the topological charge changes are found to shift to somewhat lower
or higher frequencies. On average, we find the first two steps at 0.15 THz and at 0.45 THz.
These frequencies corresponds to 0.5 times and 1.5 times the design frequency, respectively. We
also tested two different SPPs with a topological charge of £2 at 0.3 THz and found similar
performance.
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2.4.5 Achromatic waveplates

For broadband THz applications, for instance using a femtosecond laser pumped LiNbOj3 source,
the useful bandwidth of the waveplates presented above is not sufficiently broad. Hence, we
alm at increasing the bandwidth by using an achromatic waveplate design. As an example, we
discuss a QWP with an achromatic design consisting of two layers where the fast axis of the first
layer is aligned with the slow axis of the second layer. Naturally, this design is motivated by
commercially available achromatic waveplates. To optimize the performance, we tune the two
grating heights as well as the two periods. Hence, we have a four dimensional parameter space,
which allows us to optimize the structure for broadband performance. For optimization we use
a genetic optimization algorithm (in Matlab) and minimize the cost function [df|¢(f) — /2|
for f € [0.23 THz, 0.4 THz], where ¢(f) is the phase retardance based on Eq. (2.1). We impose
boundaries to the optimization: 1) The grating period is limited to the range between 300 pm
and 675 pm, where the lower limit is due to the 3D-printer resolution and the upper limit is
calculated from the onset of higher order diffraction, and to integer multiples of the accuracy of
the 3D-printer, i.e., 12.5 pm. 2) The grating height is restricted to values lower than 10 mm, in
order to be able to mount the achromatic QWP in a standard rotation mount, and to integer
multiples of the minimum layer thickness, i.e., 100 pum. After successful optimization we find the
following design parameters: The first grating period is 412.5 pm and has a height of 5.8 mm.
The second grating has a grating period of 662.5 um and a height of 3.5 mm. Between the two
layers we include a 1 mm thick spacer layer for mechanical support of the second layer. Note
that the achromatic structure was printed as a single part.
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Figure 2.8: Measured retardance as function of frequency for the original one layer QWP and
for the optimized achromatic design. The blue circles corresponds to the results already shown
in Fig. 2.2 (b) and the green curve corresponds to the simulation of the achromatic design. The
grey area indicates a 10 % deviation from the ideal retardance of 7/2.

Figure 2.8 compares the retardance of the single layer QWP with the optimized achromatic
design. The grey area indicates a 10% deviation from the ideal retardance of /2. The exper-
imental data are in good agreement with the double layer simulation results. The bandwidth
of the achromatic design is more than two times larger than that of the single layer design.
Diffraction losses limit the useful frequency range up to approximately 0.5 THz. We would like
to stress that the bandwidth can be even further increased by using more than two layers and
that the same design principles can be applied to HWPs and g-plates.
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2.5 Conclusions

We experimentally evaluated 3D-printed QWP, HWP, ¢-plate, and SPP for broadband THz
applications and compared the results to finite element simulations. We demonstrated that 3D-
printed wave- and phaseplates, using fused deposition modeling, are not limited to a frequency
range < 0.2 THz, as indicated by previous publications. By using a broadband THz source with
a useful spectral range from 0.08 THz to 1.5 THz we showed that 3D-printed waveplates perform
as expected up to about 0.6 THz. We found that all waveplates have bandwidths similar to
commercial products and we demonstrated a route to achieve broadband performance, so that
3D-printed waveplates can also be used in combination with few-cycle THz pulses. Our results
demonstrate that 3D-printing is a cost-efficient and time-saving fabrication method for a variety
of narrow- and broadband wave- and phaseplates.

2.6 Supplemental document

2.6.1 Experimental setup

A schematic of the setup is shown in Fig. 2.9. The THz pulse generation and detection is based
on a femtosecond erbium fiber laser (Femto Fiber Pro by Toptica), which provides pulses with
a duration of less than 100 fs, a repetition rate of 80 MHz, and an average output power of
130 mW at around 780 nm. The laser output is split with one part being sent to the emitter
and the other to the electro-optic detector. The ratio can be adjusted by a half waveplate.
Pulses sent to the emitter are attenuated to 40 mW in order to prevent damage of the GaAs
photo-conductive antenna (PCA) and are focused by a 10 mm focal length lens. For a lock-in
detection scheme, the bias voltage of the PCA is modulated with 800 kHz. Specifically, the
2.4 V reference signal from the lock-in amplifier (HF2LI from Zurich Instruments) is amplified
to 120 V by a power amplifier (Falco Systems). The THz pulses are imaged by four off-axis
parabolic mirrors enclosed in a dry-air box to an intermediate image plane. Even though the
PCA is orientated to produce horizontally polarized THz pulses, we use an additional wire
grid polarizer in order to better define the polarization direction. An additional 4f, lens-based
imaging system (aspheric lenses with f; = 50 mm and fo = 25 mm, each with a diameter of
two inches) is used to incorporate the wave- and phaseplates and to direct the modified THz
pulses to the electro-optic detection unit.

The average power of the probe pulses is approximately 4 mW, which is ultimately limited
by the damage threshold of the ZnTe detection crystal. They can be delayed with respect to
the pulses sent to the PCA by a motorized linear stage (LMS-80 from Micos) with a maximum
travel range of 120 mm. We measure the horizontal and the vertical components of the THz
signal with a (110)-cut and the longitudinal component with a (100)-cut ZnTe crystal. The
100 pm thick ZnTe crystals are mounted on a 2.5 mm thick c-cut sapphire substrate to avoid
the appearance of Fabry-Perot replica within the measurement window. The probe beam is
focused to a spot size of about 20 pm by a lens with a focal length of approximately 10 mm. It
is reflected by the dielectric coating on the front side of the crystals and co-propagates with the
THz-pulse on its way back through the crystal. The reflected pulses are directed to a standard
electro-optic detection unit consisting of a quarter-waveplate, a polarizing beam splitter, and
a balanced photo-detector pair (Thorlabs). The sampling crystal is mounted on motorized z-,
y- and z-stages and allows us to measure all three electric field components within a defined
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Figure 2.9: Schematic of the setup (top view): THz pulses are generated by a PCA and
detected in a ZnTe electro-optic sampling crystal. The THz-pulses are horizontally polarized
and transported to the detector by four off-axis parabolic mirrors and two THz lenses (L1 and
L2). The detector is mounted on motorized z-, y- and z-stages.

volume around the focal position with a spatial resolution of 20 pm. Each time delay scan covers
a range between 5 mm to 10 mm corresponding to a time window between 33 ps and 67 ps,
with a resolution of 33.4 fs.

2.6.2 Polarization sensitive detection

Both ZnTe crystals were rotated by 360 degrees while recording the electro-optic signal. For
the (110)-cut ZnTe crystal the intensity difference AI measured by the balance photo detector
as a function of the rotation angle is given by [34]

wn3ETHzr41L
2c

with the probe intensity I,, the crystal thickness L, the speed of light in vacuum ¢, the
carrier frequency of the probe pulse w, the electric field strength of the THz pulse Eryr,, the
unperturbed refractive index n, and the relevant electro-optic tensor element r4;. The angle
between the polarization direction of the THz beam and the (001)-crystal axis is « and the angle
between the polarization direction of the probe beam and the (001)-crystal axis is ¢. For the
a-polarized air-reference THz pulse we have a = ¢ — 7/2. Similarly, we find for the (100)-cut
ZnTe crystal

Al(o, ¢) =1, (cos asin 2¢) + 2 sin acos 2¢) , (2.3)

3E L
AI(¢) = I, =THTAZ i 96, (2.4)
C
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Note that equations (2.3) and (2.4) indicate that the maximum detection efficiency for the
horizontal, vertical, and longitudinal field components is the same.
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Figure 2.10: Measured signal as a function of rotation angle for a (110)-cut (a) and a (100)-cut
(b) ZnTe crystal. The solid curves represent fits based on Egs. (2.3) and (2.4). The arrows
indicate the crystal orientations, which we used to measure the z-, y- and z-component of the
THz electric field.

Figure 2.10 shows the measured signal as function of rotation angle for a (110)-cut (a) and a
(100)-cut (b) ZnTe crystal. The sign convention of the peak-to-peak signal is as follows: When
the signal minimum is at an earlier time-delay than the signal maximum we use a positive sign
- otherwise the sign is set to be negative. The solid curves correspond to a fit to Egs. (2.3) and
(2.4). From this fit we find that x-polarized THz electric field component must be measured at
58°, while the y-polarized component is measured at 148°. Furthermore, the THz polarization
in z-direction is to be measured at 32°. These angles are used for all following measurements.

2.6.3 Field pattern of the reference beam

The THz beam without any wave- or phaseplate was fully characterized for reference. Fig-
ure 2.11 (a) shows the corresponding measurement results, i.e., the amplitude of the transverse
electric field and the three polarization components in a plane perpendicular to the propagation
direction at an arbitrary frequency of 0.325 THz. While the horizontal component clearly dom-
inates, we also find a nonzero longitudinal component. Specifically, the longitudinal component
shows two lobes, which are m-phase shifted with respect to each other. For comparison, Fig. 2.11
(b) shows the analytical field components of a Maxwell-Gauss beam as described in [31, 32] for
a frequency of 0.325 THz and a beam waist of 600 um. Except for the ring structure around
the main central part of the beam, which is a result of the finite size optics in the imaging
system and/or imperfections of the PCA, we find good agreement between the measurement
and analytical model, specifically the shape of the longitudinal component is well reproduced.

2.6.4 Details on the different wave- and phaseplate measurements
QWP and HWP for 0.5 THz

Figure 2.12 shows the measured Stokes parameters for a QWP (left) and a HWP (right) for
a design frequency of 0.5 THz. We find good agreement between experiment and simulations,
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Figure 2.11: Experimental measurement (a) and analytical model (b) of the reference beam.
The main figures show the color-coded amplitude distribution in the transverse plane. The
corresponding vector field is indicated by black arrows at an arbitrary overall phase. The insets
show the spectral amplitudes of the horizontal, vertical, and longitudinal field components. All
plots are shown at a frequency of 0.325 THz and use the same scaling.

specifically around the design frequency. For these measurements we did not use a bandpass
filter. But for reference, we also included the transmission curve of the bandpass filter in
Fig. 2.12 (b) and (e) which was used for the results presented in the main text in Fig. 2.4.
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Figure 2.12: Measured and simulated Stokes parameters for a QWP and a HWP designed for
a frequency of 0.5 THz. The transmitted power of the bandpass filter is included in (b) and (e).

Analytical model for g-plates

The analytical model is based on the Maxwell-Gauss beam already introduced above. Since
the g-plate is placed at the back focal plane of the second lens in the 4f imaging setup, the
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transverse electric field distribution in the detection plane is calculated via a two-dimensional
Fourier transformation. At the Fourier-plane the beam is modulated by a transfer matrix M,

such that
Ex out (r7 ®, w)) <Ex in (r7 ©, w))
’ =M(r,o,w ’ . 2.5

<Ey,out (Tv ©, w) ( v ) Ey,in(rv @, w) ( )

The z-component of the electric field is calculated from the third Maxwell equation, V- E =
0, to E, = ﬁ(@xﬂr + 0y E,). Note that at the design frequency the g-plate acts locally as a

HWP with an axis orientation of ¢ /2, where ¢ is the polar angle. This corresponds to a transfer
matrix

__(icosp ising (2.6)
- \ising —icosyp ’
for generating radial polarization and
M= (—z singp icos cp) (2.7)
1cosy  ising

for generating azimuthal polarization. Figure 2.13 shows the results of the analytic model
for a radial (a) and an azimuthal (b) polarization. While the main frame shows a false color
image of the amplitude of the transverse electric field, the three insets show the amplitudes of
the three polarization components. When going from radial to azimuthal polarization the z-
and y-electric field components are interchanged. Somewhat more striking is the difference in
the longitudinal component. While the radially polarized beam possesses a strong longitudinal
electric field component, this is absent in the azimuthally polarized mode.

Spectral amplitude (arb. units)
Spectral amplitude (arb. units)

Figure 2.13: Beam at the focus based on an analytic model at 0.325 THz using a Maxwell-Gauss
beam and assuming a 4f-imaging system with perfect performance of the g-plate for generating
radial (a) and azimuthal (b) polarization.

From the measurement of all three electric field components, we can calculate the magnetic
flux based on
V X E(r,w) = —iwB(r,w). (2.8)

We assume 0, F, = —ikoE, and 0,FE, = —ikgE,, which is justified since we measure at
the focus where the longitudinal variation of the electric field is mainly determined by the
wave vector kg. Figure 2.14 shows the calculated z-, y-, and z-components of the magnetic
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flux at 0.325 THz for the radial polarization (top row) and azimuthal polarization (bottom
row). Note that the spatial amplitude distribution of the magnetic field components of the
radial polarization is similar to the amplitude distribution of the electric field components of
the azimuthal polarization (and vice versa). Especially, the azimuthal polarization shows a
strong magnetic component in the longitudinal direction, which explains the absence of the
longitudinal electric field component in Fig. 2.13.

B c Bz c
3 y 3
1
_8. 2 2 5
S =
© >
g 1 1 3
s
0 0 0
3 o 1 2 3 o 1 2 3 Ef
_ 3 3 5
E §
s 2 2 T
5 u g
E 1 1 a
= 7]
<
0 0 0
3 o 1 2 3 o 1 2 3
X (mm) X (mm)

Figure 2.14: Calculated magnetic flux components based on the measured electric field com-
ponents in the focal plane at a frequency of 0.325 THz. Top: radial polarization and bottom:
azimuthal polarization. All three components are multiplied by ¢ and the same scaling factor
as for the electric fields is used.

Spiral phaseplate

For completeness, we show the electric field amplitude as well as the amplitudes of the three
electric field components for a THz beam which passed through a spiral phaseplate. Figure 2.15
(a) shows the measured and (b) the analytical results and we find good agreement. As ex-
pected, the horizontal component is dominant as a spiral phaseplate does not affect the state of
polarization. The black arrows indicate the instantaneous electric field direction at an arbitrary
overall phase, and reveal that there are two spatially separated contributions which are m-phase
shifted and spiral around the center. Here, the analytical model at the design frequency is based

on the transfer matrix
e 0

where ¢ is the polar angle. Hence, the matrix M describes a linearly increasing phase with
a total phase shift of 27 after one revolution.
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Figure 2.15: Experimental (a) and analytic model (b) of a beam with angular momentum. The
main figures show the color-coded amplitude distribution of the transverse electric field. The
corresponding vector field is indicated by black arrows at an arbitrary overall phase. The insets
show the spectral amplitudes of the horizontal, vertical, and longitudinal electric field compo-
nents for a frequency of 0.3 THz and the same scaling is used for all electric field components.
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Abstract

We propose a short period undulator based on the electromagnetic field pattern in a THz-driven
split ring resonator structure. An analytical model is developed that allows to assess the key
performance parameters of the undulator and to estimate the emitted radiation spectrum. Dif-
ferent geometric configurations are compared in detail using numerical simulations. A 100 MeV
electron bunch with 5 pC charge is shown to emit narrow band 83 eV photon pulses with a peak
brightness of approximately 10 photons/(s mrad? mm? 0.1% BW) when passing through the
100 mm long undulator with a 1 mm period.

Published by the American Physical Society under the terms of the Creative Commons Attribution
4.0 International license. Further distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

3.1 Introduction

Undulators are generally composed of a periodic, alternating array of normal- or superconduct-
ing electromagnets, permanent magnets or hybrid magnets [1-3]. Relativistic electron bunches
propagating through an undulator are forced on an oscillatory orbit, which leads to emission
of intense narrow band radiation pulses [4]. The emission can range from THz to hard x-ray
photon energies and is determined by electron kinetic energy and undulator period. Typical
undulator periods are tens of millimeters, magnetic field strengths range from about one Tesla
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to more than ten Tesla for superconducting magnets, and undulators in free electron lasers can
be tens to hundreds of meters in length [5, 6].

Decreasing the undulator period is generally beneficial, because less electron energy is re-
quired to produce a given photon energy. Likewise, the emitted photon energy would increase
for a given electron energy. In addition, smaller scale undulators in combination with minia-
turized accelerators are suitable for the development of compact future light sources. Such
advanced accelerators are for example based on laser wakefields in plasma [7] or laser-driven
dielectric structures [8]. In the past, several efforts to reduce the periodicity of static magnetic
field patterns have been made and values as low as 15mm [9-12] were achieved. Further re-
duction down to about 100 pm was realized with laser micro-machined permanent magnets [13]
or electromagnets [14]. The peak magnetic field in these devices was still as high as 0.7T [15].
Usually, a shorter undulator period also requires a smaller undulator gap, which is ultimately
limited by the transverse beam size, the radiation opening angle and the generated wakefields.

The undulator performance is mostly determined by the undulator parameter K which scales
linearly with field strength and is proportional to the undulator period. Because optimal per-
formance is achieved for an undulator parameter on the order of unity [4], a smaller undulator
period would require a larger magnetic field. For example, a reduction of the undulator period
to 1 mm already requires a magnetic field strength around 10 T. To the best of our knowledge,
such field strength cannot be obtained by today’s micro-machined electromagnets. A concep-
tually different approach for a short period undulator uses oscillating electromagnetic fields,
for example, in laser irradiated dielectric gratings [16], laser-driven undulators [17], microwave
undulators [18], plasma wave undulators [19-21] or surface plasmon polariton (SPP) undulators
[22-24].

Here, we propose a THz-driven undulator with a period of approximately 1 mm. It consists
of an array of split ring resonators (SRRs) which locally enhance the THz driver field [25].
Similar structures have recently been used for electron deflection in streaking experiments [26—
28]. Generally, the THz frequency range is of interest for electron bunch manipulations because
the wavelength is well matched to the typical electron bunch size of several tens of microns. In
comparison to THz-driven SPP undulators [24], SRR based undulators benefit from an order
of magnitude larger field enhancement. In addition, wakefield effects are substantially reduced
and the proposed undulator structure requires only one THz driver pulse (TDP).

A schematic of the proposed THz-driven SRR undulator is shown in Fig. 3.1. Tt is composed
of C-shaped SRRs, which are known to feature considerable field enhancement. In principle,
other sub-wavelength structures with different resonance characteristics or field enhancement
properties may be used [27, 28]. Resonance frequency and field enhancement are mainly de-
termined by geometry, namely by gap height g, gap width w and hole radius R (see Fig. 3.1
for the definition of the parameters). The TDP is linearly polarized along the y-direction and
propagates in positive z-direction. It couples to the fundamental resonance of the SRR and
leads to a locally enhanced electric field inside the gap. This field is relatively homogeneous
and predominantly polarized in y-direction.

The electron bunches propagate through the SRR gaps in positive z-direction, as indicated
by the green dashed curve, and interact with the electromagnetic fields. Due to the strong
field enhancement, the electron dynamics is predominantly determined by the y-component of
the in-gap electric field rather than any of the other electric or magnetic field components. By
adjusting the SRR distance d to half of the free space resonance wavelength, the electrons are
periodically deflected in +y-direction. Therefore, the optimal undulator period is directly linked
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Figure 3.1: Schematic of the THz-driven undulator: The electric field of the TDP (shown
by red arrows) is enhanced inside the gap of the C-shaped SRRs. An electron bunch (green)
propagating in positive z-direction, as indicated by the green dashed curve, is periodically
deflected in £y-direction and as a result emits linearly polarized radiation.

to the resonance frequency of the SRR. The electron deflection pattern is further influenced by
the filling factor F' := s/d of the SRR array. Note that for F' = 1 the individual SRRs merge
into a slotted tube. Here, we consider relativistic electron energies, which are of particular
interest because of small radiation opening angles and lower wake field instabilities.

3.2 Case study

In this section we present a case study of the SRR undulator concept with experimentally viable
parameters. First, we define the undulator geometry and calculate the resonance condition as
well as the electromagnetic fields via finite element simulations. Based on the simulations
we derive an approximate analytic undulator model, which predicts the K-parameter and the
emitted photon energies. Next, we study the dynamics of a single electron in a weak undulator
field. Specifically, we study the emission spectrum as a function of the electron injection time
relative to the TDP, initial transverse position, undulator periodicity and undulator filling factor.
We conclude with electron bunch simulations, i.e., we simulate wakefields which allows us to
specify upper limits for the bunch charge, we investigate the effect of stronger electromagnetic
fields of the TDP and we study photon emission for two different (100 MeV and 1 GeV) electron
beam energies.

3.2.1 Geometry

The SRR gap height ¢ and width w are set to 50 pm, which is a good compromise to accom-
modate electron bunches with transverse sizes on the order of tens of microns while result-
ing in a close to homogeneous in-gap field distribution in z- and y-direction. The gap is at
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x € [-25pm, 25 pm] and y € [—25 pm, 25 pm]. The hole radius R is tuned for a resonance fre-
quency of approximately 270 GHz, which corresponds to an undulator period of 2d = 1.1 mm.
The distance h is chosen such that the in-gap electric field at the resonance frequency is en-
hanced by the TDP reflected from the back mirror. The undulator length is arbitrarily set to
L =100 mm, but in practice is linked to the available THz source [29] as one has to maintain
the desired electromagnetic field strength over the entire undulator length. We estimate the
required THz energy, assuming a focal spot size of 100 mm by 1 mm, a pulse duration of 5 ps
and a peak electric field strength of 10 MV /m, to approximately 70 nJ TDP energy, which is
experimentally achievable with different types of THz sources [29-31]. Table 3.1 summarizes all
the relevant dimensions of the SRR, undulator.

Table 3.1: SRR undulator dimensions (see also Fig. 3.1 for the definition of parameters).

Parameter Symbol Value

Gap height g 50 pm

Gap width w 50 pm

Hole radius R 60 pm

SRR thickness s 50 pm — 555 pm
SRR distance d 555 pm

Filling factor F 0.09 -1
Distance to wall h 390 pm
Undulator length L 100 mm

3.2.2 Undulator fields

The spatial and temporal electric and magnetic field distributions of the SRR resonators were
simulated with the finite-element software COMSOL [32]. The simulations were performed
in three dimensions with periodic boundary conditions in z-direction and scattering boundary
conditions in z- and y-directions. The permittivity of the SRR and the back mirror material was
described by a Drude-model with a plasma frequency of 2.2 PHz and a damping rate of 6.4 THz
(these parameter values have only minor influence on the field maps). The TDP was modeled
by a plane wave. First, we performed frequency domain simulations to identify resonance, field
enhancement and spatial distribution of the electric and magnetic fields at resonance. Then,
we performed time-dependent simulations to determine the time dependence of the electric
and magnetic fields when excited with a realistic TDP. For further simulations of the electron
dynamics all six field maps at resonance were exported for a discrete grid with a maximum
spacing of 2 um, 1 pm and 5pm in x-, y- and z-direction, respectively.

The simulations show that the in-gap resonance electric field is dominated by the enhanced y-
component with negligible F, and E, contributions. The magnetic field is mostly in z-direction
and concentrated in the circular SRR hole but decays into the gap region. The frequency
dependent electric field enhancement was calculated as the volume average of E, inside the
SRR gap normalized to the electric field strength of the TDP.

Figure 3.2 (a) shows the y-component of the electric field at resonance as a function of
longitudinal position through the center of four SRR gaps (i.e., at x = y = 0 um) and normalized
to the electric field strength of the incident TDP. The thickness s was arbitrarily set to 300 pm.
The inset shows the electric field amplitude E, at the gap center versus x and y. Close to the
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center, it is rather homogeneous with some inhomogeneities at the edges of the gap. Figure 3.2
(b) shows the Fourier decomposition of Ey(z) at a fixed time, with a harmonic spectrum typical
of the longitudinal, almost square electric field distribution.

Figure 3.2 (c) shows a realistic TDP (red dash-dotted curve) and the excited in-gap y-
component of the electric field (blue solid curve). The in-gap field oscillates for times longer
that the impulsive excitation because the resonance linewidth is narrower than the excitation
spectrum, as indicated in Fig. 3.2 (d).
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Figure 3.2: (a) Simulated y-component of the electric field at the middle of the SRR gap as

a function of the longitudinal position. The field is normalized to the electric field strength
of the TDP and the time is fixed for the maximum field strength. The SRR thickness s is
300 pm and distance d is 555 pm. The black dashed curve corresponds to the assumption used
in the analytic model Eq. (3.5). The inset shows the y-component of the electric field in a zy-
slice at the longitudinal position of the gap middle. (b) Fourier spectrum of the longitudinally
varying electric field together with the Fourier components from the analytic model Eq. (3.6).
(c) Simulated time-dependent field inside the SRR gap exited by a specific TDP. (d) Spectrum
of the TDP and the frequency dependent enhancement factor. The solid curve corresponds to
a fit based on Eq. (3.2).

Figure 3.3 shows the absolute value of the in-gap field enhancement factor as a function of
frequency and filling factor. This figure shows that the resonance frequency of approximately
270 GHz is independent of the filling factor F'. For the considered SRR thickness, which exceeds
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the skin depth, the full width at half maximum (FWHM) decreases from 190 GHz to 70 GHz
for larger filling factors. Therefore, a realistic single-cycle TDP spectrum is broader than the
resonance curve. The highest field enhancement of 29 is found for the structure with the smallest
filling factor and can be attributed to the maximal field concentration and contribution from
the reflected pulse.

SRR thickness s (um)
100 200 300 400 500

30

Field enhancement factor

0.2 0.4 0.6 0.8 1
Filling factor F

Figure 3.3: Color-coded field enhancement |n(w)| as a function of frequency and filling factor
for a SRR array with a fixed distance of d = 555 pm.

3.2.3 Approximate analytic model

Here we derive an analytic model to estimate the undulator performance. In particular, we
solve the Lorentz equation of motion for a single electron moving through the periodic deflection
fields, and determine the K-parameter and the wavelength of the emitted radiation. The TDP
spectrum E4(w) and the time varying electric field inside the SRR gap Eyqp(t) are related via

Byun®) = Re { o= [~ Batpntorea . (3.1)

where n(w) is the frequency dependent complex field enhancement factor. Figure 3.2 (d)
shows that n(w) can be well approximated by a Lorentz curve

Tlo

S| N 3.2
wi —w? +ilw (3:2)

n(w)

where fo = 52 is the resonance frequency and ( is the damping factor. The parameter 79
determines the maximum field enhancement factor. In order to have oscillations the resonator
must not be overdamped, which implies an upper limit of the damping factor. Since the TDP
spectrum is much broader than the resonance curve, we can assume the TDP spectrum to be
approximately constant in the frequency range of significant field enhancement. Therefore, at

a time At after excitation with the TDP we find

2| Eq(wo 77()6_CA1€/2 . At
Egap(At) = | \(/42)‘27@ sin 7\/4%% —-¢2). (3.3)
Z_

For small damping factors and at times close to the excitation (i.e., ( < wp and (At < 1)
the electric field inside the gap can be approximated by
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Egap(t) = Eq sin(wot + o), (3.4)

where g is an arbitrary phase and Ey := Eppg.|n(wy)| with Epg, := |Eg(wo)|¢. Note
that damping can also be neglected if a TDP with a tilted pulse front is employed. The tilt
should be matched to the electron velocity [33-35]. Employing the Fourier decomposition of
the z-dependent electric field we find

oo
2
Ey(z,t) = Egsin(wot + ¢o) Z A, cos 7Tdnz’ (3.5)

n=—oo

with the Fourier amplitudes of the harmonics A,. In case we approximate the longitudinal
field distribution by a square function, as shown in Fig. 3.2 (a), the Fourier amplitudes can be
estimated to

F, =0
Ap=34"7 "= (3.6)
“—sinnkF, n#0

For solving the equation of motion of a single electron, we assume z(t) = B,oct, where (.
is the initial electron velocity in z-direction normalized to the speed of light in vacuum c. We
further assume zero initial velocity in z- and y-direction and find

; 00 971/2
y(t) = [1+ (’Yoﬁzo) +< Z K, coswn) ]
i
B.(t) = Ti)ﬁzo (3.7)
1 o0
By(t) = — K, cos ¢y,
W0 =S 2 Hncost
where v is the initial Lorentz factor,
EydA,
K, = cEod (3.8)

em(dwo + 2mncfByo)’

and ¥, = (wo + %)t + o for n € Z, where m is the electron rest mass and e the
elementary charge. The assumption z(t) = B.oct breaks down in the limit of large K,-values,
but it allows to find analytic expressions for relevant radiation properties. Note that Kj is
proportional to the filling factor, because Ay ~ F'. For example, we find an undulator parameter
of Ky ~ 0.07 for a resonance frequency of 270 GHz, a filling factor of ' = 0.2 and Ey = 1 GV/m.
By increasing the filling factor up to F' = 1 the undulator parameter increases to Ky ~ 0.35.

Based on the slippage condition, the emitted photon frequencies in the lab frame are given
by

lwo + 27 BL0cn/d|
Wrn =
1— B,pcosf

where 6 is the emission angle with respect to the z-axis. The best undulator performance is
expected for a structure with 2mwc/wy = A\g = 2d, since the electric field inside the gap changes

(3.9)
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sign each time the bunch travels from one resonator to the next and yields an oscillatory motion
with a period of 2d. The on-axis photon frequencies are 2v%ck,, with k, := |ko(2n + 1)| and
ko := wp/c, that is, the emission spectra consist of multiple odd higher harmonics.

The relative bandwidth of the emission mainly depends on the number of undulator periods
and the relative energy spread of the electrons. The natural bandwidth of an undulator can
be estimated by considering the Fourier transform limit of the radiation cycles [36]. At the
resonance frequency fo, the electrons oscillate N, , = Lk,/(27) times (where L is the total
undulator length) resulting in a relative bandwidth

Arn _ \/ (0.886/Ny.)* + (2AE/E)?, (3.10)

Wrn

where Aw,., is the FWHM of the on-axis spectral intensity and AE = 2v2In20g is the

FWHM of the initial energy spread of the electrons (assuming a Gaussian energy distribution

with standard deviation o). Furthermore, the radiation is confined in a narrow emission cone
with an opening angle of 6 ~ 1/~ [4].

3.2.4 Single electron dynamics

In this section we consider a single electron with an initial energy of 100 MeV for the calculation
of the electron trajectories and the emitted radiation spectra. The electron trajectories were
calculated with VDSR (Virtual Detector for Synchrotron Radiation) [37] based on the three
dimensional field maps from the frequency-domain COMSOL simulation. From the trajectories
the intensity of the emitted radiation per frequency interval and per solid angle in the far field
is calculated [38]

d2r B e?
dwdQ  1673ege

(3.11)

[* <[< 53 P e 25

where 1, is a unit vector pointing in the observation direction. From the simulated on-
axis spectra we estimate the radiation peak brightness using the peak intensity (in units of
photons/(sr 0.1%BW) ) divided by the bunch duration 20, /c and the bunch cross section area

2
mo;:

The SRR thickness is set to s = 100 pm and the incident peak THz electric field is Erg, =
1 MV/m. Note that for high undulator field strengths the net deflection can be as large as the
gap size and the electron may collide with the SRRs.

A consequence of time dependent undulator fields is that the time delay between the TDP
and the electron injection into the structure is crucial. The exact injection time determines the
overall deflection in y-direction as well as the emitted radiation intensity. Note that the deflec-
tion in z-direction is negligible irrespective of injection time. Figure 3.4 shows the y-deflection
at the end of the undulator and emitted peak intensity versus time delay between TDP and
electron injection.

An electron injected at zero time delay, or at an integer multiple of half the oscillation
period, reaches the SRR gap when the field strength is at its maximum resulting the highest
peak intensity. Note that this corresponds to ¢ = 7/2 in Eq. (3.4). If the electron has no initial
momentum in y-direction, a net deflection arises which is determined by the first momentum
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Figure 3.4: Simulated on-axis peak intensity and total deflection in y-direction as a function
of time delay between electron injection and TDP.

kick at the undulator entrance. As a consequence, the emission cone bends away from the z-
axis. If the time delay is adjusted such that the electron passes the gap when the deflection field
has a zero-crossing, the net deflection is zero but also the peak intensity is minimal. To avoid a
net deflection while maintaining the time delay for maximum emitted intensity we propose to
compensate the deflection with a matched initial momentum in y-direction. For the simulation
parameters used here, we found that an initial normalized y-momentum of 0.004 can balance
the net deflection at zero time delay. In the following the initial y-momentum is always adjusted
for zero net deflection. Such initial y-momentum can be achieved with a standard undulator
end design, here for example with the first SRR having only half the thickness s or a larger
width w for reducing the deflection field strength at the undulator entrance [4].

The emitted radiation spectra can be tuned by adjusting the SRR distance d and the filling
factor F'. Figure 3.5 summarizes the simulated on-axis radiation spectra for different parameters.
Note that all structures have the same resonance frequency of 270 GHz. The gray dashed curves
show the predicted photon energies based on Eq. (3.9) for the corresponding harmonics n. In
Fig. 3.5 (a) we show the spectra for different filling factors F' but for a fixed distance of 555 pm.
Because the distance is matched to the resonance frequency each emission peak has contributions
from two Fourier components A,, as indicated by the corresponding values of n. For increasing
F we found an increased emission intensity at the photon frequency wy.¢ (which corresponds to
86.4 €V). This is explained by the increased interaction time between the electric field and the
electrons. For increasing F', the higher order harmonics diminish, as it is expected based on the
corresponding Fourier coefficients A,,. In the limit of a slotted tube, i.e., F' = 1, no harmonics
are generated, which is in agreement with A,, = 0 for n # 0. For small filling factors, multiple
emission lines occur at odd higher harmonics.

On the other hand, in Fig. 3.5 (b), we fixed the SRR thickness to 100 pm but changed the
distance between resonators. Again we find good agreement between simulated emission peaks
and analytic model. The highest emission intensity is obtained when the distance is matched
to the resonance frequency (d = 555pm) or when the SRRs are closely spaced such that the
structure approaches a slotted tube. Likewise, the photon energy of the higher order harmonics
can be tuned over a wide range by adjusting the SRR distance. Also here, the resulting emission
intensities are governed by the Fourier coefficients A,,.

Any inhomogeneity of the undulator fields in the gap area could potentially effect the undu-
lator performance. Therefore we compare the radiation spectra for different initial z-positions
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Figure 3.5: Simulated on-axis spectra and the predicted photon energies based on the analytic
model (gray dashed curves) for different filling factors (a) and distances (b). Geometries for six
different filling factors (a) and for seven different SRR distances (b) were considered.

xo as shown in Fig. 3.6. While the emitted photon energy is unchanged, the intensity decreases
when the electron travels off-axis. Note that the intensity is still more than 60% of the on-axis
intensity even if the electron travels alongside the SRR gap. Since the deflection field is not
entirely symmetric in z-direction, the emission intensities for g = —30 pm and ¢ = 30 pm are
slightly different. The analytic model in Eq. (3.9) predicts a photon energy of 86.4 eV (shown
as black dashed line), which is in agreement with the simulation results.
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Figure 3.6: Simulated on-axis spectra for different initial x-positions.

3.2.5 Electron bunch dynamics

In the following, we discuss the dynamics of an electron bunch, rather than a single particle,
interacting with the undulator fields. A undulator structure with s = 300 pm and d = 555 pm
is considered, but similar results are obtained for different filling factors. The kinetic energy of
the bunch was fixed to 100 MeV and we assumed a relative energy spread of 1%, as provided
by today’s accelerators [39]. The total bunch charge is 5 pC with a Gaussian distribution
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and standard deviations o, = 5pm and o, = 20 pm in transverse and longitudinal direction.
Table 3.2 summarizes the electron bunch parameters. For simplicity, we set the emittance
to zero, that is, the electrons have no initial momentum spread in the x- and y-direction. If
required, the maximum allowed emittance can be estimated by setting the maximum transverse
bunch size equal to the gap size and by using a beta function determined by the undulator length
L. As aresult, the geometric emittance must be much smaller than ¢?/(4L) = 6.3 nmrad which
corresponds to a normalized emittance of 1.2 pmrad.

Table 3.2: Electron bunch parameters considered in the numerical simulations.

Parameter Symbol Value
Kinetic energy E 100 MeV
Relative energy spread op/E 1%
Bunch charge Q 5 pC
Transverse size or 5 pum
Longitudinal size o, 20 pm

The electron bunch will generate its own wakefield when propagating through the SRR
structure. In the worst case this undesirable wakefield can lead to substantial beam degradation.
Therefore the wakefield limits the total allowed bunch charge and/or the minimum beam energy.
Figure 3.7 shows the simulated on-axis longitudinal wake potential, which generally leads to
an energy loss of the electrons and therefore to an increasing energy spread. We simulated
wakefields with the finite-element software CST [40], where the electron bunch was approximated
by a line current with a longitudinal Gaussian distribution with standard deviation o,. Ideally,
the integration of the wakefields is performed over the whole structure length, which was not
feasible due to long computation times. Therefore, just a fraction of the structure was considered
and the wake potential per SRR was calculated (i.e., the simulated wake potential divided by
the number of SRRs used in the simulation). The number of considered SRRs was increased
until convergence is reached, which is usually 5 SRRs.

The wakefield is zero at the head of the bunch and increases toward the tail. Because
the slotted tube structure has no longitudinal corrugation, its wake potential is much smaller.
For better visualization the wake potential of this structure is multiplied by a factor of 30 as
indicated in the legend. For the other two structures we found a wake potential per SRR with
a maximum amplitude of approximately 600 V/pC. Therefore, the maximum energy loss in a
100 mm long undulator which consists of 180 SRRs would be 110 keV/pC. For a beam energy
of 100 MeV one would be limited to bunch charges smaller than approximately 5 pC, if one
claims an energy loss of less than 1%. Note that for the slotted tube structure and the same
beam energy, the bunch charge can reach 300 pC while the wakefield induced energy loss is still
less than 1%.

The radiation spectra generated by an electron bunch was calculated by incoherently adding
all spectra of the 1000 macro-particles, which were used for representing the bunch. Figure 3.8
shows the simulated on-axis spectra for different THz electric field strength E7p.. Recall that
increasing the THz field strength should improve the undulator performance since the undulator
parameter K approaches unity, and also the peak intensity is proportional to E% .- Therelative
bandwidth of 5% is in good agreement with the theoretical bandwidth Eq. (3.10). For a classical
undulator the relative bandwidth is typically around 0.7% [41]. In order to achieve a similar
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Figure 3.7: Simulated on-axis wake potential per SRR normalized to the bunch charge as a
function of distance to the bunch center (negative values refer to positions at the bunch front).
For better visualization, the wake potential for a structure with s = d = 555 pm is multiplied
by a factor of 30. The longitudinal bunch charge density with o, = 20 pm is shown as pink
dashed curve.

value for the SRR undulator, the energy spread must be reduced to 0.1% and the undulator
length must be increased to 200 mm. For the highest THz field strengths, before the wiggling
motion becomes similar to the gap size, we observe a red shift of the emitted spectra, which
is a consequence of the decreased average velocity in z-direction. For Erp, = 40 MV/m
(which corresponds to an electric field strength of approximately 900 MV /m inside the gap)
we find a peak intensity of 10° photons/(sr 0.1% BW) which corresponds to peak brightness
of 10' photons/(s mrad? mm? 0.1% BW). The electric field strength is ultimately limited
by the breakdown threshold of the SRR material. To the best of our knowledge, there is no
measurement of the gold breakdown threshold in the THz range. However, based on experiment
with nano-gap SRRs, we can confirm that the breakdown threshold exceeds 8 GV /m.

Due to wakefield instabilities the kinetic energy of 100 MeV should be regarded as a lower
limit. However, we may increase the kinetic energy to the operation regime of recently commis-
sioned XFELs of several GeV. An increase in kinetic energy causes the emitted photon energy
to grow as 72 and the emission opening angle to shrink as 1/. As an example we consider a
beam energy of 1 GeV and a TDP peak electric field of Epg, = 40 MV /m while all the other
parameters remain as summarized in Tab. 3.2. The emitted photon energy increases to 8.2 keV
with a peak brightness of 102! photons/(s mrad? mm? 0.1% BW). Therefore, depending on the
electron energy the undulator can operate from the UV to the hard x-ray range.
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Figure 3.8: On-axis spectra for bunches with 100 MeV energy, 5 pC charge, 1% relative energy
spread and for different THz electric field strength.

3.3 Conclusions

A new type of short period undulator is proposed, which is based on a SRR array structure
driven by a THz pulse. Undulator periods around 1 mm with a deflection electric field strength
of 1 GV/m are experimentally achievable. The corresponding undulator parameter K is ap-
proximately 0.3 and could be further increased towards unity depending on the available THz
source. Due to its compact size the whole undulator structure could be directly installed in
the vacuum beam tube. Propagating a 100 MeV electron bunch with 5 pC charge through
a 100 mm long undulator driven by a state-of-the-art THz source was shown to emit 83 eV
photons with a peak brightness of 10 photons/(s mrad? mm? 0.1% BW). For a 1 GeV bunch,
the photon energy increases to 8.2 keV with a peak brightness of 102! photons/(s mrad? mm?
0.1% BW). Also higher order harmonic emission occurs whose intensity can be tuned by varying
the filling factor or the SRR distance. Hence, the undulator can also act as a frequency comb.
In comparison with the previously proposed SPP based THz undulator [24], the new concept
benefits from a higher field enhancement and also reduces wakefield effects. Therefore it is a
promising candidate for a low cost and compact radiation source, which produces directional,
linearly polarized and narrow band radiation pulses in the UV to x-ray range. By combining
the proposed undulator with a miniaturized advanced accelerator, a table top x-ray source is
within reach. Such a source could find application in radiotherapy, ultrafast x-ray diffraction
experiments or time-resolved x-ray spectroscopy.

Investigating alternative resonator structures could further improve the undulator perfor-
mance. In general, structures with an increased gap area, a higher field enhancement or a
shorter undulator period would be beneficial. A larger gap area would reduce the restrictions
on the electron beam emittance, while an additional increase in field enhancement would further
lower the demand on the TDP. A smaller periodicity would miniaturize the device even more
and would reduce the kinetic energy requirement for producing a fixed photon energy.
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Abstract

Judiciously designed two-dimensional THz metamaterials consisting of resonant metallic struc-
tures embedded in a dielectric environment locally enhance the electromagnetic field of an
incident THz pulse to values sufficiently high to cause nonlinear responses of the environment.
In semiconductors, the response is attributed to carrier generation via intervalley scattering,
impact ionization, or interband tunneling and can affect the resonant behavior of the metallic
structure, which results, for instance, in mode switching. However, details of mode switching,
especially time scales, are still debated. By using metallic split-ring resonators with nm-sized
gaps on intrinsic semiconductors with different bandgaps we identify the most relevant car-
rier generation processes. In addition, by combining nonlinear THz time-domain spectroscopy
with simulations, we establish the fastest time constant for mode switching to around hundred
femtoseconds. Our results not only elucidate dominant carrier generation mechanisms and dy-
namics, but also pave the route towards optically driven modulators with THz bandwidth.

Published under the terms of the Creative Commons Attribution 4.0 International license.
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4.1 Main article

Since a few decades, researchers have devised strategies to tailor the linear response of passive
metamaterials [1, 2]. More recently, these concepts were extended towards nonlinear responses,
aiming for tunable or active functionality [3, 4]. A promising approach is to incorporate non-
linear materials, such as semiconductors, liquid crystals, or phase-transition materials, either
as environmental or as constituent components [5-7]. These materials change their electric or
magnetic susceptibility under the influence of intense fields, and hence modify the response of
the metamaterial [8-10]. For instance, resonant responses change their quality factor, disappear
entirely, or a new set of resonances appears, often at different frequencies [11, 12]. The latter is
referred to as mode switching.

At terahertz (THz) wavelengths, the metallic structures containing nanometer size features,
such as tips or gaps, exhibit strongly enhanced local near-fields [13-15]. Hence, even for rela-
tively low incident THz fields, they can drive a nonlinear response. As a consequence, progress
in metamaterial research [16, 17] alongside recent advances in THz sources has led to a vari-
ety of nonlinear THz metamaterials [18, 19]. For instance, two-dimensional metal structures
on semiconductors have shown nonlinear responses, which originate from nonlinear transport
phenomena, such as intervalley scattering (IVS) [20-22], impact ionization (IMI) [22-25], or
interband Zener tunneling (ZT) [11, 26]. Understandably, these phenomena are relevant for
the performance of semiconductor-based optoelectronic devices, such as efficient photovoltaic
nano-cells [27, 28], electroluminescent emitters [29, 30], or highly sensitive photon detectors [31,
32]. Several of those studies have demonstrated nonlinear mode switching, but even though the
physics underlying the field-induced semiconductor response was tentatively assigned to specific
carrier generation mechanisms, a detailed picture is still under debate. Moreover, the dynamics
of mode switching has never been investigated.

Here, we aim to shed further light on carrier generation at THz frequencies in nanometer
size volumes and its dynamics, especially with regards to mode switching of a two-dimensional
metamaterial. We fabricated arrays of metallic split-ring resonators (SRR) on intrinsic semi-
conductor substrates with different band gaps. In addition, the SRRs contained a nm-size gap
of different widths to control the electric near-field distribution within the gap. In all SRRs the
gap electric field is orders of magnitude higher than the incident electric field, so that mode
switching can be induced even at moderate incident THz energies. By using different band
gap substrates and different gap widths, we are able to distinguish between different carrier
generation mechanisms. Additionally, by combining THz time-domain spectroscopy with nu-
merical simulations, we establish the electric field-dependent time scales for mode switching,
and demonstrate that a metamaterial can switch modes within 120 fs.

A cartoon of the concept is shown in Figure 4.1a. A nearly single-cycle THz pulse im-
pulsively excites all SRR resonance frequencies within the excitation spectrum and causes the
charge distribution on the SRR to oscillate along the metallic structure. As a result of the pe-
riodic charge accumulation across the gap, the electric near-field inside the gap is significantly
enhanced. Once it exceeds a material-specific critical electric field, carrier generation and multi-
plication in the semiconductor substrate beneath the gap set in and as soon as the conductivity
there exceeds a certain threshold mode switching occurs. All samples were illuminated from the
metal structure side and the polarization of the incident electric field was parallel to the SRR
side containing the gap. The transmitted time-dependent THz field is composed of the incident
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Figure 4.1: Experimental concept and linear properties. (a) The unit cell of the two-dimensional
metamaterial consists of a single metallic SRR, here featuring a 80 nm wide gap (inset), on
different band gap semiconductors. The illustration defines the geometry of the SRR with all
relevant dimensions and the (E, H, k) triad of the incident THz field. (b) Simulated linear
transmission spectrum of SRRs on Si. (c¢) Measured linear transmission spectra around the
main resonance for different band gap semiconductor substrates, i.e. Ge, GaAs, Si, and ZnS.
(d) Measured incident THz electric field (dashed black curve) and simulated gap electric field
for SRRs on Si (solid red curve). The peak electric field enhancement (F.E.), as defined in the
figure by the red arrow, depends on the refractive index of the substrate as shown in the inset.

field and the field radiated out from the SRR. Hence, we can observe the linear and nonlinear
response of the SRR and analyze the dynamics of mode switching.

The unit cell of the two-dimensional metamaterial consists of a single SRR as shown in
Figure 4.1a with [ = 51pm, w = 5um, s = 10um, h = 60nm. We consider two different
gap widths g, in the following referring as “small” (¢ = 80nm) and “large” (¢ = 200nm to
g = 240nm). The lattice constant is p = 102pm in both lateral directions and the total
size is 2 mm by 2 mm. The lattice constant was selected such that no lattice modes are
excited within the considered frequency range [33]. The SRRs were fabricated by electron-beam
lithography (supplemental document: The fabrication details) on high-resistivity semiconductor
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substrates to suppress possible intraband processes, such as IVS, at low electric field strength
[34]. Specifically, we used Germanium (Ge, n = 4, E, = 0.67 eV, indirect bandgap), Silicon (Si,
n = 3.42, E; = 1.12 eV, indirect bandgap), Gallium Arsenide (GaAs, n = 3.6, E; = 1.43 eV,
direct bandgap), and cubic Zinc Sulfide (ZnS, n = 2.9, E, = 3.7 eV, direct bandgap), where n
is the refractive index at THz frequencies and E, is the band gap energy. After fabrication, the
geometry was confirmed via scanning electron microscopy and a zoom to the gap area is shown
in the inset of Figure 4.1a.

Figure 4.1b shows the simulated linear transmission spectrum of SRRs on silicon at low
incident THz fields in the spectral range between 0.1 THz and 1.5 THz (supplemental document:
Nonlinear THz time-domain spectroscopy setup). We identify two resonances (fy and f;) and
hereafter we focus on the stronger resonance at around f; = 0.85 THz, which overlaps with the
maximum of our THz source spectrum. The measured transmitted amplitude for the different
substrates is shown in Figure 4.1c. The resonance frequency f; changes from 1 THz to 0.7 THz
as the refractive index of the substrate increases from 2.9 to 4 (see also Figure 4.7b), which is
explained by a suitable equivalent circuit model [35]. While the resonance frequencies match
well with simulations, the measured width is somewhat broader due to the limited resolution of
the time-domain THz spectroscopy setup.

The simulations also yield the electric field enhancement in the gap. For instance, Fig-
ure 4.1d shows the measured incident THz electric field together with the simulated electric
field in the middle of the gap, 20 nm beneath the substrate surface. The peak electric field is
enhanced by more than 100 times, with the exact value depending on the substrate material,
as shown in the inset of Figure 4.1d. With increasing refractive index the peak electric field
enhancement decreases from 173 (ZnS) to 104 (Ge) (supplemental document: Temporal elec-
tric field enhancement). Moreover, the electric field shows an oscillating tail due to the SRR
resonance.

If the enhanced electric field in the gap exceeds a certain material-dependent threshold, it
provokes carrier generation in the substrate beneath the gap. Therefore, the carrier concentra-
tion and the conductivity in this volume increase. Figure 4.2a shows the simulated transmission
spectra for low and high gap conductivities. Below a few hundred S/m, THz pulses couple to
two distinct modes at fy = 0.25 THz (dipole-like mode) and f; = 0.85 THz (quadrupole-like
mode). Above 3 X 10* S/m, only one mode at fo = 0.75 THz (dipole-like mode) is electrically
exited with an in-plane THz polarization. Figure 4.2b shows the simulated apparent frequency
shift Af/f1 = (f. — f1)/f1 for conductivities between 10 S/m and 10° S/m. For intermediate
conductivities (above 2000 S/m to 3 x 10* S/m) both modes (f; and f3) are exited, and the
superposition of the two modes has an apparent transmission minimum at fe..

To better understand the carrier generation process, we performed time-domain simulations
incorporating temporally and spatially resolved IMI [36, 37] and ZT [11, 38| (see supplemental
document: Simulation details). The two processes are sketched in Figure 4.2c. In IMI, the
enhanced gap electric field accelerates conduction band electrons to kinetic energies high enough
to create additional carriers via collisions, resulting in a relaxed conduction band electron and
an additional electron-hole pair near the band extrema [19]. On the other hand, in ZT, a strong
electric field bends the bands so much that electrons tunnel from valence to conduction band.
Since ZT is a momentum-conserving process, it occurs between equal wave vector states and is
therefore relevant across direct band gaps [26]. While IMI cascades on femtosecond timescales,
ZT is instantaneous. Both processes result in substantial carrier multiplication and a transient
increase of the conductivity [39]. The critical electric fields for both processes are on the order
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of 10 MV/cm (i.e., 1 V/nm), which we easily exceed given a maximum incident THz electric
field strength of 300 kV/cm combined with a hundredfold field enhancement. We neglect IVS
for all substrates because the associated change in effective mass would be too small to explain
the required changes in conductivity. Figure 4.2d shows the carrier density after the THz pulse
has interacted with the sample as a function of the gap electric field strength Eg,,. While IMI
dominates the carrier generation in Si, ZT is the main source of carriers in GaAs. In Ge, just
above the critical electric field IMI as well as ZT contribute to carrier generation, however, at
higher electric fields IMI becomes dominant.
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Figure 4.2: Numerical simulations. (a) Transmission spectrum of SRRs on Si for a low (<
100 S/m) and a high (> 30’000 S/m) substrate conductivity underneath the gap ogqp. The
insets show the charge distribution for the two modes with resonance frequencies at f; and fs.
(b) Apparent frequency shift as a function of the substrate conductivity underneath the gap.
(c) Sketch of THz-induced IMI and ZT. (d) IMI- (blue) and ZT-induced (green) plus the total
carrier concentration (red) as a function of gap electric field strength after the THz pulse has
interacted with the metamaterial.

We first analyze the electric field-dependent transmission spectra up to a maximum incident
electric field of 300 kV/cm (supplemental document: Experimental results). Figure 4.3a shows
a false-color plot of the transmitted amplitude versus incident electric field Einc and frequency
for SRRs with a small gap on Si. Up to about 30 kV/cm, we observe the low conductivity mode.
Above 30 kV/cm, the apparent frequency shift starts until complete mode switching occurs for
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field strengths higher than 150 kV/cm. Even before the apparent frequency shift sets in, the
Q-factor decreases. It drops to about one half of its low electric field value before increasing
again to its initial value, when mode switching is completed. A similar behavior was reported
in reference [40].

For comparison, the simulated transmission spectra are shown in Figure 4.3b. The simula-
tions take into account that individual SRRs in the array experience a spatially varying incident
electric field due to the Gauss-shaped beam profile of the THz beam (supplemental document:
Spatial averaging effect). We note that the electric field dependence of the mode switching is
well reproduced.

Figure 4.3c shows the measured and the simulated apparent frequency shift, Af/fi, as a
function of the gap electric field strength for the four different substrates. Generally, we find
excellent agreement between measurements and simulations. From the apparent frequency shift
we determine the critical electric field, E., which we define as the electric field that causes
Af/fi = —0.01. Tentatively, lower band gap substrates exhibit a lower critical electric field
and also complete mode switching at lower electric fields. The critical electric fields at THz
frequencies are very similar to those reported in the literature (see inset of Figure 4.3¢c) [37, 41,
42]. The results confirm that in Si the dominant carrier generation mechanism is IMI, while in
GaAs it is ZT. In Ge ZT accounts for approximately 10% of the total carrier concentration at
the critical electric field. Hence, the measurements confirm that ZT may seed IMI close to the
critical electric field, but is overtaken by IMI with increasing electric fields [43]. In ZnS it is
difficult to distinguish between IMI and ZT because the maximum incident electric field is too
low to induce complete mode switching.

Further evidence as to which mechanism dominates the generation of free carriers comes from
analyzing the mode switching for different gap widths. Figure 4.3d compares the measured and
simulated frequency f. as a function of the gap electric field for SRR structures featuring a
small and large gap and we find good agreement. The larger gap reduces the total length of
the SRR, which results in a higher f; irrespective of substrate. In addition, the larger gap
exhibits a smaller electric field enhancement factor of order 38 to 54, resulting in a smaller gap
electric field strengths for a given incident field strength. (supplemental document: Apparent
frequency shift for different gap widths). While the overall trend of the mode switching is very
similar for both gap widths, the critical electric fields are distinctly different. For GaAs the
critical electric field seems to be independent of gap width, which would indeed be consistent
with Zener tunneling. Conversely, Ge as well as Si show a lower critical electric field for the
larger gap, which is explained by the dead space effect of IMI: When low-energy carriers enter
the high electric field region, they have to traverse a certain distance (dead space) before they
acquire sufficient energy for impact ionization [44]. This effect is usually observed in avalanche
devices or PIN diodes with a sub-pm gap and it becomes significant as the interaction length
decreases [45, 46].

To investigate whether the type of metal has an influence on the electric field dependence
of the mode switching, we fabricated SRR structures from Aluminum (supplemental document:
Influence of different metals). The experimental results indicate that mode switching as well
as critical electric field do not depend on the type of metal, which allows us to rule out, for
instance, carrier injection through a Schottky barrier [47].

Finally, we investigate the dynamics of mode switching by analyzing the transmitted time-
dependent THz electric field. Exemplary, we focus on gold SRRs on intrinsic silicon where
IMI dominates the carrier generation, but similar results are found for the other substrates
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Figure 4.3: Mode switching for different band gap substrates and different gap widths. Two-
dimensional false-color plot of the (a) measured and (b) simulated THz transmission spectra
of Si based metamaterials versus peak electric field strength of the incident THz pulse and
frequency. (c) Apparent frequency shift as a function of the electric field in the gap for different
substrates (circles: experimental results; solid curves: simulation results). The inset compares
measured and reported critical electric fields of IMI as a function of band gap. The purple
circles and blue triangles indicate experimental results for small and large gaps, respectively,
whereas the black open squares show literature values for electrons. (d) Measured (circles) and
simulated (solid curves) frequency f. for small (filled circles) and large gaps (open circles) as a
function of the electric field in the gap.

as well. It is important to note that the transmitted THz far-field contains radiation that
has interacted with the metamaterial but also with the bare substrate. In order to isolate
the metamaterial contribution, we subtract the normalized incident THz electric field from the
transmitted electric field (supplemental document: Time-domain analysis) [26]. Figure 4.4a
(top) shows the resulting THz electric field as a function of time and incident peak electric field
strength. Below 30 kV/cm the oscillatory signal is consistent with the low-field mode of the
SRR. Above 30 kV/cm the oscillation period abruptly increases and the time of mode switching
moves closer toward time zero as the peak electric field strength increases. In other words, the
higher the peak electric field strength the earlier the SRR switches modes. Due to the Gaussian
beam profile of the incident THz beam, not all SRRs switch at the same time and the transition
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is somewhat washed out. Above approximately 150 kV/cm mode switching occurs during the
time the resonator is loaded and we only observe the high conductivity mode.

Preliminary simulations, which are based on a volume-average gap electric field et cetera,
provide a first glimpse on the carrier dynamics in the Si substrate beneath the gap area. Fig-
ure 4.4b, from top to bottom, shows the normalized gap electric field, the impact ionization
coefficient, the accumulated carrier density, the gap conductivity, and the corresponding fre-
quency f. as a function of time for a low and a high peak electric field strength. Generally,
the highest carrier generation rate in IMI is close to the extrema of the vector potential where
kinetic energy reaches its maximum. However, when the system is heavily damped, the car-
rier generation tends to follow the electric field [48]. Hence, the carrier concentration and the
conductivity increase in steps and, in turn, influence the subsequent THz-metamaterial inter-
action. As the carrier concentration increases, field screening by the newly generated carriers
reduces the electric field enhancement, consequently, acting as a negative feedback to the IMI
process. Screening as well as the density of states limits the maximum carrier concentration.
The apparent frequency shift is more or less the mirror image of the transient conductivity
and mode switching occurs when the conductivity exceeds a critical value. The two examples
shown in Figure 4.4b indicate that a sufficiently high peak electric field induces a more or
less instantaneous mode switching, whereas for a lower peak electric field it may take up to a
few picoseconds before the conductivity reaches a value high enough to cause mode switching
(supplemental document: Evolution of mode switching dynamics).

More refined simulations, taking into account the spatial variation of the gap electric field
and of all derived quantities (most importantly conductivity), show a very similar picture.
The simulated transmitted THz electric field as a function of time and incident peak electric
field strength is depicted in Figure 4.4a (bottom) and we find excellent agreement with the
experimental results. From experiments as well as simulations we establish the minimum build-
up time of mode switching for the highest applied THz electric field to around 120 fs, which is
shorter than one half THz cycle (~300 fs). Hence, mode switching is completed during the main
cycle of the incident THz pulse, and consequently, the time evolution of the incident THz pulse
should be affected by the sudden change in carrier concentration. Specifically, we expect the
THz pulse to self-shorten due to the sudden onset of carrier absorption [49]. Figure 4.15 shows
a false-color plot of the measured as well as simulated temporal electric field of the transmitted
THz pulse as a function of time and peak electric field strengths. As expected, experiments as
well as simulations indicate that the transmitted THz pulse self-shortens as the peak electric
field strength increases.

In conclusion, we investigated the THz nonlinear response of two-dimensional metamaterials
consisting of resonant metallic structures deposited on different high-resistivity semiconductors.
The metallic split-ring resonators contain a nanometer size gap featuring a local enhancement
of the electric near-field. This serves to lower the threshold above which a nonlinear response is
observed and allows for studying carrier generation mechanisms in nanometer size volumes at
THz frequencies. In essence, we found that carrier generation in the different semiconductors
and the associated critical electric fields are consistent with those found, for instance, in standard
semiconductor devices. While impact ionization dominates in Ge and Si, Zener tunneling is the
main source of carrier generation in GaAs. The newly generated carriers short circuit the gap
of the split-ring resonator and force it to oscillate at a different frequency. By investigating
this mode switching dynamics in detail, we found that it can happen within a few hundred
femtoseconds. These findings make such two-dimensional metamaterials an interesting platform
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Figure 4.4: Time-domain analysis of the THz-induced mode switching dynamics in Si. (a) False-
color plot of the transmitted minus incident THz signal as a function of time and incident electric
field strength. Top panel: experiment; bottom panel: simulation. The dashed white lines are a
guide to the eye. (b) Detailed time-domain simulations, from top to bottom: normalized THz
electric field in the gap (black), IMI coefficient (purple), carrier density (blue), gap conductivity
(green), and corresponding frequency f. (orange) for a low electric field (solid curves) and a
strong electric field (dashed curves).

for single-photon detection, nonlinear devices operating at ultrahigh speeds, or fundamental
research on 2D materials, liquids, or magnetic materials. Further, the observed nonlinear mode
switching can be made reversible, for instance, by using a substrate with an ultrashort carrier
lifetime [50] or functional nano-structures that can extract carriers, paving the way toward
ultrafast modulators.

4.2 Supplemental document

4.2.1 Details on the fabrication procedure for split-ring resonators

To fabricate arrays of SRRs featuring a nm-sized gap with extended internal capacitive faces,
we applied electron-beam lithography, evaporation of metal, and a lift-off procedure to high-
resistivity semiconductors (see Figure 4.5). In detail, the first step is the deposition of a double
layer of photoresist (PR) by spin coating (positive PR1 and positive PR2). Then the SRR
pattern is directly written into the photoresist using electron-beam lithography. After removing
the resist affected by the e-beam, a small undercut remains since the bottom layer is more
sensitive to e-beam radiation. In a third step, a thin adhesion layer of chromium and the
respective metal are deposited on top of the sample by evaporation. Finally, the remaining resist
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Figure 4.5: (a) Schematic of the fabrication procedure for THz SRR. (b) Geometry of a
single SRR, the SRR array, and the (E, H, k) triad of the incident THz field with all relevant
dimensions.

together with the mfetal is removed by the lift-off technique. The resulting sample consists, for
instance, of a 60-nm-thick Au layer with a 2-nm-thick Cr adhesion layer on a silicon substrate.
The relevant dimensions of the SRR structure are depicted in Figure 4.5b (length of the split
ring [ = 51 pm, width w = 5um, extended length of capacitive faces s = 10um, thickness of
metal h = 60nm, gap width ¢ = 80 nm and ~ 200nm, and period of SRRs p = 102 pm). The
total area covered by SRRs was 2 mm by 2 mm. All samples were characterized by scanning
electron microscopy.

4.2.2 Nonlinear THz time-domain spectroscopy setup

The nonlinear THz spectroscopy system to measure the THz field- and the time-dependent
nonlinear response of the samples is shown in Figure 4.6. The pump source for THz wave
generation was an optical parametric amplifier system (HE-TOPAS, Light Conversion) emitting
100-fs pulses at a wavelength of 1300 nm and pumped by a 1-kHz Ti:sapphire regenerative
amplifier system (Legend Elite Duo, Coherent; A = 800 nm, 90 fs pulse duration, 8 W average
power). The intense THz pulses were generated by collinear optical rectification with wavefront
control in a 0.54-mm-thick nonlinear organic crystal OH1 [51], which has a huge nonlinear
coefficient near 1300 nm. The THz source was imaged to the sample position by a combination
of two 90-degree off-axis parabolic mirror with focal lengths of 9 inches and 2 inches, resulting
a 4.5:1 imaging ratio. The time-dependent THz electric field was recorded by electro-optic
sampling using a 0.3-mm-thick (110) GaP crystal attached to a 3-mm-thick (100) GaP crystal
and a 90 fs scanning probe beam at 800 nm. The corresponding THz spectra were obtained by
fast Fourier transformation of the time traces. To determine the THz electric field strength, we,
in addition, measured the THz pulse energy and the THz spatial profile at the sample position.
The maximum electric field strength was found to be around 300 kV/cm and the corresponding
THz spectral amplitude shows a center frequency of 0.85 THz with a bandwidth of 1.1 THz
(FWHM) and an almost constant electric field strengths between 0.7 and 1 THz where the
samples have their resonance frequencies. We used two pairs of wire-grid polarizers before and
after the sample to attenuate the THz electric field at the sample position while keeping it
constant at the electro-optic sampling crystal.
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Figure 4.6: (a) Nonlinear THz spectroscopy system based on an OH1 organic crystal with wave
front control. (b) Normalized time trace of the THz electric field Erp.(t) generated in OH1
and (c) the corresponding normalized THz spectral amplitude Epg.(f).

4.2.3 Resonant features and temporal electric field enhancement

Figure 4.7a shows the simulated transmission spectra for two identical SRR arrays with a
non-conductive and a conductive substrate below the gap. The lowest resonance frequency fy
around 0.2-0.3 THz exhibits a small oscillator strength and is entirely quenched for non-zero
conductivities. The next higher frequency mode at f; shows a much larger oscillator strength
and switches to a lower frequency mode at fs for non-zero conductivities but the oscillator
strength and linewidth remain almost unaffected. The geometry of the SRRs was selected
such that the second resonance coincides with the maximum spectral intensity of the incident
THz pulses. The different false-color plots show the normalized amplitude of the electric field
component normal to the surface and 5 pm above the surface for frequencies indicated by
arrows. The normal electric field component is proportional to the spatial distribution of the
carrier density in the SRR and indicates a charge accumulation across the gap at the second
resonance for a non-conductive substrate and a very symmetric charge distribution for the
conductive case, which essentially results from a short-circuited gap. Figure 4.7b compares the
simulated (CST Studio Suite) to the measured normalized transmission for different substrates
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Figure 4.7: (a) Simulated transmission spectra for two identical SRR arrays with a non-
conductive and a conductive substrate below the gap. The two-dimensional color maps show
the normalized amplitude of the electric field normal to the substrate 5 pm above the surface
at frequencies indicated by arrows. (b) Zoom around the resonance frequency f; comparing
measured (solid curves) and simulated (dashed curves) transmission for four different substrate
materials (blue: Ge; green: GaAs; black: Si; red: ZnS). (¢) Measured incident THz electric field
(dashed black curves) and simulated gap electric fields indicating the electric field enhancement
for the different substrate materials.

around the second resonance f; and we generally find very good agreement. Next, we use the
measured incident THz electric field as an input for the simulations to determine the gap electric
field (20 nm beneath the substrate surface) for a non-conductive substrate below the gap, as
shown in Figure 4.7c. We find that the electric field enhancement decreases for increasing
refractive index of the substrate, which can be explained by the modal expansion based on

the perfect electric conductor (PEC) model, |Egg”| ~ ”Susz ﬁnh where €4, is the relative
€0
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permittivity of the considered substrate, ng, is the refractive index of the substrate, and h is
the gold thickness [52, 53]. We also observed that the gap field oscillation frequency increases
with the refractive index of the substrate in accordance with Figure 4.7b. Moreover, the reduced
resonance amplitude as shown in Figure 4.7b is explained by the decrease of the remaining gap
electric field when the refractive index of the surrounding medium increases [54].

4.2.4 Simulation of time-dependent carrier generation
Impact ionization

To simulate the electric field-dependent impact ionization, we adopted the Okuto-Crowell model
[37]. In this model the carrier generation rate is given by
dn

= NUsqtOln

dt

(4.1)

no—n‘
no

i = Ay exp (- <%‘>C> (4.2)

|E| is the applied electric field strength in the substrate and v = \/ﬂ is the saturation

2Meem
velocity, where F,, is the optical phonon energy, m.. is the effective mass oof conduction band
electron, and my is the electron mass. All parameters used are listed in Table 4.1.

Correction factors between 1 and 2 are used to match the threshold electric field strength
with the measured values for the different materials. The substrate conductivity is given by
mi"mo ngw? where wy is the resonance frequency and v = 1/7 is the damping constant. Note
that carrier multiplication can be saturated by Pauli blocking considering the limited density
of states in the conduction band. It’s also worth noting that the calculated IMI coeflicients are
higher than those reported from DC measurements [44], because the applied THz electric field
strengths can be higher than the dielectric DC breakdown voltage without causing any damage
[55] The IMI rate is still below Okuto limit and also below previously reported values in the
silicon with an initial carrier density of 1.5 x 100 [25, 37]. Figure 4.8 compares the impact
ionization rates for the different substrate materials as a function of the inverse of the applied
electric field.

with

g =

Interband Zener tunneling

Figure 4.9 compares the interband tunneling rates for the four different substrate materials as
a function of the electric field as calculated from Kane’s model [11, 38]

_ B mimg)?  (—r(mimo) 2By
rzT = 172 ex ohelE (43)
187h2E, e|E|

where | E| is the applied electric field, Ey is the bandgap energy, and m} is the reduced effective
mass.

4.2.5 Summary of model parameters

Table 4.1 summarizes all parameters used in the two carrier generation models.
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Figure 4.8: Impact ionization rate for different materials (Ge: blue; Si: gray; GaAs: green;
ZnS: red) as a function of the inverse applied electric field.
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Figure 4.9: Interband tunneling rate for different substrate materials (Ge: blue; Si: gray; GaAs:
green; ZnS: red) as a function of the electric field.

4.2.6 Detailed comparison between experimental and simulation results of
SRRs on different semiconductor substrates

Figure 4.10 summarizes experimental as well as simulation results on the electric field depen-
dence of the mode switching process for all four different semiconductor substrates, i.e. (a)
Germanium (Ge, n = 4, E; = 0.67 eV, indirect bandgap), (b) Silicon (Si, n = 3.42, £, = 1.12
eV, indirect bandgap), (c) Gallium Arsenide (GaAs, n = 3.6, £, = 1.43 eV, direct bandgap),
and (d) Cubic Zinc Sulfide (zincblende, $-ZnS, n = 2.9, E;, = 3.7 eV, direct bandgap). The
top left plots compare the measured with the simulated frequencies f. and we find excellent
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Table 4.1: Simulation parameters for the different semiconductor substrates [38, 48, 56-61]

Parameter Ge substrate Si substrate GaAs substrate ZnS substrate
Small gap 80 nm 80 nm 80 nm 80 nm

Large gap 200 nm 230 nm 200 nm 240 nm

F.E. (Small gap) 104 135 124 173

F.E. (Large gap) 38 44 45 54

A, 8.04 x 10 em™!  7.03x10° em™!  6.39 x 10° cm™! 5.9 x 10° cm™!

1.4 x 10° V/cm

1.23 x 10° V/cm

1.6 x 10° V/cm

9.6 x 10° V/cm

b V2 + (wor)?) V2004 (wor)?) V21 + (wor)?) /201 + (wor)?)
Ch 1 1 0.9 1
Initial carrier

2.4 x 104 ¢cm—3 2.5 x 1011 ¢cm—3 1x107cm ™3 1x 100 ¢m=3

density nip;

Mean free path

3.6 nm 4.8 nm 3.3 nm 3.2 nm
mfp
?ﬂa’;&}ﬁon HME 17 83 fs 36.55 fs 19.42 fs 45 fs
= mfp
Density of states
in conduction 3 x 102> m—3 3 x 10% m—3 4.4 x 10 m=3 1x10% m=3
band

Number of atoms

o 442 %102 m™3  5x10® m™3 442 x 102 m™3  25x10®¥ m3
Optical “phonon g .y 0.051 eV 0.022 eV 0.033 eV
energy E,,

Effective mass of

conduction band 0.12 0.26 0.067 0.28

electron me.

Reduced effective , g 0.25 0.037 0.28

mass m;

E, (indirect) 0.66 eV 1.12 eV

E, (direct) 0.8 eV 3.4 eV 1.42 eV 3.7eV

agreement for all substrates. In addition, the simulations reproduce the intermediate increase
of the transmission amplitude reasonably well (top right). Note that an increase in transmission
corresponds to a decrease in resonance amplitude. The reduction in amplitude or Q-factor at
intermediate electric fields relates to the mode switching after the resonator has started to os-
cillate. This change in resonance frequency during the exponentially decaying oscillation causes
a broadening and a decrease of the resonance amplitude. For sufficiently high electric fields,
the mode switches before the resonator is fully loaded and the Q-factor is restored to its initial
value (note that both resonances have very similar Q-factors). For the substrate with the largest
bandgap, i.e. ZnS, we observe a decrease of the Q-factor, but no discernible mode switching, up
to the highest electric fields applied (300 kV/cm). Even though the electric field enhancement
for ZnS is the largest, the larger bandgap greatly reduces the carrier generation rate leading
to a conductivity, even for the maximum incident THz electric field, which is too low to cause
a detectable mode switching. Based on our simulation, considering IMI as the sole source of
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Figure 4.10: For all four substrate materials, i.e. Ge (a), Si (b), GaAs (c), and ZnS (d), we
show the frequency f. (top left), the transmitted amplitude (top right), and false-color plots of
the measured (bottom left) and the simulated (bottom right) transmission spectra as a function
of the incident electric field. The two plots at the top show experimental (filled circles) as well
as simulation results (shaded curves).

carriers, ionization should should set in for electric field strengths in excess of 200 kV/cm,
resulting in apparent resonance shift. However, impact ionization might be suppressed or in
competition with inter-valley scattering because of ZnS’s large bandgap (~ 3.7 €V), which is
much larger than the inter-valley energy difference (~ 1.3 eV for I' <= X and ~ 1.4 eV for
I' < L) [62-64]. As a consequence, when electrons are accelerated to an energy of ~ 1.3 eV,
IMI starts to compete with scattering from the I" valley to the X or L valley [65]. Inter-valley
scattering leads to an increase in effective mass and a pronounced reduction of carrier mobility,
thus resulting in a damping of the plasmonic resonance, thereby reducing the Q-factor [20].
Hence, it can be speculated that the competition between IMI and IVS hinders an increase in
conductivity shifting the critical electric field beyond 200 kV /cm [66].

4.2.7 Spatial averaging over THz beam profile

In the electromagnetic (EM) simulations with CST Studio Suite we use a spatially uniform
(plane wave) pulsed THz excitation and a single SRR with periodic boundary conditions in the
two dimensions perpendicular to the wavevector of the incident THz pulse. Hence, all SRRs
experience the same electric field strength. Conversely, in the experiment the THz pulses have
a spatial beam profile, which is, to a good approximation, Gauss-shaped with a diameter of
approximately 0.7 mm (compared to the sample area of 2 x 2 mm? containing 21 by 21 SRRs).
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Hence, individual SRRs experience different electric field strengths depending on their relative
position with respect to the spatial profile of the THz pulses. When the THz electric field
strength exceeds a certain threshold only the SRRs close to the center of the THz beam start
to experience a noticeable carrier generation. With a further increase of the THz electric field,
more and more SRRs start to undergo mode switching. Consequently, the measured global
response is a superposition of SRRs experiencing a spatially dependent apparent frequency
shift. We consider this effect in the simulations by modeling the spatial dependence of the THz
electric field E(x,y) with a Gaussian beam profile:

p(z,y)

E(z,y) = Epeake_(T)Q (4.4)

where Ejcqp is the peak electric field, p(x,y) describes the position of each unit cell (SRR), and
wp is the beam waist. Each SRR in the array of 21 x 21 SRRs is included in the simulations
and is subject to an electric field given by its spatial position.

4.2.8 Apparent frequency shift for different gap widths
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Figure 4.11: Measured (circles) and simulated (solid curves) frequency f. for small (filled
circles) and large gaps (open circles) as a function of (a) incident THz electric field strength
and (b) gap electric field strength.

Figure 4.11 compares the measured and simulated frequency f. as a function of (a) incident
THz electric field strength and (b) gap electric field strength for SRR structures featuring a
small and large gap. We find a smaller critical “incident” electric field strength for smaller gaps
in all semiconductors. The carriers in smaller gaps are accelerated more rapidly to reach the
energy required to induce impact ionization at the same incident electric field. The picture
changes when we plot the apparent frequency shift versus gap electric field strength because a
larger gap has a smaller electric field enhancement factor. Now we find smaller critical electric
fields for the larger gap in the case of Ge and Si, and similar critical electric fields for GaAs.
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This is explained by the dead space effect of IMI, which is not found in GaAs, where carrier
generation is dominated by ZT.

4.2.9 Influence of different metals and gap geometry

In order to establish the role of the metal in mode switching, we fabricated identical SRR arrays
from gold and aluminum. In addition, we changed the geometry of the gap to find out whether
this influences the observed behavior.
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Figure 4.12: Frequency f. as a function of incident THz electric field strength for SRRs made
from different metals, i.e. gold and aluminum, and with different gap geometries.

Figure 4.12 shows the frequency f. of SRRs fabricated with gold or aluminum and with two
different gap geometries as a function of incident THz electric field strength. In one geometry,
the extended gap was pointing toward the center of the SRR (internal) and in the other geometry
away from the SRR (external). In all three cases, we find the identical electric field dependence,
strongly suggesting that carrier injection through the metal-semiconductor interface as well as
gap geometry have a negligible effect on the mode switching behavior of the SRRs.

4.2.10 Time-domain analysis

The transmitted THz signal is composed of two parts, the transmitted incident pulse and
the polarization emitted from the driven SRR array. In order to better visualize the SRR
response, we subtract a time-dependent reference signal (measured for the substrate alone)
from the time-dependent sample signal (see Figure 4.13 and for details also Ref [26]), Een(t) =

w where Eep,(t) is the polarization emitted from the SRR array, Fsqum(t) is the
ref,pea

THz signal transmitted through the sample, E,.(t) is the THz signal transmitted through
the substrate only, and E,cfpeqr is the peak electric field strength of FE,.¢(t). This procedure
allows separating the resonator response from the ‘background’ for the different THz electric
field strengths. Note that the sample is very thin (60 nm), hence we neglect the delay (~0.2 fs)
introduced by the sample.
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Figure 4.13: Normalized time-dependent THz electric field of pulses passing through the sub-
strate only (grey, reference) and sample (green). The red curve labeled ‘Sam-Ref’ shows the
difference between the time-dependent THz signal transmitted through the sample (green) and
the reference (grey). The inset shows the corresponding spectrum.

4.2.11 Evolution of mode switching dynamics

Exemplary, we simulated the electric field-dependent carrier dynamics for an SRR array on a
silicon substrate, where only IMI is of relevance, with the aim to extract the build-up time of
mode switching. We define the build-up time as the time it takes for the conductivity to increase
from oy to oy, where o1 (02) is the conductivity at which the apparent frequency has shifted
by 10% (90%) of its asymptotic high electric field value (100%), as shown in Figure 4.14a and
4.14b. While 10% of the apparent frequency shift is found at a conductivity of approximately
1800 S/m, 90% of the shift corresponds to a conductivity of 15500 S/m. Figure 4.14¢ shows
the times t; and ¢ at which the conductivity reachs o1 and o9, respectively, as a function of
the incident THz electric field strength. The build-up time, i.e. t9 — t1, decreases from 2 ps
to 120 fs within the range of electric fields simulated. It goes without saying that the build-up
time depends on the selection of the conductivities o1 and o3, hence, we show the build-up time
also for 1% to 99%, 5% to 95%, 10% to 90%, and 20% to 80% in Figure 4.14d. Irrespective of
the definition of the build-up time, carrier multiplication by IMI causes mode switching within
a few hundreds of femtoseconds, which is less than one period of the driving THz field.

4.2.12 THz pulse self-shortening

Since mode switching is, at least for above threshold electric fields, completed within the dura-
tion of the incident THz pulse, the time evolution of the transmitted incident THz pulse (the
part not interacting with the SRRs) should be affected by the sudden change in carrier concen-
tration. For instance, we might expect a spectral blue shift due to a varying temporal phase
associated with the increasing carrier density, or a self-shortening of the temporal amplitude,
due to a sudden onset of carrier-induced THz absorption. To shed more light on this aspect, we
show a false-color plot of the leading and the trailing edges of the main THz peak transmitted
through an SRR array on a silicon substrate, see Figure 4.15. Indeed experiments as well as
simulations show a slight self-shortening for the highest electric fields applied. Moreover, we
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Figure 4.14: Simulated apparent frequency shift rescaled to range of 0 to 100% as a function
of the substrate conductivity underneath the gap. The dashed red lines indicate a 10% and
90% apparent frequency shift and the corresponding conductivities o1 and oo. (b) Simulated
time-dependent conductivity for different THz gap electric fields. For comparison we show the
normalized THz gap electric field. (c) The purple squares and the green circles indicate the
times t; and t9 at which the conductivity reaches o1 and o9, respectively, as a function of
incident THz electric field strength. The red diamonds show the build-up time (t3 — t1). (d)
Build-up time as a function of incident THz electric field strength for different threshold pairs,
ie. 1%-99%, 5%-95%, 10%-90%, and 20%-80%.

find the self-shortening to coincide with the broadening of the first half cycle in Figure 4.4a,
which in turn, suggests that IMI is the dominant carrier generation mechanism.
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transmitted THz signal as a function of time and incident electric field strength. Top panel:
experiment; bottom panel: simulation. The dashed lines are a guide for the eyes to emphasize
the pulse self-shortening effect.
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Abstract

We introduce THz Stark spectroscopy by using intense single-cycle terahertz pulses as the elec-
tric field source and monitoring the induced spectral response of an isotropic molecular ensemble
with a coincident femtosecond supercontinuum pulse. THz Stark spectroscopy offers several ad-
vantages over conventional Stark spectroscopy and opens previously inaccessible perspectives.
Most importantly, THz pulses oscillate faster than typical molecular rotations and consequently
eliminate the requirement to freeze the samples to prevent poling effects. Hence, THz Stark
spectroscopy allows for time-resolved studies at arbitrary temperatures, specifically ambient
conditions more relevant to physiological or operative conditions. Moreover, dynamical field
effects, e.g., higher order Stark contributions or hysteresis effects (non-Markovian behavior),
can be studied on the time scales of molecular vibrations or rotations. We demonstrate THz
Stark spectroscopy for two judiciously selected molecular systems and compare the results to
conventional Stark spectroscopy and first principle calculations.
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5.1 Introduction

Stark spectroscopy is an invaluable tool to reveal information about physicochemical properties
of molecules [1-9]. Sufficiently strong electric fields modify absorption spectra of isotropic
ensembles of molecules if ground and excited state energy eigenvalues of the respective optical
transition shift in energy due to the interaction with the applied electric field. In most cases,
the interaction can be treated as a perturbation and expanded in a power series of the electric
field. To first order, Stark spectroscopy reveals information on the electric dipoles, and to
second order, on the induced dipoles, i.e. on the polarizabilities, of the two states. The former
is referred to as the linear Stark effect (Fig. 5.1a), the latter is called the quadratic Stark effect
(Fig. 5.1b). It is important to note that only a nonzero difference between ground and excited
state dipole or polarizability results in a modified absorption spectrum, and consequently, only
those differences can be extracted from a measurement. While a change in dipole moment,
for instance, reflects the degree of charge separation or charge transfer associated with the
transition, a change in polarizability describes the sensitivity of a transition to an external
electric field [2]. These effects are also known as electro-chromism [5] and a corresponding
measurement gives insight in, for instance, photo-induced electron or charge transfer [10-14],
nonlinear material properties [2, 4, 8, 15], biological organization and energy tuning [16-21], or
solvato-chromism. Also, vibrational Stark spectroscopy of CO or CN ligands has developed into
an important tool to measure in situ electric field strength in various chemical environments
[22].

Conventional Stark spectroscopy uses low frequency (kHz) electric fields, which oscillate
much slower than typical rotation times of molecules in solution. Hence, molecules must be
immobilized in order to avoid alignment of their dipoles along the applied electric field, otherwise
this poling effect would result in an overwhelming increase of the overall absorption and obscure
any Stark signatures. Typically, this is achieved by freezing the solvent, which limits the range
of solvents that can be used since these need to form optical glasses to avoid scattering of
probe light. Moreover, freezing prevents molecules to be characterized in their natural, liquid
or physiological environment. Finally, the sample geometry, with the electrodes on the front-
and backside of the sample cuvette, leads to a non-optimal geometry with the angle between the
polarization of the Stark field and the probe being far from the ideal value of 0 deg (typically
50 to 60 deg) [23].

Here, we demonstrate that increasing the frequency of the oscillating electric field to the
terahertz (THz) regime removes all of the above mentioned constraints and disadvantages of
conventional Stark spectroscopy. Since a number of years it became possible to generate phase
stable single- or few-cycle THz pulses with sufficiently strong electric fields (up to or even
exceeding 10° V/m) to induce measurable Stark shifts as well as femtosecond supercontinuum
(fs-SC) probe pulses to time-resolve those transient Stark signatures [24, 25]. A schematic of
the experimental realization is shown in Fig. 5.1c. Scanning the time delay between probe pulse
and the THz waveform allows for the measurement of Stark signatures for positive or negative
electric fields and from zero field up to the peak field strength of the THz pulse (see supplemental
document: Experimental setup). At THz frequencies the electric field oscillates faster than
typical molecular rotation times, hence for the first time, time-resolved Stark spectroscopy of
molecules is performed without freezing the sample. Consequently, virtually any solvent can be
used and molecules can be studied in their natural chemical or biological environment. Moreover,
a wider temperature range becomes accessible, especially temperatures above the freezing point
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Figure 5.1: Electric field induced Stark effect and experimental concept. Electric field induced
Stark shift due to a difference in ground- and excited state dipole (a), i.e. linear Stark effect,
and polarizability (b), i.e. quadratic Stark effect. For an isotropic distribution of molecules the
ground state absorption band versus energy A(FE) broadens in the case of the linear Stark effect
with the difference signal AA(F) resembling the second order derivative of the absorption band.
In the case of the quadratic Stark effect the ground state absorption band shifts resulting in a
difference signal AA(F) that is proportional to the first order derivative of absorption band. ¢
Schematic representation of the experimental setup. The femtosecond supercontinuum probe
pulse is scanned in time across the collinear single-cycle THz pulses and its spectrum is recorded
by a spectrometer.

of the solvent but also room temperature or higher. The THz frequency of the field source also
entails a higher dielectric breakdown allowing for electric field strengths, which were impossible
to attain previously [26-28]. At such field strengths, for instance, transition polarizability or
hyper-polarizability may play a more important role, particularly for weakly allowed transitions.
Such higher-order electric field effects may require a new theoretical concept, especially when the
applied electric field can no longer be treated as a perturbation to the system’s Hamiltonian or
when magnetic effects need to be considered. THz Stark spectroscopy offers additional minor
advantages, i.e., the sample thickness can be substantially increased and is limited only by
absorption or velocity matching between the THz and the probe pulse. Additionally, arbitrary
angles between the electric field vector and the probe polarization can be used and the absence
of electrodes avoids potential redox chemistry in the pristine sample.

For the present THz Stark spectroscopic study, we selected two molecules and for compar-
ison we performed quantum chemical calculations as well as conventional Stark spectroscopy.
One molecule consists of a strong electron donor tetrathiafulvalene and an electron acceptor
benzothiadiazole, showing an energetically low-lying intramolecular charge transfer state with a
substantial change in dipole moment. The other is an anthanthrene derivative tetrasubstituted
with silyl-protected acetylene groups to extend its m-conjugation, leading to an intense and
sharp absorption band with a large change in polarizability.
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5.2 Results and discussion

5.2.1 Dynamics of the Stark signature
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Figure 5.2: THz Stark signal of TTF-BTD with parallel orientation. a False-color plot of
the measured change in absorption spectrum as a function of time delay between THz and
probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.
c Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the measured
THz electric field E2y, (black dashed curve). d Chemical structure of TTF-BTD.

We first discuss the experimental results of a molecule with a pronounced intramolecu-
lar charge-transfer (ICT) character, namely an annulated electron donor-acceptor compound.
Thereby, tetrathiafulvalene (TTF) acts as a strong donor and benzothiadiazole (BTD) equally
as an acceptor within the compact and planar dyad [29, 30]. The bromine functionalization of
BTD increases its acceptor strength and the propyl chains on TTF act as solubilizing groups
(Figure 5.2d) (see supplemental document: Synthesis and preparation). Figure 5.2a shows the
color-coded THz-induced change in absorption AA(7, A) in TTF-BTD versus time delay 7 and
wavelength A for parallel polarization orientation between probe pulse and THz waveform (cor-
responding results for a perpendicular orientation are provided in the supplemental document:
Additional THz Stark spectroscopy results). The color scale indicates the difference in absorp-
tion in units of optical density (OD). The two-dimensional distribution reveals both temporal
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and spectral characteristics of the THz field-induced Stark shift. Time zero is set arbitrarily
to the maximum change in absorption AAn.x. The two peaks of the single-cycle THz pulse
are well resolved with zero signal at the zero-crossing of the THz electric field. The measured
spectra around the peaks of the THz field indicate a spectral broadening of the rather broad
So — 57 absorption band between 390 nm to 650 nm, which is not unusual for ICT transitions.

Calculating the margin along the delay axis between the two green dotted vertical lines
results in the average Stark signal versus wavelength (green curve in Fig. 5.2b). Comparing the
measured signal to the scaled first- and second-order derivative of the ground state absorption
curve reveals that the Stark signature is dominated by a first order Stark contribution (black
dotted curve) revealing a linear Stark effect caused by a change in dipole moment between
ground and excited state. Additionally, we calculate two margins along the wavelength axis,
first between the purple dotted horizontal lines resulting in the purple curve in (Fig. 5.2¢), and
second between the the two red dotted horizontal lines yielding the red curve in (Fig. 5.2c). The
margin over the entire transition (purple curve) versus time delay is essentially zero confirming
that no alignment of molecules to the applied THz field occurs. The residual small signal
is most likely due to an imperfect correction of the group velocity dispersion in the fs-SC (see
supplemental document: Group velocity dispersion correction) as well as a noise level of 20 pOD
due to fs-SC fluctuations. These findings constitute an important result as they demonstrate
that THz Stark spectroscopy can be applied to molecules in solution without the need to freeze
the solvent. The red curve, averaged over one of the peaks in the Stark spectrum, indicates
that the instantaneous Stark signal scales as the square of the THz field which is in agreement
with Liptay’s derivation of the linear and the quadratic Stark effect of an ensemble of molecules
with isotropic orientation.

The second molecule, anthanthrene [31], is a m-conjugated organic molecule of interest due
to its semiconducting properties and potential applications in light emitting diodes or solar cells.
The structure of anthanthrene is shown in Fig. 5.3d. It constitutes an interesting building block
for organic electronics and Stark spectroscopy has the potential to reveal some of its relevant
physicochemical properties. The transient Stark signal of the Sy— S transition of anthanthrene
in toluene is shown in Fig. 5.3. The polarization between probe pulse and the THz waveform
was parallel and the corresponding results for perpendicular polarization are provided in the
supplemental document: Additional THz Stark spectroscopy results. The electronic transition
shows a well separated vibrational progression, hence all vibrational bands are treated as one
transition within our detection window. Margins are calculated following the same recipe as
outlined above. A comparison of the time averaged Stark signature (Fig. 5.3b green curve)
with the scaled first- (black dashed curve) and second-order derivative (black dotted curve) of
the ground state absorption reveals a mostly quadratic Stark effect related to a difference in
polarizability of ground and excited state. It also suggests that ground and excited state dipoles
are, very likely based on symmetry arguments, negligible or similar in value. The two margins
along the wavelength axis shown in Fig. 5.3c (purple and red curves) confirm that poling effects
can be excluded, hence the sample maintains an isotropic distribution throughout, confirming
again that the THz field oscillation is faster than any molecular rotation time.

That is, both molecules show a pronounced instantaneous Stark signature, which is well-
matched to either the first- or the second-order derivative of the ground state absorption band,
suggesting a dominant quadratic or linear Stark effect, respectively. In both cases, the Stark sig-
nal is proportional to the square of the THz electric field in agreement with Liptay formalism (see
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Figure 5.3: THz Stark signal of anthanthrene with parallel orientation. a False-color plot of
the measured change in absorption spectrum as a function of time delay between THz and
probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.
c Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the measured
THz electric field E2y, (black dashed curve). d Chemical structure of anthanthrene.

supplemental document: Liptay analysis) tracing the few-picosecond single-cycle THz waveform
and we identify no measurable hysteresis or memory effect.

5.2.2 Comparison between conventional and THz Stark spectroscopy

For both molecules the Stark spectra for parallel and perpendicular polarization between probe
pulse and THz waveform are fitted simultaneously and analyzed using the formalism outlined by
Liptay [5, 32] to extract relevant molecular parameters, such as differences in dipole moment or
polarizability. We compare the results to those obtained from conventional Stark spectroscopy
(see supplemental document: Conventional Stark spectroscopy) and those calculated from Den-
sity Functional Theory (DFT). DFT also provides molecular orbitals and associated energies
for further discussion of results, specifically the charge redistribution associated with an ex-
citation (see supplemental document: Density Functional Theory calculations). Recall that
conventional Stark spectroscopy is done at 77 K, that is well below the freezing temperature of
toluene, whereas THz Stark spectroscopy can be performed in principle at any temperature, but
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here is done at room temperature. To account for different optical path lengths, sample concen-
trations or electric field strength in the two measurement techniques, we compare the change
in molar attenuation coefficient Ae scaled to 1 MV /cm rather than the change in absorption.
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Figure 5.4: Comparison of conventional and THz Stark spectroscopy. a,b Low tempera-
ture (77 K) and room temperature (295 K) absorption spectra of (a) TTF-BTD and (b) an-
thanthrene. c,d Conventional Stark spectra measured at 77 K for two values of the angle x
between the polarization of the THz and the probe pulses. e,f THz Stark spectra recorded at
room temperature for parallel and perpendicular orientation of THz and probe polarization.
For direct comparison the y-scale is in units of Ae scaled to an electric field of 1 MV /cm. The
grey dotted vertical lines are guides to the eye and help to visualize the shift of the spectra at
the different temperatures.

The ground state absorption spectra of TTF-BTD and anthanthrene in toluene are shown in
Fig. 5.4a and b for 77 K (blue curves) and room temperature (red curves). The DFT calculations
suggest that TTF-BTD exhibits a broad absorption band due to a substantial ICT in the excited
state. Anthanthrene, on the other hand, exhibits relatively narrow absorption features with an
evident vibronic progression and DFT calculations mainly suggest a change in polarizability.
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When decreasing the temperature from 300 K to 77 K toluene is known to increase its effective
polarity due to an increase in density [33]. While in TTF-BTD this results in a blue-shift
of the absorption peak from 514 nm to 505 nm due to the solvent’s instantaneous electronic
polarizability [34], in anthanthrene this leads to a increased stabilization of the energy levels and
an associated red-shift of the lowest vibronic mode of the Sy — S7 HOMO - LUMO transition
from 500 nm to 505 nm. Irrespective of molecule, thermal broadening of the absorption features
is evident for increasing temperatures. Both effects illustrate the importance of fitting Stark
spectra with ground state absorption spectra recorded at the same temperature.

Figure 5.4c and d show the change in molar attenuation coefficient Ae scaled to 1 MV /cm
for TTF-BTD and anthanthrene as measured by conventional Stark spectroscopy for a relative
orientation between probe pulse and THz waveform polarization of 56 deg/61 deg (blue solid
curve) and 90 deg (blue dashed curve). Note, that angles smaller than 56 deg are difficult to
realize due to above mentioned geometrical constraints. The corresponding results of the THz
Stark spectroscopy are shown in Fig. 5.4e and f. THz results were averaged over a 467 fs time
window around the larger peak of the THz pulse. Unlike conventional Stark spectroscopy, the
THz variant has no geometrical constraints and allows for angles down to 0 deg, which helps
to improve the dynamic range of measurement as well as the accuracy of the Liptay analysis.
Except for the temperature related blue- or red-shift and the different minimal angle, the Stark
signatures of both methodologies are in excellent agreement with each other. The peak change
in molar attenuation coefficient for TTF-BTD is slightly lower in the THz measurement due to
the thermal broadening of the absorption spectrum at room temperature.

5.2.3 Relevant molecular parameters

A more rigorous comparison becomes available after analyzing the spectra in Fig. 5.4 following
the Liptay protocol. It reveals the change in dipole moment, Ay, the angle between the change
in dipole moment and the transition dipole moment m, (, the average change in polarizability,
Tr(A«), and the change in polarizability parallel to the transition dipole moment m, m Aa m.
The latter consistently showed large fitting errors and is not reported here. Table 5.1 summarizes
these molecular parameters calculated from DFT as well as measured and extracted via the
Liptay analysis of both Stark spectroscopy methodologies.

Table 5.1: Comparison of relevant molecular parameters as calculated via DFT or measured
by conventional and THz Stark spectroscopy.

Parameter DFT Conventional THz Stark
Stark
TTF-BTD: tetrathiafulvalene-benzothiadiazole
Ap (D) 16.2 14.7 £ 0.1 1534+ 1.8
¢ (®) ~0 24.8+0.2 187+ 1.1
anthanthrene: 4,6,10,12-tetrakis(triisopropylsilylethynyl)anthanthrene
Tr(Aa) (A%) ][ 457 | 363 £20 | 296 =+ 70

The agreement within the error bars in all molecular parameters extracted from the two
Stark spectroscopy modalities is remarkable and confirms that both techniques deliver results
which are in quantitative agreement with each other. The biggest source of error comes from
the uncertainty of the electric field applied to the sample (see supplemental document: Char-

82



5.3 Conclusion

acterization of THz pulses). Furthermore, the experimental results are in reasonable agreement
with DFT calculations given the fact that the solvent environment can only be treated approx-
imately if at all. Including the solvent effect in the DFT calculations for TTF-BTD leads to
marginal modifications to the molecular geometry as compared to the gas phase and details can
be found in reference [32]. The mismatch in measured and calculated angle ¢ most likely is due
to these structural modifications, but may be also a result of temperature affecting electrostatic
interactions and molecular geometry [32, 35]. For the anthanthrene, the DFT calculations were
performed at 0 K and without solvent effects, nevertheless, the experimental results agree very
well with the DF'T calculations. Hence, neither the low polarity of the solvent nor the increased
temperature seem to drastically affect the dipole moment or the electronic polarizability of the
molecule.

5.3 Conclusion

In conclusion, we have demonstrated that THz Stark spectroscopy indeed reveals the same
physicochemical properties of molecules as conventional Stark spectroscopy, but at the same
time opens hitherto inaccessible opportunities, because it is not subjected to the same limitations
that apply to conventional Stark spectroscopy. Geometrical constraints are removed allowing
for arbitrary angles between probe pulse and THz waveform polarization, no electrodes are
required, which helps to avoid potential redox chemistry in the pristine sample, and the much
higher frequency of THz waveforms allows for higher electric field strengths before the threshold
for dielectric breakdown is reached. Most importantly however, THz Stark spectroscopy removes
the need to immobilize the molecular ensemble by freezing the solvent. Hence, molecules or
bio-molecules can now be studied in their natural environment and at relevant temperatures.
Our findings are based on measurements of two molecules relevant in the context of molecular
electronics.

In principle, THz Stark spectroscopy will allow to observe transient or non-equilibrium elec-
tronic properties of molecules with sub-100 fs resolution. Consequently, THz Stark spectroscopy
can be used to study molecular ensembles at conditions not accessible to conventional Stark
spectroscopy, for instance, within a much increased range of temperatures or in different non-
polar or polar solvents, even those that do not form transparent glasses at low temperatures.
Today’s high-field THz sources generate field strengths in excess of 1 MV /cm so that higher-
order Stark contributions may become observable, such as non-Markovian responses (hysteresis
effects) originating from electron-phonon couplings. Higher order Stark contributions are impos-
sible to access via conventional Stark spectroscopy but are relevant to model electron dynamics
induced by external or local fields (e.g. charge and electron transfer) or to refine quantum
chemistry codes. Moreover, the intrinsic time resolution of around 100 fs facilitates studies on
the time-dependent physicochemical properties of a molecule during its photo-cycle, specifically
it allows for Stark spectroscopy of excited states.

Methods: THz Stark spectrometer

The THz Stark spectrometer was designed to record the change in absorption AA(7T,\) =
ATHy on (T, A) — ATy of(T, A) as a function of time delay between the THz waveform and the
probe pulse 7 and of wavelength A. The recorded Stark maps AA(7,\) were subsequently
corrected for the fs-SC group velocity dispersion (see supplemental document: Group velocity
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dispersion correction) and the background resulting from the pure solvent (see supplemental
document: Background measurements). The analysis of the Stark spectra, here at maximum
electric field, AA()N), was outlined in reference [5]. After having identified the Stark-active
transitions, the Stark spectra were subsequently analyzed with the Liptay formalism, which
links the molar absorption Ae(7) as a function of wavenumber to the ground state absorption
spectrum €(7). The model assumes a fixed angle between electric field and probe polarization
and an isotropic distribution of transition dipole moments, which is achieved by freezing the
sample in conventional Stark spectroscopy. The ground-state absorption spectra and two Stark
spectra for different probe polarizations were fitted simultaneously with a weighted sum of the
zeroth, first, and second order derivative of the ground state absorption spectrum.

2ew) = 1B {act) + 011 (20) 4 L () 5.1)

From the fit parameters a, b, and ¢ we extracted the trace of the polarizability tensor, its
projection along the transition dipole moment, the angle between the applied electric field and
the probe polarization, the change in dipole moment, and the angle between the change in dipole
moment and the transition dipole moment. An important ingredient to the fit is the THz electric
field strength |E| in the sample at which the probe pulse interrogates the molecular system. In
order to account for all experimental effects we first measured the THz electric field in air and
then performed finite difference time-domain simulations to determine the time dependence of
the THz electric field experienced by the probe pulse in the complex cuvette/liquid environment.
We found that the time dependence is almost identical, however with the peak electric field
strength being reduced by a factor of 0.7 due to Fresnel reflections and Fabry-Perot effects.
Hence, the maximum field in the sample was reduced to (280 £ 17)kV/cm. The electric field
experienced by the molecules is further modified by the local field correction factor f;, which is
a measure of how the solvent cavity affects the field inside the cavity containing the molecule
[36-38]. We estimated the local field correction factors for TTF-BTD and anthanthrene to 1.30
and 1.33 for conventional Stark spectroscopy and to 1.26 and 1.29 respectively for THz Stark
spectroscopy (see supplemental document: Local field correction factor).

5.4 Supplemental document

5.4.1 Molecular systems
Synthesis and preparation

The two molecular systems were selected because they show either a pronounced change in dipole
moment, which allows us to unambiguously observe the linear Stark effect, or a pronounced
change in polarizability, which allows us to observe the quadratic Stark effect. In addition, both
molecules are relevant in the field of molecular electronics and the extracted physicochemical
properties are relevant in their own right.

The first molecular system is fused heterocyclic tetrathiafulvalene [39-43] — benzothiadi-
azole [44-46] (TTF-BTD) with Br substituted at the 4 and 8 positions of BTD [47]. This
molecule is known to undergo intramolecular charge transfer [48, 49] with a correspondingly
large change in dipole moment upon excitation of the HOMO-LUMO transition. The relatively
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broad absorption band centered around 500 nm is a typical signature of such intramolecular
charge transfer.

The second molecular system is the 4,6,10,12-tetrakis(triisopropylsilylethynyl)-anthanthrene
compound [31], which bears a graphene-like aromatic skeleton and is well-known for its quantum
interference effect on the single molecule conductance, [50-52] and for its versatile chromophoric
properties in organic electronics [53-57]. It exhibits optically allowed transitions with significant
oscillator strengths in the spectral range around 500 nm.

For all experiments, toluene was used as solvent because it has a low polarity and forms a
transparent optical glass at 77 K, which is mandatory for the conventional Stark measurements.
The low polarity limits effects due to varying solvent polarity at different temperatures and the
potential for THz field-induced orientation of the solvent. For conventional Stark measurements,
the sample concentration was 1 mM for TTF-BTD and 0.45 mM for anthanthrene. The sample
concentration for the THz Stark measurements was 1 mM for TTF-BTD and 0.5 mM for
anthanthrene. In the THz Stark experiment, a spectrosil quartz flow cell from Starna Scientific
was used with a sample thickness of 200 pm and a wall thickness of 200 ym. Even though a
flow cell is not specifically needed, it helped to suppress air bubble formation. Furthermore,
any potential effects due to toluene evaporation are reduced.

While the ground state absorption spectra in conventional Stark spectroscopy were measured
directly with the Stark spectroscopy apparatus (with no applied electric field at low tempera-
ture), the room temperature ground state absorption spectra were recorded separately with a
spectrophotometer (Perkin-Elmer Lambda 750 Spectrometer, 1 mm thick cuvette).

Density Functional Theory calculations

We performed DFT calculations of both systems to gain further insight into the charge re-
distribution between the molecular orbitals involved in the observed optical transitions and
the associated energies. While details on our DFT computations on TTF-BTD have already
been published elsewhere [32], we here present methods and results on the second system an-
thanthrene.

The molecular geometries of anthanthrene were optimised at the Kohn-Sham DFT level.
We used the PBEO [58] or the B3LYP [59] functionals to approximate the exchange-correlation
energy in combination with the 6-314+G(d,p) basis set [60]. The excitation energies were com-
puted by time-dependent DFT (TD-DFT) [61]. The properties of excited states were obtained
as higher-order response properties of the ground state. Specifically, the polarizability of an
excited state was determined by first converging the electronic energy of the ground state and
then by computing the double residue of the cubic response function as described in reference
[62] and implemented in the DALTON software package [63]. Table 5.2 summarizes possi-
ble transitions originating from the ground Sy state with corresponding wavelength, oscillator
strength, major molecular orbital contributions, and transition dipole moment. Molecular or-
bitals and associated energies involved in the calculated transitions for the sample are illustrated
in Fig. 5.5.

The DFT calculations predict one optically allowed transitions with significant oscillator
strength in the our spectral observation window, which is the Sy — 57 transition. Due to the
symmetry of the molecule and the symmetry of the molecular orbital distributions associated
with this transition, we do not expect a permanent dipole in any of these states and as such we
also do not expect a change in dipole moment over the transition. The computed polarizability
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Table 5.2: The ground state transitions of anthanthrene with wavelength, oscillator strength,

and major contributing molecular orbitals calculated with TD-DFT.

Excited || Wavelength | Oscillator Major contributions (%)
State (nm) strength
S1 500.2 0.4846 HOMO — LUMO Pure
So 419.7 0.0 HOMO-1—-LUMO 36
HOMO—LUMO+1 13
Ss 402.8 0.0 HOMO-1—-LUMO 13
HOMO—LUMO+1 36
Sy 395.2 0.0087 HOMO-2—LUMO 27
HOMO—LUMO+2 22
Ss 333.0 0.6133 HOMO-3—LUMO 3
HOMO-2—LUMO 20
HOMO-1-LUMO+1 2
HOMO—LUMO+2 22
S 315.4 0.0366 HOMO-3—LUMO 33
HOMO—LUMO+2 2
HOMO—LUMO+3 12

Table 5.3: Aa computed by TD-DFT with an aug-cc-PVDZ basis set.

State Wavelength Wavelength Tr(Aa) (B3LYP)
(PBEO) (B3LYP)

Si 500.2 nm 518.8 nm 457 A®

Ss 333.0 nm 347.0 nm 333 A°

changes are summarized in Table 5.3. For completeness we also include the results for the
So — S5 transition, which has an appreciable oscillator strength but is outside of the spectral
observation window of the experiment.

The average isotropic change in polarizability over the transitions was calculated using
both PBEO and B3LYP functionals. We checked convergence with the basis set (using aug-cc-
PVTZ and daug-cc-PDVZ). We verified that using aug-cc-PVDZ the basis set error affects the
quantitative result by less than 1%. In addition, note that the lowest energy transition Sy — S
splits in a well-separated vibronic progression.

5.4.2 Conventional Stark spectroscopy

To understand the limitations of conventional field Stark spectroscopy we will describe the
technique in general terms here. A more detailed description of the specific Stark spectrometer
used, along with technical details can be found in a previous publication [32]. Typically, a
high voltage source is connected to transparent electrodes (indium tin oxide: ITO) on the inner
front and back surface of the sample cell. The front and the back window are separated by
a Kapton spacer with a thickness of 25 um and the sample cavity is filled by injection with
the sample solution. The sample is then mounted in a cooled Dewar at 77 K to freeze the
solvent. Freezing the sample is also a common work-around to increase the breakdown voltage
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Figure 5.5: Molecular orbitals of anthanthrene. With reference to the main text, we draw the
reader’s attention to the HOMO—LUMO transition in particular.

and prevent unwanted redox chemistry. During the experiments, a 3.5 kHz sinusoidal signal
is applied across a cell. While for TTF-BTD the applied voltage was Vs = 250V (with
a peak field of 141 kV/cm), for anthanthrene the applied voltage was Vs = 150V (with
a peak field of 85 kV/cm). A lamp and monochromator provide tunable probe light. The
electric field-induced transmission changes are monitored at twice the AC frequency by a lock-
in amplifier. The difference between the in- and out-of-phase components is plotted as a function
of monochromator wavelength, resulting in a Stark spectrum. The cell can be rotated about
a vertical axis within the Dewar to facilitate different relative angles between the applied field
and the probe light polarization. The polarization of the probe light is set with a Glan-Taylor
prism.
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5.4.3 THz Stark spectroscopy

This section describes in detail all relevant steps to extract the molecular physicochemical con-
stants. We start with a brief description of the experimental apparatus and the data recorded
by it. Next, we outline how we correct for the group velocity dispersion of the probe pulses
and give a detailed account of the background subtraction protocol. A further important in-
gredient for the analysis is the THz electric field strength in the sample and we determine it
by a combination of measurements and finite difference time domain simulations. Finally, the
measurements are analyzed by the Liptay formalism, which is briefly described toward the end.

Experimental setup

Figure 5.6 shows a schematic of the experimental setup. The high-field single-cycle THz wave-
forms were generated via tilted-pulse-front pumping in LiNbOg3 and the time-delayed femtosec-
ond supercontinuum (fs-SC) probe pulses came from white-light generation in a 5-mm-thick
CaFy crystal, which was mounted in a continuously moving mount in order to avoid photo-
darkening. In detail, a 1 kHz Ti:sapphire regenerative amplifier (Legend Elite Duo Femto,
Coherent) delivering 90 fs pulses with an average power of 8 W at 800 nm was used to produce
the single-cycle THz waveforms by optical rectification in a prism-cut LiNbOs crystal [64, 65].
The THz waveforms were imaged to the sample position by a combination of two lenses with
focal lengths of 100 mm and 50 mm, resulting in a 2:1 demagnification.
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Figure 5.6: THz Stark spectroscopy. High-field single-cycle THz waveforms were generated
via tilted-pulse-front pumping in LiNbO3 and the fs-SC probe pulses were generated via white-
light continuum in CaFy. The probe pulses passed collinearly with the THz pulses through the
sample and were analyzed by a spectrometer. A chopper running at 500 Hz alternated between
THz waveform on and off.
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THz waveform and fs-SC probe pulses were combined collinearly with an indium tin oxide
(ITO) coated glass slide, which acts as a mirror at THz frequencies but is transparent at
optical frequencies. The relative polarization between the THz waveform and the probe pulse
was adjusted by an achromatic half-wave plate in the probe arm and both were subsequently
focused to the sample using a TPX lens. The probe beam waist was set to wsgc ~ 17 pm, which
is more than one order of magnitude smaller than the THz beam waist of wry, ~ 1 mm, and
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thus probes an area of almost constant THz electric field strength at the center of the THz
spot. After the sample, the probe spectrum was analyzed with a 1024-pixel CMOS array (Glaz-
I, Synertronic Designs) on a pulse-to-pulse basis. A phase-locked chopper blocked every other
THz waveform and from two consecutive probe spectra (with and without THz) the change
in absorption, i.e. AA(N) = Arngz on(A) — ArHg of(A) = —10g10(TrHz on(A) /Trrz off(A)), Was
calculated as a function of wavelength A. In order to realize a sufficiently high signal-to-noise
ratio we typically averaged more than 5000 pulse pairs. From a number of such measurements
for different time delays 7 between the THz waveform and the probe pulse, we construct two-
dimensional color-coded Stark maps AA(7, \) as shown in Fig. 5.7a.

Group velocity dispersion correction

The fs-SC probe pulses experience group velocity dispersion (GVD) due to a number of dis-
persive optical elements through which they have to propagate. As a result, each spectral
component has a different effective time delay with respect to the THz waveform. Since the
total GVD is independent of sample and polarization, it can be corrected for. As an example,
Fig. 5.7a shows the measured and color-coded Stark signals (anthanthrene) versus time delay
between probe pulse and THz waveform and wavelength of probe pulse. The black solid curve
shows the 3rd order polynomial fitting, which is subsequently used for GVD correction. It is also
confirmed by cross-phase modulation (XPM) of the quartz substrate at the sample position. In
essence, all rows of data are shifted by a time delay that is given by the 3rd order polynomial
curve and Fig. 5.7b shows the data after GVD correction. All measurements on the solid curve
shown in Fig. 5.7a now have the same corrected time delay.
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Figure 5.7: Measured color-coded Stark map for anthanthrene versus time delay and wavelength
before a and after b GVD correction. The black solid curve indicates the fitted 3rd order
polynomial representing the GVD, which turns into a vertical line after GVD correction.

Background measurements

To characterize the measurement background, we recorded signals for the pure solvent. Fig-
ure 5.8 shows the spectra for parallel and perpendicular orientation of THz and probe polar-
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ization. For all time delays, the measurement is dominated by random noise. Note that the
GVD correction introduces an apparent parabolic structure. Around time delay zero we find a
positive signal for all wavelength, which is attributed to a THz Kerr effect observed in low-polar
liquids [66]. In Fig. 5.8c,d the two signals integrated along the wavelength axis are shown as
function of time delay. In agreement with theory, the signal for parallel orientation is larger than
that for perpendicular orientation. For all measurements presented in this paper, we subtracted
this background signal before plotting and analysing the data.
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Figure 5.8: Background measurement with pure toluene for a parallel and b perpendicular
orientation of THz and probe pulses. Spectral average of the change in absorption between the
purple dotted lines as a function of time delay for c parallel and d perpendicular orientation.

Additional THz Stark spectroscopy results

In the main text we only show results for parallel polarization between THz waveform and probe
pulse. However, the Liptay analysis requires Stark signals for two different relative polarization
orientations, ideally but not necessarily parallel and perpendicular. Hence, for completeness
we here show the signals for perpendicular orientation. While Fig. 5.9 shows the perpendicular
orientation for TTF-BTD, Fig. 5.10 shows the corresponding results for anthanthrene.

Characterization of THz pulses

To determine the THz electric field strength in air we assume that the spatio-temporal electric
field can be expressed in a product E(z,y,t) = Eoge.(x)gy(y) f(t), where Ejy is the peak electric
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Figure 5.9: THz Stark signal of TTF-BTD with perpendicular orientation. a False-color plot
of the measured change in absorption spectrum as a function of time delay between THz and
probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.
c Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the measured
THz electric field E2y, (black dashed curve). d Chemical structure of TTF-BTD.

field strength and g,(x), gy(y), and f(t) are spatially and temporally dependent functions
normalized to a peak value of one. The peak electric field strength Ey was determined from
three measurements, i.e. the average power Fy,, at a repetition rate of f,.p, the spatial profiles
g%(z) and 93 (y), and the time dependence f(t) and is calculated via

P
E — avg
" \/focfrep [2o g2 (@)de [ g5 (y)dy [22, f2(t)dt”

where € is the vacuum permittivity and c is the speed of light in vacuum. The average power
was recorded by a calibrated THz power meter (with a resolution of 50 n'W and a relative error
of £12%), the spatial profiles were extracted from two perpendicular knife-edge measurements,
and the time dependence was measured by electro-optic sampling in a 0.3-mm-thick GaP (110)
crystal. Note that all measurements are taken at the sample position. The maximum THz
power was measured to 3.6 mW at 1 kHz repetition rate, the THz spot was nearly Gaussian
with a beam waist of 1 mm in x- as well as in y-direction, and the measured electro-optic signal

(5.2)
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Figure 5.10: THz Stark signal of anthanthrene with perpendicular orientation. a False-color
plot of the measured change in absorption spectrum as a function of time delay between THz
and probe pulse and wavelength. b Time-averaged (between the two green dotted lines) change
in absorption versus wavelength (green solid curve) compared to the scaled first (black dashed
curve) and second order derivative (black dotted curve) of the ground state absorption spectrum.
¢ Spectral average of the change in absorption between the purple dotted (purple curve) and red
dotted lines (red curve) in a. The red curve is compared to the scaled square of the measured
THz electric field E2y, (black dashed curve). d Chemical structure of anthanthrene.

[67—69] and the corresponding spectrum are shown in Fig. 5.11a and b. Inserting the three
measurements in Eq.(5.2) results in a peak electric field of Ey = (400£24) kV /cm for the larger
of the two peaks in air.

The effective field strength, at which the probe pulse interrogates the molecular system,
is typically smaller because of a number of effects. The dominating reduction factor comes
from the geometry and material of the cuvette. For instance, Fresnel reflections or Fabry-Perot
interferences at or within the cuvette limit the maximum electric field strength. Some solvents
also have a no-negligible THz absorption coefficient and consequently reduce the electric field
strength exponentially along the probe’s propagation direction. Moreover, several effects lead
to a smearing and averaging of the signal, such as the finite size of the probe interrogating the
sample at different THz electric field strengths or the finite duration of the probe pulse and
the group velocity mismatch between THz waveform and probe pulse. In order to account for
all these effects we performed finite difference time-domain simulations propagating the THz
waveform together with a time delayed probe pulse through the sample cuvette. We found that
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Figure 5.11: a Measured electro-optic signal at the sample position and b corresponding
spectrum.

the time dependence of the THz electric field experienced by the probe pulse is almost identical
to the free space THz waveform, however the peak electric field strength is reduced by a factor
of 0.7 resulting in a maximum electric field of Ey = (280 + 17) kV /cm for the larger of the two
peaks in the sample.

Liptay analysis

The following analysis closely follows the recipe outlined in reference [5]. After having identified
the Stark-active transitions, the Stark spectra are subsequently analyzed with the Liptay for-
malism (for details also see references [32] and [23]). The analytic expression derived by Liptay
links the molar absorption Ae(7) as a function of wavenumber to the square of the electric field
E and ground state absorption spectrum e()

where h is Planck’s constant and c the speed of light. The model assumes an isotropic dis-
tribution of transition dipole moments, which is provided by freezing the sample in conventional
Stark spectroscopy. The measured Stark spectra are fitted with a weighted combination of the
zeroth, first, and second order derivative of the ground state absorption spectrum. The coeffi-
cient A, is determined by the transition polarizability and/or the transition hyperpolarizability
of the sample, which can usually be neglected for immobilized samples. The second and third
coefficients are given by

B, = gTr(M) + (3eos?y — 1) @mAam - ;Tr(Aoz)> (5.4)
Cy = |Ap|? {5+ (3C0$2X —1) (30052C -1}, (5.5)

where Tr(Aa«) is the trace of the polarizability tensor, mAam is its projection along the
transition dipole moment, y is the angle between the applied electric field and the probe po-
larization, Ay is the change in dipole moment and ( is the angle between the change in dipole
moment and the transition dipole moment.
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Figure 5.12: TTF-BTD conventional Stark and THz Stark spectra fitting a, b Ground-state
absorption spectrum e of TTF-BTD sample at 77 K (a) and at 295 K (b). The dots represent the
data points and the black solid curves represents the fits. ¢, d Measured Stark spectra for two
different incidence angles (dots) and corresponding fits (black solid curves) for the conventional
Stark measurement ¢ and THz Stark measurement d. For better visualization, the curves for
X = 90° are arbitrarily shifted along the Ae-axis. e, f Contribution of the zeroth (solid curve),
first (dashed curve) and second (dotted curve) order derivative line form for the Stark spectra
for x = 90°.

The molecular parameters are extracted by simultaneously fitting the ground-state absorp-
tion spectra and two Stark spectra for different probe polarizations. Figure 5.12 shows the
measured data (dotted curves) and the corresponding fits (black solid curves) for the TTF-BTD
sample. Figure 5.12a and Fig. 5.12c show the results for the conventional Stark measurement at
77 K, while Fig. 5.12b and Fig. 5.12d show the results for the THz Stark measurement at 295 K
(same data as shown in Fig. 5.4 in the main text). For both experiments we find reasonable
agreement between the fits and the measured data with a slightly better fit quality for the
conventional Stark measurements. Figure 5.12e and Fig. 5.12f separately show the contribution
of the zeroth, first and second order contribution to the fitted Stark signal for x = 90°. The
contribution of the zeroth order A, is multiplied by 10 and we a find negligible contribution to
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5.4 Supplemental document

the Stark signal for both the conventional and the THz experiment, which confirms that the
alignment of molecules due to the electric field is negligible.

The same fitting results are shown in Fig. 5.13 for the anthanthrene sample. Also here we
find reasonable agreement between the fits and the measured data for both conventional and
THz Stark spectroscopy.
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Figure 5.13: Anthanthrene conventional Stark and THz Stark spectra fitting a, b Ground-
state absorption spectrum e of anthanthrene sample at 77 K (a) and at 295 K (b). The dots
represent the data points and the black solid curves represents the fits. ¢, d Measured Stark
spectra for two different incidence angles (dots) and corresponding fits (black solid curves) for
the conventional Stark measurement ¢ and THz Stark measurement d. For better visualization,
the curves for y = 90° are arbitrarily shifted along the Ae-axis. e, f Contribution of the zeroth
(solid curve), first (dashed curve) and second (dotted curve) order derivative line form for the
Stark spectra for y = 90°.

Local field correction factor

The local field correction factor gives a measure of how the solvent cavity affects the field inside
the cavity when an external electric field is applied. The calculations were done in analogy

95



Chapter 5 — Time-resolved THz Stark spectroscopy

to those described in literature [36-38]. We approximated the molecule as occupying a cavity
with an ellipsoidal shape. For anthanthrene we estimate the ellipsoid axes to 15 A, 15 A, and
3 A, while for the TTB-BTD we estimate them to 15 A, 7 A, and 3 A. Note that reasonable
variation of these parameters has only minor effects to the local field correction factor. Based
on literature, the dielectric constant of toluene at 77 K and zero frequency is 2.52 [70], while
at room temperature and 400 GHz it is 2.27 [71]. The local field correction factors f; for TTF-
BTD and anthanthrene are estimated to be 1.30 and 1.33 respectively for conventional Stark
spectroscopy and to be 1.26 and 1.29 respectively for THz Stark spectroscopy. Hence, the fitted
values Tr(Aa) have to be divided by f;? and Ap by f; before the numbers can be compared
with the DFT calculation.
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Abstract

We present an integrated THz spectroscopy and sensing platform featuring low loss, vacuum-
like dispersion, and strong field confinement in the fundamental mode. Its performance was
characterized experimentally for frequencies between 0.1 THz and 1.5 THz. While linear THz
spectroscopy and sensing gain mostly from low loss and an extended interaction length, nonlin-
ear THz spectroscopy would also profit from the field enhancement associated to strong mode
confinement. Moreover, the vacuum-like dispersion allows for a reshaping-free propagation of
broadband single- to few-cycle pulses in gas-phase samples or velocity matching between THz
pump and visible to infrared probe pulses. Our platform is based on a metallic structure and falls
in the category of double ridged waveguides. We characterize essential waveguide properties, for
instance, propagation and bending losses, but also demonstrate junctions and interferometers,
essentially because those elements are prerequisites for integrated THz waveform synthesis, and
hence, for coherently controlled linear and nonlinear interactions.

6.1 Introduction

A variety of THz applications, for instance, communication [1-4], particle acceleration [5-11],
or spectroscopy [12-15] and sensing [16, 17] would benefit greatly from a versatile integrated
platform. In the past, a number of different approaches have been proposed [18, 19]. Among
them different dielectric waveguide geometries showing low attenuation [20-22] and potentially

103



Chapter 6 — Wideband dispersion-free THz waveguide platform

strong mode confinement [23]. Interestingly, modern three-dimensional printing technologies
allow for relatively simple fabrication of integrated dielectric THz waveguide structures [24,
25]. Their main drawback is the relatively high absorption loss of the dielectric material, or,
if the mode is mostly guided in air, the non-negligible mode dispersion which severely ham-
pers broadband signal transmission inasmuch as group velocity dispersion leads to strong pulse
broadening. While there are various means to compensate for dispersion [26-28], none of them
can be used to transport single cycle THz pulses with octave-spanning frequency bandwidth
along the waveguide. Group velocity dispersion is less of an issue in metallic waveguides as
the majority of the mode propagates in air. For instance, parallel metal plate waveguides show
comparable little mode dispersion [29, 30], however, the mode is confined only in one dimen-
sion, which limits the achievable field enhancement. Nevertheless, efficient free space coupling
[31-34] and even fundamental building units of integrated circuits, such as T-junctions [35, 36],
were demonstrated. Similarly, metal wire based waveguides exhibit low attenuation and low
dispersion [37, 38], but suffer from high bending losses, modest mode confinement, and generally
low free space coupling efficiency. Better performance is achieved for two parallel metal wires
[39-41], however, such structures are fragile and often the wires must be encapsulated with a
dielectric material to mechanically stabilize the geometry, which in turn increases the mode
dispersion and/or the attenuation. A very similar performance is found for slot-line waveguides
[42], which are especially well suited for very compact integrated circuits [43, 44]. If no support-
ing substrate is present, the structure essentially becomes a metallic slit waveguide [45], which
is of special interest since it combines a low group velocity dispersion with a low attenuation
and a strong mode confinement [46, 47] across a wide range of frequencies. Slit waveguides
consist of two parallel metal ridges separated by an air gap, with the ridge width and the air
gap being of similar or smaller size than the free space wavelength. Such structures have been
fabricated by milling slits in silicon wafers and by subsequent metal coating [45], or by carefully
aligning two thin metal foils [11].

Here, we demonstrate a compact and robust yet flexible platform essentially using a slit
waveguide as the central motif. It features low propagation and bending losses and allows for
active THz pulse shaping, and hence for fully integrated, coherently controlled spectroscopy.
In order to guarantee efficient coupling of free space single-cycle THz pulses, we present a
judiciously designed horn antenna.

6.2 Waveguide design

Figure 6.1 (a) shows the cross-section of the proposed double-ridged waveguide. It consists of
two mirror symmetric metal parts separated by a metallic spacer foil, which defines the gap
between the two central ridges. In the limit of a/s > 1 and b/g > 1 the geometry resembles
essentially that of a slit waveguide with the fundamental mode being confined to the gap volume.
Our platform is not only robust mechanically, it also allows for integrating coupling elements,
either to free space or to other waveguides, or for fabricating fully integrated functional elements,
such as power splitters, filters, resonators, or interferometers.

Here, we used numerical simulations to identify a geometry that features close to zero
dispersion and low propagation and bending losses combined with strong mode confinement
over the frequency range of interest of 0.1 THz to 1 THz, keeping in mind that the aspect ratio
b/s is limited by the CNC-machining manufacturing technique. For mode confinement, both g
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Figure 6.1: (a) Schematic cross-section of the double-ridged waveguide. (b) Waveguide disper-
sion of the lowest five Eigenmodes versus frequency. The inset shows a photograph (provided
by Rhoda Berger) of the manufactured waveguide structure with a 20 mm long straight channel
including in- and out-coupling antennas. (c) Electric and (d) magnetic field distribution of the
fundamental mode in the transverse xy-plane at 0.5 THz.

and s should in general be similar or smaller than the corresponding THz free space wavelength.
The optimized parameters were found to b = 1mm, s = 0.2mm, and ¢ = 5mm. Note that
the gap size g is given by the thickness of the spacer foils and was varied between g = 30 pm
and 200 pm. The inset in Fig. 6.1(b) shows a photograph of the two mirror-symmetric parts
for a 20 mm long straight waveguide. As shown, the waveguide structure also includes in- and
out-coupling horn antennas at both ends of the waveguide.

The simulated waveguide dispersion relation with the first five Eigenmodes is shown in
Fig. 6.1(b) for g = 200 pm. The fundamental mode, which resembles a quasi-TEM mode with a
cutoff frequency below 10 GHz, exhibits a phase velocity (red curve) coinciding with the speed
of light in vacuum (dashed horizontal line) down to about 0.1 THz. The normalized transverse
electric and magnetic field distribution of the fundamental mode are displayed in Figure 6.1(c)
and (d), with the color-coded amplitude and the arrows indicating direction of the respective
field vectors. Note that the spatial mode profile is approximately frequency independent (see
supplemental document for details). While the electric field in the gap area is predominantly
polarized along the x-direction, the magnetic field is mostly parallel to the y-direction.

6.3 Fundamental mode characterization

The experimental setup to characterize different waveguides is similar to the one reported in
reference [34], with details given in the supplemental document. Briefly, single-cycle THz pulses
are generated and detected by photo-conductive antennas, and the source is imaged to the detec-
tor via two pairs of aspherical lenses with focal lengths of 100 mm and 50 mm. The waveguides
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are positioned between the two central lenses and are equipped with input and output couplers
for efficient coupling. Inspired by the cylindrical tapered couplers used in combination with
parallel plate waveguides [34], we designed similar structures with a cylindrical tapering with a
radius of 13 mm in both transverse coordinates and a total length of 10 mm. Similar geometries
were successfully used for local field enhancement [48, 49], but to the best of our knowledge
never in combination with a slit waveguide structure. We simulated coupling efficiencies up to
80% for the frequency range between 0.35 THz to 1 THz (and at least 50% between 0.1 THz to
1.4 THz), which is in reasonable agreement with the experiments (see supplemental document
for details). While coupling for lower frequencies is limited by reflection losses at the waveguide
entrance, coupling for higher frequencies tends to be less efficient due to the smaller free space
mode size.

O g=50um(Exp.) © g=100pum (Exp.) g =200 pum (Exp.)
—— g =50 pm (Sim.) =g =100 pum (Sim.) g =200 pm (Sim.)
1.004 25 v v
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Figure 6.2: (a) Propagation loss, (b) effective refractive index, and (c) field enhancement
at z = Omm as a function of frequency for three different gap sizes of 50 pm (blue), 100 pm
(red), and 200 pm (yellow). Open circles corresponds to experimental data and solid curves to
simulations. The inset in (c) shows the simulated color-coded field enhancement as function of
frequency and position along the middle of a 20 mm long waveguide with a gap of 50 pm.

Figure 6.2 shows propagation loss, effective refractive index, as well as field enhancement
of the fundamental mode as function of frequency for three different gap sizes of 50 pm (blue),
100 pm (red), and 200 pm (yellow). Generally, we find excellent agreement between measured
(open circles) and simulated results (solid curves). The propagation loss increases with fre-
quency, is larger for smaller gap sizes, and is governed mostly by Ohmic losses in the metal
(aluminium). With values on the order of a few dB/cm, the propagation power loss is com-
parable to many other THz waveguides, for instance, microstrip lines, even though there exist
exceptions where losses can be even smaller than 0.1 dB/cm in an approximately 0.1 THz wide
frequency band [20]. Simulations suggest that lower attenuation can be achieved for metals
with higher conductivity and should ideally vanish for superconducting materials, but in prac-
tice will be limited by scattering at waveguide imperfections. Figure 6.2(b) shows that the
effective index of refraction deviates at most by about 10~2 from the vacuum value down to
0.1 THz. The deviation increases as the gap becomes smaller, and a similar behavior is found
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for surface plasmon polaritons on metal wires [50] or in parallel plate waveguides [51]. The
variations of n.sy between 0.2 THz to 1.5 THz are less than 0.2%. This exceptional low wave-
guide dispersion is of utmost relevance for THz-pump optical-probe spectroscopy of gas-phase
samples ensuring not only a reshaping-free propagation of single- or few-cycle THz pulses but
also a velocity matching between an optical to infrared probe and the THz pulse. The rapid
decrease for frequencies below 0.2 THz is related to the mode dispersion as shown in Fig. 6.1(c)
and could be shifted towards lower frequencies by increasing the distance a between the gap and
the sidewalls. We also extract the group velocity dispersion and find |f3| < 0.1ps THz ! cm™!
for frequencies between 0.3 THz to 1.5 THz.

An appreciable electric and magnetic field enhancement - with respect to a free space focused
THz pulse - is achieved because the transverse mode profile of the fundamental is smaller than
a diffraction-limited free space focus for a THz pulse with the same spectral content. Here, we
define the field enhancement factor shown in Fig. 6.2(c) in frequency domain as the ratio of
the peak electric field amplitude in the waveguide over the peak electric field amplitude at a
free space focus using a f# = 1 focusing element. Note that the field enhancement takes into
account the coupling efficiency on the input side. The field enhancement can only be inferred
from simulations, since we have no means to measure the electric field directly inside the gap.
Similar enhancement factors are found for the magnetic field. As for most slit-based structures,
lower frequencies show a higher field enhancement. This is because they have a larger mode
profile when focused in free space, resulting in a larger increase in electromagnetic energy density
when the mode is squeezed in the quasi-TEM mode of the waveguide. The inset in Fig. 6.2(c)
shows the color-coded field enhancement as a function of frequency and along the propagation
axis. Note that especially the low frequency components are already enhanced toward the end
of the input coupler (z < 0). The field enhancement decreases along the propagation axis in
essence due to propagation losses. At 0.5 THz we find a peak field enhancement of 5 and an
effective field enhancement of 4.4 when averaged over a 20 mm long waveguide for g = 50 pm.
Hence, a lithium niobate THz source sufficiently strong to produce an electric field strength of
400kV /cm when focused in free space, can be enhanced to almost 2 MV /cm along the entire
waveguide. Similarly, the corresponding magnetic field would increase from 130 mT to 590 mT.

6.4 Integrated circuits

The strong confinement of the fundamental THz mode is especially beneficial for waveguide
bends of small radii, on the order of millimeters, leading to low bending loss. Hence, our
platform is suitable for developing highly sophisticated THz integrated circuits over a small
footprint, for instance, power splitters or micro-ring based filters. In order to characterize the
bending loss we use structures as the one shown in Fig. 6.3(a) consisting of four 90° bends
with radii of R = 1mm and R = 5mm. Figure 6.3(b) shows the measured transmitted electric
field (blue dashed curve) as a function of time for R = 1 mm and g = 50 pm together with the
normalized reference signal (black solid curve). The green box indicates the time window in
which we expect the signal guided around the four bends to appear. Compared to a straight
waveguide the four bends increase the total waveguide length by 15.4 mm corresponding to a
51 ps time delay. The smaller signal contributions before and after the main guided signal are
either due to scattering or leaking out of the waveguide. For example, the signal around 0 ps
corresponds to a direct line-of-sight leakage through the structure. To extract only the guided
signal we applied a Tukey time-window (with cosine fraction of 0.5) centered at 54.5 ps with
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Figure 6.3: (a) Photograph (provided by Rhoda Berger) of the bending structure with four
90° bends with an inner radius R = 5mm. (b) Transmitted signal trough a structure with
R = 1mm and g = 50pm together with the normalized air-reference signal (i.e., without
waveguide). (c) and (d) Extracted losses per 90° bend for different gap sizes and bending radii.
Circles corresponds to experimental results and solid curves to simulations.

a length of 15 ps. Note that the simulations are based on a single 90 degree bend to clearly
separate the guided signal from other contributions. Figure 6.3(c) and (d) show the losses per
90° bend as a function of frequency, for different gap sizes and bending radii. Generally, we find
excellent agreement between experimental (open circles) and simulated results (solid curves).
There is essentially no difference in performance when decreasing the radius from 5mm to
1mm. Even though a bending radius of R = 1 mm is smaller than the free space wavelength for
frequencies below 0.3 THz, we observe efficient guiding. Higher frequencies suffer from higher
bending losses due to leakage: Based on the mode mismatch between the guided mode and
the free space mode, the bending losses should be proportional to gr, which is in reasonable
agreement with what we found in the experiment and the simulation. For gaps larger than
100 pm no signal guiding was observed, but for smaller gaps guiding improves irrespective of
frequency. Hence, there is a trade-off between bending loss and propagation loss, which can be
optimized by adjusting the gap size.

THz waveform synthesizers for coherent control of linear and nonlinear interactions with
matter are often realized via spectral phase and/or amplitude shaping. Integrated versions of
such devices require as fundamental building blocks power splitters and there are a number
of different options ranging from a standard Y-junction to a 1 x 2 rib-directional coupler, a
parabolic-shaped structures, or a 1 x 2 arrow-2D directional coupler to name but a few [52].
Here, we fabricated a Y-junction and based on that a Mach-Zehnder interferometer as a simple
but fundamental waveform synthesizer. A photograph of the Y-junction is shown in Fig. 6.4(a).
The branching angle is kept as low as 20° to minimize losses and the distance between the
two parallel output channels is 5.2mm. Figure 6.4(b) shows the color-coded THz electric field
as a function of time and y-position measured at the edge of the Y-junction structure using a
near-field detection unit. A description of the unit is given in Supplement of Ref. [53] and in
Refs. [54, 55]. Indeed, we find that the THz pulse is split in two replica with similar amplitude
and time dependence. Small deviations from the designed symmetric splitting ratio of 50:50
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Figure 6.4: (a) Photograph of the Y-junction with in-coupler. (b) Measured electric field as
a function of y-position and time. (c) Photograph of Mach-Zehnder interferometer based on
two identical Y-junctions with in- and out-coupler. Position and geometry of the TOPAS foil
are indicated by the blue shape. (d) THz electric field at the output of the interferometer
for different foil position and (e) corresponding spectra. (Photographs are provided by Rhoda
Berger)

are probably due to minor defects at the channel ends leading to different detection efficiencies.
Note that the splitting ratio can be tuned by adjusting the branching angles of the two channels.

A photograph of the THz interferometer structure is shown in Fig. 6.4(c). Basically, it
consists of two mirror symmetric Y-junctions with two parallel waveguide sections in between.
The separation of the two parallel waveguide sections is 3mm. In order to delay the replica in
the upper interferometer arm with respect to the other, we mount a 90°-tip made of a 80 pm
thick dielectric foil on a linear stage moving the foil in y-direction in and out of the 100 pm
gap. The further the foil is moved in the gap, the larger the delay. The selected foil material,
the cyclic olefin copolymer TOPAS, ensures low THz absorption [56]. Figure 6.4(d) shows the
color-coded THz electric field after the interferometer as a function of time and foil position.
The foil was moved in steps of 100 pm for a total distance of 4.5 mm. At position 0 mm the foil
is ineffective and the two replica superimpose without any delay between them. For positions
smaller than —0.5 mm one replica is delayed with respect to the other and we find a maximum
delay of about 6 ps at —3.5 mm. For positions larger than —3.5 mm also the second waveguide
section is affected by the TOPAS foil such that both replicas are delayed symmetrically. Note
that a fraction of the pulse is not guided by the waveguide structure but propagates at the
direct line-of-sight and is therefore mostly unaffected by the TOPAS foil. As discussed for the
bending structure, this leakage signal could be reduced by further reducing the gap size. Also
note that the delayed signal is slightly less intense due to Fresnel reflections and absorption.
In addition, we observe an increasing dispersion as we move the TOPAS foil further in and
simulations suggest this effect to be due to the air-gap between the TOPAS foil and the metal
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structure [57]. Figure 6.4(d) shows the normalized color-coded THz spectra versus frequency
and foil position and we observe the typical interference pattern for two time delayed THz pulses
with the spectral fringes becoming more dense as the time delay increases. Well-controlled time
delays between two or three phase-coherent THz pulses are essential for 2D-THz spectroscopy.
Here for instance, the interferometer output can be coupled to a waveguide containing the
sample and the nonlinear signal exiting the waveguide is sent to an electro-optic crystal for
detection. For a three THz pulse interaction, the interferometer can be easily modified to
produce an adjustable three pulse sequence.

6.5 Conclusion

We have demonstrated a versatile integrated THz waveguide platform featuring broadband
performance, low bending and propagation losses of a few dB/cm, vacuum-like dispersion,
efficient free space coupling, and field enhancement factors of up to 5. Above 0.1 THz its
performance is essentially frequency independent such that single- or few-cycle THz pulses,
like those produced by optical rectification, propagate along the waveguide without reshaping.
The low losses combined with the long interaction length and the field enhancement boost any
nonlinear THz light matter interaction by orders of magnitudes. Moreover, the close to one
effective refractive index of the fundamental mode allows for velocity matching between a THz
pump and a visible to infrared probe pulse and hence for THz-pump optical-probe spectroscopy
over the entire waveguide length. In addition, we have demonstrated a power-splitter and based
on that an interferometer for THz waveform synthesis. Hence, this platform can be used as a
fully integrated spectroscopy system for coherently controlled linear or nonlinear spectroscopy.

6.6 Supplemental document

6.6.1 Experimental setup

A schematic of the setup is shown in Fig. 6.5. It is based on a femtosecond laser Femto Fiber
Pro by Toptica, with a pulse duration of less than 100 fs, a repetition rate of 80 MHz and an
average output power of 130 mW at 780 nm. At the polarizing beam splitter (BS) the beam
is split in a pulse for the emitter and the detector. Approximately 10 mW are transmitted
through the BS and are used for the detection. The remaining part is used for THz generation
at a photoconductive antenna (PCA). It is a so-called broad area interdigital PCA iPCA-21-05-
1000-800-h from Batop. As a bias voltage of the emitter PCA the 300 mV output voltage from
the lock-in amplifier HF2LI from Zurich Instruments is increased to 15 V by a Falcon Systems
amplifier. The emitter PCA is orientated such that the THz pulse is horizontally polarized.
The PCA is glued on a hyperhemispherical silicon lens, which increases the escape cone of the
THz pulses. The path length of the detector pulse can be adjusted by a home-built delay line
which consists of a hollow roof prism mirror from Thorlabs mounted on a linear translation
stage Minislide MSQSD7 from Schneeberger driven by a linear motor LM1483 from Faulhaber.
The data was acquired by continuously moving the delay line with a maximum speed between
1 mm/s to 2 mm/s and averaging between 10 to 1000 scans. The encoder resolution of the delay
line is 0.1 pm and the sampling distance is 0.4 um (2.7 fs). The latter corresponds to one phase
of the encoder signal and is used for triggered data acquisition. Note that the lock-in amplifier
HF2LI allows to synchronize external signals with a frequency up to 2 MHz. The detector PCA
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is a bow-tie antenna PCA-100-05-10-800 from Batop including a hyperhemispherical silicon lens
on top of the substrate. We detect the THz-induced current with a HF2TA Current Amplifier
from Zurich Instruments. For a lock-in detection scheme, the bias voltage of the emitter PCA
is modulated at 2 kHz and the lock-in integration time constant was set to 1 ms. The THz
pulse is transported to the detector PCA by four aspheric THz lenses. The focal length of L1
and L4 is 100 mm while the focal length of L2 and L3 is 50 mm. We measured the beam waist
at the focus using the knife-edge method and found a spot size (i.e., beam diameter at 1/e?)
of 0.9 mm. To adjust for the different waveguide lengths, the third THz lens L3 was moved in
+z-direction.

HWP BS
Erbium Fiber |
Laser System 1
Delay Stage
=

Lens

(f=100mm)
= .

Emitter Waveguide Detector
A\ —L /
L1 L2 L3 L4
X (f=15mm)
y z

Voltage Amplifier Lock-in

Current Amplifier

Figure 6.5: Schematic of the experimental setup: THz pulses are emitted and detected by two
PCAs optically gated by a femtosecond laser pulse. The path length of the detector pulse can
be adjusted by a delay stage.

6.6.2 Technical drawing of waveguide structure

Figure 6.6 shows the technical drawing of one half of the 20 mm long waveguide structure. The
slit waveguide is built by assembling two mirror symmetric structures with a given gap size.
Alignment holes are used for the accurate assembling of the two parts.

6.6.3 Waveguide manufacturing

All waveguide structures except for the THz interferometer were fabricated from aluminium
using standard CNC-machining and subsequent lapping. For the Y-splitter, the minimum inner
radius at the splitting region was set to 0.6 mm. To further improve the performance we
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Figure 6.6: Technical drawing of one half of the 20 mm long waveguide structure with the in-
and out-coupling structures. The most important dimensions are indicated in teal with units
in millimeters.

use electrical discharge machining for the THz interferometer where the inner curvature radius
reaches 0.2 mm. For this manufacturing technique we used steel 1.4034 instead of aluminium.

6.6.4 Detected THz signals

Using the measured transmitted THz signals for different waveguide lengths and gap sizes, the
performance of the waveguide is characterized as shown in the main text. As an example for the
measured signals, Fig. 6.7(a) shows the detected signal after propagation through the different
waveguide lengths all for the same gap size of g = 200 pm. The air reference signal (i.e., without
waveguide) is also shown in Fig. 6.7(a). The transmission decreases for increasing waveguide
length due to propagation losses. Figure 6.7(b) shows the transmitted signal through the 80 mm
long waveguide for different gap sizes. For a smaller gap size, the propagation losses increase
and the phase velocity is reduced, which leads to a temporal shift of the signal towards later
times as evident in Fig. 6.7(b).

6.6.5 Data evaluation

We consider the transmitted THz field through straight waveguides with different lengths L
of 20mm, 40 mm and 80 mm. Similar as in [29] we assume single-mode propagation such that
the detected output electric field E,,; and the reference electric field E,.¢ (i.e., without the
waveguide structure) is given by

Eout(w) = Eref(w) T(w) C(w)? exp (—ilk, — ko] L) exp (—aL), (6.1)
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Figure 6.7: Measured transmitted THz signals for different waveguide lengths L (a) and different
gap sizes g (b).

where w/(27) is the frequency, T'(w) is the total transmission coefficient taking into account
reflections, C'(w) is the amplitude coefficient which is assumed to be the same at the entrance
and the exit, « is the amplitude attenuation coefficient, k, is the z-component of the wavevector
and ko := w/c. By measuring the transmission through two waveguides of different lengths we
can extract the propagation coefficient o and the wavevector k..

6.6.6 Mode pattern at different frequencies

Figure 6.8 shows the simulated spatial mode profile of the electric (a), (b) and the magnetic
field (c), (d) at 0.25 THz (a), (c) and at 1 THz (b), (d). We find that the mode profile is
approximately frequency independent. We believe that this is due to the metal being an almost
perfect electric conductor (PEC) at THz frequencies and the evanescent fields inside the metal
decaying rapidly, transporting only a small fraction of the total energy.

6.6.7 Coupling and misalignment effects

Figure 6.9 shows the extracted overall coupling coefficient TC? for a gap size of 200 pm. Here,
we compare the experimental data from the time-domain spectroscopy (TDS), direct power
measurements in a high power THz setup (with center frequency at 0.5 THz and a power
FWHM of 0.4 THz) and numerical simulations. The experimental data from the TDS and
the simulations show that the optimal coupling is obtained for frequencies between 0.35 THz to
1 THz. The coupling of lower frequencies is limited by reflection losses at the waveguide entrance
due to the larger modal size, while at higher frequencies the coupling to the TEM mode of the
waveguide seems to be less efficient due to the reduced mode confinement. The best coupling
efficiency based on the simulation is 80 % and we even find somewhat larger values for the TDS
experimental data, which we attribute to imperfect imaging of the reference signal [34]. This is
confirmed by the direct THz power transmission measurements in a high power THz setup where
we find an averaged coupling coefficient 7C? around 80 % for the considered THz frequency
spectrum. The shaded area indicates the estimated uncertainty based on measurement of three

113



Chapter 6 — Wideband dispersion-free THz waveguide platform

0.25 THz 1THz
T
= o2
E o5
= gt
ns
-04-02 0 0.2 04 -04-02 0 02 04
ke
- © R
€ o'c
< 5 2
=
-04-02 0 02 04 -04-02 0 02 04
X (mm) X (mm)

Figure 6.8: Simulated electric (a),(b) and magnetic field (c),(d) of the waveguide mode at
0.25 THz (a),(c) and 1 THz (b),(d).

different waveguide lengths. In order to reduce noise in the TDS-data, we apply a moving
average along 0.2 THz.
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Figure 6.9: Total coupling coefficient TC? for the optimal alignment based on time-domain

spectroscopy measurements, direct transmission power measurements and numerical simula-
tions.

We measured the influence of slightly misalignment to the coupling efficiency using a 80 mm
long waveguide with a fixed gap size of 200 pm. Figure 6.10(a) shows the transmitted spectrum
for different z-positions of the waveguide in steps of 1 mm. Note that here we adjusted also
the position of the third THz lens L3 such that the distance from both lenses to the wave-
guide remained the same. The transmission spectrum is normalized to the peak transmission
for a given frequency. The z-position at 0 mm corresponds to a waveguide alignment such
that the THz focus plane is located at the transition between the coupling structure and the
straight waveguide. Interestingly, the highest coupling coefficient is found for z = 2 mm, which
corresponds to the focal plane located inside the coupler, in 2 mm distance to the waveguide
beginning. In order to verify this finding, we performed numerical simulations and calculate the
coupling coefficient based on the mode overlap integral of the electric fields at the waveguide
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output. The corresponding results are shown in Fig. 6.10(b) where we again find an optimal

coupling for z = 2mm.
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Figure 6.10: Measured normalized transmitted spectra for a 80 mm long waveguide with a
200 pm gap for different misalignment in z- (a), z- (¢) and y-direction (d). In (b) the corre-
sponding results from numerical simulations are shown for different z-alignments.

Furthermore, we consider misalignment of the waveguide in z- and y-direction in steps of
100 pm by a total of +1 mm, as shown in Fig 6.10(c) and Fig 6.10(d) respectively. The coupling
of lower frequencies seems to be less affected by misalignment than the higher frequency parts,
where the waveguide must be aligned with 100 pm precision in both lateral dimensions for
optimal performance. Any asymmetry of the coupling efficiency with respect to x = 0 mm or
y = Omm is attribution mainly to asymmetries in the THz setup. For the largest misalignment
in y-direction, the THz pulse is also partially guided in the air region parallel to the waveguide
channel, which explains the weaker decrease in the coupling efficiency for misalignment in y-
direction compared to the x-direction.

6.6.8 Numerical simulation

Two types of three-dimensional simulations of the waveguide geometries were performed in
CST Microwave Studio. First, we used an Eigenmode solver for the waveguide structure to
determine the modes together with their dispersive and absorptive properties. For this mode
calculation as shown in Fig. 1(b), (c) and (d) we calculate the port modes in the waveguide
cross-section without applying any symmetry constrains. Second, the full geometry, including
the incident focused THz beam and the coupling structure at the input and the exit of the
waveguide, was simulated via the finite difference time domain (FDTD) method. An example
of the simulation geometry is shown in Fig. 6.11(a). The waveguide structure is based on metal
surrounded by a perfect electrical conductor (PEC). For the metal (aluminium) we assumed a
conductivity of 12MSm™! based on fitting to the experimental results. The focused linearly
polarized THz pulse was modelled with a transverse Maxwell-Gaussian beam profile [58, 59]
acting as a so-called 'near-field source’. To account for the diffraction limited THz focusing,
the beam waist was scaled inversely proportional with frequency and we set the beam waist to
0.5 mm at 0.6 THz. The simulation effort was reduced by applying symmetry conditions for the
xz- and yz-plane (PMC and PEC respectively) as indicated in Fig. 6.11(b). Open boundary
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conditions were applied to eliminate artificial reflections. In the simulation of the bending losses,
we considered one single 90 degree bend and did not apply a PMC symmetry condition.

Metal

Figure 6.11: (a) Simulation geometry for a 20 mm long waveguide including the in- and out-
coupling horn antennas. The focused linearly polarized THz pulse is launched by a near-field
source. (b) Applied symmetry and boundary conditions, with perfect electrical conductor (PEC)
in green, perfect magnetic conductor (PMC) in blue and open boundary conditions in magenta.
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Abstract

We demonstrate an integrated platform for THz-induced orientation and alignment of gas
molecules that boosts the detected transient birefringence signal by more than an order of
magnitude compared to standard THz free space focusing. This increase in the optical probing
signal results from a longer interaction length of several centimeters, and a locally enhanced elec-
tric field strength by up to a factor of five. We demonstrate this new approach for nonlinear THz
spectroscopy using two molecular systems and compare the results to the theory. Furthermore,
we present integrated THz pulse modulation for coherently controlled nonlinear interactions.

7.1 Introduction

Spectroscopic signatures in gases and liquids are usually averaged over all spatial orientation of
the molecules due to their isotropic angular distribution. Most light-matter processes depend on
the projection of the field polarization on the permanent, or induced, dipole moment. Therefore,
preparing the sample with well defined angular distribution potentially leads to higher efficiency,
selectivity and resolution. For instance, it can boost photoinduced strong field ionization [1, 2],
surface scattering phenomena [3-6], high harmonic generation [7-11], and many others.

In recent decades, this motivated the development of ”laser-induced molecular alignment”,
in which ultrashort laser pulses rotationally excite gas-phase molecules. In particular, this
excitation leads to alignment in a field-free environment, which is essential for molecular studies
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[12-14]. Other approaches to modify the molecular angular distribution are based on direct
current (dc) fields, which interact with the permanent dipole moment of the molecule [15],
mixed dc and optical excitation [16, 17], or two-color optical excitation [18]. In the last decade,
a novel approach based on intense THz pulses was demonstrated, where the rotational degrees of
freedom are excited resonantly by a THz electric fields [19-21]. In a classical picture, the electric
field E thereby exerts a torque < E on the molecules, where p is the permanent molecular dipole
moment. Quantum mechanically, rotational states with AJ = 41 are coupled by the resonant
THz electric field, leading to population transfer and induced coherences [19]. This interaction
initiates coherent rotational motion and leads to field-free orientation and alignment of gas
molecules with a revival period T, = 1/(2Bc¢), where B is the molecular rotation constant (in
em~!) and c the speed of light in vacuum. The net orientation is described by the ensemble
average (cosf), where 6 is the angle between the dipole vectors and a specific lab-frame axis.
The molecular alignment is usually characterized by the ensemble average (cos? ) which is
found to be 1/3 for an isotropic angular distribution in three dimensions [19, 22].

THz-induced molecular orientation and alignment is currently limited by the available elec-
tric field strength in state-of-the-art THz sources. To date, these intense fields have been gener-
ated by focusing THz pulses in free space, with the spot size ultimately limited by diffraction,
and the interaction length limited by the Rayleigh length. Here, we show that these limitations
can be overcome using a THz waveguide. A schematic of the experimental realization is shown
in Fig. 7.1. Intense THz pulses are efficiently coupled to a metallic slit waveguide installed in
a gas cell. The considered THz waveguide platform was first presented in Ref. [23], where it
was characterized in detail both experimentally and by simulations. There, it was found that
both the electric and magnetic fields are enhanced in the sub-wavelength gap region. Since the
waveguide shows negligible dispersion and low losses, the THz pulse propagates reshaping-free
along the whole waveguide length at the speed of light. This allows for velocity matching with
an optical pulse probing the THz-induced transient birefringence as a measure of the molecular
alignment. The transient birefringence reveals characteristics of the sample such as the molecu-
lar rotation constant or the sign of the polarizability. The detected signal is proportional to the
interaction length and the square of the electric field. Therefore, the THz waveguide increases
the detected signal twofold: It enhances the THz electric field and increases the interaction
length.

We considered two different molecular gaseous samples, namely acetonitrile (CH;CN) and
fluoroform (CHF3), which are both polar (1o = 3.9 D and 1.6 D, respectively) but show different
signs of the polarizability anisotropies (Aa = 2.15 A% and —0.18 AS, respectively) [24]. The
rotation constant B is 0.307 cm~! and 0.345 cm™~! [25], with a corresponding revival time Ty, =
1/(2Bc) of 54 ps and 48 ps, respectively. In the experiments, we used the vapor pressure
of acetonitrile at room temperature (100 mbar), while the pressure of fluoroform was set to
500 mbar.
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Figure 7.1: Experimental concept. An intense THz pulse is focused in a waveguide structure
installed in a gas cell. The THz electric field modifies the alignment and orientation of the gas
molecules. The molecular alignment is measured by the polarization change of a time-delayed
optical probe pulse.

7.2 Results and discussion

7.2.1 Effect of the waveguide

First, we characterize the enhancement of the transient birefringence signal due to the waveguide
compared to standard free space THz focusing. The blue curve in Fig. 7.2a shows the signal
when no waveguide was used, while the other three signals were measured with a 20 mm long
waveguide and different gap sizes g of 200 pm, 100 pm and 50 pm. In all measurements we find a
step-like increase of the birefringence when the THz interacts at times 0 ps. This signal reaches
its maximum at the end of the THz pulse and is attributed to a non-thermal rotational state
distribution due to transferred population [19, 22]. This signal continuously decays back to
its thermal value and is therefore referred to as background signal level. In addition to this
signal, at half of the revival time (i.e., about 27 ps) we expect so-called revival signals due to
coherences, which we can observe only clearly when using the waveguide structure.

In order to quantify the effect of the waveguide, we calculate the signal-to-noise ratio (S/N)
for the different experimental configurations. This is shown in Fig. 7.2b, where we define the
'signal’ as the change of the background signal at times 0 ps, and the 'noise’ as the mean absolute
deviation of the detected signal before the time zero. We scaled all data points with respect
to the S/N obtained without waveguide, so that the presented values directly show the S/N
improvement due to the waveguide. We find an increase in S/N of at least one order of magnitude
for all considered gap sizes, resulting from a longer interaction length of approximately 20 mm,
and locally enhanced electric field compared to free space THz focusing. The higher values of
the S/N for smaller gap sizes reflect the stronger local field enhancement. From simulations
we know that the field is enhanced by up to a factor of five in the 50 pm gap [23]. Note that
the minimum gap size is ultimately limited by the transport of the probe beam through the
waveguide structure. For the 200 pm gap, we find that only a small fraction (4 %) of the probe
is blocked by the structure, but the losses increase to 70 % for the 50 pm gap, which limits the
maximum effective field enhancement affecting the transmitted probe beam.
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Figure 7.2: a Measured THz-induced birefringence in acetonitrile without (blue curve) and
with waveguide (WGQG) for three different gap sizes g. All curves are normalized to the maximum
signal and arbitrarily shifted along the y-axis. The solid black curve shows the measured THz
electric field. b Signal-to-noise ration (S/N) for different gap sizes normalized to the S/N
without waveguide. The inset shows a photograph (provided by Rhoda Berger) of the THz
waveguide structure together with a zoom to the gap region indicating the gap size g.

7.2.2 Details of the Kerr signals

Next, we discuss the birefringence signals shown in Fig 7.3a from the two different molecular
samples in more detail. Note that fluoroform shows approximately 20 times smaller signal
than acetonitril and therefore it could not have been measured with reasonable S/N using
standard free space focusing. As already reported in Ref. [24], we found a different sign of
the polarizability anisotropy for acetonitrile and fluoroform. Furthermore, we see up to three
revival signals at the expected time delays (indicated by dotted lines). The revival signal between
1/2 Tyep and 1 T, is most likely due to a coherent excitation from the main THz pulse and an
echo with 30 ps delay generated inside the waveguide structure resulting from unguided pulse
parts which are reflected at the waveguide’s side walls. The black curve in Fig. 7.3a shows the
measured signal for an empty (0 mbar) gas cell. As expected, the signal fluctuates around zero
within the noise floor of the measurement. Only at times 0 ps we observe some minor feature
which we attribute to a Kerr signal from the gas cell windows. [26].

In order to estimate the degree of molecular alignment, we measured the relative intensity
change AT/I due to the probe polarization modulation, which we found to be 2.8 % for acetoni-
trile at the maximum of the background signal. Using the relation AI/I = sin (M%L), we find
An=18x10"" = %A(cos2 6) [19] for A = 800nm and L = 20 mm. The maximum degree
of alignment is calculated to be (cos?#) = 0.034, which is three orders of magnitude larger than
what was reported in Ref. [19] for an OCS sample.

Figure 7.3b and Fig. 7.3c show a zoom to the first and second revival signals for acetonitril
and fluoroform. As expected, we find that successive revival signal profiles are inverted, which
is a clear feature of two-quantum rotational coherences [19, 27].
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Figure 7.3: a Measured THz-induced birefringence in an empty gas cell, in fluoroform and in
acetonitril gas sample. All measurement were performed with a 20 mm long waveguide and a
50 num gap size. The signals for the empty gas cell and for fluoroform are scaled by a factor of
10 as indicated in the legend. b and ¢ Zoom to the revival signals at 1/2 T}, and 1 T}, for
acetonitril and fluoroform. The signals are shifted by -1/2 T}, and -1 T}, respectively and we
subtract the exponential decay of the background signal for better comparison.

7.2.3 Coherent control

As we have demonstrated in Ref. [23], the THz waveguide platform also allows for integrated sig-
nal manipulation. Since the revival signals originate from two field-dipole-interactions, two THz
pulses with a controlled inter-pulse delay allow for coherently controlled nonlinear interactions.
THz pulse pairs with variable inter-pulse delay are generated using a waveguide interferometer
structure, which has a dielectric material in one of the interferometer arms (see Ref. [23] for
details). The dielectric material is cyclic olefin copolymer TOPAS foil with 140 pm thickness.
Different foil widths up to 15 mm were considered to adjust the inter-pulse delay. The setup
for this integrated THz signal manipulation consists of two additional aspherical THz lenses for
coupling in and out of the interferometer structure, which is placed prior to the gas cell (see
supplemental document for details about the setup). The THz pulse pairs are then coupled to
the 20 mm long waveguide with 50 pm gap inside the gas cell filled with acetonitrile, similar as
in previous experiments.

Figure 7.4a shows the measured birefringence as function of time delay and Fig. 7.4b shows
the corresponding electric field of the THz waveform when placing a 6 mm long foil in one
interferometer arm. The inter-pulse delay A7, indicated by dashed black lines, is approximately
9 ps, corresponding to an effective refractive index of 1.45 for the material in the interferometer
arm. We find an increase of the background birefringence signal for both THz pulses at times
0 ps and 9 ps respectively. The observed revival signal at times 32 ps is in agreement with the
expected time delay for commensurate two-THz revivals at times (T}, + A7) /2 indicated by a
green line in Fig. 7.4a [20]. The time delays for the revival signals arising from the individual
THz pulses are indicated by blue lines, which could not explain the observed revival signal.
Figure 7.4c shows the transient birefringence for various TOPAS foil widths. For all THz
pulse pairs we find the expected time delays of the revival signals as indicated by the dashed
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black lines. Note that, as expected, the subsequent second revival signals are inverted with
respect to the first revival signal. The additionally observed revival features are discussed in
the supplemental document.
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Figure 7.4: a Measured THz-induced birefringence in acetonitrile produced by a manipulated
THz waveform. b THz electric field of the corresponding waveform as function of time delay.
The inset shows a photograph (provided by Rhoda Berger) of the THz interferometer structure,
where the position of the TOPAS foil is indicated by the blue shape. ¢ Measured birefringence
for various TOPAS foil widths as indicated in the legend. The curves are arbitrarily shifted in
y-direction. The dotted black line indicates the time delay of the second THz pulses and the
dashed black lines show the expected time delays for commensurate two-THz revivals.

7.3 Conclusion

We have demonstrated that the birefringence signal in THz-induced gas alignment is increased
by more than one order of magnitude due to a judiciously designed THz waveguide platform,
compared to standard THz free space focusing. Increasing the S/N by more than an order of
magnitude allows to detect nonlinear signals which could otherwise only be observed by av-
eraging over 100 to 1000 times more laser shots, which would significantly increase the total
measurement time from a few tens of minutes to more than a day. For both considered sample
molecules (acetonitrile and fluoroform) we find the expected revival periods, sign of the polar-
izability anisotropy, and inversion of successive revival signal profiles. All these features could
have not be studied in our setup using standard free space focusing of the THz pump pulses.
Furthermore, integrated THz pulse modulation techniques are applied for coherently controlled
interactions. This platform can also be used to increase the signal in a variety of other nonlin-
ear THz spectroscopy applications for gas, liquid or solid samples in combination with various
probing techniques such as x-ray, optical or THz probing.
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7.4 Supplemental document

7.4.1 Experimental setup

Figure 7.5 shows a schematic of the experimental setup. The laser system is a 1 kHz Ti:sapphire
regenerative amplifier (Legend Elite Duo Femto, Coherent) delivering 100 fs pulses with an
average power of 6 W at 800 nm. Single-cycle THz waveforms with 3.1 mW average power are
generated by optical rectification in a prism-cut LiNbO; crystal via tilted-pulse-front pumping
[28, 29] (see Ref. [30] for more detail about the THz generation setup). The focal length of
the aspheric lens L1 is 100 mm while the focal length of L2 and L3 is 50 mm. THz pulses
are coupled to the waveguide structure with a parabolic mirror with 50 mm focal length. The
material of the gas cell windows is TPX (front window) and z-cut quartz (back window). The
whole THz beam path was under dry air purging to reduce absorption losses and free induction
decay signals arising from water vapor. A chopper is used to subtract background noise, while
we have averaged over 2 x 250 laser shots at each time delay for all measurements presented
here.
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Figure 7.5: Intense single-cycle THz pulses were generated in LiNbOs via tilted-pulse-front
pumping, and coupled to the THz waveguide installed in a gas cell. The probe pulses propagate
collinear with the THz pulses through the waveguide and are analyzed by balanced detection.
A chopper running at 500 Hz alternated between THz pulse on and off for background noise
subtraction. A THz interferometer waveguide structure can be installed for THz waveform
manipulation as indicated in the dashed box. LN, lithium niobate; HWDP, half-waveplate;
QWP, quarter-waveplate; WGP, wire grid polarizers; Pol, polarizer; WP, Wollaston prism;
BPD, balanced photodiodes.
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7.4.2 Field strength dependent coherent excitation

In order to study the coherently controlled birefringence signals as shown in Fig. 7.4 in more
detail, we applied a different approach for the THz waveform manipulation. Here, we installed
a 8 mm thick high-density polyethylen slab in half of the collimated THz beam path. The
generated waveform is a THz pulse pair with approximately 14 ps inter-pulse delay as shown
by the black curve in Fig. 7.6a. By using this approach, we reach higher THz field strength
than with the interferometer structure which suffers from additional coupling and propagation
losses. To study the scaling as a function of THz field strength, we used a pair of wire grid
polarizers in the collimated THz beam path.

Figure 7.6a shows the birefringence signal in acetonitrile at different electric field strengths
relative to the maximum FEj. Step-like increases of the background signal are observed at times
0 ps and 14 ps similar as discussed in Sec. 7.2.3. Interestingly, the commensurate two-THz
revivals at times 35 ps are reduced for increasing field strength. Note that such behaviour
was not observed in experiments without THz waveform manipulation (as shown for example
Fig. 7.2). Furthermore, additional revivals at times 20 ps are observed, which are also reduced
at high field strength. Note that the observed signal at low field strength is similar as the signal
shown in Fig. 7.4c for a 9 mm long TOPAS foil. To study the field strength dependency in more
detail, we show the peak-to-peak value for some characteristic features as function of relative
field strength Erpp./Ep in Fig. 7.6b. Both the first and second step-like increases at times 0 ps
and 14 ps scale with the square of the electric field. A similar scaling would naively be expected
for the revival signals. However, we find that they saturate at intermediate field strength and
are even reduced. The origin of this behavior, as well as the revival signal around 20 ps, is
not yet fully understood. But we believe that we will gain more insight through numerical
simulations that will be performed in the near future, but after the submission of this thesis.

6 a- T T r 0.25 E0

AE5 ——041E;| = 1rb
N"'i_ e prp ol i 0.59E, % ogl| * 1ststep

= ___o75e.| 27°[| O 2ndstep

% M 0.58 EO (_g;’ 20 ps Rev.

3 3 Y ol 706[| ¢ 35 ps Rev.

g 1E, § Quad. Fun.

S 2 04r

g o

5 S 0.2t

o o

1 1 1 1 O 1 1 1 1
0 20 40 60 80 0 0.2 0.4 0.6 0.8 1
Time (ps) E_ IE

THz 0

Figure 7.6: a Measured THz-induced birefringence in acetonitrile produced by a manipulated
THz waveform for different relative THz electric field strength E7pr,/Ep indicated in the legend.
All curves are scaled by E% 17, and arbitrarily shifted in y-direction. The black curve shows the
THz electric field as function of time delay. b Extracted peak-to-peak signals at different relative
field strengths at times 0 ps (1st step), 14 ps (2nd step), 20 ps and 35 ps. The black curve
shows a quadratic function as guide to the eyes.
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Chapter 8

Conclusions

In this thesis, we have developed and tested technologies for various strong THz field applica-
tions, such as free electron bunch manipulation, ultrafast carrier generation in semiconductors,
Stark spectroscopy of molecular samples, and field-free alignment of gas molecules.

In many applications of intense THz pulses, control over the THz polarization state and the
wavefront is crucial. In this context, we have shown that various wave- and phase-plates can
be manufactured by 3D-printing based on fused deposition modeling (chapter 2). By using a
broadband THz source with a useful spectral range from 0.08 THz to 1.5 THz we demonstrated
that 3D-printed waveplates are not limited to a frequency range < 0.2 THz, as indicated by
previous publications, but perform as expected up to about 0.6 THz. We have experimentally
evaluated 3D-printed quarter-waveplates, half-waveplates, g-plate, and spiral phaseplates in
detail by spatial characterization of all three electric field components, and compared the results
with finite element simulations. We have also demonstrated a route to achieve broadband
performance so that 3D-printed waveplates can be used in combination with few-cycle THz
pulses, as typically encountered in applications with strong THz fields. This work is of general
interest to the THz community due to the cost-efficient and time-saving manufacturing technique
for optical components with similar performance as commercial products.

One application of intense THz pulses is the manipulation of free electron bunches. In collab-
oration with the Korea Atomic Energy Research Institute (South Korea), we have demonstrated
in a previous work an electron streak camera based on the local field enhancement in a THz-
driven split-ring resonator. In chapter 3, we have further developed this concept of THz-induced
electron deflection to construct short-period undulator structures that can be used as compact
novel x-ray sources. Undulator periods around 1 mm with a deflection electric field strength
of 1 GV/m are experimentally achievable, with a corresponding undulator parameter K of ap-
proximately 0.3. We have presented a simulation study to compare the performance of different
geometric configurations, and we have shown that a 100 MeV electron bunch with 5 pC charge
emits 83 eV photons with a peak brightness of 10!? photons/(s mrad? mm? 0.1% BW) when
propagating through a 100 mm long undulator structure. At a higher bunch energy of 1 GeV,
the photon energy increases to 8.2 keV with a peak brightness of 102! photons/(s mrad? mm?
0.1% BW). Therefore, a THz-driven split ring resonator undulator is a promising candidate for
a low cost and compact radiation source producing directional, linearly polarized, and narrow
band radiation pulses in the UV to x-ray range, with applications in radiotherapy, ultrafast
x-ray diffraction experiments, or time-resolved x-ray spectroscopy.

133



Another application of intense THz pulses is ultrafast mode switching in metamaterials
(chapter 4). Here, the electric field of the THz pulses is locally enhanced in nanometer-sized gaps
of split-ring resonators and triggers nonlinear carrier generation in the semiconductor substrate.
These additional carriers in turn alter the resonance mode of the split-ring resonators. To gain
better insight into the observed nonlinear response, we developed coupled three-dimensional
time-domain simulations for the electromagnetic fields and the carrier generation processes in
the semiconductor substrate. We found that impact ionization dominates in germanium and
silicon, while Zener tunneling is the main source of carrier generation in gallium arsenide.
Furthermore, we found that mode switching can occur within a few hundred femtoseconds,
paving the way for ultrafast modulators with THz bandwidth.

In chapter 5, we have shown that intense THz pulses induce a Stark shift in molecular sam-
ples and can therefore be used for ultrafast time-resolved Stark spectroscopy in liquids. Using
two judiciously selected molecular systems, we have demonstrated that THz Stark spectroscopy
reveals the same physicochemical molecular properties as conventional Stark spectroscopy. How-
ever, THz Stark spectroscopy has several advantages, the most important of which is that the
sample does not need to be immobilized by freezing the solvent. Therefore, molecular prop-
erties can be studied over a broader range of temperatures and solvents, i.e., directly under
the environmental conditions most relevant to applications in chemistry and biology. In ad-
dition, the intrinsic temporal resolution of about 100 fs allows the observation of transient or
non-equilibrium electronic properties of molecules. This facilitates, for example, the study of
the time-dependent physicochemical properties of a molecule during its photo-cycle and, in
particular, enables time-resolved Stark spectroscopy of excited states.

To achieve higher field strengths in such nonlinear THz spectroscopy, we have developed a
broadband dispersion-free THz waveguide platform featuring field-enhancement (chapter 6). We
have demonstrated low bending and propagation losses of a few dB/cm, vacuum-like dispersion,
efficient free space coupling, and field enhancement of up to a factor of five. The structure is
based on a double-ridged metal waveguide which simultaneously enhances both the electric and
the magnetic field components of a THz pulse with excellent spatial homogeneity in a few tens
of microns gap. It is optimized for frequencies between 0.1 THz and 1 THz and is therefore
particularly suitable for THz sources based on lithium niobate. A key feature is the relatively
large volume in which the field is enhanced, allowing access to small bulk samples. In addition,
we have demonstrated a compact power-splitter and based on that a THz-interferometer for
waveform synthesis. Hence, this platform can be used as a fully integrated spectroscopy system
for coherently controlled linear or nonlinear spectroscopy.

We have successfully tested this waveguide platform through measurements of transient
birefringence induced in molecular gases by intense THz pulses (chapter 7). Compared to
standard THz free space focusing, the integrated THz platform boosts the detected optical
birefringence signal by more than an order of magnitude, which results from a longer interaction
length of several centimeters and a locally enhanced electric field strength. Therefore, samples
can be examined at unprecedented field strengths and features can be detected that could not
otherwise be measured. This versatile platform can also be used for a variety of other nonlinear
THz spectroscopy applications for gaseous, liquid or solid samples in combination with different
probing techniques such as x-ray, optical or THz probing.
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