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Abstract

Development of compact electron accelerators and free-electron lasers requires novel ac-
celeration schemes at shorter driving wavelengths. The AXSIS project seeks to develop
terahertz based electron acceleration as well as the high energy terahertz sources required.
This thesis explores the methods and optical material required for the generation of high-
energy multi-cycle terahertz pulses. Two experimental concepts to generate high energy
terahertz radiation are presented. In addition the theoretical background and the optical
properties of pertinent optical materials in the terahertz range are discussed.
Investigations of the materials are performed with a terahertz time domain spectrome-
ter and a Fourier transform infrared spectrometer. The nonlinear optical crystal lithium
niobate as well as other crystals suitable for the terahertz generation and in addition poly-
mers and other radiation attenuators are characterized in the range from 0.2to 1 THz.
The theory describing the generation of narrowband terahertz radiation is evaluated. The
experimental setups to generate terahertz radiation and to characterize its properties are
described. The specific crystals — periodically poled lithium niobate (PPLN) — used in
the experiments to generate the multi-cycle terahertz radiation are examined to determine
e.g. the poling period.

The first experimental concept splits the ultra fast, broadband pump pulses into a pulse
train in order to pump the PPLN at a higher fluence while increasing the damage limit.
The measurements confirm that a pulse train of ultra short, broadband pump pulses in-
creases not only the terahertz energy but also the energy conversion efficiency.

The second experimental concept utilizes chirped and delayed infrared laser pulses. This
pulse format makes it possible to pump the crystal with high energy pulses resulting in
high energy terahertz radiation. The concept is optimized to reach energies up to 127 nJ
exceeding the existing results of narrowband terahertz sources by two orders of magni-

tude.



These results endorse the proposed methods of generating multi-cycle THz pulses at the
mJ-level and show a pathway for further scaling to the multi-mJ-level required for the

construction of the electron accelerator in the AXSIS project.
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Zusammenfassung

Der Bau von Elektronen-Beschleunigern und Freien Elektronen Lasern erfordert neue
Beschleunigungskonzepte, die auf kurzen Wellenlangen basieren. Das AXSIS Projekt
hat sich zum Ziel gesetzt, sowohl die auf Terahertzstrahlung basierende Elektronen-
Beschleunigung als auch die erforderlichen hochenergetischen Terahertzquellen zu ent-
wickeln.

Diese Arbeit untersucht die Methoden und die optischen Materialien, die zur Erzeugung
hochenergetischer multi-cycle Terahertzspulse bendtigt werden. Sie stellt zwei experi-
mentelle Konzepte vor, mit denen hochenergetische Terahertzstrahlung erzeugt werden
kann. Zusatzlich werden der theoretische Hintergrund sowie die optischen Eigenschaften
der fiir den Terahertzbereich relevanten Materialien diskutiert.

An einem Terahertzspektrometer und einem Fourier-Transformations Infrarotspektrom-
eter werden der nichtlineare optische Kristall Lithium Niobate sowie andere zur Tera-
hertzerzeugung geeignete Kristalle im Terahertzband von 0.2 bis 1 THz untersucht. Auch
Polymere und andere Strahlungsabschwécher werden charakterisiert.

Zunachst werden die theoretischen Grundlagen zusammengefasst, auf denen die Erzeu-
gung der schmalbandigen Terahertzstrahlung basiert. Anschliefend werden die Versuch-
saufbauten zur Erzeugung der Terahertzstrahlung und zur Beschreibung ihrer Eigen-
schaften dargelegt. Die einzelnen Kristalle, die zur Erzeugung der multi-cycle Terahertzs-
trahlung eingesetzt werden, - periodisch gepolte Lithium Niobat (PPLN) Kristalle - wer-
den eingehend beschrieben.

Im ersten experimentellen Konzept werden die ultrakurzen, breitbandigen Pumpimpulse
in einen Impulszug aufgeteilt. Es ermoglicht, den periodisch gepolten Lithium Niobat
Kristall mit einer hoheren Fluenz zu pumpen und die Zerstorschwelle zu erhchen. Die Mes-
sungen bestatigen, dass mit einem Impulszug von ultrakurzen, breitbandigen Pumpim-

pulsen nicht nur eine hohere Terahertzenergie sondern auch eine hohere Energiekonver-
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sionseffizienz erreicht wird.

Das zweite experimentellen Konzept basiert auf gechirpten und zeitlich verschobenen in-
fraroten Laserimpulsen, die es ermoglichen den Kristall mit hohen Energien nichtlinear
anzuregen. Mit ihm gelingt es hochenergetische Terahertzstrahlung zu erzeugen. Dieses
Konzept wird abschliefend so verbessert, dass Energien bis zu 127 nJ erreicht werden, die
die bisherigen Ergebnisse von schmalbandigen Terahertzquellen um zwei Groflenordnun-
gen iibertreffen.

Diese Ergebnisse bestatigen die vorgeschlagenen Methoden zur Erzeugung von multi-
cycle Terahertzpulsen mit Energien im mJ-Bereich und ebnen den Weg fiir eine weitere
Erhohung in den multi-mJ-Bereich, der fiir den Bau eines Elektronenbeschleuniger im

AXxs1s Projekt erforderlich ist.

v



Contents

Abstract i
Zusammenfassung il
1. Introduction 1
2. Material analysis in the terahertz range 5
2.1. Instruments for material analysis . . . . . . . ... ..o )
2.1.1. Terahertz time domain spectrometer . . . . . . . .. .. ... ... 6

2.1.2. Fourier transform infrared spectrometer . . . . . . . ... ... .. 13

2.2. Optical properties in the THz range . . . . . . . . . . ... ... ... ... 17
2.2.1. Optical crystals for THz generation . . . . . . . .. ... ... ... 17

2.2.2. Polymers and glass . . . . . . . .. .. oL 29

2.3. SUmMmMary . . . o. ... 34

3. Overview of multi-cycle terahertz generation in periodically poled lithium

niobate 35
3.1. Theoretical background . . . . . . . ... oo 35
3.1.1. Quasi phase-matching . . . . .. ... ... ... ... ... 36
3.1.2. Optical rectification . . . . . . . . ... ... ... 38
3.1.3. THz conversion efficiency . . . . . . . . . ... .. .. ... ... . 40
3.1.4. Cascading and Manley-Rowe relation . . . . . ... ... ... ... 41
3.1.5. Effective length . . . . . .. .. ... oo 42
3.1.6. Acceptance bandwidth of a PPLN . . . . . . .. .. ... .. ... .. 43
3.1.7.  Generation of high energy, multi-cycle terahertz pulses . . . . . .. 44
3.2. Properties of the THz beam and the THz pulse . . . . . .. ... ... .. 46
3.2.1. Gaussian beam propagation . . . . . . ... ... 46



Contents

3.2.2. Pulsepeak field . . . . . .. ... 48
3.3. Experimental resources . . . . . .. ... oL 51
3.3.1. Periodically poled lithium niobate crystals . . . . .. .. .. .. .. 51
3.3.2. Laser systems . . . . . . . ..o 54
3.4. Previous experiments on multi-cycle THz generation with compressed fem-
tosecond pump pulses . . . . . . ... 58
3.5. Measurement tools . . . . . .. .. Lo 60
3.5.1. Experimental setup for cryogenic cooling . . . . . . . ... ... .. 60
3.5.2. THz collection and energy measurement . . . . . .. .. ... ... 62
3.5.3. THz energy and efficiency calculation . . . . . . ... ... ... .. 63
3.5.4. Frequency measurement . . . . . . . .. ... 66
3.6, Summary . ... 67
Generation of multi-cycle THz pulses via pulse-train pumping 69
4.1. Concept of pumping with a sequence of pulses . . . . . . .. .. ... ... 69
4.2. Experimental setup . . . . . . . ... 71
4.3. Measurement of THz frequency . . . . . . . .. ... ... ... ... ... 72
4.4. Efficiency increase . . . . . . . . ... 73
4.5. Conclusion and outlook . . . . . . . . . ... oo 78

. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme 79

5.1. Narrowband terahertz generation with chirped-and-delayed laser pulses in

PPLN . . 80
5.2. Challenges at chirp-and-delay pumping with train of pulses . . . . . . . . . 89
5.2.1. Higher order dispersion . . . . . . . . . ... ... 89
5.2.2. Effects of the lower energy pulses in the pulse-train . . . . . . . .. 92
5.2.3. Total internal reflection . . . . . . . .. . ... 93
5.2.4. Energy scaling of large aperture crystal . . . . . . . ... ... ... 94
5.2.5. Summary of chirp-and-delay with pulse-train . . . . . . .. ... .. 95

5.3. Generation of THz pulses via chirp-and-delay in a Mach-Zehnder interfer-
ometer . . . ... L 96
5.4. Experimental compensation of phase-mismatch due to third order dispersion103

5.4.1. Experimental setup . . . . . . . .. ..o 105

vi



Contents

5.4.2. Efficiency increase due to asymmetric chirp. . . . . . . . ... ... 107

5.4.3. Long term energy measurements . . . . . . . .. ... .. ... 111

5.4.4. Frequency measurement via Michelson interferometer . . . . . . . . 111

5.4.5. Measurement of the beam profile . . . ... ... ... ... ... . 112

5.4.6. Electric field of the generated pulse . . . . . .. ... ... ... .. 116

5.5. Summary and conclusion of the chirp-and-delay experiments . . . . . . . . 117

6. Conclusions and outlook 119
Appendices 123
A. Lithium niobate 125
A.1. Crystal structure and symmetry . . . . . . ... ... 125
A.2. Stoichiometry and doping . . . . . . . . . ... 127
A.3. Physical effects and optical properties . . . . . . . ... 127
A.3.1. Ferroelectricity . . . . . . . . . ... 127

A.3.2. Pyroelectriceffect . . . . . ... ..o o 128

A.3.3. Permittivity and birefringence . . . . . . .. ... ... L. 128

A.3.4. Linear electro-optic effect . . . . . . . .. ... ... ... .. 129

A.3.5. Piezoelectric effect . . . . . . ... oo 129

A.3.6. Photorefractive effect . . . . . . . ... 130

A.3.7. Transparency range . . . . . . . . ... e e 130

A.3.8. Nonlinear optical effect . . . . . . . ... ... ... ... ... ... 131

A.4. Periodically poled lithium niobate . . . . . . . ... ... ... ... ..., 131

B. THz-TDS and FTIR data 133
C. Analysis of measurement uncertainties in the THz-TDS 139
C.1. Instrumental error . . . . . ... 139
C.1.1. Instrumental limitations leading to derived errors . . . . . . . . .. 139

C.1.2. Statistical error . . . . . . . . .. ... 142

C.2. Uncertainty in parameter extraction . . . . . . . . . . . . . . ... ... .. 143

C.2.1. Error propagation of the refractive index and the absorption coefficient 143

C.2.2. Influence of the sample thickness . . . . . . ... ... ... .. .. 145

Vil



Contents

C.3. Conclusion . . . . . . . .. . 147
Bibliography 148
Acronyms 161
List of Figures 163
List of Tables 174
Eidesstattliche Versicherung 175
Acknowledgements 178

List of Publications 181

viil



1. Introduction

At the beginning of the 20th century the newly discovered X-ray radiation [R6n98] opened
a new insight into materials and living organisms. The enthusiasm associated with the
pictures diversified at that time quite substantial our understanding of nature and sci-
ence. About one century of continuous improvements of X-ray instruments resulted in
better resolution reaching today down to the molecular level. Large facility free-electron
lasers (FEL) like LcLs at SLAc (USA), SACLA at RIKEN (Japan) or FLASH at DESY
(Germany) supported by research funding already reach a few Angstrom resolution with
femtosecond (femto = 107!%) time resolution. Broad applications suffer from limited
access and high cost at these research units. From science and industry there is an in-
creasing demand for broader access achievable by ”table-top” sources providing deeper
understanding of structure and function at the atomic and molecular level. Even energy
conversion processes at cellular levels may become traceable.

Therefore the project AXsis — frontiers in Attosecond X-ray Science: Imaging and
Spectroscopy — was initiated using the synergy of laser-, accelerator- and X-ray-scientists

and spectroscopists as well as biochemists to build a "table top” FEL based on terahertz

Photo
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Scattering

X-Ray
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Coherent Diffraction Image
+ X-ray Spectroscopy col

_Detector

X-ray
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Figure 1.1.: The proposed AXsis machine under development at DESY in Hamburg
[Karl6).
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Figure 1.2.: The THz regime from 0.1 — 1 THz is marked in red in the electromagnetic
spectrum. The corresponding wavelength range is 3 — 0.03 mm and the photon energy

is 0.4 — 40meV, respectivly.
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Figure 1.3.: Pictural representation of the benefits for THz accelerator.

radiation as accelerating field to measure dynamics of biological processes [Kar16]. AXsIS
will generate keV X-rays with attosecond pulse durations enabling molecular movies before
perturbing the sample [Kérl6]. Figure 1.1 depicts the schematic layout of the AXSIS
maschine. Within the AXSIS project the laser group focuses on the development of high
energy THz pulses (1 THz = 10'° Hz) and their laser drivers. Within the electromagnetic
spectrum the terahertz (THz) band is located at wavelength of 3 mm to 30 pm between

the microwave band and the infrared band (figure 1.2, red).

The THz driven electron accelerator was anticipated to be a good compromise between
high charge at conventional accelerators based on radio frequency technology and high
acceleration gradient at pure laser-based accelerators. A THz based electron accelerator

should accelerate enough electrons (~ 1pC) reaching the requested acceleration fields

(~ 1GeV/m) (figure 1.3).
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The linear or circular accelerator (LINAC) (figure 1.1 3rd block) requires mJ-level multi-
cycle THz pulses in the low frequency range of 0.1 — 1THz to accelerate electrons to an
energy up to 10 — 20 MeV [Won13]. During inverse Compton scattering these electrons can
generate X-ray radiation at ~12 keV by counterpropagating with an intense laser beam
[Kér16]. First proof of concept measurements with a single-cycle THz source with an
electric field of 30-50 MV /m already showed the possibility of accelerating electrons with
THz radiation [Nanl5]. Multi-cycle THz pulses seem even more beneficial for acceleration
[Fak17]. Even though the energy of the THz pulses may not yet be sufficient enough to
attain electron acceleration to the level of 10 — 20 MeV every step towards higher energies

is an groundbreaking step to reach the goal.

Multi-cycle THz pulses are generated with a second order nonlinear optical process
transferring the energy of the driving source in the infrared (IR) range to the THz range.
Unfortunately the Manley-Rowe relations limit the energy conversion to an efficiency
of n = 1073. Therefore to achieve mJ-level THz sources high energy laser sources at
the J-level are required. The maximum conversion efficiency demonstrated reaches the
Manley-Rowe limit only at pump pulse energies of a few milli Joule [Carl5]. In order
to realize J-level pumping a deeper understanding of the nonlinear process as well as the

limiting factors is indispensable for the AXSIS project.

Outline of this thesis

After introducing the reason why strong field multi-cycle THz pulses are mandatory for
the ”table top” electron accelerator based on THz radiation — AXSIS — the optimizing
techniques for the generation of high energy, multi-cycle THz pulses will be discussed.
Thorough knowledge of the material properties of the optical crystals in the THz regime
is a crucial factor to enhance the energy of the pulses. Therefore chapter 2 describes
two different techniques applied to analyze optical properties in the low frequency range
of 0.2 - 1 THz: the terahertz time domain spectrometer (THz-TDS) and the Fourier
transform infrared spectrometer (FTIR). Moreover, the results of the optical properties

in this regime are discussed for the materials investigated.

With this knowledge of the material, the generation of multi-cycle THz pulses will
be explained in Chapter 3. Furthermore, the THz beam properties (section 3.2) and

3



1. Introduction

the experimental resources (section 3.3) as well as the experimental measurement tools
(section 3.5) are described.

Chapter 4 and 5 describe two different techniques to drive the nonlinear process to gen-
erate strong field multi-cycle THz pulses in PPLN. Pumping the PPLN with a pulse-train
of compressed, broadband pulses allows one to realize a higher pump fluence and therefore
to increase the conversion efficiency (chapter 4). The limits of optical induced damage
are characterized with this technique. To pump the PPLN with even higher energies, un-
compressed pump pulses are used to generate the THz pulses. It is further explored, how
delaying the uncompressed pulses may generate the necessary frequency content to drive
the nonlinear process. As results the chirp-and-delay technique is described in chapter 5

based on three performed experiments:

e Chirp-and-delay via pulse train pulses of two pulses of equal energy followed by

several lower energy pulses (section 5.1 and 5.2)

e Chirp-and-delay via two identical pulses generated with a Mach-Zehnder interfer-

ometer (section 5.3)
e Chirp-and-delay via two pulses with asymmetric chirp (section 5.4)

Chapter 6 summarizes the results and provides an outlook for future research directions

with a special attention on the generation of narrowband, multi-cycle THz pulses.




2. Material analysis in the terahertz

range

In order to design the THz generation setups deeper knowledge of the material properties
in the THz band of potential candidates as THz sources is mandatory. Therefore, the
material properties and the measurement tools for this low frequency range will be outlined
in this chapter. First of all the focus will be on the measurement tools itself the terahertz
time domain spectrometer (THz-TDS) and the Fourier transform infrared spectrometer
(FTIR) and how they measure the important material parameters like refractive index

and absorption coefficient.

Potential candidates as THz sources are characterized in the low frequency range to
determine the optical properties for THz pulses. The focus is on nonlinear crystals to

generate THz radiation and other materials like polymers and glasses.

2.1. Instruments for material analysis

The refractive index and the absorption coefficient of materials in the THz range are of
crucial interest. The roadmap of Dhillon et al. shows the relevance of these parameter
for the THz frequency range [Dhil7]. Two instruments have been used to analyze the
optical material properties: the terahertz time domain spectrometer (THz-TDS) and the
Fourier transform infrared spectrometer (FTIR). It will be analyzed how the instruments
are used to determine the optical properties like the refractive index and the absorption

coeflicient.



2. Material analysis in the terahertz range

Figure 2.1.: Schematic of THz antenna: The distance [ defines the THz frequency, the
gap (g) is important for the gating laser pulse as well as the width (w).

2.1.1. Terahertz time domain spectrometer

THz time domain spectroscopy offers a great option to analyze the material properties in
the THz regime. The THz-TDS is based on a stable, near-single-cycle THz-pulse, the THz
beam-line and a fast detection scheme. To generate the THz pulse a photo-conductive
(PC) switch, so called Auston switch [Aus83], is used. The pioneers in this field are C.
Fattinger and D. Grischkowsky [Fat89]. The field of THz spectroscopy grew rapidly in
the last three decades [Jepll].

Most of the THz-TDS systems are based on PC antennas gated by a short laser pulse.
The PC antennas are highly efficient, generate a broadband THz pulse and can be used
at high repetition rates in the megahertz range [Jep96]. A schematic example for such
an antenna is shown in figure 2.1 [Mat97]. The antenna structure is made of metal lines
grown on a low carrier lifetime semiconductor such as low temperature grown Gallium
Arsenide (LT-GaAs). The biased antenna acts as a dipole if it is illuminated with a
ultrashort laser pulse and generates a THz pulse [Jep96]. The center frequency v of the

pulse is defined by the distance [ as dipole frequency given by

c
- 2.1.1
V=g (2.1.1)

where n = 3.4 is the refractive index of the GaAs and ¢ the vacuum speed of light. The
width and the gap size are matching the gating laser pulse (see figure 2.1) .

The detecting antenna take on the reverse process [Mit96]. The THz pulses are resolved
by scanning an ultrafast laser pulse and measuring the current at the antenna. The
antennas are well developed and are commercially available. The THz-TDS measures the
time resolved electric field of a THz pulse and is therefore well suited for material analysis.

The THz-TDS used in our laboratory is explained in the following section.
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2.1. Instruments for material analysis

The terahertz time domain spectrometer of MenloSystems

A THz-TDS applies THz radiation to materials. It measures the sample effect on both
the amplitude and the phase of the terahertz radiation. Our selected THz-TDS system
TERA SYNC of MenloSystems, schematic depicted in figure 2.2, is driven by an ultrafast
fiber laser with a repetition rate of 100 MHz, a center wavelength of 1550 nm and a pulse
duration of < 90fs [MSG16]. These pulse are gating the emitter antenna (TERA15-TX-
FC) biased with a high voltage of max. 120 V. The emitter antenna is capable to generate
a single cycle THz pulse with a power up to 30 mW, if pumped at 1550nm. A silicon
lens on the antenna itself pre-collimates the THz pulse. Without the Si-lens the THz
pulse expand too fast due to the wavelength of the THz pulse inhibiting the transport of
the pulse. The transport of the THz pulse is accomplished with four TPX lenses, which
have an effective focal length of about FFL = 54 mm. With the first lens the THz pulse
collimates, the second lens focuses on the sample position marked with an iris, the third
lens collects the transmitted THz pulse and collimates it. The last TPX lens focuses
on the detector antenna, which has again a Si-lens in front capable to finally focus the
small spot size on the antenna. The detector antenna (TERA15-RX-FC) as receiver is
biased by the THz pulse. It can detect up to 40mW of THz power at a repetition rate
of 100 MHz using the 1550 nm pulse. The detected signal is amplified, converted with an
A/D converter and saved.

The emitter antenna generates linear polarized THz radiation, therefore the precise
orientation of the antennas is important for the performance of the THz-TDS. The lin-
ear polarized pulse allows the measurement of crystals properties which are polarization
dependent in the THz regime like birefringence. The generated THz pulse and the in-
ferred calculations will be discussed on the example of the ambient air containing a lot of

undefined impurities.

Nitrogen purging

Within the common components in the air, water content is subject to great alterations.
In addition water has absorption lines in the low frequency range. The interference with
the measurements may become unpredictable. Thus the THz-TDS system performance

is measured and compared, when used with air and purged with water free nitrogen. In

7



2. Material analysis in the terahertz range

amp»lifier »‘ AD ‘-

=

Figure 2.2.: Schematic setup of THz-TDS. Key: L: lens; S: sample; A/D: analog-to-

digital converter.
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Figure 2.3.: THz pulses of a purged and non-purged system measured by the TDS. The
pulse of the non-purged system (air) is shifted by 10 ps in time and 0.5 in intensity for
a better visibility.

2.3 the influence of nitrogen and air on the THz pulse of the THz-TDS is illustrated as a
simple visual check. To increase the visibility the THz-pulse in air is shifted by 10 ps in
time and by 0.5 in intensity. Whereas the time remains unaffected the THz pulse in the

purged system shows less noise than in air.

Using the fast Fourier transform (FFT) the THz pulse (E(t)) can be converted into the
spectrum of the pulse (E(r)) as well as the corresponding phase (®(r)) shown in figure
2.4. The spectrum of air clearly shows the absorption lines of water, while the nitrogen
purged system has a smooth curve. This suggests that the noise in figure 2.3 trace back to
the water absorption. As a further result of the FFT-spectrum the spectral range of the
Menlo-THz-TDS system can be proven as greater 4THz with a maximal dynamic range
of > 75dB. To analyze now the optical properties of a sample, a reference and the sample
are measured. It needs to be mentioned that the THz-TDS is just capable to measure

samples of appropriated absorption and thickness. Outside these windows the sample
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Figure 2.4.: FFT spectra and corresponding phase of the purged system and of air.

measurement or the high frequencies are in the noise level of the TDS and the measured

values are not trustable.

Calculation of refractive index and absorption coefficient

To determine the refractive index n and the absorption coefficient « of a sample with
the THz-TDS, the waveform of the THz electric field is analyzed with and without the
sample. For illustration of the transmission spectroscopy a schematic is shown in figure
2.5. Based on this schematic the formulas of optical properties will be derived.

The incident THz pulse with an electric field E,. has a spectral intensity of

Cni\lV )€y
Iy = <T) |E, (V)] (2.1.2)
At the surfaces of the sample this THz pulse experiences Fresnel losses, which are defined
by the refractive index of the sample compared to the environment. In our case — normally
air or nitrogen with ny(v) =1 — the Fresnel reflection and transmittance is given by

2

1 —ny(v)
Ry — 2.1.3
) =| 2.13)
and
1—ny(v)|? 4nsy(v)
T(v)=1-R(v)=1- = . 2.1.4
) ) ] )l - 2.1.4)
Leaving the first interface the intensity is reduced to
Li(v) =T (). (2.1.5)




2. Material analysis in the terahertz range

Figure 2.5: Schematic of transmission spec-
troscopy: THz pulse (E,.f) with an intensity
Iy is transmitted through a sample with thick-
ness d, refractive index na(v) and absorption

coefficient «(r). Fresnel losses occur at each

interface.

As the THz pulse is traveling through the sample with a thickness d the THz pulse

experience absorption which results in an intensity of

Lv) = eeWdp, (2.1.6)
The THz pulse experiences Fresnel losses resulting in an output intensity of

Li(v) = T(v)2e @i, (2.1.7)
The output field in relation to the input field is thus given by

E,(v) = T(v)e *W42E (1), (2.1.8)

With an FFT of the direct measured THz waveform E(t) the spectral range of the
sample Fy(v) and the reference E,.(v) as well as the phase difference ¢,(v) and ¢,.(v) are

achieved. The phase shift

Ad(v) = ¢s(v) — ¢ (v) (2.1.9)
- 27TCVdAn(y) (2.1.10)
_ 2”C”d (n(v) — 1) (2.1.11)

is used to calculate the refractive index [Jep05] as

c
2nvd

W) =14 —— (6s(v) = 6 (). (2.1.12)

The absorption coefficient is calculated using equation 2.1.8 with the input and out-
put field (E,(v) and E4(v)) and the transmittance T'(v) (equation 2.1.4). Therefore the
absorption coefficient is given by

a(v) = —gln G@)%) , (2.1.13)
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Figure 2.6.: Calculated refractive index and absorption coefficient of air with absorption

peaks at 0.56 THz, 0.75 THz, 0.99 THz and at higher frequencies.

where p(v) = Zé’;g is the fraction of the electric fields [Jep05]. With these calculations

the optical properties of a sample are determined.

The described standard calculations are applicable within certain limitations, e.g. the
sample requires a certain thickness to avoid that the second Fresnel reflected pulse is
interfering with the first pulse - the Fabry Perot effect. If the sample is too thin more
sophisticated calculations are mandatory. Also lots of interfaces or thin layers on a sub-
strate require calculations beyond the standard calculation. These calculations are well
presented in literature [Jep05, Lee09]. For the samples used in this thesis the standard

calculation is considered as adequate.

As example for the calculation the refractive index and the absorption coefficient of air
are depicted in figure 2.6. Hereby the measured pulse in the purged system is the reference
signal and the measured signal of the unpurged system with the 30 cm long beam path is
the sample signal (see figure 2.3 and 2.4). The refractive index is as expected n = 1. Air
has absorption peaks at 0.56 THz, 0.75 THz, 0.99 THz and at higher frequencies. Therefore
Lorentzian peaks can be seen in the calculated refractive index at these frequencies. The
absorption line at 0.56 THz is especially interesting for further THz experiments. The
absorption coefficient is «(0.5THz) = 0.4cm™!. Experiments conducted in the range
of that frequency should be performed in a setup purged with nitrogen or executed in

vacuum to reduce absorption along the THz beam path.

11



2. Material analysis in the terahertz range

Calculation of loss at sample

The losses of THz energy depend on the thickness of the sample and can be calculated
using the refractive index and the absorption coefficient in the THz range. Using the
refractive index n(r) and assuming the sample is in air (n = 1), we can calculate the
Fresnel transmittance at the two surfaces:

4n(v)

TTni T (2.1.14)

T(v) =

Knowing the absorption of a sample with a thickness d and the absorption coefficient «

as

A(v) = e oW (2.1.15)
the intensity loss can be calculated with
Iin 2
7= T(v) - A(v) (2.1.16)
out
An(v) . (v)d
=|— = e 2.1.1
(o) —

To illustrate the intensity loss for different thick Teflon plates, which we use to dump
the remaining IR in the multi-cycle THz generation, the intensity loss is calculated and

shown in table 2.1.

n alem™) | T(v) | d (em) | A(v) | intensity loss
1.44 0.2 | 097 0.8 | 0.85 0.80
1| 0.82 0.77

1.5 | 0.74 0.69

2| 0.67 0.63

Table 2.1.: Transmission for different thick Teflon plates at a frequency of 0.360 THz

Conclusion THz-TDS

The THz-TDS is a specific measurement tool, which allows the precise measurement of

refractive index and absorption coefficient in the low frequency range up to 4 THz.

12



2.1. Instruments for material analysis

2.1.2. Fourier transform infrared spectrometer

The Fourier transform infrared (FTIR) spectroscopy is a technique to measure the re-
flectance or transmittance of a sample over a wide wavelength range [Gri83]. With the
FTIR it is possible to cover a wide spectral range with a high spectral resolution. The base
of this spectrometer is the fast Fourier transform of the measured interferogram, which
calculates the spectrum of the sample either in transmission or reflection depending on

the configuration.

For the measurements the FT-IR-Spectrometer VERTEX 80v of Bruker of the group of
Andrea Cavalleri (Max Planck Institute of Structural Dynamics at the CFEL, Hamburg)
is used. A schematic setup is depicted in figure 2.7. An FTIR spectrometer consists of
a source, which is classically a light bulb to get the wide spectral range, the aperture to
adjust the beam size to the detector, and then the main part the interferometer, where the
interferogram is generated, with the fast delay line and the beam splitter. In this FTIR the
whole spectral range from visible (VIS), over near-infrared (NIR) and mid-infrared (MIR)
to far-infrared (FIR) and also up to the THz range is covered. Several sources and
several beam splitters are easily exchangeable and open the wide spectral range. The
whole system works in vacuum to avoid environmental interferences and to resolve the
full spectral range. To measure the reflectance and the transmittance the generated
interferogram is traveling through the sample compartment either used in reflection or
in transmission. To allow also polarization dependent measurements the interferogram is
polarized with the polarizer, adapted to the spectral range of the respective measurement.
For each spectral range the appropriate detector has to be selected to reach the optimal
sensitivity in the desired spectral range. The used combination of source, beam splitter

and detector is listed in table 2.2.

As the sample holder of the FTIR is temperature controlled from liquid helium tem-
perature (5K) to a temperature higher than room temperature (300K) measurements
at specific temperatures are possible. Each measurement at the FTIR is referenced to
a well characterized trace, for transmission just an empty holder and for reflection an
uncoated gold mirror, where the reflection is well known. To achieve the transmission

or reflection spectra the sample spectra are normalized to the reference. With the two

13



2. Material analysis in the terahertz range
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Figure 2.7.: Schematic drawing of the FTIR spectrometer VERTEX 80v of Bruker.

spectral range  WN (cm ™ 1) source beam splitter detector
VIS 19000 - 9000 UV-VIS-NIR CaF2 RT-Si
NIR 10000 - 4000 UV-VIS-NIR CaF2 LN-MCT
MIR 7000 - 300 MIR K-Br LN-MCT
FIR 1000 - 80 MIR Mylar Multilayer RT-DTGS
THz high 90 -9 FIR/MIR Mylar Multilayer Si-bolometer 4.2 K
THz low 40 - 6 FIR Mylar 50 Si-bolometer 1.6 K

Table 2.2.: Source, beam splitter and detector for the desired spectral range and corre-

sponding wavenumber (WN) used in the FTIR

14



2.1. Instruments for material analysis

spectra the extinction coefficient k, the absorption coefficient o and the refractive index
n are calculated [Cun92].

First of all the bulk reflectivity R is calculated with the measured reflectance Ry and
the measured transmittance Ty with

R —(R2—T2 —1-2Ry) — /(RZ — T2 — 1 — 2Ry)? — 4Ry(2 — Ry)
2(2 — Ro)

(2.1.18)
Ry

and RZl—i—TOA'

(2.1.19)

Therefore the absorption in the sample can be calculated with
1 [ Ry
A=—|—-1]. 2.1.20
(- (2.1.20
With the known absorption A = e #™*? of a sample with thickness d the extinction

coefficient ~ is known as

__Ind (2.1.21)
T T hmd o

Thus the absorption coefficient « is defined as
a = 4K, (2.1.22)

With the bulk reflectance R and the extinction coefficient s the refractive index n can be

calculated with

(n—1)%+ k2
= 2.1.2
(n+1)% + K2 ( 3)
— 21 _ P2
Lo LR \/;LR Rn (1-R)? (2.1.24)

The FTIR operates over the full frequency range from VIS to THz. The full capabilities
are illustrated for lithium niobate. Figure 2.8 shows for the different spectral ranges
(VIS/IR/MIR, MIR/FIR and THz) the reflectance (blue, yellow) and transmittance (red,
violet) of lithium niobate with an ordinary (yellow, violet) and extraordinary (blue, red)
orientation. In the VIS/IR/MIR the birefringence of lithium niobate is detectable. In the
MIR/FIR spectral range the phonon resonances are well detectable as well as the absence
of transmission. In the THz range the fringes are detectable as the thickness of the sample
is in the range of the wavelength. The FTIR measurements in the THz range is suited to

compare the results to the THz-TDS measurements.
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Figure 2.8.: FTIR measurement in the VIS-NIR-MIR (top), MIR-FIR (middle) and THz
(bottom) range: reflectance (blue, yellow) and transmittance (red, violet) of lithium
niobate vs wavenumber (cm™!) (left) or wavelength (nm) (right) for the ordinary (yellow,

violet) and extraordinary (blue, red) orientation.
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2.2. Optical properties in the THz range

2.2. Optical properties in the THz range

This section focuses on the linear optical properties in the THz regime of several nonlinear
crystals which are regarded as candidate for THz generation, some polymers and glasses.
They are measured mainly by the THz-TDS or by the FTIR. The relevant range for
electron acceleration between 0.2-1THz is discussed in detail. The full traces are shown

in the appendix B.

2.2.1. Optical crystals for THz generation

Lithium niobate (LN)

Lithium niobate is a dielectric, ferroelectric, birefringent, uniaxial negative crystal with
physical properties like linear electro-optical effect, piezoelectricity and pyroelectricity.
An overview on the physical properties as well as the crystal structure is presented in the
appendix A. This section characterize properties of lithium niobate (LiNbOj) relevant in
the THz range measured with the THz-TDS and FTIR. The nonlinear crystal LiNbO;
has an effective nonlinear coefficient of d.ry = 152.4pm/V in the THz regime (section
A.3.8).

All lithium niobate samples are commercially available. The samples investigated are
purchased as wafers from Precision Micro-Optics Inc. or United crystals Inc. As doping
of lithium niobate with magnesium oxide reduces the defects in the crystal growth and
increases the conductivity and the damage threshold [O’B85] different doping concen-
trations of Magnesium oxide were selected and investigated. In figure 2.9 a schematic
of different wafer cuts is depicted to explain the possible orientations of crystal axes to
the laser polarization. The extraordinary axis of lithium niobate is the z-axis which is
parallel to the c-axes of the crystal structure. The wafer is named with the axis which
is perpendicular to the surface, therefore along the propagation of the optical pulse. The
wafer is well defined by the primary flat indicating the other axis. With a x-cut and
y-cut wafer the ordinary and extraordinary axis can be measured, the z-cut allows us to
measure just the ordinary axes as the z-axis is perpendicular to the surface of the wafer.
For this thesis a x-cut LiNbO3 wafer, a x-cut 5mol% MgO:LiNbO3 wafer and a y-cut
6 mol% MgO:LiNbO3 wafer are selected.
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2. Material analysis in the terahertz range
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Figure 2.9.: Schematic of different wafer cuts of lithium niobate. The cut is defined by

L
Z-cut

X

the axes which is normal to the surface. The axes, which is normal to the primary flat, is
then defining the crystal axes in the wafer. The secondary flat is for an uniaxial crystal

not necessary.
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Figure 2.10.: Refractive index (left) and absorption coefficient (right) of lithium niobate

and 5 mol% magnesium doped lithium niobate.
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Figure 2.11.: Refractive index (left) of lithium niobate and magnesium doped lithium

niobate at a temperature of 100 K.

18



2.2. Optical properties in the THz range

Figure 2.10 shows the frequency dependence of the refractive index and the absorption
coefficient of LINbO3 and 5 mol%MgO:LiNbOj3 at room temperature. The refractive index
is nearly constant within the whole frequency range as the lowest phonon resonance of
lithium niobate is at 7.6 THz [Ko0j02, Feu07]. The extraordinary refractive index (E||z) is
lower then the ordinary (E||x or E||y). Therefore lithium niobate is negative birefringent
in the THz range. At 0.5 THz the refractive index is n, = 5.07 and n, = 6.68. The
magnesium doping reduces the refractive index slightly to n. = 5.04 and n, = 6.58 at
0.5THz. At 0.5 THz the absorption coefficient is o, = 10.8cm™! for LiNbOs, o, =
9.8cm™! for Mg:LiNbO3 and a, = 12.5cm™! for both wafers. The absorption length,
the length where the intensity is reduced to 1/e of the initial intensity, is about 1 mm at
0.5 THz. The absorption coefficient is increasing for higher frequencies which decreases
the absorption length. Therefore, THz generation at higher frequencies is limited due to
the high absorption in the crystal. The magnesium doping reduces also the absorption
coefficient beneficial for the THz generation.

The resolution of the absorption coefficient for frequencies lower then 0.37 THz is limited
due to the thickness of the sample (0.5 mm) as frequency resolution dv from the FFT is

given by:

2T TcC

The data for higher frequencies could be fitted with a Drude-Lorentz model to resolve
even the absorption coefficient at the frequency range lower the 0.4 THz. As the THz-TDS
purged with nitrogen had a residual 4% relative humidity the absorption coefficient (figure
2.10 right) is slightly increased between 0.4 THz to 0.6 THz due to the absorption peak of
air at 0.56 THz.

The birefringence of LiNbOj3 was confirmed by the measurement at the FTIR (see
figure 2.11) at a temperature of 100 K. Drawback of the FTIR is the resolution of the
measurement as well as the signal to noise ratio. As the refractive index is relative
high, the photons counted at the detector were low deteriorating the resolution. As the
refractive index is calculated with the extinction coefficient £ and the bulk reflectivity
(see section 2.1.2) the precision on the refractive index is limited. Therefore the FTIR
gives an estimate of the refractive index but for an accurate measurement of the refractive

index, the THz-TDS is better suited.
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Figure 2.12.: Temperature dependence of the refractive index (left) and absorption coef-

ficient (right) of 5 mol% magnesium doped lithium niobate.
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Figure 2.13.: Temperature dependence of the absorption coefficient for a x-cut lithium
niobate wafer, a x-cut 5mol% magnesium doped lithium niobate wafer and a y-cut

6 mol% magnesium doped lithium niobate wafer measured at the FTIR.
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2.2. Optical properties in the THz range

As Pdlfalvi et al [Pal05] reported the refractive index and absorption coefficient are
temperature dependent. Further measurements done by Kiesling et al. [Kiel3], Unfer-
dorben et al [Unfl5], and our group [Wulb] supported the high relevance of this mea-
surement. Figure 2.12 shows the refractive index and the absorption coefficient mea-
sured at room temperature and at cryogenic temperature (~80K). Both values are
decreasing for lower temperatures. At 0.5THz the refractive indices decreases from
n(294 K) = 5.08 and n,(294 K) = 6.62 to n.(78 K) = 4.82 and n,(80 K) = 6.44, a
difference of An, = 0.26 and An, = 0.18. The absorption coefficient is reduced by a
factor of 3.44 from (294 K) = 7.5cm™ to a (78 K) = 2.18 cm ™! and by a factor of 2.7
from a,(294 K) = 8.7cm™ to (78 K) = 3.2cm ™.

The temperature dependence of the absorption coefficient is depicted in figure 2.13 for
the calculated absorption coefficients measured at the FTIR for three different samples.
This measurement was performed for several temperatures as the sample holder allowed
us to tune the temperature. The absorption coefficient of all samples is valuable for fre-
quencies higher then 0.55 THz due to the resolution of the FTIR limited by the beam size
and the sample thickness. The absorption coefficient of the 6 mol% Mg:LN at 200K is
less reliable due to irregularities during the measurement. At the corner points the depen-
dences are similar to the measured values of the THz-TDS which will be further discussed
in section 2.2.1 (Absorption of lithium niobate). The absorption coefficient decreases from
300 K to 100 K substantially, but from 100 K to 10 K the decrease is less pronounced. This
leads to the conclusion, that cooling the crystal to liquid helium temperature would be

not worth the balancing higher cost of liquid helium with the expected improvement.

For confirmation the optical properties are measured at the Peking University at a
THz-TDS with a temperature controlled liquid helium cryostat [Wul5b]. The results are
depicted in figure 2.14. The refractive index and the absorption coefficient show the same

behavior as measured at our THz-TDS.

The high effective nonlinear coefficient and the low absorption at cryogenic tempera-
ture characterize LiNbOj3 as well suited material for efficient THz generation. The THz

generation will be discussed in chapter 3.
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Figure 2.14.: Temperature dependent refractive index (left) and absorption coefficient

(right) of 5mol% MgO:LN for the extraordinary axis (E||z) (Data of [Wul5]).
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Figure 2.15.: Refractive index (left) and absorption coefficient (right) of 5mm long
5mol% periodically poled MgO:LN at room temperature.
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Figure 2.16.: Extraordinary refractive index (left) and absorption coefficient (right) of
5.05mm long 5mol% periodically poled MgO:LN at room and cryogenic temperature.
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2.2. Optical properties in the THz range

Periodically poled lithium niobate (PPLN)

Periodically poled lithium niobate (PPLN) is used to generate the multi-cycle THz pulses
as described in chapter 3 in detail. For completeness of data the refractive index and
the absorption coefficient, which are identical to the Mg:LN wafer, are depicted in figure
2.15. As the measured PPLN has a thickness of 5mm the influence of the absorption
is visible. The ordinary refractive index drops at a frequency of v = 0.751 THz and the
lower extraordinary refractive index at ¥ = 1.3 THz (see figure 2.15 and B.5). Higher
frequencies are more strongly absorbed due to the higher absorption coefficient (see figure
B.5 left). This measurement visualizes that crystals longer than the absorption length
attenuate the transmitted THz pulse.

Lowering the temperature from room to cryogenic temperatures paves an additional
effect as depicted in figure 2.16 showing the extraordinary refractive index and the ab-
sorption coefficient of a 5 mol% MgO:LN crystal. The refractive index is changed by
An = 0.26 and the absorption coefficient is decreased at a frequency of 0.5 THz by a
factor of 9. Table 2.3 summarizes the values in the low frequency range between 0.2 and

1THz. The detailed error analysis can be found in the appendix C.

v (THz) 0.2 03| 04| 05 0.6 0.7 ] 0.8 0.9 1
n Q80K 487 | 4.87 | 487 | 487 | 4.88 | 4.88 | 4.89 | 4.89 | 4.9
n @ 300K 5.14 | 5.13 | 5.13 | 5.13 | 5.13 | 5.13 | 5.14 | 5.14 | 5.15

a(cm™) @80K | 0.42 | 0.46 | 0.53 | 0.66 | 0.82 | 1.09 | 1.48 | 2.03 | 2.6
a(cm™!) @ 300K | 1.82 | 3.2 | 446 | 6.02 | 7.72 | 9.63 | 11.8 | 14.2 | 16.8

Table 2.3.: Extraordinary refractive index and absorption coefficient of 5 mol% periodi-

cally poled MgO:LN with a length of 5.05 mm in low THz frequency range of 0.2-1THz

Absorption coefficient of lithium niobate

Figure 2.17 summarizes the calculated absorption coefficients comparing the values at
room temperature and cryogenic temperature for the different measurement tools (THz-TDS,
the FTIR and the values of [Wul5]). The two room temperature curves for the PPLN
and the Mg:LN wafer measured at our THz-TDS are similar. Also the room temperature

curves of the FTIR and the THz-TDS at Peking University result in similar absorption

23



2. Material analysis in the terahertz range
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Figure 2.17.: Comparison of absorption coefficient between various 5 mol% periodically

poled MgO:LN samples at different temperatures measured at the THz-TDS and the

FTIR.
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Figure 2.18.: Refractive index (left) and absorption coefficient (right) of lithium tantalate.
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Figure 2.19.: Refractive index (left) and absorption coefficient (right) of CSP.
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2.2. Optical properties in the THz range

coefficients. The two pairs have a difference of 20% indicating the accurancy of the mea-
surement tools compared to each other. At cryogenic temperatures the values are at all
measurement techniques lower than at room temperature. It is worth to mention that
the three values are in the same magnitude. The FTIR measures a 2 times lower value
than our THz-TDS. The values demonstrated by Wu et al. is a factor 2 higher than our
THz-TDS. Therefore this creates evidence that the true value can be expected in that
range of «(0.6 THz) = 1.5 £ 0.75cm™".

As seen in this section the measurements of the absorption coefficient are complex and
highly dependent on the sample and the measurement tool. To achieve consistence all
samples should be measured at the same THz-TDS, if they are used in further experi-
ments. Some additional possible candidates to generate THz radiation are measured at

the THz-TDS and are described in the following subsections.

Lithium tantalate (LT)

Lithium tantalate (LiTaO3 or LT) and lithium niobate (LiNbOj3) belong to the trigonal
crystal system and have the same crystal structure. Lithium tantalate has the same optical
properties as lithium niobate: LiTaQOj is ferroelectric, linear electro optical, piezoelectric
and pyroelectric [Smi71]. Lithium tantalate has a slightly lower nonlinear coefficient
of ds3 = 145.2pm/V [Vod08]. In figure 2.18 the refractive index and the absorption
coefficient of a 0.5 mm thick LiTaO3 wafer (Precision Micro-Optics Inc.) are depicted.
At 0.5 THz the extraordinary refractive index is n, = 6.6 and the absorption coefficient

is a, = 17em™L

Lithium tantalate is less birefringent than lithium niobate and both
indices are higher, which is regarded as unfavorable for an efficient THz generation. Even
not interesting at a first guess LiTaO3 can be also poled [Mat91] and would be capable to
generate multi-cycle THz pulses. As the absorption of coefficient is > 15cm™! over the

full spectral range the generation would be less efficient.

Cadmium Silicon Phosphide (CSP)

In 2009, Schunemann et al. reported on the nonlinear optical crystal Cadmium Silicon
Phosphide, CdSiP,, a negative uniaxial II-IV-V, chalcopyrite compound semiconductor in

the space group 42m which has a high nonlinear coefficient of d3g = 84.5 and can be grown
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Figure 2.20.: Refractive index (left) and absorption coefficient (right) of KTP and

Rb:KTP.
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Figure 2.21.: Refractive index (left) and absorption coefficient (right) of KTP.
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Figure 2.22.: Refractive index (left) and absorption coefficient (right) of Rb:KTP.
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2.2. Optical properties in the THz range

in a size sufficient for nonlinear optical devices [Sch09]. Therefore the optical properties
in the THz range were measured. The crystal samples were produced by Schunemann.
The refractive indices of n, = 3.47 and n, = 3.56 show the negative birefringence of the
crystal (see figure 2.19 right). Promising for the THz generation is the low absorption
coefficient at room temperature of o, = 1.4cm™! and o, = 2.4cm™! which could allow
THz generation without cryogenic cooling of the crystal. The refractive index in the IR
is in the range of n = 3.1 with a negative birefringence and could be pumped at 1pm
and higher [Sch09]. At 2THz a dominant absorption peak occur on the x-axes. CdSiP,

is considered as promising candidate for THz generation.

Potassium titanyl phosphate (KTP)

Potassium titanyl phosphate (KTiOPO, or KTP) is a orthorhombic (space group Pna2;
(C3))) biaxial nonlinear crystal with a high damage threshold and the high nonlinear co-
efficient [Tho90, Han00]. KTP can be poled for efficient nonlinear processes [Pas98|. The
measured samples, a x-cut KTP crystal (6Wx3Hx1.35L) and a x-cut Rubidium doped
KTP (8Wx5Hx1.7L), are produced by the KTH Royal Institute of Technology in Stock-
holm in the group of Frederic Laurell. They are measured with a 3mm pinhole which
limits the resolution in the low frequency range. As KTP is a biaxial crystal the sample
was not applicable to measure all axes, but the two ordinary axes (x and y) have a similar
refractive index at n = 3.3 [Ant14]. The refractive index and the absorption coefficient is
trustable above 0.5 THz. The refractive index and the absorption coefficient in the THz
range of KTP and rubidium doped KTP is depicted in figure 2.20. The refractive index on
the main optical axes (z-axis) is measured to be n, = 4 with an absorption coefficient at
1THz of o, = 19cm ™! for KTP and n, = 3.8 for Rb:KTP with an absorption coefficient
at 1THz of a, = 19cm™!. At a frequency of v = 1.75 THz an absorption peak on the
main optical axis is detectable which is already reported in the literature [Ant14]. Cooling
both crystals reduces again both optical parameter. Figure 2.21 shows the temperature
dependent refractive index and the absorption coefficient for KTP. The extraordinary
refractive index is reduced by An = 0.15 and the extraordinary absorption coefficient
is reduced to o, = 1.8cm™! at 0.8 THz. The temperature dependent refractive index

and the absorption coefficient for Rb:KTP is depicted in figure 2.22. The extraordinary
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2. Material analysis in the terahertz range
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Figure 2.23.: Refractive index (left) and absorption coefficient (right) of Rb:KTP for var-

ious temperatures.

refractive index is reduced by An = 0.1 and the extraordinary absorption coefficient is

reduced to a, = 2cm ™! at 0.8 THz.

Additional benefit of cooling was investigated by stepwise reduction of the temperature.
Hereby the crystal was mounted on a 4.5mm pinhole and cooled with liquid nitrogen.
The intermediate temperatures (250K, 200K and 150K) were measured while cooling
the crystal from room temperature to cryogenic temperature with a temperature error of
+ 10 K. The bigger aperture allows us to measure also the lower frequencies with a smaller
error on both values (see appendix C). The influence on the extraordinary refractive index
and the absorption coefficient of a Rb:KTP is depicted in figure 2.23. The refractive index
of Rb:KTP is changed via cooling by An = 0.13 to n = 3.73 and the absorption coefficient
is decreased at a frequency of 0.6 THz by a factor of 10 to a, = 0.76cm™!. Table 2.4
summarizes the values for 90 K, 200 K and 294 K in the low frequency range between 0.36
and 1 THz. The absorption coefficient is already at a temperature of 200K in the order

1

of @ = 1.5ecm™". This opens the possibility to cool the crystal with cheaper techniques

than cooling by liquid nitrogen.

With KTP crystals Wu et al. [Wul6] demonstrated first generation experiments in the
THz range. The effective nonlinear coefficient is half compared to lithium niobate, but
the damage threshold of KTP is more than twice then in lithium niobate. Therefore KTP

could be considered as a possible material for high energy THz generation.

28



2.2. Optical properties in the THz range

v (THz) 03 | 04| 05| 06| 07| 08| 09 1
n Q90 K 3.72 ) 3.72 | 3.73 | 3.73 | 3.74 | 3.75 | 3.76 | 3.77
n @ 200 K 3.78 | 3.78 | 3.78 | 3.79 | 3.8 | 3.81 | 3.82 | 3.83
n @ 294 K 3.86 | 3.86 | 3.85 | 3.86 | 3.87 | 3.88 | 3.89 | 3.91

a(em™) @90 K | 0.35 | 0.51 | 0.42 | 0.76 | 1.35 | 1.79 | 2.55 | 3.01
a(em™1) @200 K | 1.32 1.6 | 2.16 | 3.37 | 4.67 6 | 7.83 | 9.05
alem™!) @294 K | 3.01 | 2.99 | 4.78 | 7.99 | 9.96 | 12.6 | 15.7 | 18.5

Table 2.4.: Temperature dependent extraordinary refractive index and absorption coeffi-

cient of Rb:KTP in low THz frequency range of 0.36-1THz

2.2.2. Polymers and glass

All THz generation experiments within this thesis are using several materials additional
to the non-linear crystal, e.g. to block the IR-pump in the generation setup. This section
collects all materials, which are used in the experiments, and discusses the measurement
of the samples with the THz-TDS. There are first several polymers, mostly with low
absorption in the THz frequency range, followed two glass plates e.g. to obtain the

transmittance for the cryo-dewars.

Polytetrafluoroethylene (PTFE)

Polytetrafluoroethylene (PTFE) is widely known as Teflon and is a white polymer with a
good transmittance in the far infrared frequency range. If the Teflon is thick enough it is a
great candidate to block the IR light due to the relatively high absorption in the near IR.
The transmission of the THz light remains unaffected. In figure 2.24 the measurements at
the THz-TDS of Teflon plates with a nominal thickness of 10 mm, 15 mm, and 20 mm are
shown. In these measurement it is shown that the THz pulse of the THz-TDS is delayed
for each thickness differently, for example the d = 10 mm thick plate delays the pulse by
At = 14.78 ps. With this delay the estimated refractive index can be calculated via

_At-c
- d

P

n

+1, (2.2.2)

where d,, is the precise thickness. In table 2.5 the estimated refractive index due to the
delayed pulses is depicted. The precise thickness d, of the plates has been measured for

each plate with a digital calliper and is displayed in column 2. Comparing this estimated
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2. Material analysis in the terahertz range

d (mm) d, (mm) At(ps) n
10 10.4 14.78 1.426
15 16.36 23.99 1.439
20 21.96 31.26 1.427

Table 2.5.: Transmission for different thick Teflon plates at a frequency of 360 GHz
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Figure 2.24.: THz-TDS results for different thick Teflon plates: THz-pulses for 10 mm,
15mm, and 20 mm plates (top left), corresponding FFT spectra (top right), refractive
index for the different plates (bottom left), and absorption coefficient (bottom right).
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2.2. Optical properties in the THz range

refractive index to the measured refractive index in figure 2.24 (bottom left) both are in
good agreement due to the refractive index remaining flat over the whole frequency range.
This low refractive index results in low Fresnel reflection on the surface of about 3%.

Important for the measurements is the absorption coefficient « in the low frequency
range (figure 2.24 bottom right) which is in the order of 0.2cm™!. This leads to the losses
calculated in table 2.1.

Polymethylpentene (TPX)

Polymethylpentene known as TPX is transparent in the frequency range of UV, VIS, NIR
and also in the THz range. TPX has the same refractive index over the whole frequency
range with about 1.46. Therefore, TPX lenses are a great candidate to be used in the
experimental setups, due to the possibility of pre-alignment in the VIS or NIR of the
THz setups. In figure 2.25 the refractive index and the absorption coefficient measured
by the THz-TDS are shown. The absorption coefficient is in this frequency range around

0.4cm™!, which leads again in low losses for TPX optics.

Polyethylene (PE)

Polyethylene (PE) is a relatively soft plastic, which has again a relative low refractive index
in the THz frequency range (see figure 2.26). As the absorption coefficient is higher then
for the other polymers (1.7cm™!), PE should not be the ideal candidate as THz material,
but PE has his benefit in the low transmission in the NIR spectral range. Therefore PE
is mainly used to protect the energy detectors from scattered or direct IR pump light in

the THz setups.

Acrylonitrile butadiene styrene (ABS)

Acrylonitrile butadiene styrene, short ABS, is a thermoplastic polymer, which is a hard
plastic. It is well-known from Lego bricks. The capability to use them in 3D-printers is
the reason for looking into this material. Compared to the other polymers the refractive
index is larger as seen in figure 2.27 and the absorption coefficient is extremely high for a

polymer with 5cm™!. Therefore, this material is not suitable for THz applications.
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Figure 2.25.:

Refractive index (left) and absorption coefficient (right) of

Polymethylpentene (TPX).
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Figure 2.26.:

Refractive index (left) and absorption coefficient (right) of polyethylene.
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Figure 2.27.:

Refractive index (left) and absorption coefficient (right) of ABS.
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Figure 2.28.: Summary of refractive index (left) and absorption coefficient (right) of dif-

ferent polymers.

Summary polymers

Polymers are well suited for THz optics due to the low absorption and the low refractive
index in the THz frequency range. Excluding of ABS all of the measured samples are
used in different parts of the THz beam lines. Figure 2.28 displays all measured polymers

as overview.

Glass windows

Optical glass windows are used in vacuum chambers to transmit the infrared laser pulses
as well as the generated THz pulses. The windows are made of sapphire (AlyO3) or fused
silica (SiO2 or FS) with an AR coating for the infrared, which is not influencing the
THz pulses as the coating is too thin compared to the wavelength. Figure 2.29 shows
the refractive index and the absorption coefficient for a 3mm thick sapphire window
and 0.2mm thick fused silica window. As the fused silica window is so thin the Fresnel
reflections are not distinguishable from the main pulse resulting in a modulation of the
refractive index as well as of the absorption coefficient. To calculate the actual values the

modulated function is fitted with

n = 0.0012561° — 0.002047v + 2.105 (2.2.3)
o = 3.250% — 2.63v + 0.68 (2.2.4)

This fit is just a guide to the eye. A more accurate fit could be reached with the Drude-

Lorentz model including the phonon peaks at the high frequencies.
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Figure 2.29.: Summary of refractive index (left) and absorption coefficient (right) of a

sapphire and a fused silica window.

At 0.5 THz the refractive indices are ngqy, = 3.14 and npg = 2.1 and the absorption
coefficient is aps = 0.28 cm™! and apg = 0.18cm™'. The absorption of both is low in the
desired frequency range which is favorable for the transmission of the THz pulses through

the windows.

2.3. Summary

This chapter provides a thorough overview on the optical material properties in the THz
frequency range, mainly the refractive index and the absorption coefficient. Two differ-
ent measurement tools, the THz-TDS and the FTIR, are introduced and the estimated
material properties are discussed. The capabilities for the applied measurement tools are
elaborated. With this knowledge a deeper insight into optical crystals, which are promis-
ing for the THz generation due to the high nonlinearity known from the infrared region,
is achieved. The properties of polymers used for THz optics are also presented.

In conclusion, this chapter is a reference chapter for several material properties in the
THz frequency range and the explanation chapter for analyzing even more samples in this

regime with the presented measurement tools.
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3. Overview of multi-cycle terahertz
generation in periodically poled

lithium niobate

Multi-cycle THz pulses can be generated via optical rectification (OR) or difference fre-
quency generation (DFG) in periodically poled lithium niobate (PPLN) crystals. The
theoretical background of THz generation in PPLN is introduced in this chapter. The
quasi phase-matching (QPM) as underlining nonlinear process as well as the theoretical
description of the THz generation via different pumping schemes is described. Two tech-
niques of generating high energy pulses are introduced. Furthermore, the experimental
resources such as the PPLN and the driving lasers are presented. The THz measurement

tools essential for the experiments executed in this thesis are described in detail.

3.1. Theoretical background

The underlying nonlinear processes are described in textbooks like references [Boy03,
Sut03] for the optical range and can be straight forwardly transferred to the THz range.
The generation of THz pulses is based on the second order nonlinear process proportional
to the second order nonlinear coefficient x, as reference [Xu92| already describes. The
following section summarizes the theoretical background of multi-cycle THz generation in
PPLN based on the theory of K. Vodopyanov [Vod06]. Other sources are given according

to necessity.
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

3.1.1. Quasi phase-matching

Basic description of quasi phase-matching for second harmonic generation and difference
frequency generation was transferred to the THz regime in the early 2000’s by [Lee00,
Wei01, LeeO1]. In the following the quasi-phase matching to generate THz pulses via
difference frequency generation is described.

In order to generate THz radiation efficiently the wave-vectors of the interacting waves

have to be zero to fulfill the phase-matching condition in the THz regime [Vod06:
Ak(Q2) = k(Q) + k(w) — k(w+ Q) =0, (3.1.1)

assuming the angular THz frequency €2, the angular IR frequency w and the by € shifted
angular IR frequency w + €2. The refractive index in the optical and the THz range of
the crystal material used for THz generation is necessary to calculate the mismatch Ak
as k(w) = wn(w)/c. As lithium niobate has a high refractive index in the THz regime of
nru, ~ 5 as described in chapter 2 compared to the optical range (ng = 2.17) the pulses
mismatch prematurely. The coherence length [,

e

I, =
Q(nrH, — NR)

(3.1.2)

describes the limit of the interaction length of the IR pulse and the THz pulse [Yaj70].
By inverting the polarization of the domains in the PPLN after the coherence length [,
the THz is generated efficiently via quasi-phase matching (see figure 3.2 left top). After
the coherence length [. a half cycle of the THz pulse is generated. The crystal length of
the PPLN is defined by

N-2.1.=N-A, (3.1.3)

where A is the domain period generating a full THz cycle and N the number of periods. As
example, the coherence length for a THz pulse with a frequency of 0.36 THz is [, ~ 150 pm
and for a frequency of 0.54 THz [. ~ 100 pm.

Quasi-phase matching is introduced with a grating on the PPLN [L’h07a, L’h07b]. The
ferroelectric domain of LiNbOj is inverted periodically to achieve the poled structure.

The grating wave vector is known as

2m
k = .14
QPM A ; (3 )
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3.1. Theoretical background

where A is the poling period of the PPLN [Fej92]. The wave-vector mismatch Ak has to
be amended by kgpas to

AK(Q) = k(Q) + k(w) — k(w + Q) — kopar. (3.1.5)

Figure 3.1 shows the wave-vector picture for such a quasi-phase matching out of scale.

As the generated frequency is far away from the driv- : >

ing frequency the interacting driving waves are close to

each other. Therefore the wave-vectors of the IR has to Figure 3.1.: Schematic

be rewritten to wave-vector picture for

dk . .
k‘(w + Q) _ k(w) — Qd_’ (3.1.6) quasi-phase matching.
w

where % is the group velocity of the IR nggt [Yaj70, Nah96]. Consequently, the wave-

vector mismatch is

Q
Ak(Q) = > (nTHZ —nr ) —

opt

27
A

At the optimal case the wave-vector mismatch is zero to generate efficiently the desired

(3.1.7)

frequency. Thus the generated angular frequency is depending on the poling period via

Ak(Q) =0 (3.1.8)

Q 27

—An=— 1.
=—An=— (3.1.9)

_ Ime (3.1.10)

 AAn o

where the index mismatch is introduced as An = ng, — ng;t. As the angular frequency
Q = 27v the generated frequency v is given by

c

T AR

v

(3.1.11)

In figure 3.2 the different cases (i) no phase matching, (ii) quasi-phase matching and
(iii) perfect phase-matching are depicted (left). As equation 3.1.11 describes, the desired
frequency is depending on the poling period of the PPLN and the difference between the
refractive indices. As the refractive index in the THz regime varies with temperature for a
given frequency, the generated frequency changes for the specific poling period. Figure 3.2
(right) shows the poling period in the low frequency regime for two temperatures (300 K

and 100 K).
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Figure 3.2.: Quasi phase-matching in periodically poled lithium niobate. Left: Compari-
son of no phase-matching Ak # 0 (blue), quasi-phase matching (green) and perfect phase
matching Ak = 0(red) for a PPLN with a poling period of A = 2[.. Right: Poling period

A at the various frequencies for room- (300 K) and cryogenic temperature (100 K).
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Figure 3.3.: Schematic concept of optical rectification. The broadband IR pulse generates

THz via intra-pulse DFG.

3.1.2. Optical rectification

A compressed pump pulse with a broad bandwidth can be used to generate THz pulses via
intra-pulse DFG called optical rectification. To support the THz frequency the bandwidth
needs to exceed a minimal bandwidth. Figure 3.3 shows a schematic drawing of OR for
a broadband IR pulse at a center wavelength of 800nm (i.e. 375THz) generating a
narrowband THz pulse at 0.5 THz.

To generate the THz pulse the poled LiNbOj crystal has to fulfill the quasi phase
matching as described earlier. Varying the angle of observation allows us to fine-tune the

phase-matched frequency vg as it is determined by the poling period A to be

‘ (3.1.12)

o= Alndy — nrp, sin @’
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3.1. Theoretical background

where c is the speed of light, n{y the group velocity of the pump pulse, nry, the refractive
index at the generated frequency and ® the angle of observation [Wei01]. By changing
the angle of observation the freqency of the generated THz wave can be tuned. Due to the
high refractive index of LiNbOj3 in the THz range, the total internal reflection is around
11°and therefore the tuning is limited. The three main observation angles are & = 90°,

® = —90° and ¢ = 0° so that the equation 3.1.12 can be simplified to

C
V= 1.1
1(90°) T A— (3.1.13)
C
-90°) = ———— 3.1.14
) R+l S
C
(0°) = g (3.1.15)
IR

The equ. 3.1.13 and equ. 3.1.14 are corresponding to the forward and backward propa-
gating wave observed by Lee et al. [Lee00]. The equation 3.1.15 correspond to the THz
wave emitted perpendicular to the driving source as described by Weiss et al. [Wei01].
These perpendicular emitted wave benefits from a shorter path length through the lithium
niobate crystal and therefore the lower absorption. The bandwidth of the perpendicular
emitted THz wave is highly dependent on the collection angle and the spatial distribution
of the pump as already described in Weiss et al.[Wei01] and is limited by

C
—_— = 1.1
= (31.16)

where C'is a constant depending on the spatial distribution of the pump along the x-axis
[WeiO1].

In this thesis the focus is on the forward propagating THz wave collinear with the pump
source. As this wave co-propagates with the optical pulse the forward propagating wave
is far better detected as the backward propagating wave as observed by Lee et al.[Lee00]
and also in our group [Carl5]. Furthermore, if the pump source defines the generated
frequency, the phase-matched frequency is defined by equation 3.1.13 to be generated in

the most efficient way.

Due to the difference in the refractive index in the THz and the optical range a walk-off

between the optical pulse and the generate THz will occur. Assuming a pulse duration 7,
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o il A

Figure 3.4.: Schematic concept of generating multi-cycle terahertz pulses via optical rec-
tification. a) Compressed IR pulses with a bandwidth Aw generates in the PPLN with
nonlinear coefficient yo and poling period A a rectangular THz pulse under ideal condi-
tion. b) The absorption « of the THz pulse introduces a loss leading to a damped THz

pulse. The cycles generated in the first periods are absorbed.

of the optical pulse, the THz pulse will be 7, behind the optical pulse after the walk-off
length [,, described by

CTy

(3.1.17)

by = ——0
Tr — N'THz

If the domain length is matched to the walk-off length between the optical and the THz
pulse the generation of the THz radiation is most efficient [Lee00].

As shown by Lee et al.[Lee00] the envelope of waveform of an ideally generated THz
pulse without any losses in the material itself is a rectangular pulse. Including a phe-
nomenological loss in their simulations they were capable to match the simulations to
their experimental waveform. The loss leads to a dumping of the first generated cycles
and just the last generated cycles can exit the crystal without being absorbed. Figure 3.4
shows a schematic of a THz pulse generated via optical rectification for a PPLN without

(a) and with (b) absorption.

3.1.3. THz conversion efficiency

The THz conversion efficiency depends on the input fluence and the generated THz fluence

and is

Fru,
n=—2 (3.1.18)

Foump

Vodopyanov describes in detail how the efficiency is derived from the THz fluence and

the pump fluence for a plain wave approximation [Vod06]. The efficiency is depending on
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3.1. Theoretical background

the pump pulse format. In the case of optical rectification with compressed, broadband
pump pulses the optical-to-THz conversion efficiency is
2 72
20°dz

1
€0CNTH NI R AN

LE yump: (3.1.19)

where ¢, is a reduction factor depending on the 7 - Q-product and d s is the effective
nonlinear QPM coefficient. The reduction factor g; is for short pulses (7 < 1ps) ~ 1 in
the desired frequency range of 0.2 to 1 THz. The nonlinear coefficient is depending on the
material and is for stoichiometric lithium niobate 152.4pm/V [Vod08|.

The efficiency for THz generation via optical rectification in PPLN therefore depends
on the input fluence — and not the intensity — and the length of the crystal.

For long pulses the frequency components of a single pulse are not suited to generate
THz via optical rectification. Therefore an interaction of two pulses is required. The

generation process is DFG of the two pulses. The conversion efficiency can be written as

[Agg77, Vod08]:

202 d?
eff 2

NTHz =

The efficiency therefore depends on the intensity and the length squared.
As the underlying generation is based on DFG of two Gaussian pulses the generated
pulse maintains the Gaussian shape. In the following, further theoretical aspects are

discussed: cascading as increase of the efficiency, effective length, bandwidth of PPLN as

well as the concepts introducing for high energy THz pulses.

3.1.4. Cascading and Manley-Rowe relation

The Manley-Rowe relation describes that the quantum-efficiency for a nonlinear energy
conservation is limited to 1 and includes the energy conversation of the system [Man56.
As the frequency of the pump pulse is around 300 THz and the frequency of the THz

pulse is around 0.3 THz, the efficiency of THz generation is limited to

VTHz

NTH, = ~ 1072 (3.1.21)

Vpump
A higher conversion efficiency than Manley-Rowe relationship predicts is technical fea-

sible due to cascading of the IR pulse [CG04]. The generated THz photons are back-acting
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Figure 3.5.: Schematic of cascading while THz generation. The pump photon w, and the
signal photon w, — €} generate a THz photon 2. The signal photon and the THz photon

generate a red-shifted photon w, — 22 which is used to generate again a THz photon.

to the IR pulse and therefore introduce a redshift of the pump pulse (figure 3.5). This
redshift is suited to predict the intrinsic conversion efficiency, which could be extracted
at perfect out-coupling conditions as well as at lack of absorption of the generated THz
pulse. To calculate the intrinsic efficiency 7, the center of mass of the input pump pulse
and redshifted output pulse in the IR has to be determined. The intrinsic efficiency can
be calculated by

Av
—— (3.1.22)
v

where Av is the frequency difference between the two centers of mass and v is the fre-
quency of the IR input pulse.

The cascading circumvents the Manley-Rowe relation and allows us to generate even
higher conversion efficiencies. Using the cascading effects efficiencies up to 10% may be

achieved as predicted by Ravi et al. [Rav16b].

3.1.5. Effective length

The efficiency of THz generation is proportional to the length (L) of the crystal [Vod06].
As lithium niobate has a high absorption coefficient in the THz range efficiency is impaired
and absorption needs to be considered in the calculation of the effective length L.ss. The

THz conversion efficiency (nrw,) is thus proportional to the effective length Leyy:

s (L) o é [1 —exp (—aL)] = Leyy, (3.1.23)
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where « is the absorption coefficient. The effective length is for long crystals inverse to

the absorption coefficient:

1

Lesy = . (3.1.24)
The effective length of LiNbOj is at room temperature L.;; = 1.9 mm assuming an
absorption coefficient of & = 5.2cm™!. As the absorption coefficient of LiNbOj is reduced
with temperature the effective length increases for a cryogenic cooled crystal compared
to a crystal at room-temperature. At cryogenic temperature the absorption coefficient is

reduced to o = 2.8 cm™! resulting in an effective length of L.;; = 3.6 mm.
The effective length limits the amount of the generated THz but it can be still beneficial
to have longer crystals than the effective length as the frequency content may build up in

the crystal for example in a THz optical parametric amplifier [Cirl7].

3.1.6. Acceptance bandwidth of a PPLN

The acceptance bandwidth of the PPLN can be derived via differentiating the wave-vector
mismatch as well as the condition for the acceptance bandwidth of the wave-vector itself

Ak L/2 =7 [Vod06]. The acceptance bandwidth is therefore

awe  AdAk .. ¢ 27
As the angular frequency is defined as
2mc
Q=—" 1.2
the acceptance bandwidth can be described by
AQY = 2 (3.1.27)

N’
where N = L/A is the number of poling periods in the PPLN. The bandwidth can be

rewritten in terms of frequency as

Av= . (3.1.28)

Therefore, when increasing the length of the PPLN the spectral width of the generated

THz pulse will narrow down.
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

3.1.7. Generation of high energy, multi-cycle terahertz pulses

The energy of the THz pulses generated via optical rectification is limited by the crystal
size in combination with the damage threshold of the crystal. High energy pulses in
the mJ-level are essential for efficient electron acceleration [Won13]. To cope with this
challenge Ravi et al. [Rav16b] proposed three pump mechanism to be used instead of

optical rectification of a compressed pulse to reach the high energy pulses:

1. pulse sequence of compressed pulses with an optical bandwidth adapted to optical

rectification,

2. difference frequency of two narrow lines with a spectral difference of the desired

frequency,

3. two broadband chirped and delayed pulses generate a sequence of pulses as they

interfere with each other.

In this thesis the experiments for the pulse sequence of compressed pulses and the chirp-

and-delay pumping scheme and the thereby resulting improvements are further discussed.

Pulse sequence of compressed pulses

Using a sequence of compressed pulses allows to distribute a predefined pump energy over
several pulses. As the efficiency for OR is depending on the pump fluence, the efficiency
remains unchanged when the pump fluence is spread over a sequence of pulses. Reducing
the peak intensity of each single pulse allows to increase the total pump fluence. This
traces back to the observation, that the damage threshold of the crystal is depending only
on the peak intensity at a short pulse duration[Boy03]. As consequence the efficiency
can be increased due to the higher total pump fluence. An additional efficiency increase
occurs as the generated THz pulses add coherently. The details of this process as well as

the executed measurements are described in Chapter 4.

Chirp-and-delay pumping

The concept of chirp-and-delay pumping aims to generate high energy pulses. Reaching a
higher pump energy is achieved by pumping with a pulse with a long pulse duration which

44



3.1. Theoretical background

chirped IR pulses difference frequency MgO:PPLN THz pulse
chirp rate 1/¢, Aw =%2t X, A Vinz

Figure 3.6.: Schematic concept of generating multicycle terahertz pulses with two chirped

and delayed pulses.

increases the damage threshold. In the chirp-and-delay concept a broadband, chirped
pulse is split in two equally loaded pulses delayed by a time delay At (figure 3.6). The
chirp rate ¢ in combination with the time delay of the pulses generates the necessary

frequency content via

N
¢

Matching the poling period A of the PPLN with a nonlinear second order coefficient x»

Aw (3.1.29)

allows an efficient THz generation reaching also the goal of high energy THz pulses. The

process and the conducted experiments are described in detail in Chapter 5.
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

3.2. Properties of the THz beam and the THz pulse

Fundamental transverse mode (TEMO0O0) laser beams are Gaussian modes, whose propa-
gation has been described theoretically by Boyd and Gordon in the early 60’s [Boy61].
This section summarizes this formalism with the equations which are valid for all optical

frequencies and an analysis for the narrowband THz waves with Gaussian spatial profile.

3.2.1. Gaussian beam propagation

The THz waves as the name already says are classically described by their frequency v.
For the treatment of the propagation of the beam, it is commonly preferred to use the

wavelength connected to the frequency by

c

A= —. 3.2.1

- (3:2.1)

The spot size parameter w(z) after a propagation z is calculated via

52

w(z) = woy |1+ = (3.2.2)
“R

and depends on the beam waist wy and the Rayleigh range zr defined by
2
on = ”Two (3.2.3)

At the Rayleigh distance zp the spot size is v/2 times greater than the beam waist. The
Rayleigh distance defines the distance where the beam is collimated. The divergence of a
beam is described with the divergence angle 6 calculated via

0= (3.2.4)

TWy

As the Gaussian beam propagation assumes the paraxial approximation, the divergence

is limited to an angle of 30°[Sie86]. This sets the diffraction limited spot size of a wave to

2\
Wnin = = (325)
The diffraction limited spot size limits the focusability of the THz beam.
Considering a THz beam with a Gaussian beam profile, a diffraction limited minimal

achievable waist is in the range of millimeters. The clear aperture of the crystals used for
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Figure 3.7.: Gaussian beam propagation of a THz beam with beam size of w, = 1.5 mm
for various frequencies. At a distance z = 100mm a lens is placed to illustrate the

collimation of the beam.
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Figure 3.8.: Gaussian beam propagation of a THz beam with a frequency of 0.36 GHz
for various beam sizes w,. At a distance z = 100mm a lens is placed to illustrate the

divergence of the beam.

THz generation are in this range of millimeters. For example, a THz beam with 1.5 mm
waist diverges with a divergence angle up to 13.4° for 0.275 THz pulses and 3.6° for 1 THz
(see figure 3.7). Lower frequency beams are diverging even faster and exceed the limit of
a divergence of 30°.

For example, a lens placed at a distance of 100mm is able to collimate THz beams
which are used in this thesis (figure 3.7) for at least a distance of 30 cm.

Increasing the initial beam waist decreases the divergence as seen in figure 3.8 for a THz
beam with a frequency of 0.36 THz. A beam with a waist of wy = 5mm has a divergence
of 3°, b°divergence corresponds to a beam waist of wy = 2.98 mm.

The THz beam is still slightly diverging for a beam waist of 10 mm. In the infrared
range a beam is called collimated if the Rayleigh range is greater than a meter. A THz

beam with a frequency of 0.36 THz can be regarded as collimated if the beam has a waist
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

of 26.5 mm. This has to be considered if the THz beam will be transported to subsequent
applications like for example electron acceleration.

Measurements in the workload of this thesis confirmed the Gaussian beam propagation
for the THz waves (see section 5.4.5). The narrow bandwidth of the THz pulses used in
the experiments helps to describe the optical beam path as no spatial distribution of the

different frequencies occurs.

3.2.2. Pulse peak field

The THz pulse is characterized by the energy, the pulse duration and the beam size.
For most experiments the key parameter is the peak field. It combines all characteristic
parameters for the multi-cycle terahertz pulses. Independent of a direct measurement
through the electro optic sampling (EOS) the peak field E can be calculated with the
intensity [

21 E
E=4/— ith [ =-% 3.2.6
ceg W AT ( )

where ¢ is the speed of light, ¢y = 8.85 - 107"?As/Vm is the vacuum permittivity, E, is
the peak energy, A the spot size of the THz pulse and 7 the pulse duration. Assuming a

diffraction limited spot size of

A A 2\

~ 7ZNA _ 7nsind w1’

wo (3.2.7)

where NA= nsinf = 0.5 is the maximal numerical aperture limited by the Gaussian
beam model which collapses for an opening angle 6 > 30°, the area A can be calculated

with

AN2
AT (3.2.8)

A=nw =

Table 3.1 shows for various frequencies the diffraction limited spot size and the corre-
sponding area A, and also the peak field within the example of 100 nJ pulse energy and
300 ps pulse duration.

In figure 3.9 the diffraction limited spot size is plotted versus the THz frequency. The
spot size is inversely proportional to the frequency and therefore increase steeply in the

frequency range under 1 THz. In consequence a Gaussian THz beam diverges much faster
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3.2. Properties of the THz beam and the THz pulse

v [THz] Alpm] w, [mm] A mm?] E, [wJ] 7[ps] I1[GW/m?] E [MV/m]
0.30 999 0.636 1.271 100 300 262 14.05
0.36 832 0.530 0.883 100 300 377 16.87
0.50 599 0.382 0.458 100 300 728 23.43
0.56 535 0.341 0.365 100 300 913 26.24
0.85 352 0.224 0.158 100 300 2104 39.83

Table 3.1.: Diffraction limited spot size for an opening angle of 30°for the frequencies used
in this thesis. Calculated peak electric field E for a THz pulse with 100 nJ pulse energy
and 300 ps pulse duration.
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Figure 3.9.: Diffraction limited beam size w, versus the THz frequency v calculated via
2

woy = gl

than higher frequency beams. For example an optical beam at a wavelength of 800 nm
can be focused to a beam waist of wg = 0.5 pm. THz beams can not be focused as tightly
as the optical beams as discussed in section 3.2.1.

The calculated electric field strengths for several input energies are depicted in figure
3.10. First measurements of acceleration were performed with THz fields around 30-
40 MV/m [Nanlb]. Efficient acceleration with THz pulses could be achieved with field
strengths in the range of 100-500 MV /m, but would be more efficient in the range of
1GV/m [Wonl3]. To reach this range of efficient acceleration, multi-cycle THz pulse
energies in the mJ-range are necessary for the THz pulse lengths in the range of 100 —

1000 ps.
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Figure 3.10.: The electric field strength of a multi-cycle THz pulse with a frequency of

0.36 THz at several pulse energies.
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3.3. Experimental resources

At the Center for Free Electron Science several high energy lasers are well developed
sources to generate multi-cycle THz pulses. The possible wavelengths ranges for high
energy pulses in the mJ-range are 0.8 pm, 1 pm and at 2 pm. The most developed sources
are Ti:sapphire based high energy laser with a center frequency around 0.8 pm reaching
energies above 1J. To generate multi-cycle THz pulses these high energy laser pulses
as well as an optical crystal — the periodically poled lithium niobate — are essential.
This chapter pays attention to the special experimental resources: the periodically poled
lithium niobate crystals as well as the laser sources to conduct the experiments of this

thesis.

3.3.1. Periodically poled lithium niobate crystals

Based on the work of Carbajo et al. multi-cycle THz pulses can already be generated with
energies up to 1 nJ [Carl5]. This thesis focuses on a further optimization of the THz pulse
energy by optimizing the frequency content or temporal content of the pump laser. As
gain material magnesium oxide doped periodically poled lithium niobate (MgO:PPLN)
crystals with a doping concentration of 5mol%, which has been proven to mitigate the
photo-refractive damage and increase the life-time [Mil98], are used. To phase-match the
desired frequency the crystals are poled by inverting the ferroelectric domains after the
walk-off length [,, (section 3.1.1). In that case the poling period A defines the phase-

matched frequency v via

B c
Aln(v) = ng|

14

(3.3.1)

where n(v) is the refractive index of the generated signal and n, the group velocity index
at the pump wavelength [Fej92, Yam93] (see section 3.1.1). As the refractive indices
for the lithium niobate are known both at 300 K and 100K with n(300K) = 5.05 and
n = (100K) = 4.8 (see section 2.2.1) the generated frequency can be calculated with the
group velocity index n, = 2.26 at the pump wavelength of 800nm [Zel97] (table 3.2).
The table 3.2 summarizes all PPLN used in the experiments with the corresponding clear

aperture (heigth (H) x width (W)) and length (T).
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

Crystal number | HxW(mm?) | T (mm) | A (pm) | v @ 300K | v @ 100K
1 3x10 10 125 875 944
2 3x10 ) 212 516 557
3 3x10 10
4 4x4 20
5 10x15 36 330 332 358
6 3x10 10 400 274 295

Table 3.2.: Generated frequency calculated via 5.1.2 at the different temperatures for the
poling period of the used PPLN

One of the PPLNs used to generate efficiently multi-cycle THz had a poling period of
2121m and a clear aperture of 3x3mm?. Figure 3.11 a) shows a light microscope picture
of this PPLN to check the thickness of the domains. A mask is glued to the crystal during
the production of the domain walls [Mil98]. The structure of the mask is still visible after
removing the mask and corresponds to the domain wall of the PPLN. This allows to

double-check the poling period and the homogeneity of the poling.

The aperture size of the PPLN limits the generation of high energy multi-cycle THz
pulses due to the damage threshold of lithium niobate. Commercially PPLN are available
up to a height of 4mm. Due to the crystal structure and the manufacturing process the
size of the width, the length and the height are interrelated. The width is depending on
the length of the crystal: for crystals up to 10mm a width of up to 10 mm is possible,
for longer crystals the width is depending on the height of the crystal so that the clear
aperture is up to 4x4 mm?. The crystals are made of 5 mol% magnesium-doped congruent

z-cut lithium niobate wafers and poled with the period as shown in table 3.2.

Within a collaboration with the group of Professor Takunori Taira (Laser Research
Center, Institute for Molecular Science, Japan) a PPLN with a larger clear aperture
than commercially available was received for our high energy experiments [Ish12]. A
picture of this crystal is shown in figure 3.11 b). The crystal itself has a dimension of
10Hx20Wx36L mm?® where the QPM area is just 10x15mm?. The poling period of this
crystal is 330 pm, which corresponds to a frequency of 360 GHz.
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212um

(a) (b)

Figure 3.11.: a) Microscope picture of a PPLN with a poling period of 212 pm, b) picture
of the PPLN from Prof. Taira with a length of 36 mm.

Damage threshold

Optical induced damage of the crystal structure and the caused loss of transmission is one
limitation at higher pump energies. Already in the early years Askin et al. found that
the lithium niobate crystal showed inhomogeneities of the refractive index after optical
pumping [Ash66]. For frequency conversions in the IR and MIR the lithium niobate
crystal is normally heated to allow the remigration of the electrons and thus to reduce
the optically induced damage [Ram00]. This subsection gives a brief overview about the
measured optically induced damage thresholds for a lithium niobate wafer at laser sources
used for this thesis.

The aim is to determine the critical pump power where damage occurs. This pump
power is measured on a magnesium oxide doped lithium niobate wafer (0.5 mm thick,
x-cut, 5mol% MgO:LiNbO3) at room temperature. The wafer is representative for the
actual PPLN crystals and has the advantages that it is much cheaper then the PPLN
crystals.

At a 5 Hz repetition rate Ti:sapphire based laser system the wafer damages at a flu-
ence of 750 mJ/em?. For shorter pulses the damage threshold fluence decreases with /7
[Boy03]. The damage threshold measured for 150 {s long pulses at a 1 kHz repetition rate
Ti:sapp system is 80 mJ/em?. To circumvent the optically induced damage on the actual

crystal the pump laser is operating at a safe operation points

1. 294K, 800nm pump, 240 ps, 5Hz: 650mJ/cm?,
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

2. 80K, 800 nm pump, 240ps, 5 Hz: 600 mJ/cm?,
3. 295K, 800 nm pump, 150 fs, 1kHz: 75mJ/cm?.

When going to cryogenic temperature, the electrons are less mobile leading to a lower
damage threshold especially at the domain walls of the PPLN which has to be considered.

Our hypotheses that bulk damage occurs due to the missing anti-reflection (AR) coating
on the crystals briefly before the back surface was not further investigated. We suggest
that the electric field of the actual and the reflected beam are overlapping leading to a
higher peak field at the end of the crystal/wafer.

The dependence of the damage threshold on low temperatures, on repetition rate and
on the wavelength is not fully understood and needs further investigation. Other groups
focus on this research topic as for example the investigation of repetion rate scaling by

Bach et al. [BaclT).

3.3.2. Laser systems

As THz generation is a nonlinear process, pump lasers with high pulse intensities are
necessary. In the experiments of this thesis two Ti:sapphire based laser systems are
used to generate the multi-cycle THz pulses. Ti:sapphire based laser systems are highly
developed systems generating ultrashort IR pulses typically centered at a wavelength
around A = 800 nm. Compared to other gain materials like Ytterbium doped materials,
Titanium Sapphire has a broad bandwidth allowing ultra short pulses in the fs-regime.
This subsection describes the two used pump lasers, the ”Legend Elite Cryo PA” and

ANGUS.

Cryogenically cooled CPA with a 1 kHz repetition rate

|:>[ Compressor ]:>[ THz setups ]

. . Cryogenic
. Regenerative Single-pass
Oszllator |==>> Amplifier —>"pa  [—> M%i;:mp =:>[ﬁymhe8izer

Figure 3.12.: Schematic of the "Legend Elite Cryo PA” laser system of Coherent, Inc.

used for THz experiments.
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The laser named ”Legend Elite Cryo PA” is commercially available from Coherent, Inc.
It is a cryogenically cooled chirped pulse amplifier (CPA) laser system producing broad
bandwidth, high energy pulses. In figure 3.12 a schematic overview of the system is drawn
with all stages of the system. The system is seeded by the ”"Vitara” oscillator producing
low power femtosecond pulses with MHz-repetition rate. The pulses are then amplified in
the ”Legend Elite Duo”, a regenerative amplifier combined with a single pass CPA, that
bring the pulse energy to the mJ-level and reduces the repetition rate to f,., = 1kHz.
Hereby the transform limited pulse duration is still 145 fs to reach the optimal bandwidth
but is stretched to ~ 150 ps to seed the last amplification stage. In the last amplification
stage the Ti:sapp crystal is cryogenically cooled to increase the possible output power due
to a better heat transfer in the crystal. The crystal is pumped from two sides to achieve a
good beam profile. The pulses are amplified to 22 W by a single pass through the crystal.
The cryogenically cooled CPA produces thus laser pulses with an energy of £ = 22mJ
at a repetition rate of 1kHz. The center wavelength of the laser is at A = 805 nm with
a bandwidth of 10nm. In an external laser compressor these pulses are compressed to a
pulse duration of 145 fs.

This system is used in our laboratory to seed a synthesizer producing ultra-short pulses
from the ultra violet (UV) to the MIR. The pump for the last stage of the synthesizer
with an energy of £ = 8mJ is used for the THz experiments. The external compressor is
close to the THz setups to allow a good beam quality at the experiments.

The broad bandwidth of this CPA laser system is used to generate THz pulses via
optical rectification. For this thesis the laser is used to generate narrowband THz pulse

with a train of compressed pulses (section 4).

ANGUS system

The ANGUS laser system is an improved version of the commercially available chirp pulse
amplfication (CPA) system ALPHA 5/XS 200 TW from THALES LASERS [Mail7]. The
system is based on Ti:sapp technology and produces broad bandwidth, high energy pulses.
The reliability and accessibility of the CPA was significantly improved by adding several
diagnostics, active pointing stabilization, and integrating it into a control system.

A schematic of the ANGUS laser system is shown in figure 3.13. A Venteon oscillator

with above 100 nm bandwidth and below 15 fs pulse duration at a repetition rate of
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Figure 3.13.: Schematic of the ANGUS laser system. Color key: light red: amplification

stages; red: experiments; green: pump lasers; blue: temporal influence.

83 MHz seeds the laser system. Furthermore, the time base for the remaining amplification
is set by the oscillator. The first amplification occurs in a regenerative amplifier to roughly
500 uJ after stretching the seed via an Offner-stretcher (Strecher 1). The regenerative
amplifier (Regen) is pumped with a portion of the first high energy pump laser JADE —
25 W at 1kHz and a center wavelength of 527 nm — and generates pulses at a repetition
rate of 1kHz. The temporal contrast of the pulses is increased in the so-called cross-
polarized-wave generation (XPW) stage. There the pulses are compressed in a grating
compressor (Compressor 1) and transmitted through a combination of a nonlinear crystal

and a polarizer, which cleans the intense central pulse.

Before entering the next amplification stage (Booster) the pulse is again stretched by
an Offner-stretcher — identical but larger than the first stretcher — setting mainly the
temporal properties of the laser as 2.3ps? for the group delay dispersion (GDD) and -
0.0044 ps® for the third order dispersion (TOD). The Booster, pumped by the JADE
pump laser, amplifies the stretched pulses to an energy of about 100 puJ. A Pockels cell

after the Booster reduces the repetition rate to 5 Hz to allow further amplification.

The next two amplification stages (PreAMP and AMP1) are multi-pass amplifiers with
5 and 3 passes amplifying the pulses up to an energy of 30 mJ and 1.2 J, respectively. The
stages are pumped by three 1.6 J pump lasers — so called SAGA 1, SAGA 2 and SAGA 3 —
where the PreAMP is just using 10% of SAGA 1. The uncompressed pulses out of AMP1
are used for the chirp-and-delay experiments. The stretched pulse duration is 240 4 20 ps.
The output energy of the AMP1 can be tuned by decreasing the energy of pump lasers.
With just SAGA 1 the energy is 70 mJ and SAGA 1 and SACA 2 generate 320mJ. The
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tunablility is useful for the THz experiments to minimize the risk of damaging optics due
to unused laser energy.

The final stage (AMP2) is again a 3 pass amplifier with an output energy greater
than 6 J pumped by GAIA, a frequency doubled Nd:YAG laser with an energy of 14J
at 5Hz. The 40nm broad pulses (full-width half maximum (FWHM)) are compressed
in a large in-vacuum grating compressor (Compressor 2) to below 30 fs for the laser-
plasma experiments. The system is optimized for the laser-plasma acceleration and has
therefore the possibility to optimize the spatial wavefront as well as the temporal shape
(DAZZLER). The system control is well engineered to achieve a reliable source for plasma-
wake-field acceleration with a high temporal contrast and a good focusability.

The ANGUS laser system is a high energy laser with up to 1.2J for THz experiments
and controlled output parameters. For this thesis the laser is used to generate high energy

THz pulses via chirp-and-delay pumping (section 5).
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3.4. Previous experiments on multi-cycle THz generation
with compressed femtosecond pump pulses

This section summarizes the results of Carbajo et al. [Carl5] which are relevant for the
measurements of this thesis. By generating narrowband THz pulses via optical rectifica-
tion, Carbajo achieved a record efficiency of 0.12%. The efficiency was increased with two
major steps: first of all, the crystal was cryogenically cooled to reduce the absorption of
the generated THz pulse and secondly the bandwidth of the pump laser was optimized to
generate an efficient but not too large bandwidth to avoid dephasing effects or an energy
transfer into odd harmonics [Carl5]. Cryogenic cooling of the crystal allowed a fivefold
efficiency increase due to the lower terahertz absorption at the generated frequency of
around 0.5 THz. The authors also verified that for optical rectification a forward and
backward propagating wave was generated (as described in section 3.1.2). In figure 3.14
(left) the EOS trace of the two waves is depicted. Hereby a bandpass filter was used to
select the frequencies higher (forward) or lower (backward) then 0.375 THz. The forward
propagating wave was the more dominant wave. By Fourier-transforming this wave via
a FFT into the frequency range the spectral amplitude of the generated THz wave could
be resolved (figure 3.14 (right)). The frequency of the three crystals with a poling period
of A = 400, 212 and 125 pum, which are used in this thesis, were measured. The peak
frequency of these PPLNs were vy = 0.276, 0.513 and 0.876 THz. The bandwidth for the
10mm long PPLN with a poling period of A = 212 um was measured to be 19.8 GHz at
room temperature and 18 GHz at 77 K. This bandwidth Ar was two times larger than
the lower bound of the acceptance bandwidth Av calculated via

where v is the THz frequency and N the number of periods in the PPLN. The absorption

reduces the effective length and therefore the bandwidth as also explained in section 3.1.6.
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pump pulses
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Figure 3.14.: Left: Processed EOS trace for the forward propagating wave (blue, v >
0.375THz) and the backward propagating wave (red, , v < 0.375THz) in a 5mm long
PPLN with a poling period of A = 212 um at room temperature. Right: Spectral
amplitude of 10 mm-long crystals with a poling period of A = 400, 212 and 125 ym and
the corresponding frequencies vy = 0.276, 0.513 and 0.876 THz.(data from [Carl5))
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3.5. Measurement tools

The setup of the multi-cycle THz generation is composed of several technical tools. This
section focuses on experimental equipments which are mandatory for all pump sources.
They cover the different purposes to measure for example the THz energy or the THz
frequency content or to cool down the crystal in the first place. Also the detection setups
designed to measure either the THz energy or the frequency content, if possible, are
described.

The characteristic parameters like optical input fluence (F), crystal temperature (T),
crystal length (L) and domain period (A) will not be detailled here but together with the

individual measurements.

3.5.1. Experimental setup for cryogenic cooling

The crystal length is one of the crucial parameters determining the efficiency of the THz
generation. As described in section 3.1.5 this length is not the actual length but the
effective length reduced by the absorption coefficient

Lesr = é 1 —exp(—al)l. (3.5.1)
This corrected length is named effective length of the crystal. As the absorption of the
generated THz pulse is depending on temperature of the optical crystal the effective
length is temperature dependant. While at room temperature the effective crystal length
is limited to a few millimeters (= 1.4 mm), the effective crystal length increases to around
5mm at cryogenic cooling to liquid nitrogen (LN,) temperature. Therefore the cryogenic
temperature allows to use even longer crystals and reduces the loss of the THz cycles
which are generated at the entrance of the crystal.

For the cryogenic cooling a commercially available Liquid Nitrogen Detector Dewar
from CRYO Industries is completed with a home-made cryo-chamber. Figure 3.15 shows
on the left side the cryo-chamber with the output window, normally an AR-coated fused
silica window. Inside the chamber the copper cryo-tail is mounted to the cryo-dewar
united with a 250 pm indium foil to compensate for irregularities. The cryo-tail is iso-
lated from the chamber to avoid a heat transfer by a small gap between the cryo-tail

and the cryo-chamber of 5mm. On the cryo-tail the PPLN crystal is mounted with an
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3.5. Measurement tools

Figure 3.15.: Left: Vacuum chamber for cryogenic cooling of the PPLN. Right: Cold
finger of a 2cm long PPLN.

Polyetheretherketon (PEEK) holder as depicted in figure 3.15 (right). The position of the
crystal is chosen in such a way that the output surface of the crystal is as close as possible
to the output window to be capable to collect as much as possible from the generated
THz pulse. This condition could be achieved by an asymmetric cryo-tail. The cryo-finger
offers the possibility to mount an aperture made of macor-ceramic at the front surface to
be capable to overfill the PPLN with the pump pulse. The distance between the aperture
and the crystal is ~5mm. Due to the asymmetry of the cryo-tail we need to build for

each crystal length a specific cryo-tail.

The crystal is mounted onto the cryo-tail with an indium foil of 250 pm to have a good
thermal contact between the cooper and the lithium niobate. The indium layer is able
to buffer the temperature forces and thus prevents cracking of the crystal. The ceramic
aperture should be always installed to prevent the PPLN to be coated either with indium
or with PEEK.

The cryo-chamber has on both sides of the PPLN an AR-coated window for the pump
wavelength. If the pump energy is low enough, the output window can be exchanged to
a TPX window. For the high power operation, TPX can not be used due to the damage
threshold of the TPX. Using the fused silica (FS) window as output window, the losses

at the fused silica window have been determined as 20% (see chapter 2.2.2).
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

With this setup the crystal can be cooled to liquid nitrogen temperature and is mounted

to collect as much as possible of the generated THz pulses.

3.5.2. THz collection and energy measurement

Once the THz pulses have been generated in the PPLN crystal they need to be collected.
Due to the relative small spot size compared to the wavelength of the THz beam, the
crystal can be assumed as a focus of the THz beam. As a first step in the collection
process the THz beam is collimated with either a parabolic mirror or a TPX lens and
then focused onto a pyro detector. If a parabolic mirror with a hole is used as the
collimation optic, this mirror can be also used to separate the IR pump from the THz
beam allowing to analyze the optical spectra at the same time.

A schematic drawing of one detection setup is shown in figure 3.16. When the beam
is larger than the hole in the off-axis parabola (OAP), normally 3 mm diameter, a Teflon
plate with a low effect on the THz pulse (see section 2.1.1) is used to block the spectral
IR components. The two OAP are aligned as 4f-imaging setup. This allows to focus down
the beam to the size of the original beam.

The energy of the THz pulse can be measured with a pyroelectric detector. In this

thesis three different pyroelectric detectors are used:

e the Gentec-EO Model THZ9B-BL-BNC as the most sensitive detector,
e the Ophir Spiricon Model 3A-P-THz as a well calibrated power detector and

e the Gentec-EO Model SDX-1152 as a fast detector, which can resolve pulses up to

a repetition rate of 1 kHz.

Drawback of the THZ9B is the slow response time of 11.2ms. This detector is specified
to be chopped with 5-25 Hz and is normally used for high repetition rate operation due to
the averaging usage. In the interest of using this detector at a laser with a repetition rate
of just 5Hz, Spencer W. Jolly determined the detector response for a single THz pulse
with a repetition rate of just 5Hz. The detector operates still in single pulse operation
at low repetition rates, but has a 90% lower voltage response compared to the specified
1kHz, chopped response. The detector voltage response of the THZ9IB is 0.96nJ/mV
at a 5 Hz system and 0.09nJ/mV at a 1kHz system chopped at 20 Hz. The detector is
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3.5. Measurement tools

teflon Figure 3.16: Schematic of the collection and energy-

\ OAP measurement setup. The off-axis parabola (OAP) is col-
pyro

w B detector limating the THz beam and focus it on the pyroelectric

cryostat ,p detector.

protected with a piece of PE to prevent the detector from scattered or direct pump light
and its second harmonic. Due to the absorption of THz energy in PE (see section 2.2.2),
the detector has a voltage response of 1.61nJ/mV at the repetition rate of 5Hz and of
0.1515nJ/mV at a repetition rate of 1kHz chopped at 20 Hz.

The Ophir detector measure the THz power directly. The protective PE piece has to
be considered and calibrated at the THz source directly. Drawback of this detector is
the necessary high repetition rate (15pW - 3W) or energy (20 pJ - 2J) to be capable to
detect the THz pulses.

The Gentec SDX-1152 has a calibration factor of 6nJ/mV and with the protective PE
piece around 10nJ/mV if the losses at the PE piece are assumed to be 60%.

All used detectors are cross-calibrated to the Ophir power meter at exactly that point
where the power meter was calibrated. Therefore all presented results are cross-calibrated
energy measurements.

All measured THz energies presented in this thesis are an average of at least 10 pulses

to minimize statistical errors on the measured THz pulses.

3.5.3. THz energy and efficiency calculation

To compare different setups is quite difficult as the THz pulse energy of a setup is not
uniquely defined. A better descriptor to compare different setups to each other is the

conversion efficiency

ETHZ
= 3.5.2
n= (3.5.2)

pump

the relation of the THz and pump energy. For an even more precise comparison, the losses
at different parts of the generation process need to be taken into account to distinguish
between the engineering factors and the actual performance of the setup. In figure 3.17 a
representation is outlined to explain the calculation of the THz energy and the conversion

efficiency in the following paragraph.
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

Figure 3.17.: Sketch to explain the calculation of the internal vs external efficiency and

THz energy. The sections (A)-(I) are described in the text.

The energy of the laser E4 is measured in A before entering the generation setup. If a
cryo-chamber is installed, the fused silica (FS) windows in part B and E are indispensable
for the calculation. The input window in B is AR coated for the IR pump. Therefore the

pulse energy £, is varied by
Ep = Ea-Trsir, (3.5.3)

where Trg r = 99.8% is the transmission of the AR-coated F'S window. The mask, which
is installed in front of the crystal (C) has a transmission 7},.. depending on the laser
beam size and the mask dimensions. The transmission has to be measured at every setup
to ensure the right amount of pump energy. With the transmission of the mask the pump

energy which determined the pump fluence Fj,,,,, can be calculated via
Ec=LEp - - Thask = Ea-Trs  Tnask = Epump = Fpump ) A7 (354>

where A is the size of the beam behind the mask.

The last influence on the pump pulse is the transmission loss at the input surface of the
lithium niobate crystal (D a). The refractive index of n;g &~ 2.17 results in a transmission
of Trnrr = 0.85 calculated via equ. 2.1.14 as long the crystal is not AR coated. Therefore
the energy in the PPLN crystal is

ED,a = Epump : TLN,]Pm (355>

which is relevant for the efficiency calculation. The pump energy E,,,, generates a THz

pulse with an energy of
Ep =1 Epump. (3.5.6)

This efficiency 7 is in this thesis defined as the "internal” efficiency. The ”internal”

efficiency is the ideal efficiency as all effects resulting from engineering factors like as

64



3.5. Measurement tools

example AR coatings are neglected. This "internal” efficiency is easier to compare to the
simulations. In the experiments of this thesis the "internal” efficiency is named conversion
efficiency or efficiency without the extension of ”internal”.

Due to the high refractive index of nrg, &~ 5 in lithium niobate in the THz range, the
transmission loss is T n,rm. = 0.55 (see section 2.1.1). The THz energy after the PPLN

is reduced to
ED,b = FEp - TLN,THZ = FErn.. (3-5'7)

In this thesis this energy Erp. is the presented value if nothing else is mentioned. The
additional transmission losses on the THz energy at the F'S window (Trsrm.), the Teflon
plate (Tr) and the TPX lens (Trpx) are highly depending on the generated frequency
and thickness as explained in section 2.1.1. If the TPX lens is replaced by two OAPs
to detect the energy, this loss has to be taken into account. The energy infront of the

detector calculates as
Eg =Epy-Trsrr: T Trpx. (3.5.8)

Using the THz signal U at the detector, which is displayed in (I), the THz energy before
the detector can be calculated with the voltage response of the detector r4 = 1.61nJ/mV

as
Ey=U-rg (3.5.9)

To conclude, the generated THz energy and the ”external” (7.) as well as the ”internal”
(n;) conversion efficiency can be calculated via

Td

Prns = Trsri- - Tr- Trex v (3:5.10)
Ery.
Ne = s ] (3.5.11)
Td
" Trazw Tr - Trox By (3512
= Epump - vaT,:' TiNTH- (3:5.13)
UE
" Tynir Tonrms (35.14)
ld U (3.5.15)

Tingr - Tonra: * Trsra. - Tr - Trpx  Epump
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3. Overview of multi-cycle terahertz generation in periodically poled lithium niobate

After calibrating all transmission losses experimentally the THz energy and the con-
version efficiency are just depending on the input energy and the detector signal. The

calibration is repeated at all THz generation setups to provide a consistent procedure.

3.5.4. Frequency measurement

The generated THz pulse is defined by its frequency. There are two options to measure
the frequency: first of all via EOS or second via an interferometric measurement. We
use the second principle. For the high energy lasers like ANGUS the EOS is less suitable
as it is not easy to get a compressed laser pulse which is synchronized to the chirped
driver pulse. Therefore an interferometric setup was build as depicted in figure 3.18. The
setup is based on a Michelson interferometer and uses a 3.5 mm silicon (Si) wafer as beam
splitter (BS). Si has a splitting ratio of ~50% in the THz range.

After dumping the IR in the Teflon plate,
the generated THz pulse is collimated with
a TPX lens (f=100mm) and transported

—— Cryostat

to the interferometer. The Si-BS splits including
aperture

the beam into two arms. Two silver mir- & PPLN
Teflon 8mm

rors, one of these is mounted on a mo-

——— TPXlens

torized translation stage, are reflecting the f=100
) ) ) . . .. Ag mirror
two arms back and the 5i-BS is combining on motorized stage
— ; pyro Si beam
them. The second TPX-lens (f=150 mm) is oy TPXlens spliter €=

f=150
then focusing on the pyroelectric-detector.

The setup is aligned, so that both arms are Ag mirror

equally long if the motorized mirror is ap- Figure 3.18.: Setup for the THz interfer-
proximately in the middle of the stage. In ometer to measure the THz frequency.
this case the full beam can be character-

ized as long as the stage is long enough. When the stage is traveling the two arms are
interfering with each other and generate an interferogram. In general, if the delay arm is
traveling a distance d the delay between both arms is Aw = 2d, which correspond to a
wavelength A = 2 Aw. The time delay between the two arms can be calculated as
_Aw

c

At (3.5.16)
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3.6. Summary

As the generated pulses are narrowband, also a short measurement over some interference

L

sa;- Lhe interference pattern can be fitted

peaks already determined the frequency v =

via

d
I(t) = Iy + Csin(2mv(t — 1)), (3.5.18)

I(z) = Io + C'sin <WM> or (3.5.17)

depending on the delay axis. The frequency and the wavelength can be approximated if
a short interference pattern is measured. The precision increases with a longer duration
of measurement until the whole pulse is evolved. The precise calculation of the frequency
and the wavelength is achieved by a FFT of the interference pattern.

Evolving the whole pulse allows to measure also the pulse duration of the THz pulse
Traz. The envelope of the interference pattern is a convolution of two THz pulses with
the same pulse duration. The FWHM of the envelope of the convoluted pulse is thus v/2
times shorter than the pulse duration of the THz pulse. This measurement is limited by
the collimation of the THz pulse: the longer the pulse gets the longer the THz has to
travel collimated, which is challenging for this wavelength. Therefore the measured pulse
duration is a lower bound of the actual duration.

The interferometer is capable to measure the frequency of the THz pulse as well as
the lower bound of the pulse duration and is a necessary detection setup to prove the

narrowness of the pulses as well as the generated frequency.

3.6. Summary

This section provides an overview about multi-cycle THz generation in periodically poled
lithium niobate. The theoretical background of quasi phase-matching and THz generation
via OR or DFG is introduced. The general experimental resources such as the crystals
and the pump lasers and the measurement tools necessary to conduct the experiments
are explained.

The experiments to increase the THz energy by either pumping with a train of com-
pressed pulses or pumping with chirp-and-delayed pulses will be discussed in the next two

chapters.
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4. Generation of multi-cycle THz

pulses via pulse-train pumping

This chapter describes how narrowband THz pulses are generated via optical rectification
of compressed pump pulses in a periodically poled lithium niobate crystal. By using a
train of pulses instead of a single pulse the pump intensity is reduced while maintaining
the total incident pump fluence. This proof of concept shows that a sequence of pulses
enhances the generated THz energy without damaging the crystal. The concept of optical
rectification with a train of pulses and the results with a pulse-train with two pulses of

equal energy followed by several lower-energy pulses are described in the following sections.

Figure 4.1: Schematic drawing to illustrate the

THz generation via pulse-train pumping.

4.1. Concept of pumping with a sequence of pulses

The efficiency of THz generation via optical rectification in a PPLN is proportional to
the energy of the pump pulse (see section 3.1.3). By splitting the energy of the pump
pulse into N equally distributed pulses the energy of each pulse is 1/N. Each of the pulses
generates a THz pulse with 1/N? of the energy of the single pulse as the energy and the
efficiency are reduced by 1/N. This is valid only if the energy is low enough that the

efficiency is linearly varying with pump fluence, which is the case for low pump fluences.
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4. Generation of multi-cycle THz pulses via pulse-train pumping

/\/UU\ » Figure 4.2: The THz waves delayed by a time delay
At = 1/v to each other are constructively interfering
in the PPLN.

The field of each THz pulse is thus reduced by 1/N. Each of the generated THz fields
add coherently if the delay At between the pulses is tuned to the optimal delay At,,

1
Atopt == ;, (411)

where v is the phase-matched frequency of the THz pulses in the PPLN (see figure 4.2).
The superposition of the N generated THz fields is V - 1/N and therefore equals the field
generated by a single pulse.

However, if the pump energy is so high that the efficiency is saturated, the splitting into
several pulses is just changing the energy of the input pulses. The energy of each THz
pulse is reduced by 1/N as the efficiency at 1/N of the energy is unchanged. Coherent
addition of the generated THz fields leads to an overall efficiency of 1, = IV - 1, where
is the efficiency of the single pulse.

The limiting factor for going to higher pump energies is the damage threshold of the
PPLN. The efficiency maximally achievable can also be explained with the damage fluence
of the erystal. The damage fluence scales with the square root of the pulse duration /7
[Boy03]. Therefore, a train of N pulses with an effective damage threshold pulse duration
7, = N7 can be loaded with V'N times more fluence. The damage peak intensity of the
train of N pulses with equally distributed energy is than 1/\/N times the peak intensity
of a single pulse [Rav16b]. The conversion efficiency at the same energy is enhanced by
N/\/N = V/N. The efficiency maximally achievable is limited to VN - VN = N times
the efficiency 77 due to the possible higher energy load. The generated terahertz wave has
a higher peak-field due to the constructive interference.

The high absorption coefficient of lithium niobate at room temperature of o = 7em ™
at a frequency of 0.56 THz has to be taken into account as its limits the coherent addition.

The total electric field E%){Z is then

By, = By, + B, - e+ B, e 4 (4.1.2)
_ Er(flI}IZ + E’(I‘QI—)IZ . e—a'AtoptC/niIR + E”(f?)IEIZ . e—2-a-AtoptC/nfR +..., (413>
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4.2. Experimental setup
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Figure 4.3.: Pulse-train setup using a combination of partial reflector (PR) and high re-
flector (HR) to generate a pulse-train with a pulse pair plus lower-energy trailing pulses
(inset). KEY: A/2: half wave-plate; TFP: thin film polarizer; A/4: quarter wave-
plate; L: lens; PPLN: periodically poled lithium niobate; OAP: off-axis parabola; PE:
polyethylene.

where d is the distance in the PPLN between the two IR pulses. In the experiment a 38%
partial reflector is used to generate two pulses with equal energy followed by several lower
energy pulses. Considering the absorption in lithium niobate the efficiency increases by
a factor of (E%)J[Z/ESP)2 = 2.67 for this train of two pulses of equal energy followed by
lower energy pulses compared to a single pulse. The pulse-train pumping opens a new

opportunity to increase the overall efficiency of the optical rectification.

4.2. Experimental setup

Figure 4.3 shows the pulse-train setup schematically. A Ti:sapphire (Ti:sapp) cryogenic
cooled chirp pulse amplification (CPA) laser system with an energy of up to 8 mJ at 1 kHz
repetition rate is used as the pump source for the THz generation. The Ti:sapp laser pulses
are compressed to pulse duration of 176 fs with a center wavelength of A = 807.5nm. The
part of the experimental setup where the pulse-train is generated consists of a 38% beam
splitter (BS) and a high reflector (HR) generating a pulse-train with two equal pump
pulses and several additional lower-energy pulses (figure 4.3 inset). This combination
allows us to use the full input energy and to generate two identical pulses. A tunable
delay At between these two mirrors allows to match the time period Tj corresponding to

the phase-matched terahertz frequency vep.
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4. Generation of multi-cycle THz pulses via pulse-train pumping

By using a thin film polarizer (TFP) and a quarter-waveplate (A\/4) the full energy
which is transmitted through the TFP is reflected on the way back. This combination
of optical elements protects the laser from backreflections and allows a finetuning of
the energy with the half waveplate (A\/2) in front of the TFP. The pump beam size is
adjustable with a telescope in front of the PPLN. The polarization of the pump pulse
has to match the axis with the highest nonlinear coefficient (c-axis) to efficiently generate
THz pulses. A half-waveplate in front of the PPLN allows tuning of the polarization. In
this experiment PPLN crystals of poling periods A = 400, 212, 125 pm with an aperture
of 3 mm x 10 mm and a length of 10 mm are characterized. The beam size is restricted to
1.5 mm (1/e?) radius at the input facet of the crystal with a ceramic mask. To increase
the pump fluence on the crystal the telescope can be used. The THz beam is imaged with
two 90° off-axis parabola (OAP) onto the pyro detector to measure the THz energy. The
first OAP has a hole at the center to transmit most of the pump energy and to allow an
analysis of the transmitted pump pulse. The residual pump energy is blocked either by a
3mm thick polyethylene window (PE) with a transmittance of 66% at the THz frequency
range or a 10 mm Teflon window with a transmittance of 76%. The terahertz power is
measured with a pyroelectric terahertz detector (Gentec-EO, THZ9B or SDX-1152) with
a PE window. The losses of the OAP, the PE or the Teflon and the Fresnel losses for THz
at the output face of the PPLN are accounted.

4.3. Measurement of THz frequency

The poling period, A, defines the generated terahertz frequency, v, according to:

c
= 4.3.1
v Qﬁna (3 )

where An is the difference between the group velocity index of the pump pulse and the
refractive index at the desired THz frequency (see section 3.1.2). Carbajo et al. [Carl5]
verified for the poling periods A = 400, 212, 125 pm which are also used for this experiment
the phase-matched frequencies of v = 275 GHz, 513 GHz and 867 GHz, respectively. The
pulse-train concept is also well suited to measure the frequency of the generated THz
pulse as the optimal delay is inversely proportional to the frequency of the THz pulse.
While varying the delay between the pulses by moving the beam splitter, the generated
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Figure 4.4.: Normalized THz energy vs. pulse train delay for 10 mm long PPLNs with
A = 400, 212, 125pm at 300 K. Maximal energy at delay of 3.5ps, 1.8ps, 1.1 ps and
corresponding peak frequencies of 285 GHz, 535 GHz and 899 GHz. [Ahrl6]

terahertz energy for each of the PPLNs is measured. Figure 4.4 shows the normalized
terahertz energy as a function of relative delay between the two pulses of the pulse train
for different poling periods. At the delay At,, corresponding to the inverse of the phase-
matched frequency the generated THz pulses interfere constructively. In table 4.1 the
results are summarized.

As expected, the measured time delay between the pulses and the corresponding tera-
hertz frequencies v = 284 GHz, 538 GHz and 901 GHz match the expected values within
the measurement uncertainties. An autocorrelator is used to measure the pulse train at
the measured optimal pulse delay for the THz generation with the 212 pum poled PPLN
crystal. The time delay between the pulses is 1.92ps corresponding to a frequency of
521 GHz matching the expected value. As seen in figure 4.4 for the 212pm and the
125um PPLN the maxima of the THz energy are decreasing for higher pulse delays. The
decay for a longer delay between the pump pulses can be explained by the THz absorption
in the PPLN-crystal. This effect has increasing relevance for higher THz frequencies as
the THz absorption coefficient is increasing with higher frequencies (see section 2.2.1).

The first part of the experiment already proves, that constructive interference of the

generated THz pulses occurs at the expected time delay between the pulses.

4.4. Efficiency increase

The concept of pulse-train pumping is mainly important for high intensities close to

damage threshold. As the literature values for the damage threshold of lithium niobate
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4. Generation of multi-cycle THz pulses via pulse-train pumping

THz frequency by EOS | Poling period | Pulse delay | THz frequency by pulse-train
275 GHz 400 pm 3.52 ps 284 GHz
513 GHz 212 pm 1.86 ps 538 GHz
867 GHz 125 pm 1.11 ps 901 GHz

Table 4.1.: Measured frequency via EOS ([Carl5]), corresponding poling period and mea-
sured pulse delay in the pulse-train experiment as well as the calculated THz frequency

via equ. 4.1.1 for three different PPLNs.

are not fully consistent [Mas71, Fur91, Men16], the damage threshold for the pulse train
and for the single pulse in the experimental configuration has to be measured. A x-cut
magnesium oxide doped lithium niobate wafer is used to determine the damage threshold

in both pumping schemes:

e for single pulse pumping the wafer damaged at a fluence of 80 mJ/cm?

intensity of 454 GW /cm?,

or a peak

e for the pulse-train the wafer damaged at a fluence of 164 mJ/cm? or a peak intensity

of 354 GW /cm?.

The damage threshold is observed by the scattered light introduced by the surface damage.
The following measurements are done ~20% below the measured damage threshold of the
wafer to reduce the risk of damage.

In figure 4.5 the extracted THz energy and the internal conversion efficiency for the
pulse-train and for the single pulse are depicted. Compared to the single pulse pumping
the pulse-train allows a higher pump fluence on the PPLN resulting in a higher output
energy. An energy of around 0.85J is achieved by pumping with the pulse-train. This
result is comparable to the results of 11nJ achieved by Carbajo et al. [Carlb] where the
single pulse generation is optimized by cryogenic cooling of the crystal and optimizing the
pump pulse bandwidth. The efficiency of the single pulse pumping is already saturating
at 0.02% whereas the the pulse-train saturates at 0.05%. Therefore the efficiency of the
pulse-train is 2.6 times higher than for the single pulse. This high increase is a result of
the coherent addition combined with the absorption in lithium niobate.

The PPLN with a poling period of 212um has the best performance compared to
the other two crystals (see figure 4.6). The efficiency is depending on the frequency
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Figure 4.5.: THz energy (left) and internal conversion efficiency (right) of a pulse-train

(blue) and a single pulse (red) for different pump fluences.
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Figure 4.6.: THz energy generated at the optimal delay with a pump energy of 4.75 mJ for
10 mm long PPLNs with a poling period of 400, 212 and 125 pm with generated frequency
of 0.284,0.538 and 0.9 THz, respectively. The efficiency at the low frequency suffer from
the frequency dependence Q2 and at the higher frequencies from the absorption coefficient

Q.

and the absorption: the lower the frequency the lower the efficiency of the process and
the higher the frequency the stronger the material absorption. The first measurements
are done with a 5mm long PPLN with a poling period of 212 um at relative low pump
fluences of 22mJ/cm?. Hereby, the optical-to-terahertz conversion efficiency reaches n =
2.9 x 10™*, which matches the conversion efficiency achieved with a single pulse with the
same total fluence and higher peak intensity. This experiment is in good agreement with
the theoretical prediction for the case of unsaturated efficiency as described in section
4.1. The achieved efficiency with the 5mm long PPLN is higher than for the 10 mm long
crystal. This length scaling was also measured by Carbajo et al. [Carl5].
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Figure 4.7.: THz energy (left) and internal conversion efficiency (right) of a pulse-train

(blue) and a single pulse (red) for the peak intensity calculate via equ. 4.4.1 and 4.4.2.

The benefit of pumping with a pulse-train is even more striking looking at the THz
energy versus the peak intensity. In figure 4.7 the THz energy and the internal conversion
efficiency for different peak intensities are shown. The peak intensity of the single pulse

(Isp) and of the pulse-train (/pr) are calculated via

2a - FE
2a - E
Ipr = 0.38 p:' =, (4.4.2)

where A is the 1/e? beam area (beam diameter is 2.92mm), p2a is the measured peak-
to-average factor (2.4), 7 is the measured pulse duration of 176 fs (7iac = 279fs) and E
the measured energy of the pump pulse. The peak intensity of the pulse train decreases
by the factor of 38% due to the splitting ratio. Close to the damage threshold intensity
the efficiency of the pulse-train saturates and is increased by the factor of 2.6 compared
to the single pulse.

Besides the energy analysis, the spectral analysis in the infrared enables to predict the
intrinsic efficiency. Figure 4.8 shows the measured input and output spectra at a pump
energy of 3.5mJ. The optical input spectrum (blue solid line) has a center wavelength of
807.5nm and the output spectra (red solid line) has a red-shift coming from the cascading
due to the THz generation. A part of the photon energy of the input pulse (shadowed blue
area) is shifted to higher wavelength (shadowed red area). The center of mass is at A =

821.1 nm corresponding to a frequency shift of 6.12 THz. Therefore the maximal efficiency
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Figure 4.8.: Optical input (blue solid line) and output (red solid line) spectra measured
at an energy of 3.5mJ. The measured conversion efficiency for the THz is n = 0.04%.

The shadowed area is a guide to the eye for the cascading
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Figure 4.9.: Output spectra at a pump energy of 3.5mJ with the broaden pump pulse

(red line) and the generated, low power second harmonic (blue line) scaled by 10.

calculated from the frequency shift is 7; = 1.65% (see equation 3.1.22). The difference
between the intrinsic efficiency and the measured efficiency (n = 0.04%) is remarkable.
It is explainable with the losses due to absorption in lithium niobate decreasing the out-

coupled THz energy and influencing the coherent addition.

Second harmonic generation

At this experiment it is also possible to check if the second harmonic generation (SHG)
is also phase-matched. In figure 4.9 the normalized output spectrum is shown around
800nm and zoomed in around 400 nm. The SHG spectra centered at 405.3nm is wider
with a bandwidth of 15 nm. The SHG has just an efficiency of 1.4% confirming a phase-
mismatch as for a phase-matched SHG the efficiency would be in the order of 42% [Mil97]
or even 81% [Min05].
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4. Generation of multi-cycle THz pulses via pulse-train pumping

4.5. Conclusion and outlook

The concept to increase the efficiency of generating narrowband terahertz radiation in pe-
riodically poled lithium niobate by lowering the peak power while maintaining the peak
fluence is experimentally proven. Comparing pulse-train pumping and single pulse pump-
ing, an efficiency increase of a factor 2.6 was achieved in a PPLN with a poling period of
212 pm at room temperature. The maximal efficiency of 5 x 10~ may be further improved
by cryogenic cooling of the PPLN, which leads to a fivefold efficiency increase [Carl5].
This concept allows new possibilities to increase the pump fluence without damaging the
crystals while achieving higher terahertz energies. Further improvements are expected by
increasing the number of pump pulses with the optimal delay. Optimizing the energy dis-
tribution in the pump pulse-train may also offer opportunities to fine-tune the generated

terahertz waveform.
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5. Generation of multi-cycle THz
pulses with the chirp-and-delay

pumping scheme

High energy narrowband terahertz pulses in the mJ-level provide access to several ap-
plications like electron acceleration or THz spectroscopy. As the Manley-Rowe relation
limits the conversion efficiencies from the IR to the THz range to the range of 1073, op-
tical pump sources in the Joule-level are required. The ANGUS system provides access to
broadband, high energy pulses up to an energy of 6 J. By using the uncompressed laser
pulses of the ANGUS system to pump the PPLN with high energy the aimed high energy

THz pulses are generated. This section will describe three experiments:

e The technique of chirp-and-delay and the results at the setup with a pulse train
generated by a partial and high reflector (section 5.1). The challenges of the first

experimental setup will be discussed (section 5.2).

e The chirp-and-delay setup with two identical pulses generated by a Mach-Zehnder

interferometer and the achieved results (section 5.3).

e The 2-pulse, chirp compensated setup with the first measurements to circumvent

the challenge of having higher order dispersion in the uncompressed pulse (section

5.4).

Figure 5.1: Schematic drawing to illustrate the THz gen-

eration via chirp-and-delay pumping
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5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

5.1. Narrowband terahertz generation with
chirped-and-delayed laser pulses in periodically poled

lithium niobate!

The last couple of decades have seen a tremendous surge in development of terahertz
(THz) sources of high energy and high-peak field for applications ranging from linear
and nonlinear THz spectroscopy [Heb08], to compact, THz-based electron acceleration
[Nan15]. For spectroscopic applications, the low energy of THz photons enables non-
ionizing time-resolved studies of material properties [Kam13], while for electron accelera-
tors, the millimeter scale of THz radiation offers the advantages of compactness and high-
acceleration gradients which are beneficial for driving ultrashort X-ray sources. Optically
generated THz pulses based on difference frequency generation (DFG) are exceptionally
promising for these applications due to the high efficiencies, high peak fields and high
degree of tunability they offer. With the development of the tilted pulse-front technique
[Ste03], percent-level optical-to-THz conversion efficiencies have been achieved — using
Fourier limited broadband near-infrared (NIR) drivers incident on bulk lithium niobate
(LN) — enabling generation of single-cycle pulses in the mJ-range. By comparison, the
performance of equivalent sources of multi-cycle THz pulses has lagged behind. Multi-
cycle pulses, which have narrower bandwidths and longer pulse durations in the order of
tens of picoseconds, offer complementary parameters relative to single-cycle pulses, and
are advantageous for applications such as driving linear accelerators [Nanl5] and tuned
excitation of specific material transitions [Bec13]. Recent work in THz generation has
therefore seen a greater emphasis on development of efficient multi-cycle sources.
Among the primary challenges are achieving high conversion efficiencies and scaling to
high energies. High efficiencies in nonlinear optical conversion processes require high inci-

dent optical intensities and management of the phase mismatch between optical and THz

IThis subsection reproduces the paper Narrowband terahertz generation with chirped-and-delayed laser
pulses in periodically poled lithium niobate, F. Ahr, S. W. Jolly, N. H. Matlis, S. Carbajo, T. Kroh, K.
Ravi, D. N. Schimpf, J. Schulte, H. Ishizuki, T. Taira, A. R. Maier, and F. X. Kartner, Optics Letters
42(11), 2118 (2017) [Ahrl7]. Together with S. W. Jolly and S. Carbajo I planned the experimental
setup. S. W. Jolly and I setup the apparatus, conducted the experiments and performed the data

analysis. Together with the other authors, I discussed the results and wrote the published article.
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5.1. Narrowband terahertz generation with chirped-and-delayed laser pulses in PPLN

waves, which tends to be large in most nonlinear materials due to differences in the lin-
ear index for the two waves. Quasi-phase matching in PPLN has emerged [Lee00, Wei0l,
Vod06] as a promising candidate for phase-matching in narrowband THz generation due to
the large second order susceptibility, x2, of lithium niobate. Recently, conversion efficien-
cies up to 0.12% and THz energies of ~ 1uJ were demonstrated by using Fourier-limited
femtosecond pump pulses with optimized bandwidths and by using cryogenic cooling to
minimize THz absorption in the PPLN crystal [Carl5]. To produce the mJ-level THz
pulses needed for acceleration applications [Nanl5], however, pump pulses in the range of
1 Joule are required. But scaling to Joule energies with short pump pulses is problematic
because the incident energy is limited by the optically-induced damage threshold and by
the limited aperture of commercially available PPLNs. A solution is thus to increase the
pump pulse duration to allow greater energy to be carried without exceeding the intensity
threshold for optical damage.

Temporally stretching of the NIR pump, as proposed in [Vod06, Rav16b], offers one
method to increase the pulse duration and therefore scale up the pump-pulse energy. A
side effect of chirping, however, is that the instantaneous spectral content of the optical
pulse is reduced, limiting the nonlinear conversion process that requires simultaneous pres-
ence of optical photons with frequencies separated by the frequency of the generated THz.
This effect can be compensated by adding a second chirped pulse with an appropriate

delay to provide the required instantaneous spectral content.

The chirp-and-delay concept was first described in 1994 to produce tunable, narrowband
THz waves via photoconductive antennas [Wel94]. Chirp-and-delay has been used to
produce higher energy pulses of 10 uJ [Chell] in a hybrid approach employing the tilted
pulse front technique. These pulses contained around 10 optical cycles and are thus not
ideal for applications requiring very narrow-band radiation, like electron acceleration.
Here, we demonstrate use of chirp-and-delay in combination with a periodically poled
medium for the first time and generate record energies of narrow-band multi-cycle THz
radiation. We investigate PPLN with varying poling periods and crystal lengths and
study the effect of cryogenic cooling on the conversion efficiency.

DFG requires the presence of two distinct frequency components overlapped in space
and time. These components can be provided by a single pulse of sufficiently large band-

width or by two narrow-band pulses with distinct central frequencies. In the chirp-and-
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5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

delay concept, two narrow-band components are provided by broadband but chirped
pulses combined with well-defined temporal delay, At, as schematically illustrated in
Fig. 5.2a. In this case, the instantaneous angular frequency of each pulse varies linearly
in time, but the instantaneous angular frequency difference, Aw, is fixed by the delay and

the chirp rate as shown in Fig. 5.2b. The delay can then be tuned so that Aw(At,y) = Q,

(@) At (b) At
/\ w //
A t

Figure 5.2.: a) Conceptual temporal arrangement of collinear chirp-and-delay pulses. b)

>

Wigner-plot illustrating the spectral content of the chirp-and-delay pulses vs. time.

where Aty is the optimal delay to achieve the desired THz frequency (2. Assuming a
second order spectral phase coefficient, i.e. group-delay dispersion (GDD), of ¢9, which

is equivalent to a linear chirp rate of 1/¢9, the optimum delay is
Atopr = Q . (5.1.1)

Optimizing THz generation in periodically poled crystals requires Aw to be tuned to the
phase-matched THz frequency, vy, = €2/27, which is primarily determined by the poling

period according to

2rc

Q= —"°
AJn(92) = ngl

(5.1.2)

with ¢ the speed of light, A the poling period, and n({2) and n, are the phase and group
refractive indices for the THz and IR waves respectively [Fej92, Yam93]. To a lesser extent,
Q) is also determined by the temperature through the temperature-dependent indices of
refraction [Yull, Carl5]. The relative THz bandwidth, A/€2, and hence the number of
cycles generated, N, is decreasing with the crystal length L [Vod06, Cao09]. By contrast,
in narrowband THz generation with bulk LN, where direct phase matching via a tilted
pulse-front pumping takes place, the THz pulse length, and thus the number of optical
cycles, is directly defined by the IR pulse duration [Chell].

Experiments were done using the ANGUS 200 TW double CPA, Ti:Sa-based laser system

providing 5J pulses at 5 Hz, compressible to 25fs. The spectrum was centered at 800 nm
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5.1. Narrowband terahertz generation with chirped-and-delayed laser pulses in PPLN

with a 35 nm FWHM bandwidth, resulting in chirped pulses of 260 ps FWHM, duration

and GDD of ¢ = 2.3 ps? before compression. A train of pulses of identical, nearly linear
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Figure 5.3.: a) Chirp-and-delay setup using a combination of partial reflector (PR) and
high reflector (HR) to generate a chirped pulse pair plus lower-energy trailing pulses. b)
THz pulse energy measurement setup. ¢) THz frequency measurement setup based on
Michelson interferometer. KEY: WP: half wave-plate; L;: sagittal lens; L;: tangential
lens; OAP: off-axis parabola; Lypx: TPX lens; M: Silver mirror; Si BS: silicon beam

splitter.?

chirp and tunable delay was created from the uncompressed beam by using a 38 % partial
reflector (PR) mounted on a delay stage with the PR coating facing a high reflector (HR),
as shown in Fig5.3a. This combination resulted in two pump pulses of approximately
equal intensity followed by a series of pulses with significantly lower energies originating
from the multiple reflections. The energy of the pulses was tuned using a waveplate
and two thin film polarizers (not shown), while a second half-waveplate (WP) matched
the polarization of the chirped-and-delayed pulses to the optical axis of the PPLN. Two
cylindrical telescopes matched the beam shape to the clear aperture of the PPLN: the
tangential and sagittal telescopes reduce the vertical and horizontal beam size to 3 mm
and 10mm, respectively to match the aperture of the PPLN. The PPLN was mounted
in a cryostat for cryogenic cooling using liquid nitrogen to reduce THz absorption in the
crystal. A ceramic aperture installed inside the cryostat just in front of the PPLN input
surface mitigated the heat load and acted as a mask to shape the beam and ensure it
wasn’t clipped by the crystal. The entrance and exit ports of the cryostat were fused silica

windows anti-reflection (AR) coated for 800 nm. The transmission ratio of the windows

2Figure is slightly modified compared to paper to match the page size
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5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

for THz pulses was calibrated independently, and was found to be 80% in our frequency
range.

THz was generated using PPLN crystals of four different poling periods: A = 125 um,
212 pm, 330 pm, and 400 pm, obtained from HC Photonics (excluding the PPLN at
330 pm, which is provided by Prof. T. Taira). To measure the THz pulse energy, two 2”
gold-coated off-axis parabolas of 4”7 focal length were used to collect the THz and focus
it onto a pyro-detector (Gentec-EO: THZIB-BL-BNC). In an interchangeable setup, the
frequency of the THz was measured using a Michelson interferometer with a 3.5 mm thick
silicon wafer as a beamsplitter and a variable delay on one arm. The THz was collimated
into the interferometer using a 100 mm focal length TPX lens. The interference pattern
was determined by focusing the THz with a second TPX lens onto the pyro-detector and
scanning the variable delay. An 8 mm thick teflon plate (THz transmission of 80 %) was
used to dump the IR pump before the THz detection setups and to allow measurement
of the transmitted optical spectra using an HR4000 fiber spectrometer (Ocean Optics).

In order to verify the chirp-and-delay mechanism we measured the dependence of the
optimum delay on the frequency of the generated THz, which, from Eq. 5.1.1, we expect to
be linear. The THz frequency was varied by using crystals of different poling period, and
the THz output was measured as a function of the delay, (by scanning the position of the
PR), for each of the four poling periods (Fig.5.4). Panel 5.4a) shows that the optimum
delay depends inversely on the poling period, as expected from Eqns.5.1.1&5.1.2. We
note the development of additional substructure for higher delays, which we attribute to
the presence of residual third-order dispersion in the chirped pulses and the presence of a
pulse train from the HR/PR combination rather than the ideal case of two isolated pulses.
A detailed analysis of these effects has been done, but is beyond the scope of this work
and will be presented elsewhere [Jol17]?.

The connection between the poling period and the THz frequency is well established,
and has been measured previously [Carl5]. For completeness, however, the frequency of
the THz generated by the 330 um and 212 um poling period crystals, (which produced
the larger signals), was measured using the interferometer. Figures 5.4b & ¢ are showing
these interferometic traces, which are subsets of longer measurements, that show greater

than 60 cycles for the 330 yum PPLN. Using sinusoidal fits, THz wavelengths of 0.83 mm

3 Analysis is done in section 5.2
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5.1. Narrowband terahertz generation with chirped-and-delayed laser pulses in PPLN
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Figure 5.4.: a) Normalized THz signal vs. delay for PPLN poling periods of 400 um,
330 pm, 212 ym and 125 pum. b) & c) Interferometer data (dots) and sinusoidal fits
(lines) for crystals of poling period 330 um and 212 um yielding THz wavelengths of
0.83 mm and 0.55 mm, respectively. d) Comparison of measured (red dots) and predicted

(blue line) optimum delays for four poling periods.

and 0.55 mm, corresponding to frequencies of 0.361 THz and 0.544 THz were determined,
in good agreement with the values of 0.341 THz and 0.532 THz, respectively, predicted
by Eq. 5.1.2 and using refractive indices from [Wul5|. For the 125 um and 400 gm poling
period crystals, which produced smaller THz signals, we used values for the frequencies
of 0.867 THz and 0.275 THz respectively, which we measured using the identical crystals

in a previous work [Carl5].

The dependence of the optimal delay on THz frequency is plotted in Figure 5.4d. The
measured delays (red dots) agree well with the prediction based on Eq.5.1.1 and using
the GDD of the ANGUS system, verifying the chirp-and-delay mechanism. For example,
the 330 um poling period crystal had a measured optimum delay of At = 5.13 ps in very
good agreement with the predicted delay of 5.22 ps at 0.361 THz

The chirp-and-delay scheme was optimized by studying the THz output as a function

of the incident pump fluence for varying crystal temperatures and interaction lengths.
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5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

To distinguish between the intrinsic performance of the scheme and engineering factors
such as transport of photons to and from the crystal or Fresnel losses at the surfaces,
the performance was characterized using two primary metrics: 1) the internal conversion
efficiency (hereafter, “efficiency”), defined as the ratio of the THz energy before exiting
the crystal rear surface and the IR input energy after entering the crystal front surface
and 2) the THz energy extracted from the crystal. A so-called extracted efficiency in this
case would be 2.1 times lower than the internal efficiency due to Fresnel losses. Figure
5.5 shows the conversion efficiency vs. incident pump fluence at room and cryogenic

temperatures for two crystal lengths of 212 ym-poled PPLN.

0.14 T T T T T —e '10

| 82 K mm]
0.12 Bl 20 mm
0.10 -
0.08 |- -

0.06 |- 82K i

0.04
0.02

0.00 o A a
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

input fluence [J/cm?]

efficiency [%]

Figure 5.5.: Conversion efficiency of 212 um poling period PPLNs at room- (dotted) and
cryogenic (solid) temperature as a function of pump fluence, showing drastic improvement

with cooling.

At room temperature (294 K), the efficiency is nearly identical for the 10 mm and 20 mm
long crystals. This can be explained by the large absorption coefficient of lithium niobate
(5.2cm™! [Wulb]) at room temperature which limits the effective interaction length to
only a few millimeters for both crystals [Lee00, Carl5]. By cooling the crystals to 82 K
the absorption coefficient was reduced to 2.8 cm™" [Wul5], which significantly increased
the effective interaction length, allowing greater advantage to be taken of longer crystals
and thus improving the conversion efficiency. Compared to room temperature, the cryo-
cooled 10 mm long crystal showed a five-fold increase in conversion efficiency, while the
20 mm long crystal showed a 30-fold increase, demonstrating the compounding benefits of
reducing the THz absorption. For the 10 mm crystal, the efficiency saturated at a value

of 0.054 % at a pump fluence of 0.571J/cm?, still below the damage threshold. For the
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5.1. Narrowband terahertz generation with chirped-and-delayed laser pulses in PPLN

20 mm crystal by contrast, damage was observed at a lower threshold than expected, and
limited the efficiency to 0.13% at a pump fluence of 0.287J/cm?, where saturation had
not yet occurred.

A record multi-cycle THz energy of 40 uJ was achieved at a frequency of 0.544 THz,
using the 10 mm, 212 um-poled PPLN crystal (with an aperture of 3mm x 10 mm) at
cryogenic temperature. Although the 20 mm piece exhibited a higher peak efficiency, the
energy output was limited to 12.8 uJ by a smaller aperture of 3 mm x 3 mm.

The transfer of energy between the optical and THz fields necessarily results in a mod-
ification of the optical spectrum, providing another means of diagnosing the nonlinear
process. For instance, conservation of energy dictates that the centroid shift of the op-
tical spectrum represents an upper limit to the conversion efficiency. In addition, for
efficient terahertz generation an energy transfer process known as cascading is required
to circumvent the Manley-Rowe limit [CGO04]. During cascading, optical photons interact
nonlinearly multiple times, producing multiple THz photons for each optical one. This
process can result in both red- and blue-shifting of these photons by multiple times the
frequency of the THz photons. These effects are illustrated in figure 5.6. The transmit-
ted optical spectrum shows an overall red-shift of the centroid from 798.1 nm before the
interaction to 801.4nm after the interaction, corresponding to an energy loss of 0.41%.
The difference spectrum (shaded gray) also shows evidence of the cascading process since

the red- and blue-shifts of ~20nm correspond to roughly 17x the THz photon energy.
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Figure 5.6.: Transmitted pump spectra before (blue) and after interaction with the 212um
PPLN (green). The shadowed graph demonstrates an energy transfer due to THz gener-
ation. For this measurement the crystal was cooled to 82 K and operated with a pump

fluence of F' = 0.287J/cm?.

87



5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

The proof-of-principle results demonstrated here can be improved upon in several ways.
Of particular importance is implementation of an AR coating to reduce the ~44% loss to
the extracted THz energy from Fresnel reflections at the crystal exit face. In addition,
the small amount nonlinear chirp imparted to the optical beam by the ANGUS stretcher
is estimated to induce a frequency difference that varies over the spectrum of the two
chirped pulses such that only a portion of the pump pulses are phase-matched to the THz
frequency. Compensating for the higher order dispersion in the pump pulse, we estimate a
significantly increased conversion efficiency, approaching the 1% level for a 212um-poled
PPLN crystal [Jol17]. Finally, by increasing the crystal aperture sizes to the maximum
that is currently possible [Ish12], it may be possible to increase pump energies to the Joule
level and take full advantage of the capabilities of current Ti:Sa laser systems. Chirp-
and-delay pumping of PPLN is thus a promising scheme for generating narrowband THz

pulses at the mJ level required by future applications.
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5.2. Challenges at chirp-and-delay pumping with train of pulses

5.2. Challenges at chirp-and-delay pumping with train of

pulses

This section presents the results on the chirp-and-delay setup with a train of pulses which
are in addition to or beyond the measurements of section 5.1. As mentioned both the
higher order dispersion and the presence of a pulse train results in some uncertainties
and deviations compared to the expected result for two chirped-and-delay pulses. In the
case of two chirped-and-delayed pulses the delay of them should depend only on the chirp
rate ¢9 as described in equation 5.1.1. With an additional TOD on the input pulses the

frequency delay is affected as explained in the following paragraph.

5.2.1. Higher order dispersion

To visualize the undesired effect introduced by the higher order dispersion on the pump
pulse a spectral analysis of the generation process is well suited. As seen in figure 5.7 (left),
just a small part of the spectrum around a wavelength of A = 800 nm has the correct time
delay to match the QPM bandwidth of the PPLN. In this example the optical spectrum
(blue) and the transmitted spectrum through a 10 mm long PPLN with a poling period of
A = 212pm (red) are plotted for the optimal delay At = 1.18 mm pumped with an energy
of Epump = 47.5mJ. The interference noise on the transmitted spectra traces back to the
high attenuation of the ANGUS pulse. The attenuator — a waveplate and two thin film

polarizers — generate post pulses but these are not affecting the chirp and delay process.

The other parts of the spectra are not phase-matched in the PPLN for that particular
time delay. By varying the time delay the part of the spectrum generating the THz pulse
is traveling through the optical pump pulse (figure 5.7 (right)). This result supports the
assumption that the TOD is influencing the chirp-and-delay concept.

The width of the phase matched spectra is around 1/5 of the full bandwidth of the
input pulse. This leads to the assumption that compensating the effect of the TOD on
the pump pulse increases the THz energy by a factor of 5.

To prove experimentally the hypothesis, that the TOD is influencing the chirp-and-

delay concept, the optical spectrum is further analyzed. The analysis is based on the
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Figure 5.7.: Left: Optical pump spectrum entering the 10 mm long PPLN with a poling
period of A = 212pm as reference (blue) and the transmitted spectrum (red) at the
optimal delay At = 1.18 mm with a pump energy of E,;n, = 47.5mJ. Corresponding
THz energy and conversion efficiency is Erg, = 6.9nJ and n = 0.04%. Right: 2D
intensity plot of the spectra versus the delay of the pulses.

general knowledge about dispersion. The spectral phase ¢(w) of a pulse F(w) is typically

described as Taylor expansion around wy as

d 1 d? 1 d3
sy = % RO ﬁiww—wo)%g d—;§w0<w—wo>3+... (5.2.1)
=¢1(w—wo)—|—%(w—wo)2+%(w—wo)3+..., (5.2.2)

where ¢1, ¢ and ¢y are known as group delay (GD), group delay dispersion (GDD) and
third order dispersion (TOD). The higher dispersion components are regarded as low and

are neglected. The GD, GDD and the TOD can be calculated via

dp 1 dn
2 N d®n
— - Z.d D 24
92 = N T 2nct a2 (GGD), (5:24)
d*¢ A1 d’n  d*n
9= N T I (3d>\2 B /\d)\?’) d (TOD), (5.25)

which is discussed in details for example by M. Hemmer [Hem11] in the analysis of a
prism compressor. For the analysis of the effective GDD resulting from the higher order
dispersion on the pump pulse the second order spectral phase ¢, is important. As Weiner
[Weill] describes in his textbook the dispersion introduced by a material results in a

temporal difference

AT(w) = Aw - ¢o. (5.2.6)
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Figure 5.8.: Left: A 2D intesity plot of the transmitted optical pump spectrum through
a 10mm long PPLN with a poling period of A = 212pm for varying delay between the
two pump pulses. The white line indicates the GDD calculated via equ. 5.2.11. Right:
A 2D intensity plot of the transmitted optical pump spectrum through a 36 mm long
cryogenically cooled PPLN with a poling period of A = 330pm for varying delay between
the two pump pulses. The white line indicates the GDD calculated via equ. 5.2.13.

To write the temporal difference in dependence of the wavelength

2me dw _ —2mc

have to be taken into account. The temporal difference can be written as
—27c
At(N) = 2 AN - ¢s. (5.2.8)

The effective GDD resulting from a material or other processes can be therefore written

as

At N

$2(2) = AN —27c’

(5.2.9)

The 2D intensity plots for two PPLN with a poling period of A = 212 pm (left) and
A = 330pum (right) is depicted in figure 5.8. The fitted curves (red) are indicating the

"dip” traveling through the optical spectrum and can be calculated as

tmin — t timin —
At _ min max Y tma:r o min max Y tmam 21
2 )\(tmzn) - A(tmaz) + )\(tmzn) - )\(tmam) ( ) (5 O)
= 0.0431 2 . A+ 8.339ps — 0.0431 . 814.6 nm (5.2.11)
nm nm
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for the PPLN with a poling period of A = 212 pum as well as

A fonin — 1
At _ min mazx Y A min mazx Y oo 5912
350 /\<tmzn) - )\(tmam) o )\(tmzn) - )\<tma:p) ( ) ( )
= 0.0259 2 A+ 4.937ps — 0.0259 - 813.3nm (5.2.13)

nm nm

for the PPLN with a poling period of A = 330 pm, where A(t,,:,) is the center wavelength
of the "dip” at the lowest delay and A(t,,q.) is the center wavelength of the "dip” at the
highest delay. The difference in the effective GDD of the laser pulses is therefore

At —\?
Agg = NG (5.2.14)
ps —\? 2
= 10.0431———| = 14650fs for 212 pm (5.2.15)
nm 2mc
ps —\? 2
= 10.0259— ——| = 8800fs for 330 pm (5.2.16)
nm 2mc

introduced by the TOD in the initial pulses when they are delayed by a time delay
At = 2mv ¢y with the corresponding frequency of v = 0.545 THz or v = 0.36 THz of the
two PPLNs.

The mismatch in the GDD affects the chirp-and-delay concept as it is depending on
the chirp rate (1/¢2,). The calculation neglects the higher order effects as they are not
as dominant as the GDD introduced by the TOD. The experiment to circumvent this

mismatch will be explained and discussed in section 5.4.

5.2.2. Effects of the lower energy pulses in the pulse-train

In section 5.1 a 38% partial reflector and a high reflector is used to generate a pulse
train with two pulses of equal energy followed by lower energy pulses. Due to the pulse
train no energy is lost while generating the two main pulses. The additional pulses in
combination with the TOD modify the electric field of the IR input due to the small pulse
delay compared to the pulse duration and the different arrival time of the frequencies.
For a pulse without TOD the generated THz pulses coherently add.

Figure 5.9 shows a schematic Wigner plot of such a pulse train. The variation of the
frequency content results from the TOD in the pulse. At a delay At; the two main pulses
are phase-matched in the PPLN for a frequency €2. Furthermore the other pulses are

generating the same frequency content. All generated THz pulses therefore add coherently
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Figure 5.9.: Schematic Wigner-plot of a pulse train with two equally loaded pulses fol-
lowed by several lower energy pulses generated by a broadband pulses with TOD. Left:
At a time delay At; the two main pulses are phase-matched for a frequency 2. Due to
the TOD the frequency difference Aw varies over the full pulse. The lower energy pulses
add coherently to the process. Right: At the time delay Aiy = %Atl every second pulse

generates the nessessary frequency content.

to the two first pulses. Evidence is achieved that it is also possible to generate THz at
half of the delay At, = %Atl. There the first and the third pulse overlap in the crystal
and allow phase-matching in the PPLN.

To simplify the experiment, a Mach-Zehnder interferometer is built to generate two

isolated pulses, which will be described in section 5.3 in detail.

5.2.3. Total internal reflection

Due to the high refractive index of lithium niobate in the low frequency range of nry, ~ 5

the critical angle for total internal reflection 6, is just

6. = arcsin ( ) =11.5° (5.2.17)

NTHz

Therefore the alignment of the IR pump pulses into the PPLN has to be precise to couple
the THz out of the PPLN. A misalignment of the two optical IR beams of just 0.6 mrad
leads to total internal reflection of the generated THz beam. A slight detuning of the two
pump pulse leads to an angled out-coupling at the PPLN which should be controlled for
proper application and characterization of the THz radiation.

As the crystal is used without AR-coating back reflections of the input surface have

to be considered. The crystal is slightly rotated by approximate 1° to eliminate the back
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Figure 5.10.: Left: THz pulse energy of the large aperture crystal vs. the input fluence
for a elliptical 3x10 mm? and a elliptical 13x10 mm? pump beam. Right: Corresponding

internal conversion efficiency.

reflections to the optical axes of the laser, a further challenge for the alignment of the IR

pump pulses.

5.2.4. Energy scaling of large aperture crystal

The part of the ANGUS laser system used for the chirp-and-delay experiments is capable
to supply high energies up to 1.2J. The crystal size of 3x10 mm? limits the pump energy
which can be applied to the crystal to a maximum of 0.225J assuming the measured
damage threshold of 750 mJ/cm?. The full potential of the laser system could not be
explored for crystals of this size. The large aperture crystals with a clear aperture of
10x15 mm? manufactured by Prof. Taira and Dr. Ishizuki (see section 3.3.1) allows us to

generate higher energy THz pulses and and is the largest crystal available.

This crystal offers the opportunity to check the scalability of the chirp and delay con-
cept. The THz energy is measured for a pump pulse with the 3x10mm? beam size as
well as with the full beam of the laser which has a beam size of 10x13mm? (figure 5.10
left). The energy increases by a factor of 3.6 and reaches an energy of Ery, = 50uJ for
the full beam compared to an energy of Ery, = 17pJ for the small rectangular beam.
The maximal conversion efficiency was the same for both cases at around n = 0.045%.

It has to be mentioned that the efficiency is lower than the maximal efficiency of the
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5.2. Challenges at chirp-and-delay pumping with train of pulses

measurements in section 5.1, which is due to the frequency scaling of the efficiency by Q2.
For a crystal phase-matched for a frequency of 0.545 THz an efficiency of

At

My = g i = 242 0.045% = 0.11% (5.2.18)
2

can be estimated, where Ay = 0.33mm and A = 0.212mm the poling period to the
phase-matched frequencies, respectivly. This scaling only provides a rough estimation of
the frequency scaling, since other influences on the efficiency as for example the absorption
as well as the refractive index itself are neglegted.

With these advantages of the larger crystal aperture only the large aperture crystal is

used in further experiments.

5.2.5. Summary of chirp-and-delay with pulse-train

The chirp-and-delay setup with a pulse train allows to generate high energy pulses up to
40nJ with an efficiency of up to n = 0.13% at a frequency of 0.545 THz. The effects of
the third order dispersion as well as the pulse-train itself limit the usable pump spectrum
and thus the generation of the THz pulses. By applying two pulses and controlling the

effect of the TOD the limitations are circumvented.
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5.3. Generation of THz pulses via chirp-and-delay in a

Mach-Zehnder interferometer

To study the chirp-and-delay concept the simplest case with two identical pulses is ex-
ploited. As described in section 5.2 a pulse-train setup is well suited to transport more
energy, but the lower energy pulses of the pulse train in combination with the higher or-
der dispersion of the pump pulse result in undesired effects leading to a lower conversion
efficiency. To overcome this problem a Mach-Zehnder setup is introduced to generate two
identical pulses (figure 5.11). The high energy laser pulse of the ANGUS laser is split with
a 50/50 beam splitter into two arms. One arm has a motorized delay stage to fine-tune
the delay between the two generated pulses. With a careful alignment it is possible to
overlap the two pulses again at a 50/50 beam splitter to ensure a collinear pumping geom-
etry. The Mach-Zehnder interferometer generates two outputs where one is temporarily
blocked, which can be neglected or may be used for a second THz generation setup. At
the beam splitter the transmitted pulse experiences material dispersion in the fused silica
substrate. To compensate for these dispersion the setup is built in the way that the second
beam splitter transmits the arm which is reflected at the first beam splitter to ensure the
same dispersion on both arms as well as the same energy in both pulses. The wave-plate
before the PPLN crystal allows fine tuning of the polarization to match the optical axes

of the PPLN.

Pl

BS

pyro-
detector

Figure 5.11.: a) Mach-Zehnder setup to generate a chirped pulse pair with a time delay
At. b) THz pulse energy measurement setup with one TPX lens (Lyppx). ¢) THz
frequency measurement setup based on Michelson interferometer. KEY: BS: 50 % beam

splitter; BB: beam block; WP: wave plate; M: Silver mirror; Si BS: silicon beam splitter.
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5.3. Generation of THz pulses via chirp-and-delay in a Mach-Zehnder interferometer

Figure 5.12.: Left: Input window of vacuum chamber for cryogenic cooling of the large
aperture PPLN. The symmetric cold finger allows crystals up to a size of 4cm. Right:
Cold finger of the 3.6 cm long large aperture PPLN with the ceramic mask at the input

surface.

For generating the multi-cycle THz pulses a large aperture PPLN with a poling period
of A = 330 pm mounted in the cryogenic dewar is pumped with a beam diameter of 13 mm
1/e*-beam diameter. A mask with a size of 9.5 x 14.5 mm? protects the cold finger from
residual pump light exceeding the crystal size (figure 5.12). This results in a pump beam
area of A = 1.3cm?. The pump beam is dumped on a 11 mm thick Teflon plate. To detect
the energy of the generated THz pulse the beam is focused onto the pyro detector with a
single TPX lens (f = 100 mm) placed 240 mm behind the exit surface of the crystal. The

frequency of the THz is measured with the Michelson interferometer (see section 3.5.4).

Finding time zero t; of the Mach-Zehnder interferometer is important to determine
the time delay between the two pulses. In figure 5.13 the waterfall plot of the measured
optical spectra around the zero delay is shown. The interference pattern of the pump
pulses is obvious. At time zero the arrival time for the two pulses is the same for a given
frequency content. The measurement of time zero confirms that the pulse arrive at the
same point in time and space. This fine alignment has to be conducted for the whole

range of the translation stage to ensure the collinear pumping geometry.
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Figure 5.13.: Interference pattern in the optical spectra for different delays of the two

pulses to each other.

THz signal (V)

delay (ps)

Figure 5.14.: Delay behavior of the Mach Zehnder setup. The optimal time delay is
Atopy = £4.6 ps corresponding to a group delay ¢g = 2.03ps?.
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——
? Aw>Q
S
g
= Aw=0 Figure 5.15: Wigner-plot to illustrate the chirp-and-delay
Aw<Q concept at the Mach Zehnder setup. TOD results in a
oo > nonlinear frequency-vs.-time behavior.

The delay between the two pump pulses is scanned to find the optimal time delay At

for the chirp-and-delay concept. The optimal time delay At,, can be calculated via
Aty = 21V ¢g, (5.3.1)

where ¢ is the GDD of the pump pulses and v the generated frequency of the THz
pulse. In figure 5.14 the dependence of the generated THz signal on the delay between
the two pulses for the positive and the negative delay is presented. The optimal delays
are Aty = + 4.6 ps corresponding to a GDD of ¢ = 2.03ps?. The stretcher of the laser
produces a GDD of ¢o = 2.3ps? but due to the 6 mm BS and other optical materials in
the IR beam path the GDD is reduced.

In the ideal case the THz signal should be just generated at the optimal delay with
a narrow linewidth. Due to the higher orders dispersion in the beam and the unequal
distributed energy the delay sweep as seen in figure 5.14 has a broader spread. Figure
5.15 shows the Wigner plot of the two pulse case with higher order dispersion. At the
optimal delay, more than just the corresponding THz frequency is covered by the difference
frequency content. Therefore by tuning the delay different parts of the pump - frequency
spectrum are used to generate the THz as already described in section 5.2.

One has to bear in mind that the optical spectrum of the driver laser has less energy
at the red part than at the blue part. Therefore, if the delay of the two pulses increases,
the higher energy parts are generating first the THz pulse and then it travels to the
lower energy part of the spectra. The trace of the delay scan looks similar to the optical
spectra. The negative delay (see figure 5.14) is less efficient than the positive delay which
is not yet fully understood. It is either a combination of higher order dispersion and the
energy distribution effecting the difference frequency content or it is simply an alignment

uncertainty.

99



5. Generation of multi-cycle THz pulses with the chirp-and-delay pumping scheme

total input fluence (mJ/cmz)

3 0.02 .

3 L 4 —_

= 15 0} S (I)

> &

5 0} > 0.015 ¢

g 10} 0) _&,

N (8] L

= ® 2 0.01 o

3 ° o e S 0.005 o

1S] =

© o

= [e)

E§ OC O @ " " OO <D " "
0 0.05 0.1 0 0.05 0.1

total input fluence (mJ/cmz)

Figure 5.16.: Left: Extracted THz energy vs. input fluence. Right: conversion efficiency

vs. input fluence

Figure 5.16 shows the dependence of THz energy on the input fluence at the optimal
delay, keeping the beam size the same and varying the input energy. The energy increases
as expected quadratically at low fluences and at higher fluence linearly (figure 5.16 left)
confirming the nonlinear behavior and the saturation of the conversion efficiency. With
this chirp-and-delay setup an extracted THz energy of 14.451J is achieved. The internal
conversion efficiency as shown in figure 5.16 right reaches a maximal efficiency of 0.02%.
The maximal pump fluence is limited to F' = 0.123 J/cm? to avoid the risk of damaging
the crystal or other optics in the beam path. At this fluence an energy of £ = 159mJ
at the crystal is required for the beam size. As we loose 50% of the energy in the Mach-
Zehnder configuration the ANGUS is pumped with two pump lasers to reach the necessary
pump energy of £ ~ 0.32J. To go to higher fluences, the last pump laser for the ANGUS
laser is available, which provides directly an energy of £ ~ 1.2J. The risk of damaging
either the crystal or the optics on the way are too high at this point of measurements.
We switch to the more promising measurements with the chirp compensation which are
explained in the following section 5.4.

Besides the energy of the THz pulse the frequency content of the pulse is important to
confirm the narrowness and the frequency of the pulse. Due to the relative high energy of
the pulse it is possible to measure the frequency with the Michelson interferometer (see
section 3.5.4). In figure 5.17 (left) the interferometric trace of the THz pulse generated
by the Mach-Zehnder setup is depicted. If both THz pulses which are generated by
the Si-BS are not overlapping and interfere the energy of a single THz pulse is detected
with an THz signal of 0.2V corresponding to an energy of Fryg, ~ 0.32pJ. As the

two pulses are overlapping the interference pattern occurs and the pulse duration can be
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Figure 5.17.: Left: Interferometer trace over 600 ps. Inset: Zoom around the ¢g to show
the period of the interferometric trace T' = 2.75 ps. Right: Spectral amplitude of THz
pulse generated by the the Mach-Zehnder setup.

estimated assuming no spectral phase on the THz pulse. The envelope of the interference
pattern has a FWHM of 7; = 200 ps. Therefore the THz pulse has a pulse duration of
T =/2-7; = 283 ps matching the estimated pulse duration calculated by the convolution

of the pulse durations

7= /T2 47 (5.3.2)

resulting from the effective crystal length (7. = 148 ps) and the laser (7; = 240 ps).

The spectral content of the THz pulse can be calculated by an FFT of the interferometric
trace as seen in figure 5.17 (right). The THz pulse has a center frequency of 0.361 THz as
expected. The bandwidth of the pulse is 3.4 GHz which matches to the expected value of

AQ — Q _ 0.36 THz

— 3.3GHz. 3.
~ 09 3.3GHz (5.3.3)

This bandwidth as well as the interferometric trace confirm that narrowband THz pulses
are generated. Knowing the pulse duration of the THz pulse as well as the energy of the

pulse the THz peak field can be estimated via

21 E
E=4/— ith [ =-2 5.3.4
Cep A AT ( )

by using the diffraction limited spot size wy = 0.53 mm (see section 3.2). Therefore the

intensity and the electric field is

I =60 GW/m? and €= 6.7MV/m, (5.3.5)
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if the THz pulse can be focused down to the diffraction limited spot size. Using a spot
size of wy = 4.5 mm, which is the spot size at detector, the intensity and the electic field

is reduced to
I =0.8GW/m? and €= 0.83MV/m. (5.3.6)

Therefore either more energy or an improved beam propagation has to be used for further
experiments which need high electric fields like for example electron acceleration in a
waveguide.

The measurements at the Mach-Zehnder setup confirm that the chirp-and-delay pumping
concept produces narrowband THz high energy THz pulses. The mismatch of the chirp
rate due to higher order dispersions via introducing dispersion on just one arm of the
interferometer is well taken. Steps to control this mismatch will be explained and discussed

in the next section.
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5.4. Experimental compensation of phase-mismatch due

to third order dispersion: Asymmetric chirp concept

The driving pulse for the difference frequency generation comes along with higher order
dispersion as the chirped pulses are generated by an Offner strecher (see section 3.3.2).
This results as depicted in figure 5.18 (left) in a broader difference frequency content in
the overlapped pulses than the PPLN can cover. The mismatch identified in section 5.2 on
the pulse train measurements and measured in section 5.3 with the Mach-Zehnder setup
leads to the assumption that the full optical spectra should be phase-matched to reach
higher efficient generation. We developed the concept to flatten the difference between
the instantaneus frequency of the two pulses to allow phase-matching over a broader part
of the optical pump spectrum. To compensate for the additional GDD resulting from
the higher orders (see section 5.2) N. H. Matlis suggested to add material dispersion
to one of the pump pulses. The expectation for this setup are depicted in figure 5.18
(middle and right). The additional GDD on one of the pulses leads to a tilt of the curve
representing the time-frequency relationship. Adding dispersive material into one of the

pulses is named as the ”asymmetric chirp concept”, which will be discussed in this section.

In the chirp concept both pulses have the same spectral content but different phases.
Dispersion within the propagation medium are regarded as comparable. In the asymmetric
chirp concept additional dispersion is added by dispersive medium in one of the arms
leading to a different GDD in one of the pulses. Therefore one carefully has to consider
on which pulse the additional dispersion is added and if it is positive or negative dispersion.
As most of the optical materials have a normal dispersion (positive), further discussions

focus on this case.

Adding GDD on the second pulse will slightly compress the pulse. Hereby, the difference
frequency content will be flattened as depicted in figure 5.18 (middle). The difference
frequency of the optical pulses remains close to the phase matched THz frequency for
a broader part of the spectra. However, there is the risk to add GDD on the wrong
pulse which is contra-productive and the possible usable part of the spectrum is stronger

reduced than without additional GDD (figure 5.18 right).
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Figure 5.18.: Wigner-plot to illustrate the asymmetric chirp concept to compensate the
phase-mismatch due to higher order dispersion. Left: two pulses without additional
GDD. The possible frequency content is broader than the phase-matched frequency of
the PPLN. Middle: Compensated TOD, the second pulse experience stronger GDD
than the first. The frequency content matches the QPM frequency. Right: Only the
first pulse is subject to the additional GDD. The frequency content deteriorates through

compensation.

Every optical material introduces material dispersion to the optical pulse. The main
parameters GD (group delay), GDD (group delay dispersion) TOD (third order disper-
sion) and even higher order dispersion follow from the Taylor expansion of the spectral

phase ¢(w) of the optical pulse. They can be calculated via

dp 1 dn
L P VL D 4.1
b= =1 (n-2G) @), (G4
26 N\ d*n
_re_ A en GDD 5.4.2
92= 02T ondn ( ) (54.2)
3¢ A4 d*n d*n
_re_ 3= —\ d TOD 5.4.3
e 477203< d\2 d/\?’) ( ) (5.4.3)

which is discussed in details for example by M. Hemmer [Heml1] in the analysis of a
prism compressor. For the additional GDD needed in the asymmetric chirp concept a
dense flint glass (SF11) is chosen. Table 5.1 summarizes the material dispersion of SF11

at 800 nm calculated with the Sellmeier equation of SF11 [SCH15]

) 1.73759695\2 0.313747346)2 1.89878101\2
n?—1= + + . (5.4.4)
A2 —0.013188707 ' A% — 0.0623068142 ' A% — 155.23629

Therefore each additional mm of SF11 adds GDD of ¢, = 187.5fs? to the pulse. The
GDD and TOD of the laser pulses from the ANGUS laser system are defined by the
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n [ A [ g ) [ L) [ Do) [ o (ps/mm) [ 6s (52/mm) [ 65 (55" /mm)

1.7646 | 0.8 | -0.05859 0.2068 -1.1780 6.0425 187.5 -123.99

Table 5.1.: Optical properties of SF11 calculated from the Sellmeier equation 5.4.4

stretcher before the pre-amplifier to be ¢g; = 2.3 - 10° fs* and ¢3; = —4.4 - 10%fs®. This
additional TOD results in a GDD difference if the two pulses are delayed for the desired
frequency v = 0.36 THz. The difference for the GDD is Agy; = 8800 fs® as calculated in
section 5.2.1. Adding SF11 material on one arm should match this difference. Therefore
the optimal length of SF11 is

ANSY

= 46.9 mm. (5.4.5)
P(2,5F11)

Just for completness, using a crystal phase-matched for 0.545 THz the GDD difference
would be A¢o; = 14653 fs? which could be compensated by a prism with a length of

78.15mm. The experiment with the additional SF11 is discussed in the next subsections.

5.4.1. Experimental setup

The experimental setup of the asymmetric chirp concept is the experimental setup of
the Mach-Zehnder extended with two SF11 Brewster prisms as seen in figure 5.19. The
SF11 prisms have a side length of 50mm and an apex angle of 59°. SF11, a dense
flint glass, has an refractive index of 1.76 [SCH15] therefore the Brewster angle is 60.5°
perfectly matching the dimensions of the SF11 prisms and very little energy is lost due
to reflections. The length of the optical path through the prism can be calculated via
the triangle spanned by the input and the output surface of the first prism as well as
the apex angle of the prism. For a perfect overlap of the prisms the length of SF11 is
49.2mm. By shifting the second prism relative to the virtual output surface of the first
prism the length and therefore the utilized material thickness can be varied to adjust the
material GDD. The remaining experimental setup is unchanged to the Mach-Zehnder
setup especially the THz setup and the detection as well as the PPLN crystal.

To proof the collinear pumping geometry and the arrival time of the pump pulses
the zero delay of the setup has been measured. Due to the SF11 in the path way and

the resulting group delay of the one pulse, the zero point is expected much later than
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Figure 5.19.: a) Mach-Zehnder setup for asymmetric chirp compensation to generate a
asymmetric chirped pulse pair with a time delay A¢. b) THz pulse energy measure-
ment setup with one TPX lens (Lyrpx). ¢) THz frequency measurement setup based on
Michelson interferometer. KEY: BS: 50 % beam splitter (BS); BB: beam block; SF11:

prism pair of SF11; WP: wave plate; M: Silver mirror; Si BS: silicon beam splitter.
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Figure 5.20.: Left: Interference pattern in the optical spectra for different delays of the
two pulses to each other. Right: Optical spectra the chosen zero delay defined as 7.
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with the Mach-Zehnder setup. A complication in this case is that the two pulses do
not have the same chirp rate. Therefore the "time zero” travels through the pulse as
seen in figure 5.20. From the earlier chirp-and-delay measurements the part of the optical
spectrum generating THz pulses most efficiently is known to be in the range of A = 790 nm.
The zero delay is set to that value as seen in 5.20 (right). These results confirm our
expectation. Furthermore, the chirp difference is also visible in the optical spectrum.
Just at a wavelength of A = 790 nm no interference occur, for higher frequencies as well
for lower frequencies the fringe density in the interference pattern increases more and

more.

5.4.2. Efficiency increase due to asymmetric chirp

To judge about the efficiency a delay scan with the Mach-Zehnder and with the asym-
metric chirp concept (Figure 5.21 (top)) are compared. The THz signal in the case of
the asymmetric chirp concept increases at the positive delay of §t = 0.69 mm by a factor
of 5.15 compared to the THz signal generated by two equal pulses for a pump fluence
of 0.03J/cm?. Furthermore, the delay behavior has a smaller spread confirming that a
broader part of the pulse is phase-matched for the PPLN. The width of the delay scan
for the compensated case is just 30% of the uncompensated case.

THz generation was measured for both, positive and negative delays. At the negative
delay we could confirm that the asymmetric chirp concept works as expected. The phase
matched frequency content is reduced and therefore the delay is much wider and less
efficient which can be seen in figure 5.21 (top). The width of the delay scan with the
SF11 is doubled compared to the scan without the SF11.

At the positive delay the THz energy was measured. In figure 5.21 the comparison
of measured THz energy for the two cases of two pulses with the same dispersion and
two pulses where one has additional dispersion from the SF11. The maximal energy is
increased by a factor of 6 from 131J to 781J at an input fluence of 0.12J/cm?. The
conversion efficiency increases to 0.15% which is already a promising result compared to
the uncorrected case (n = 0.02%). It has to be mentioned that at this point the material
thickness was not optimized. Therefore we investigated how the energy can be further

improved by optimizing the path length through the SF11.
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Figure 5.21.: Top: Comparison of the delay behavior of two equal pulses and two pulses
with asymmetric chirp. Bottom left: THz energy (pnJ) at the optimal positive delay of
two equal pulses with TOD and two pulses with asymmetric chirp for increasing input
fluence (J/cm?). Bottom right: Corresponding conversion efficiency (%) of the THz

pulse versus the IR input fluence (J/cm?).

Figure 5.22 shows the delay behavior for different path length through the SF11 prism
pair. The thickness was tuned by shifting the second SF11 prism parallel to the contacting
surfaces. Table 5.2 gives an overview of the group delay (GD), the group delay dispersion
(GDD) and the third order dispersion (TOD) of SF11 for different thicknesses (d). The
corresponding delay behavior is depicted in figure 5.22. By increasing the length of SF11
the peak shows smaller spread and higher peak-height until the maximum is reached at a
length of d = 50.2mm. Afterwards the GDD of the SF11 greater than the GDD mismatch
Ay due to the TOD of the laser and the curve of the delay behavior is getting broader and
the generated THz signal is decreasing. Figure 5.22 (right) shows the maximal generated
THz signal for the different lengths of SF11. Around the optimal length of SF11 the
energy remains unchanged and varies just slightly. The depicted fitting function was
done by S. W. Jolly with a numerical simulation of two gaussian beams with asymmetric
chirp which will be presented in [Jol17]. The mismatch between the fitted function and

the measured THz signal for longer SF11 as the maximum is ongoing research.
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Figure 5.22.: Left: Delay behavior for different SF11 path length. Right: Maximal THz
signal versus the length of SF11 (blue dots) and the simulated fit done by S. W. Jolly.

d | GD (ps) | GDD (fs?) | TOD (fs?)
29.5 178 5531 -3658
39.4 238 7388 -4885
50.2 303 9413 -6225
99.1 357 11081 -7328
68.9 416 12919 -8543

Table 5.2.: Additional group delay (GD), group delay dispersion (GDD) and third order
dispersion (TOD) for different SF11 thicknesses (d).
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Figure 5.23.: Left:THz pulse energy at the optimal length of SF11. Right: Correspond-

ing conversion efficiency.

SF11 is well suited to compensate the mismatch in GDD, but the opposite sign of the
TOD results in additional TOD, which has to be compensated. The additional TOD at
the optimal thickness is TOD = 6225fs®. A deeper analysis showed that the efficiency
could increase by at least a factor of 2 if the TOD would be compensated, again an

ongoing research.

In the experiment the optimal length of SF11 is determined to be dypy = 50.2 mm.
The expected value calculated with the traveling "dip” is d = 46.9mm. The error of
6.5% may come from different sources: either the uncertainty in the initial chirp of the
laser, the unequal additional material dispersion at the two beam-splitters or more likely
the uncertainty in which beam path was taken through the SF11. Furthermore, the
uncertainty of the calculated dispersion mismatch seems rather high. The two prisms
were aligned in such a way that the beam path is the length of the third side of the
triangle, which is spanned by the input surface and the overlap between the two prisms
as well as the apex angle. Already a slight unintended imprecision on the input angle
influences the length of material. Therefore, the achieved result matches the predictions

well.

At the optimal length of SF11 a energy scan was performed to determine the maximal
THz energy as well as the conversion efficiency of this process (figure 5.23). The THz
pulse has an energy of Ery, = 127pm. With a conversion efficiency of this process of
n = 0.187% a new record in efficiency was achieved especially in this frequency range for
multi-cycle THz pulses. Furthermore, the internal THz energy is £ = 227 1J and both

energy are beyond the state of the art of narrowband terahertz radiation.
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Figure 5.24.: Long term measurement of THz energy (blue) over 3000 shots. Grey area
shows the average THz energy of Eri, = 5.14 1J and standard deviation of ¢ = 0.55nJ.

5.4.3. Long term energy measurements

To assure the reliability of the achieved improvements the long term stability of the
generated THz energy was measured over 3000 shots in a time of more than 11 minutes
(figure 5.24). The data aquisition (DAQ) tool was used to read out the THz energy. DAQ
is capable to measure the THz energy every 230 ms, so that 6 of 7 shots were measured.
The THz energy shows minor fluctuations and can be regarded as stable over the 3000
shots with an average energy of Ery, = 5.14pJ. The standard deviation of the THz
energy is ¢ = 0.55pJ and corresponds to an RMS of 10.69%. To compare, the input
energy of Ey, = 34mJ has already a RMS of 3.5%, which would lead to an error of 7% for
the second order process. The THz error is slightly higher than the source error. Reason
may reside in the DAQ or alignment of the setup. The DAQ has a relative high noise
level, therefore the error of the THz signal should be higher than the laser fluctuations.
As the RMS is only slightly higher than expected, major changes in the alignment that
would decrease the THz signal significantly are unlikely. The long term measurement

prove that the THz energy has no decrease over time for this energy level.

5.4.4. Frequency measurement via Michelson interferometer

To determine the optical spectra of the THz pulse an interferometric measurement with
a Michelson interferometer (see section 3.5.4) was done. Figure 5.25 (left) shows the THz
signal (V) versus the delay between the two at the silicon BS generated pulses with the
zoom around the zero delay ¢t = 0 (inset) showing the period of the interferometric trace as

T = 2.77ps. The THz signal of a single interferometer arm is around 0.4 V corresponding
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Figure 5.25.: Left: Interferometer trance over 600 ps. Inset: Zoom around the zero
delay t = 0 to show the period of the interferometric trace T' = 2.77 ps. Right: Spectral
amplitude of THz pulse generated by the the Mach-Zehnder setup.

to an energy of Fry, ~ 0.3641nJ. At the destructive peaks the THz signal does not reach
zero but remained at the noise on the detector.

The spectral amplitude is calculated via FFT of the trace of the interferometer (figure
5.25 (right)). The frequency of the PPLN with a poling period of A = 330pm is v =
0.36 THz matching the expected value calculated via

L
AAR

(5.4.6)

The bandwidth of the spectra is 3.4 GHz well in agreement with the expected value of
3.3GHz (see equ. 5.3.3).

Besides the frequency, the interferometer provides an estimate over the pulse duration.
The FWHM of the envelope is 7; = 200 ps and therefore the pulse duration of the THz
pulse is 7 = v/2-7; = 283 ps. Compared to the THz pulse generated by the Mach-Zehnder
setup the pulse duration did not change significantly.

5.4.5. Measurement of the beam profile

The measurement of the beam profile of the terahertz beam is challenging due to the low
sensitivity of the beam profile camera based on pyro detectors in combination with the
low repetion rate of the laser. Therefore, a knife edge measurement was done to determine
the lower bound of the beam size. The THz energy was measured while a beam block
with a knife edge is propagating through the beam. In figure 5.26 the raw data of such

a knife edge measurement is shown (blue line): for a distance smaller than ~5mm the
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Figure 5.26.: Example for the knife edge measurement: The raw data (blue) is fitted with
an error function (equ.5.4.7, red). The derivation (yellow) determine the lower bound

beam size.

full beam is blocked, for a distance greater than ~15mm the full beam is detected. This

shape of the curve can be fitted with an error function via
fit(z) =a-erf(b- (z — xg)) + ¢, (5.4.7)

where a, b, ¢ and xy have to be determined. In figure 5.26 such a error function is fitted
accordingly to the raw data. The fit is necessary to compensate the higher noise for
the unblocked case compared to the blocked case. The beam size is determined by the
derivation of the fitted errorfunction (figure 5.26, yellow line). The FWHM beam size is
in this example 3.81 mm. As mentioned before this is a lower bound for the beam size.
The sensitivity of the detector does not allow to measure low power signals. Therefore,
the low energy part of the error function may be lower and the beam size would increase.
Despite these constraints this measurement offers a great opportunity to estimate the
lower bound of the beam size. It provides the evidence that the beam is at least of this
size.

To measure the beam propagation is important to confirm the collection of the beam
as well as to proof the focusability. Therefore, the beam size is measured at different
positions of the knife edge after the PPLN (z = 51 mm, 79mm and 334 mm). The beam
divergence can be estimated with the first two positions. At a distance of 231 mm the 2”
TPX lens was placed to focus down the THz onto the detector placed at a position of z =
369.1 mm (see figure 5.19 b) ). The last position (z = 334 mm) briefly before the detector
confirms that the full THz pulse is on the detector. In figure 5.27 the beam line out at the
three positions are shown with the FWHM beam size in the legend. The THz beam in the
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Figure 5.27.: Calculated beam size at three positions after the PPLN. The horizontal
beam size (blue) is diverging less than the vertical beam size (red). Both can be focused
to approximately the same size (right graphic). The legend indicates the FWHM beam

size.

horizontal direction (blue) is smaller and diverges less than in the vertical direction (red).
At the last position both beams have approximately the same beam size and a beam size
smaller than the detector size, which allows an accurate detection. The estimated beam
size at the lens position is smaller than the aperture of the lens. Therefore the full beam

is collected.

Figure 5.28 shows for a reconstruction of the 2D beam profile based on the beam sizes
measured via the knife edge measurement and the estimated gaussian beam propagation.
For the gaussian beam a beam waist wg of 3.53 mm (red line, vertical beam) and 4.59 mm
(blue line, horizontal beam) is assumed, which correspond to the 1/ v/2 of the input beam
waist of the IR pump beam (horizontal 6.5 mm, vertical 5mm). The violet line at z =
231mm is a guide to the eye for the lense position. The black box at the end represents
the detector chip. The measured beam sizes are always slightly lower than expected, but
the divergence and the height compared to each other are matching with the expected

values.

To visualize the THz beam, the beam shape is calculated in 2D using the line outs
of the knife edge measurement. In figure 5.29 the beam shape at the three measured
positions is depicted. The beam is diverging as seen in the first two pictures: the beam
is bigger at a position of z = 79mm than at z = 51 mm. As mentioned before the lens
at a position of z = 231 mm is refocusing the beam. The measurement at z = 334 mm —
35mm before the detector chip — indicates that the full beam is captured at the detector

with a chip size of 9mm in diameter.
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Figure 5.28.: Knife edge beam size at three positions after the PPLN. The horizontal
beam size (blue dot) is diverging less than the vertical beam size (red dot) confirmed
by the calculated gaussian beam propagation for a beam waist of wg = 3.53mm (red
line) and wy = 4.59 mm (blue line). The beam is focused with a lens (violet line) at z =

231 mm into the detector (black line).
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Figure 5.29.: Calculated THz beam shape at the two positions before a focusing lens
(z = 231 mm) and one after refocusing. The normalized line outs (black) used for the

calculation are drawn on the corresponding axes.
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The calculated beam shape appears perfectly round which traces back the calculation
itself. The line out is an integration over the full beam, the 2D beam shape appears more
symmetric than it actually will be. Therefore the calculated 2D-beam shape is just for

visualization.

5.4.6. Electric field of the generated pulse

Using the focused beam size as predicted from the gaussian beam propagation mentioned
in the section 5.4.5 of wy = 2.77mm and the measured pulse duration of 7 =282 ps the

THz pulse intensity and the electric field can be estimated as
I =196 GW /m? and €= 12.2MV/m. (5.4.8)

Focusing these THz pulses to a smaller spot size would be necessary to reach higher fields.
the electric field of € = 19.6 MV /m at the diffraction limited spot size has not yet reached

the limit for an efficient electron acceleration.
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5.5. Summary and conclusion of the chirp-and-delay

experiments

The chirp and delay technique is a promising method to generate high energy, narrowband
THz pulses. Several experiments to reach the range of piJ-level pulse energies are demon-
strated. Either a train of chirped pulses or two chirped pulses are used to generate the
necessary frequency content via delaying them to each other to allow difference frequency
generation in periodically poled lithium niobate. Higher order dispersion on the pump
pulse leads to a mismatch of the frequency content over full spectral bandwidth of the
driving pulses. First experiments to compensate this effect of the TOD are presented and
discussed in detail.

Adding material dispersion on one of the pump pulses compensate the mismatch due to
TOD. A record THz pulse energy of Ery, = 0.127mJ was achieved. The corresponding
conversion efficiency of n = 0.187% is also beyond state of the art. The generated pulse
has a frequency of 0.36 THz, a pulse duration of at least 282 ps and an electric field of
€= 12.2MV/m.

To reach the goal of mJ-level pulses which are necessary for efficient electron acceleration
this concept may be improved furthermore. The three key parameters for optimization

are identified as
e AR coating of the crystal for IR and THz,
e further compensation of higher order dispersion on the driving pulse, and
e increase of pump fluence.

An AR coating for the IR on the crystal predicts an energy increase of 15%. The AR
coating may also reduce the risk of back reflections into the laser system and therefore
allow an even higher pump fluence. The experiments with the higher pump energy run at
risk of damaging the crystal and have to be planned carefully. The deeper understanding
of effects associated with such high energies are still under progress.

The large aperture crystal is meanwhile AR coated for 800 nm and first measurements
are ongoing. Furthermore, an AR coating for the THz should allow an increase of the

extracted THz pulse energy up to 45% depending on the quality of the AR coating. Based
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on the results of this thesis a quartz plate (refractive index of n = 2.24 = | /nry, with a
thickness of around 100 pm (A\/4nry,)) was regarded as promissing as AR coating for THz
with a frequency of 0.36 THz. First investigation with an similar AR coating were done at
a single-cycle source and showed an improvement of at least 30%. The final measurements
with the AR coating are beyond the scope of this thesis.

The analysis in the asymmetric chirp concept showed that additional GDD introduced
by the SF11 compensates the mismatch due to the TOD but additional TOD is intro-
duced by the negative TOD of SF11. Therefore, more sophisticated techniques has to
be developed to compensate the TOD. S. W. JOLLY suggested to use TOD mirrors on
one of the arms to compensate for the additional TOD. The simulations to determine
the correct amount of TOD are done by S. W. JOLLY and it is ongoing research. An
efficiency increase of a factor of 2 will be resonable.

Adding these new ideas to the achievements of the thesis it seems possible to reach the

mJ-energy level of multi-cycle THz pulses and to meet the goals of AXSIS.
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In the framework of this thesis the generation of strong field, multi-cycle THz pulses in
periodically poled lithium niobate (PPLN) was demonstrated. Special attention was paid
to the pumping mechanism as well as to the physical properties of the optical materials.
Two different pumping mechanisms to increase the THz pulse energy were evaluated.

The investigations of material properties focused on the refractive index and the absorp-
tion coefficient. With the presented experiments a better understanding of the factors that
determine the conversion efficiency in the low frequency range of 0.2- 1 THz was achieved.
Several optical crystals mainly lithium niobate (LiNbOj3), but also polymers were inves-
tigated with a terahertz time domain spectrometer (THz-TDS) or a Fourier transform
infrared spectrometer (FTIR).

The two different pumping mechanisms to generate Multi-cycle THz pulses were experi-
mentally demonstrated: Optical rectification with a train of compressed broadband pulses
and difference frequency generation with either a pulse train or two chirped-and-delayed
pulses.

Optical rectification with a train of pulses: The performance of a train of two
compressed pulses with equal energy followed by several lower energy pulses is compared
to that of the single pulse. The split of pulses leads to an increase in efficiency due to
coherent addition of the generated THz pulses of each pump pulse. Due to the lower
individual peak intensity the presence of the train increases the incident pump fluence
(F = 164mJ/cm?) compared to a single pulse (F' = 80mJ/cm?). A maximal THz energy
of Erg. = 0.811J with an energy conversion efficiency of n = 0.05% was achieved at room-
temperature in a PPLN matched for a frequency of 0.52 THz. The efficiency increased by
a factor of 2.6 compared to the single pulse.

These experimental results can be regarded as proof of the principle. An even higher

conversion efficiency is expected to be possible by cryogenic cooling of the PPLN. A
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possibility to extend the concept is to pump with 4, 8, 16 or even more pulses to reach
even higher energies.

Difference frequency generation with chirped-and-delayed pulses: For differ-
ence frequency generation with chirped-and-delayed pulses a broadband pump pulse is
used to supply sufficient spectral components in the pulse to generate the required fre-
quency content and high energy multi-cycle THz pulses. In the first experiment a THz
pulse at a frequency of 0.545 THz reached an energy of 40 iJ outperforming earlier results
for similar pulse characteristics. As the pump pulse delivers also higher order dispersion,
only a part of the pump spectrum is generating the THz pulse. First experiments to
compensate the effects of higher order dispersion on the pump pulse were encouraging.
Compensating the higher order dispersion with asymmetric chirp on the two pump pulses
an energy up to 127 nJ was generated at a frequency of 0.36 THz by using a large aperture
PPLN. To the best of our knowledge this energy is the highest presented energy for a
narrowband THz pulse [Chell, Carl5]. Furthermore the reported conversion efficiency of
n = 0.187% for the frequency of 0.36 THz can be assessed as an extraordinary conversion
efficiency. The THz pulse has a duration of at least 283 ps and a bandwidth of 3.4 GHz
proving the narrowness of the spectrum of the THz pulse.

These results give confidence to reach mJ-level THz pulses. As described in section
5.5, the energy of the multi-cycle THz pulses may be increased with an AR coating for
the IR and the THz as well as a higher pump fluence closer to the damage threshold of
lithium niobate at this laser system. Compensating the residual delay mismatch due to
the TOD on the broadband pump pulses is expected to increase the efficiency at least by
a factor of 2. In addition to the improvements on the THz generation the unused pump
pulse generated in the Mach-Zehnder interferometer can be used to generate a second
beam line with another crystal. Combining both identically generated pulses and adding
them coherently may help to reach the goal of THz pulses with an energy of more than
E = 5mJ. THz pulses with this energy have a peak field of more then 100 MV /m, if they
are focused to the diffraction limit, which is the appropriate range for efficient electron
acceleration with THz pulses.

The experiments of this thesis contribute to the further source development for the AX-
SIS project but the design of the AXSIS machine requires a high energy laser at repetition

rate of about 100-1000 Hz. With high energy Ti:sapphire based systems with energies of
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about 1J used for this thesis the requested repetition rates are not achievable. Therefore
the AXsIs machine will be based on high energy Ytterbium based laser systems with a
wavelength centered at 1.03 pm which are capable to reach the required repetition rate.
So far these laser systems have reached energies up to 100 mJ [Zap15, Real2] and energies
of up to 1J are already demonstrated at a repetition rate of 500 Hz [Baul6]. Further
improvements are in development to achieve even energies up to 1J at a repetition rate of
1kHz. The bandwidth of the Ytterbium laser systems are narrower than the bandwidth
of Ti:sapphire based systems. Therefore generating THz pulses with the Ytterbium based
laser systems requires further development as the frequency content necessary has to be
generated beforehand. The THz cascaded optical parametric amplifier (THz-COPA) is
the first experiment to reach highly efficient multi-cycle THz pulse with a narrowband
pump laser [Cirl7]. Conversion efficiencies up to 10% are theoretically predicted [Rav16a].

The experiments to generate high energy multi-cycle THz pulses at the Ti:sapphire
based laser systems provided useful information to understand the scalability and the
behavior of narrowband THz pulses. Based on on the results presented, mJ-level, multi-

cycle THz pulses as required for the AXSIS project finally come into reach.
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A. Lithium niobate

This appendix summarizes all interesting properties of lithium niobate (LiNbOj), the
crystal structure and symmetry, how it can be produced, his optical properties as well as
further technological properties. LiNbOj3 is a man-made dielectric and ferroelectric mate-
rial, which was first described in 1929 [Zac29]. The first single crystals were synthesized
and investigated in detail regarding their physical properties by Bell Labs in the 1960s
[Boy64, Nas66a, Nas66b, Abr66c, Abr66a, Abr66b|. LiNbOj is a dielectric, birefringent,

non-centrosymmetric, uniaxial negative crystal and exhibits favorable properties:
e ferroelectric

e linear and nonlinear optical

electro-optical

e pyroelectric

piezoelectric
e photorefractive

This following sections will detail principle properties reported in publications [Boy64,

Nas66a, Nas66b, Abr66¢c, Abr66a, Abr66b].

A.1. Crystal structure and symmetry

Lithium niobat is synthesized in a Czochralski process via a solid state or melting reaction

of lithium carbonate with niobium(V) oxide [Nas66a, Nas66b, O'B85:
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Figure A.1: Crystal structure of lithium niobate
(Wikimedia-commons [WCO08]). The niobium atoms
(blue) are surrounded by 6 oxygen atoms (red) in an
octahedral structure. The lithium atoms (green) are in

the vacancies of the three dimensional grid of niobium

and oxygen.

Due to its rotation and mirror symmetry, LiNbO3 belongs in the space group R3¢ and
the point group 3m.

Figure A.1 shows the crystal structure of LiNbOjs. The niobium atoms (blue) are
surrounded by 6 oxygen atoms (red) in an octahedral structure. The lithium atoms
(green) are in the vacancies of the three dimensional grid of niobium and oxygen. The
crystal with his hexagonal structure in the projection of the z-axis has 4 axes, aq, as, as
and ¢, where the 3 a axes are in one plane 120° apart and normal to the c-axis. The angle
between the c-axis and the cleavage plane indicating the x-and y-axes is 32.75°[Abr66c¢].

Along the c-axis the crystal is structured with the octahedral interstices as niobium,
vacancy lithium vacancy, niobium, vacancy, etc. The relative position of the lithium and
the niobium in respect to the oxygen octahedral defines the para-electric and ferro-electric
phases of the crystal. They are defined in relation to the the Curie temperature of 1210°C
[Wei85].

e In the para-electric phase, the positions of niobium atoms are equally probable to be
either above or below the oxygen layers by 0.37 angstrom, while the lithium atoms

are located right on the oxygen layer.

e At temperatures below the Curie temperature, elastic forces become dominant and
induce a new charge separation, resulting in a spontaneous polarization Pg. This

makes LiNbO3 to be a displacement ferroelectric.

As the Curie-temperature is 1210°C the LiNbOgs crystal resides at room-temperature
in its ferroelectric phase.
The ferroelectric phase LiNbOg exhibits three-fold rotation symmetry about its c-axis.

These types of crystals are called trigonal R3c. It exhibits mirror symmetry about three
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planes that are 60 degrees apart and intersect forming a three-fold rotation axis. The
two most common methods to determine the direction of the c+-axis are compression or
cooling. In either, the lithium and niobium ions move relative to the oxygen octahedral.
Upon compression the ions move closer to their para-electric positions with respect to
the oxygen layers, thereby reducing the net polarization. In the case of cooling, the
elastic forces pull the ions further from their corresponding oxygen layers and increase

net polarization, a contrary effect [Wei85].

A.2. Stoichiometry and doping

Stoichiometric lithium niobate has the formula Li; ¢Nb; ¢O30 [O'B85]. Violations of the
stoichiometry of LiNbOj can occur either as a change of the degree of oxidation or as
change in the Li/Nb ratio. Growing stoichiometric LiNbOj is possible with solid solutions
deficient in oxygen produced by annealing LiNbOj3 in vacuum, or in an inert or reducing
atmosphere, and also by passing an electric current through heated LiNbOj. Oxygen-
deficient LiNbOj results in an intense color and an increased electric conductivity. The
deficiency can be removed by an oxidizing annealing process. Changing the ratio of lithium
to niobium, the congruent LiNbOj3 can be grown with the ration of 0.945 of lithium to
1 of niobium. To reduce the defects in the crystal, the congruent grown LiNbOj3 can be
doped with several dopants. Magnesium doping is here the most prominent dopant and
can be used to achieve similar electric and optic properties on congruent LiNbOs as for

stoichiometric LiNbOs.

A.3. Physical effects and optical properties

LiNbOj has favorable properties which leads to several applications [Wei85, Miil04, Jen10]:

A.3.1. Ferroelectricity

As described before, LiNbOgs is a ferroelectric crystal which has a spontaneous polarization
Ps. The ferro-electricity of LiNbO3 was found in 1949 [Mat49]. The orientation of this
polarization can be inverted via introducing a electrical current onto the crystal. This

effect is utilized to produce periodically poled lithium niobate (PPLN).
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A.3.2. Pyroelectric effect

The spontaneous polarization Ps changes with temperature. As the lithium and niobium

atoms are just movable in z direction the pyroelectric vector are be described by [Sav66]

P =p. = -4 x 107°C/cm*C (A.3.1)

A.3.3. Permittivity and birefringence

LiNbOj is a non-gyrotropic material [Wei85|. Therefore only the diagonal elements of the
permittivity tensor are non-zero. Since LiNbOj3 crystal is symmetric about the c-axis, the

permittivity can be represented by

€11 0 0
D; = Z €ij i with ;=10 e 0|, (A.3.2)
Z 0 0 €33

where D; is the electric flux density, F; the electric field and i = x,y, 2z the directions
[Wei85]. Asn = /< andn, = /< describes the refractive index of the crystal, LINbO;
is negatively birefringent [Wei85]. The wavelength dependent extraordinary refractive

index of lithium niobate is [Zel97]

9 2.9804 )\ n 0.5981\2 n 8.9543)\?
n,—1= .
¢ A2 —0.02047 A2 —0.0666 A% —416.08

(A.3.3)

The refractive indices for the extraordinary and ordinary axis of lithium niobate are
depicted in figure A.2 after the data from [Zel97]. At a wavelength of 800 nm the refractive
index is [Zel97, Jun97]

ne = 2.1755 n, = 2.2553 (A.3.4)

The refractive index is furthermore temperature dependent, for more detailled descrip-

tion Schlarb et al.[Sch93] or Gayer et al. [Gay08] may be used.
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A.3. Physical effects and optical properties

A.3.4. Linear electro-optic effect

Non-centrosymmetric crystals, like lithium niobate, produce changes of the refractive
index that are proportional to the applied field, which is named the linear electro-optic
(EO) effect or Pockels effect. When an electric field, Fy, is applied to the crystal, the

refractive index changes according to

1
ij
3

An = _%TijEj7 (A36)

where 7, is the EO tensor. This tensor also depends on the crystal symmetry and is

closely related to the piezoelectric tensor [Len66].

A.3.5. Piezoelectric effect

Applying physical stress or mechanical forces onto the crystal results in electric field and
therefore polarization in one of the directions of crystal, the piezoelectric effect. It also
workes the other way around, the electric field onto the crystals results in a length change
or a shearing effect. The piezoelectric effect results in an induceed polarisation change

which can be written as
b = Z €ijk * Ojk (A.3.7)
gk
or in a strain tensor
For all crystals in the point group 3m the piezoelectric strain tensor can be written as
[Wei85]
0 0 0 0 dis —dop
dij. = | —daa dys 0 dy5 0 0 . (A.3.9)
di5 dis dzz 0 0 0
For the stress tensor e;j; the same relation occur. The coefficients where determind by
Smith et al. [Smi7l] as
e1s = 2.72, €00 = 1.67, €31 = —0.38, €33 = 1.09 xC/m?* (A.3.10)
d15 = 264, d22 = 075, d31 = —0.30, d33 = 0.57 ><10_11C/N. (A311)
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A. Lithium niobate

The thickness d of a lithium niobate crystal changes with an external field E via

Ad €33
— =" A.3.12
d C’333 ( )

in the direction of the c-axis [Lue03]. Hereby is e33 = 1.785C/m? und C333 = 2.357 X
10" N/m? [Jaz02].

A.3.6. Photorefractive effect

Another important property to consider is the photorefractive (PR) effect, which is an
optically induced change in refractive index. PR effects can cause beam distortion and
scattering, so have to be considered as a detrimental effect. It is not a single-effect
per se, but rather a combination of effects. In the case of lithium niobate, when light
propagates through the crystal, an optically induced space charge is generated, in which
ion impurities (such as Iron) can be photoexcited and produce electrons and holes [Gla74].
The movement of charges results in an electric field, and via EO effect, it causes a change
in refractive index. Since both electrons and holes can contribute to this migration of
charge, the PR susceptibility of the material is controlled by the oxidation state ratio of
the 2+ and the 3+ Iron ions. Optimizing or balancing that ratio is a possible approach
to reduce PR effects. Other solutions have been found to self-anneal at 180°C and above
reduces effect for visible radiation, and at 100°C for infrared [Ram00]. Furthermore,

increasing the conductivity by using dopants helps to reduce the PR effects [Sch11].

A.3.7. Transparency range

LiNbOs is transparent from 0.32 pm to 5.6 pm. The band edge in UV can be shifted by the
concentration of the dopants [Wen05]. Furthermore, at wavelengths around A = 2.8um
the OH™-binding vibrates leading to an absorption peak. This peak can be again shifted
by the concentration of dopants [Wen05].

In the far-infrared (FIR) range the LiNbOj3 crystals are not transparent. The reflectivity
in the FIR is dominated by the soft vibrational modes [Ser79]. The lowest frequency mode

! corresponding to a frequency of 7.6 THz. Thus is also

around a wavenumber of 250 cm™
analyzed in detail by Feuer et al. [Feu07]. Below that lowest phonon the transparency of

the crystal is increasing (see section 2.2.1).
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A.4. Periodically poled lithium niobate

A.3.8. Nonlinear optical effect

LiNbOj is an efficient nonlinear optical crystal [Boy64]. The optical field of a laser pulse
changes the polarization density P , which can be expressed by [Lee09]

E2
E2
P, 0 0 0 0 dis —da .
E?
2F, E,
Pz d15 d15 dgg 0 0 0
2F.F,
2F,E,

This tensor provides mainly the reason for the wide spread as nonlinear optical media.
They deliver the responsible coefficients for frequency mixing. For example if two waves
both in the direction of z mix with each other the polarisation can be calculated with
P, = 2¢yd33 E?, which is for example the DFG in lithium niobate.

The highest nonlinear coefficient is ds3 = 42pm/V [Boy64, Sho97] in the optical range,
which corresponds to interactions that are parallel to the c-axis. In the THz range, which
is well below the phonon resonances, the effective nonlinear coefficient is constant and
can be calulated via

n4

djp = — (A.3.14)

4rig’
where n is the refractive index in the optical and 7;;; the linear electro-optical coefficient
[Boy71]. For periodically poled MgO:LN, the effective nonlinear coefficient d.f¢ is the
nonlinear coefficient of the bulk lithium niobate in the direction of the c-axis and thus
defs = ds3. In lithium niobate the effective nonlinear coefficient is thus d.;r = 152.4
[Vod08]. Experimentally the nonlinear coefficient was obtained to be d.ss = 93pm/V in
the THz regime [Sow10].

A.4. Periodically poled lithium niobate

Periodically poled lithium niobate is produced via domain inversion of single parts in the
optical crystal. The oxygen levels are staying the same in this process, just the position of

the lithium and niobium atoms is changed so that the spontaneous polarization is changed
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A. Lithium niobate

by 180°. To achieve this inversion for lithium niobate a rather high coercive field strength
has to be applied [Yam93].

Due to the high fields it is tricky to pole thick lithium niobate wafers. Therefore
the thickness of PPLN is limited to a few millimeters to achieve a homogeneous poled
structure. Only T. Taira [Ish12] provides crystals with a thickness of 10 mm.

G. Miller [Mil98] describes in his thesis the fabrication of PPLN. On a wafer, where the
z-axis is pointing to the top, a mask with electrodes is glued. The current on the mask
introduce the domain walls changing the orientation to the opposite site. Optimizing the
current at the electrodes resolves in a homogeneous poled crystal or if wanted in more
fancy structures. Poling periods for a wide range from a ~ 1pm [Bus02] to millimeters are
possible. Generation of THz radiation requires poling periods from 0.125mm to 1.2 mm

phase-matched for 0.9 THz to 0.1 THz, respectively.
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B. THz-TDS and FTIR data
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Figure B.1.: Refractive index (left) and absorption coefficient (right) of lithium niobate

and 5 mol% magnesium doped lithium niobate. Full frequency range of the zoomed figure
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Figure B.2.: Temperature dependence of the refractive index (left) and absorption coeffi-

cient (right) of 5mol% MgO:LN. Full frequency range of the zoomed figure 2.12.
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Figure B.3.: Temperature dependence of the absorption coefficient for a x-cut lithium
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6 mol% magnesium doped lithium niobate wafer measured at the FTIR. Full frequency

range of the zoomed figure 2.13.
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Figure B.8.: Refractive index (left) and absorption coefficient (right) of Rb:KTP for var-

ious temperatures. Full frequency range of the zoomed figure 2.23.
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Figure B.9.: Refractive index (left) and absorption coefficient (right) of TPX. Full fre-
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Figure B.10.: Refractive index (left) and absorption coefficient (right) of polyethylene.
Full frequency range of the zoomed figure 2.26.
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C. Analysis of measurement

uncertainties in the THz-TDS

The investigations described in chapter 2 and especially in section 2.2.1 and the results
achieved have to be considered together with the uncertainty of the underlying parameters.
The appendix C reviews the data regarding possible errors and error propagation similar
to literature like [Wit08, Naf13] describing the uncertainties and systematic errors in TDS

systems.

C.1. Instrumental error

The THz-TDS system itself is described in detail in section 2.1.1. In the following the

instrumental limitations and statistical errors are discussed.

C.1.1. Instrumental limitations leading to derived errors
Determination of upper limit of frequency

Reliable measurement results are reached if the signal values exceed the noise level. From
visual inspection in figure C.1 (left) the FFT spectrum of the reference (blue) and espe-
cially the FFT spectrum of the sample (red) have a part which disappears in the noise
level. From that sample trace it can be conducted that frequencies above 1 THz are not
resolvable for this sample. The dynamic range (see figure C.1 right) of the system in-
dicates the highest possible frequency for measurements to be 4 THz. The noise level is

40 dB below the maximum signal at 0.513 THz. The 3dB area is from 0.19to 1.08 THz.
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Figure C.1.: Left: FFT spectra of the THz signal of the reference and the PPLN sample.
Right: Dynamic range of the THz-TDS.
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Figure C.2.: Zoom into the FFT spectra (left) and the FFT phase (right) of the reference
and the PPLN in the low frequency range 0t00.5 THz.
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Figure C.3.: Left: Beam waist for the imaging setup of the THz-TDS for THz frequencies
of 0.1to1THz. Right: Line out of the beam size at the sample position.

Determination of lower limit of frequency

In figure C.2 the FFT spectrum and FFT phase at low frequencies are depicted for
the reference and the PPLN sample. Visual inspection indicates steady data at high
frequencies. Below 0.1 THz the antenna emits signals with a high statistical error resulting
in high fluctuations on the FFT spectra and phases. The data in this range are not reliable

and can no longer be used to calculate the refractive index and the absorption coefficient.

Assembly risks on beam path

As the THz-TDS is using THz radiation, the Gaussian beam propagation and its diver-
gence have to be considered to describe the frequency dependence of the beam spot size
at the sample position. As described in section 2.1.1, the THz pulse is focused with a lens
onto the sample (see figure 2.2). Figure C.3 (left) shows the beam path of a collimated
beam with a beam radius of 15mm focused with a lens (f = 100mm) at z = 100 mm
onto the sample position. The interrelation of the frequency and the beam radius at the
sample position is lined out in figure C.3 (right). Using a sample with a clear aperture of
4mm all frequencies above 0.32 THz are transmitted without losses due to the aperture.
To resolve frequencies below 0.32 THz without perturbations from the Gaussian beam
propagation the sample requires a larger clear aperture: for example to reach 0.2 THz a
clear aperture of 6.4 mm is necessary, at 0.15 THz a sample size of 8.5 mm and at 0.1 THz
a sample size of 12.7mm are necessary.

These values for the clear aperture are only valid if the sample is perfectly aligned. In

addition this estimation is based on the diffraction limited spot size which is the lower
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Figure C.4.: Relative standard deviation of the reference signal in 10 measurements for
the full spectrum (left) and for a zoom into the low frequency range of 0.05to 1 THz
(right).

bound of the spot size. Furthermore, having passed the sample the divergence of the THz
wave in this frequency range (see chapter 3.2) can misalign the optical beam path and
influence the detected signal. In this case the reference signal, which is required for the
calculation of the optical properties, and the sample signal are not matching. To have no
influence from the THz beam itself and its divergence the clear aperture should be in the

order of 15 to 20 mm.

C.1.2. Statistical error

All measurements on the THz-TDS conducted for this thesis are averaged over 400 or
more waveforms to minimize the statistical error. The mean of 400 waveforms can be
reach either with a measurement range of 200 ps and the integration time of 100s or a
range of 100 ps and integration time of 50s. With a mean of 400 waveforms or more the
fluctuations on the system are minimized and the statistical error is minimized.

Figure C.4 shows the dependence of relative standard deviation (RSD) of 10 measure-
ments against the frequency for the reference signal in full scale to 4 THz (left) and
zoomed into the low frequency range of 0.1to1THz. From the RSD of the reference
the possible performance of the THz-TDS can be judged. In the range between 0.2 and
3 THz the RSD is below 1% which allows an accurate measurement in this range. Below
0.2 THz the statistical error increases steep by reaching 5% at 0.1 THz. This statistical
error (RSD) is taken as the error in the FFT signal required for the calculation of the

absorption coefficient which will be discussed in the following.
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C.2. Uncertainty in parameter extraction

C.2. Uncertainty in parameter extraction

C.2.1. Error propagation of the refractive index and the absorption

coefficient

The determination of the refractive index is based on

c
2rvd

n(v) =1+ (ps(v) — &, (v)) . (C.2.1)

Accordingly the error on the refractive index An is depending on the error of the thickness
Ad and the error of the phase of the sample A¢, and the reference A¢,. The error of the

refractive index is calculated via

on 2 on 2 on 2
ant) = () (220) (2200 c22)
o 2
- ZZVC d\/ (6,(+) df’"(”)) A + Ag? + Ag2. (C.2.3)

The determination of the absorption coefficient is based on

a(v) = —in (mm%) ,

where p(v) = % The error on the absorption coefficient A« is depending on the error of

(C.2.4)

the thickness Ad, the error of the refractive index An and the error on the THz signal of
the sample AFE, and the reference AE,. It is calculated via

foJe} 2 3Je! 2 Oa 2 Oa 2
Aa(v) = \/(%Ad) + (%An) + (aESAES) + (8ETAE’"> (C.2.5)

_ \/<%Ad>2 + <%An)2 + (diESAES>2 + (d?ETAETY. (C.2.6)

The error propagation of the refractive index and the absorption coefficient has to

consider five errors of underlying variables:
e error of thickness: Ad,
e error of reference phase: Ag,,

e error of sample phase: Ag,,
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Figure C.5.: Top: Refractive index (left) and absorption coefficient (right) with the cor-
responding error range (grey) of a PPLN with a length of 5.05mm. Bottom: Corre-

sponding relative error of the refractive index and absorption coefficient.

e crror of reference THz signal: AFE,.,

e crror of sample THz signal: AFj.

Hereby the errors are either known as physical measurement inaccuracy (Ad), they can
be calculated from a measurement inaccuracy (A¢,) or they are based on the statistical
error. The statistical errors determine the errors of the THz signals. The error of the

phase A¢ can be calculated from error of the time At = 0.1 ps on the waveform via
A¢ =2mv - At. (C.2.7)

Figure C.5 (top) shows the refractive index and the absorption coefficient (blue) with the
corresponding error range (grey) of a PPLN with a length of 5.05 mm at room temperature.

The relative error of the refractive index is in the order of 0.23%, for example at 0.5 THz
n = 5.088 £+ 0.01. (C.2.8)

The error on the refractive index is constant over the analyzed frequency range as seen

in figure C.5 (bottom, left). The absorption coefficient is at 0.5 THz

a = 5.983 £ 0.03, (C.2.9)
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Figure C.6.: Extraordinary refractive index (left) and absorption coefficient (right) of
5.05mm long 5 mol% periodically poled MgO:LN and a 0.52mm long 5 mol% Mg:LN

wafer at room and cryogenic temperature.

leading to a relative error of 0.4%. This error is pretty low due to the long length of the
PPLN. For lower frequencies the relative error increases. Below 0.2 THz the relative error
exceeds 2%. For frequencies lower then 0.1 THz the error increases to above 10% and

therefore the measured values can not be regarded as reliable anymore.

C.2.2. Influence of the sample thickness

Measuring the refractive index and the absorption coefficient of a long PPLN reduces the
error, but values above 1 THz are not measurable at room temperature as the THz pulse
is already absorbed (see figure C.6 blue curve). At cryogenic temperature the limit can be
increased due to lower absorption (see figure C.6 red curve). To reach higher frequencies,
shorter samples are required (see figure C.6 yellow and purple curve). But the shorter
sample of 0.52 mm increases the error on the optical parameters. The main contribution
here is the precision of the thickness measurement which is about 10 pum. This relative
error on a S5mm thick sample is around 0.2%, on a 0.5mm sample it is already 2%.
Therefore the overall error is increased. As the samples are all optical polished with a
precision of much less then 1 pm the error from the variation of the thickness in a sample
can be neglected.

In figure C.7 the refractive index and the absorption coefficient with the corresponding
error range are depicted for two samples of different length to indicate the influence
of sample thickness on the measurement uncertainties. The two top graphics show the

refractive index (left) and the absorption coefficient (right) of a PPLN with a length of
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Figure C.7.: Error on the refractive index (left) and absorption coefficient (right) for two
different samples: PPLN with 5.05mm (top) and LN wafer with 0.52mm (bottom)

thickness.

5.05 mm at room temperature (300K) and cryogenic temperature (80K). The error is here
smaller then 1%. The two bottom graphs show the same measurements for a LN wafer
with a thickness of just 0.52mm. Here the relative error of the refractive index increases

to 1.5% and the relative error of the absorption coefficient increases to 7.6%.

Besides the increased overall error on the thin LN sample, the error in the low frequency
range is further increased, as the frequency resolution for a thin sample of dl = 0.5 mm is

reduced:

2T TC
= — = — =0.37TTHz. 2.1
dv i in 0.37 Z (C.2.10)

For a longer sample of dl = 5mm the frequency resolution is increased to

2 TC

A sufficient thickness of the sample is therefore mandatory to extract valid data in the

low frequency range.
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C.3. Conclusion

A 5mm thick PPLN sample in the THz-TDS allows a precise measurement in the range
of 0.3 to 1 THz at room and cryogenic temperatures with an error of less then 1%. Below
0.3 THz the errors are rapidly increasing reaching 2% at 0.2 THz and 10% at 0.1 THz.
To maintain adequate precision from 0.1to 0.3 THz the clear aperture of the sample has
to be increased to 6.4-12mm. The clear aperture reduce the losses due to gaussian
beam propagation. For lower frequencies than 0.1 THz the THz-TDS is not suited due to
instrumental errors. In the frequency range of 0.3 to 3 THz this instrument is a great tool

to analyze optical properties in the THz range delivering valid data.
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