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Intense ultrafast THz fields are of great interest for: electron acceleration, beam manip-
ulation and measurement, and pump-probe experiments with coherent X-ray sources.
Moreover, acceleration at THz frequencies has an advantage over RF, it can access high
electric field gradients, and the beam delivery can be treated quasi-optically. This per-
mits to reducethe size and cost of conventional accelerators and X-ray sources by many

orders of magnitude. Nevertheless, high field THz pulse generation is needed.
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Chapter 1

Introduction

1.1 CFEL Centre for Free-Electron Laser Science

I have done this master thesis at the Center for Free-Electron Laser Science (CFEL),
which is a novel joint enterprise of DESY, the Max Planck Society (MPG) , and the
University of Hamburg. CFEL is designed to advance science with next generation light
sources. The three partners join forces to explore structural changes of atoms, molecules,
condensed, biological or warm dense matter on femtosecond time scales. I worked for

the Ultrafast Optics and X-Rays division of Franz X.Kartner.

The group develops novel table-top ultrafast light sources extending from the Terahertz
(THz) through the x-ray wavelength range. We contribute enabling technologies for
large-scale x-ray free- electron lasers, (XFELs) and we apply those sources in order to

study ultrafast dynamical processes in matter.

Principal areas of research include femtosecond- to attosecond-precision timing distribu-
tion systems, and high-energy (joule) pulsed and high-average-power (kW) diffraction-

limited laser amplifiers based on cryogenic composite thin-disk lasers.

These technologies are combined to produce multi-octave-wide high-energy lightwave
synthesizers used in high-order harmonic generation, attosecond pulse generation, and
coherent free-electron sources. In turn, these sources are applied to the study of field
emission from nanophotonic and nanoplasmonic field-emitter arrays and to research in

attosecond science [4]. In my case, I contributed in the high-efficiency, high-energy THz

11
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generation group. In this chapter THz generation will be explained in detail. Moreover,
in Chapter 2 the experiment applying the PFT technique using LN will be presented.
Efficient THz generation will be adressed in detail, from an experimental point of view.
Finally, in Chapter 3 an experiment using the PFT technique with a LT crystal will be

presented. The main goal of this project is to obtain the maximum conversion efficiency.

1.2 Efficient Terahertz (THz) generation: applications and

motivation

Terahertz(THz) radiation has a gowing interest for applications such as study of molecules
[5], charged particle acceleration [18, 19, 28],nonlinear spectroscopy [6, 17], high har-
monic generation, medical applications [24], amongst others. As a consequence, there is

a great need of the development of efficient strong-field THz sources.

Some of them require very high energy fields and are hampered by power scaling limi-
tations. Most high power THz generation schemes depend on nonlinear frequency con-
version from an optical laser [14, 25]. Therefore, extracing THz energy in the most
efficient way is important in terms of laser scalability from a practical point of view.
Nevertheless, we have to consider the practical limitations related to the scalability of

lasers.

Optical rectification using pulse front tilts (PFT) has shown to be a promising technique
for both high efficiency, and power scaling. Other techniques such as organic crystals
are also promising in the few-THz frequency range[10, 22, 23, 26]. In the range between
0.1 to 1 THz, PFT has shown to be the most efficient method [8, 12]. Many groups are
studying efficient THz generation theoretically and experimentally. Previous groups have
proposed that efficiencies up to 10% are possible [7, 9]. However, experimentally, nobody
has reported conversion efficiencies using the PFT technique exceeding the percent level
[12]. Therefore, a revision of existing experimental approaches and theoretical models
has to be done. In our group, we have shown that dispersion and cascading are the most
limiting factors in efficiency scaling [21].In Chapter 2 we will focus on how to find an
experimental optima and back it up with the theory. Moreover, a good understanding

of the role of the main limiting factors has enabled us to obtain the maximum extracted
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conversion efficiency reported to date,2%. This experimental value matches with the

theoretical work presented in [21].

The goal of this master thesis is to present with experimental detail the power scaling
mechanisms of THz generation via optical rectification from optical lasers. We will point
towards the optimum conditions for maximum extracted conversion efficiency and find
its limitations.In other words, we will explain the most crucial parameters and limiting
factors to optimize a PFT setup. Then we will report the experimental results with a
PFT congruent Lithium Niobate (cLN) setup and a PFT congruent Lithium Tantalate
(cLT) setup.

1.3 Intrapulse difference frequency generation

First of all, we will explain some basic concepts about difference frequency generation
(DFG). Those concepts explain the physical picture of the process that occurs in the
experiments described in the following chapters. We will focus on the pulse front tilt

(PFT) technique.

In difference frequency generation (DFG) a photon at an IR frequency w mixes with a
photon at a lower IR frequency w - ) to generate a photon at the difference frequency
Q. The frequency 2 belongs to the THz spectral range, and there is another photon at
w — § for energy conservation. An energy level diagram of the process that has been

explained can be seen in Figure 1.1

Optical rectification can be seen as an intrapulse DFG process. The DFG occurs between
all the frequency components of the broadband pulse. In Figure 1.1 it can be seen the
process in the frequency domain. The bandwidth of the IR pump pulse determines the
high frequency roll-off of the generated spectrum. The most important thing in optical
rectification is that a single IR photon at w can be down-converted more than once
(Ww——>w—Q — w—20 — ...) to generate multiple THz photons.The repetition of the
downconversion phenoma is called cascading. An energy level diagram and a spectral

diagram of cascading can be seen in Figure 1.2.
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FIGURE 1.1: (a) Energy level diagram for difference frequency generation. (b) Spectral

diagram of intrapulse difference frequency generation (optical rectification). (c¢) Optical

rectification of a broadband IR pulse yields a THz pulse with a spectrumm spanning
the few THz regime.

1.4 Phase matching

The most important thing to generate THz with a high nonlinear conversion efficiency
is phase matching. Due to the fact that the pump and THz velocities are highly mis-
matched, phase matching is a key issue. So, in this section we will explain the tilted

pulse front technique, in order to satisfy the phase matching condition.

1.4.1 Tilted Pulse Front (TPF) technique

The driving nonlinear polarization is larger when the phase mismatch Ak is minimized.

Ak can be written as:

~ k(Q) — %
= 21n(2)  ny(w0)] (11)
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FIGURE 1.2: (a) Energy level of cascading. (b)-(f) Spectral picture of cascading.

This equation has been written under the assumption that < wg, where wg is the
center of frequency of the IR pulse and €2 is the THz frequency. Equation 1.1 shows
that the phase mismatch is proportional to the difference between the phase index of
the THz and the group index of the IR. For the case of the LN, the difference between
them is large, and as a consequence, the coherence length inside the crystal is short. In
the next chapter it will be explained how to increase the coherence length (L) in the

crystal in order to generate THz more efficiently.

Moreover, to reduce the phase mismatch we will use a noncollinear geometry phase-
matching geometry. This geometry will be achieved using the Tilted Pulse Front tech-

nique shown in Figure 1.3
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FiGURrE 1.3: Tilted pulse front scheme.

The PFT technique consists on tilting the incident IR beam [11], that is propagating
through the z- direction, with respect to its propagation direction by an angle ~. The

angle +y is given by:

(1.2)

The generated THz propagates in the z-direction, which is normal to the tilted pulse

front. The phase mismatch follows the Equation 1.3

Ak ~ [n(Q) - ”9(“’0)} =0 (1.3)
The physical explanation is that the velocity of the pump projected in the direction of
its pulse front is matched with the velocity of the THz wave.

The tilted pulse front is created by inducing angular dispersion onto the IR beam. It
has been shown [11] that the pulse front tilt angle v induced by an angular dispersion

is given by:

n(w) . do
o (@) )\a (1.4)

tan(y) =
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FIGURE 1.4: Phase matching from the angular dispersion point of view.

So, Equation 1.4 makes possible to have an equivalent to PFT in terms of angular
dispersion. The angular dispersion relation with the phase-matching can be observed in
Figure 1.4. The wave vectors k(wp), and k(wg + ), which correspond to two incident
IR frequency components. The wavevector k(2) corresponds to the generated THz. The
two IR wavevectors are angularly separated by an angle %Q, where % is the angular
dispersion. Furthermore, the THz wavevector k(€2) is angularly separated from the IR

wavevector by the pulse front tilt angle «. In other words, we can see that by vector

addition Ak(Q2) = k() + k(wo) — k(wo + ) is zero.

1.4.2 Phase matching limitations

It has to be noted that there are two factors that limit the interaction length of the

phase-matching through the crystal: material dispersion, and angular dispersion.

In the case of THz generation in cLN and in cLT, the angular dispersion is the pre-
dominant limitation by up to two orders of magnitude. Angular dispersion has to be

significantly large to satisfy the phase-matching condition.

In Equation 1.5 we present the expression of the nonlinear polarization:

w .
Par(9,2) = eox'?) / Al + Q) A ()P o, (1.5)
0
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FIGURE 1.5: Phasor diagram for three different cases (a)phase-match, (b)moderate
chirp, (c)phase mismatch.

In the case of fullfilment of the phase matching condition, the integral of the Equation

1.5 can be rewritten as:

A+ QA" () TN H = Ao 1 ) 4% )] [ raler D]

[ d2k d3k
ok o2+ ek 00+ )=

A+ QA" (W) it
— A + Q)] A" (@)] IR )2

(1.6)

where, Ak.(w, ) is the phase mismatch between w + Q and w. Moreover, due to the

chirp:

&k

Ake(w, Q) = 2

d3k
2 3
|+ ﬁ\wﬁ +... (1.7)
The effect of dispersion on efficient THz generation can be represented using phasor
diagrams. Figure 1.5 shows three different cases, varying the dispersion. The red phasor
represents the normalized integrand at different frequencies w within the integral, the

blue phasor represents the sum of the red phasors (i.e. nonlinear polarization).

Figure 1.5(a) represents the case with no dispersive effects. The red phasors are lined
up leading to a long blue phasor, in other words, the nonlinear polarization is large.
In Figure 1.5(b) dispersive effects have been included. The red phasors are misaligned
because there is a frequency dependent phase Ak.(w,2). So, the blue phasor has been

shortened, i.e. the nonlinear polarization has been reduced. As the propagation distance
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z increases, the frequency dependent mismatch is accentuated, and the angle betweem
the red arrows increases. In Figure 1.5(c) the perfect mismatch is represented. There
is a distance Lp where the blue arrow goes to zero. As a conclusion, in Figure 1.5 the

physical limitation in coherence length caused by dispersive effects can be understood.

1.5 Conclusion

To summarize, intense THz pulses can be generated via OR from ultrashort laser pulses
in media with high optical second order nonlinearity. These can be excited when the
group velocity of the pump pulses in the medium (cLN, cLT) matches the phonon-
polariton phase velocity. To meet this condition we tilted the pulse intensity from
the pump so that the projection of its velocity in the propagating direction equals the

velocity of the THz radiation [11].
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Pulse Front Tilt with congruent
Lithium Niobate (cLN) at 1um

2.1 General experimental setup

We use a PFT pumped at 1um and employ a cLN prism doped with 5.5% MgO (5.5%
MgO:cLN) [27] and c-axis cut, as depicted in Figure 2.1. We choose cLN for scalability
purposes although sLN has shown better photorrefractive properties [29] that enhance
THz generation. The pump laser consists of a mJ-level Yb:KYW regenerative amplifier
at 1KHz repetition rate, 1030nm of central wavelength and 2.6nm of spectral bandwidth
with compressed pulses as short as 0.75ps FWHM Gaussian [3]. The pulses can be
stretched up to a pulse duration equals to 6.71 ps and 4.21 ps. It corresponds to a
dispersion of —1.8 - 105 fs2? to 1.12 - 10° fs? respectively. For these experiments we used
a maximum energy of 4mJ. The pulse front was tilted to 63° using a grating with
1500 lines/mm, with a 93% efficiency. The incident angle to the grating has a value of
a = 56.16° and the diffraction angle is ¢ = 45.59°. We used a half-wave plate to rotate
the polarization of the diffraction beam to s-polarization, parallel to the optical axis of
the Lithium Niobate. For the imaging system we used two orthogonal cylindrical lenses.
The first lens is a tangential lens with f = 75mm and the second one is a sagittal lens
with f = 50mm. The imaging system has a demagnification factor of approximately
-0.5 in both axes, in order to decouple the tangential and sagittal imaging planes. The

prism is a cLN prism doped with 5.5% MgO (5.5% MgO:cLN). The cLN prism measures

20
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FIGURE 2.1: Schematic of the PFT cLN setup.

57.9 x 57.9 x b4.4mm and has a apex angle of 63°. The crystal temperature is cooled
down to cryogenic temperatures in a dewar. The temperature is monitored at its surface

with a calibrated silicon sensor (Lakeshore DT471SD).

The prism has an anti-reflection (AR) coating with 49% enhancement. For the room
temperature measurements there is a 1:1 imaging system after the cLN. For the imaging
system we have used two TPX lenses with f = 50mm, onto an Ophyr pyrodetector. The
pyroelectric detector is calibrated (Certificate No 716055-001). We also used a Spiricon
Pyrocam IV after the THz lenses to obtain images of the THz beam. For the cryogenic
measurements the imaging system was done using both TPX lenses as well as parabolic

mirrors and onto the Ophyr pyroelectric detector.

2.2 Influence of the telescope

One of the biggest changes in the setup is to use cylindrical lenses on the telescope.

Employing such geometry has two generalized advantages:

e Correction of the input beam
e Decoupling the sagittal and tangential plane focusing
2.2.1 Correction of the input beam

We moved the rotational angle of both tangential and sagittal lens to change the ellip-

ticity of the beam. The lenses do not need to be orthogonal to each other. Thanks to
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Generalized Cylindrical Lens Telescope in PFT Setup
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FIGURE 2.2: Generalized cylindrical lens telescope in PFT setup.

the rotation of the lenses we corrected astigmatism and ellipticity, which are inherent
properties of any laser beam. So, we obtained the optimum beam shape and corrected

the imperfections of the input beam profile.

2.2.2 Decoupling the sagittal and tangential plane focusing

The use of cylindrical lenses allows decoupling the tangential and sagittal plane focusing.
The latter provides an additional degree of freedom in choosing the crystal location. We
chose the optimal location of the crystal and found the balance between beam sagittal
demagnification (i.e. fluence or peak intensity) and tangential demagnification (phase-
matched PFT). It permits beam confinement in both axes. It is important to know that
the tangential focusing is the one bound to the phase-matching. In Figure 2.2 it can be

seen the corresponding beam caustic.
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2.3 Influence of the crystal temperature

A major obstacle of THz generation in LN is the large absorption coefficient at room
temperature. As thermal activation is thought to perturb the coherent interaction pro-
cess, highly efficient generation of THz waves is expected at low temperature [13]. At
room temperature the absorption arises from acoustic phonon resonant absorption. In
the 0.1 to 1 THz range, only the lowest phonon frequency modes are excited in LN,
and the absoprtion increases dramatically thereafter [1]. The THz absorption coefficient
in LN at room temperature is of the order of 10-20 cm~! [30, 31]. THz absorption
severely depletes the extracted efficiency. On the other hand, cryogenically cooling re-
duces significantly the THz absoprtion. In fact, there is a three times higher stimulated
Raman gain with the crystal cooled to 80K, due to the decrease in the bandwidth of
the phonon mode [13]. At cryogenic cooling the absorption coefficient is an order of
magnitude smaller [13]. As a consequence, with cryogenically cooling the crystal, both
the optimal effective length in the crystal increases and so does the conversion efficiency.
It is important to note that losses due to scattering from the photorefractive effect are

still present at low temperatures, although their impact is not fully documented [16].
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The temperature and its relation with the conversion efficiency can be seen in Figure 2.3.
We obtained a record efficiency of 2% at 110K with a 1.12ps pulse duration. The mea-
surement was acquired by maximizing the extracted conversion efficiency at 110K and
then allowing the crystal to slowly thermalize up to room temperature. At cryogenic
temperatures the absorption length is longer than at room temperature. So, optimizing
the setup for the coldest point means that we allow the pump beam to travel a longer
effective (L) before the cascaded broadening limits the process. The only parameter
that varied was the temperature i.e. THz absorption. We used the same pump beam:
energy, beam shape, spectrum and chirp. It has to be noted that at room temperature
the THz absorption increases, and the optimum corresponds to a position of the crys-
tal that corresponds to a smaller effective length (L’) than at cryogenic temperatures.
Therefore, at room temperature the efficiency that we obtain in these measurements is
lower than the efficiency with the setup optimized for room temperature. The pump
beam is traveling a nonlinear interaction distance that does not overcome the strong

effect of THz absorption.

According to Figure 2.3 there is approximately a five hold increase in the extracted
conversion efficiency from room temperature to 110K. The enhancement is more pro-
nounced from 150K to room temperature. For temperatures lower than 150K, it does

not saturate although the gain in efficiency increases marginally monotonically.

2.4 Influence of the pulse duration

The general consensus on optimal temporal shape of the pump pulse is that Fourier-
limited pulses yield higher conversion efficiencies than temporally stretched ones [7].
A Fourier-limited optical pulse (or Transform-Limited pulse) is a pulse as short as its
spectral bandwidth permits. In other words, its time-bandwidth product is as small
as possible.In this Chapter, we show that the main influence of using Fourier-limited
pulses is in the scaling of the peak intensity (for pulse durations not too far from TL). In
fact, recent theoretical studies suggest that the peak THz frequency and corresponding
efficiency can be tuned by adjusting the Fourier-limited pump pulse duration in the
sub-ps range [9]. We have studied experimentally the influence of varying the pulse
duration by introducing a ngative chirp on he pump. We show that introducing group-

delay dispersion (GDD) in the pump pulse of less than 10- 107 fs? corrects for alignment
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FIGURE 2.4: Extracted conversion efficiency as a function of temperature for three
different setups, with different optimum pulse durations.

imperfections and optical aberrations and it therefore maximizes the effective length of

the nonlinear interaction for THz generation.

The main effect of varying the temporal chirp of the pump pulse is the fine tuning of the
PEFT angle at the crystal without modifying the propagation axis of the beam. When
a Fourier-limited pulse impinges a grating, the diffracted beam exhibits a PF'T with an

angle 2.1 and its spectral components are angularly dispersed.

Y2 = atan(nept - M - tan(y)) (2.1)

where, 14, is the index of refraction, M is the demagnification factor and -y is the angle of
the pulse front tilt. If we add temporal dispersion, some spectral components will arrive
earlier at the nonlinear interaction point both, temporally and spatially. Therefore, it is
a simple mechanism that allows varying the PFT angle at the expense of reducing the
peak intensity. Nevertheless, the decrease in peak intensity does not necessarily imply a
decline in extracted conversion efficiency since near-saturation operation can be achieved

by modifying the pump fluence at the crystal.
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FicUre 2.5: Extracted THz energy as a function of temperature for three different
setups,with different optimum pulse durations.

In Figure 2.4 we can observe the obtained THz conversion efficiency as a function of
temperature and in Figure 2.5 we can see the relationship between extracted THz energy
and temperature. The three curves correspond to three different setups with three
different streteched pulse durations and the same bandwidth. Adjusting the setup such
that it would operate at its optimum with 1.45 ps and 1.12 ps pulse duration yields
a steeper rise in the generated THz extracted energy. We can also observe that the
curve saturates more rapidly for shorter pulse durations due to the stronger action
of the photorrefractive effect and free carrier absorption (FCA) through multi-photon
absorption. It is important to note that the pulse duration is related to the damage
threshold of the material. For longer pulse durations the damage threshold is lower. So,
there is a limit in the negative chirp that can be introduced to optimize in the setup
and compensate for misalignments. In other words, for long pulse durations the crystal
can be damaged really easily. The importance of the damage threshold will be studied

more in detail in the next chapter.
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FIGURE 2.6: Extracted efficiency and THz energy as a function of pump energy, fluence,
and peak intensity with a crystal temperature of 110K.

We concluded that there are multiple solutions to TPF OR in LN. For maximum ex-
tracted conversion efficiency, it is important to operate at an input fluence and inten-
sity close to saturation. We find an optimal peak intensity operational point around

65GW /cm? and extracted efficiency of 2 %.

Figure 2.6 shows the THz energy and conversion efficiency obtained for a pulse du-
ration of 1.12 ps at 110K. The output energy curve in Figure 2.6 shows a quadratic
behaviour with respect to the input intensity. The curve in Figure 2.6 exhibits a
quadratic behaviour and it shows slightly saturation at around 65GW/cm?. Working
with Fourier-limited pulses permits to increase the peak intensity, however the efficiency
curve has a point of saturation. Therefore, it is helpful to work with negative chirped

pulses to obtain high efficiencies before the saturation curve occurs.

In order to study the influence of the chirp in a TPF THz generation setup, the GDD
relative to Transfor limited (TL) pulses has been represented versus both, the normal-
ized efficiency and the pulse duration (FWHM Gaussian). The GDD is introduced by
varying the grating distance of the double-pass grating-pair compressor of the Yb:KYW

regenerative amplifier. We used three different setups to study the influence of the chirp
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FI1GURE 2.7: Relative extracted efficiency as a function of residual group-delay disper-
sion (GDD) from a grating-pair compressor for three independent setups with optimal
operation points at different pump pulse durations.

with corresponding efficiencies peaking at three different points. We varied the grating
compressor and introduced positive and negative chirp to obtain the extracted efficiency
curve for every setup as a function of the GDD. The corresponding maxima are at 1.75
ps, 1.45 ps, and 1.12 ps, respectively. It can be observed that the introduction of negative

chirp to the pulse helps to increase the extracted conversion efficiency.

We derive that the strong decline in efficiency with respect to GDD arises primarly
from the phase-mismatch introduced by the variation of the PFT angle. This effect is
dominant compared to a decrease in the peak intensity. So, it is important to note that
there are multiple solutions to PFT OR in cLN. Therefore, input pulse duration can be

a parameter, contrary to the general belief that Fourier-limited pulses are optimal [7].

2.5 Intrinsic efficiency

For validation purposes, we want to have an estimate of the value of the intrinsic effi-
ciency. We refer to extracted efficiency as that coupled out of the cLN crystal, trans-
ported, and detected onto the detector. Intrinsic efficiency corresponds to the one
generated in the crystal before it is absorbed, out-coupled, transported, and detected
(i.e. the energy efficiency corresponding to the internal photon-to-photon conversion).
On one hand, the number of cascading cycles (N), or the number of optical photons
that are recycled after undergoing the nonlinear frequency down-conversion, increases
cubically relative to the pump optical frequency and assists greatly in enhancing the

photon-to-photon conversion (Manley-Rowe limit), since as the pump spectrum shifts
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towards longer wavelengths it continues to transfer optical energy to the THz frequen-
cies () as long as the phase mismatch is small. The effect of cascading can be seen in

Figure 1.2

On the other hand, when the pulse front tilt is introduced to achieve achromatic fre-
quency conversion, angular dispersion dominates the group-velocity dispersion (GVD)
term (typically | GV Dgyng |> 1-10°fs%/mm) against material dispersion (| GV Dyt |~
250fs%/mm) as:

n
GV Dapg ~ ——2tan(v)? (2.2)
wo - C
By up to two orders of magnitude, this limits the coherence length to a few millimeters

and thus affects the conversion efficiency.

Measuring the broadened spectrum of the pump pulse after the nonlinear interaction may
provide a quantitative estimate of the intrinsic conversion efficiency from the nominal
cascading cycles. Moreover, a comparison between the extracted and intrinsic efficincies

may also provide information on how good the THz transport is.

For this purpose, we recorded the spectra of the pump pulse after the THz genera-
tion process as a function of extracted efficiency at room temperature for an optimized
setup at different input energies. Figure 2.9 shows the broadening that experiences the

spectrum due to high efficient THz generation at room temperature.

Let us focus on the most efficient case. There is a strong spectrum red-shift at the
highest efficiency with frequency components reaching up to 1120 nm due to cascading

effects, which means high efficient THz generation.

The center of mass is at 1057.7 nm and there is a bandwidth of 67.2 nm (calculated from
the center of mass of the input spectrum). We can easily estimate the nominal number

of cycles from:

c 1 1
N = - = 2.3
VUTH= <>\1 )\2) (23)

Where, c is the speed of light, vpp, is the peak THz frequency (300GHz), A; is the center

of mass of the input spectrum, and Ao is the center of mass of the output spectrum. In
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TABLE 2.1: Extracted conversion efficiency, spectral bandwidth, center of mass, num-
ber of cascaded cycles, and intrinsic efficiency for different setups, optimized at different
pulse durations.

Extracted Spectral band- | Center of mass | Number of cy- | Intrinsic  effi-
conversion width (nm) (nm) cles ciency (%)
efficiency (%)

Input 2.38 1028.4 0 0

0.12 3.36 1028.9 2 0.21

0.29 5.95 1030.2 3 0.31

0.54 9.6 1033 6 0.62

0.72 67.2 1057.7 27 2.77

Table 2.1 we can observe the number of cycles N, bandwidth, and intrinsic efficiency for

different pulse durations:

For this case, N = 27 cycles, and the corresponding intrinsic efficiency is n; = 2.77%.
The 2% is the extracted conversion efficiency from the cryogenically cooling at the
maximum broadening. So, the intrinsic efficiency 7; = 2.77% and the measured efficiency
is n = 2%. the difference between them is due to the out-coupling losses and the losses
in the window of the cryogenic dewar. The cLN prism has anti-reflection (AR) coating
to reduce the out-coupling losses and enhance a 30% the transmission. The width and
material of the window of the cryogenic dewar can be taken into account to reduce the
difference between intrinsic and extracted conversion efficiencies. In our case, there is
a 0.77% difference between extracted and intrinsic efficiency. So, we conclude that the

beam transport is good.

The use of cylindrical lenses also allows tailoring and improving the quality of the THz
output beam. By optimizing not only the efficiency but also, the focusability of the THz
beam, the performance of our setup grants electric fields with a value of 0.2GV/m with
68uJ energy. The beam is nearly diffraction limited, with 1.24mm and 1.41mm (1/e?)

tangential and sagittal diameters, respectively, which suits strong-field THz applications.

2.6 Conclusion

In conclusion, we have investigated the most important tunable parameters in order to

have an efficient THz generation setup:
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sagittal diameters, respectively.

e The use of cylindrical lenses decouples the tangential and sagittal plane focusing.
It also shows that imperfections in the beam profile can be corrected, and we
achieve higher extracted conversion efficiency. It permits to custom shape the

pump spatial distribution, in order to increase the quality of the THz pulses.

e The pulse duration is also a crucial tunable parameter. The introduction of nega-
tive chirp does fine tuning of the tilted pulse front and compensates the misalign-
ments of the setup. We have exploited the spectral-temporal shap of the pump

beam to its optimum.

e Due to the spatial and temporal tuning of the beam shape, we report a record 2%
available THz conversion efficiency, close to the maximum theoretical limit, and

an excellent beam quality, diffraction-limited.

It is possible to increase the extracted conversion efficiency using stoichiometric Lithium
Niobate (sLN). cLN has higher absorption [20], and lower effective second order nonlinear

coefficient dcsy [15], what makes sLN more suitable for efficient THz generation. sLN
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has a higher nonlinear coefficient and decreased photorefractive effects. Therefore, it
permits an improvement of 2% over the use of congruent Lithium Niobate. However, at
the moment the fabrication process does not permit to grow sLN crystals as big as the

cLN.

Currently, the performance of our setup grants electric fields as high as 0.2 GV/m and
68uJ THz energy. The beam is focusable close to diffraction limit and it suits strong-
field THz applications. In other words, these specifications suffice the requirements of
a THz gun capable of accelerating electrons to the range of several keV from rest, or
to accelerate non-relativistic electrons to relativistic speeds in accelerating structures.
In addition, scaling the pump energy by using cryogenic Yb:YLF laser technology, THz
operation regimes in the mJ-level and fields strengths of several GV/m are achievable.
Therefore, it opens the possibility of direction acceleration of electrons in free space
without the assistance of any additional structure or energy confinement method, and

thus overcoming inhomegeneities and material limitations.

The content of this Chapter has been written in a paper and submitted to Optica.



Chapter 3

Pulse Front Tilt with Lithium
Tantalate (LT) at 1um

3.1 Benefits of using Lithium Tantalate

In this chapter we will use a PFT pumped at 1um employing a Lithium Tantalate prism.
We choose cLT instead of cLN because it is a promising less studied crystal. The main

considerations when using cL'T with respect to cLN are:

e The main advantage is that the damage threshold is higher than other materials

such as: Litihum Niobate, ZnTe or GaAs.

e The disadvantage is that the pulse front tilt angle needed to achieve the phase
matching condition is higher, due to the fact that the THz index of refraction of

the Litihium Tantalate is higher than the one for the Lithium Niobate.

However, the advantages and potential of the material makes it worth studying the
extracted conversion efficiency that can be obtained. The main idea of the experiment
is to focus the beamas much as possible, and increase the operational peak-intensity
without damaging the materials of the components of the setup. Therefore, the high

damage threshold of the Lithium Tantalate will be exploited.

34
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TABLE 3.1: Values of the constants of the Sellmeier’s equation

Constant Value
4.514261
0.011901
0.110744
-0.02323
0.076144
0.195596
t) 1.5662 - 1078(T + 273.15)?

HEHOOQE »

)
—~

TABLE 3.2: Possible demagnificatio factors M that can be done using gratings with
different number of lines.

Grating (lines/mm) | M =1/3 | M=1/4 | M=1/5 | M=1/6 | M =1/7
600 v v v v v
900 v v v v X
1200 v v X X X
1500 v X X X X

3.2 Design of the table setup

Firstly, we calculated the pulse front tilt angle v, using Equation 3.1, in order to fulfill

the phase matching condition.

cosy = % (3.1)
z

The value of nrp, has been calculated using the Sellmeier equation [2]:

B+ b(t) E

2 _
neAT) = A+ 55 [C+ct)? AN —F?

+ AN? (3.2)

where A is in pm, T in °C and the constants have the following values:

The main goal is to focus the beam as tight as possible. In order to do that we will
calculate the incindent angle o and the diffraction angle ¢ to the grating, varying both:
the number of lines of the grating and the demagnification factor. In Table 3.2 it can

be seen the possible demagnification factors using different gratings.

Once that both, the pulse front tilt angle v and the demagnification factor M have been
chosen the incidence angle o and difraction angle ¢ will be calculated using the Equation

3.3, 3.4,and 3.5.
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Y2 = atan(nep: - M - tan(vy)) (3.3)
cos(¢) = M (3.4)
sin(a) = % — sin(¢) (3.5)

At this point we have fixed all the design free parameterss and the setup can be imple-

mented.

3.3 General experimental setup

We use a PFT pumped at 1um and employ a cL'T prism with no MgO doping, as depicted
in Figure 3.1. The pump laser consists of a mJ-level Yb:KYW regenerative amplifier at
1KHz repetition rate, 1030nm of central wavelength and 2.6nm of spectral bandwidth
[3]. The compressed pulses are as 0.75ps FWHM Gaussian. The pulses can be strectched
up to 6.71ps and 4.21 ps, pulse duration. These values correspond to —1.8 - 10 fs2 to
1.12 - 108 fs? dispersion, respectively. For this experiment we used a maximum energy
of 3mJ. The laser permits to use more energy, however for damage reasons we used a

maximum of 3mJ. Using more than 3mJ of energy the grating was visibly damaged.

Moreover, the pulse front was tilted to 71° using a grating with 1200 lines/mm, with
a 75% efficiency. The incident angle to tha grating has a value of o = 25.89° and the
diffraction angle is ¢ = 53.07°. We used a half-wave plate to rotate the polarization of

the beam to s-polarization, parallel to the axis of the Lithum Tantalate.

Furthermore, we used two orthogonal cylindrical lenses for the imaging system. The
first lens is a tangential lens with f = 75mm and the second one is a sagittal lens with
f = —50mm. The imaging system has a demagnification factor of approximately -0.33
in both axes. As shown in Chapter 2 the imaging system permits to decouple both the

tangential and sagittal imaging planes.
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FI1GURE 3.1: Schematic of the PFT LT setup.

The prism is 47.43 x 47.15 x 47.43mm?, with a cut parallel to the side of the input beam.
The cut does not affect the performance of the extracted conversion efficiency. However,

it affects in the recording of the output spectrum.

Finally, the prism has an anti-reflection (AR) coating with 49% enhancement. The THz

energy was measured using a Gentech pyrodetector.

3.4 Measurements and results

In Figure 3.2 we can see the obtained THz energy as a function of the energy at the
crystal, fluence, and peak intensity. The behaviour of the curve is linear. The maximum
value of THz energy that we have obtained is 11J at a 80GW/em? peak intensity. The
Lithium Tantalate has a higher damage threshold, of about an order of magnitude for
sub-ps pulses, so we can increase the peak intensity by a factor of four. According to
Figure 3.3 the value of the extrated conversion efficiency is around 0.05% and the curve
has a quadratic behaviour, we can see a beginning of saturation at 60GW/cm?. Those

measurements have been taken with a 0.7ps (TL FWHM Gauss) pulse duration.

In Chapter 2 we have seen that by introducing a negative chirp not only the setup can
be optimized, but also we can see how far we are from the optimum pulse duration. So,
the pulse duration has been modified and we can see an optimum at 1.7ps (FWHM).
In Figure 3.4 it can be seen that the curve has also a quadratic behaviour, and the
extracted conversion efficiency has slightly improved. Howerver, it might be saturating

at around 60GW/cm?.
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FIGURE 3.4: Extracted conversion efficiency, with a pulse duration of 1.7ps, as a
function of energy at the crystal, fluence and peak intensity.

TABLE 3.3: Results of: center of mass, bandwidth, number of cycles, and intrinsic
efficiency.

Center of mass (nm) 1029.9
Bandwidth (nm) 3.36
Number of cycles 3
Intrinsic efficiency (%) 0.31

We have taken the ouput spectrum to see how much broadening there is, due to efficient
THz generation. Nevertheless, it is important to note that due to the shape of the crystal
it is difficult to fully record the output spectrum. In Figure 3.5 we can observe both the
input, and output spectrum in logarithmic scale. There is broadening up tp 1050nm,

however the drop is very large (-20dBm). What matches with the low efficiency value

that has been calculated.

Finally, we will calculate the: center of mass, bandwidth, number of cycles, and intrinsic

efficiency, as it has been done in Chapter 2. In Table 3.3 we can observe the results

that we have obtained.
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FIGURE 3.5: Measured output pump power spectra in logarithmic scale.

3.5 Conclusion

In conclusion, we have investigated the suitability of a cLT prism using the PFT tech-
nique at 1pm. The main objective was to focus the beam as much as possible, and
exploit that cLT has a higher damage threshold than cLN. However, the value of the
extracted conversion efficiency 0.05% is low. We are going to present the parameters

that can be tuned to try to obtain if a higher efficiency can be achieved.

e Use another grating with a different number of lines, and change the design pa-
rameters. Another demagnification factor can be chosen with its corresponding
incident angle o and diffraction angle ¢. The maximum peak intensity that can be
used without damaging the crystal can be a good parameter to know how much

energy can be used. Nevertheless, multiphoton absorption can be a limiting factor.

e Vary the position of the grating and optimize the setup by moving both, the

position of the crystal, and the position of the telescope.

e Vary the amount of negative chirp introduced to the pulse, and measure if there

is an optimum point.
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e At this moment the distance from the pump pulse to the setup has shown mea-

surable fluctuactions that can be avoided by moving the setup.

At this point we are waiting for some mesurements that are done by our group to decide
if further investigation can be done using cLT in PFT schemes. Parameters such as the
absorption coefficient, transmission, and reflection of the crystal will be measured using

TDS.



Chapter 4

Conclusion

4.1 Conclusion and remarks

In this thesis, we have presented a theoretical background about efficient THz generation
by optical rectification using pulse front tilt schemes. In Chapter 2 we have experimen-
tally investigated the most important tunable parameters in an efficient THz generation

setup, and are:

e The use of cylindrical lenses to decouple tangential and sagittal focusing.

e Using the pulse duration as a tunable parameter, and introduce negative chirp to

the pulse in order to maximize and fine-tune phase-matching.

e Cryo-cooling the crystal to reduce the linear absorption coefficient of the THz

radiation.

In this experiment we report a record 2% efficiency available THz conversion efficiency,

close to the maximum theoretical limit, and an excellent beam quality.

In Chapter 3 we have done a similar experiment, using pulse front tilt schemes with
a cLT crystal pumped at 1um. This experiment has been done because cLT is a less

studied, promising crystal that has the following advantages:

e The THz index of refraction of the Lithium Tantalate is higher than the one of
Lithium Niobate.
42
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e The damage threshold is higher than other materials such as: LN, ZnTe, or GaAs.

However, the obtained conversion efficiency is low. Measurements such as: transmission,
and reflection coefficient are done by our group and depending on the obtained values
further investigation using cLT will be done. Nevertheless, with the results obtained
in Chapter 2 we grant electric fields as high as 0.2GV/m with 70uJ energy, and beam
focusable to nearly diffraction limit, specially suited for strong-field THz applications.
More specifically, these specifications already suffice the requirements for a THz gun

capable of accelerating electrons to several KeV range from rest.
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