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Abstract

For this master thesis we designed and implemented a system able to generate THz
radiation starting from a Yb doped ber laser emitting ultra-fast pulses. Optical recti-
cation through a GaP crystal was the method chosen to obtain THz radiation whereas
electro-optical sampling using another GaP crystal was used for detection. The generating
radiation was broadened in frequency using non-linear e ects stemming from a silica PCF
and dispersion arising from di erent elements of the setup was compensated using a pair
of chirped mirrors. In particular in the thesis we discuss the theoretical basis behind the
non-linear processes used, the issues that might a ect each process and impair the nal
result; also possible applications for the system, with a focus on spectroscopy. Finally we
present the actual realisation of the setup with the steps taken to optimise the system
and ensure good generation and detection. In the end we were able to observe a radiation
centered at3THz.

Keywords: optical recti cation, EO sampling, THz






Abstract in lingua italiana

Per questa tesi magistrale abbiamo realizzato un sistema ottico in grado di generare ra-
diazione THz partendo da un laser a bra ottica drogata con Yb capace di emettere
pulsazioni ultra-veloci. Il metodo scelto per generare radiazione THz € la retti cazione
ottica attraverso un cristallo di GaP, invece per la rivelazione della stessa abbiamo usato
I'electro-optical sampling utilizzando un altro cristallo di GaP. La radiazione generatrice é
stata allargata in frequenza grazie agli e etti non-lineari introdotti da una PCF in silicio,
invece la dispersione dreivante dagli elementi del setup e stata compensata utilizzando
una coppia di specchi "chirped"”. In particolare nella tesi discutiamo le basi teoriche di-
etro i processi non-lineari utilizzati, le problematiche che riguardano ogni processo e il
modo in cui impattano il risultato nale; abbiamo anche discusso potenziali applicazioni,
focalizzandoci sulla spettroscopia. In ne, presentiamo la realizzazione e ettiva del setup
e tutti i passaggi seguiti per ottimizzarlo e garantire un buon risultato nale. Il risultato
osservato e stato una radiazione centrata i8T Hz.

Parole chiave: retti cazione ottica, EO sampling, THz
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Introduction

THz radiation is de ned as ranging from a frequency of 0.3 THz to 10 THz (wavelength
between 1 mm and 30n ), thus occupying the area of the electromagnetic spectrum
between infrared and microwave radiation.

Initially, it was used in the astronomy community to study the background of cosmic
far-infrared radiation and in the laser-fusion community for the diagnostic of plasmas.
In the past years, THz time domain spectroscopy has signi cantly advanced, helped by
the generation of more intense THz elds and detectors with higher sensitivity [26]. It
presents applications in medical imaging and diagnostics as its energy spectrum covers
that of the collective motion of biological molecules, with the signi cant advantage that,
contrarily to X-rays, it does not ionise molecules [7]; it proves to be particularly useful in
the pharmaceutical industry, being used to investigate, in a non destructive way, tablet
integrity and performance, and also the presence of impurities in drugs. Another notable
way THz radiation can be employed is for security and surveillance: it penetrates fabrics
and plastic, making it possible to reveal hidden weapons, without signi cant risks for
people [13].

In this thesis, it will be discussed the generation of THz radiation via optical recti cation
starting from a high power femto-second Yb doped bre laser source emitting at a wave-
length of 1030 nm, with repetition rate of 25 MHz and average power of 20 W; also its
possible use in spectroscopy applications using the detection technique of electro-optical
sampling. Particular attention will be put on the characteristics that the generating ra-
diation needs to present: it has to be composed of fast pulses and be broad in frequency
domain.

In the rst chapter it will be presented the theoretical basis behind optical recti cation
applied to THz generation, with a section about the crystals generally used for the pur-
pose and the generated eld's dependence on their geometry. It will also be presented
the theoretical basis behind Electro-Optical (EO) sampling and THz Time Domain Spec-
troscopy (TDS), together with some notable related issues that may impair results; the
second chapter is reserved for the theory behind the generation of super-continuum radia-
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tion, with a focus on silica photonic crystal bers, and compensation of dispersion; in the
third chapter we present the system practically implemented, the steps taken to improve
it and the nal results.



1 ‘ THz radiadion: generation,
detection and applications

There are di erent ways to produce THz radiation: through photoconductive antennas or
through second order optical e ects, such as di erence frequency generation and optical
recti cation.

Photoconductive antennas are one of the rst devices used for this purpose, they consist
of two metal electrodes, close but not touching, on a semiconductor substrate. When the
antennas act as emitters, they are biased to allow storage of energy in the gap between
the two electrodes. When an ultra-fast laser pulse is focused on the gap, a photo-current
Is generated in the substrate, which emits radiation in the THz range. Instead, when
the antennas act as detectors, the ultra-fast laser and THz radiation are focused on the
antenna, on di erent sides, prompting a easily detectable current in the substrate, which
Is proportional to THz intensity.

Considering non-linear optical e ect, it is worth mentioning THz generation via di erence
frequency generation. For it we need two di erent monochromatic beams impinging on a
non-linear crystal: by choosing their wavelengths it is possible to obtain THz radiation
thanks to three wave mixing [11].

The method we used for THz generation is optical recti cation through a GaP crystal.
In this chapter we present a description of the phenomenon, also focusing on the e ect
the crystal has on the process. Then we talk about THz detection using electro-optical
sampling, again considering how crystal geometry a ects measures, and we conclude with
a possible application: spectroscopy.

1.1. Optical recti cation

Optical recti cation is a non linear e ect that consists in the generation of a low-frequency
polarisation when a powerful enough laser beam passes through a non centro-symmetric
crystal.
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We want to compute the electric eld Ety, associated to THz radiation, in order to
highlight all the factors in uencing it. We can start by saying that when an electric eld

E is applied to a non linear dielectric, it becomes polarised, and we can de ne a linear
polarisation densityP, , a non linear polarisation densityPy, and an electric displacement
eld D, all related in the following way:

(PL

D

o (ME) (1.1a)
oE + P+ PnL (1.1b)

Now we rewrite the Maxwell's equations, for simplicity we assume a homogeneous and
isotropic medium:

% r D=; (1.2a)
_ @

r E-= @t (1.2b)

% r B =0; (1.2¢)

“r B = 0(%+ J) (1.2d)

with J = (E ctional currents.

After some manipulation of 1.2 and substitutingD and J with their equations we can
nally write the non linear wave equation:

(@3 @E _ @Pn
os@t @ ° @i

which describes the wave's behaviour as it propagates through a non linear medium.

r 2E (1.3)

In order to describe the e ect of our interest, we need to focus on the non linear term
PnL , which can be written as a Taylor series given by the formula:

Z Z

Pno(t) = o , @ty t)E(t t)E(t  tp)dtdt, (1.4)
R

where only the second order term of the expansion is being considered as it is the only
necessary one to model the optical recti cation e ect. We can then Fourier transform 1.4
to obtain the equation for polarisation in the frequency domain:

Z,
Pai)= 0 Q0% DDECOEC 19 @)
1
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To simplify things we assume a eld with xed polarisation, which can be done without
loss of generality, and we write the formula for the electric eld of a pulsed beam:

E(t) = %(Eo(t)e“ ot + c:c) (1.6)

where E(t) is the wave's complex amplitude and , is the frequency of the carrier. We
want to rewrite 1.6 in the frequency domain, so we compute its Fourier transform:

E()= S(Eoll 1o+ Eqll +10) a7

which represents the spectrum of the electric eld. If the duration  of the laser pulses
Is much bigger than ?—0 then its bandwidth ! is much smaller than! 5. As a result,
instead of integrating 1.5 betweerr 1 and 1 , we can only consider the interval§ !

-3 lo+t 5)and('o —;!o+ —); itis relevant to note that not only do we obtain
THz radiation, we also observe second harmonic generation. Two of the three frequency
ranges obtained are centered at2! o, whereas the last one ranges from2 ! to2 ! and

is the one responsible for optical recti cation. To further simplify our computations, and
assuming to have , distant from any resonance frequency of the material, we can consider

) to be constant over said intervals, hence we introduce an e ective susceptibility:

R(sto)= @010 19 o 1 1o (1.8)

After substituting 1.7 and 1.8 in 1.5 we nally obtain:

1
Por(!) = 50 ORI ;1T o)Eo Eg)(!) (1.9)
Now, remembering the formula for the intensity of the eld

1= M0, e (1.10)

we rewrite the polarisation as a function of intensity:

OR(1 ;!o)l

Por(!) = n(l o)C

(M): (1.11)

If we model our pump pulse as a plane wave, propagating perpendicular to the optical and
nonlinear polarisation, and we also consider the THz eld much weaker than the pump
eld, then the propagation of the pump can be assumed through a linear medium and
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can be written as:
jin

1(;2)= o1 e s e 9% (1.12)

with o absorption coe cient at ! 5 and ng(! o) optical group index:

@
Ng(! o) = N(! o) + ! O@T! o (1.13)
We can now nally rewrite the nonlinear wave equation 1.3 as:

j'n gz

1(!)e e e °% (1.14)

@E(')  !2n2(1) . _ OR(1;10)
@z * @ o) E= 1o

Where it was used used?® = ( ¢ o) *andn?(')= (!). To write the solution to 1.14,
we consider waves travelling in the same direction of the pump pulse, also we apply the
boundary conditionE(!; 0) =0 and low THz absorption

_  of

"7 )

() (1.15)
nally obtaining:

E(z)= o OR(;1 o)l o)
I; N )[E(—2 + o)+ j(n(1)+ ng)]

in (1)z T()z _in gz
c e 2 e ¢

(1.16a)

0Z

(1.16b)

0+ i) ng)

As expected for nonlinear e ects, the THz eld increases with °R and with pump inten-

sity, it also decreases with absorption both at THz and input pump wavelength; further

considerations can be made observing that the second half of 1.16 alone depends on z

and, having the unit of a length, we de ne its absolute value as the e ective generation

length Lgen(!; 2 ):

e 171 g 20 2g 2 ozcoglin(l) n ]z)! :
c : 9

[52 P+ (5)2An()  ng)?

Lgen(;2) = ; (1.17)

which has a stronger dependence on linear properties (refractive indices, absorption coef-
cients) than the rest of 1.16 [19].
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1.1.1. Phase matching

Thetermn(! ) nggives the amplitude of the THz eld,jE(!; z )j, an oscillatory behaviour
(see 1.17); we can avoid this unwanted behaviour by imposing! ) ngy =0, a condition
referred to as phase matching. When the conditions for phase matching are met, all
waves participating in optical recti cation keep in phase, thus leading to maximum energy
conversion coe cient. Given that phase matching happens when the three elds, namely
the two generating elds and the THz eld, conserve energy and momentum, we can
write:

(

Poptr  Popt2 = ! THz (1.18a)
Kopt1  Koptz = Krhz: (1.18b)
Since! 1x; I opt, @nd also the two frequencies used to generate THz radiation are very
close, we can rewrite 1.18 as: S
@kzt = (1.19)
which is equivalent to saying:
Vg;opt = Vph;THz ; (1.20)

with vy = % Being the optical frequency much higher than the THz one, THz radiation
only sees the pro le of the optical one, not its oscillations. To achieve maximum energy
conversion, the optical pulse should have a constant temporal delay with respect to the
THz pulse along the entire interaction length.

Equation 1.20 gives the collinear phase matching condition, a kind of phase matching
which occurs when the excitation and THz beams collinearly propagate through the non-
linear crystal. The collinear phase matching guarantees a high generation coe cient, due
to long interaction length, and also a good beam quality of the THz radiation [26].

1.1.2. Dierence frequency generation (DFG) and intra-pulse
DFG (iDFG)

The model for di erence frequency generation is the same as the one adopted for optical
recti cation. We consider! qp:.1;! opt:2 @ngular frequencies of the generating beams ahdl
angular frequency of the resulting radiation. It is possible to compute the intensity of the
generated radiation as:

2! 2|1(! opt;l)IZ(! opt;Z)j ORjz 2
0@[‘](! opt;l)n(! opt;z)n(! ) gen

lorc (1) = (1.21)
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which is valid assuming no depletion of the pump, low THz absorption and transparent

The phase mismatch Kk is di erent from the one found for optical recti cation and can
be written as:

1
k= E(!n THz ! opt;zn(! opt;2) + opt;ln(! opt;l)): (1'22)
[11]

Optical recti cation and di erence frequency generation are actually related processes. In
the case of optical recti cation, the input pulse envelope varies slowly and induces a DC
polarisation that also varies slowly and emits THz or mid-infrared radiation. If the input
pulses become shorter, however, the input pulse envelope start to vary faster; considering
the frequency domain, the pulses become broader and the frequency components start to
interact with each other. One way they interact, and the only one suitable for THz or
mid infrared generation, is then by di erence frequency generation [1]. The kind of DFG
where! qot1;! opt2 are taken from the same pulse belonging to an ultra-broadband source
is called Intra-pulse DFG (iDFG) [21] .

Figure 1.1: Comparison between DFG and iDFG; for iDFG the pump ; and the seed
I , come from the same pulsel 3, the idler, corresponds to their dierence !. The
frequencies in between do not participate in the process.[1]

1.1.3. E ect of the crystal and of focusing on bandwidth and
beam dimension of THz radiation

When the laser beam impinges on the crystal, part of its eld is transmitted and part
of it is re ected. We can compute the complex Fresnel coe cients for re ectiorR and
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transmissionT at the interface between crystal and air:

p__
R(!) = 92#'(*!2)(!31; (1.233)
T0)=p ::E: ;+11: (1.23b)

The inside the crystal behaves as a Fabry-Perot etalon, behaviour that translates to the
following transmission coe cient:
T2(| )e i orhz (0 )L%

Tee = 1 R2(!)e aMn e ( )Ler (1.24)

with L length of the crystal. The crystal mostly transmits frequencies for which the

relation 2'n 1 (! Lg )+ (!)=2 m isvalid, being (!) the phase ofR?(! ) and m the

order of the mode.

Right outside the crystal, the THz beam start di racting much faster than a gaussian
light beam so, instead of using the Rayleigh method, to compute its aperture during
propagation we use Bethe's theory of diraction by small holes. Being THz radiation
dependent on intensity, we can predict that it will be generated by a spot having waist
smaller than that of the pump, which will be approximatelywry, = }3’% What interests
us of Bethe's theory is the introduction of the parameterg (! ), similar to the Rayleigh
length, which expresses the distance from the waist of a beam at which its cross section
Is doubled:
): k%HZW;l)"HZ - !pz\ivg:
2 4 2c?
What emerges from this particular length is that lower frequencies diract faster than
what predicted by Rayleigh lengthzg (which instead depends on 3), however for bigger
w, it becomes negligible with respect tag in the bandwidth of interest. We can thus
divide the bandwidth in two regions: one in which Bethe's scattering prevails (lower
frequencies) and one where Rayleigh scattering better models reality (higher frequencies).

(1.25)

ZB(!
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Figure 1.2: Example of diraction transfer function dependent on frequency, represented
with a continuous red line. The frequencies belo2T Hz, being valid kty, Wry, < 1 be-
have as predicted by Bethe's scattering, whereas the frequencies above, whep Wr, >

1, behave as predicted by Rayleigh's scattering.[22]

The result is that the parabolic mirror inserted in the setup to collect THz radiation right
after the generating crystal , because of its limited dimension, may not be able to collect
the lower frequencies of the THz bandwidth, associated to beams characterised by a big
diameter, instead favouring the frequencies a ected by Rayleigh scattering.

Another important consideration to make is the e ect of the waist beam sizev, on
di raction: as said before, the smallew, the more Bethe's scattering is relevant and non
negligible.
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Figure 1.3: Example of how the frequency range a ected by Bethe scattering grows with
the decrease of the waist beam size. While with smaller beams, a broader frequency
range tends to di ract following Bethe's theory, still they produce a stronger THz eld
compared to larger beams.[22]

However it is worth noting that even if collection of lower frequencies decreases, simu-
lations show that a tightly focused beam impinging on the crystal still generates THz
radiation more e ciently than a beam with waist size too big.

Similar problems are encountered when we focus THz radiation on the second crystal,
which is necessary for detection: di erent frequency components are focused to di erent
spot sizes and into di erent focal planes. We can compute the size of the THz spot arriving
to the second mirror which, considering that the lower frequencies of the bandwidth are
mostly lost beforehand, is:

s
rin (! ) = min —|E))—'W 1+ P (1.26)
in \* 2 Ey THz Zgiff .

beingD andf diameter and focal length of the mirrorzg confocal parameter (Rayleigh
or Bethe, depending on the prevailing di raction type). Now we can use Gauss' formula
to obtain the dimension of the focused THz beam:

ot (1.27)

INfoc Ir in(! ),
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and then we de ne the focusing e ect as:

r 2cf
Toc = foe —

Ty (1.28)

Figure 1.4: Transfer function of the focusing stage, depending on the frequency of the
generated radiation and on beam size.[22]

It is interesting to note that lower frequencies are now enhanced, the focusing e ect is in
fact stronger for wider impinging beams [22] .

1.1.4. In uence of crystal cut on intensity of generated radiation

The polarisation of the generated THz radiation depends on the orientation of the crystal.
As a result, also the intensity of the THz radiation is a ected by it. The following
discussion is valid for zinc-blende crystals, the most common used for THz generation.

For a (110) zinc-blende crystal, the nonlinear susceptibility can be written as:

ik = i 220 00 0 44 0%; (1.29)

the nonlinear polarisation then becomes:
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2 3
E;
2 3 2 36 E2
P, 000 4 0 O Ey2
P 000 O O 2EyE;
z 14 ZEXEZ
2EE,
h i h i h i

being x;y; z the crystallographicaxis 1 0 0, 0 1 0, 0O O 1 respectively.

We consider an electric eldE linearly polarised and normally incident on the crystal, so
that the eld is in the (110) plane and can be written as:

E=E sin p—é ;Sin 19—z ;coq ) ; (1.31)
where is the angle between the polarisation dpmp and the z-axis.

We can then rewrite 1.30:

2 3 2 3 p_
2sin( )cog )
QP £=2 143E E, g 2 1.8 P sin( yeog ) £ (1.32)
P, ExEy sin?( )

Let us create a reference system%/%z° by rotating xyz around z by 45°, such rotation
corresponds to the following transformation:

2X03 2 SR, 03 2X3
Qy(%:ﬁ P P ogﬁygz (1.33)
pad 0 0 1

In the new coordinate systenP is expressed by:

2 3 2 3 2 3
Pxo Px + Py 0

gPyog gP Py g = 1Eg 2 sin(2 ) g (1.34)
Po P, sin?( )

We know that the electric eld of the generated THz radiation is proportional to the
nonlinear polarisation, which evidently means that it is also dependent on the angle
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jErnzi /] Pi= 14E3(sin®( )1 +3cof( ) ?; (1.35)

H]is expression is maximised whesin?( ) = % o) 55°, reaching the valueEry,.max /
4 14E2[14].

Figure 1.5: Geometry of the (110) zinc-blende crystal. [14]

1.1.5. Crystals for THz generation

When choosing a nonlinear crystal to generate THz radiation, one must consider the
magnitude of non linearity of said crystal, which was previously de ned as its susceptibility

OR-in fact, the higher the second order susceptibility, the higher the intensity of the THz
radiation (see 1.16). Another important factor to consider before choosing the crystal
is the possibility to verify 1.20 during the beams' propagation, so to guarantee phase
matching condition.

In order to obtain a wide bandwidth of the THz radiation, achieving phase matching
condition may not be enough: if the phonon energy of the crystals used for generation are
comparable to the generated frequencies, material absorption will be limiting. We thus
need to operate in a zone where the refractive index of the crystal in use is relatively at.
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GaP

One of the most commonly used crystals for THz generation is Gallium Phosphide (GaP),
a non birefringent zinc-blende crystal. Some of its most relevant properties are: high sec-
ond and third order nonlinear susceptibilites @ and ©; high refractive index; trans-
parency in the ranged:55 11m [11, 24]. Itis possible to generate THz radiation through
it using either collinear or non collinear phase matching, while achieving a high tunability
for the central wavelength. GaP is usually pumped with a Nd:YAG laser (1064m) but

it has also been used in a quasi phase matched regime pumped at Jus5 Experimental
results show a bandwidth of the pulsed radiation up to 3.5 THz. If pumped with a 800
nm Ti:Sapphire laser it is possible to have optical recti cation phase matched at around
45um (6.6 THz). At 800 nm GaP shows negligible absorption and a at refractive index,
in the THz range the refractive index is at before the lowest optical phonon resonance
(at room temperature, 10.96 THz).

Figure 1.6: Real (left) and imaginary (right) refractive index of GaP. [11]

nTe

Zinc Telluride is also a non birefringent zinc-blende crystal. It has been demonstrated that
the crystal can generate a pulse having bandwidth of 3 THz. It shows high second order
nonlinear susceptibility @ and favourable phase matching conditions a800nm[9, 11].
The biggest problem of ZnTe is phonon absorption, in fact the lowest resonance of its
phonons is at 5.4 THz, e ectively limiting the obtainable bandwidth.
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Figure 1.7: Coherence length depending frequency with 800 nm excitation. [11]

CdTe

Cadmium Telluride is another zinc-blende crystal, one of the rst one used for THz gen-
eration. In general this crystal can generate THz radiation when pumped with radiation
having wavelength equal or higher than 700 nm, but for maximum coherence length it is
better to use a wavelength of 1050 nm. The generated eld is in the range of 1 THz [11].
When pumped by an ampli ed Yb laser, we see that CdTe is more e cient than GaP for
emission at optical uences lower than 250J=cm ?; However CdTe also presents some
limitations when compared with GaP, such as high THz absorption above 1THz and the
appearance of two-photon absorption at relatively low optical intensity [18].
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Figure 1.8: THz generation in (110) CdTe with respect to wavelength of pump. [11]

N-dimethylamino-4'-N'-methyl stilbazolium tosylate (DAST)

Organic crystals can have very good nonlinear optical properties, for example larger
non-linearity and wider frequency response, sometimes even better than inorganic crys-
tals. Among these organic crystals, N-dimethylamino4'-N'-methyl stilbazolium tosylate
(DAST) crystals show signi cant non-linear optical properties at = 1318nm and at

= 720nm. Pump wavelength usually vary, depending on the cut. The main downside
of organic crystals is that many optical phonon resonances are found in The THz range,
leading reduced generated THz power in those region of the spectrum [11].
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Figure 1.9: Spectra of THz radiation generated in DAST crystal. The solid line corre-
sponds to a pump with = 740nm, the dashed one to a pump with =710nm.[11]

1.2. Electro-Optical detection of THz radiation

It is possible to detect THz radiation by measuring the phase modulation induced on the
reference light pulse by the THz pulse when they propagate through the Electro-Optical
crystal at the same time.

During propagation, the two pulses interact generating new frequency components, specif-
ically sum and di erence. We can express the considered elds in the following way:

Errz(! Thz;2) = Atnz (! Thz; )@ e 2 e O (1.36a)
Eopt(! opt; Z) = Aopt(! opt; 2)€ (Kevt 2 (ont o)D), (1.36b)
Esum (! sum:2) = Asum (! sum; )€ (kaom 2 (sum T)0), (1.36¢)
Eair (! opt;2) = Adgir (! qir ;z)e Ko 2 Car Lot (1.36d)
where! ¢ is the optical carrier frequency,! sum = 'opt + 'tz @nd Vgt = Popt ! 1hz.

After absorption, the wave vectors become complex and can be written las k%+ |

We can also write the non linear polarisation of the electric eld at the sum and di erence



1| THz radiadion: generation, detection and applications 19

frequencies:
P!EO = ik (! sum)EThz (! THZ)EOpt(! opt); (1.37a)

sum

P!Ed? = ik (M aift JErpz (! 1hz)Eopt(! opt); (1.37b)

Using the slowly varying amplitude approximation and considering 1.37, it is possible to
demonstrate that the expressions for the amplitudes &g, and Ey; are:

. 21 2 d kel 1
Asum(Etsum o) = JCZkO—(SIum) ik (! sum)j—kx
sum \* sum +

Xe sum (! sum )IATHZ(! THz)Aopt(! opt ! 0), (138)

.21 g k!l 1
Agit (hTar  1o)= JW(?”(M) ik (! aif )j—kx
(!

xe df (! )IATHZ(! THz ) Aopt(! opt !0); (1.39)

where ki = Krpz + Kopt Ksumy, K = Kruz + Kopr K @and | length of the crystal.

For the following calculations, we choose a xed position = 0 corresponding to the inside
face of the crystal and we note that the three electric eld€sun; Eqir ; Eopt Propagate at
the same frequency , being:

Ptz = 3 lope = ! ; ( sum) (1.40a)

| ! o+ :( dif ) (1.40Db)

YTHz = 5% opt

The two elds Egm; Egf are then computed by integration over the bandwidth of the
THz radiation:
Z.,,

21 2 g kel 1
Esum(151) =] oy ik (! -
sum( ) J L Czkgum(! ) jk ( ) ] k+
ATHZ() Aopt(! !0)ej d eiksum (O ot (1.41)
Z.,, .
+ 21 2 g k| 1
Eait (5! ) =] oy k(s st ) ————
dif ( ) J 1 Czkgum(! ) ijk ( ) J K
Arnz () Aop(! + Loy d  ghar NI Tt (7 42y

being the delay between the optical and the THz pulses. It is now possible to express
the eld propagating at ! as the sum of the two eldsEg,, and Eg; . Remembering
that k ( ;!')= Kki( ;') Ary( )= Arpz() andalso p ('; ;! +) =
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ik (15 31+ ) , we are able to simplify the expression and obtain the following:
— ‘ ! 2 ! 2 ik (Bl 1 -1
Esum + Edit = | . me' Re[ jw (5 v )
i ke (D) o
éjk—(-u)lATHz() Agpe(! lo)e ) J¢ totg  (1.43)

We now introduce the three axes of propagatioey;ey;e,: the total eld at ! will be
given by the vectorial sum of its components propagating in each direction; considering
X;y the two direction of polarisation we have:

Ex(!) = Eopex(! )+ Esumx (! ) + Eairx (1); (1.44a)
Ey(!) = Eopty(' )+ Esumy (! ) + Eagiry (! ); (1.44b)

We can see the total eldE as the original optical eld with its phase modulated by the
other propagating elds. Wanting to highlight its component this e ect, we write:

Ex(!) = Eopx€ *" 7 (1.45a)
Ey(') = Eopy€ ¥ ), (1.45b)

considering the phase modulations,; , smaller than 1, and having expressions:

Esum;x (I; ! ) + Edif;x (I; ! )

()= el T e ), (1L.46a)
sumyy (152 ity (131
0= = ”('J-E'prﬁ"{‘” > (1.46b)

Given that the phase modulations ;  depend onEg,m and Eg; , which in turn depend
on Etn,, by measuring these by ellipsometry it is possible to obtain information on THz
radiation.

1.2.1. Measuring the phase modulation

To implement the ellipsometer, it is necessary to use aplane and a Wollaston polariser.
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Figure 1.10: General Scheme of an ellipsometer.[4]

We rewrite the eld impinging on the ; plane, referenced to its axis, as:

Ex = ao(! )cogk(t)z 't + (1))
Ey = ao(! )COS(k(! )z It + y(! ))’

The plane adds a; dephasing on the y-axis, so right after it we have:

Ex = ao(! )eogk(! )z 1t + (1))

Ey = ao(! Jook(1)z 1t + (1) + 2);
and we can write the axes of the polarisation ellipse as:
a(l) = a(l )1+ 5 (1))
)= a1 5 (1))

with = 4 yand small

21

(1.47a)
(1.47b)

(1.48a)
(1.48b)

(1.49a)

(1.49b)
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Figure 1.11: Comparison between circular (dashed line) and elliptical polarisation ob-
tained after the =4 plane.[4]

The Wollaston prism is placed right after the plate and is used to divide the two compo-
nents of the elliptically polarised light, in fact the di erence of the components' intensities
will be the measured signal. We call the intensitiek,; | ,, then we write them:

1 ‘o

a= 50 3 ja(!)j4d! ; (1.50a)
1 Z o

I, = 5 oC . j(1)j2d! ; (1.50b)

After some manipulation, the resulting signal is:

hZ o i
S=1, lp= ocRe jao(1)j? (1)d! : (1.51)

+1

We now expand the expression of the signal, obtaining:

hZ 1 2,

1 21 2 | ej ke ()1 1
S()zéoCRe S (T

v 41 KAL) okeCit)
Atz () Aopt(! ! o) Aopy: !O)Gj d d (1.52)
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For simplicity we can nally write:
Z 1

S()= Az () f() e’ d (1.53)

_0

C 41
noting that f () is Hermitian so theRe[] can be dropped.

It is relevant to note that f () expresses the pulse distortion that is caused byes ,
absorption of THz radiation by the EO crystal, coherence length and a too temporally

broad optical pulse; in fact iff () were constant the resulting signal would be a copy of
the THz radiation entering the crystal [4].

1.2.2. Crystal's geometry in uence on THz detection

Let us consider a (110) zinc-blende EO crystal: when an electric el = (Ex; Ey;E;) is
applied to it, the equation of its index ellipsoid becomes:
X2+ y2+ 72

2 +2 unExyz+2 4Ezx+2 4Exy =1; (1.54)

with 14 = § “ EO coe cient involved in the Pockels e ect. When the THz beam

is normally incident on the crystal, the electric eld can be written with respect to the
crystallographic axes (see 1.1.4) asEry, = Eru (3BY2; 2BL)icoq )) so that 1.54
becomes:

X2+ y2+ 22 N 2 41szsin( )yZ+ 2 41szsin( )
P—= P—=

ZX+2 ,E co xy =1:
nZ > a1Etnzcoq )Xy

(1.55)

We can now express 1.55 in the same coordinate systgfy® z° as in section 1.2.2:
X%+ y® + 2@ .
)rll—z +2 yErhzsin( )y%2%+ gEru.cof )(x® y®) =1; (1.56)
0

this way we obtain the equation of the index ellipse in the (110) plane simply by setting
x%=0:

1 yA .
(? 41ETH2 COi ))y(2 + F +2 1EtH; Sln( )yOZO= 1: (157)
0 0
The roots of 1.57 are:
1 1 P
Sipo= =+ _ETHZ( Ccos 1+ 3S|n2( )) (158)

ns 2
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and the ellipse in the new plang/®%%is:

1 1 P
(= + SEruz( cos + 1+3sin?( )))y%+

ng 2
1 1 P oa oa
+( =+ Etn,( cos 1+ 3sin2( )))z%® = yT + ZT =1 (1.59)
ng 2 nyoo NZoo
which gives:
nS 41ETH; p T L acia v
Nyoo noT(cos( ) 1+ 3sin?( )) (1.60a)
3 mE P
00 nonoﬂ%(cos( Y+ 1+3sin?( ) (1.60b)
P
nd s1E 1+ 3sin2
N=(Ny0 Nyo)= 0 417 THz > In* )) (1.60c)
The signal level is proportional to the phase retardation= 29 n, thus:
E P 1+ 3sin?( )
Isignal / Tz 2 (1-61)

To relate the two axesy®z%to the coordinate system ofy%° we can compute the eigen-
vectors of 1.57, obtaining thaty®corresponds to(1; p—2=10) ) and z%corresponds

1+3sin2( ) cos( )
. n 2sin( )
o P 1+3sin2( )+ cos( ))'

The ellipse orientation can then be decided by observing that, beingthe angle between
y®and y? then 2tan( ) = tan(2 ). When we maximisel signa by setting = 90, it
results = 45°. Thus for optimal results the polarisation of the probe beam should be
parallel toy] 1; O]orto z90;0; 1][14].
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Figure 1.12: Geometry of the (110) crystal for EO sampling.[14]

1.2.3. Issues aecting EO sampling

EO sampling is a simple mechanism o ering the advantage of being able to detect with
great accuracy amplitude and phase of the pulses under investigation, but still it presents
some issues, mostly similar to the ones a ecting optical recti cation: dispersion and
absorption inside the crystal and at the air-crystal interface; Fabry-Peérot e ect inside the
crystal; nite pulse duration of the probe; phase mismatch between THz radiation and
probe beam; imperfect overlapping between THz radiation and probe beam.

The rst two issues are modeled in the same way as for the generation case (see 1.1.3);
to account for the nite pulse duration of the probe beam and phase mismatch between
it and the THz beam, we can write the following frequency response:

FO) = Ap(t) @Cpkitp 1) (1) (1.62)

with Aqp(! ) auto-correlation of the Gaussian probe pulse, (! ) phase mismatch factor
which can be expressed as:

p_ !25
Aopi(l )= —e (1.63a)
p
ej K(! )L get 1
1y= S 1.63b
)= D (1.630)

having , duration of the probe pulse, k(!) = Kko(!p)+ k(') kp('p, !) mismatch
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between the wave vectors of the probe eld, THz eld and frequency-di erence eld, and
L ¢et length of the detection crystal.

The last issue, overlapping of THz eld and probe eld, stems form the fact that the
focusing of THz is frequency dependent: the THz beam is broadband so it can be con-
sidered itself as the overlapping of many single-frequency beams with di erent waist sizes
(see 1.1.3). It is thus evident that the frequencies detected with better e ciency will be
the ones with spot size more overlapped with the probe's one. We can express this e ect

as: S
Z +1

Toverlap (! ) / JEp(r)JZETszr - p' foc .

—_ 1.64
1 W[2) + 2rfzoc(! ) ( )

[22]

1.3. Spectroscopy

It is possible to use THz radiation for spectroscopy. The goal of a THz spectrometer is to
measure the complex and frequency dependent refractive index of the sample in analysis;
while its real part might be used for measuring the thickness of the sample, its imaginary
part is related to the absorption coe cient so that 1 = 2%, beingn = n, + jk [3, 6].

C b
We are able to retrieve information omn by observing the behaviour of radiation passing

through the sample. In general, we obtain the nal result by performing the ratio between
the eld passing through the sample and a reference one.

Let us consider the following system:
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Figure 1.13: Example of a two layer system used for THz spectroscopy. The system can
be considered to be in airrfo = n3 = 1) for simplicity. ny;d; refer to the substrate while
n,; d, refer to the sample under observation.[6]

The reference consists of a single layer with refractive index and depthd;, as shown at
the top of the image; the layer of interest, characterised by refractive index and depth

d; is then added on top of the reference substrate, as shown at the bottom of the image.
For simplicity, we can consider thatn, and n; are the same and are the refractive index
of air.

We can write the transfer function for the sample:

Es = to1P1t12PatasF Po1oF P 123, (1.65)

whereE; is the input electric eld, tj, is the complex transmission Fresnel coe cient with

expression:
2n;
nj + nk’

ty = (1.66)

P, represents the propagation through a layer which can be written as ko4 nally
FPj« is the Fabry-Pérot etalon caused byM partial re ections of the pulse, having
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expression:
X 2
— m
Fij| = (rjk (] Pk) (167)
m=0
wherery = 2L+?]_k is the complex re ection Fresnel coe cient.
I

Now we write the reference transfer function:
Erer = to1P1t13P3sF PooE;j; (1.68)

and we compute the ratio between the two which, after simplifying, becomes:

E t1oto3 P2 FPoF P
- 12 23_2 012 123: (1698)
Eref tis Ps FPois
It is then possible, being known all thicknesses and other refractive indexes, to compute

the refractive index of the substraten, [6].

1.3.1. Inuence of noise on THz time domain spectroscopy

There are many noise sources a ecting THz-TDS: laser intensity uctations, optical and
electronic noise, delay line jitter but also errors in the measure of the sample's thickness,
sample misalignment and so on. All the aforementioned errors and noise sources introduce
a certain degree of uncertainty to the measure we obtain at the output of our system [25].

In order to model said uncertainty, we start by recalling equation 1.65 and simplifying
the system: we ignore layer 1 and consider a system with a single layer corresponding to
the sample put in air. The new equation for the transmitted eldEs is:

ES(I ): E,(I )tz;o(! )Pz(l,d 2)F on (170)

P.
where nowF P, = pzlo(rz;o(! YP2(1;d 2))P.

The signal directly transmitted through the sample corresponds to the one whepe= 0,

the other terms of the summation are temporal echoes. If the recorded signal goes to
zero between an echo and another, then we can use anyone of them to compute the
material parameters. We can then write the modulus and the argument of the transmission
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coe cient T(p;!) for each echo:

p -
. 4 nZ+KR(n,  1)7+ k)P
1Y) = | =
(p;!) = jT(p;!)j (n, +1)2 + k2)p (1.71)
e k(2p+1) !de

()= arglT(p; = (@p+Dne D2 2p)
(1.72)

arctg( -

2 rct
nevke 1 el

n(n, +1)+ k2)
whereng = 1.

For most materialsk  n, thus we obtain the refractive indexn, and the energy absorp-

tion coe cients = %

C .
ne = ! ;E‘* ip, ) (1.73a)
2p+2
- o 21)O|2 N 4(::(;1) s (Pi1) (1.73b)
from which we derive the errors n, and
L (p;!) (1.74a)
2p+1)!d,
2 Ol
e o R (745
where errors are obtained from the standard deviation of the experimental trans-

mission coe cient Teyp(p;!). In fact we can write Tey,(p;!) as the sum of its average
value plus a random contribution coming from noise:

Top(P;!) = T(p;!) + Tn(pi!) = (1.75)
= (pi1)e P+ y(pit)e MO (1.76)

considering a noise much lower than the signal we write the new argument and modulus
of the transmission coe cient ¢,(P;!); exp(P;!):

en(@!)= (1) + ~n(ps!)(co Ops!)  ~n(pi!))s (1.77a)
(p;1)sin( (p;!)+ wn(p;!)sin( n(p:!))
(p;!)cod (p;!)+ wn(p;t)cod n(p;!))

exp(P;!) = arctg (1.77b)
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Assuming uncorrelated noise on the modulus and on the argument, we get the variances

associated to and
< Z(p;!) >,

S(p;!) = > ; (1.78a)
s (p;!)
s?(p;!) = : 1.78b
(p;!) 1) ( )
which allow us to rewrite 1.74 as:
C s (p;!)

ne = 1.79a
@p+D)ids (1) (1.792)

1 2
=2 n - t (v 17 4pn (1.79b)

o+
c (2p+1)d, n(n? 1) ’
showing a direct relation between the errors on the optical constant and the variances

associated to any noise source introduced by the system [8].

We proceed to analyse some of the possible error sources, and the way they impact results.

THz eld ampitude variations

We start the analysis by considering the variations in amplitude of THz radiation, for

it we assume a normal probability distribution. Errors in radiation amplitude can be
random or systematic. Generally, random errors happen in a short time span whereas
systematic errors are visible only when the time scale is long enough. We can express the
amplitude-related variances in the optical constant as:

C ? As(! ) + Aref (! )

e®)= g, EF T B (F (1.508)

ge)= g 2 jIEBss((!!))j“JrjIEBer((!!))j“Jr EEERJ 23355!)) (1.80b)
with:

A= THEDE () (1.81a)

At ()= THEw () )L, () (1.81b)

B.()= RAEL)E () (1.81¢)

X
Brer (1)=  R*Erer (V)€ st () (1.81d)
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being sZ_; séref variances in time domain sample and reference signaltemporal index,
sampling interval (thus  time). It is interesting to note the trade-o introduced by

d,: in fact, the variances decrease if the thickness of the sample increase, improving the

measure, but also the signaEs decreases as %, increasing the value of the variance.

Random errors in sample thickness

The variance in the value of the sample's thickness may stem from random errors from
the measurement process or from changes in the properties of the sample, for example it
could shrink from dehydration.

For this kind of errors as well, we can assume a normal distribution around a mean value
so we write the associated variances in the optical constants as:

|
2 = %)1 s2; (1.82)
2
. _ k() ? c n(t) 1°2

2
e = g, SR I, np(l)+1

Sﬁ;dz(! ) (1-83)

with sﬁz sample thickness variance, usually obtained from the statistical distribution of
several observations. Again, we observe that an increase in sample thickness gives rise to
an improvement in the variance but also results in a weaker signal which, while it may

not directly aect 7 .y,; Sk, Still increases the nal variance.

Random errors in sample alignment

We try to keep the sample normal to the THz radiation as to avoid an overly complicated
transfer function, speci cally we avoid deviating the beam and focusing a lowered THz
energy to the detector. Unfortunately, as we place or adjust the position of the sample we
most likely obtain a small misalignment, causing di erence between the thicknesss of
the sample and the e ective propagation pathd, , corresponding tol and | respectively

in the following gure:
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Figure 1.14: Example of sample tilted with respect to the optimal position, orthogonal to
the impinging radiation.[25]

For the model we assume a systematic error, a kind of error we observe when the position
of the sample is xed, as opposed to a random one, arising from moving the sample
between measures. As it is evident from 1.14, we can express the propagation path as:

dy

d, = cod t): (1.84)

For the angle ; we assume small deviation§ f ;f ] around the origin, obtaining the
following as the deviation in the propagating path:

o=t oo (L.85)
Finally we write the alignment-related deviations in the optical constants:
fon: =(nx(') 1) ! (1.86a)
" cogqf )
fro = k(1) —— ¢ na(t) Loy (1.86b)

1 +
cogqf ) na(!)dony(l)+1

In this case we observe that the variances are not strongly dependentdy, in particular
fn,. is not at all dependent on it.
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We can now combine all the considered variances to obtain the uncertainties foand k:

S
- S
u. (1) = NroSs o roorel o M@ 4§ 1.87a
nr( ) p NSES NEref Nd2 nr; ( )
s2 S s2
ue(!) = KEs , “KErt . Zkid2 fi (1.87b)

p
NES NEref Ndz

with , =1 for standard uncertainty, Ng_; Ng . number of measures for the sample and
reference signalsNg, number of measures for the sample's thickness [25].
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2 ‘ Generation of ultra-short
pulses

To obtain THz radiation, it is necessary to work with ultra-short pulses (in thefs range).

In the following chapter it will be explained how it is possible to obtain such short pulses.
We will start with the description of laser sources emitting femto-second pulses; after
that, super-continuum generation, in particular using silica PCF bers; nally pulse com-
pression using chirped mirrors and grating pairs.

2.1. Femto-second laser sources and mode locking

Let us consider a laser oscillating on a large number of modés The modes have the same
amplitude Eq, and the di erence in frequency between consecutive modes is constant.

If there exists no relation between the modes' phases, then the intensity pro le of the
output beam, consisting of a random sequence of pulses, each resulting from the sum of
the N modes, exhibits a random behaviour. Still the output beam presents some general
properties: it has a period of , = 1= ; the pulses have a time duration , 1= |,

with L =N total oscillating bandwidth. We can thus say that lasers with large
gain bandwidth, such as solid state lasers, can produce ultra-short pulses. It is possible
to improve the performance of the described multi-mode lasers by imposing a constant
relation between the modes' phases, obtaining a laser that is mode-locked.

Let us now consider a mode-locked laser, and we write the relation between the phase
of one model and the previous ond 1 as:

1= (2.1)

with  constant. In general, the spectral envelope of the laser can be approximated as a
Gaussian distribution, thus we write the amplitudeE, of a single mode as:

E2= EZe L@, (22)
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with ! | bandwidth of the spectral intensity.

Figure 2.1: Gaussian distribution of spectral amplitudes of di erent modes.[20]

The electric eld associated to the total wave can be written as:
E(t) = A(t)e" °; (2.3)
with: i | 7 |
A= ECT) g (2.4)
1

From equation 2.4 we can see thaf(t) is proportional to the Fourier transform of E,.
We can now write the intensity of a pulseA?(t) as a gaussian function of time:

A2(t) | e (FHM@. (2.5)

with = &‘tl To conclude the discussion we say that when the laser operates in mode-
locking condition, we nd that the amplitude of the electric eld of the output wave is
related to the Fourier transform of the spectral amplitude. As a result, the width of the
pulses , is proportional to the inverse of the laser spectrum |, obtaining pulses that
are said to be transform limited.

There are two categories of methods to obtain mode locking: passive and active mode-
locking. The latter exploits a mode-locking element driven externally, for example a
Pockels cell, which provides phase or amplitude modulation[20]. The modulator operates
at a frequency! , =2 = , which corresponds to the spacing between modes.
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Figure 2.2: Modulator transmission. The resulting pulses are centered around the peaks
of the modulator transfer function.[20]

The result is that the radiation is shortened when passing through [23].

Passive mode-locking, instead, exploits non-linear optical e ects such as saturation of
a saturable absorber or refractive index change of some non-linear materials. In this
case it will be the pulse itself that modulates the intra-cavity loss, which will in turn
modulate the pulse. For mode-locking, it is necessary that intra-cavity losses reduce
with increasing intensity, which is the reason why we can use saturable absorber: their
absorption decreases with intensity. When their absorptionl, in the following picture,
drops below the gain then we obtain a mode-locked pulse.
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Figure 2.3: Fast saturable absorber mode-locking. Mode-locking condition is met when
absorption drops below the gain line, considered constant.[20]

Many lasers now operate in mode-locking condition, some examples include semiconductor
lasers, solid-state lasers and dye lasers [20, 23]. In the following section we will analyse a
particular kind of solid-state lasers capable of providing ultra-short pulses: ber lasers.

2.1.1. Fiber lasers

The active medium of a ber laser is most commonly a Silica ber doped with a rare
Earth element such as, for example, erbium, ytterbium and neodymium. The pump
beam comes from laser diodes and propagates longitudinally in the ber, guided by the
core or by an inner cladding. In a conventional ber the dimension of the pump and
laser beam, respectivelyv, and wy, is close t&) that of the radius of the core. Since the
threshold pump powerPy, is proportional to w3 + w3, we are able to obtain aPy, as
low as belowlmW ; we can hence expect to obtain lasing activity from active media with
very short lifetime

To obtain high power at the output, it is necessary to employ high-power diode lasers,
which however do not have the necessary beam quality for e cient pumping. To solve
the problem, a particular ber structure is employed so to allow what is called cladding

pumping:
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Figure 2.4: General structure of ber used for cladding pumping.[20]

In this particular ber, the inner core is surrounded by a rst cladding having lower
refractive index, referred to as inner cladding or outer core, which is in turn surrounded
by cladding having lower refractive index. The beam coming from the diode laser is then
launched into the inner cladding so that the quality requirement for the beam becomes
relaxed. Given that the core's refractive index is higher, the light is progressively absorbed
into it as it propagates through the cladding, with an e ective absorption coe cient
dependent on the ratio between the inner cladding and the core, both of which, together
with the length of the ber, must be chosen accordingly [20].

2.1.2. Laser RIN

Intensity noise in a solid state laser arises from pump uctuations and cavity misalign-
ments. These are short term uctuations. In addition, long terms uctuations of power
are present and are caused by degradation of the optical components of the laser and
thermal misalignment of the laser cavity [20]. The optical intensity noise of a system
depends on power, so it is usually normalised by the total optical power. The result is
called relative intensity noise (RIN), which is indeed de ned as the ratio between the noise
power spectral density and the total power. To characterise the RIN, it is necessary to
use a wideband photodetector, an ampli er and a RF spectrum analyser, also the laser
needs to be operated in continuous mode. If intensity noise were absent, the RF analyser
would only show a DC component. Instead, the uctuations in optical power cause uc-
tuations in the photocurrent of the photodetector; the spectrum analyser then computes
the spectral density of the photocurrent uctuations. Since the electrical powd?, at the
output of the photodiode is proportional to the square of optical powelP,; at its input,

we can write the RIN as:

< (Popt I:)opt;avg)z >

RIN = F
I:)ozpt;avg

; (2.6)
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with F Fourier transform.

Equation 2.6 can also be rewritten as:

Sp(!
RIN = () (2.7)
R I::.opt avg
whereRzPozpt;a\,g is the average signal electrical powe8p (! ) is the power spectral density

of the electrical noise as measured by the spectrum analyser [17].

2.2. Generation of supercontinuum radiation

In order to e ectively generate THz radiation, it is necessary to obtain light pulses having
duration in the order of femto-seconds. It is also necessary to broaden the spectrum of
the generating beam. One possible way to do this is using a photonic crystal ber to
obtain supercontinuum generation.

Photonic crystal bers allow strong guidance within their core through a pattern of small
holes distributed in their cladding region, running along their entire length, generating
the e ect of refractive index di erence or photonic bandgap e ect. The holes achieve
large refractive index modulation by changing the ber's dispersion. In order to select
the wavelength of the electromagnetic radiation to guide through the PCF, one needs to
vary the patterning and parameters of the air holes. These key structural parameters are:
the hole diameterd, the center to center hole spacing (pitch) , the core diameterdgore
and the number of hole rings.[15]

Figure 2.5: General schematic of a silica photonic crystal ber. In the image the key
structural parameters are highlighted. [15]

Supercontinuum generation in optical ber is obtained thanks to simultaneous action of
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both linear and nonlinear e ect. For simplicity, let us consider each e ect's in uence on
radiation separately. The rst one we consider is a linear one: dispersion.

Dispersion happens because the e ective index of the guided mode varies with frequency,
as a result of material and waveguide contributions. Dispersion in uences both group
velocity and phase velocity of the radiation propagating in the ber. The group velocity
dispersion (GVD)  is the coe cient of the Taylor series expansion's second term of the
propagation constant. When , > 0 we are in normal dispersion regime, instead when

» < 0 we are in anomalous dispersion regime. If no non-linearities are present, the
spectrum of the propagating radiation will broaden in a way that is independent from the
sign of ,; however, in presence of non-linearities, the sign of the GVD dispersion greatly
in uences the propagation dynamics.

Now we consider self and cross-phase modulation, SPM and XPM respectively, nonlinear
e ects related to the Kerr e ect. The time dependent intensity of the propagating pulse

| (t) causes a variation of the local refractive index of the ber n = | (t)n,, causing a time
dependent phase delay to a single pulse (SPM) or to co-propagating pulses (XPM). If we
consider a temporally symmetric single pulse, SPM will determine a spectral broadening
that is also symmetric and will not change the time domain envelope of the pulse. If we
consider the simultaneous interaction of SPM and normal dispersion, we obtain a pulse
which experiences broadening both in time and frequency domain.

The interplay of anomalous dispersion and SPM, instead, leads to the generation of soli-
tons which introduce propagation e ects characteristic of soliton dynamics. Initially, there
will be a phase with spectral broadening and temporal compression. After that, because
of the instability of the solitons generated, Raman scattering and higher order dispersion
will cause their decay into lower amplitude sub-pulses. This process is also referred to as
soliton ssion and it usually happens at the point in the ber where the soliton reaches its
maximum bandwidth; evidently, choosing a length for the ber which is just a bit shorter
than the ssion length is the basis of soliton e ect compression technique. Another impor-
tant e ect to consider, other than soliton ssion, is the generation of a dispersive wave,
that happens when a soliton propagate close to the zero dispersion wavelength regime
(ZDW). If the individual solitons bandwidth overlap the Raman gain, it is possible to
observe self-frequency shift, even in presence of perturbation by dispersive wave genera-
tion. Moreover, GVD matching and XPM between solitons and dispersive waves induces
trapping e ects that further contribute to spectral broadening [2].
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2.2.1. Silica PCF for supercontimuum generation

If we want to generate supercontinuum radiation it is important to choose medium with
the right characteristics. In case of PCF, or silica bers in general, here are the most
important parameters to consider: dispersion of the ber; Kerr intensity-dependent re-
fractive indexn,; e ective area of the ber mode; material-dependent time-delayed Raman
response; spectral transparency of the material; power handling capability of the material.

Silica is an optimal material for supercontinuum generation. It presents very low attenu-
ation in the wavelength1300 1600m, which however increases for shorter wavelengths,
because of Rayleigh scattering, and for longer wavelengths, because of phonon absorp-
tion. In the following image it is presented the behaviour in silica of refractive inden,
group indexng and GVD D = ng—’; with respect to the wavelength of the propagating
radiation:

Figure 2.6: Group index, refractive index and group velocity dispersion D for bulk silica,
plotted with respect to the wavelength of radiation propagating through it.[2]

The GVD D crossed® at 1300m; it is positive, signifying anomalous dispersion, for longer
wavelengths and negative, signifying normal dispersion, for shorter wavelengths. Silica
Kerr response is low, however its broad Raman gain, long interaction lengths and high
con nement compensate for it.

The advantage o ered by PCFs with respect to conventional silica optical bers is the
possibility to customise their dispersion curves by changing the geometry of their struc-
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ture, namely by varying the diameter of the air holes present in the cladding, other than
the diameter of the cored.qe = 2 d.

(a) D curves with respect to wavelength for a xed core diameter
of 2m but dierent d= .[2]

(b) D curves with respect to wavelength for xed d= =0 :4
but di erent core diameter.[2]

2.3. Dispersion and compensation

The laser pulses then propagate through the set up and experience dispersion, which
extends their time duration. The electric eld associated to the pulses can be written, in
the frequency domain, as:

E()=E()je! @ (2.8)
where, for simplicity, we do not consider the spatial dependence of the eld.

To obtain the expression of the electric eld in the time domain, it is necessary to compute
the inverse Fourier transform of 2.8; for our purposes we consider a small interval
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centered around~, obtaining:

Z [
E.(t) = Zi JE()je } O dI: (2.9)

. !
.+2

If we consider ! small enough, we can linearise the phase term:

GENCE - WO (2.10
By inserting 2.10 into 2.9 we get:
1 . Zv © . @
Ec(t)= €@ ) ., JECe it Hdler g, (2.11)
We know that E. will be maximum whent = % ., asa result we can say that:
o(F) = % !,; (2.12)

being 4 the group delay.

To account for dispersion, we rewrite equation 2.12 as centered in the carrier frequency
and we expand it to third order terms:
@ 1@

()= o9+ gp ¢ 19*5g5 € 10'= @Dl 19+ D0 107

(2.13)
whereD;, is the second order dispersion anD; is the third order dispersion.
If the laser pulse propagates in a linear optical material of length L, then its phase term

can be writtenas (! )= k(! )L = %n(! ), which in turns allow us to rewrite the second
order dispersionD, as:

_@ _L°@n
D, = @ 202@% (2.14)
Following the same logic, we rewritd 3:
_L* @,  @n,.
D3 = 7] 203(3@2 + @3). (2.15)

In order to correct the dispersion e ect without modifying the amplitude of the electric
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eld, we need to add a phase term to equation 2.8 by means of a pulse compressor. The
dispersion at the output of the compressor iSD,out = Dnn + Dinc, thus we obtain a
dispersion equal to zero by imposin®@.c = Dnn [10].

Now we report some possible solutions to reduce dispersion e ects on laser pulses.

Chirped mirrors

Figure 2.7: General structure of a chirped mirror with negative dispersion D.[23]

A chirped mirror consists of numerous dielectric layers having di erent thickness, resulting
in dierent g for each layer, stacked on a substrate (for examplgiO,). We call 5
Bragg's wavelength and we de ne it as the particular wavelength that experiences a
=2 phase-shift when passing through a layer of a re ector; it is computed as:;g =
2(ngdy + nody).

The idea behind chirped mirrors is that di erent frequencies penetrate to di erent depths
before being re ected, resulting in frequency dependent delay. In order to provide a
negative dispersion, it is necessary to choose chirped mirrors having dielectric layers with
higher g the closer they are to the substrate. [23]



46 2| Generation of ultra-short pulses

Grating pairs

Figure 2.8: General scheme depicting the working principle behind parallel grating
pair.[23]

To compute the dispersion introduced by a grating pair, let us consider an input beam
impinging on the rst grating with angle ;. The input beam will be diracted of an
angle p which depends on frequency; then, after diracting on the second grating, all
the output rays will be parallel to the input beam, regardless of their frequency. To
prevent spatial separation of the beam's components, one can add a mirror to re ect the
output rays: these will recombine into a single collimated beam, travelling in the opposite
direction with respect to the original one. It can be demonstrated that the dispersion of
this particular structure is:
@ m2 3b

D:= G = caPoos( o)’ (2.16)

with m diraction order, b distance traveled by the beamgd periodicity of the grating
ruling. The third order dispersionD 3 of grating pairs always has sign opposite to the one
of D,. If the dispersion we need to compensate comes from a material widh; D 3 having
the same sign, such as most transparent materials, it is impossible to use grating pairs to
compensate simultaneously for both e ects [23].
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3 ‘ Experimental results

In this chapter it will be described the experimental setup that was implemented to
generate and detect THz radiation. It will be divided into two main sections: one related
to the setup used for generation via optical recti cation and one to the setup used for
detection via electro-optical sampling. Also, attention will be put on all the steps taken
to ensure good operation.

3.1. Yb ber laser and photonic crystal ber

The laser used in the experimental setup is the OneFive aeroPULSE-FS20, a Yb doped
ber laser emitting ultra-short pulses at = 1030nm; The duration of the single pulses

is tunable and can be chosen within the rang®:5 3ps. The laser can be operated
in continuous mode or choosing a repetition rate betweePOkkHz and 50MHz. The
maximum average output power i20W.



48 3| Experimental results

(a) Autocorrelation of aeroPULSE FS20.

(b) Output power vs repetition rate.

[12]

In order to maximise THz generation, we chose to operate with maximum power, corre-
sponding to 20W, and repetition rate of 25MHz, a choice that will be justi ed in the
following sections; also we set, = 28:2%; 3 = 41:1%, indicating group velocity and
third order dispersion respectively.

The laser beam is redirected towards the PCF (photonic crystal ber), using two high re-
ectivity mirrors, and focused into its core thanks to a lens having diameted = 25:4mm

and focal lengthf = 30mm; a second identical lens, placeB0Omm after the PCF, colli-
mates the laser beam. In order to minimise power loss and to ensure good quality of the
beam, it is necessary to make sure that the laser is perfectly coupled to the ber; for this
purpose we observed the shape and dimension of the beam right after the ber using a
camera and we monitored power loss using a power meter. In the end we were able to
limit power loss to 20% and to obtain a reasonably shaped beam.

As explained in 2.2.1, the ber causes a broadening of the spectrum of the radiation,
which was veri ed using a spectrometer:
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Figure 3.1: Broadened spectrum of laser radiation with rr=25MHz.

We can compare the previous image with the following one, representing the broadening
of the spectrum of the laser's radiation when a repetition rate #d3OMHz is selected:

Figure 3.2: Broadened spectrum of laser radiation with rr=50MHz.

With an increased repetition rate, but a xed average power, pulses are less intense: this
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means that the nonlinear e ects induced by the ber are less pronounced, which prompted
us to choose to work a5MHz .

3.2. Auto-correlation for pulse duration

After checking the broadening of the spectrum of the laser pulses, we decided to check
their temporal duration too. Since it is not possible to measure the duration of ultra-short
laser pulses using electronics, we used an auto-correlator.

The following image represents the obtained measure of the pulses' auto-correlation:

Figure 3.3: Auto-correlation of shortened laser pulses. The FWHM Bfs, indicating a
pulse duration of 60fs.

Its full width half maximum (FWHM) is about 90fs, indicating a duration of the pulses
of about 60fs . For comparison, the following image represents the auto-correlation of the
laser's pulses when the repetition rate iISOMHz :
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Autocorrelation
of laser's pulses when rr=50MHz

Figure 3.4: .

Again it appears evident how the choice to use a repetition rate @8MHz is the better
one as the nal pulses are shorter.

3.3. Experimental setup used for generation of THz
radiation

The following image represents the total experimental setup implemented:
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Figure 3.5: Complete experimental setup. CM stands for Chirped Mirrors, HR for High
re ectivity, PCF for photonic crystal ber, PM for parabolic mirror, T is the transmission
coe cient of the output coupler.

In this section its rst part will be discussed, up until the second parabolic mirror, ne-
glecting the delay line, which will be discussed later.

In order to counterbalance the dispersion e ects introduced on the pulses by the lens,
output coupler and crystal, the beam is made to re ect on a couple of chirped mirrors
(see 2.3), speci cally ve times on each mirror, introducing a chirp of 55(s?. Next the
beam is split in two by an output coupler having transmission coe cientT = 2:5% one

to be used for THz generation and the other to be used as a probe for detection;

As it is explained in 1.1, the THz electric eld strongly depends on the intensity of the
generating radiation, as normally expected when dealing with non-linear e ects; as a
result, in order to obtain the best possible e ciency in the generating process, we made
sure to maximise the intensity of the radiation impinging on the crystal. This is practically
achieved by using the beam re ected by the output coupler and subsequently focusing it
on the crystal, which was made using a lens having diametgr 25:4mm and focal length

f =200mm. The point corresponding to the actual focus of the lens, in which we placed
the generating GaP crystal (110), was found by observing the dimension of the beam in
a spatial interval around the lens' nominal focus with a camera: the optimal point was
found to be at a distance o215mm from the lens, and the minimum dimension recorded
for the beam wasD4 = 157 m . In the following image it is possible to compare the
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pro le of the beam with and without lens:

Figure 3.6: Beam pro le without lens.

Figure 3.7: Beam pro le with lens.

It is explained in 1.1.3 that THz radiation diverges very quickly, thus, to collect as much
radiation as possible after the crystal, a gold coated paraboloid, having dimensidr=
50:8mm and focal lengthf = 50:8mm, is used; the parabolic mirror is placed so that
the crystal is in its focus, resulting in a collimated THz beam. Since we did not need it
anymore, and to prevent saturation during the detection phase, we discarded the pump
using a hole present at the center of the mirror. The collimated radiation is then collected
and focused on another GaP crystal (110) by a second parabolic mirror, identical to the
rst one, as required for detection via electro-optical sampling.
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Again, given the nonlinear nature of the phenomenon to excite and the tendency of THz
radiation to diverge, it was particularly important to identify the actual position of the
focus of the second parabolic mirror. Since this time we were unable to use the camera,
we used a Golay cell (see A.1) to detect the radiation of interest and, in particular, to
pinpoint the distance from the paraboloid corresponding to the maximum of the signal.

The detection setup was implemented in the following way:

Figure 3.8: Setup to measure THz using the Golay cell.

The Golay cell we used needed its input signal modulated d8Hz, so a chopper was
used to modulate the laser beam. The cell was placed in the focus of the second parabolic
mirror and its output connected to the input of a lock-in ampli er (LIA), which received

its reference signal from the chopper. The LIA setting used wef®0V for sensitivity

and 300ms for time constant. After determining the optimal position for the focus, we
proceeded to measure the THz signal with respect to the power of the generating beam,
obtaining the following results:
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Figure 3.9: Golay output signal versus power of laser beam.

We found that the relation between laser power and output signal is approximated by

a Gaussian function; the parameters of the function are reported in the previous image
3.9. Because the cell we used had its entrance window made of diamond, it was receptive
to wavelengths ranging from0:4m to 8000m . To prevent saturation and potential
damages, we had to place an attenuator right in front of it: the chosen one slightly
attenuated THz radiation while completely blocking other unwanted frequencies.

3.4. Experimental setup for detection via EO sam-
pling

Once we made sure the rst part of the setup (see gure 3.5) was working as expected, we
started working on detection. For EO sampling we needed THz radiation and a probe, for
which we used the beam transmitted through the previously mentioned output coupler.
The transmitted beam propagates through a movable delay line, obtained by mounting
a retro ecting gold coated prism mirror on a precision motion control linear stage from
Kensington laboratories (model: metric 6000-4). It is then focused on the detection GaP
crystal (110) by a lens havingd = 25:4mm and f = 300mm, passing through the hole
present at the center of the second parabolic mirror.



56 3| Experimental results

Figure 3.10: Second of the experimental setup, used for EO sampling.

As explained in 1.2.3, EO sampling works best when THz radiation and probe beam are
perfectly overlapped while propagating through the detection GaP crystal. Making sure
that this condition was veri ed proved particularly challenging because the camera we
were using could not show us THz radiation; to circumvent the problem, we decided to
use a scattering glass instead of the generating crystal so that we could obtain a beam
approximating THz behaviour. Being now able to use the camera, we placed it in the
focus of the paraboloid and then away from it to improve the alignment of probe and
scattered radiation and the quality of the parabolic mirror's focusing action; the following
pictures show the end results:



3| Experimental results 57

(a) Probe beam out of focus.

(b) Scattered radiation out of focus.

Figure 3.11: Scattered radiation and probe beam taken separately in the same position
out of focus.
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(a) Superposition of scattered radiation and probe beam out of focus.

(b) Superposition of scattered radiation and probe beam in focus.

Figure 3.12: Comparison between out of focus and focused superimposed beams.

The probe beam, modulated by its interaction with THz radiation in the crystal (see 1.2),
passes through g; polariser, then a Wollaston prism. Finally the two resulting beam are
directed toward the inputs of a balanced ampli ed Si photodetector with switchable gain
(Thorlabs PDB450A). The photodetector has a damage threshold @mW, so we used
a linear attenuator placed between the; polariser and the prism.

3.5. Relative intensity noise of the system

Before carrying out a measure of our THz radiation, we decided to characterise the system
by computing the RIN of the laser and then the RIN of the radiation right after the PCF,
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to also get a measure of the noise introduced by it.

To compute the RIN of our system we used a Si switchable gain detector (Thorlabs
PDA36A2) with settings Gain = 0dB and BW = 12MHz and a spectrum analyser
(AGILENT E4445A) with a high pass lIter at the input, blocking frequencies below
10MHz. In the following images it is shown the setup used for the RIN measures:

(a) Setup used to measure the RIN before the PCF.

(b) Setup used to measure the RIN after the PCF.

For both measures, we acquired the RIN twice: once without the laser beam, to obtain a
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noise oor, and once with the laser beam. As said before, the laser was used in continuous
mode at maximum power, consequently we added an attenuator at the input of the
photodiode to avoid damaging it or saturating the signal.

In the following image it is possible to compare the RIN with and without the photonic
crystal ber:

Figure 3.13: Laser RIN before and after PCF.

It can be seen that the ber adds roughly20dB to the RIN of the system in the frequency
rangel0Hz 18Hz.

3.6. Measures and results

After characterising the noise of the system, we started with the measures. We decided to
modulate the generating beam using a chopper, setting the frequencyskiHz, and used

its output signal as the reference for the lock in ampli er (see A.2). Before starting, it is
iImportant to check that the two beams coming out of the Wollaston prism are balanced,
so to avoid an o set at the output; for this purpose we prevented THz generation and
we observed the signal at the output of the photodetector using the oscilloscope, then we
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rotated the polariser until we obtained a null output, signifying identical beams at the
input of the balanced photodiode.

The THz measure is obtained by slowly moving the delay line while acquiring the output of
the LIA, which receives its input from the photodiode. In particular, the entire operation
is coordinated by a matlab script (see B.1): rst the linear stage is made to move of
X =6 m , referring to the previous point on the linear stage, then a NI usb-6221 DAQ
acquires data for0:1s with an acquisition frequency ofLO0Gamples=s nally the average
of the acquired data is stored and the process is repeatddimes, a number previously set.
The script also computes the normalised fast Fourier transform of the data. To improve
the quality of the measure it is also possible to make multiple complete acquisitions and
then average them.

We now report two di erent measures. The rst one was obtained setting\ = 320 as the
number of steps taken by the linear stage, with a x = 6 m . The x-axis represents the
position on the linear stage.
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Figure 3.14: THz output signal in time and frequency domain. The considered signal is
the tension coming from the LIA in time domain and its fast fourier transform in frequency

domain.

The second one was obtained settinl = 1000, again with a x = 6 m, which was
translated to a temporal delay using the formula:zTX (for more details see B.1).
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Figure 3.15: THz output signal in time and frequency domain. The considered signal is
the tension coming from the LIA in time domain and its fast fourier transform in frequency
domain.

The zero point in both images represents the point on the linear stage where the temporal
and spatial delay between probe and THz beam is zero.

It is evident that the rst measure is excessively impacted by noise and that the THz
signal is not as good as in the second measure: this is especially clear by looking at the
di erence between the two signals in the frequency domain.
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