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Zusammenfassung

Bei DELTA, dem 1,5-GeV-Elektronen-Speicherring, der von der TU Dortmund als Syn-
chrotronstrahlungsquelle betrieben wird, wird die Ablenkung eines hochrelativistisch-
en Elektronenstrahls genutzt, um Strahlung im Spektralbereich des harten Rontgenbe-
reichs bis zum Terahertz (THz)-Bereich zu erzeugen. Die Kurzpulsquelle von DELTA
stellt auf der Basis einer Laser-Elektronen-Wechselwirkung Pulse im Vakuum-Ultravio-
lett (VUV) und THz-Bereich bereit. Im Rahmen dieser Arbeit wurde die Erzeugung
von THz-Strahlung systematisch in Experimenten und Simulationen untersucht. Der
Frequenzbereich zwischen Radiowellen und Infrarotstrahlung wurde lange Zeit als
Terahertz-Liicke bezeichnet, da die Verfiigbarkeit von Quellen und Detektoren sehr be-
grenzt war. Heutzutage haben Teilchenbeschleuniger und moderne Lasertechnologie
begonnen, die Liicke der THz-Quellen zu schliefien. Bei DELTA wurde die Kurzpuls-
quelle um die Moglichkeit erweitert, THz-Pulse von nahezu beliebiger spektro-tempo-
raler Form zu erzeugen. Hierbei moduliert ein Titan-Saphir-Kurzpulslaser die Elektro-
nenenergie innerhalb eines Teils des Elektronenpakets mittels einer Laser-Elektronen-
Wechselwirkung in einem Undulator. Die dispersiven Eigenschaften des Speicherrings
fithren zur Bildung einer Senke in der longitudinalen Elektronendichte. Dies fiihrt zu
einer kohdrenten Emission von Synchrotronstrahlung im THz-Bereich. Wahrend die
Wechselwirkung mit einem ultrakurzen Laserpuls zu einer breitbandigen Emission
von THz-Strahlung fiihrt, fithrt ein langerer Laserpuls mit einem periodischen zeitli-
chen Profil zu einer schmalbandigen Emission. Um dies zu realisieren, wurde durch
Interferenz des gechirpten Laserpulses mit einer verzdgerten Kopie eine Intensitéts-
Schwebung des Laserpulses erzeugt. Durch eine Anderung der Schwebungsfrequenz
kann die zentrale Frequenz des emittierten THz-Spektrums zwischen 50 GHz und
6.5 THz mit einer relativen Bandbreite von etwa 10 % eingestellt werden. In einem
ndchsten Schritt wurde eine direkte Manipulation der spektralen Phase der Laserpul-
se mit einem Fliissigkristall-basierten rdumlichen Lichtmodulator implementiert, der
es erlaubt, die Laserpulse nahezu beliebig zu formen. Auf diese Weise konnte durch-
stimmbare schmalbandige THz-Strahlung mit einer noch besseren relativen Bandbrei-
te von unter 2% erzeugt werden. AuSerdem wurden zweifarbige Pulse und Spektren
mit rechteckigem und trapezférmigem Spektrum erzeugt. Die Messungen der spektra-
len Eigenschaften wurden mit einem im Rahmen dieser Arbeit in Betrieb genomme-
nen Fourier-Transformations-Spektrometer durchgefiihrt. Neben der spektralen For-
mung von THz-Pulsen wurde auch die zeitliche Entwicklung der laserinduzierten En-
ergiemodulation untersucht. Reste der Energiemodulation wurden fiir mehr als 350
Umléaufe im Speicherring aufgezeichnet, nachdem die urspriingliche Laser-Elektronen-
Wechselwirkung stattgefunden hatte.






Abstract

At DELTA, a 1.5-GeV electron storage ring operated as a synchrotron light source by the
TU Dortmund University, the deflection of a highly relativistic electron beam is used to
generate radiation in the spectral range from hard X-rays to terahertz (THz) radiation.
The short-pulse facility of DELTA provides pulses in the vacuum ultra violet (VUV)
and THz range based on a laser-electron interaction. Within the scope of this thesis,
the generation of THz radiation was systematically studied in experiments and sim-
ulations. The frequency range between radio waves and infrared radiation has been
referred to as the terahertz gap for a long time because the availability of sources and
detectors was very limited. Nowadays, particle accelerators and modern laser technol-
ogy have started to close the gap. At DELTA, the short-pulse facility was improved by
the ability to generate THz pulses of nearly arbitrary shape. Here, a short-pulse Ti:sap-
phire laser modulates the electron energy within a slice of the electron bunch via a
laser-electron interaction in an undulator. The dispersive properties of the storage ring
lead to the formation of a dip in the longitudinal electron density which gives rise to
the coherent emission of synchrotron radiation in the THz regime. While an interaction
with an ultrashort laser pulse leads to a broadband emission of THz radiation, a longer
laser pulse with a periodic temporal profile leads to a narrowband emission. To realize
that, an intensity beating of the laser pulse was generated by interference of the chirped
laser pulse with a delayed copy. Here, a change of the beating frequency allows to con-
trol the central frequency of the emitted THz spectrum ranging between 50 GHz and
6.5 THz with a relative bandwidth of about 10 %. In a next step, a direct manipulation
of the spectral phase of the laser pulses was implemented using a liquid-crystal based
spatial light modulator, allowing to almost arbitrarily shape the laser pulses. Using
this setup, tunable narrowband THz radiation with an improved relative bandwidth
below 2 % was generated. Furthermore, two-colored pulses and spectra of rectangular
and trapezoidal shape were produced. Measurements of the spectral properties were
conducted using a Fourier-transform spectrometer commissioned within the scope of
this thesis. Besides the spectral shaping of THz pulses, the temporal evolution of the
laser-induced energy modulation was explored. Remainders of the energy modula-
tion were recorded after more than 350 revolutions in the storage ring after the initial

laser-electron interaction had happened.
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1 Introduction

Shortly after the invention of the laser by Maiman in 1960 [1]], it was experimentally
shown that certain materials change their optical properties in the presence of intense
light. Franken et al. [2] generated electric fields of 107 V/m by focusing the light of a ruby
laser in crystalline quartz and were able to emit light at the second harmonic of the orig-
inal wavelength — an effect that strongly depends on the laser intensity. This frequency
doubling from 694.3 nm to 347.2 nm was the first experimental use of the nonlinear be-
havior of dielectrics, like crystalline quartz, exposed to high electric fields. Later, the
peak electric field of laser sources was drastically increased by the invention of pulsed
lasers in mode-locked operation. Notably, the titanium-sapphire (Ti:sapphire) laser, in-
vented in 1982 [3] by Moulton, and the amplification of chirped pulses (CPA) [4] were
important contributions. Changing the wavelength over a wide range and introducing

pulsed operation opened up many new applications for laser radiation.

At about the same time as laser technology made these major discoveries, another
emerging field of physics entered a new era. Although the acceleration of charged
particles had already been pioneered in 1928 with Widerde’s invention of the linear
accelerator [5] at RWTH Aachen University, it was not until 1967 that the first circular
electron storage ring dedicated to the production of intense electromagnetic radiation,
the Tantalus [6] ring, was built. The demand for this type of light source arose from the
advantages of synchrotron light regarding wavelength range and intensity for spec-
troscopy and diffraction experiments. Several early accelerator facilities had served as
sources for synchrotron radiation in parasitic operation for users from materials science
and condensed-matter physics before. Lasers and synchrotron light sources are both
used to generate intense, short light pulses with photon energies in the soft-X-ray range
and above. Synchrotron radiation was theoretically predicted as early as 1944 [7], and
it was known that the radiation spectrum ranges from the far infrared regime to hard
X-rays. Today, free-electron lasers (FELs) at modern linear electron accelerators offer

the possibility to generate short and intense X-ray pulses.

Although the doubling of the photon energy of laser radiation was demonstrated shortly
after the invention of the laser, it took much longer for laser technology to reach con-

siderably higher harmonics. Today, it is possible to increase the photon energy of an
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ultrashort laser pulse by at least two orders of magnitude [8}[9] by applying the so-
called high-harmonic generation scheme (HHG). In this process, an intense ultrashort
laser pulse is focused into a gas or plasma target. If the peak electric field of the laser
pulse is comparable to the binding electric field within a single atom, the probability of
an electron leaving the atom by tunneling is non-zero. The subsequent radiative recom-
bination of the electron and ion is supported by the laser after the electric field changes
its sign. In recombination, both the kinetic energy of the electron and the ionization
potential contribute to the energy of the emitted photon. Since this process can occur
after each of the two field extrema per laser cycle, only odd harmonics of the laser fre-
quency are generated for symmetry reasons [10]. Laser-based sources employing the
HHG scheme serve as table-top soft-X-ray sources, today [11].

A few years ago, a process very similar to HHG was observed with photons of much
lower energy. In an experiment by Zaks et al. [12]], terahertz (THz) radiation was used
to manipulate excitons that were created in a semiconductor by a near-infrared (NIR)
continuous-wave (CW) laser. Excitons are bound states of an electron and an electron
hole that attract each other by the Coulomb force [13]. In many ways, their arrangement
behaves like a hydrogen atom if the temperature is well below 10 K and thermal excita-
tion is negligible [14]. However, the binding energy is in the meV range, which allows
field-induced ionization with photons of that energy, i.e., THz radiation. Similar
to the generation of high harmonics by intense laser pulses, Zaks et al. observed many
THz sidebands to harmonics of the driving NIR laser with slowly decreasing intensity.
In contrast to the HHG process, the harmonics arise as integer sidebands of the NIR
radiation used to create the excitons. This process is called harmonic-sideband gen-
eration (HSG). These high-order sidebands imprint an ultrafast modulation onto the
continuous-wave NIR light. Combining the concept of harmonic sideband generation
with fast electronic switches allows the development of ultrafast modulators of NIR
light for data transmission at rates of terabits per second in future optical communi-
cation systems. Zaks et al. carried out their experiment at the THz FEL of the Univer-
sity of California, Santa Barbara (UCSB) [16]]. In the THz regime, FELs are among the
most flexible radiation sources, since high pulse energies above the microjoule level
and wavelength tunability are achieved [17]. Further infrared FELs are, for example,
CLIO in France, FELIX in the Netherlands, FELBE and FHI-FEL in
Germany, NovoFEL in Russia, KAERI-FEL in Korea, and ISIR FEL in
Japan. Usually, FELs provide few beamlines per facility, and the beam time requests
by users far exceed the availability. On the other hand, table-top sources based on laser
difference-frequency generation exist, but they cannot supply frequency-tunable radi-

ation in a range as wide as that supplied by FELs. Therefore, additional concepts
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for THz generation are needed, which provide wavelength tunability or even allow the

control of the spectro-temporal pulse properties in an arbitrary manner.

The diversity of different radiation sources proves that the manipulation of pulse length
and spectrum is crucial for the study of matter in physics, chemistry, biology, and
other research fields. In this thesis, two technological achievements — a modern short-
pulse laser and an electron accelerator facility — were combined to develop a frequency-
tunable THz source. At the electron storage ring DELTA, operated by the TU Dortmund
University, the short-pulse facility was commissioned in 2011 [26]]. Here, the intense
electric field of a short laser pulse is used to modulate the energy of a fraction of the
electrons within a bunch in the storage ring. The working principles of particle accel-
erators and modern lasers are discussed in greater detail in Chap. 2 of this thesis. A
detailed description of how this energy modulation from a laser-electron interaction
leads to the coherent emission of THz radiation and vacuum-ultraviolet (VUV) radia-
tion is provided in Chap. 3. To analyze the properties of the THz source, a spectrometer
based on a polarizing Michelson interferometer — a so-called Martin-Puplett interfer-
ometer — was designed and commissioned. The characteristics of this device are
explained in Chap. 4. The tunable THz source relies on precise control of the laser pulse
shape. Different approaches to induce a temporal modulation of the laser intensity,
based on an interferometer and a modern, computer-controlled spatial light modula-
tor, are covered in Chap. 5. Measurements of nearly arbitrarily shaped THz spectra are
presented. Furthermore, the optical diagnostics used to detect and tune the desired
pulse shape are explained. In addition to the goal of implementing a highly flexible
THz source, the radiation process also provides insight into the longitudinal dynamics
of the electrons in the storage ring, which is discussed in Chap. 6. Prospective applica-
tions of the source and possible further improvements are described in Chap. 7. More
detailed information on device parameters and mathematical derivations can be found

in the appendices.
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2 Basic concepts

The experiments described in this thesis use various techniques from accelerator physics,
laser physics as well as generation and detection of terahertz (THz) radiation. An in-
troduction to the relevant concepts of these fields is given in this Chapter.

2.1 Relativistic electrons in storage rings

As pointed out in Chap. 1, particle accelerators have become versatile research tools for
many fields in physics, but also affect our every day life in medical applications. Large
particle colliders, being many kilometers long, nowadays dominate particle physics re-
search [27]. On the other hand, more than 50 accelerator facilities exist which are
dedicated to the generation of synchrotron light. An in-depth view of the physics of
particle accelerators can be found in [29}[30]. In the following sections, a brief overview
of the physics of electrons in storage rings of synchrotron light sources is given. In elec-
tron storage rings, the motion of the particles is confined to a closed path by external
magnetic fields. The intention is to store the electrons, which form a beam, for many
hours. Moving almost with the velocity of light c, their total energy Eio+ exceeds their
rest energy E; by far. In the relativistic description of the electron properties, this is
expressed by the Lorentz factor

y = Eiot/Ex with E; = myc? (2.1)
and mg denoting the rest mass of the electron. The Lorentz force
FL=-e(E+3x8) (2.2)

determines the motion of electrons in a storage ring. Here, (73 is the electric field, Z_% 1S
the magnetic field, v is the electron velocity and e is the elementary charge. In natural

units, the velocity is expressed as f = v/c.
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2.1.1 Transverse Beam Dynamics

The position of each electron can be described by the coordinates x, y and z in a co-
moving frame which is also known as the Frenet-Serret coordinate system [31}32]. As
shown in Fig. x and y describe the transverse deviation of the electron from a ref-
erence particle and the longitudinal position along this reference orbit (green) is given
by s. The reference orbit is defined by an imagined reference electron about which all

other electrons oscillate transversely and longitudinally.

reference
/— orbit
S
reference &
particle

Figure 2.1: The Frenet-Serret coordinate system describes the position of the electron in
a co-moving coordinate system as the relative deviation from an ideal particle following
the orbit.

A common way to define the properties of an electron is the six-dimensional vector

x horizontal displacement
x' = % horizontal angle
- - vertical displacement
%= 4 |2 oep (2.3)
v =3 vertical angle
z longitudinal displacement
Ap/po relative momentum deviation
The transformation of X s, from a position sg to s; is described by the 6 X 6-matrix
X ri1 712 0 0 0 16 X
x’ ro1 1922 0 0 0 26 x’
0 0 1733 r34¢ 0 O
Y _ 33 T34 y (2.4)
:I/' 0 0 rq3 Ta4 0 O y/
zZ rs1 752 0 0 1 56 z
Ap/po 0O 0 0 0 0 1 Ap/po

S1 50

The matrix is not fully populated because, for simplicity, it is assumed that coupling
between horizonal and vertical plane and between longitudinal and vertical motion

can be neglected.

6 2.1. Relativistic electrons in storage rings
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For the application in a storage ring, it is intended to store electrons on a predetermined
orbit for many hours. Hence, magnetic fields are used to focus the electron beam to
achieve a closed orbit. In good approximation, the behavior of the electrons in a beam
can be treated as an independent motion of single particles in a first step. However, col-
lective effects need to be studied for real storage rings, when a large number of electrons
is stored [33)[34]]. From the balance of Lorentz and centripetal force, the local transverse
bending radius pm, can be deduced as

! dB, () 1d°8,(x)
o B = | B0 =g g

I (2.5)

which can be rewritten as

q 1 1 2
-B,(x)= = + kx + —-mx° + ... (2.6)
p’ p 2

—— —— ~——

dipole term  quadrupole term  sextupole term

The expansion splits the description of the magnetic field into multipole components
which are used to define the properties of the storage ring magnets. An analogous
expansion holds for 8,(y). Taking multipole contributions up to linear order into con-
sideration leads to the equations of motion
" 1 Ap
x"(s) + (% - k(s)) x(s) = @%
and Yy’ (s)+k(s)y(s)=0 (2.8)

2.7)

with the nominal electron momentum py and the restriction that all dipole magnets
cause a horizontal deflection. Equation and Eq. form so-called Hill-type lin-
ear ordinary differential equations [35]36]]. The position x(s) and its second derivative
x”(s) = dx/ds depend on the dipole bending radius p(s), the relative momentum de-
viation Ap/po, and the quadrupole strength k(s), whereas the vertical position only
depends on k(s).

Solutions of Egs. (2.7) and (2.8) are

A
x(s) = exPx(s) - cos (ux(s)) + D(s) - p—’;’ (2.9)

and y(s) = \JeyPy(s) - cos(uy(s)) . (2.10)

2.1. Relativistic electrons in storage rings 7
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with the betatron phase iy, (s), the envelope E y(s) = \/€x ,Bx,,(s) defined by the so-
called Courant-Snyder invariant €, and the position-dependent betatron function
Bx,y(s). The oscillation can be regarded as quasi-harmonic with a non-constant oscil-
lation frequency. The momentum-dependent horizontal displacement in the bending

magnets is accounted for by the dispersion function

X

- Ap/po

D(s) (2.11)
which is also the particular solution of Egs. In general, Hill-type differential equa-
tions are solved by two complex conjugate equations which means that the conjugates
of Egs.[2.9/and are solutions to be considered, too.

The cosine terms in Egs.[2.9]and represent an oscillatory motion about the reference
orbit which is referred to as betatron oscillation with the frequencies f; and f,.
The beta functions f,,(s) can be used to express the betatron phase p, ,(s) as

s 1 A
yx,y(s)z/0 ‘Bw(g)ds. (2.12)

Integration along s’ and dividing by 27t yields the number of oscillations per revolution
as

Quy = 5thes(s) .13)

which defines the horizontal and vertical betratron tune Q, and Q,. The frequencies

fx and f, with revolution frequency frey read

fr=Qx " frev and fy =Qy- frev. (2.14)

To prevent the occurence of so-called betatron resonances which counteract a stable

operation, the configurations
m-Qx+n-Qu=p with m,n,p € N* (2.15)

have to be avoided. The destabilizing effect decreases with the order |m| + |n| of the

resonance and in practice only resonances up to the 5th order are considered [29].

8 2.1. Relativistic electrons in storage rings
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Since the focusing of quadrupole magnets is energy-dependent, the energy spread of
the electrons leads to a variation of the horizontal and vertical focusing and hence the
respective tune of the electrons. The chromaticity

AQx’y

T]x,y = W (216)

describes the shift AQ, , of the betatron tune normalized to the relative momentum de-
viation. Typically, the so-called natural chromaticity is negative. Even small momen-
tum deviations cause tune shifts towards resonances and lead to an unstable beam.
Furthermore, with negative chromaticity the so-called head-tail instability is excited,
a collective effect giving rise to an intra-bunch oscillation which limits the maxi-
mum bunch charge. For a stable operation, especially in operation modes with high
bunch current, it is advisable to increase the chromaticity to a value slightly above zero
which is achieved by installing sextupole magnets at locations with dispersion. The

chromaticity then reads

Nay = ﬁj{ [m(s)Dx,y(s) - k(s)] Bx,y(s)ds (2.17)

with the sextupole strength m(s) and a cyclic integration along one turn.

The geometrical placement of different magnets, i.e., the lattice, needs to be studied
carefully when designing a new storage ring. For a given lattice, it is often possible to
apply different settings to the strength of groups of magnets to realize special operation
modes. This can, for example, be a different beam energy, a special short-bunch mode

or a different tune. These settings are distinguished as different optics.

2.1.2 Longitudinal beam dynamics

One special operation mode implemented at several electron storage rings is the so-
called low-alpha optics [39)[40,{41[42]]. The coupling between the transverse and longi-
tudinal plane is caused by the dispersion D(s) which leads to changes of the orbit length
AL depending on the electron momentum. This effect is described by the momentum
compaction factor a. with

AT ( 1)Ap
N ap

AL/Ly
— = — and Qe =
T() )/

Po " Ap/po’

(2.18)

Here, AT /Ty and AL/Ly are the relative change of the revolution time the ring circum-

terence, respectively, with the design length L. The Lorentz factor y in relation to a.

2.1. Relativistic electrons in storage rings 9
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distinguishes between two effects: For relativistic values of y, a positive deviation in
momentum Ap will no longer increase the electron velocity significantly, but will in-
crease the accelerator circumference due to the larger bending radii. For low values of
y, a momentum change Ap increases the electron velocity significantly which leads to
a decrease of the revolution time. The transition between these two scenarios is given

by the transition energy E; and the respective Lorentz factor y; as

1
Ei= ytm0c2 = moc?, (2.19)
V&c
if a is positive. However, machines (temporarily) operated with negative a, exist
45]. The momentum compaction factor is derived from the accelerator optics as
1 D(s)

ac = L o0s) ds. (2.20)

As will be outlined in this section, reducing the momentum compaction factor leads
to shorter electron bunches which is beneficial for the generation of short synchrotron

radiation pulses.

The longitudinal motion of electrons in a storage ring is determined by three major
effects:

¢ gain of energy due to acceleration in the electric field of a radiofrequency (RF)
resonator (also referred to as RF cavity)

* loss of energy due to emission of synchrotron radiation (see Sect. 2.2) by the elec-

trons
¢ momentum dependence of the orbit length
On average, the energy loss per electron per turn is

e? E\*
0= 3o (E_r) (2.21)

with the beam energy E, the bending radius p and the vacuum permittivity €g. The

energy loss is recovered if
Wy =e- V- sin(W¥s) . (2.22)

Here, V) is the peak cavity voltage and W denotes the synchronous phase. Electrons
which lost more than the average energy W are still stored because the acceleration

voltage is higher than needed to compensate the mere losses. The overcompensation

10 2.1. Relativistic electrons in storage rings
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/: ()

Figure 2.2: The energy gain of an electron depends on its arrival time at the RF cav-
ity. The correct phase to compensate for the average loss per turn Wy, is Ws. A rela-
tivistic particle with a positive momentum deviation will move on a longer orbit. This
will cause the electron to arrive later at the cavity and it will be accelerated by a lower
voltage. The opposite effect occurs for a particle with negative momentum deviation.
Hence, using the trailing edge of the RF potential for acceleration causes a longitudinal
focusing effect, the so-called phase focusing.

|-

>
_
_ |

oF S

RF voltage

leads to an oscillation of the arrival time at the cavity which is referred to as synchrotron

oscillation [39].
Figure shows the effect of phase focusing leading to the synchrotron oscillation.

Electrons with a momentum smaller than the nominal momentum are deflected to a
shorter trajectory in the bending magnets, leading to an earlier arrival at the cavity (red
trajectory) after the subsequent revolution. This leads to a stronger acceleration (see
Fig. left) and hence, a mitigation of the energy loss. The effect opposing the energy
loss causes the synchrotron oscillation. The synchrotron frequency f; is given by

1 2nteVoh cos W 1
fs= TO\/ A7 (ac yQ) : (2.23)

Here, h = fRr/ frev is the so-called harmonic number which is the ratio of RF frequency
frr and revolution frequency frey. It determines the maximum number of bunches that
can be stored. The corresponding synchrotron tune is defined as Qs = fs/ frev. It is
typically of the order of 1072 because the oscillation in the longitudinal plane traverses
much less than one oscillation period per turn. The longitudinal size of an electron

bunch, i.e., the bunch length, is given by

CAcOAp/po

| (2.24)

07 =

where 04y /p, is the relative momentum spread.

2.1. Relativistic electrons in storage rings 11
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0.04

0.02

Ap/p,
(e}

-0.02

S
[e)
=

o
(9] —

RF voltage (norm.)
o

-1 1
0 0.5 1 1.5 2 2.5 3 3.5 4
phase (rad/7)

Figure 2.3: Longitudinal phase space of an electron storage ring (top). Storing electrons
is possible at distinct areas in phase space. Stable trajectories are plotted in green. Bot-
tom: RF voltage versus phase. The blue dashed lines indicate the synchronous phase
which is the center of a stable area in phase space.

The coordinates of the longitudinal phase space are the RF phase W and the relative
momentum deviation Ap/p as depicted in Fig. Here, the range of stable trajectories
is shown in green, whereas unstable trajectories, with phase or momentum deviations
being too large, are plotted in red. In addition, the RF voltage is plotted below. The
blue dashed lines indicate the synchronous phase Ws. For small deviations from the
phase W, and the nominal momentum Ap/po = 0, the stable trajectories in phase space
form ellipses. For larger amplitudes these trajectories become asymmetric in the phase

coordinate.

The width along the Ap/pg axis of the stable region expresses the momentum accep-
tance of the accelerator. As Qs < 1 holds for the synchrotron tune, the turn-by-turn
advance of an electron in the longitudinal phase space is only a small step along a green
curve. The longitudinal electron motion is an oscillation between off-energy and off-
phase states over a number of turns equal to 1/Qs. Measurements of the longitudinal
motion of electrons, which were energy-modulated by an optical laser, are presented in
Chap. 6.
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2.2 Radiation from charged particles

The characteristics of the electromagnetic field caused by an electron bunch which is
seen by an observer strongly depends on the distance between bunch and observer. An
observer being close to the electron bunch (near-field observer), detects a dominating
Coulomb field. Far away from the bunch, synchrotron radiation is observable. This
section will give an overview of the two regimes and radiation effects employed at syn-

chrotron radiation sources.

2.2.1 Near-field regime

The electric field at a distance r of a particle with charge g being at rest is given by

= 1 g7
Ec = = 2.25
c Amteg r2r (2.25)
The magnetic field is zero and hence, the Poynting vector
- 1 - -
S=—&EXB (2.26)

tHo

is zero, too. In consequence, no electromagnetic radiation is emitted in the case of
the charge being at rest. However, for an observer in a stationary laboratory frame,
a moving charge causes a current, which leads to a non-zero magnetic field and a non-

zero Poynting vector. It is then necessary to replace the classical potentials by Liénard-

Wiechert potentials
O(r, t) = S = (2.27)
dmeg v 1-3 B,
and  Arp=t. 0P (2.28)
4t v 1—-n- ﬁ ;

Here, E = 0/cy is the relative velocity and 7 is the unit vector pointing from the charge
towards the observer. The quantities are evaluated at the retarded time ¢, = t — R(t;)/co

where R(t,) is the distance between the observer and the charged particle.
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The electric field é(r, t) and the magnetic field @(r, t) can be calculated from these
potentials, which leads to

Sir, = 2 [UBIGEB) Inx (=P xf) 229)
’ meo | p2(1-7i - f)3 cr(1 -7 - f)3 |
| Coulomb regime radiation regime | t
By = >;8] _ (2.30)
tr
dp

Here, the temporal change of the velocity is expressed as E) = ;- Equation 2.29 con-

tains a sum of two different contributions to the electric field. The Coulomb regime
is described by the first term. The second term decreases only linearly with distance
r and is proportional to the acceleration E . It is referred to as the far-field regime and
describes the radiation phenomenon known as synchrotron radiation. In the static case
withﬁ = E =0, Eq. 2.29 simplifies to the Coulomb field (cf. Eq.2.25).

2.2.2 Far-field regime

Figure 2.4: The electric field lines (blue) from a point charge (black circle) which was ac-
celerated after being at rest are distorted because the change of the electric field expands
with the speed of light. These distortions are time-dependent transverse components

of the electric field which form an electromagnetic wave. This illustration is based on a
simulation performed with the code Radiation2D [47,[48].
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Far away from the charge, the Coulomb term of Eq. can be neglected and the ex-
pression for the electric field reduces to

2 e 1
=— : 2.31
& dmeg cr [nx(nxﬁ)]tr (2:31)
With the Poynting vector
S = eocl|E (2.32)

the radiation power emitted from an accelerated charge can be calculated as

e?c 1 E4
~ 6meo E2 p2

(2.33)

The reciprocal dependence on the rest energy E; and the proportionality to the fourth
power of the energy E lead to strong emission in the case of relativistic particles. A
simplified model of the radiation emission is illustrated in Fig. Here, a point charge
formerly being at rest is accelerated to a relativistic speed. The change of the electric
field which originates from the position change propagates with the speed of light.
This causes distortions of the electric field lines which are time-dependent transverse
components of the electric field and hence can be regarded as an electromagnetic wave

traveling away from the charge.

2.2.3 Bending magnet radiation

As can be seen in Eq. a relativistic electron beam deflected by a bending magnet
in a storage ring emits synchrotron radiation. The emission spectrum is given by

( ) =

2Lremoc Py g (3) (234)

W p? W

with the classical electron radius r. = e/(4megmoc?), the beam current I = g/Ty, the
critical frequency

;c;/ and S(x) = ix Ks/3(x)dx, (2.35)

We =

where K, is the modified Bessel function of the second kind.
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Bending magnet radiation is predominantly polarized horizontally because the electron
motion is confined to the horizontal plane. However, an observer with a vertical offset

from the bending plane detects elliptical polarization, too.

bending
magnet

polarization

O

—

O

Figure 2.5: The polarization of synchrotron radiation (SR) from a bending magnet is
linearly polarized in the plane of motion. An elliptical radiation polarization of opposite
handedness can be observed above and below the orbit plane respectively.

orbit plane
SR cone

The polarization of synchrotron radiation emitted from a bending magnet is depicted
in Fig. 2.5 for different vertical observation angles. Here, due to the direction of the
bending curvature, above the electron beam an additional right-handed polarization
component is observed and below the electron beam, an additional left-handed polar-
ization component is observed, respectively. A precise calculation of the angular inte-
gration can be found in [30]. The integrated polarization fractions after the projection

to horizontal polarization and vertical plane are

1
Ph = gPtOt and PV = gPtOt . (236)

In Chap. 4, a spectrometer for synchrotron radiation using polarizing beam splitters is
presented. The polarization fraction Py, /(P + Py) is an important figure for the design
of the spectrometer.

2.2.4 Undulator radiation

An undulator (cf. Fig. consists of a periodic sequence of alternating bending mag-
nets. The on-axis field is described by the undulator period A, and the field amplitude
By as

By(s) = By cos(kys) with ky = —. (2.37)
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I8
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Figure 2.6: Sketch of an undulator and the electron orbit (blue). The set of alternating
magnets with fixed period length A, and pole gap g leads to an oscillatory horizontal
electron motion (see text for details).

The solution of the equations of motion of an electron moving along the axis are

x(t) = _ K cos(wyt) (2.38)
kyy
K2
and s(t) = Bict + Ska)? sin(2wyt) (2.39)
2
with  K=2wBo g poio L (1K), (2.40)
2mmgc 2y? 2

where the angular frequency w, = kyf*c modulates the longitudinal speed with 2w,,.

Since the electron motion in an undulator has a non-zero horizontal velocity component
vy, an acceleration or deceleration caused by the external field is possible and an energy
exchange with the external electromagnetic wave travelling along the undulator occurs.
The on-axis electron in a horizontal electric field gL(t) = (EL(t),0,0) experiences an
energy change of

AW = —e/gL(t)d§ = —e/vxEL dt with (2.41)
*cK
Uy =X = dzit) = pe sin(wyt). (2.42)

Considering an electric field of an external laser
Ep(t) = Epcos (kLS —wit + (PL) (2.43)

the energy exchange is

ceELIOK

AW = —
2y

/ [sin(W;) — sin(W_)] dt with (2.44)
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a) LeT O electron b)

’ N — electric field

\ --- sum of fields

Figure 2.7: a) If the bunch length and the emitted wavelength are on the same order, the
electric fields interfere constructively and the emission is coherent. b) If the wavelength
is shorter than the bunch length, there is no constant phase relation between the wave
trains and the emission is incoherent.

v, = (kL + ku)S —wrt + qu (2.45)

and the field amplitude Ep o, the wavenumber ki, = 2t/Ay, and start phase ¢1. A net
energy change AW requires at least one of the two phases W, and W_ to be constant.

d:ﬂ* = 0 is fulfilled by the resonance condition

A, K

The condition

Here, the oscillating motion of the electron reduces the effective longitudinal electron
velocity such that the electron lags behind one field period per undulator period which
causes the term Ep v, to always have the same sign.

Equation is not only the condition for an energy transfer from an external electric
field to an electron traveling through an undulator, but it is also the on-axis emission

wavelength of an undulator set to an undulator strength K.

2.2.5 Temporal coherence

The emission of radiation by a single charged particle was described in the previous
section. The emission characteristics changes if bunches of charged particles containing
many particles are considered. The intensity of the radiation emission from a bunch of
N, particles scales with the number of particles, as long as the emitted wavelength is
much shorter than the bunch length, which resembles the case of incoherent emission.
If the emission wavelength is longer than the bunch length, the emission from different

electrons occurs in a phase-stable way, which leads to an intensity increase.
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Figure 2.8: Calculated emission spectrum from a bending magnet at DELTA at a beam
current of 10 mA.

Figure 2.7/ depicts the emission from short electron bunches. Phase differences much
smaller than 27 (see Fig.[2.7a) lead to an in-phase summation of the electric field and (cf.
Eq. a quadratic increase of the intensity. The incoherent emission at wavelengths
being short compared to the bunch length is shown in Fig.[2.7b).

Mathematically, this can be described by considering the radiation field &;(w) from an
electron at the longitudinal position z;

Ei(w) o f@HF20) (2.47)

The total radiation power from a bunch with N, electrons is then

N, N, N,
P(w) o Y EE} oc Y eI TET) = N, 4 3" el Tz, (2.48)
k,l k,l k#l

Here, the remaining sum can be expressed by the form factor g(w) = ¥ (p(z)) which is
the Fourier transform of the longitudinal electron density p(z) leading to

P(w) = Pe(@)N [1+ (N, = 1)g*(w)] (2.49)

with P, being the radiation power emitted from a single electron. Figure 2.8/ shows
a calculated spectrum of the synchrotron radiation emitted by a bending magnet at

the DELTA storage ring. Here, coherent emission causes a strong contribution around
5 GHz.
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2.3 Terahertz radiation

In 1800, astronomer William Herschel dispersed sunlight with an optical prism and
measured the light-induced temperature change at different positions of the spectrum
[49]. The observation of a temperature increase from blue light to red light and even
beyond led to the discovery of both, heat radiation and the infrared region of the elec-
tromagnetic spectrum . Energy transport through electromagnetic waves was later
predicted by James Clerk Maxwell in 1867 and was experimentally verified by Hein-
rich Hertz in 1887 [52]. The experiments of Hertz included the discovery of radio wave
concepts already known from optics like polarization, diffraction, refraction and also
standing waves. In the 20th century, the spectral range between these two discovered
regimes, the far-infrared region and the micro-wave region, was still referred to as the
THz gap. This term expresses the lack of experimental access to frequencies in the

THz range because for a long time neither suitable detectors nor efficient sources were

available [53].

The technical challenges in the THz range are inherently connected to the photon en-
ergy Epn = he/A with Planck’s constant /1, speed of light ¢ and wavelength A = 0.3 mm
which is 4 meV at a frequency v = 1 THz. This energy lies far below a typical thermal
excitation kgT =~ 26 meV with room temperature T = 300 K and the Boltzmann constant
kg. This makes handling THz radiation sensitive to thermal influence of the detector
or the radiation source itself. The macroscopic wavelength makes the beam transport
sensitive to diffraction losses. Metal conductors suffer from increased electrical resis-
tance in the THz range due to the skin effect: The frequency is high enough such that
the effective thickness of the conductor is decreased which reduces the conductiv-
ity. Further challenges regarding the radiation emission from THz sources, radiation
detection and the description of transverse beam properties are given in this section. A
comprehensive overview of the topic can be found in [53].

2.3.1 THz sources

Historically, the first THz sources were based on thermal emission of heated material.
A continuous-wave (CW) source commonly used for laboratory applications is the so-
called Globa which emits thermal radiation following Planck’s law . Globars are
usually made of silicon carbide which is electrically heated to about 1200 K to cover a
spectral range from about 20 THz to 75 THz [53]].

IThe word is a registered trademark which resembles the words “glow” and “bar” as a portmanteau
word.
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Lower frequencies, namely the region from 0.3 THz to 10 THz [55], are reached by plasma
sources like gas-discharge lamps. One example for this kind of THz emitter are water-
cooled mercury-based arc lamps. Both, Globars and gas-discharge lamps are still used
today in spectroscopic applications. Many spectrometers comprise these incoherent
emitters as internal sources which are used for measurements as well as reference pur-

poses.

Today’s scientific applications also demand pulsed THz radiation to study time-depen-
dent phenomena. This especially holds for pump-probe experiments where a time-
dependent process in a sample is excited by a radiation pulse which is followed by
another pulse to analyze the state of the sample after an adjustable delay. An overview
of state-of-the-art THz generation schemes used for pump-probe experiments is given
in [56]. Among the most popular methods are optical rectification (OR) and the use
of photo-conductive antennas (PCA). The OR scheme employs crystals consisting of a
material with a non-linear electric susceptibility x?). The non-linearity causes sum-
and difference-frequency generation within the laser pulse which leads to a broad-
band emission ranging from the quasi-DC region to many THz. Dispersion and phase-
matching conditions in the crystal limit the emission bandwidth typically to the inverse
of the incoming pulse duration such that a 100 fs long pulse will generate broadband ra-
diation up to 10 THz. The intrinsic synchronization between laser pulse and THz pulse
is beneficial for spectroscopic application where a portion of the initial laser pulse is
also used by the THz diagnostics equipment which is often the case for time domain
spectrometers.

A PCA can be regarded as a laser-driven and simultaneously laser-gated THz oscilla-
tor. The antenna consists of two metal contacts which are fabricated on a semiconduc-
tor layer by lithography. These two antenna parts are biased with a DC voltage, but
since the semiconductor is undoped no current flows through the micrometer-sized
gap between them. Focusing a femtosecond laser pulse of sufficient photon energy
onto the gap between the metal contacts bridges the semiconductor’s band gap and the
laser pulse excites electrons into the conduction band. The resistivity of the gap drasti-
cally decreases and consequently, a rapid current flow between the metallized antenna
regions occurs which either leads to pulsed broadband or narrowband CW radiation
emission. The bandwidth depends on the laser pulse shape and the antenna response
defined by the antenna geometry. The laser pulse shape mainly determines the maxi-

mum emission frequency, but apart from that the emission spectrum is not adjustable.

It was shown before that synchrotron radiation features a continuous spectrum ranging
over a broad frequency range which even covers the THz range at the low-frequency

end. As discussed in Sec. coherent emission is the key to increase the emission
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intensity. Besides the generation of short bunches directly, sub-picosecond structures
in the longitudinal charge density can arise naturally from the so-called microbunch-
ing instability (MBI) [57]. Here, a random density fluctuation radiates coherently and
the radiation acts back on the electron which leads to an amplification of the density
structure. Since a certain charge density threshold has to be overcome before the emis-
sion starts, the MBI is typically used for THz generation in the low-alpha mode, where
the bunches are short. The broadband radiation is emitted in so-called THz bursts at
a repetition rate equal to the revolution rate. While the high repetition rate is bene-
ficial, the shot-to-shot stability in terms of spectrum and intensity is not as good as
given by laser-powered THz emitters. A comparison of laser-based and accelerator-
based sources shows that a THz source with high repetition rate, tunable spectrum
and tunable pulse length would lie inbetween these solutions. A source fulfilling these
requirements is developed in this thesis and is presented in Chap. 3. Improvements to
this source are explained in detail in Chap. 5.

2.3.2 THz detectors

Detectors for THz radiation in general shall transduce the incident electromagnetic
wave properties into a different physical quantity which can be recorded for further
analysis. Information about amplitude and phase is required to fully describe the prop-
erties of the electromagnetic wave. However, not every type of detector can resolve
both pieces of information. Direct or incoherent detectors only resolve the amplitude,
whereas coherent detectors resolve amplitude and phase. Generally, the low photon en-
ergy of THz radiation competes with thermal excitations in the detector material which
makes cooling necessary in many cases. The output is not necessarily an electrical sig-
nal. Golay cells, for example, are operated as pneumatic THz detectors which convert
the energy of the THz pulse into a pressure change inside a small gas volume. The
deformation of a membrane is then measured with an optical readout system [58}59].

Two coherent detection schemes of THz pulses are electro-optic sampling (EOS) and
electro-optic spectral decoding (EOSD) [60,61]]. Here, the field of the THz pulse changes
the polarization of a laser pulse in an optical crystal with pronounced nonlinear suscep-
tibility due to the linear electro-optic effect, the Pockels effect. Measuring the influence
on the laser pulse polarization reveals the properties of the THz pulse. Since the polar-
ization change is proportional to the electric field, this method offers information about
phase and amplitude. A setup implementing EOS and EOSD techniques is under com-
missioning at DELTA but was not yet in operation for use within this thesis [62,[63].
More information on these techniques can be found in [64,/65].
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Figure 2.9: a) A Schottky-barrier detector receives an RF signal and rectifies the field.
The rectification introduces a DC component at the detector output which serves the
incoherent detection signal. b) The antenna of many broadband Schottky-barrier de-
tectors is implemented as a log-spiral which has the Schottky-diode in its center. Often,
the barrier is coupled to a bow-tie shaped inner antenna region (see inset)

Long before the challenge to detect THz radiation was considered, radio waves were
received through RF rectifiers based on Schottky-type hot-carrier diodes. These were
made of point-contacted lead crystals [66]. The non-linear voltage-to-current relation
in these devices introduces a DC component which is related to the power of the elec-
tromagnetic wave (cf. Fig.[2.9a). The rectification process needs to be intrinsically fast
which is also the reason why semiconductor-based p-n diodes are not suitable for this
purpose. The so-called reverse recovery time of a diode characterizes the switching
time from the conducting to the non-conducting state. P-n junctions typically reach a
shortest value of t;; ® 10ns which means that the charge-carriers are not able to fol-
low the electric field fast enough at frequencies much higher than about 100 MHz [67].
Schottky diodes do not suffer from a recovery time because the junction is not depleted
of charge carriers. The bandwidth of Schottky-based rectifiers is limited to frequen-
cies around 4 THz mainly because of capacitive loading. In consequence, Schottky
detectors for THz receivers use small-area junctions to reduce this effect.

The antenna has a strong influence on the spectral sensitivity. Narrowband detectors
make use of coupling to a low-bandwidth antenna [69]. To reduce the sensitivity to
the polarization direction, the most common receiver type uses the so-called log-spiral
antenna which is sometimes combined with a bow-tie antenna in the center. Fig-
ure 2.9b shows a sketch of a log-spiral antenna matched to a frequency of 1 THz. Nar-
rowband detectors often use exchangeable horn-shaped antennas to define the spectral
sensitivity. Many of the measurements presented in this thesis were carried out with
the Schottky-barrier detector shown in Fig. Details about the device can be found
in[A1l

2.3. Terahertz radiation 23



Chapter 2. Basic concepts

Figure 2.10: Commercially available Schottky detector used for the observation of THz
radiation. The detector case houses the bias circuit for the detector and an amplifier
with a bandwidth of 4 GHz. The THz radiation is focused by a ball lens made of silicon.
The output signal is coupled by a 2.92mm/K-type connector which offers better RF
properties than a standard SMA connector but is intermateable with it.

Detectors with a much weaker frequency-dependent response are semiconductor-based
bolometers. Bolometers are thermal detectors which react to a temperature change with
a changing electrical resistance. At DELTA, a Si bolometer is used which is cooled with
liquid helium (temperature of 4.2 K) to improve the signal-to-noise ratio. Furthermore,
the speed of the detector is increased because the heat capacity of the detector head is
decreased at low temperature. While a classical bolometer makes use of the temper-
ature change of the atomic lattice, Si bolometers are so-called hot-electron bolometers
(HEBs) which directly convert a thermally induced change of the electron mobility to
the output signal. The Si-based HEB used for THz spectroscopy at DELTA has a re-
sponse time of about 1 ms. This leads to an integration over roughly 2600 revolutions
in the storage ring. Further properties of the detector are summarized in

A much faster device employed at DELTA is the liquid-nitrogen cooled YBCO
(Yttrium barium copper oxide) detector. It features a response time of less than
17 ps and a sensitive frequency range from 100 GHz to about 2.5 THz. In this frequency
range, a direct observation of the incidient field is possible, allowing to perform phase-
sensitive measurements. However, the complete readout chain including amplifier,
transmission cables and oscilloscope has to provide a very high bandwidth to make

use of this feature. Key parameters of the device can be found in
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> beam diameter

--------- divergence angle

Figure 2.11: The beam waist of a Gaussian beam is the location at which the curvature
of the wavefront is infinite. In the limit of infinitely short wavelength A, the waist radius
w( decreases and the radius w(z) converges to the dashed line.

2.3.3 Transverse beam properties of electromagnetic radiation

To describe the transverse beam properties of THz radiation, the concept of geometrical
optics is insufficient. The wavelength being in the (sub-)millimeter is not negligible
in comparison to the beam diameter and the dimensions of relevant optical elements.
Therefore, diffractive effects have to be considered. A concept combining ray- and wave
optics is the Gaussian beam. The most noticeable difference is that in geometrical optics
a beam can be focused to a diameter of w(z = z() = 0 which is not realistic. Instead, the
transverse beam profile is assumed to have an intensity distribution of Gaussian shape

with a 1/e? width w and a minimum defined as wy.

Figure shows a sketch of a beam waist of a Gaussian beam. The direction of prop-
agation is along the z axis. In cylindrical coordinates with r = 4/x? + y2, the electrical
field &(r, z) is described as a solution to the paraxial approximation of the wave equa-

tion with

2

: 2
E(r,z) = wz(())(z(?o exp {]'(a)t — kz} exp {]E(z)} exp {_]%7’(2)} exp {_wg—(z)} . (2.50)

Away from the beam waist at z = 0, the beam diameter grows as

w(z) = wo, |1+ ﬁ (2.51)
Zk
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with wy = w(0). The curvature of the wavefronts varies as

2
R(Z) =z (1 + 2—2) . (252)
The Rayleigh length
nw}
ZR = (2.53)

is the distance from the beam waist to the point where the beam area has doubled. The
beam divergence is defined by half the far-field opening angle of the beam envelope as

© = arctan (@) = arctan (L) (2.54)
ZR TTWo

From ray optics, a matrix formalism is known which describes the light propagation
by the distance r from the optical axis and the angle r’. A simple matrix formalism

describes the transformation of rays from z; to z as

r(z2)
r'(z2)

A Gaussian beam, however, has to be transformed slightly differently. Instead of (r, #’),

A B
C D

r'(z1)

r(z) ) . (2.55)

the complex beam parameter
q(z)=z+qo=2z+jzR (2.56)

with the imaginary unit j is transformed. Often, the reciprocal definition

1 1 A
= -] 2.57
1@ R ) 27
is used. It transforms from one position to the other as
Agi(z1)+B
12(z2) = = 258)

Cqgi(z1)+ D’

with the same matrix elements as in ray optics.
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The beam radius at any position is given as function of 4(z) as

w@ﬁ:J_Eiﬂﬂ@lﬂ; (2.59)

Tt

In the matrix formalism, a thin lens with focal length f, for example, is modeled by

10
D:(—%o)' (2.60)

and a free-space section of length L is described by

U:(éﬁ)' (2.61)

THz beam paths generally tend to diverge fast due to the large wavelength. In Chap. 4,
calculations of THz beam diameters are shown which are based on the matrix formal-
ism for Gaussian beams. The DELTA THz beamline described in Chap. 3 and also the
beam transportation to the spectrometers used for the diagnostics of THz radiation rely
on these assumptions.

2.3.4 Materials for THz optics

The description of the transverse beam properties of THz radiation leads to the question
how to actually influence the transverse beam shape and which materials can be used
for focusing optics. Lenses made of Polymethylpentene (TPX) or high-resistivity
float zone silicon (HRFZ-Si) are commercially available. Here, 5mm thick TPX
lenses offer a transmission of 90 % at a wavelength of A = 1 mm while silicon absorbs
more radiation and has a typical transmission of 55 %. Both materials are nontrans-
parent for visible radiation and especially for infrared radiation around 10 pm which
is important when THz optics is used together with optics of CO, lasers of this wave-
length. Optics suitable for both, the THz range and the visible regime, are made of z-cut
quartz with 30 % transmission or diamond with a transmission of about 50 %. All trans-
mission values given here were normalized to a thickness of 5 mm which is typical for
lenses but rather thick for windows or beam splitters. Of all these materials, diamond
results in the most flat transmission spectrum with only weak absorption around 5 pm

wavelength and strong absorption below 225 nm.
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Another commonly used method to focus THz light is to use (off-axis) parabolic mirrors
or (off-axis) toroidal mirrors made from aluminium with or without gold plating. These
mirrors are used to reflect THz light at a given angle of incidence while simultaneously
focusing the light. Here, a symmetric concave mirror holding a spherical cut would
introduce an astigmatism because the effective focal lengths differ in the horizontal
and vertical plane. To avoid that, different radii of curvature are needed horizontally
and vertically, respectively, which leads to the use of paraboloidal or toroidal mirrors.
These mirrors have different radii of curvature in the meridional plane (defined by the
incoming and outgoing optical axis) and the sagittal plane (the plane perpendicular to
the meridional plane). To achieve the same focusing strength in both planes, a toroidal

mirror for an angle of incidence 0 = 45°, for example, has the radii of curvature

Rs=2V2f and Ry =V2f. (2.62)

In Chap. 4, a THz spectrometer is presented which uses polarizing beamsplitters. In the
THz range, the use of dielectric beamsplitters is not advisable due to absorption losses
in the material, but highly efficient linear polarizers can be made of grids comprising
free-standing, conducting wires. Typically, gold-plated tungsten is used because tung-
sten ensures the mechanical stability and the conductivity of gold leads to a reflectivity
of close to 100 % [78,[79]. Figure illustrates the reflection of THz radiation being
polarized parallel to the wire orientation while the perpendicular polarization compo-

nent passes the filter. The reflectivity of the radiation component parallel to the wire

direction is

1
R, = 2.63
P 14(S/1)?) In(S/(nd) 268)
and the orthogonal reflectivity reads
4
R, (rd) (2.64)

= (2SA)?[1 + (rd)4/(25A)2]

with the wire diameter d, the wire pitch S and the radiation wavelength A. For an
angle of incidence of 45°, a ratio §/d = 5 is optimal [81]]. Lower values lead to a strong
high-pass frequency characteristic since the fraction of the polarizer aperture covered
by metal is larger.
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Figure 2.12: Free-standing wire grid used as a THz polarizer. The conducting wires
(typically made of gold-plated tungsten) reflect light with polarization parallel to the
wire orientation. The orthogonal polarization is transmitted. The ratio of wire distance
and wire thickness determines the spectral high-pass characteristics of the polarizer
(see text for details).

2.4 Lasers

The development of pulsed lasers has strongly influenced new developments in accel-
erator physics. In this thesis, experiments were carried out in which the electrical field
of a laser pulse modulates the energy of relativistic electrons in a storage ring. The in-
vention of pulsed lasers led to a drastically increased peak field in laser pulses. Shortest
laser pulses are generated by the so-called mode-locked operation which is explained

in this section.

2.4.1 Pulsed Lasers

The laser system used in the scope of this thesis is an 800 nm short-pulse laser system
based on Ti:sapphire as laser medium. The emission spectrum of Ti:sapphire ranges
from 650 nm to 1050 nm [82]. Hence, a large number of longitudinal modes fulfill the
standing-wave condition which restricts lasing to wavelengths A; which are an integer

divider k of twice the cavity length L. These wavelengths are given by

2L
= 2.

A p (2.65)

The emission of the light from the these modes occurs with random phase in the first

place. However, it was experimentally proven in 1986 that a Ti:sapphire laser can
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Figure 2.13: Train of laser pulses generated from few phase-locked longitudinal laser
modes. Ten modes (yellow), 50 modes (red) and 1000 modes (blue) are summed up at
correct phase and the normalized intensity is calculated. The pulse duration shrinks
with an increasing number of modes. The constant phase relation leads to constructive
interference at delays of the pulse period. For better visibility, only few laser modes
contribute. Broadband lasers, like the Ti:sapphire laser, can reach phase locking of up
to 850000 modes.

be operated with fixed phase relationship of the laser modes. This concept called mode-
locking leads to constructive interference and the formation of ultrashort pulses. The
repetitiion rate frep of the pulses is given by

c
frepzév:i.

(2.66)
Active methods to achieve mode-locking are, e.g., acousto-optic or electro-optic mod-
ulators. Passive mode-locking is realised through the Kerr-lens effect or saturable ab-
sorbers which introduce cavity losses that depend on the peak laser power [83}84]. The
Ti:sapphire laser oscillator at DELTA employs a Kerr-lens which favors the modelocked
operation due to increased losses in CW mode. Passive mode-locking techniques can
achieve much stronger pulses than active techniques, but startup problems of the mode-

locking formation are common.

Figure shows a simplified illustration of the mode-locking process and the laser
pulse evolution. Here, different numbers of modes are summed up at correct phase
and the normalized intensity is calculated. The pulse duration shrinks with an increas-
ing number of modes.

Ultrashort laser pulses can be described as time- and space-dependent electromagnetic
waves. The spatial dependence of the beam is modeled very well by a Gaussian beam
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(see Sec. which was already used to characterize THz beams. The ideal temporal
distribution is of a Gaussian shape in time domain which necessarily requires a Gaus-
sian shape in frequency domain. In a real laser, shape and duration of the pulse depend
on the emission spectrum of the laser medium, the bandwidth of the cavity optics and
the dispersive properties of the cavity setup. The electric field of a Gaussian pulse &(t)
reads

Et) =8¢ - exp(-TH?) - exp(jwot) (2.67)

with the I' = a — jb and the temporal phase ¢(t) = wot + bt%. In the course of this
thesis, the laser phase is treated in spectral domain and the temporal phase has to be

distinguished from that phase.

The parameter 4 is determined by the rms pulse according to @ = 1/(40?), which can be
expressed as the full width at half maximum duration (FWHM) At = 2V21n20;. The
parameter b determines the so-called chirp which is the variation of the instantaneous
frequency along the temporal coordinate of the pulse. A more common expression for
the chirp in the spectral domain is given later in this chapter. The time derivative of the
temporal phase

(t)

d
w(t) = % — w421 (2.68)

defines the instantaneous frequency w(t) of the pulse.

2.4.2 Pulse complexity

A laser pulse is fully characterized by its electric field E(t). However, for laser radiation
near the visible range of the electromagnetic spectrum it is often technically impossible
to experimentally access &(t). In these cases, pulse diagnostics in the spectral domain
is much more feasible. The Fourier transform

1 © <
E(t) = %/ E(w) exp(—jwt) dw (2.69)
defines the relation between spectral domain and time domain as a mathematical base
change to sine and cosine as a set of orthogonal functions. Hence, the full information
about the pulse is contained in E(w) as well. Here, the pulse is defined by the spectral
amplitude A(w) and spectral phase ¢(w) with E(w) = Alw) exp{ j¢(w)}. If the spectral

phase ¢(w) is a linear function of w, the shortest possible pulse length is achieved and
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Figure 2.14: The complexity of a laser pulse is the ratio of the smallest and largest struc-
ture either in spectral domain (left) or time domain (right).

this condition is referred to as a Fourier-limited pulse. The pulse length is then fully

determined by the spectral width of the pulse. The time-bandwidth product
TBP = Aty - Aw (2.70)

is the product of the temporal duration (FWHM) At( and the spectral bandwidth (FWHM)
Aw. In the case of a Gaussian pulse shape TBP > 0.44 holds. The minimum is reached

in the Fourier limit.

Another measure which has a comparable meaning, but which is more often used in
the context of spectro-temporal shaping of pulses, is the pulse complexity

_At_Aa)

with 6t and 6w being the smallest and At and Aw being the largest features in temporal
and spectral shape, respectively. Figure illustrates the meaning of the complexity

in that context.

For a pulse with Gaussian spectrum, the complexity is n = TBP/(4In2). Generally,
the complexity 1 that can be reached is a limiting factor, in any pulse shaping setup.
In Chap. 5, computer-controlled adaptive optics, which apply a frequency-dependent
phase shift, are used. These offer high flexibility due to their large number of degrees of
freedom. Phase-shifters for pulse shaping reached a maximum complexity of about
600. However, a much simpler setup like a Michelson interferometer, which delays two
50 fs long pulses by 100 ps, easily reaches a complexity of 7 = 2000. This emphasizes

that complexity is not a matter of flexibility in pulse shape.
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Figure 2.15: Sketch of a background-free autocorrelator. The incoming beam is divided
into two beams by a 50:50 beam splitter. After passing corner-cube reflectors, the two
beams are delayed and recombined in a second-harmonic generation (SHG) crystal by
a focusing lens. Three beams exit the crystal. The central beam being the second har-
monic of the combined signal is analyzed by an IR-blind photodiode.

2.5 Temporal diagnostics of pulsed optical radiation

The goal of this thesis is to implement different pulse shaping schemes for laser radi-
ation to control the generation of THz radiation based on a laser-electron interaction.
Typical devices used for the diagnostics of (ultra-)short laser pulses which were used

in this thesis, are described in the following.

2.5.1 Autocorrelation

Autocorrelation in general is a technique to characterize a time-dependent signal by
determining the correlation with a delay of the original signal. In optics, two different
kinds of autocorrelation are used to estimate the pulse duration or the temporal shape
of the intensity. Here, only the intensimetric autocorrelation is described whereas

more information on interferometric autocorrelation can be found in [88].

As depicted in Fig. a scanning intensity autocorrelator consists of a Michelson in-
terferometer to create a pulse copy which is shifted in time. In the so-called background-

free configuration, the two beams are guided with a lateral offset and are recombined by
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a focusing lens at a crossing angle inside a crystal with significant non-linear dielectric
susceptibility x®. In general, polarization inside media is described by

P =eoxMEH) + egxPEX ) + ... . (2.72)

If a strong field E(t) = &g sin(wt) is present, the second term causes a polarization

(2.73)

1 2wt
P? = ggx @& () = 60)((2)8% sin?(wt) = egx?PE? (— _ osQwt) )) .

2 2

This means that after an excitation of the medium at w, a re-emission process at the
doubled frequency occurs. Due to energy and momentum conservation in the crys-
tal, the two primary beams leave the crystal at an angle, but the second harmonic is

generated on-axis.

The output intensity I, of an intensity autocorrelator is

Lot o< |E(t) + E(t — 1)|? (2.74)
o B2 +218ME(t — 1)]? + |83t — 7)? (2.75)
o« I(t) +2I(HI(t — 1) +I%(t = 7) (2.76)
~_—— S ——
w 2w w

with a variable time delay 7 and the electrical fields &(f) and E(t — 7). If the beams are
combined in the crystal at a crossing angle, the three intensity terms leave the crystal at
different angles which makes a separation very feasible. Moreover, the on-axis radia-
tion is frequency doubled with respect to incoming beam because of the SHG (second-

harmonic generation) crystal.

Although intensity autocorrelation is not a phase-sensitive method for pulse charac-
terization, it is a useful method to measure the intensity modulation of a laser pulse.
An autocorrelator of this kind was built within this thesis to characterize modulated
laser pulses. The setup employs a crystal of barium boron oxide (BBO) also known as
p-barium borate cut at 29° with a thickness of 0.2 mm. The cutting angle is important for
the efficiency of the SHG process. The on-axis radiation has a wavelength of 400 nm.
Although the primary beams and autocorrelation beam are transversely separated, a

gallium-phosphide photodiode is used which is only sensitive below 550 nm.

Further details about the setup can be found in|A.5, Measurements carried out using the
device are shown in Chap. 5 Autocorrelation is a reliable technique to detect intensity

modulations. However, it has to be noted that due to the symmetry of the setup, sub-
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structures may be suppressed. Additionally, short intensity features may be washed

out in the autocorrelation signal.

2.5.2 Frequency-resolved optical gating

Another self-referenced characterization for laser pulses is called frequency-resolved
optical gating (FROG) [90,[91]]. The main idea is to temporally gate the test laser pulse
with a reference pulse and measure the resulting spectrum as function of the delay ©
between the respective pulses. A two-dimensional spectrogram

2

S(1, w) o« / E(G(t — 1) exp(jwt)dt (2.77)

is recorded. This is realized by overlapping a pulse with a gate pulse in an SHG crystal
while measuring the SHG spectrum. Spectral phase and amplitude are extracted from
the resulting two-dimensional map S(t, w). Here, it is beneficial that extracting the
phase information from S(7, w) is mathematically equivalent to phase retrieval prob-
lems in other fields and iterative algorithms exist to determine the phase. In the simplest
case, the gate pulse G(t) is identical to the pulse to be analyzed, but ideally a gate pulse
with well-known spectral amplitude and phase is used.

Different implementations of FROG exist of which SHG-FROG is the most-widely used.
The technical implementation equals the autocorrelator setup shown in Fig. [2.15/except
that the photodiode is replaced by a spectrometer. The test pulse G(t —7) then is simply
G(t — 1) = E(t — 1) and the spectrogram reads

2

S(1, w) « / E)E(t — 1) exp(jwt)dt| . (2.78)

Animplementation of SHG FROG without a moving delay line is called GRENOUILL
Here, a combination of a cylindrical lens and prism are used to shear the beam in the
crystal so that a time delay variation is reached along the horizontal coordinate of the
crystal which can be imaged with a camera which directly acquires S(7, @). More in-
formation on this setup can be found in [9291]. A GRENOUILLE FROG was available
for measurements in this thesis, however, the maximum laser pulse length the device
can handle is 150 fs. Hence, the characterization of longer pulses was carried out by an

intensity autocorrelation and only fully compressed pulses where characterized by the
FROG.

2GRENOUILLE: Grating-eliminated no-nonsense observation of ultrafast incident laser light E-fields,
la grenouille: french for ”frog”
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Figure 2.16: Working principle of a streak camera. See text for details.

2.5.3 Streak camera

Another device for the diagnostics of periodically pulsed optical radiation which is typ-
ically used at synchrotron radiation sources, is the streak camera. It allows for an inco-
herent detection of pulses with a typical resolution of several picoseconds [93]94].

Figure shows the basic principal of a streak camera. The light pulse is focused
onto the input slit and hits a photo cathode where a number of photo electrons propor-
tional to the light intensity is emitted. The temporal shape of the light pulse equals the

temporal shape of the photo electron ensemble.

A voltage of several hundred volt is used to accelerate the photoelectrons away from the
photo cathode. An additional voltage with fast oscillating field is applied to a pair of
electrodes causing a transverse acceleration of the photo electrons. The time-dependent
tield leads to a tilt of the electron ensemble which now has a correlation between trans-
verse position and arrival time. Hence, an image taken by a two-dimensional CCD cam-
era after a phosphor screen and a micro-channel plate for image intensifying contains
the temporal shape of the initial light pulse. Often, the high-voltage pulse is generated
by a photoconductive switch if laser radiation is diagnosed. However, for measure-
ments in this thesis a streak camera was used which relied on a synchronization with
an externally provided RF signal of 125 MHz. The synchronization signal is a frequency-
divided signal from the accelerator RF system working at 500 MHz.

As the short-pulse laser used at DELTA is synchronized to the storage ring RF system,
both, laser radiation and synchrotron radiation, can be observed with the streak cam-
era. To detect temporal variations between the observed light pulses and the reference
RF signal, many streak cameras allow to apply a second voltage to another set of elec-
trodes with an orientation perpendicular to the first pair of deflection plates. In this

way, periodic phase changes and pulse length can be imaged in two dimensions on the
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Figure 2.17: Left: The spectrum of a test pulse and a delayed reference pulse exhibits
interference fringes. Center: The Fourier transform of the spectrum shows a central
peak and symmetric sidebands at the delay 7. Right: The spectral phase of the test
pulse can be retrieved if the reference pulse is fully characterized (see text for details).

CCD camera [95]. The operation mode is often called synchroscan. In this thesis, the
streak camera is mainly used to find the temporal overlap of laser pulses and electron
bunches. This is realized by equalizing the arrival time of laser pulses and synchrotron
light pulses emitted by the electron bunch. Furthermore, it was used to measure inten-
sity modulations of laser pulses before the self-built autocorrelator was available.

2.5.4 Spectral interferometry

The relation of temporal and spectral shape is given by the complex Fourier transform.
As pointed out in the previous section, Fourier-limited pulses of known shape can be
fully characterized by their amplitude spectrum. If these special conditions are not

tulfilled, spectral measurements are still of use if a reference pulse exists.

In this thesis, twin pulses generated in a Michelson interferometer were used to interact
with longitudinally displaced regions of an electron bunch. A way to get more informa-
tion about such a double-pulse train is spectral interferometry [96,97]99,098]. Here, the
spectrum of a test pulse &(t) is measured first. Next, the spectrum of the pulse together
with a reference pulse &,¢f delayed by 7 is measured. The spectrum now exhibits fringes
from the temporal interference of the two pulses (c.f. Fig.[2.17). The spectrometer signal
reads [99|

I(w) o |E(w) + Eret(@) exp(jwr)[ (2.79)
o« A%(w) + Afef(a)) + 2A(w)Aref(@) - cos{p(w) — @ref(@) — wT} (2.80)

with the spectral amplitudes A(w) and Ayef(w).
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The spectral structure described by the cosine term is visible as a modulation with a
frequency of 1/7. However, there is a second phase term being ¢(w) — @ref(w) which
can be interpreted in the picture of a frequency modulation. The delay corresponds to
a carrier frequency which is modulated by the phase difference of the two pulses. If the
pulses are identical, the phase difference is zero and the modulation is purely caused
by the delay. Then, the delay can be precisely measured from this oscillation. More
information is gained if the reference pulse has a well-known spectral phase being dif-
ferent from the test pulse. Fourier-transforming the amplitude spectrum gives a central
peak and two sidebands separated by the delay. Only back-transforming the sideband
yields

IT(C‘)) = A(w)Aref(a)) exp {]((P(a)) - (Pref(a)) - a)T)} . (2.81)

This method is known as Fourier filtering as only the side band is analyzed. Figure
(right) depicts the phase retrieval by the second Fourier transform.

2.6 Dispersion control and shaping of optical pulses

The previous section covered the retrieval of spectral phase and spectral amplitude to
characterize a laser pulse. The pulse length and more generally its shape is essentially
influenced by the phase.

Again, the description of the pulse can either be expressed in frequency domain or
in time domain. The different meaning of spectral phase ¢(w) and temporal phase
¢(t) is easily confused. In the following, only the spectral description is given, but
the perspective can be changed to time domain by a Fourier transform. Expanding
the spectral phase as a Taylor series helps to identify ways to manipulate the spectro-
temporal behavior of a laser pulse. The expansion reads

(p(a)):(p0+D1-(a)—a)o)+D2-(a)—a)o)2+D3-(a)—a)0)3+.... (282)

The coefficients have different effects on the laser pulse:

* ¢ is the absolute phase, or the carrier-envelope phase (CEP). It is the relative
phase between the envelope of the electric field and the carrier. This phase is im-
portant to reach the highest electric peak field. In some applications, laser pulses
are so short that the field envelope only covers a few cycles. Here, it is important
to achieve a stable relation between envelope and carrier [100].
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Figure 2.18: Effect of different orders of dispersion. Left: Ten longitudinal modes are
aligned without phase delay. The pulse (purple) is fully compressed. Center: A linear
variation of the phase with frequency leads to a delay of the pulse. The red line indicates
the shift of the maxima for each mode next to the pulse center. Right: A quadratic phase
shift leads to a chirp of the resulting pulse. A variation of frequency with time and pulse
broadening is clearly visible.

* D, is the delay between the pulse and an arbitrary origin of time. It is a constant
group delay leading to a simple shift in time.

* D is known as the chirp of the pulse. It not only leads to an increase of pulse
length, but also introduces a time dependence of the instantaneous frequency as
each frequency experiences a different time shift. More specifically, while sweep-
ing the frequency, the phase advance increases linearly.

¢ Djs is the cubic phase term. Pre- and post pulses are generated by the cubic phase
which is also known as third-order dispersion (TOD).

The effect of different orders of dispersion is illustrated in Fig. Here, a set of 10
longitudinal modes interferes without phase delay (left) which leads to a fully com-
pressed pulse. A phase which linearly depends on the frequency of the mode (center),
leads to a shift of the sum pulse. A quadratic variation of the phase (right) changes the
pulse length and leads to a frequency variation in time.

In this thesis, only second-order and third-order dispersion are regarded when correct-
ing the spectral phase. However, in the application of ultra-high power lasers [101] the
correction of higher orders improves the time-bandwidth product and brings the pulse

near the Fourier limit.
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2.6.1 Grating compressors

Many applications demand a method to compress a chirped laser pulse either to control
a temporal behavior on a short timescale or to drastically increase the peak intensity of a
laser pulse. To achieve that, an optical setup with controllable dispersion is needed. The
laser system used in this thesis employs the chirped-pulse amplification (CPA) scheme
where a comparatively long laser pulse is amplified to avoid damage of the laser crystal
caused by a high peak intensity. After the amplification, a grating compressor is used
to reduce the pulse length.

D-shaped gratings roof
mirror mirror
input > /

Y

output

Figure 2.19: Geometrical arrangement of a grating compressor for laser pulses. A laser
pulse enters the compressor at an angle of incidence 9; at the first grating. The blue and
red lines indicate different paths for different wavelengths. After passing a second grat-
ing, the spatially chirped beam is recombined by being sent back after a beam height
change at a roof mirror. The path length is correlated with the wavelength. Longer
wavelength components experience a larger delay.

Figure shows a sketch of a four-grating compressor which is built of two gratings
being passed by the laser pulse twice. This arrangement is also known as Treacy-type
compressor. The input beam is dispersed at both gratings which are oriented in paral-
lel. The beam is then reflected at a roof mirror changing the height of the beam. After
passing the grating arrangement a second time, the beam is reflected at a D-shaped mir-
ror to exit the compressor arrangement. The wavelength-dependent diffraction angles
yield a chromatic delay which depends on the distance of the gratings d and the angle

of incidence on the first grating 9;.

The diffraction at a single grating is defined by the grating equation [[102]

mA = g - {sin(;) + sin(So)} . (2.83)
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Here, m is the dispersion order, g is the grating line period and 9; and 9, are input and
output angles, respectively. In the so-called Littrow configuration, the input angle and
output angle are equal and the Littrow angle Sy trow reads

nA
SLittrow = ¥i = ¥ = arcsin {ﬂ} . (2.84)
This arrangement, which is sometimes used in laser resonators, allows to use a grating

as a mirror, but, of course, 9; = 9, is only fulfilled for a specific wavelength. The group
delay 7 = D; introduced by the compressor is [102]

_ d {1 + cos(9;)}
. .

D,

(2.85)

For practical applications, it is worth mentioning that every change of the grating dis-
tance leads to a global time shift D; of the pulse. The setup depicted in Fig.[2.19 can be
adapted to correct length changes inherently. This requires a co-moving delay line re-
versing the time shift which is connected to the translation mechanism of the movable
grating.

The group delay dispersion (GDD) D, introduces the chirp of the laser pulse, i.e., the
correlation between frequency and time. The GDD of a grating compressor is [102]

3
42 2 2
Dy = 2 Cf l1 - (ic — sin sl)l (2.86)
w8 wo8
and the third-order dispersion (TOD) reads [102]
2mc ; i 02
D, 1+ Ztcsind; —sin® 9
Dy=—22, @8’ : (2.87)
2(1)0 1 21cC ind 2
- w_og — S11l vy

The TOD Dsj is a linear function of the second-order dispersion Ds. In consequence,
any change of the grating distance will affect both, GDD and TOD.

A given dispersion D, influences a fully compressed pulse of duration Atj in the way
that the pulse duration increases to [[102]

2
4D2 In2
At; = Atgy[1 + . 2.88
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At full compression, the laser pulse length is limited by the time-bandwidth product
with an electric field

Eot) = & - expl—aot?} - expljwot} with ag = QAhtlf | (2.89)
0
The eletric field including dispersion up to the second order D; reads
Ei)=6& 2—2 -exp{—at?} - exp{jwot + jb1t2} (2.90)
with
a = QAI?; and by ~ Z:fo . (2.91)

Here, the approximation holds for At > Aty.

In standard operation at DELTA, the laser employs a grating compressor to reach short-
est pulses with a duration of about 40 fs. Aswill be explained in Chap. 5, the compressor
was detuned to obtain laser pulses of longer duration. Different methods were tested
to correct unwanted TOD of laser pulses with durations of up to 20 ps.

2.6.2 Fourier optics

The Fourier transformation plays an important role in optics. While mostly used to
choose the right perspective either in time domain or in spectral domain, it can give ac-
cess to the spatial domain when used to describe Fraunhofer diffraction. In this section,
the idea of shifting the spectral phase in the spatial domain is derived mathematically

in view of classic diffraction theory. The basics of this so-called Fourier optics are ex-
plainend in [103}[104,[105] more detailed.

If a plane wave
Ep(x,y,2z) = Egexpljlkz — wt} (2.92)

advancing in z direction approaches a diffracting object at z = 0 with a complex transfer
function T'(x, y) with |T| < 1, the electric field after the diffraction reads

El(x, v,z)=T(x,y)Ep(x,y, 2). (2.93)
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Amplitude and phase of T model the attenuation and phase shifting behavior of the ob-
ject. This arrangement of diffraction plane and observer plane is depicted in Fig.
In the Fresnel approximation, propagation near the optical axis at small angles is con-

sidered. The approxmation reads

jejkz

CFresnel(X, Y, 2) = / / T(x,y) &X',y ,z=0) ej%((x_x/)er(y_y')?)dx’dy’ . (2.94)

Further assuming that the observation plane is much wider than the diffraction plane
and z > z’ yields the Fraunhofer diffraction integral

SFH(x y’ Z) ]—e]/\ (x +y ) / / T(x’ y) a(x/’y/’z — 0) e—ji—’;(xx’-&-yy’)dx/dy/ .
(2.95)

The definition of spatial frequencies vy = x/(Az) and v, = y/(Az) allows to express
the field distribution in form of a two-dimensional Fourier transform multiplied by a
quadratic phase term

jelkz

Ex,y,z)= el 1z (% +y?) ?{T(x,y) Ex',y',z= 0)}(vx,vy) ) (2.96)
In reality, the far-field approximation can be realized by a lens imaging the diffraction
plane. An optical setup following this approach is shown in Fig. Here, the diffract-
ing element is a vertical-line grating which is placed in the image plane of a focusing
lens. The lens with a focal length f adds a phase shift

_ n(x?+y?)
Pl y) = I (2.97)

To determine the effect of the lens, the field at a distance z = f has to be evaluated. Since
the diffracting object, the lens, is located at z = 0, the image plane of thelensisz = f. As
this distance does not fulfill the far-field approximation, the Fresnel approximation is
used. Equation[2.94]is a function of x—x” and y—y’ and it can be treated as a convolution
of an impulse response function /(x, y, z) and the field ET(x', v,z = 0) with

jelkz
E(x,y,2)=8"(x",y',z=0)+h(x,y,z) with h(x,y,z)= o L= oife(®+y?) (2.98)

and the * being the convolution operator.
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Figure 2.20: Generalized view of diffraction of a plane wave by an object at z = 0 and
observer at z’ (see text for details).
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Figure 2.21: Sketch of a 2-f line to create a transversely chirped beam. The setup is also
regarded as an optical Fourier transform because in the Fourier plane, a correlation
between spatial coordinate and frequency is created.
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Applying another transfer function Tiens = €/# and evaluating the Fresnel integral at
z = 2f, the focal point after the lens, yields

By 2 = 2f) = J';j;f / / B(r,y,z = e HEHIT 6Py ) g gy
(2.99)
= %e_j%(x//2+y//2)//S(x,y,z = f)e_j?‘_?(xx”w”)dxdy.
(2.100)

A comparison with Eq. reveals that Eq.[2.100| can be expressed as a Fourier trans-
form of the field after propagating the distance z = f from the diffraction plane

j Zkf ;T 7”2 7”2
E(x,y,z) = ]f\—fe_zﬁ(x WOE {8(x,y,2= f)} (va,vy). (2.101)

With Eq. and the application of the convolution theorem follows

] ikf ;T 7”2 7”2
E(x,y,z) = ];—fe_lﬁ(x Vg {ST(x',y’,z =0) = h(x,y,z)} (v, vy) (2.102)
jeikf —i L (x"2+y""?) T
= Te Af S {8 x',y',z= O)} (Va,vy) - F {h(x,y,z)} (v, vy)
(2.103)
ief2kf
= ]6—7: {ET(x’, y,z= O)} (v, vy) (2.104)

Af

with H(vy, vy) = F{h(x, 5, 2)} vy, vy) = elkf - eIV,

Equation 2.104{ shows that a lens generates the spatial Fourier transform of the object
in the image plane. Furthermore, two subsequent arrangements of 2-f lines, apply two
Fourier transforms yielding the original field distribution as the Fourier transform is its

own reverse operation.

If the diffracting object at z = 0 is a ruled grating with vertical lines, only the horizontal
plane needs to be considered. The temporal Fourier transform of the field &E(x, t) is

E(x, Q) with Q = @ — wy and the central frequency wy. As a plane wave is considered,
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a separation into E(x, Q) = E(Q)E(x) is possible. Following || the field directly
after the grating is

&7 (x) = YBE(Q)E(Bx) exp(jyQx) (2.105)

with B = cos(9i)/cos(9,) and y = 27/ (wpg cos 8,). This means that the angular coor-
dinate after the diffraction grating is translated into a spatial coordinate at the position
z = 2f. This plane is called Fourier plane and allows to modify the spectral phase in

the spatial domain.

In practice, the spatial coordinate has to be known as function of the frequency w and
an angle of incidence ¥, for a given setup. The transverse displacement x(A) of a given

wavelength A from the central wavelength A reads [[107]
x(A) = f-tan [9(A) = 96(Ao)] - (2.106)

Combining Eq. 2.106) with the grating relation from Eq. leads to

x(w) —xp = f - tan [arcsin (27—(—(: — sin \91-) — arcsin (ﬂ — sin Si)] . (2.107)
wg Wog

Here, x(w) is the horizontal coordinate in the Fourier plane and x is the coordinate of
the central frequency wy. Other literature linearizes this term to achieve simpler
expressions. Asin this thesis, the correction of TOD plays a central role, approximations
were not used here, since this would introduce new non-linearities. The output angle
of a grating is not a linear function of the frequency and for a precise treatment no
approximations are tolerable, here. The setup used for phase shifting is presented in
Chapter 5.

2.6.3 Linear filters for spectro-temporal shaping

Linear filters are conceptually well known from signal theory [108]. The idea of describ-
ing and controlling a time-dependent effect in phase-frequency domain can be trans-
ferred to optical waveforms as well. The time-domain description of the output &yt of
a linear filter is characterized by the convolution of the impulse response function h(t)
and the input pulse Ein(t)

Eout(t) = Ein(t) * h(t) = / dt’ Em(Dh(t — 1) . (2.108)
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Describing the same expression in frequency domain simplifies it a lot because the con-
volution theorem applies and reduces the equation to a multiplication which reads

Sout(w) = H(C‘)) ) Sin(w)~ (2.109)

The quantities used here are the Fourier transforms of the respective symbols from
Eq.2.108. The properties of the optical filter H are described by the amplitude filter
R(w) and the phase filter ®(w) in

H(w) = R(w) exp(—j®(w)) (2.110)

Applying this to the incident light beam with a field E;, = |Ein(w)| exp(i®(w)) leads to

8out = |Sin(a))| R(w) exp |1 (Pin(w) — D(w))]| - (2.111)
N e’
1Eout(@)] Dout(w)

Amplitude and phase of the resulting beam are |Eout(w)] and Dyyt(w), respectively. In
frequency domain, the filter function H(w) follows as

8ou’t(w)

H(a)) B Sin(w)

(2.112)

if the incoming and outgoing fields are known. Any pulse-shaping setup modifying
the spectral phase of the laser pulse can be described by linear filters. Table2.1|gives an
overview of the filter functions of simple pulse-shaping setups which are a Michelson
interferometer, a grating compressor, a prism compressor, and a chirped mirror. The

influence on spectral phase and amplitude for each setup is given in the third column.

2.7 Computer-controlled spatial modulation of light

The previous section covered the model behind the manipulation of optical pulses
in the spectral domain. Setups known from classical optics (see Tab. were de-
scribed within that model. Studies of the analysis and synthesis of laser pulse trains
using phase and amplitude filters already started in the 1980s [109]. After early ap-
proaches with phase shifting and/or intensity-absorbing optical layers, more modern
attempts using computer-controlled optical elements were realized. Here, so-called

liquid-crystal spatial light modulators (LC-SLMs), micro electro-mechanical systems
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Table 2.1: Overview of simple pulse-shaping setups and their corresponding filter func-

tion in frequency domain.

instrument phase shift in response in
time domain frequency domain
. T T
Michelson -— i~ ~ . ,
=1 jwt
interferometer H A /\, H(w) = 3(1+¢/)
=
grating o ©: A(w) = ei9@)
compressor /stretcher  oDe  cos(©,+0,)
b (P(C()) "¢ 7T cosO;
L
prism JA\ l% A, 1) = ef(@)
compressor /stretcher H(w) = ¢

n(w)

P(w) =n(w)Lw/c

chirped mirror

A(w) = [A(w)lel@
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Figure 2.22: Principle of a pixelated, reflective laser phase shifter. After passing the en-
trance window, the incident plane wavefront is delayed depending on the orientation of
the birefringent liquid-crystal molecules whose orientation is programmable through
an external voltage. Each pixel allows an individual phase delay of the optical wave-
front.

(MEMs) and acousto-optic modulators (AOMs) are still important today. Computer-

controlled spatial modulators for manipulation of laser radiation are commercially avail-

able since the 1990s [110,(107].

In general, programmable optics features high flexibility and especially the ability to
implement feedback loops which stabilize or control certain properties of the laser
beam either spatially or temporally. Among the different devices, LC-SLMs feature
refresh rates of several 10 Hz [111]], while MEMs reach several 100 Hz and AOMs
can reach the 1 MHz range [113]]. In this thesis, a liquid-crystal array was used to control
the spectro-temporal shape of laser pulses by introducing a spatially-dependent phase
shift. As was shown in Sec. a grating followed by a lens can be used to perform
an optical Fourier transform, introducing a correlation between spatial coordinate and
wavelength of the laser pulse. Placing a phase-shifting LC-SLM in the Fourier plane al-
lows to control the spectral phase and hence to shape the temporal profile of the pulse.
Here, any arbitrary spectral phase shift can be programmed. The LC-SLM then per-
forms as a computer-programmable phase filter with a response H(w) and |H(w)| = 1

because the amplitude is not affected.

Figure is a sketch of the principle of a liquid-crystal on silicon chip (LCoS) which is
one technical realization of an LC-SLM. Typically, these devices form two-dimensional

arrays of up to 1920x1080 pixels. For simplicity, the sketch shows a three-pixel phase
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modulator containing voltage controllable liquid-crystal molecules which are aligned
between transparent electrodes. A silicon backplane is used to electrically contact each
pixel. A phase-only modulator uses liquid crystals in nematic phase because here a
uniaxial alignment of the rod-shaped molecules is possible. Due to the birefringence
of the crystals, a change of their orientation leads to a change of the effective refractive
index along the axis of a traversing light beam. Hence, each pixel can delay the light

wavefront individually.

The phase shift A® as function of the control voltage U and resulting crystal angle ©,
crystal thickness dic and the refractive indices n(®(U), A) and ny(A) = n(O(U = 0), A)
is

2ndyc
A

AD(U, A) = (n(OU),A) —ng(A)). (2.113)
The analog control voltage is typically generated from a digital 8-bit signal and the
electronics is very often based on controllers for video projectors. Hence, the input sig-
nal typically is a video signal based on DVI or HDMI standard. The prealignment of
the crystals by the mask prevents a change of the beam polarization and allows for a
real phase-only modulation. The experiments described in the following chapters were
carried out using a reflective modulator. For high-power lasers, reflective modulators
are preferred because the chip itself can be actively cooled and temperature-stabilized.
However, transmissive modulators exist and often allow a simpler geometric arrange-

ment of the optical setup.

The large number of pixels implemented in an LCoS SLM allows to reach output pulses
with high complexity (see Eq.[2.71} Sec.|2.4.2)). The theoretical upper limit of the com-

plexity n is the number of illuminated pixels. However, practical limitations are caused

by the finite laser beam diameter and the grating setup. If the LC-SLM is placed in the
Fourier plane, the maximum achievable complexity 11 c reads

& Tt Win
A VIn2 g - cos (Oin)

with the relative bandwidth (FWHM) AA/A, the input beam size wiy, the grating period
g and the angle of incidence 0i,. Typically, a complexity of several hundreds is reached.

e = (2.114)

It is directly proportional to the number of illuminated grating lines and defines the
temporal range in which the pulse can be shaped.
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In Chap. 5, the implementation of an LC-SLM-based laser pulse shaper is presented.
It is used to generate THz pulses by means of a laser-electron interaction and results
in precisely controllable spectro-temporal shaping capabilities in the THz regime [114]
115].
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3 Generation of THz radiation at
DELTA

The results presented in this thesis are based on experiments carried out at the syn-
chrotron radiation source DELTA which is operated by the Center for Synchrotron Ra-
diation at the TU Dortmund University in Dortmund, Germany. In this chapter, the
accelerator and its short-pulse facility are described. The emission process of coherent
THz radiation from a laser-electron interaction is explained and basic measurements
are presented. Furthermore, the simulation developed and used in this thesis to model
the coherent emission of THz radiation at the short-pulse facility is introduced.

3.1 The DELTA electron storage ring

DELTA, a 1.5-GeV electron storage ring, is a so-called second-generation synchrotron
light source in user operation [[116) 118]. The users of DELTA carry out experiments
with synchrotron radiation generated in the 1.5-T dipole magnets and from insertion

devices such as undulators (U55 and U250) or the superconducting wiggler (SCW).

Figure shows an overview of the accelerator complex. A thermionic triode gun
with an anode voltage of 90 kV supplies electrons either in multi-bunch or single-bunch
mode [119,[120]. Following, a velocity chirp along the electron beam is induced by
a 3-GHz pre-buncher cavity. The subsequent drift space leads to a bunching of the
electron beam. Afterwards, the electron bunching is strengthened in a 3-GHz buncher
unit which also accelerates the electrons to an energy of 4 MeV and the 3-GHz linear
accelerator (linac) increases the electron energy to 75MeV [121]. Both, buncher and
linac, are driven by a pulsed 3-GHz klystron.

In the booster synchrotron BoDo, which has a circumference of 50.4 m [122], the elec-
trons are accelerated by a DESY-type three-cell 500-MHz cavity which is supplied
by a 20-kW solid-state amplifier. Electrons from the linac are injected to BoDo with a
nominal energy of 75MeV through the transfer line T1 and fast injection kickers. The

ramping period of BoDo is 7s, during which the electron energy is increased to a final
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Figure 3.1: Overview of the synchrotron light source DELTA with the electron source
(Gun), the linear accelerator (Linac), the booster synchrotron (BoDo) and the storage
ring with its beamlines BLO to BL12 (modified, courtesy of D. Schirmer).

value of 1.5 GeV. The transfer line T2 and extraction/injection kickers are used to guide
the beam to the storage ring. Since the operation mode of the gun can be changed on-
line, a combined injection of single-bunch and multibunch, the so-called hybrid filling,

is possible, as well.

The storage ring has a circumference of 115.2 m which results in a revolution period of
384 ns corresponding to a revolution frequency of 2.6 MHz. The 500-MHz RF system
of the storage ring uses a single-cell DORIS-type cavity and a European higher-order-
mode damped (EU) cavity [124][125]. The EU cavity is supplied by a 75-kW solid-state
amplifier while a 65-kW klystron amplifier supplies the DORIS cavity [126]. Figure
shows a section of the synchrotron BoDo (left) and photographs of the cavities (center
and right). During former storage-ring FEL experiments, DELTA has been operated
at a reduced beam energy of 550 MeV [127]]. Today, the standard beam energy is the
maximum energy of 1.5GeV for user experiments as well as for the operation of the

short-pulse facility.

Since the cavities work at a frequency of 500 MHz, the harmonic number, i.e. the
number of possible bunches to be stored, is 192. However, in user operation only 144
bunches are filled. The maximum current in the standard mode is 130 mA but during
the commissioning of the accelerator 300 mA beam current were reached [[128]. Further
parameters of DELTA are summarized in Tab.

The short-pulse facility of DELTA relies on the interaction between an ultra-short laser

pulse and a short slice of an electron bunch. For this interaction, a high-current sin-
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Figure 3.2: Left: Section of the Booster ring (BoDo) with bending magnets (blue) and
quadrupole magnets (orange). Center: Single cell DORIS-type cavity installed in the
storage ring. Right: European higher-order-mode damped (EU) cavity installed in the
storage ring.

Table 3.1: Selected parameters of the electron storage ring DELTA.

nominal beam energy 1.49 GeV
circumference 115.2m
revolution time 384.1ns
revolution frequency 2.603 MHz
rf frequency 499.834 MHz
bunch spacing 2ns
harmonic number 192
multibunch current 130 mA

multibunch lifetime
single-bunch current

single-bunch lifetime

about 13 h (at 100 mA)
3 to 20mA
about 4h (at 5mA)

bunch length about 100 ps (FWHM)
horizontal beam emittance 18 nm rad

vertical beam emittance 1.5nm rad
momentum compaction factor 4.8 - 1073

relative energy spread 6.8-1074

3.1. The DELTA electron storage ring
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gle bunch is filled with up to about 20 mA. A short-pulse mode compatible with stan-
dard user operation is the hybrid filling pattern which is realized by injecting the single
bunch within the 48-buckets gap of the multibunch setting. A typical beam lifetime is
about 13 hours at a beam current of 100 mA in multibunch mode. Typically, the lifetime
of a 20 mA single-bunch filling is only about 30 minutes. Hence, whenever possible, the
short-pulse facility is operated with a single-bunch current of about 5 mA leading to a
lifetime of about 4 hours. The beam current and lifetime measurement is based on a

DC current transformer [[129,/130].

To ensure a stable operation of the accelerator, the position of the beam is measured by
54 button-type BPMs and a computer-controlled, slow feedback is used as an orbit
correction which automatically adjusts the current of steerer magnets in order to reduce
deviations from a predefined reference orbit. Recently, the feedback was exchanged and
improved by moving away from a singular-value decomposition-based approach to a
numerical optimization algorithm [132]. The accelerator and diagnostics components
are controlled via EPICS [133], a popular control system for particle accelerators. The
experimental setups developed in this thesis were integrated into EPICS, too, which
features the possibility to acquire synchronous data from storage ring parameters as
well as THz spectrometers (see Chap. 4), the autocorrelator for laser diagnostics (see
Chap. 5), and the different pulse shaping setups (see also Chap. 5).

3.2 The short-pulse facility at DELTA

The electron bunch duration in the DELTA storage ring being about 100 ps (FWHM)
predominantly defines the duration of the synchrotron radiation pulses emitted from
bending magnets and insertion devices. Today, much shorter light pulses are emitted
from lasers. However, their spectrum is near the visible range which is insufficient for
many applications regarding the photon energy needed to drive certain processes. To
provide ultrashort radiation pulses at much shorter wavelengths, a scheme employing a
laser-electron interaction called coherent harmonic generation (CHG) was proposed in
1982 [134]]. It was first implemented at ACO, Orsay, France in 1984 [135]. Experiments
with CHG radiation were also carried out at the UVSOR-II storage ring in Okazaki,
Japan [136]. A short-pulse facility using the CHG principle to generate ultrashort VUV
pulses has been commissioned at DELTA in 2011 [137,[138,26]. The scheme provides
radiation pulses at harmonics of the laser wavelength using a laser-electron interaction
inside the electromagnetic undulator U250 of the DELTA storage ring. Next to that,
the interaction causes the coherent emission of (sub-)THz radiation in the subsequent

bending magnets.
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Figure 3.3: Sketch of the CHG setup. The incoming laser pulse (red) modulates the
electron energy inside the first electromagnetic undulator (modulator). A dispersive
chicane then transforms the energy modulation into a density modulation. The plots
above the chicane show the energy distribution as function of the longitudinal coor-
dinate before and after the chicane. The radiator is tuned to a harmonic of the laser
wavelength. Hence, the short density spikes called microbunches give rise to coherent
emission.

3.2.1 Setup

The CHG setup at DELTA employs the electromagnetic undulator U250 which was for-
merly part of the storage-ring FEL experiment at DELTA. Ultrashort laser pulses
with a pulse duration of approximately 50 fs (FWHM) copropagate with an electron
bunch in the first part of the undulator called the modulator. The K-value of the mod-
ulator is tuned to the laser wavelength such that the resonance condition from Eq.
Chap. 2, is fulfilled. The horizontal oscillatory motion of the electrons leads to an inter-
action between the electrons and the transverse electric field of the laser pulse. The elec-
trons gain or lose energy depending on their phase relative to the laser field. As shown
in Fig. a sinusoidal energy modulation is applied along a short slice in the bunch
center. The modulator is followed by a magnetic chicane which introduces an energy-
dependent path length. In the chicane, electrons with excess energy move ahead while
electrons with less energy lag behind. Correct tuning of the matrix element 56 of the
chicane causes a density modulation. Each falling slope of the energy modulation is
converted to a density maximum called microbunch. After the chicane, another un-
dulator called radiator is tuned to a harmonic of the laser wavelength. Here, the mi-

crobunches emit ultrashort pulses of coherent radiation at the radiator wavelength. The
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Figure 3.4: Electromagnetic undulator U250 offers two different modes of operation: it
can either be used as one long modulator or it is powered in a segmented way such that
three regions are powered as modulator, chicane and radiator (see text for details).

intensity of the harmonics 1 being proportional to the square of the so-called bunching

factor b(n) scales as [[139]
Ichg o b2(n) o exp (n_z) . (3.1)

Reasonable intensities are achieved up to the fifth harmonic of the laser wavelength
[140]. In 2022, an upgrade of the short-pulse facility towards the generation of short
wavelength [140}141)142], the so-called SPEED (short-pulse emission via echo at DELTA)
project was realized [143]. The echo-enabled harmonic generation (EEHG) scheme
uses a second modulator and a second chicane. A two-fold laser-electron inter-
action is used to generate a more complex density modulation with higher harmonic

content which allows to reach even shorter wavelengths. In the case of EEHG the in-

tensity scales as [145]
IEEHG o bQ(Tl) & n_l/?’ (32)

which allows to operate at even higher harmonics. At DELTA, all five magnet sections
are implemented in the same undulator by individually powering groups of magnet
coils.

Figure[3.4shows a photograph of the undulator U250. Formerly, the undulator (250 mm
period length, 19 periods) was operated in an optical klystron configuration
as part of a storage-ring FEL setup. The coils of the undulator were powered in three
groups — two undulators tuned to the same FEL wavelength and a central dispersive

section inbetween. Nowadays, the short-pulse facility uses the first seven periods as
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Figure 3.5: Short-pulse facility and laser laboratory at DELTA. The laser pulse is guided
to the undulator U250 through BL3 using the motorized mirrors M1 and M2. The di-
agnostics BL4 and the VUV beamline BL5 allow to detect VUV radiation. To carry out
pump-probe experiments at BL5 a portion of the laser pulse can be used for pumping
a sample at BL5 (courtesy of T. Schulte-Eickhoff).

modulator, the central three periods as chicane and the final seven periods as radiator.
The maximum resonance wavelength modulator and radiator can be tuned to is 840 nm
which is slightly above the laser wavelength of 800 nm and thus offers a resonable tuning
range. The chicance can be set to a maximum value of 756 = 130 pm at a current
of 650 A.

The laser operated at the short-pulse facility is a commercial system. It employs a
Ti:sapphire short-pulse laser oscillator (Coherent Micra-5) synchronized to a sub-harmonic
of the storage ring RF system. The laser pulses leaving the oscillator laser are amplified
by a Coherent Legend Elite Duo HP chirped-pulse amplifier. More information about
the laser system is given in Tab. 3.2 and Tab.

To carry out CHG and THz experiments, spatial and temporal overlap of laser pulses
and electrons in the U250 has to be achieved first. Figure 3.5 shows an overview of the
short-pulse facility. Two remote-controllable, motorized mirrors M1 and M2 are used
to guide the laser beam such that the laser pulses co-propagate with the electrons. The
laser system, laser diagnostics and laser telescopes are operated in air, however M1 is
the first in-vacuum mirror of the setup. Motorized in-vacuum screens, read out by cam-
eras after M1 as well as M2, serve as laser-beam position indicators. The downstream
direction of the U250 either points to the beamline 5 (BL5) or, if an in-vacuum 45° mirror
is inserted, the beamline 4 (BL4).

Beamline 4 provides basic laser diagnostics such as cameras, photodiodes, a power me-
ter and a streak camera to detect laser radiation and undulator radition. For the analysis
of CHG radiation a grating monochromator (Czerny-Turner type [149]) is used. Next to

that an additional in-vacuum XUV spectrograph covering the wavelength range from
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Table 3.2: Parameters of the Ti:sapphire short-pulse laser oscillator.

model

Micra-5, Coherent Inc.

central wavelength
bandwidth

repetition rate

output power
integrated pump laser
pump wavelength
pump power

synchronization

800 nm

100 nm

83.3 MHz

400 mW

Nd:YVO,, Verdi, Coherent Inc.
532 nm

4.5 W (CW)

6th sub-harmonic of the 500-MHz reference
oscillator of the storage ring fed to a
Synchrolock, Coherent Inc.

Table 3.3: Parameters of the Ti:sapphire laser amplifier.

model Legend Elite Duo HP, Coherent Inc.
chirped-pulse amplifier
regenerative (multi-pass) + single-pass stage

central wavelength 800 nm

bandwidth 30 nm

pulse duration 40fs

repetition rate 1kHz (optional: 5kHz)

output power 8W

integrated pump laser Nd:YLF, Evolution, Coherent Inc.

pump wavelength 527 nm

pump power 40 W (nominal)
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Figure 3.6: Sketch of the THz generation at DELTA (not to scale). The electron bunch
(green) interacts with the laser pulse in the undulator acting as a modulator. During
the passage of the subsequent dipole magnets, the modulated electrons leave the center
of the bunch. The resulting gap gives rise to the coherent emission of THz radiation.

30 nm to 210 nm with a resolution better than 0.07 nm is currently under commissioning.
A spectrometer for angle-resolving photoemission spectroscopy (ARPES) [[150] in the
XUV- and soft X-ray range is installed at the BL5. Pump-probe experiments with laser
and CHG pulses can be carried out at this beamline [148].

3.2.2 Generation of THz radiation

A (sub-)ps structure in the longitudinal electron density p(z) is required for giving
rise to the coherent emission of THz radiation. At DELTA, the structures occur due
to energy-dependent path length differences of the electrons modulated by the laser.

The change of the longitudinal position Az of an electron with a relative energy devia-
tion AE/E is

;. AP
Az = r51x0 + r52Xq + 1’56p—. (33)
0

Here the matrix elements 53, 752 and 756 belong to a combined transfer matrix which
considers all magnetic fields between the energy modulation and the source point. The
most relevant effect in the longitudinal movement depends on the combined 755 which
contributes proportionally to the energy deviation. Due to this effect, which is illus-
trated in Fig. an electron with positive energy deviation will lag behind while an
electron with negative energy deviation will move ahead. This leads to a depopulation
of the central bunch section and to the formation of two maxima in the longitudinal

electron density about the center.
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Figure 3.7: Simulated evolution of the relative energy deviation AE/E after a laser-
electron interaction and the longitudinal electron density as function of the arrival time
t. The central part of the electron bunch is modulated by a 50-fs laser pulse (top left).
First, the electron density is unaffected and uniformly distributed. After passing the
subsequent magnet structure, the distribution of the energy deviation (top right) is
sheared which leads to a dip in the longitudinal electron density which is surrounded
by two maxima (bottom right).
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3.2.3 The THz beamline at DELTA

As part of the commissioning of the short-pulse facility at DELTA in 2011, the dedicated
THz beamline (BL5a) was designed and put into operation [137}[138].

The outlet chamber houses a gold-coated copper mirror which is water cooled. It re-
flects UV light and longer wavelengths to the first focusing mirror. Shortly after that
mirror, the vacuum system of the actual THz beamline begins with a window. While
originally built with a z-cut quartz window, the beamline was equipped with a 0.85 mm
thick diamond window in 2017. The window is soldered in a CF100-CF63 reducer
flange and features a clear aperture of 50 mm. It can withstand a maximum pressure
of 1 bar from both sides [151]. The beamline uses a 100-mm tubing featuring a 10-mm
layer of aluminium foam to avoid wall reflections. The large surface of the aluminium
foam limits the vacuum pressure in the THz beamline to a minimum of about 10~¢ mbar.
A total number of six focusing mirrors is used to guide the beam above the radiation
protection shielding and down to an optical table in the BL5a laboratory. The six mir-
rors form three sets of so-called Gaussian telescopes. A Gaussian telescope consists of
two mirrors located at a distance being equal to the sum of their focal lengths. This
arrangement features a beam waist position which is independent of the wavelength.
Hence, the three sets of telescopes guarantee a fixed position of the final beamline fo-
cus. To maintain a stable ambient temperature with a stability of +1 °C, the laboratory
is an air-conditioned hutch.

3.3 Measurements of coherently emitted THz pulses

To analyze THz radiation at DELTA, two main beam paths exist. One beam path reaches
a commercial in-vacuum spectrometer which allows to measure THz spectra free of
water-absorption by air-humidity. The other beam path is realized in air. Through two
possible z-cut quartz windows, the beam can leave the vacuum system. To prevent
water absorption at a still reasonable level, this beam path can also be covered and
flooded with nitrogen. In air, detectors such as the YBCO detector, the Schottky diode
or a silicon bolometer are used to measure the temporal intensity of THz pulses.

Figure|3.8|shows a direct comparison of the response of the YBCO detector and a Schot-
tky diode. Here, the THz beam was split using a polarizing wire grid to achieve equal
intensity at both detector inputs. Itis noticeable that the blue curve shows an additional
tirst peak next to the red curve, which seems to have a delayed detection. However, both

detectors measure a train of THz pulses from consecutive storage ring revolutions. The
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major difference between the two detectors is their spectral sensitivity. The YBCO detec-
tor is sensitive upto 2.5 THz while the sensitivity of the Schottky detector drops above
1 THz.
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Figure 3.8: Measurement of THz pulses after the initial laser-electron interaction with
two different detectors: The YBCO detector (blue) senses higher frequencies than the
Schottky diode (red). However, the YBCO detector offers a higher sensitivity allowing
to resolve late pulses easier. The red curve was shifted by 30 ns to achieve a better visi-
bility.

The different detector responses to the individual THz pulses from consecutive revolu-
tions already hint at different spectral compositions of the pulses. To study the spectro-
temporal evolution, simulations and time-resolved spectral measurements were per-

formed.

3.4 Simulations of the radiation emission

For theoretical studies of the generation of THz radiation at DELTA, a new C++-based
[152]] simulation code was developed. Although similar software existed (for example
THzSMe [153])), a significant speedup was achieved and further pulse shaping meth-
ods were implemented. A shortening of the computation time was needed because the
studies presented in Chap. 6 required simulations of the longitudinal phase space dur-
ing 500 storage-ring revolutions with high spatial and temporal resolution. Another
requirement to the software was a flexible changing of the laser pulse parameters, es-

pecially pulse duration, pulse shape, spectral phase and spectral intensity.

Three main steps are executed by the simulation:
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1. Definition of the laser pulse shape according to the laser pulse properties and a
given pulse shaping setup. A Gaussian pulse, a periodic modulation with given
chirp parameters up to third order or a user-defined laser phase modulation by a
spatial light modulator (see Chap. 5) can be selected.

2. Modeling of the laser-electron interaction in the undulator U250.

3. Six-dimensional tracking of two sets of electrons in the storage ring according to
a given lattice configuration. One electron ensemble holds an energy modulation
while the other one maintains unmodulated. This step is performed by the well
established software elegantﬂ .

4. Analysis of the longitudinal electron configuration to calculate the coherent emis-
sion in the THz regime.

The energy modulation calculated in step 2 is modeled as an integration over discrete
time steps. The electric field of the laser pulse and the electron position are evaluated
after each time step to calculate the energy exchange. The laser pulse is modeled in-
cluding offsets in spatial, angular and temporal coordinates and user-defined spectral
phase and amplitude. To model the laser pulses as realistically as possible, one of the
predefined pulse shaping settings implements the pulse compression as a Treacy-type
compressor (see Chap. 2). The spectral phase of the laser is then calculated according
to Eq. and Eq. Chap. 2. Further settings are laser double pulses, and laser
pulses with periodic intensity modulation and variable third-order dispersion. Storing
the six-dimensional coordinates of the electrons is organized in a shared memory
which is physically realized by direct access to the computer RAMEL allowing to effi-
ciently share fast access to the data from different parts of the software and also from
external tools such as the third-party tracking tool elegant [154]. The elegant code is
used for the tracking of the two electron bunches generated before. It models the effect
of the magnetic fields as a sequence of small discrete kicks, which allows to resemble
the statistical emission of synchrotron radiation photons and the corresponding energy
loss in a realistic way. The electrons of modulated and unmodulated bunch are tracked
for a user-defined number of revolutions, beginning after the modulator.

The longitudinal electron density is calculated from the electron coordinates at the po-
sition of the THz beamline. To observe the effect of the laser modulation, the densities
of modulated and unmodulated bunch are substracted. Afterwards the form factor (see
Chap. 2) is determined by a Fourier transformation of the density difference. Further
output generated by the simulation is the evolution of the longitudinal phase space.

LELEctron Generation ANd Tracking
ZRandom Access Memory
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Table 3.4: Simulation output of coherent emission of THz radiation based on a laser-
electron interaction tracked through five revolutions in the storage ring.

turn central frequency bandwidth

0 3.45 THz 2.5THz
1 0.15 THz 0.15 THz
3 0.09 THz 0.08 THz
4 0.07 THz 0.05 THz
5 0.07 THz 0.04 THz

3.4.1 Simulation of broadband emission

The persistance of the coherent THz emission for several storage ring revolutions was
shown in Fig. Running the simulation code presented in the previous section allows
to simulate the evolution of the longitudinal electron density over several turns. The
coherent emission of THz radiation can be analyzed on a turn-by-turn base.

Figure 3.9|shows the simulated emission spectra of five consecutive revolutions in the
storage ring. The turn-0 data belong to the emission just after the laser-electron interac-
tion. The central emission frequency lies at 3.45 THz and the bandwidth is 2.5 THz. Dur-
ing the following revolutions the density structure broadens further, leading to lower
emission frequencies. The simulation results of the first five revolutions are given in
Tab. Except for the turn-0 simulation, the relative bandwidth is close to 100 % which
emphasizes the broadband character of the source. Further simulations and measure-
ments of laser-induced THz radiation using laser pulses with periodic modulation are
presented in Chap. 5. The simulation code is used again in Chap. 6 to describe the long-

term evolution of THz spectra on the timescale of the synchrotron oscillation period.

To acquire THz spectra at DELTA, the commercial spectrometer (Bruker Vertex 80V, see
App. covering the frequency range from 1.2 THz to 240 THz was commissioned in
2013 [156]]. The device is connected to the vacuum system of the THz beamline and
allows to measure the transmission of samples in vacuum. However, the detector and
readout chain are not suited well to observe the temporal evolution of THz spectra on
a turn-by-turn basis. To realize this, a new spectrometer optimized for the operation
from the few 10 GHz regime to several THz was designed in a master’s thesis [157].
The commissioning process of this spectrometer was carried out in the context of this
thesis. A description of the spectrometer and results from spectral measurements are

presented in the next chapter.
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Figure 3.9: Spectral simulation of five consecutive (sub-)THz pulses. From the simu-
lated longitudinal electron density, the coherent emission spectrum is calculated. Dur-
ing the first five revolutions, a continuous shift from a spectrum being centered around
3.45 THz towards 70 GHz is observed.

3.5 Further techniges

The generation of THz radiation based on a laser-electron interaction is the main topic
of this thesis. However, further methods can be used to generate pulses in the THz
regime. The generation of THz radiation based on the microwave instability is another
accelerator-based technique and its observation at DELTA is described in the following
section. Another method which is based on the excitation of a photo-conductive an-
tenna is used at DELTA to test THz setups without accelerator-based radiation. More

details on this technique can be found in another thesis [[158].

3.5.1 Emission of THz radiation based on the microwave instability

Synchrotron radiation at wavelengths which are longer than the charge distribution
causing the radiation phenomenon, is generally emitted coherently as the radiation
emitted from different parts of the bunch is in phase by definition. In this case, the spec-
tral power of the coherent radiation is proportional to the number of electrons squared.
A mechanism leading to the emission of THz radiation is the coherent synchrotron ra-

diation (CSR) impedance which leads to a modulation of the longitudinal phase space
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Figure 3.10: Measurement of the THz intensity over 5000 turns. Depending on the beam
current and the beam energy, the repetition frequency of the THz pulse trains varies.
At lower beam current (left) sporadic THz emission is observed while at higher beam
current, THz pulses are emitted during each revolution with varying peak intensity.

giving rise to the formation of substructures in the longitudinal electron density which
then emit CSR.

The so-called parallel-plates model [159] describes the influence of a conductive vac-
uum chamber of height 2/ on an electron bunch. Here, the interaction of vacuum cham-
ber and electron bunch leads to an impedance causing the radiation phenomenon. The

radiation emission occurs above a threshold beam current
[ = yLaodacR 6!l (0.5 +0.12R 20, gn~22) (3.4)

with the Lorentz factor y, the Alfvén current I4, the relative energy spread o5, the mo-
mentum compaction factor a,, the bending radius R and the natural bunch length o .
During standard operation of DELTA, either multibunch or single bunch, it is not pos-
sible to observe THz emission from coherent synchrotron radiation. However, Eq.
depends on the Lorentz factor and hence on the beam energy which means that during
low-energy operation, the emission of THz bursts is more likely. The DELTA storage
ring can be run at various energies between about 500 MeV and 1500 MeV [160]. A mea-
surement of the threshold current for coherent THz bursts was performed during an
energy ramp with a high single-bunch current of 10 mA starting at the standard energy
of 1500 MeV. A Schottky-barrier detector at the THz beamline read out by a fast and
large-memory oscilloscope was used to acquire the THz intensity. Figure shows
examples of THz emission depending on the energy and the beam current.

Figure [3.11a shows the Fourier transform of the THz bursts as function of the beam
current which is also known as a burst spectrogram (see e.g. [161]]). The spectrogram is
acquired at a beam energy of 1 GeV. Broadband bursting occurs above a beam-current

threshold of 4.7 mA. However, the spectrogram shows spikes at harmonics of 22.8 kHz,
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which is the synchrotron oscillation frequency. Here, the bursting starts already at a
current of 4.2 mA due to resonance effects.
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Figure 3.11: a) Frequency spectrum of the THz emission as function of the beam current.
b) Threshold currents at which THz bursting occurs as function of the beam energy.

The measured bursting threshold current as function of the beam energy is linear (Fig.[3.11b).
Extrapolation of the linear relation shows that in standard user operation the bunch
current would need to be about 17 mA to overcome the bursting threshold. The actual
bunch current at a total beam current of 130 mA is 0.9 mA if 144 out of 192 buckets are
filled which is explains why THz bursts where not observed at a beam energy of 1.5 GeV

so far.

The THz bursts offer an additional radiation source in the sub-millimeter wavelength
range at DELTA. In comparison to the THz emission based on the laser-electron inter-
action, the frequency range is limited to a few 100 GHz but the revolution frequency
being 2.6 MHz is much higher than laser-initiated emission.

Further studies of THz bursts and the control of the microbunching instability were
done at other facilities as, for example, KARA [161], SOLEIL [162], the Metrology Light
Source [163] and BESSY II [164].
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4 Fourier-transform spectrometry at
the DELTA THz beamline

Time-domain measurements of THz signals generated at DELTA were presented in
Chapter 3, As the emission process is based on the laser-electron interaction, the duty
cycle of the resulting oscilloscope trace is low: a pulse lasting several picoseconds is
detected every millisecond. Consequently, analyzing time-domain data with RF-based
detectors is inherently challenging. Resolving the pulses requires ultra-high data acqui-
sition bandwidth in the GHz range and a low-jitter trigger. Therefore, a more flexible
diagnostic approach involves using a fast spectrometer to provide turn-resolved spec-
tra.

The analysis of spectral amplitude and phase information is particularly important to
understand ways to manipulate the pulse shape of electromagnetic radiation pulses, be
it laser pulses or THz radiation pulses. The approach of modelling the (quasi-)optical
frequency response of instruments, i.e. phase shift and absorption, was introduced in
Chapter 2. Examples of response functions of simple optical systems were given in
Tab. To keep a common description of different experimental systems throughout
this thesis, the diagnostics is described by its frequency response function, too.

A spectrometer for the (sub-) THz range was designed in a master’s thesis [157]. Op-
timizations and commissioning were done within the scope of this thesis. Simulation
results presented in the previous chapter showed a turn-by-turn evolution of the THz
spectrum, moving from central frequencies of several THz to 10 GHz after a few revo-

lutions in the storage ring.

In the design process of the spectrometer particular importance was given to the fea-
ture of resolving spectral information turn-by-turn after the initial laser-electron inter-
action. However, resolving single-shot THz spectra with sufficient resolution would
be challenging [165]. The compromise chosen here is to use sufficiently fast detectors
providing readout rates much faster than a revolution period. The data are averaged

over many laser shots but averaged data for individual turns after the laser-electron in-
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teraction are still available. The setup of the spectrometer is discussed in the following

sections.

4.1 Spectrometry in the THz domain

In the field of THz diagnostics, a Fourier-transform spectrometer consisting of an inter-
ferometer being readout as function of the interferometer delay, offers several advan-
tages over diffractive spectrometers using prisms or gratings. Finding highly efficient
prisms or gratings for a wide frequency range can be difficult and costly and any dis-
persive spectrometer has the disadvantage that the intensity needs to be high enough
such that the dispersed beam is still detectable. Because of its wide use in infrared
spectroscopy interferometer-based spectrometers are often also referred to as Fourier-
transform infrared (FTIR) spectrometer. Detailed information on theory and use of

Fourier-transform spectrometers can be found in [166].

Figure[4.1|depicts the basic setup of a Fourier-transform spectrometer based on a Michel-
son interferometer. The interferometer uses a beam-splitter to separate the beam into

two orthogonal arms, the adjustable arm and the reference arm.

Figure 4.1: Basic principle of an FTIR spectrometer. A Michelson interferometer is used
to split the beam and recombine it with a delay. The recombined radiation intensity is
recorded as a function of the delay. (See text for details).

The idea is to record the intensity at the output as function of the optical path differ-
ence 6 = 2x of the two arms. Generally, the Fourier transform of the incoming signal
describes the electric field of an incoming pulse as a weighted sum of monochromatic

waves. The electric field of the incoming pulse in time domain reads

Sin(t)Z/S(w)ej‘”tda). (4.1)
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After recombination, the electric field Eoyt is the sum of the two split beams of the
original field, one of which is shifted by a frequency dependent phase advance ¢(w) =
w/c - 2x. The recombined field is then written as

Sout(t) = %/ Eo(w) e/ dw + % / Eo(w) el l0t=20@x] 44 (4.2)

The intensity measured during the acquisition of the interferogram I(x) o |<€Jout(t, x)|2

is given by

Tout(x) = %/ To(w) {1 + cos [(p(a))]} dw (4.3)

= %Itot + % / In(w) cos [p(w)] dw (4.4)

with the spectrally integrated intensity I ;. The second term of Eq.[4.4/contains the spec-
tral information while the first term is an unmodulated, constant contribution which
can be neglected for the spectral analysis of the signal. Typically, the interferogram I(x)
is defined as

I(x) = / B(w) cos(¢ [w)] dw. (4.5)

For any broadband signal, (partial) destructive interference occurs depending on the
delay x, except for the case of x = 0. A typical interferogram is symmetric (Iou(x) =
Iout(—x)) and has a strong central peak (Iout(x = 0) = Iit). Fourier transforming the
interferogram gives the spectrum

B(w) = / I(x) cos [go(a))] dw . (4.6)

The interferogram is an even function of x. The Fourier transform then reduces to the

Fourier cosine transform because the sine transform is always zero.

4.2 Distortions and resolution

Spectral imperfections such as non-constant reflectivity or transmission of the beam
splitter can be taken into account by defining a spectral correction H(w) with

B(w) = %H(a)) To(w). (4.7)
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In order to let Eq. 4.6/ converge to the spectrum, the integration must be performed over
infinite delays. Since, in reality, the delay is limited by the mechanics of the interferom-
eter, the spectrum becomes a convolution of the interferogram and a boxcar function
f(x) =1for x € [~Xmax, Xmax] and f(x) = 0 elsewhere, which reads

6@ = [ Ftx)os [pla)] dx = Fla) + Bw) 48)
with ]‘(a)) = 2Xmax SINC [(p(a), xmax)] . 4.9)

The sinc function being defined as sinc(x) = sin(nx)/(nx) has a width (FWHM) of

Aw ~ 1.896 —

4.10
Xmax ( )

which means that the resolution is inversely proportional to the maximum delay xmax

and hence a monochromatic spectrum B(w) = 6(w — wy) will appear spectrally broad-

ened as given by Eq.

The limited scanning range of an FTIR spectrometer can cause a ringing-effect which is
relevant specially for low-frequency radiation with central frequency close to the res-
olution limit. Resolving these spectral features requires maximum optical delay and
stopping the acquisition of the interferogram at a position with non-zero intensity in-
troduces a ripple caused by Eq. To avoid this effect, a long enough travel was real-

ized in the spectrometer commissioned in this thesis.

The maximum-resolvable frequency is given by the Nyquist-Shannon theorem which
states that the phase advance between two sampling points must be smaller than 7.
The interferogram I(x) is sampled as function of the optical delay x. The digitization is
performed at discrete mirror positions. Since the fast Fourier transform (FFT) algorithm
needs equidistantly spaced data points, the data are first interpolated to a common
spacing Ax. The maximum detectable frequency is then given by

TtC
C()max = A_ . (411)

x
One major advantage of FTIR spectrometers over diffractive or dispersive spectrome-
ters are contrast and sensitivity of the measurement. The electric fields of all frequen-
cies contained in the signal reach the detector simultaneously which leads to a better
signal-to-noise ratio and can be used to reduce the acquisition time. Spatially splitting
the signal, as done in a diffractive setup, is not necessary. Furthermore, diffractive spec-

trometers typically need an entrance and an exit slit/aperture to improve the spectral
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resolution at cost of intensity. Beam waists in the THz range tend to be rather large (cm
scale) and hence it is beneficial to avoid intensity-blocking apertures.

4.3 Short-pulse paradox in view of linear filters

The spectral diagnostics of a pulsed radiation source with a Michelson interferometer
easily leads to confusion. If the pulse separation in the interferometer is wider than the
pulse duration, it is unintuitive why an interference effect is still observable. The reason
is, of course, that an interferometer is sensitive to the temporal coherence and not the
pulse duration. The general concept of a pulse being a rapid, transient amplitude only
works for the description of a signal in time domain. However, a base change from time

domain to frequency domain must be possible, without loosing information.

A Fourier-transform spectrometer always acts as a narrowband filter in frequency do-
main. Here, the filter function depends on the interferometer position. As discussed
in Chapter 2, any frequency dependent filter applied to a few-cycle, Fourier transform
limited, broadband pulse will increase the pulse duration due to the bandwidth limi-
tation. The filter bandwidth of a Michelson interferometer can be derived from Eq.
The transmission neglecting the phase for a fixed delay x reads

1 2mx
T=3 (1 + cos [T - f)] 4.12)
which is the real part of the complex response function given in Tab.[2.1being
o
ncjx f)] (4.13)

Equation resembles the suppression of certain frequencies due to destructive inter-

1
H=§(1+exp[

ference. It is the real part of Eq. which means that the complex phase is neglected.
The difference between a fast, phase-sensitive detector and a slow, phase-insensitive
detector is that the latter does not resolve any influence of the imaginary part of H(w)
which reduces the response to T. Only measuring a signal being proportional to the
square of the amplitude, i. e. the intensity, leads to loosing the phase information.

Broadband THz pulses generated at DELTA are close to single-cycle pulses which are
Fourier-transform limited inherently. The filter function Eq. has a (smoothed)
comb-like transmission with a comb period of ¢/x. For better illustration a 1-ps pulse
with a central frequency of 1 THz is assumed. The convolution of the spectral transmis-

sion of the filter with the transform limited pulse is calculated and the resulting filtered
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Figure 4.2: Left: Temporal distribution (horizontal axis) of the electric field of a
bandwidth-limited THz pulse in an interferometer as function of the interferometer
delay (vertical axis) without phase information. The central vertical line is the inter-
ferogram (see also top right). Neglecting the phase removes any information which of
the two pulses arrives earlier. Nevertheless, the interferogram is reconstructed without
this information.

pulse is plotted in Fig. 4.2| (left). For each time delay, the input pulse experiences a dif-

terent real filter function which neglects the phase information.

In Fig. 4.3/ the response of a phase-sensitive detector is plotted. The arrival order of the
two pulses can be derived unambigously. However, the interferograms of the direct
and the indirect detector are equal which shows that it is not needed to resolve the
separation of the pulses.

4.4 Preprocessing of the interferograms

In theory, a Fourier-transform spectrometer derives the spectral amplitude from the in-
tegral of the interferogram over an infinite delay interval. In reality, the path length
difference is limited by the delay line of the interferometer. The Fourier transform is
calculated using the fast-Fourier transform (FFT) algorithm which requires the num-
ber of sampling points to be a power of 2. The delay line should be long enough such
that the detector signal with maximum delay has approximately declined by half the
maximum intensity (Iy/2). This value is substracted from the interferogram before cal-
culating the Fourier transform and the data are extended by zeros to reach the correct

amount of datapoints to perform an FFT. It can be shown mathematically that this so-
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Figure 4.3: Schematic of an incoherent, phase-insensitive readout of a Michelson inter-
ferometer used to diagnose short pulses (1 ps (rms))

called zero-padding technique in spatial domain, corresponds to an interpolation in
frequency domain without altering the signal [167].

4.5 Setup

Typically, Michelson interferometers use dielectric beamsplitters. In the THz regime,
many materials have absorption resonances and specially lower frequencies are not ef-
ficiently reflected. This problem is solved by using polarization-based beam splitters.
A sketch of the interferometer commissioned in this thesis is shown in Fig. Wire-
grid polarizers made from free-standing, thin wires offer close to fully symmetric re-
flection/transmission ratios if the incident beam is linearly polarized and the wires are
rotated by 45 degree with respect to the electric field. Equipping a standard Michelson
interferometer with such a kind of polarizer is not sufficent for interferometry because
the portion of light being transmitted at the polarizer will be fully transmitted again
after passing a mirror. Instead, the polarization is rotated by 90° by using a roof-top

shaped mirror.

4.6 Spectra of coherently emitted THz radiation

In 2012, a commercial FTIR spectrometer with a sensitive range from 1.3 THz to 240 THz

and a resolution better than 1.8 GHz was installed at the THz beamline. The lower fre-
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quency limit is set by the beamsplitter made of a thin Polyethylene terephthalat sheet
consisting of 50-um thick layers. The transmission-to-reflection ratio of the beamsplit-
ter becomes asymmetric towards the lower frequency bound. The upper (theoretical)
limit stems from the helium-neon alignment laser used to measure the interferometer
position. A more practical limitation is the emission range of the DELTA THz source
which is between about 50 GHz and 7 THz.

The commercial spectrometer features an automatic in-vacuum (typically 2 to 3 mbar)
beam path changer to switch between multiple detector and source ports. Two internal
sources, a Globar and a mercury arc lamp can be used for calibrating the spectrome-
ter and for transmission spectroscopy of samples in the evacuated sample chamber.
The third source port is connected to the DELTA THz beamline (BL5a) through a valve
which holds a z-cut quartz window in the gate. Since the beamline is typically oper-
ated at 2 X 107% mbar, the valve window is used for preparatory measurements during
which the beamline vacuum shall not be affected. For full optical transmission, the
valve is opened at cost of worse vacuum conditions in the beamline. Two DLaTGSﬂ
detectors, one for the far-infrared and one for the mid-infrared region, are mounted
inside the spectrometer housing. Additionally, a silicon bolometer is attached from the
outside of the housing. This detector is the optimal detector for measurements with
laser-induced THz radiation.

4.7 Commissioning of a polarizing THz spectrometer

The optical design of a new Fourier-transform spectrometer to be used at the DELTA
THz beamline was carried out in [157]. Within this doctoral thesis, the electronic read-
out and integration to the DELTA control system were commissioned and the device
was used for the diagnostics of THz pulses at DELTA [168]. The spectrometer should ex-
tend the observable spectral range to frequencies below 1 THz and hence, low-frequency
compatible beam splitters were needed. An efficient approach is to use polarizers made
of free-standing wire grids. If the beam splitting and recombination is based on polar-
ization, moving the delay line of the spectrometer changes the ellipticity of the polar-

ization of the recombined beam.

One approach to efficiently split a THz beam with symmetric intensity distribution be-
tween transmitted and reflected beam is to use polarizers made of free-standing wire

grids. Named after the inventors of the first spectrometer using wire grids, this spec-

lcommonly known as Mylar, a brand of DuPont

2DLaTGS: Deuterated Lanthanum a-Alanine doped TriGlycine Sulphate, a pyroelectric detector
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Figure 4.4: Setup of the Martin-Pupplet interferometer. (See text for details.)

trometer type is called Martin-Puplett interferometer [169,[170]. The wire grids used
here, consist of 5 yum thick gold-plated tungsten wire with a period of 12.5 pm.

Figure 4.4/ shows the setup of the polarizing spectrometer.

4.7.1 Readout

In order to distinguish signals from different storage ring revolutions, the readout elec-
tronics of the spectrometer needed to have a sampling rate of at least the storage ring
revolution time 1/Ty = 2.6 MHz. One of the standard detectors used with the spectro-
meter is the YBCO detector which has an RF bandwidth of 55 GHz including the
output amplifier [172]. The detector itself as well as the amplifier is very sensitive to
electro-static discharge and also to RF reflections. Consequently, any part in the readout
chain needs to provide a clean 50 {2 impedance over a broad bandwidth. Other detec-
tors which are used with the spectrometer are a Schottky-barrier detector and a silicon
bolometer.

Two different options for the readout of the respective detector are used:

¢ oscilloscope readout: A fast oscilloscope (Teledyne LeCroy WavePro 804HD) is
used to aquire a single-turn signal from the attached detector. To synchronize
the interferometer delay measurement with the data acquisition, both signals are
distributed digitally via the storage ring control system. The maximum trigger
rate of the oscilloscope depends on the setting of the sampling rate but is limited
to about 30 Hz. Hence, only a small fraction of the THz pulses with a repetition

rate of 1kHz is acquired.
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¢ fastsampler: the standard use of the spectrometer relies on a gated integrator and
a fast sampler. The sampler uses an integrating track-and-hold amplifier to pro-
vide a droopless analog DC voltage. The integration gate is adjustable between
100 ps and 1 ns and the maximum analog bandwidth is 3.5 GHz. The analog out-
put voltage is digitized with an FPGA based single-board computer (Red Pitaya
125-14). The commercially available board was modified to synchronize it directly
to the DELTA RF system which provides a frequency divided signal of 125 MHz.
This readout chain allows to sample each THz pulse arriving with a rate of 1 kHz.

After commissioning the spectrometer, the output was first used with a single detec-
tor. However, the last polarizer provides two beams, one in transmission and one in
reflection, which contain orthogonal information. Placing two detectors at the output
allows to perform a balanced detection which gives a background-free combined inter-

ferogram Ip

-1

Ir =
BT+ 1,

(4.14)
as function of the interograms acquired with horizontal and vertical polarization, re-

spectively.

In the early commissioning phase, only one detector of each type was available. Later,
two Schottky-barrier detectors of the same model were used for detection of signals
below 2 THz.

4.7.2 Beam size in the spectrometer

According to the description of the Gaussian beam in Chap. 3, a Gaussian beam either
converges or diverges but mathematically, a collimated beam does not exist. Since the
spectrometer splits and recombines a THz beam with an adjustable delay, a collimated
beam would be ideal to maintain a perfect transverse overlap of the two beams. When
increasing the beam diameter that it varies only slightly along the longitudinal coordi-
nate, it can be regarded as quasi-collimated. Figure 4.5 shows the evolution the THz
beam size w(z) in the spectrometer after the viewport of the beamline .

4.7.3 Alignment

Since the THz beamline at DELTA uses telescopes comprising mirrors with optical qual-
ity, visible radiation from the bending magnet is available at the beamline port. The

visible radiation is ideally suited for the alignment of the spectrometer. To prepare

80 4.7. Commissioning of a polarizing THz spectrometer



Chapter 4. Fourier-transform spectrometry at the DELTA THz beamline

[\
el

—
S

-2 THz
500 GHz p4 i
— 100 GHz

beam size w (mm)
(e)
1

0 0.5 1 1.5 2 2.5 3 3.5
long. position (m)

Figure 4.5: Evolution of the beam size after the viewport of the THz beamline inside
the spectrometer.

the spectrometer for operation, the polarizing beam splitters are replaced by thin glass
beam splitters which are mounted at the same position as the polarizers. The beams
from both interferometer arms are aligned such that the final focus reaches the sensitive
area of a Schottky-barrier detector. The optical beamsplitter allows to measure a first
THz signal at the detector since glass holds a certain reflectivity around 200 GHz. After
finding the overlap, the optical beamsplitter was replaced by the wire grid polarizers
which increased the detector signal by about two orders of magnitude and allowed to
take data in a board frequency range.

4.7.4 Spectral measurements with the polarizing spectrometer

The polarizing spectrometer allows spectral measurements between 50 GHz and 6.5 THz.
The new device enlarged the accessible frequency range towards the lower end, espe-
cially below 1.3 THz. Figure 4.6/shows spectra of coherent THz radiation which were
acquired during the revolution of the laser-electron interaction. This is sometimes re-

ferred to as turn-0 data (e.g. [153]).

The spectrum shown in red is based on a laser-electron interaction with an 800-nm
laser beam while the curve shown in blue is generated using frequency-doubled pulses
at 400 nm. The laser pulse energy at 800 nm was about 3.8 mJ and the 400-nm pulses
had a pulse energy of about 2.2mJ. The strength of the laser-based energy modulation
AE determines the longitudinal movement of the modulated electrons Az = Rs - AE .
A stronger modulation causes a wider separation of the electrons resulting in a broader
longitudinal density dip which causes a spectrum at lower frequencies. For that reason,

the 800-nm laser beam causes a turn-0 spectrum centered about approximately 2 THz,
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Figure 4.6: Spectra of coherently emitted THz pulses measured with the polarizing
Fourier-transform spectrometer. The spectrum shown in red was acquired after a laser-
electron interaction with an 800-nm laser beam whereas the blue curve is based on an
interaction of a 400-nm laser beam (see text for details).

while the 400-nm laser beam results in turn-0 spectrum centered at about 2.3 THz. The
measurement was performed using a silicon bolometer.

Two examples of interferograms acquired with the new spetrometer are shown in Fig.
The raw data shown here was taken using a Schottky-barrier detector gated to turn-1

after the laser-electron interaction (left) and turn 2, respectively.

The corresponding spectra are shown Fig. The central frequencies of the turn-1
and turn-2 spectra agree well with the simulation-based predicted values in Tab.
The clear shift towards lower frequencies from one turn, centered at about 140 GHz to
the other one centered at 90 GHz is visible. The interferograms show a good symmetry
about the zero-delay position and show a clear modulation pattern. The minima of the
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Figure 4.7: Interferograms of the turn-1 (left) and turn-2 signal (right) (see text for de-
tails).
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Figure 4.8: Coherent spectra of turn 1 and turn 2 after the initial laser-electron interac-
tion.

interferograms are close to zero which means that the intensity distribution in the two

interferometer arms is symmetric, too.
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5 Pulse shaping of laser and THz

radiation

In the previous chapter, the spectral diagnostics equipment developed and used to de-
tect THz radiation at DELTA was described. Currently, sources of THz radiation with
flexible spectro-temporal control remain rare. In the following sections, experimental
results from DELTA are presented, demonstrating different approaches to achieving
precise spectro-temporal control.

A key aspect of this control is the temporal shaping of the laser pulse intensity, which
directly influences the spectro-temporal characteristics of the THz pulse. Compared
to the standard operating mode described in Chapter 3, the laser pulses used for the
electron-energy modulation are longer (up to approximately 20 ps FWHM) and exhibit
a periodic intensity modulation. The increased pulse duration enables the generation of
narrow spectral features, as the spectral resolution is inversely related to pulse duration
(Fourier theorem).

The techniques presented include two types of interferometric pulse-shaping approaches
and a computer-controlled setup utilizing an adaptive optical element, specifically a
reflective spatial light modulator (SLM). The characterization of these setups, experi-
mental results, and theoretical limitations are discussed.

The laser amplifier described in Chapter 3 relies on the chirped-pulse amplification
scheme, which means that after amplification, a grating compressor is used to tempo-
rally compress the laser pulses. Table 5.1 summarizes different settings of the grating
compressor. Setup 1 is the standard mode of operation of the short-pulse facility.

Measurements using GRENOUILLE FROG showed a minimum laser pulse duration of
about 40 fs. For simplicity, it is assumed that the laser pulse is transform-limited in this
configuration, implying Dy = 0 and D3 = 0. However, a transform-limited laser pulse
with an 800-nm wavelength, a 40-fs pulse duration, and a Gaussian shape would have
a spectral width of 23.6 nm (FWHM), which is significantly smaller than the measured

30nm. Nevertheless, this discrepancy can be neglected, as the following experiments
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Table 5.1: Overview of different laser pulse compressor configurations used for the
experiments described in this chapter. Values of Dy and D3 refer to the effective laser
pulse dispersion, not the correction induced by the compressor. The angle of incidence
on the first grating is given by 9, and d is the grating distance. All setups were designed

based on gratings with a spatial grating-line frequency ¢ = 1500 mm ™.

Setup spectral phase estimated pulse length
1) Fully compressed, ultrashort pulses
Sin = 51.3°, ¢ = 1500 mm™! Dy = 0ps? At =40 fs (FWHM)
d = 265 mm D3 = 0ps?
2) Partial compression
Sin = 51.3°, ¢ = 1500mm ™! Dy = 1.64% 107! ps? At = 11.3 ps (FWHM)
d = 235 mm D3 = =5.60 X 107° ps®
3) Partial pulse compression for pulse optimization by a phase modulator
Sin = 51.3°, ¢ = 1500 mm™! Dy = 3.00x 107! ps? At = 20.8 ps (FWHM)
d =210mm D3 =—-1.03x 107* ps®

4) Uncompressed laser pulses

(compressor bypassed) Dy = 1.45ps? At =100 ps (FWHM)
D3 = —4.95 x 1074 ps®

use long pulse durations of several picoseconds, making the full-compression setting
less critical.

Setup 2 is an alternative configuration of the standard compressor. Here, by reducing
the grating distance, a pulse duration of about 11 ps is achieved. These pulses were
used for initial attempts to reduce the spectral bandwidth of the THz pulses.

Another compressor setting (cf. Setup 3, Tab. involves tuning the default compres-
sor to achieve a resulting pulse duration of 20.8 ps. In this case, a significant amount of
TOD remains but is compensated later using an SLM-based phase-shifter setup.

All dispersion values and pulse durations given in Tab.[5.1jwere calculated using Egs.
and The setups listed were used to generate laser pulses of different durations,
which were then modulated in different ways to control the resulting THz spectrum.

5.1 Variation of the laser pulse length

When the DELTA short-pulse facility is operated in CHG mode, shortest laser pulses of

about 40 fs are used for the laser-electron interaction. The generation of THz radiation,
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however, is possible with longer laser pulses, too. When using longer laser pulses, the

THz radiation intensity increases because more electrons are modulated.

As a first step towards better spectral control of the THz spectrum, the built-in grat-
ing compressor of the laser system was detuned to increase the laser pulse length. The
grating compressor is built of two parallel gratings and a roof-top mirror like the com-
pressor depicted in Fig. The angle of incidence is ®;, = 51.3° and the distance
of the gratings at full compression of the laser pulse is 265 mm which leads to a fully
compressed pulse duration of 40 fs. According to Egs. and [2.87] the GDD corrected
by the compressor is Dy = —1.45 ps? and the TOD is D3 = 4.95 X 1074 ps®.

Figure 5.1| (top) shows the tuning capabilities of the pulse compressor in its standard
configuration. The distance can be shrunk to about 185 mm which leads to a maximum
pulse duration of about 30 ps. The detuning of the compressor leads to a significant
occurence of third order dispersion which is depicted in Fig.|5.1|(bottom).

5.2 Seeding with laser double pulses

To further study the influence of the laser pulse shape on the generated THz spectra,
a Michelson interferometer was installed in the laser beam path to either create two
distinct energy modulation regions on the electron bunch or to generate a laser pulse
with intensity beating, which then interacts with the electron bunch.

A first version of the interferometer was kindly provided by PhLA Lille University,
France [173]. Later experiments were conducted using optical setups designed and
built as part of this thesis.

Figure 5.2|shows the optical setup, including the Michelson interferometer positioned
after the laser pulse compressor. The interferometer is built so that the pulse passes
through the same amount of glass in the beamsplitters and mirrors, minimizing non-
linear effects such as self-phase modulation. After the interferometer, the laser pulses
are focused at the center of the undulator to interact with the electron bunch. A USB-
based CC tiber spectrometer detects the laser pulses at a second interferometer out-
put. Experimentally, it is highly feasible to acquire the spectrum for measuring the
delay setting of the interferometer.

'PhLAM: Laboratoire de Physique des Lasers, Atomes et Molécules
2charge-coupled device
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Figure 5.1: In its standard configuration, the grating compressor of the laser amplifier
is set to a grating distance of 265 mm and an angle of incidence of 51.3°. In this con-
figuration, the minimum pulse duration of approximately 40 fs is achieved. The pulse
length can be adjusted by varying the grating distance (top). The third-order dispersion
(TOD) increases linearly with the grating distance (cf. Eq. (bottom).
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Figure 5.2: Setup to generate laser double pulses and also intensity modulated laser
pulses. The laser pulse duration is adjustable using a Treacy-type laser pulse compres-
sor and then guided to a Michelson interferometer offering two outputs one of which
is used for the energy modulation of the electrons in the storage ring. The other output
is used for diagnostics in a spectrometer and an autocorrelator.

5.2.1 Pulse delay measurement from modulated laser spectra

The measurement of laser pulse delays is essential for the correct alignment of interfer-
ometers used with pulsed lasers. In this thesis, several kinds of interferometers were
used to generate copies of laser pulses or to induce a temporal modulation. In Fig.
the fiber spectrometer is used to measure the laser pulse delay in the interferometer.
The trivial case of a delay At = 0 equals the spectrum I; of a single pulse which reads

T &) = Aw) . (5.1)

L(w) = 5

The spectral intensity I;2(w) of both, pulse and delayed duplicate, shows a temporal
interference which depends on the time delay At

hao(@) =52 [E(@) +E(@)e (5.2)
=2A%(w) + 2A%(w) cos(wAt) . (5.3)

The cosine term in Eq.[5.3|is repsonsible for the occurence of interference fringes in the

spectrum. Figure 5.3 shows laser spectra (vertical) as function of the delay setting of the
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interferometer. Longer delays At cause high a high-frequency modulation in the spec-
trum. In the experiment, the zero-delay setting is found by reducing the modulation
frequency.

laser frequency (THz)
]
S

-200 -150 -100 -50 0 50 100 150 200 250
delay (um)

Figure 5.3: The CCD spectrometer shows an intensity modulation under variation of
the laser pulse delay. The delayed laser pulses generate a cosine modulation in the
laser spectrum which has frequency proportional to the delay time At. The blue spot in
the middle is caused by unstable interference conditions close to equal time of arrival.
Here, delay changes on the A/2-scale occur due to air fluctuations and the intensity
measured by the spectrometer shows the cancellation effect.

As a first test to influence the THz spectra, the laser pulse delays were varied between
20pm and 80 pm. In this regime, the region of the bunch which is energy-modulated
increases with the delay setting which then leads to the formation of a wider density
dip in the electron density. As shown in Fig. in consequence, the central frequency
shifts from approximately 3.4 THz to 2.3 THz.

In this regime, the interferometer delay is only slightly longer than the pulse duration
of 40fs. Larger delays of several millimeters cause the formation of distinctly energy-
modulated regions on the electron bunch. Each of these regions gives rise to a broad-
band THz pulse. In the spectrometer, the temporal interference of these THz pulses
is observed. Figure 5.5/shows two spectra acquired at laser pulse delays of 1.2 mm and
2.4mm, respectively. As expected, and similarly to the spectral observation of laser dou-
ble pulses above, the longer delay of the two THz pulses results in a higher modulation
frequency.
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Figure 5.4: Spectra of coherently emitted THz radiation generated in a laser-electron
interaction using short overlapping laser-double pulses (left) and frequency shift of the
spectral peak intensity as function of the pulse delay (right). The pulse delay is only
slightly longer than the pulse duration (40 fs) (adapted from [174]).

5.3 Chirp and delay technique for generation of

narrowband THz radiation

The previous section showed that the temporal profile of the laser pulse significantly
influences the THz emission spectrum. In the mid 1990s, a technique called chirped-
pulse beating (CPB) was first realized using photoconductive antennas as THz emit-
ters [175,[176]. Here, a partially compressed, chirped laser pulse travels through a
Michelson interferometer where it is split and recombined with a variable delay. Su-
perposing the two chirped pulses with a delay leads to a difference in the instantaneous
frequency and results in an intensity beating with the periodicity of the difference fre-
quency. If the initial chirp is purely quadratic, meaning the frequency variation along
the pulse is linear, the beating frequency is constant. Such a laser pulse is used to mod-
ulate the electron energy with a periodic pattern which can give rise to the emission of
narrowband radiation in the THz regime.

First experiments following this scheme at light sources were conducted at the UVSOR
storage ring [177,178]. In 2014, the same group from PhLAM, Lille University, France,
provided their setup used to modulate the laser pulse intensity for experiments at

DELTA [179/153].

Within this thesis, a new optimized setup built for use at DELTA was realized. It offers
the same functionality as the setup show in Fig. 5.2/ and can be used for both, double
pulse generation and the generation of intensity modulated pulses. The latter requires

short delays compared to the relatively long pulse duration.
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Figure 5.5: Spectra of two successive coherently emitted THz pulses with a relative dis-
tance of 1.2 mm (top) and 2.4 mm (bottom). Both spectra comprise an intensity modu-
lation which is caused by the temporal interference of the two THz pulses (see text for

details).

5.3.1 Derivation of the beating frequency

Figure 5.6/ shows the instantaneous frequency of two laser pulses in the case of linear
chirp (a) and quadratic chirp (b). Splitting and delaying two linearly chirped pulses
generates a shift, leaving a constant distance of the two spectrograms. In consequence,
the difference frequency is constant and, depending on the pulse delay, is a fraction
of the spectral bandwidth. In the case of a quadratic chirp, the spectrograms have the
shape of two shifted parabolas, which increase in distance as function of time. Hence,

the difference frequency is not constant.

The time-dependent frequency of a chirped pulse is written as [[180,[181)[182|[183]

1
w(t,Dy,D3) = wg + — t — —= t* (5.4)
2

Without third order dispersion, the instantaneous difference frequency of two purely
linearly chirped pulses which are split, delayed by At and recombined reads

Aw(t) = w(t, Dy) — w(t + At, Dy) = At/ D, (5.5)

92 5.3. Chirp and delay technique for generation of narrowband THz radiation



Chapter 5. Pulse shaping of laser and THz radiation

-
>

frequency

A

A

/) 2

time time

frequency

Y
Y

(@) (b)

Figure 5.6: a) Two identical chirped laser pulses shifted in time have a constant differ-
ence frequency, if their instantaneous frequencies are a linear function of time. b) If
the pulses are chirped non-linearly, the difference frequency varies over time and the
spectrum of a difference-frequency generation process broadens.

in the case of non-zero third-order dispersion D3 # 0, the resulting difference frequency

is linearly chirped

At Ds ., Ds
Aw(t) =|— + == At7| - | — At t. 5.6

® (Dz 2D3 ) (Dg ) (5.6)
Here, the second term is a linear variation of the difference frequency as function of

time t.

Therefore, a large group delay dispersion Dy improves the spectral width of the THz

spectra in two ways:

1. the increased laser pulse duration leads to more intensity modulation cycles of

the laser pulse which in turn lead to a narrowing of the spectra

2. the group delay dispersion scales down the third-order dispersion

5.3.2 Alignment of the chirped-pulse beating setup

The periodic intensity beating of the laser pulse was realized by using the setup already
used in Sec. 5.2 to generate laser double pulses. The laser pulse compressor was tuned
to an increased pulse length of about 20 ps (FWHM) by increasing the distance of the
diffraction gratings. Since this changes the arrival time of the laser pulse with respect
to the electron bunch, the so-called vector modulator which is used as a programmable

laser delay is adjusted to correct for this delay. The long pulse duration facilitates set-
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ting the correct frequency of the intensity modulation. Furthermore, the long pulse
duration also allows to measure the temporal laser pulse profile with a streak camera.
At DELTA, a streak camera is available at BL4 which is the diagnostics beamline of the
U250 undulator. To check the laser profile and also the spatial alignment of the com-
plete setup, the beating laser pulses were analyzed using the streak camera. Figure
shows measurements of the two interfering laser pulses (blue) and the temporal profile
of each pulse (yellow, orange). A drop of the central intensity in the blue curve is visible
which is caused by the interference of the two chirped and delayed laser pulses. Ideally,
the central intensity of the blue curve should be close to zero, however, here only rough

overlap conditions were checked and optimized later.
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Figure 5.7: As a quick test whether the two interfering laser pulses overlap spatially
and temporally, the laser pulses were guided to a streak camera after passing the eletro-
magnetic undulator U250. The long distance to the laser ensures a certain spatial and
angular accuracy. The camera measures the laser intensity distribution over time. The
yellow and orange curves depict the intensity profiles from single pulses, while the blue
curve shows the profile of the inference. The beating frequency was set low enough to
reach a picosecond-scaled modulation which is visible on the streak camera image.

A dedicated intensity autocorrelator was built to analyze the beating frequency on-
line and to accurately align the chirp-and-delay interferometer. Figure 5.8| (left) shows
an autocorrelation trace with a clearly visible intensity modulation on the picosecond

scale.

Changing the interferometer delay increases the beating frequency. Figure 5.8 (right)
shows the modulation frequency retrieved from the autocorrelation as function of the
interferometer delay for small excursions leading to a maximum modulation frequen-
cies of 1.1 THz. In this regime, the modulation frequency is a linear function of the

delay. For larger delays, the autocorrelation shows a less clean modulation signal.
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Figure 5.8: Left: Measurement of the variation of the intensity modulation frequency as
function of the interferometer position. Right: Autocorrelation of a laser pulse which
was intensity-modulated using the chirp-and-delay technique.

5.3.3 Tunable narrowband spectra

Using the intensity-modulated laser pulses for an energy modulation of the electron
bunches leads to a narrowband emission of THz radiation in the frequency range up to
5.5 THz. Narrowband spectra above 1 THz generated by the split-and-delay technique
are depicted in Figure Here, the silicon bolometer was used as a detector for the
spectrometer which excludes the spectral range below 1.3 THz.
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Figure 5.9: Spectra of coherently emitted THz radiation generated by the chirp-and-
delay setup.

As expected from the third-order dispersion influence, the spectra become broader to-
wards higher frequencies and become asymmetric. This is in agreement with the effect

of the third-order dispersion: The intensity modulation of the laser pulse changes its
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frequency along the pulse. If the Michelson interferometer is adjusted for modulation
frequencies above 2.8 THz, the spectral broadening is enhanced.

5.4 Tailored THz pulses from computer-controlled phase

modulation

The fundamental configurations of optical 2-f and 4-f lines were discussed in Sect.
In these setups, the Fourier plane provides direct access to the spectral phase by estab-
lishing a correlation between a spatial coordinate and the instantaneous laser frequency.
This correlation enables precise control over the spectro-temporal shape of laser pulses
and facilitates the compensation of phase errors introduced by optical elements.

5.4.1 Fourier plane pulse shaping

An overview of linear filter functions in typical optical setups is provided in Tab.
These setups generally offer at most one degree of freedom, meaning that any modifi-
cation to the spectral phase ¢(w) affects both group delay dispersion (GDD) and third-
order dispersion (TOD) simultaneously, as seen in grating and prism compressors.

More advanced linear filtering techniques in optics employ specialized grating com-
pressors, known as zero-dispersion compressors or 4-f configuration compressors. This
setup incorporates an additional telescope within the grating compressor, as illustrated
in Fig. A similar configuration was previously discussed in Chap. 2, Fig.

A programmable pulse shaper based on this geometry was designed and built as part
of this thesis. The setup consists of gratings with a line spacing of 1/1500 mm, a tele-
scope with horizontally focusing lenses of focal length f = 75mm, and a spatial light
modulator (SLM) with a width of 15.36 mm comprising 1920 phase-shifting pixels. The
SLM has 1080 vertical pixels, but the applied phase shift remains constant along each

vertical column, ensuring that dispersion occurs exclusively in the horizontal direction.

The gratings are arranged in the Littrow configuration, where the central wavelength
of 805 nm has identical input and output angles, given by 0;, = Oyt = 37.1°.

In this configuration, the pulse shaper achieves a theoretical maximum pulse shaping

complexity of 7 = 1061 and a maximum shaping time window of T = 33.3 ps.
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Figure 5.10: Sketch of the pulse shaping setup used to generate tailored THz pulses via
laser-electron interaction in an electromagnetic undulator. The laser beam is dispersed
by a first grating and focused by a cylindrical lens. A reflective phase shifter applies
a frequency-dependent phase shift before the beam is recombined by a second grating
into a pulse train, which can be computer-controlled through the phase shifter.

5.4.2 Analytic description of the phase-shift induced intensity

modulation

Pulse shapers using zero-dispersion compressors are often laid out with help from
automatic optimization routines based on machine learning approaches and genetic
algorithms . In the experiments carried out in this thesis, the optimization
was done manually by using a spectrometer and an autocorrelator as laser diagnos-
tics. However, a simplified mathematical model helps to motivate the pattern and the
strength of the phase modulation applied to the laser beam. To derive a formula for the
modulation frequency, expressions known from signal theory were used [186].

The electric field of the laser pulse in time domain is expressed as

E(t) ~ cos [27'cfc -t 4+ Bsin (27’( . me . t)] X (5.7)
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Here, f. denotes the central frequency of the laser pulse and f,, is the target frequency
of the intensity modulation of the laser pulse and f is the strength of the phase mod-
ulation. Although the phase manipulation with the spatial light modulator occurs in
frequency domain, the simplified model can be evaluated in time domain because a
purely linear chirp is assumed which gives a clear correlation between time and fre-
quency. Using the definition of the Bessel function Ji, this expression can be rewritten
as the sum of two series of even and odd Bessel functions

E(t) ~ Jo(B) - cos(2m f, - t) (5.8)
+Z]2k(ﬁ){sinl2ﬂ(fc+2k-%)t Qn(fC_Qk.%”)t}
k=0

N thﬂ(ﬁ) {COS [271 (fc + (2k + 1)%”) tl — cos [271 (fc -2k +1)- %’”) tl} :

+ sin

With [, = 0 for n > 1, this expression is simplified to

E(t) ~ Jo(B) cos(2m fo - t) + J1(B) {cos [271 (fc + %n) tl — cos [271 (fc — %n) tl} (5.9)

Because the energy modulation of the electrons by the laser depends on the intensity
and not solely the electric field, the laser intensity is evaluated as

C€En

I
2

&2 (5.10)

The expansion of & leads to contributions of the following modulation frequencies

fo=d o= pu go=2(f-) si=on se=2(aed). G

The frequencies being a sum of the laser carrier frequency f. = 375 THz and the modu-
lation frequency f,, are of the same order of magnitude as the carrier frequency which
means that these are outside the possible modulation bandwidth. The remaining mod-
ulation contributions occur at f,, and f,,/2. This means that a modulation at f,, also

generates a modulation at the sub-harmonic f,, /2.

For simplicity, this model assumes a monochromatic laser. Furthermore, the calculation

was done in time-domain whereas the spectral phase is modulated. Assuming a linear
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chirp of the laser pulse, the time coordinate t of the electric field of the laser pulse can
be expressed as

t = (w(xi) — wo) - D2 (5.12)

with w(x;) being the instantaneous frequency at the position of the i-th pixel and a
phase shift per i-th pixel

®; = fsin | 2m - J%m “(w(x;j) — wp) - Da]. (5.13)

In Chapter 2, the theory of linear filters was discussed. Any optical element chang-
ing only the spectral phase can be described by the multiplication of a complex factor
exp(j@(w)) which adds a spectral phase. Due to the linearity, multiple filters can be
added independently. This can be used to counteract the occurence of sub-harmonics
in the modulation. Another modulation at f,,/2 with opposite phase reduces the un-
wanted sub-harmonic at f,,, /2, but leads to a (weaker) sub-harmonic at f,, /4 which can
be reduced by another modulation generated at f,,,/4 with opposite phase, again. In
the experiment, this series is stopped at f,,/8 because lower sub-harmonics were not
observed.

Again due to linearity, any additional correction of the spectral phase that can be de-
scribed by a linear filter, can be added to the phase shifter. Here, especially the correc-
tion of the third-order dispersion Dj is corrected in the experiments described in the
following. The procedure to calibrate the phase shift of a pixel as function of its 8-bit
intensity level is described in the next subsection.

5.4.3 Alignment of the pulse shaper

Careful alignment and calibration of the pulse shaper setup are essential for achieving
accurate performance. The procedure consists of the following steps:

1. SLM Phase Calibration: Before setting up the pulse shaper, the phase response
of the SLM was calibrated using a Michelson interferometer, as shown in Fig.
(left). Both interferometer arms have a fixed length, while the arbitrary SLM con-
trol signal is used to modify the optical path difference. The resulting phase shift
is shown in Fig. (right). For small control values below 15, no response is ob-
served. As the control level increases, the phase shift follows a nonlinear trend,

with the rightmost section of the curve being less steep. The range indicated
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by the red dashed lines allows for a maximum phase shift of 27t and is there-
fore used. A look-up table containing the calibration data is implemented on the
single-board computer controlling the SLM.

2. 4f-Line Alignment: Before using the pulse shaper, the alignment of the 4f-line
must be verified. Ensuring that the focal plane of the first lens is positioned cor-
rectly at the depth of the first grating is crucial.

3. Wavelength-to-Pixel Calibration: The relation between wavelength and pixel po-
sition on the SLM was calibrated using an interference pattern and a spectrometer.
This method is described in the following subsection.
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Figure 5.11: Setup used to calibrate the phase shift of the spatial light modulator (left)
and resulting calibration curve (right). A phase shifting range of 27 is needed for the
pulse shaping setup. The SLM is unresponsive for low grey levels between 0 and 15 and
hence this region is not used for the experiments. Since the right part of the calibration
curve is less steep, the region between the dashed red lines is used which also leads to
a better phase shifting resolution. The calibration curve is used to implement a look-up
table which uses the desired phase shift as an input.

5.4.4 Wavelength calibration of the Fourier plane using

programmable interference patterns

The non-linear dispersion in the Fourier plane of the 4f-line has to be calibrated. First,
a fiber-coupled spectrometer was used to measure laser spectra at different transverse
positions of the Fourier plane. The single-mode fiber has a tight acceptance aperture of

12 pm which allows to transversely scan through the spectral components of the Fourier
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plane. Furthermore, the correct position in laser beam direction can be found to opti-
mize the distance between the focusing lens and the SLM. The spectral width measured
with this method increases when the fiber coupler is out of focus.

To do a more precise mapping of the horizontal coordinate in the Fourier plane and
the laser wavelength, the laser spectrum after the complete 4f-line was measured while
introducing phase shifts of 7t for pairs of neighboring pixels. Figure shows a laser
spectrum with intensity dips caused by the destructive interference. If the gratings be-
fore and after the Fourier plane are out of focus, the interference pattern starts to blur
because the frequency interval per phase shifter pixel increases and the interference
condition is not fulfilled anymore. Using the spectral measurement, the central wave-
length on each SLM pixel can be deduced. The result of the calibration is shown in

Fig.5.12,
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Figure 5.12: The relation between laser wavelength and pixel number on the spatial
modulator was calibrated. Here, a phase pattern containing distinct phase shifts of ¢; =
7 was applied to the mask, leading to distinct intensity drops because of destructive
interference (blue curve). Simultaneously, the distance between the first lens and the
grating was optimized. When the grating is out of focus, the interference effect is less
dominant because the frequency intervall 6w per pixel is increased (red curve) and the
interference pattern blurs.

5.4.5 Nyquist-Shannon limit

The freedom of choice of the laser output pulse shape is also limited the Nyquist-
Shannon limit. The Nyquist-Shannon sampling theorem known from signal theory

[187],/188]] causes an aliasing effect when phase differences of sampled signals become
too large. The theorem states that any periodic function needs to be expressed by two
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Figure 5.13: Spatial dispersion in the Fourier plane of the 4-f pulse shaper. The disper-
sion of the first grating leads to a slight asymmetric distribution of the outermost spec-
tral contributions. For the ease of alignment, the central laser frequency f. = 375 THz
was aligned in the middle of the SLM.

points per period. Otherwise ambiguities arise. While the sampling theorem is usually
discussed in time domain when choosing the correct sampling rate for data acquisition,
a plausible view in spectral domain of the phase shaper is that a phase shift of 27t needs
to be sampled by at least two pixels. This defines a maximum steepness of the phase
function applied to the modulator.

A linear phase variation is limited by a phase shift of 6® < © between two neighboring

pixels. This leads to a maximum linear dispersion of
Dy = 1t/éw = 120.64 ps (5.14)

The condition that the slope per pixel must not exceed a phase shift of 7 also holds for
the quadratic phase. The phase shift of the n-th pixel is

2
Dy(n) = Dy dw? (n - %) (5.15)

and the largest phase advance per pixel is between pixel N and pixel N — 1

2 2
0Prmax = Do max Ow? {[N - %l - [(N -1)- %l } (5.16)

N-1
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Figure 5.14: Simplified model of the LCD phase shifter matrix. Each pixelis illuminated
by light of a certain frequency interval éw. Between the pixels, a metallization layer
introduces gaps which do not contribute to the applied phase shift. The spectral-phase
advance between two neighboring pixels must not exceed a value of = which sets limits
for the maximum values of the dispersion correction (see text for details).

which leads to a maximum group delay dispersion of

Tt

DQ,max =
Applying a cubic phase, the phase advance per pixel n reads

3
®3(n) = D3 dw? (n —~ %) . (5.18)

Again, the maximum phase difference for a cubic phase advance occurs between pixel
N and N — 1. It reads

3 3
N N
O0Dmax = D3,max 60)3 {lN - El - [(N - 1) - ?l } (5.19)
leading to a maximum third-order dispersion of
T 763
= 6.4 % 107 fs°. (5.20)

D =
3,max (%NQ _ %N 4 1) Sdw3
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Comparing these values to the GDD and TOD of the laser pulse compressor shows that
the pulse shaper cannot replace the grating compressor when used in this configura-
tion. For specific applications, a redesign of the pulse shaping setup could be possible
which allows to avoid the grating compressor. This would be beneficial, since the grat-
ing compressor causes an intensity loss of about 20 %. However, the unwanted TOD
introduced by the pulse compressor can be corrected with the pulse shaper since it is

lower than D3 max-

5.4.6 Discretization of the pixel size

The SLM with a neutral phase pattern (constant phase shift or a phaseshift linear with
frequency w) still applies a periodic amplitude filter caused by the gaps between the
pixels. The amplitude modulation pattern can be written as

n=N/2
M(w) = |H(w) Z O(w — ndw) | *rect(w/dw) (5.21)

n=—N/2+1

with the Dirac delta distribution 6(w — ndw), the gate function rect(w/0w) and * being

the convolution operator.

The influence on the output pulse Equ4(t) is described by

Ein(t) Z h (t - ng—Z)

Copies of the original pulse arise due to the spatial amplitude modulation by the pixel

Sout(t) ~

- sinc (—) (5.22)

metallization. The impulse response function h(f) influences the output pulse. The
term h(t — n2m/dw) contributes at distinct times t = n27/6w. In principle, the zeros
of the term sinc (dwt/2) counteract the occurence of the pulse copies, but dw is only
approximated as a constant and hence, the pulse copies are not fully suppressed which
leads to pulse copies at delays of

21
rep XM —. 5.23
Trep ¥ 11 Sw ( )
In the experiment, the pulse copies do not temporally overlap with an electron bunch

and are only visible in the diagnostics equipment.
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5.4.7 Phase flickering

As any active electronic device, the pixels of the SLM are subject to electronic noise.
During the alignment routine presented in Fig. it was observed that the intensity
minima start to blur if the laser intensity reflected by the SLM is too high. Stable oper-
ation is achieved at an average laser power of 1 W and pulse durations not lower than
20 ps.

5.4.8 Measurements of narrowband THz radiation

Correcting the third order dispersion of the grating compressor with the SLM allows to
imprint a single-frequency intensity modulation on the laser pulse. Figure shows
a set of THz spectra under variation of the central frequency and the bandwidth which
can be controlled by changing the number of sinusoidal phase modulation periods on
the SLM.

The spectra were acquired using the silicon bolometer. The minimal spectral band-
width achieved is on the order of 100 GHz (top). In contrast to the narrowband spectra
generated based on the chirped-and-delay technique, coherent emission is visible up to
6 THz. Broader spectra are generated by reducing the number of modulation periods
in the laser pulse intensity modulation.

5.4.9 Two-color THz pulses

The linearity of the phase shift pattern allows to add up multiple phase shifts to create
more complex pulses or pulse trains. In a first attempt, multiple different THz output
frequencies were overlayed in the phase pattern, resulting in a two-color THz genera-
tion. Figure shows a series of tow-colored spectra under variation of the spectral

distane of the contributions.

Generating two narrowband spectra at a very close spectral distance has a high com-
plexity 1. Here, the limit is reached at a minimum distance of approximately 200 GHz

(Fig. (top)).
5.4.10 Further user-defined spectral shapes

Merging the phase shift patterns of several narrowband modulation patterns allows to

generate further arbitrary spectral shapes. Empirically, a rectangular spectrum and a
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Figure 5.15: Spectra of narrowband THz radiation. The spectral phase of the laser pulse
was corrected by the pulse shaper. A cancellation of the third-order dispersion was
programmed. Different strength of the phase modulation, i.e. the maximum phase lead
to a different number of pulse copies which allows for a user-defined spectral width.

trapezoidal spectral shape were generated by adding up phase patterns for narrowband
modulation. Two examples are depicted in Fig.

5.5 Comparison of shaping methods

In the previous sections, experimental setups for the temporal shaping of (ultra-)short
laser pulses and results from THz generation experiments were described. The use of
a Michelson interferometer enabled widely tunable THz radiation in the range from
50 GHz to approximately 6 THz. Here, the influence of higher-order dispersion cannot
be easily corrected, as the setup provides only one degree of freedom, namely the pulse
delay. However, the components used in the interferometer have a high damage thresh-
old, which, in principle, allows for scaling up the laser power. On the other hand, the
interferometer reduces the efficiency of the shaping setup by a factor of two, since half
of the laser power does not reach the experiment. The remaining laser pulse energy

delivered to the storage ring was 3.5mJ. Comparing this value to the approximately
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Figure 5.16: Series of two-color THz spectra with variable peak distance. Here, several
phase filters are summed up and applied to the phase modulator to generate multiple
controllable frequencies simultaneously.

9.5mJ before the laser pulse compressor and 8 mJ after the compressor, a significant

portion of the laser pulse energy is lost.

Although the pulse shaper containing the SLM uses far fewer optical components com-
pared to the interferometer, the output pulse energy is limited to about 1 mJ to prevent
damage to the SLM. Higher pulse energies initially lead to fluctuations in diffraction
efficiency, while permanent damage to the liquid crystal layer was observed at pulse
energies exceeding 4 mJ for pulse durations of approximately 1ps. This presents two
challenges: first, ablation due to the short pulse duration damages the mirror surface
of the SLM, and second, the high average power burns the carrier substrate. Recent ad-
vancements in SLM technology offer potential solutions to these issues. One approach
is the use of micro-mirror actuators (MEMS), which allow for higher peak and aver-
age power. Additionally, active cooling of SLMs could enhance their damage threshold
beyond picosecond pulses with an average power of 200 W [189].

5.5. Comparison of shaping methods 107



Chapter 5. Pulse shaping of laser and THz radiation

—

NS}
—
NS}

I
% -
T

<
~
T

THz intensity (arb. units)
=)
(o)}

THz intensity (arb. units)
=)
o

S
o
T

1.5 2 2.5 3 35 1.5 2 2.5 3 3.5
frequency (THz) frequency (THz)

Figure 5.17: Rectangular spectral shape generated by superimposed filters on the SLM
(left) and trapezoidal spectral shape (right).

The advent of adaptive optics has revolutionized the field of laser pulse shaping. With
this technique now established in the laser community, applications in related fields,

such as synchrotron radiation science, are emerging.

5.6 Applications

The pulse-shaping approaches make the THz beamline at DELTA an even more versa-
tile tool. Changing the spectro-temporal behavior of a THz pulse allows to tailor pulses
for applications where both is needed, control over timing and spectral properties.

5.6.1 Characterization of THz detection systems

Ashighlighted in Chap. 2, the diagnostics of radiation pulses emitted from short bunches
is crucial for setting up accelerators that provide short pulses [190]. However, most
available (sub-)THz detectors are not characterized under conditions comparable to
their application in accelerators. Frequently, sensitivity measurements are performed
using continuous-wave (CW) radiation, which differs significantly from pulsed opera-
tion in terms of the readout chain, including the antenna, detector, amplifier, and digi-

tization.

Narrowband (sub-)THz radiation generated by the chirped-pulse beating technique
was used to characterize various Schottky-barrier detectors manufactured by Virginia
Diodes. The detectors exhibited narrowband sensitivity, determined by the antenna

and the waveguide connecting the detector to the antenna.

Figure presents measurements of the normalized responses of five detectors to
(sub-)THz radiation generated by the chirped-pulse beating scheme. The Michelson
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interferometer was supplemented with a piezo actuator, used to adjust the central fre-
quency. The piezo was continuously moved, resulting in a linear frequency sweep over
time. A total delay range of 400 pm was scanned over approximately 5min. In this
setup, the frequency shift corresponds to 2.7 GHz/pm.

The resulting response curves represent convolutions of the THz generation gain curve,
the spectral beamline transmission curve, and the spectral response of each detector.
Calibrating these curves is challenging; however, the current setup offers a practical ap-
proach to characterizing the detectors under similar circumstances. The nominal sensi-
tivity range (3 dB level) of each detector is provided in the legend of Fig. Overall,
the sensitivity spans from 90 GHz to 750 GHz.

A Schottky-barrier detector manufactured by ACST was installed at a diagnostics beam-
line of the free-electron laser SwissFEL [[191]. The accelerator employs two magnetic
chicanes, referred to as bunch compressors (BC1 and BC2), to reduce the bunch length
based on energy-dependent path lengths within the chicanes. The compression after
BC1 is monitored by detecting radiation emitted from the fourth bending magnet of
the bunch compressor. The observed spectral range is deliberately limited to the region
where the intensity of coherent emission drops. For BC1, this corresponds to 25 GHz to
250 GHz [192]]. The detector used is of the same type as the one employed for measure-
ments in this thesis.

Due to the limited opportunities to access the detector at the beamline after installation,

a test under similar conditions was required. This was particularly necessary to eval-
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Figure 5.18: Detector responses of five narrowband Schottky-barrier detectors. The
measured amplitude was aquired during sweeps of the central frequency of the (sub-
)THz radiation to compare the sensitive range.
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uate the timing characteristics, meaning a pulsed sub-THz source with a comparable
spectrum was needed. As described in Chap. 2, the detector employs a log-spiral an-
tenna to receive incident pulses. While log-spiral antennas generally exhibit only slight
polarization dependence, the optimal antenna and detector orientation needed to be

determined experimentally.

Before installation at SwissFEL, the detector was tested at the DELTA THz beamline,
operated in the chirp-and-delay mode. The polarization angle of the incident radia-
tion was varied from 0° to 350° in steps of 10°, while the nominal central frequency
was scanned from 0 GHz to 300 GHz. To prevent optical coupling mismatches, the de-
tector position was optimized for each setting. Figure presents the results of the
polarization-dependent frequency sweeps. The transverse size of the sub-THz beam
is inversely proportional to the frequency (see Chap. 2). Consequently, low-frequency
components cover a larger area of the antenna. Depending on the relative orientation
of the field direction and the antenna spiral, the outermost sections of the antenna may
contribute to signal reception. The correct detector assembly could be found using these
experimental data.

5.6.2 Possible use cases in materials science and chemistry

Besides advancements in RF system engineering and accelerator diagnostics, there are
also applications in materials science and chemistry. One example is the spectroscopy
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Figure 5.19: Frequency sweeps recorded with an ACST Schottky-barrier detector under
variation of the incident polarization direction. Signals below 90 GHz are enhanced at
certain, circular-symmetric angles.
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of water. The absorption of THz radiation by water is of particular interest, as water
is one of the most important solvents, specially for medical applications. However, its
absorption characteristics are not yet fully understood [193]. Molecular dynamics sim-
ulations suggest that different absorption mechanisms occur in water depending
on the excitation frequency: Below 1THz, absorption is dominated by the reorienta-
tion of collective dipoles of multiple hydrogen-bonded water molecules [195]. Inter-
molecular translations, known as network stretching, cause absorption centered around
6 THz. Additional absorption features due to librational modes are found at 10 THz and
20 THz.

Considering the accessible frequency range at the DELTA THz beamline, parts of the
regimes relevant for water spectroscopy are already covered. The pulse energy required
to excite these modes is approximately 11J. The currently achieved maximum pulse

energy is about 200 nJ, which is insufficient for nonlinear spectroscopy but could be
applied for linear spectroscopy [194].
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6 Studies of the longitudinal phase

space

The previous chapters focused on the generation of THz radiation, particularly opti-
mizing the radiation process. In the following sections, measurements related to the
longitudinal phase space of the storage ring are presented, utilizing the laser-electron
interaction.

6.1 Measurement of the longitudinal charge distribution

Since the generation of THz radiation relies on the interaction of the laser pulse with
only a short slice of the electron bunch, a successive temporal shift of the laser pulse
allows for sampling the electron distribution for each RF bucket. Figure |6.1| presents

a typical measurement of the storage ring fill pattern, acquired with a direct-current
current transformer (DCCT) [129] (red curve).

Typically, no measurable THz signal is detected when the laser-electron interaction is
set up in multibunch mode, as the number of modulated electrons is too small. How-
ever, it was observed that the chirped-pulse beating (CPB) scheme enables the emission
by modulating a larger number of electrons due to the extended laser pulse duration.
Additionally, the THz frequency can be tuned to the sensitivity maximum of the Schot-
tky diode detector. These optimizations lead to a measurable THz intensity in multi-
bunch mode.

The normalized square root of the THz signal is shown in blue. The square root is plot-
ted because the THz signal scales with the square of the number of modulated electrons
due to the longitudinal coherence. The THz signal pattern closely follows the DCCT
measurement, demonstrating that bunch charges as low as 10 pC are sufficient to gen-

erate coherent THz pulses detectable with room-temperature Schottky diode detectors.
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Figure 6.1: During multibunch operation, the beam current is measured using a direct-
current current transformer (DCCT). In multibunch mode, the typical charge in a single
RF bucket is too low to generate a detectable THz signal. However, by employing the
chirped-pulse beating (CPB) scheme, the THz signal was enhanced by modulating a
larger number of electrons and tuning the output frequency to the Schottky detector’s
peak sensitivity range.

6.2 Observation of the longitudinal phase space motion

As pointed out in Chap. 2, the synchrotron oscillation describes the motion of off-
momentum electrons in the longitudinal phase space. The momentum deviation in-
duced by a laser-electron interaction thus leads to a rotation in phase space, too. Fig-
ure shows the evaluation of an elegant simulation of the turn-by-turn evolu-
tion of the energy-modulated electrons. The oscillation in the longitudinal phase space
can be observed. Due to the movement of the energy-modulated electrons off the bunch
center, a longitudinal density dip has formed in the bunch center, giving rise to emis-
sion of coherent THz radiation. The motion in phase space however causes that this
density dip occurs only at distinct phases of the synchrotron oscillation, i.e. after half
an oscillation period.

After half a synchrotron oscillation period the density modulation caused by the laser
interaction has turned by 180° in the longitudinal phase space (cf. Fig[2.3). The elec-
tron density comprises a dip which reoccurs every integer multiple of T;/2. Since the
synchrotron radiation spectrum depends on the Fourier transform of the longitudinal
charge distribution, THz pulses emitted over multiple turns arise delayed by T;/2. Fig-
ure 0.3| shows the simulated spectral evolution of the pulses over time. Each vertical
slice corresponds to a simulated false-color emission spectrum of the respective revo-
lution. The simulation was performed first with the higher-order-mode damped cavity
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Figure 6.2: Simulation of the longitudinal motion of energy modulated electrons 70 to
110 turns after the initial laser-electron interaction.

being deactivated. The synchrotron oscillation period in this case equals 75 turns. The
simulation shows that during the first half of the synchrotron oscillation period the cen-

tral THz emission frequency shifts downswards for about 40 turns and increases again
after a total of about 75 turns.
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Figure 6.3: Simulated turn-by-turn evolution of THz spectra over 130 turns.

6.2.1 Influence of the RF upgrade in 2019

In autumn 2019, an additional RF system was installed. Besides the DESY-type cavity,
the EU higher-order-mode damped cavity is now in operation (cf. Chap. 3). The larger
total RF voltage leads to a higher synchrotron oscillation frequency and therefore re-
duces the repetition period after which the THz signal reoccurs. The synchrotron oscil-
lation frequency can be measured through the data acquisition of a fast bunch-by-bunch

teedback system or an RF spectrum analyzer in the DELTA control room. Applying an
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RF voltage of 390 kV to each cavity leads to a synchrotron oscillation frequency of 22 kHz
being equivalent to an oscillation period of 45.5 ps.

Figure[6.4/shows a simulation of the central frequency as function of the revolution after
the laser-electron interaction. A periodic reoccurence of the central frequency towards
about 60 GHz is visible with a period of half the synchrotron tune.

T T

10°F :

10| ;

center frequency (GHz)

1 1 =

0 50 100 150
turn

Figure 6.4: Simulation of the central THz emission frequency as function of the turn
number after the initial laser electron interaction.

Convolving the spectral response of the Schottky-barrier detector with the simulated
spectra gives a simulated response of the Schottky detector which is depicted in Fig.
Here, it is visible that each ,echo” of the coherent pulse train is shortly interrupted
because the dip in the longitudinal electron density shortly vanishes due to the phase

space rotation.

The shorter oscillation period makes it easier to observe more echos of the energy mod-
ulated signals also in the measurement. Figure shows a measurement (blue) of the
laser-induced THz signal. The measurement was conducted using a 12-bit, 8-GHz real-
time oscilloscop with a sampling rate of 20 GS/s. Acquisition over a signal amplitude
of 5 decades (3 1V to 300 mV) was possible by combination of successive datasets with
different input gain settings. A calibration of the individual gain settings was done be-
fore. The resulting measurements show that the THz signal reoccurs about every 55

revolutions. Between the pulse trains, the noise floor is about 20 uV. The sensitivity of

!Teledyne LeCroy WavePro 804HD
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Figure 6.5: Simulated response to THz signals from 150 turns. The THz emission from
simulated electron bunches was folded with the known spectral sensitivity of the Schot-
tky diode detector to estimate the signal.

the measurement was further improved by using the arrival time of the THz pulse in the
analysis (orange curve). While the blue curve shows the raw measurement, the gated-
THz detection selects only these data points which occur at a timing which matches the
expected arrival time of a synchrotron light pulse. A similarly narrowband measure-
ment could be realized by using a multi-MHz Lock-In amplifier, but such a device was

not available.

The measurement shows that a residual energy modulation is observable for about 400
revolutions after the initial laser-electron interaction. Given that a laser-electron inter-
action occurs every 2603 revolutions, coherent emission appears during a significant
fraction of time. The laser system used for the energy modulation features the possibil-
ity to increase the repetition rate from 1kHz to 5kHz at the cost of peak laser intensity.
Still, in this case, coherent emission could be expected with a duty cycle of approxi-
mately 80 %.
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Figure 6.6: Measurement of THz signals from many turns after the initial laser-electron
interaction. The signal was detected by the Schottky-barrier diode. To increase the
dynamic range the sensitivity of the readout oscilloscope was adapted during the mea-
surement and the combined data are shown.
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7 Conclusion & Outlook

Within this thesis, significant enhancements to the THz source at DELTA were imple-
mented. Previously, the THz beamline operated exclusively in a broadband mode. Var-
ious approaches to achieving greater control over the THz generation process were de-
veloped and studied in detail. Additionally, diagnostic tools for analyzing both the

generated THz pulses and the laser pulses were successfully implemented.

7.1 Diagnostics

Before improvements to the spectro-temporal shaping of laser and THz radiation could
be realized, an adapted set of diagnostics was designed and commissioned. A laser
intensity autocorrelator was built, which provides a very good measurement stability

and reliability despite the ambiguities of autocorrelation.

The THz pulses produced at the short-pulse facility of DELTA cover a wide frequency
range from about 50 GHz to 6 THz. While a commercial spectrometer already allowed
measurements of the pulses at frequencies larger than 1 THz, additional diagnostics
were needed for the sub-THz range. The spectrometer was successfully commissioned
and used for the diagnostics of THz pulses. The ability to gate the detector, which can
be a silicon bolometer or a Schottky barrier detector, allows for the observation of the
temporal evolution of the THz pulses in the spectral domain. Here, in particular, the
observation of coherently emitted pulses after half a synchrotron oscillation period and

a full oscillation period was studied.

7.2 Pulse shaping

The shaping of laser pulses to influence the coherent emission of THz radiation was
successfully studied and realized in a stepwise approach. First, the influence of the
laser pulse length was used to shift the broadband THz spectrum. Here, within a cer-

tain range from 2 THz to 3 THz, the centroid of the spectrum was controlled. As many
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applications demand better control of the spectrum, an experiment was conducted to
generate two THz pulses emitted from the same bunch. The technical challenge was to
achieve a stable twofold interaction with the electron bunch approximately 20 m away
from the laser setup. The interference of two THz pulses at a short distance on the
millimeter scale led to a broadband spectrum with interference fringes comparable to
a frequency comb. Hence, this was a successful implementation of an emission mode

offering narrowband spectral features.

In the next step, not only was spectral control improved, but also the emission power.
To imprint a THz-frequency intensity modulation on a laser pulse, chirped laser pulses
with picosecond duration were generated using a Michelson interferometer. The cen-
tral frequency of the resulting THz emission was fully tunable via the DELTA control

system.

To gain almost full control over the spectro-temporal properties of laser pulses, a pro-
grammable pulse shaper was designed and commissioned. The spectral bandwidth
of narrowband THz radiation was improved from a relative bandwidth of 10 % to less
than 2 %.

However, the laser pulse energy is limited by the pulse-shaping setup used in this the-
sis. To address this problem, static, non-adjustable phase pattern glass masks could
be designed and manufactured for high-power applications. Lithographic techniques
allow for the precise fabrication of phase-shift masks [197], which can withstand high-
power laser radiation. A possible approach would be to first design and test the correct
phase pattern using the spatial light modulator and then implement this pattern on a
static phase mask. Of course, this would come at the cost of flexibility, as the spatial

light modulator enables dynamic, computer-controlled optimization.

7.3 Future improvements

7.3.1 Diagnostics

So far, phase-insensitive diagnostics has been used to study the properties of the elec-
tron energy modulation. A setup for the coherent measurement of the electron distri-
bution using so-called electro-optic diagnostics would further improve the pulse diag-
nostics. Here, the interaction of the electric field of the THz pulse or the Coulomb field
of the electron bunch is used to modulate a short laser pulse from an Ytterbium (Yb)
laser in an electro-optic crystal like gallium phosphide [198], which is then diagnosed
using ultrafast detectors [199,200]. Besides providing an even better understanding
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of the longitudinal beam dynamics of the storage ring, it would also allow for precise
measurement of the THz pulse energy, as the influence of the electric field on the THz
pulse energy can be absolutely calibrated.

7.3.2 Frequency range and further scientific applications

The dispersive properties of the storage ring (cf. Chap. 2) and the spectro-temporal
properties of the laser pulse define the THz radiation frequency at the DELTA short-
pulse facility. Ongoing studies have allowed for a shortening of the electron bunch du-
ration to approximately 60 ps (FWHM) [201]]. The storage ring optics used here poten-
tially enable an increase in the upper limit of the THz emission range to about 10 THz,
while the lower bound remains unchanged. This would enlarge the frequency range
further to a regime which would be interesting for spectroscopic studies of solvents
allowing for further scientific applications of the THz radiation.
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Figure A.1: Correct setup of the wire grid orientation.

The interferometer described in Chapter 4 uses partially reflecting polarizers to split the
THz beam. Figure shows the correct orientation of the wire grid used as a beam
splitter. Here, the THz beam enters perpendicularly to the X, y plane, while the beam
splitter is rotated by 45° about the ¥ axis.

The coordinates are

1 1 0
A=|0|, B=|0 and because a = 45° C =|1 , (A1)
0 -1 0
which leads to
- ) - 2
B = arccos % = arccos (i) ~ 35.3° (A.2)
IBO| - |BC| V3
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List of components

The components of the experimental setups built and used in this thesis are listed in

the tables below.

A.1 Schottky-barrier detector

Component Type Manufacturer

Schottky barrier 2DL 12C LS 1200 A2 ACST GmbH

detector frequency range 50 GHz to 1.2 THz

internal amplifier bandwidth 4 GHz

RF adapter PE91009 Pasternack

SMA to K-type SMA female to 2.92 mm male adapter ~ Enterprises
A.2 Silicon bolometer

Component Type Manufacturer

Silicon Bolometer HDL 5 Infralabs

Dewar 4.2 K Dewar

Amplifier LN-6C Low noise amplifier
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A.3 YBCO detector

Component Type Manufacturer
Detector Yttrium barium copper oxide KIT / Supracon
Wideband amplifier = SHF 804 TL SHF AG
Bias tee SHF BT65-B SHF AG
RF cable TCF219TTL1500 Totoku Electric
67 GHz bandwidth, 1.85-mm connector
(V-type)
A.4 Martin-Puplett interferometer
Component Type Manufacturer
Polarizer GS357206 Specac
100 mm clear aperture
5 um wire, 12.5 pm period
Alignment EBS2 Thorlabs
beamsplitter 2” diameter
Fast sampler SR255 Stanford
Research
Integrator mainframe SR280 Stanford
Research
Delay generator DG645 Stanford
Research
Toroidal mirrors custom made LTUltra
Translation stage LSQ150D-E01T3 Zaber
travel: 150 mm Technologies
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A.5 Autocorrelator

Component Type Manufacturer

Photodiode PDA25K2 Thorlabs
150 nm — 550 nm
9.5 MHz bandwidth
2.2mm X 2.2 mm

Spectrometer HR4000CG-UV-NIR Ocean Optics
spectral range: 200 nm — 1100 nm

Corner-cube reflector #49-674 Edmund Optics
2", tolerance: 1arcsec, gold coated

BBO crystal 90015087 Newport
Smm X 5mm X 0.2mm, ® = 29°

Beam splitter BS1-800-50-2025-45P CVI Melles Griot
reflectivity: (50 +5) %
angle of incidence: 45°, non-polarizing

Translation stage M-ILS200CCL Newport

200 mm, accuracy: 1 pm

A.5. Autocorrelator
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A.6 Michelson interferometer
Component Type Manufacturer
Linear stage M-462-X-SD UTRAlign Newport
travel: 25 mm, crossed-roller bearing
angular deviation < 100 prad
Motorized linear NSA12Ve6 Newport
actuator travel: 11 mm, min. step: 0.2 um
Piezo positioner PX 400 Piezosystem
travel:400 pm Jena
resolution (closed-loop): 6 nm
Distance sensor GT2-H12K Keyence
range: 12 mm, resolution: 0.1 pm
Beam splitter BS1-800-50-2025-45P CVI Melles Griot
reflectivity: (50 + 5) %
angle of incidence: 45°, non-polarizing
Delay-line mount 9848-KT Newport
A.7 Laser pulse shaper
Component Type Manufacturer
Spatial light PLUTO 2 Holoeye AG
modulator 1920x1080 pixels
Controller Raspberry Pi 4B Broadcom
Gratings Compression grating No. 715.706.940  Spectrogon
grating constant: 1500 mm™!
size: 110 mm X 50 mm
Grating mount DGM-1 Newport
Cylindrical lens L]4878 Thorlabs
f =75mm
128 A.7. Laser pulse shaper
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