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Abstract

In this thesis, we successfully construct a theoretical model to interpret the optical
rectification process in nonlinear optics. Generation of terahertz radiation via frequencies
mixing in GaSe crystal by use of the ultrasfast pulses laser is theoretically simulated by taking
into account of the phase-matching parameteér and absorption coefficient of nonlinear optical
crystal. The frequency spectra and time-domain 'waveforms of terahertz radiation deduced
from the numerical simulation are. verified by the experimental results. Furthermore, this
theoretical model can be extended to the application of coherent multi-stage optical
rectification technique.

We experimentally generated terahertz radiation via multi-stage optical rectification
process. By accurately adjusting the time delay between the two terahertz radiation from the
two stages, the terahertz radiation can be coherently superposed with higher output power.
This technique verifies the great potential of spectral synthesis of terahertz radiation.
Moreover, it is observed that the coherence between the two terahertz radiation from the two
stages is as high as 0.8~0.95 by the analysis of spectral-interfeometry method. Besides, the
nonlinear absorption coefficient cross-section of GaSe crystal at terahertz frequencies is
experimentally fitted in the range of (1.3 —5.9)x10™"7 cm?.

Multi-stage optical rectification technique is expected to overcome the interaction length
inside the nonlinear crystal, which is usually limited by group velocity mismatching. The high
power terahertz radiation can be generated by coherently cascaded optical rectification
processes in GaSe crystals. Under the numerical optimization, the single-cycle terahertz
radiation can be generated with pulse energy as high as 400.8 nJ by use of the multi-stage

optical rectification technique.
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Chapter 1

Introduction to terahertz radiation

1.1 Background

Terahertz radiation (THz) is in the frequency range from about 0.1 to 10 THz,
which corresponds to wave-numbers between 3 and 300 cm-1, photon energies
between 0.4 and 40 meV, temperatures between 5 and 500 K and wavelengths
between 3 mm and 30 pm. This frequency range, shown in the Fig.1-1, has several
names: far infrared, sub-millimeter waye. and terahertz range. The electromagnetic
spectrum in this range is of great important-due to the rich chemical and physical
processes. For example, many -materials have dominated properties in this spectrum
range, such as the acceptor and-donor in semiconductor, optical phonon properties,
bang-gap of superconductor, vibrated or'rotational energy level of most molecule, and
the bonding energy of optical exciton. Compared to optical wave and X-ray, terahertz
radiation has much smaller photon energy (4.1 meV). As a result, terahertz radiation is
very suitable for application in the non-contacted measurement [1], and this kind of
measurement can be used for bio-medical sciences and tissue inspections [2].
Terahertz imaging and tomography [3] have also been widely studied and could be
applied to homeland security inspect. Even though terahertz radiation has great
potential in various fields, it is unfortunate that this part of spectrum still has few
difficulties and limitations for widely practical usage. Neither the terahertz radiation
source is not easy to obtain nor the optical devices can not conveniently make work in

the terahertz region because the terahertz frequency range locates between the



electronic and optical region of electromagnetic spectrum.
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Fig.1-1 The spectrum range of electromagnetic waves.

The terahertz region of electromagnetic spectrum contained very poor light
source, until the discovery of optical wectification and photo-conducting antenna.
These two methods both provide: stablejradiation source and broad-band spectrum of
terahertz wave. In the 1980s, the development of ultra-short pulsed laser make the
research of terahertz radiation a great step forward.,s The ultra-short laser pulses about
100 femtosecond pulse duration is used as pump pulses that pass through the medium
and create the electromagnetic pulses whose electric field is related to the intensity of
pump light envelope of exciting pulses. The terahertz radiation generated normally
contained few cycles of electric field in the near field, and both the amplitude and
phase of their electric field can be measured. In 1980s, Auston [4] successfully used
the photoconductive dipole antenna to generate and detect coherently terahertz
radiation in time domain, and this technology is called terahertz time-domain
spectroscopy (THz-TDS). Other terahertz radiation generation methods, such as
optical rectification [5][6], surge current in semiconductor surface [7], had been
investigated.

In 1995, X-C Zhang [8] successfully used ZnTe crystal to detect single cycle



terahertz radiation by free-space electro-optic sampling which highly increased the
detection bandwidth and the signal to noise ratio (S/N ratio) up to 10° and achieved
much large dynamic range. After that, a variety of the terahertz radiation generation

methods are proposed by different mechanisms.

1.2 Overview of the GaSe crystal

Gallium Selenide is a semiconductor belongs to the III-VI layered semiconductor
family, which has relatively large direct band gap of about 2.0 eV at room temperature.
There are four polytypes of GaSe ( B-, y-, -, e-type) classed by the package type of
separate layers and their amount in the unit cell. The methods of growing e-type GaSe
are mainly the Bridgman-Stochbarger methods. Fig.1-2 shows the structure of e-type

GaSe crystal. The e-GaSe consists of twarlayets and crystallizes with the space group

(Pg m2), three anions form a tetrahedron along with; the metal atom. The atoms are
located in the planes normal to the c-axis in the sequence of Se-Ga-Ga-Se. Each layer
consists of two planes of Ga atoms and surrounded by the unit planes of the Se atoms
on two sides. Two sheets of the same layer are bonded with a mixture of covalent and
ionic bonds, but the layers are hold by weak van der Waal’s forces. Weakness of the
interlayer binding of this single crystal gives rise to a strong anisotropy in the
electrical properties. It is highly transparent in the infrared region between the
wavelengths of 0.65-18 um, is also a promising candidate material for nonlinear
optical conversion devices in the near- to far-infrared. Besides the removal of the
constraint of the lattice mismatch, GaSe thin film has the advantages of stability to
against heating and oxidation under the ultra high vacuum condition. For practical
application of nonlinear optics, the crystals should have promising properties. Such as

large birefringence, high nonlinear coefficient, wide transparency range, low



absorption coefficient, and high damage threshold. GaSe has a wide transparency
range from the wavelength of 0.62 to 18 um with low optical absorption coefficient
lower than 1 cm”. The e-type is a negative uniaxial crystal which the ordinary
refractive index is larger than extraordinary one. It has high nonlinear optical
coefficients among the top five birefringent crystals. Due to its large birefringence, it
can satisfy wide phase matching condition for different optical configurations within
the nonlinear optical crystals. According to many promising properties in the

far-infrared range, GaSe should be suitable to generate the terahertz radiation.

(a) (b)
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Fig.1-2 (a) The primitive layer of GaSe. (b) Unit cell of GaSe e-type modification.

Nonlinear optical frequency mixing is a well known technique since the
discovery of capability of the laser for generation of tunable coherent light using a
single crystal. Recently, incoherent parametric super-radiant generation tunable in the
range of 3.5-18 um in GaSe (type-I PM) was obtained by using 110 ps pulses from
the actively mode-locked Er:YAG laser as a pump source [9]. Subsequently,
picosecond pulses of a mode-locked laser were used to pump a traveling-wave OPG;
type-1 and type-II OPG provided continuous tunability in the range of 3.5-14 and

3.9-10 um, respectively [10]. On the other hand, there have been a number of reports



on difference frequency generation (DFG) to achieve tunable and coherent
mid-infrared for GaSe by using variety of laser sources [11]. Additionally, few papers
reported on the generation of far-infrared (THz wave) from GaSe crystal [12][13].
Moreover, GaSe has the largest figure of merit for the THz generation, which is
several orders of magnitude large than that for bulk LiNbO; at 300 um. According to
Shi’s results, an efficient and coherent THz wave tunable in the two extremely wide
ranges of 2.7-38.4 and 58.2-3540 um, with typical line-widths of 6000 MHz, had
been achieved for the first time [14].

The nonlinear optical crystal is the heart of the nonlinear optical processes. There
has been a lot of improvement in growth technology of nonlinear materials,
particularly in the infrared region, and a number of nonlinear materials have been
developed for laser device application. To perform efficiently, the material should
possess a unique combination=of. optical, thermal and mechanical properties. The
doping of the GaSe crystals was investigated-to improve its optical and mechanical
properties [15][16]. Recently, the “electrical ‘and optical characteristics of erbium
doped GaSe (Er:GaSe) crystals had reported [17]. The two acceptor levels were found
to originate either from the substitution of one Er’* for one pair of Ga*" or insertion of
one Er’" interstitial ions at interlayer sites in the unit cell. The structure of GaSe can
also be slightly altered by the erbium doping. The optical properties of Er:GaSe
crystals and its potential in the generation of mid-infrared radiation had been further
explored [18].

In this work, the GaSe crystals were grown by a vertical Bridgman furnace. All
the GaSe crystals used herein are home-made and provided by Prof. Chen-Shiung

Chang’s group from National Chiao Tung University (NCTU).



1.3 Laser system

The schematic of femtosecond laser system is shown in Fig.1-3. We use the
Ti:Sapphire laser as the seeding laser which is then directed into the Ti:Sapphire
regenerative amplifier for amplification. The pump laser of spectra physics Maitai
laser is a 5W frequency doubled diode pumped Nd:YLF laser with a central
wavelength at 532 nm. The Ti:Sapphire laser provides an output trace of intense 50 fs
pulses with wavelength centered at 800 nm. The pulse repetition rate is 80 MHz and
the output power could be up to 1.5 W.

The output beam of Maitai is used as seeding and guided into regenerative laser
system (Hurricane Spectra-Physics). The seeding laser is stretched to avoid damaging
the amplifier crystal. The pump laser _for, the amplification process in Hurricane is
Q-switched Nd:YLF laser. This Nd:YLE laserdelivers a high power output of 20 W at
527 nm. The amplified beam is then compressed to pulse width about 100 fs and
output. The amplification process is ‘called-chirped pulse amplification shown in Fig.
1-4. The Hurricane amplifies the seeding pulses by a million times from few
nano-Joule of energy per pulse to 0.7 milli-Joule per pulse. The pulse repetition rate is

1 KHz and the output power is about 700 mW.
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Fig.1-3 Femtosecond laser system includes Maitai, Hurricane and two pump laser

ND:YLF laser for
pumping amplifier

(Millennia and Em-power)

| . a

Stretching Amplification Compression

Fig.1-4 The chirped amplification process.

1-4 EO-sampling

When using THz-time domain spectroscopy system, (THz-TDS), the terahertz
pulses are best detected via free space electro optic sampling, (FSEO sampling). The

advent of the FSEO sampling method provide a new possibilities of high signal to



noise ratios and broad detection bandwidth of free space THz field. The premise
behind FSEO sampling is the Pockels effect. In FSEO sampling, the terahertz pulse is
generated and left to propagate through free space to the electro optic crystal. Fig. 1-5
shows the FSEO sampling scheme. A gate pulse is made to collinear with terahertz
pulse after being sent through a time delay. This method allows the gating pulse to
sample different parts of the terahertz field. Through the Pockels effect, the terahertz
pulses change the refractive index and create the birefringence of the electro optic
crystal. Thus the birefringence modifies the polarization of gating pulses. The most
commonly used material for EO detection is ZnTe because of its relative large EO
coefficient.

The Fig shows the geometry of FSEO sampling. The gating pulse and terahertz
pulse are made to co-propagate into electro-optic.crystal (e.g <110> ZnTe), and the

birefringence modify the polarization of gating pulse, which should be initially be

polarized at45°in order to obtain the maximum EO signal. After the EO crystal is
quarter wave plate. The quarter wave ‘plate ‘provides a phase delay FOZ%. Behind

the quarter wave plate, the Wollaston prism follows, which separate the two
polarization beam. The beam from the two outputs of the proceeding polarizing
Wollaston prism are then incident onto balance detector.

The total phase change caused by the whole structure in refractive index could be
expressed as a function of the electric field of terahertz pulses. The phase change
equation for <110 ZnTe> is

27
I ore :7dn37/41ETHZ (1)

Where d is the thickness of the crystal, n is the refractive index of EO crystal

at wavelength of gating beam, Ais the gating beam wavelength, y, is the EO



coefficient, and E;,, 1is the electric field of the terahertz wave. The only one varying
variable is the applied field E;,,, . The balanced detection signal for an FEO sampling

could be calculated using Jones’ matrices in combined with (1). The Jones matrix for
ZnTe with phase delay between two principal polarizations is
T

T . T . T
cos— -sin— |/ is cos— sin—
|4 4 (e O] 4 4
T
COS—

0 1

. T . T T
sin— -SiIn— COS—
4 4 4

Where o =I,+1I is the phase delay between the two orthogonal coordinate of
free space, containing the static term I', introduced by quarter wave plate, and

dynamic term, induced by applied terahertz field.

Assuming the incident beani could be|expressed as

E ).
X ela)t
[Ey] .

Before the Wollaston prism, the electric field is

cosz -sinz ; cosE sin£
cm=| 4 41”0 4 4 |[ B g
T V4 0 1 s 7 || E

sin— cos— -sin— cos—
4 4 4 4

By using Jone’s matrix operator, the output of electric field intensity of the two
principal polarization of the ZnTe crystal are represented as

,I'+1,

I, =1,cos

r+T
— 1 <in? 0
I, =1,sin

To separate the two principal polarization of output electric field intensity, the

Wollaston prism is usually used. Generally, the " is usually small than 1(I" <<1),

9



thus we could take approximately solution

IO

|X _?(1_| )
IO

Iy —3(14‘] )

Through the balance detector, we measure the signal difference between |, and
l,, so we could obtain final signal |,I".

Combined with THz-TDS system, we could obtain the entire terahertz time
domain waveform by measuring the signal difference between two beam intensity via

balance detector as a function of time delay between terahertz pulse and gating pulse.

Wollaston prism
EO-crystal

To balance
detector

p ) 7

»
..... N —>

N\

QWP

Fig.1-5 The scheme of EO sampling setup.

1.5 Motivation

GaSe crystal has been widely utilized to the generation and application of

infrared and THz frequency regime. The conversion efficiency for generating the THz

10



radiation is usually quite low among the several promising techniques. In order to
yields the intense single cycle and high amplitude THz wave, we propose a method to
increase the output power of THz radiation. We propose the multiple stages of optical
rectification technique which is useful for generating high amplitude single-cycle
terahertz pulses, not limited by the pulse walk-off effect from group velocity

mismatch in the nonlinear optical crystal used.

1.6 Organization of this thesis

In chapter 1, an overview of THz radiation and GaSe semiconductors are
presented. In chapter 2, the basic principles of theories of terahertz radiation via
optical rectification are described, both experimental and simulation results are
included. In chapter 3, we demonstrate the superposition of the two terahertz in time
domain , and the coherence of.'the terahertz .wave is presented. In chapter 4, we
introduce a method to generate higher power terahertz by superposition with high
coherence and design a suitable condition-to generate higher power terahertz. In

chapter 5, the brief conclusion and summary are presented.
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Chapter 2

Overview of optical rectification

2.1 Background

Optical rectification is the second-order of nonlinear process in which the D.C
frequency (comparing to optical frequency range) of electric field is produced by
intense optical pump illumination in the nonlinear medium [1]. Due to the
development of picosecond and femtosecond pulsed laser, currently, generating
ultrashort, single cycle THz electromagnetic pulses via optical rectification is much
easier.

Generally, optical rectification refers to the.generation of a DC polarization via
an intense optical pulse. Most optical electric field strength, even with a laser sources,
are small compared with charactéristic crystalline’ chemical bonding. Therefore, the
electronic polarization could be expanded in the powers series of the driving electric

force.
P = ¢ [yYEE + y®EEE + y” EEEE + higher order term] (1)
The nonlinear susceptibility of y™ is the tensor of n order of n+1 rank. The second

order polarization is the lowest term, which could yield a DC contribution. In general,
the individual tensor components will depend on the frequencies fields involved.
Terahertz optical rectification is induced by an intense pump pulses. More
accurately, the terahertz optical rectification should be considered as nearly
degenerate difference frequency generation with each frequency pair in a single cycle

optical pulse. When a pump pulse containing broadband spectrum, which is
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dominated by the pulse shape and the pump pulse duration, is incident into the
nonlinear EO crystal, the nonlinear interaction between two frequency components
will induce a nonlinear polarization at the beating frequency.

Considering the lowest order of nonlinear interaction, the second order

polarization for optical rectification is with the form:

IS(Z)(a)r) = 507((2)(@26% +a’T”wp)E(a)p +a)T)E (@,) 2)

2)

x - is the second order susceptibility, third rank tensor which of 3x3x3

components. Symmetry determines which of the tensor components are vanished and
which components are equal. For second order nonlinear interaction, the material
must possess non-central symmetry. For broadband pump pulses, the electric field in

equation (2) contains the frequencies!'@y+@; and @,. The @ is the DC

frequency far from optical rangé. For convenience, we take the effective nonlinearity

d.q :% Z. in replace of the susceptibilityThe DC polarization, P (), and the

amplitude, E(w), of the applied optical electric field at frequency @, has the form:

P (@) =2dy E(0+ 0 )E (@) A3)
Under the phase matching condition, the field of the beating frequency radiation

has a continuous spectrum with frequency as high as several terahertz and

corresponding waveforms.

2.2 Theory of optical rectification

The one-dimensional equation for the Fourier component of the THz field at the

angular frequency, @, E;(@;), could be derived directly from the Maxwell’s

equations.
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VeE(z,t)=0 4

- d ~
VxE(z,t)—aB(z,t) (5)
VeB(z,t)=0 (6)
VxH(z t)—5+i[~)(z t) (7)
) - dt )

By double curl operator and constitution relation, the wave equation could be recast
into

~ ~ d = 0’ ~ 0% ~amn
V(V°E(Z,t))—VZE(Z,t):—#oEUE(Z,t)—ﬂogoyE(Zat)—ﬂoﬁP (z,t) (8)

where €y and p are the permittivity and permeability in free space, respectively, and ¢

is the conductivity. In addition, E and P expresses the time varying electric field
and polarization. It is assumed that the medium is with no free current, so that the first
term of right handed side is vanished, and we drop the first term of left handed side by

the reason of assuming the medium is without free charges.
VeD(z,t)=0 ©))
Therefore, the wave equation could be simplified as follow:
0’ 0’

~ ~ ~(nl)
—VZE(Z,t):—IUOSOEE(Z,t)—IUO?P (Z,t) (10)

Herein, the plane wave analysis is applied, the electric field and the nonlinear

polarization are the linear combination of different frequency:

E(z,t)=> E (,,2)e™" (11)

P(z,t)=> P (@, 2)e"" (12)

here
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E,(®,,2) = E,(w,)e""’ (13)
Pnnl (a)n’ Z) — Pnnl (a)n )eiknz (14)
When the relations above are introduced into Eq.(10), a wave equation analogous

to Eq.(10) is obtained. The wave equation valid for each frequency component of the

field is shown as follows:

_szn (a)n ’ Z) = _/Jo‘c"oa)r? En (a)na Z) - :uoa)rfp(nl)(a)n ’ Z) (15)

2.3 Terahertz wave generation by optical rectification

Under the strong pump, the pump pulse is almost constant in propagating.

d
EE"(@’ z) = E,(®,2) ~ const (16)

This implies that the pump is hon-depleted:, This physical assumption makes us

consider terahertz generation only. Under the slowly varying envelope approximation:

a—zE(a) ) <<i2kiEE (o 1) (17)
822 n n> n dZ n n?

and in the limit of no absorption « =0, the terahertz generation could be expressed

as follow:

- 2
L E (@.2)= % _poi(, ) (18)

dz 2k ()

where the Fourier components of the nonlinear polarization, P™ (a;,z), could be

expressed through the material effective nonlinearity d, as:
P" (@ ,2)=2¢,d,, j E,(0+a;,2)E(0,2)e" do (19)
where E;(@;,z) and E (@,Z) denote the terahertz radiation field and the optical

pump field, respectively. The k-vector mismatch Ak, is given by the following
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relation [2][3]:

Ak; =k(o, +@;)—k(o,) —k(ar) (20)
and the d for the crystal of GaSe for type-oee phase matching is given by the
handbook as follows [4]:

dc =d,, cos’(8)cos(3p) (21)
The differential equation Eq.(19) is terahertz generation via optical rectification
described the second order nonlinear optical process. The phase matching determine
the whether E;(@;,z) could be generated. The others linear coefficients dominate
the amplitude strength of the generated field.
Consider an optical pump, broad bandwidth-limited ultrashort (e. g, femtosecond)
laser pulses propagating along z in the form of infinite plane waves with the Gaussian

time envelope profile of the electric|field: In simulation, we assume that the incident

pump light pulse has a Gaussian‘temporal shape as:

2

f21n2t—2
e, (0t)=Ee (22)
E,(0,t)=Re {ep(O,t)e""""t} (23)
where @, is the central frequency of optical pump, and Ot is the pulse width,

which is defined by the full width at half maximum of the intensity of pulse shape.

Under the Fourier transform limit, the pump light pulse could be expressed as:
e,(z,1) = j E, (@, 2" e do (24)
The Fourier transform of the incident optical wave at z=0 becomes:

Eo St eﬁtz (0-ap)?

81n2 25
2\27In2 @)

E,(@,0) =

where E (@) isaone-sided (@>0) Fourier components.
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Similar one-sided Fourier representation will be used for other fields below in the text.

For arbitrary z,
E,(@,2)=E (w)e"*""" (26)

where Kk (@) is the wave vector of pump pulse.

2.4 Parameters of GaSe

We use the parameters of GaSe crystal as the electro-optical medium. The central
wavelength of the pump pulse is treated as 800 nm. The dielectric function in
terahertz range and Sellmeier equation in optical range are introduced by [5].
Dispersion of the GaSe crystal in terahertz region is described by a complex dielectric

function at angular frequency, :

(wi 1 a’TZ)S1 n a)tzsz

&,(w) = Aw’ + Bo*+Ca’ +S, + (27)

2 N 2 2 %
w; -0 ='o o -0 -11'o

(a)i _a)l%)SB 28
2 2 . )
w; -0 -0

g,(@)=Ao’ +Bw' +Cl@’ +S,+
In optical region, the refractive index n(A) for ordinary and extraordinary

optical wave are shown as derived from Sellmeier equation, respectively:

B C D EA? GA?

N =A+—+—+—-+ + 29
A R L M N Y e ()
' ' ' g2
n2=A'+E+£+R6+ E4 (30)
A

j FE R A -F

here A represents the wavelength in um. The parameters of each equation are list in

the table 2-1.
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Ordinary &,

Parameter| A B C S, |S, |I I, @, r ,
(cm®) (cm*) (cm?) em™) [(em™) [(em™) [(em™)|(cm™)
Value 6.105%x1072"11.856x107"* 4.049%10~° |7.37|0.017 (2.8 0.566 |255 213.5 [19.53
Extraordinary ¢,
Parameter| A' B' C' S, [T @, @,
(cm®) (cm*) (cm?) (em™)|(em™)|(cm™)
Value  122.3x107|-22.88x107'*|3.879x10™° |5.76 |2.8  [245.5 |237
Parameter | Value Parameter'| Value
A 7.37 A 5:76
B 0.405 B! 0.3879
C 0.0186 C' <0.2288
N, | D 0.0061 n, | D' 0.1223
E 3.1436 E' 0.4206
F 2193.8 F' 1780.3
G 0.017
H 262177.5577

Table 2-1 Parameters of Sellmeier equation dielectric function.
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2.5 Simulation result

Ak; =0 and o =0

First, here we conduct numerical simulation under conditions of perfect phase

matching (Ak; =0) and without absorption (¢; =0). On the other hand, we neglect

the pump-depleted effect. It is assumed that the pump pulse is not changed with
propagating, in order to understand the basic physical nature of the optical
rectification process.

The power spectrum of terahertz and corresponding waveform obtained by the
calculation are shown in Fig.2-1(a) as a function of the propagation length inside
GaSe crystal from 0 to 2mm. the terahertz spectrum grows almost linearly as a
function of the propagation length,.and a little change in the shape change in the shape

1s observed.
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Fig.2-1 (a) Power spectra of THz under perfect phase matching and no absorption
condition at propagation distances in the GaSe crystal form 0 to 2mm. (b)

Temporal waveforms of THz field obtained corresponding to the same
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condition.

The temporal waveform of the terahertz pulses are displayed in Fig. 2-1(b). The
waveforms are almost proportional to the second order time derivative of the pump
pulse shape in this figure. Although the assumption of no change in the pump field is
the simulation condition, in very low conversion efficiency the results we obtain from

numerical calculation study is still adoptable and predictable.

Ak, #0 and «; =0

Now we examine the effects of real phase condition on the terahertz optical

rectification processes by finite phase mismatching, Ak, # 0. Similarly, we keep the

absorption as zero. Parameters of the pump pulses ate the same as that in the previous
case. Terahertz spectrum obtained by simulations is shown in Fig.2-2(a) as a function
of propagation length. The peak of the'terahertz spectrum is not linearly growing, and
the spectral bandwidth becomes narrower as the propagation length increases due to
the fast varying phase matching condition. As the propagating length increasing, the
spectrum peaks shift to lower frequency. It is noticed that the spectrum with a deep
around 0.58 THz is due to the absorption of transverse optical phonon [2].

Temporal waveform of the terahertz radiation is shown in the Fig.2-2(b). It could
be observed that the dispersion relation causes the oscillation tailoring and make the

terahertz waveform broadened.

23



14 9 (a) —=—0mm
9 —e—0.2mm
0.5mm
12 4 ——1.0mm
d ] 1.5mm
——1.8mm
— 10 < ‘ 2.0mm
=} 4 )
8
& 8-
; -
o
o
N 6 =
T
= <
4 -
2 = /
< / _.
T soirmerie. et Y ——
0 -, . ot ] L1 RSN T988422 333524
0.0 0.2 04 06 08 10 1.2 14 16 18 20 22 24
frequency (THz)
° (b)
5
4 o
3 4
?2 «
1 4
S
g 0
N—r
o -1 9
u(]—_J 2 o —=—0mm
I .3 4 0.5mm
= g —o—1.0mm
-4 o i 1.5mm
5 —+—1.8mm
2.0mm
-6 v ) v v v v v v v v v v

10 5 0 5 10 15 20 25 30
time delay (ps)

Fig.2-2 (a) Power spectra of THz under realistic phase mismatches and no absorption
conditions at propagation distances in the GaSe crystal from 0 to 2mm. (b)

Temporal waveforms of THz pulses corresponding to same conditions.
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Ak; #0 and o #0

The frequency dependent absorption effect is included in this case. The
absorption coefficient «; in terahertz range is as a function of frequency. The

absorption coefficient is defined as:

o= 47” K(w) (30)

where x is the imaginary part of refractive index derived from dielectric function in

terahertz range.
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waveforms of THz pulses corresponding to same conditions.
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2.6 Experimental results

The experimental setup for terahertz generation by optical rectification is shown
in Fig.2-4. The optical pump source utilizes a Ti: sapphire laser with a 1-kHz

repetition rate. The pulse energy is about 700 xJ, central wavelength at 800 nm,

with 280 fs pulse duration. The beam splitter reflects 10% of input power as
THz-TDS gating pulse, transmits 90% as terahertz pump source.

Terahertz radiation is generated from 2 mm GaSe crystal. Fig.2-5 shows the
geometry of terahertz radiation via GaSe crystal by optical pump pulse. The residual
laser beam are blocked by Teflon and terahertz wave are passed through wire-grid
polarizer to make sure the polarization, then terahertz wave are guided by four
parabolic mirrors to ZnTe crystal [6].., The indium-tin-oxide (ITO) glass plate, which
transmit the optical pump pulse,while partially reflects the terahertz pulse, is used as
the terahertz dichroic mirror reflecting terahertz between second and third parabolic
mirror. A pellicle beam splitter Which*is transparent to the terahertz beam and has a
reflectivity of 5% for optical pump pulse is used to combine terahertz pulse and gating
pulse and make the gating pulse collinear with the terahertz pulse into ZnTe crystal.
For monitoring the time-domain waveform of terahertz radiation, we employed the
electro-optical sampling technique with a 1 mm thick ZnTe crystal. The terahertz
pulse and gating pulse co-propagate through ZnTe crystal. The linear polarization of
the gating beam is perpendicular to the polarization of the terahertz pulse. The
azimuthal angle of ZnTe could be adjusted to obtain maximum E-O signal. The linear
polarization of the gating pulse without been modulated by the terahertz pulse is
converted to circular polarization by quarter wave plate. Polarization of the gating
pulse modulated by the terahertz pulse is converted to ellipsoid polarization by a

quarter wave plate. Behind the quarter wave plate, the Wollaston prism follows, and
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separates the modulated ellipsoid polarized gating pulse into two orthogonal
polarizations, S- and p-polarization. Both polarizations are guided to balance detector.
The electrical signal of balanced detector is connected to a lock-in amplifier in order
to increase the signal to noise ratio (S/N ratio). An optical chopper is used in this
experimental arrangement to modulate the optical pump beams for optical

rectification of terahertz radiation.
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Fig.2-5 The scheme of THz generation via optical rectification in GaSe crystal.
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Fig.2-6(a) shows the terahertz radiation time domain waveform and
corresponding spectrum from GaSe crystal. The terahertz spectrum is also with a deep
around 0.58 THz agreed well with simulation result, also corresponds to the

absorption of transverse optical phonon of dielectric function.

2.7 Effective nonlinearity

Optical rectification is nonlinear optical behavior related to the second-order
susceptibility. THz output from the OR is dependent on the value of the nonlinearity

detr. The defr of the GaSe crystal is expressed as follows:
E,, < dy =d,, cos®@cos3p (31)
By selecting the suitable ¢ angles; THZ peak electric field and the detr could be
optimized. Fig.2-7 shows the<THz time- domain waveforms at different GaSe

azimuthal ¢ angle. This relationship 1s attributed to the hexagonal crystal symmetry in

the uniaxial crystal. It has been shown that the maximum signal is achieved when the

GaSe emitter has its azimuthal angle set at |cos 3¢>| =1, since the effective nonlinear

coefficient of type-II phase matching is proportional to the value of cos3¢. Fig.2-8

presents the THz wave peak amplitude versus azimuthal ¢ angle for GaSe emitter.
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2.8 Summary

We demonstrated the numerical simulations based on one dimensional terahertz
generation by optical rectification in GaSe crystal which possesses the large
nonlinearity suitable for terahertz generation. Effects of perfect phase matching and
no absorption, and also realistic phase matching and absorption conditions are also
discussed by use of the parameter of GaSe crystal. The numerical simulation results of
several cases show that the phase matching condition could have a significant effect
on the optical rectification processes for terahertz pulse generation despite the

dispersion of the EO medium.
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Chapter 3

Superposition and coherence in multiple stages of

optical rectification

3.1 Theoretical model

The nonlinear interacting processes between the optical and terahertz pulses in
cascaded GaSe multiple stages optical rectification could be properly described with
the coupled wave equations. Under the slowly varying envelope approximation, the

one dimensional coupled propagation equations [1] are derived as

d luo Odeff P iAkpz o
= j 0T el TR p _Zr 1
™ —E.(@,,2)= ] @) f E. (@ — &, DE (@5, 2 " day 5 E(@,,2) (1)
—ET (@ ,,7)= ] —”"50 il ”jE (W, + o, DE, (@2 " do S (@,,,2) (2)
k (@) " 2 T

Here z is the propagation distance in GaSe crystal, E, and E; denote the terahertz
radiation field and the optical pump pulse in the second stage, respectively; &, and
M, are permittivity and permeability in free space, respectively; d. is effective
nonlinearity; @, and @, are angular frequencies of optical pump pulse and
terahertz pulse; a,and «;,are the linear absorption coefficients of optical pump
pulse and terahertz pulse in second GaSe; the Ak, and Ak;, denote the wave

vector phase mismatches.

The total terahertz field in time domain could be described by

E (@) =E; (@) +E,,(e2) (3)

35



where E; and E;,are the terahertz radiation fields from the first and second optical

rectification stage, respectively; 7 expresses the propagation time delay of the two

stage optical rectification stage.

3.2 The minimum variance distortionless response

Here we used a method of minimum variance distortionless response (MVDR), it
is used in spectral estimation. And we used this approach to estimate the cross-
spectrum and magnitude squared coherence function (MSC) function. First, we
calculated cross spectrum. By using the cross spectrum, we analyzed the coherence of
each frequency between the two terahertz radiations.

Let x(n) be a time varying signal, which is the input of K filters of length L,
O =090 9 " Y 1", k=0,4---K =1. The superscript T denotes transpose. If
we denote the Y, (n) as the output signal of the filter function of g, , its power is
shown as:

Efly, ([} =E{gi x([ } =9/ R, 9, (4)
where E{s} expresses the expectation value, and superscript H expresses the
transpose conjugate of a vector, and R, 1is defined as:

Ry = Ex(mx" (n)} 5)
here R, 1is the covariance matrix of the input signal X(n). In this analysis, we
assume that R is positive definite.

Consider the (LxK) matrix,
F=(f, - f - f.1, k=0L2---K-1 (6)

Here
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f L[lej"* oo el EDTT Jand a)k=% (7)

k\/t K

The F matrix is called the Fourier matrix and be unitary. This implies

FPF=FF" =1. In the MVDR spectrum, the filter coefficients are chosen so as to

minimize the variance of the filter output, subject to the constraint:
O fi = flg, =1 (8)
Under the Eq. (8), the signal X(n) 1is passed through the filter g, without distortion
at frequency ,, and signals at other frequencies tend to be attenuated. This
expression could be described by mathematical model:
Ji = 0¢ Ro Gy +4ll-9,' 1,1, )

and u is Lagrange coefficient. The minimization of Eq. (9) lead to a solution [2]:

S f?x_é;zlkfk (10
According to the Eq. (10) , we obtain‘the spectrum of X(n) at frequency o, as:
S (@)= E{y, (M} =E{g! x| } = 9/'R,g, (11)
Applying Eq. (10) into Eq. (11) , we get S (®,) = m
Replacing Eq. (10), we obtain
Ru8c = Su(@) fy.. (12)
For all vectors of f,, the Eq. (12) has a general form
R,G=FS, (@), G=[9g, g & 9.l (13)
and
Sy (@) =diag{S, (o,) S, (@)---S, (@)} (14)

which is a diagonal matrix.
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Assuming here that the two signal X (n) and X,(n) with respective spectra

S,x (@) and S, (@) . We could design a function

-1
ijxj fk

= ) .:1529 15
kaR;jlxj f. J (15)

O«
to find the spectra of X, (n) and Xx,(n) at frequency @,

ijxj(a)k): > j:1a29 (16)

f'Rex e
Where ijxj = E{xp(n)x;' (n)} is the covariance matrix of the signal x,(n) and

X, (M) =[X,(n) x,(n-1) ---x,(n-L+1) T (17)

If we let 'y, (n) and Y,,(n)be the respective output of the function ¢,, and g,,,
we could get the cross-spectrum between X, (n) and X,(n) atfrequency o, as

S, (@) = ERYii (MY, ()} (18)

Here the super script * denote the complex conjugate.

For the same method, we could get
Syx (@)= E{yZ,k(n)yl*,k(n)} = S:;xz (@) (19)
If we develop Eq. (19), we get

lexz (a)k) = glljlk Rxlx2 gz,k > (20)

Here R, = E{X,(N)x}'(n)} is the cross-correlation matrix between X (n) and

X,(N).
To obtain the cross-correlation spectrum, we apply Eq. (15) into Eq. (20):

fURIR R f,

XX XX T XXy

[RGB ILE R, f ]

Sy, (@) = 1)
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3.3 Magnitude squared coherence (MSC) function

According cross-correlation spectrum, we define the magnitude squared
coherence (MSC) function between two signals X (n) and X,(n) as[3],

2
S (@)

2
Vo (@) = (22)
‘ lexl (a)k) szx2 (wk)
So from Eq. (21), the magnitude squared cross correlation spectrum is:
2
2 ‘ ka Rx_lil Rxlx2 Rx_zlx2 fk‘
S (@) = (23)

[ R Fl LR fe I
Using the expressions of Eq. (16) and Eq. (23) into Eq. (22), The MSC function

becomes:

‘ ka R;lil Rxlx2 R;zlxz fk ‘2
[ R fd [RTR i ]

Vi, (@) = (24)

3.4 Experiment setup and result

The used laser system is a 1k-Hz amplified Ti:sapphire laser with pulse energy of

700 #J and pulse duration of 280 femtosecond. The experimental setup for multi-

stage optical rectification is shown in Fig. 3-1. The first beam splitter reflects 10% of
input power as gating beam, and the second beam splitter reflects 60% for first
terahertz generation and transmitted 40% for second terahertz generation. The typical
average pump power on the GaSe crystals is about 130mW and 150mW for the first
and second stage respectively. The pump beam diameter for both stages is adjusted to
be about 3 mm. Both GaSe crystals are configured for non-phase matched optical
rectification. The terahertz radiation field generated from the first optical rectification
stage of 2-mm thick GaSe crystal is guided into the second stage of 3-mm thick GaSe.
Again we block the residual optical pump laser with Teflon plates terahertz wave are
passed through wire-grid polarizer to make sure the polarization. The terahertz pulse
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from the two OR stages are aligned collinearly with two gold-coated parabolic mirrors
and guided into ZnTe crystal. The time delay between the two terahertz pulses are
carefully controlled with a translation stage. The optical chopper is used in this
experimental arrangement to simultaneously modulate the optical pump beams for the
first and second OR stage. Also the electro-optical sampling technique with a 1-mm
thick ZnTe crystal is used. Terahertz radiation generated from either the first or second

stage, or both could be recorded without moving any optical element.

By adjusting the terahertz pulses from the two GaSe optical rectification stages
to temporally overlap. The optical path length of the pump pulse to the first GaSe
stage is then varied to adjust the arrival time of the terahertz pulse at the second GaSe

stage.
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Fig.3-1 Schematic of coherent generation of térahehz radiation by multi-stage optical
rectification in GaSeZ crystals. BS: Bea}n splitter; ND-Filter: Neutral

Density filter; ITO: indfum—tinlbxidé':glasé_plate; M4: quarter wave plate.

Figure 3-2 shows the time domain field amplitude of the terahertz output from
the second OR stage as a function of the arrival time of the seeding terahertz field. In
this case, the terahertz field generated in the second stage is added to the incoming
THz seeding field. We can also map out the seeding terahertz pulse profile by
scanning the first stage delay line while blocking the pump pulse to the second GeSe
crystal. The resulting first terahertz pulse profile was shown as the square-symbols in
Fig. 3-2. High degree of mutual coherence between the terahertz fields from the two

GaSe OR stages was clearly revealed.
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Fig. 3-2 Terahertz field amplitude after-the-second stage is plotted as a function of

arrival time of the seeding THz pulse. Dot-symbols present the terahertz
output from the second OR stage. Square-symbols represent the first
terahertz time-domain waveform from the first stage, which is scaled for the

easy comparison with output from the second stage.

Figure 3-3 shows the terahertz time-domain waveforms and the spectra at three
different time delays between the two OR stages. In these figures, the signal from the
first stage is presented as black dashed curve and the pulse from the second stage is
displayed with the red dashed-dot line. The superposed THz pulses from both stages
are shown as the blue curve with open squares. By adjusting the time delay, the

terahertz fields from the two OR stages can be superposed constructively or
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destructively. To generate maximum terahertz field, the time delay of the two
terahertz pulses should be adjusted for the best temporal overlap within 0.1 ps in our
study, to yield constructive superposition over the entire spectral components

involved.

In Fig. 3-3(a), the main peak of terahertz field from the second OR stage leads
that from the first stage. However, the trailing part of the THz pulse from the second
stage still overlaps and interferes with the THz field from the first stage. The coherent
superposition nature is more clearly revealed in the frequency domain shown in the
inset of the Fig. 3-3(a). Parts of the terahertz spectral components from the two stages
are constructively added to produce higher spectral power while some spectral regions
superpose destructively to yield lower spectral power. Thus the coherent
superposition with multiple terahertz radiation Sources offers a potential for the
synthesis of terahertz field. In Fig. 3-3(c), the terahertz pulse from the second stage
lags behind that from the first stage in such a-way that the main positive peak from the
second stage overlaps with the negative amplitude of the THz pulse from the first
stage. The destructive superposition yields a spectrum shown in the inset of Fig.
3-3(c). The destructive superposition is caused by out-of-phase mixing of the terahertz
field from the first stage with the optical pump pulse in the second OR stage. The
spectral phase content of the terahertz field can then be imprinted onto the pump pulse.
In other words, when pump pulse in the second OR stage and terahertz field from the
first stage are getting close and partly overlapped in the time domain, the seeding
terahertz field will dominate the three-wave mixing process and lead to the output
terahertz field profile variations. In the case of Fig. 3-3(¢c), the phase difference almost
equals to m in the overlapped region between terahertz field from the first stage and

the pump pulse in the second OR stage. Thus the terahertz field generated by the
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pump pulse in the second OR stage is then superposed with the first THz field to yield

a much weaker terahertz radiation output.

The highest terahertz field amplitude can be obtained by synchronizing the first
and second OR stages to attain constructive superposition of terahertz fields in the
second OR stage. This can be done by seeding terahertz field with the correct phase at
a proper arrival time relative to the optical pump pulse of the second stage. The output
terahertz field possesses the property of the seeding terahertz field but with higher
amplitude. The inset of Fig. 3-3(b) presents the spectra of the terahertz radiation fields
to reveal the amplification nature of terahertz radiation pulse after the coherent

superposition of the two stages.

The terahertz signal measured by, the electro-optical sampling technique could be
affected by the dispersion of the terahertz Signal; the velocity-matching condition
between the terahertz and optical pulses, and non-perfect alignment. The theoretical
simulation of the two OR stages ‘with Eqs. (1)-(3).1s performed in order to remove the
artifacts in the practical experiment. To allow for a straightforward comparison of the
THz spectral profile with the measured data, we assume a non-transform limited
optical pump pulse with a spectral width < 1 THz. The absorption by the optical
phonon mode of GaSe at 0.58 THz was also included in our simulation. The
calculation results corresponding to the three different experimental conditions are
presented in Figs. 3-3(d), 3(e), and 3(f). The simulation results agree well with the
experimental data shown in Figs. 3-3(a), (b) and (c), respectively. This confirms that
the theoretical model used to depict the coherent multi-stage optical rectification

processes in GaSe crystals is satisfactorily accurate.
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Fig.3-3 Terahertz time-domain waveforms and spectra for three different time delay
between the pump pulses of the first and second stages. (a), (b), (¢) represent

the experimental data at time delay 4.6ps, Ops, 1ps, respectively. And (d), (e),
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(f) depict the theoretical simulation results under same time delay condition
corresponding to (a), (b), (c). In (a) and (d), the terahertz pulse from the
second stage leads the signal from the first stage; in (b) and (e), the terahertz
pulses from the first and second stages are overlapped in the time delay; in (c)
and (f), the terahertz pulses from the second stage falls behind that from the

first stage. Inset: corresponding spectra of the terahertz radiation.

3.5 Coherence analysis
The Fig. 3-4 (a), (b) and (c) show the magnitude square coherence (MSC) at
different time delay corresponding to Fig. 3-3 (a), (b) and (c). The results reveal high

coherence between first and second terahertz pulses in the range 0.18~0.82THz.

As the time delay is 4.6ps, coherence is reach:to 0.8; while the two terahertz

pulses are almost overlapped, eoherence-is-as-high-as 0.97; the delay is set at 1ps,

coherence is also at a high level '0.95:-According to these results, by accurately
adjusting the time delay, this technique with such a superior property has the potential
to make us generate intense power of single cycle terahertz pulse. And through
coherent superposition synthesis, it could overcome the limit of walk-off effect from
group velocity mismatching. It is notice that coherence lower down due to optical

phonon absorption around 0.58 THz .
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3.6 Summary

Generation of single-cycle terahertz pulses by multiple optical rectification
stages using GaSe crystals was proposed and experimentally demonstrated. By
properly adjusting the time delay between the pump pulses to the two OR stages, the
terahertz radiation field generated by the second stage can be constructively
superposed to the seeding terahertz field from the first stage. The high coherence
between the two terahertz radiation fields is ensured with coherent optical
rectification process and could be further used to synthesize a desired spectral profile

of output coherent THz radiation.
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Chapter 4

The absorption effect of free carriers in terahertz

range and the optimization of terahertz light sources

4.1 Two photon absorption effect

The nonlinear absorption in GaSe crystal has been well known, and this effect has
significant influences in terahertz field generation process. For the higher intensity
near infrared pulse pumping, the free carriers could be generated via two photon
absorption. The terahertz field could be attenuated by the absorption of free carriers
while propagating inside the crystal. Theeffect of absorption of free carriers decreases
the terahertz power severely. The nonlinear-absorption of terahertz could be measured

by the arrangement of experiment setup
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Fig.4-1 Experimental setup. This afrangement could be used to measure nonlinear

absorption in THz range:

To access the free carriers aBsorption effect at terahertz range, we set the optical
chopper in the experimental setup at a different position from the multi-stage
experiment such that only the gating beam and the first terahertz generation stage
could be modulated by the chopper. In such an arrangement, the terahertz field
generated by the second stage could not be detected. The experimental setup is shown
in Fig. 4-1. We measure the peak amplitude of the terahertz field pulse by varied the
optical pump pulse intensity of the second optical rectification stage. The result is
shown in Fig. 4-2. Figure 4-2 reveals the measures terahertz field pulse decrease when
the optical pump pulse intensity in great than 2 GW/cm”. The decreasing terahertz
field must be caused by free carrier absorption when terahertz pulse and pump pulse

co-propagate in the second GaSe crystal.
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Fig.4-3 Fitting of the experimental data for linear and nonlinear absorption coefficient

of GaSe crystal pumped by 800 nm optical pulses.

The absorption coefficients “of the optical pump at 800nm in GaSe by linear
absorption and nonlinear two-photon absorption are calculated to be o=1.44 cm™ and
B=1.48x10""" cm/W, respectively. The results are shown in Fig. 4-3.

From the measurement, we fit the experimental data for the absorption coefficient.
According the fitting result, we could estimate the number density of free carriers N

in GaSe crystal by the [1][2][3]

F F
N=[—la+f—F"=F), (1)
o P e
Here F =F,(1-R), F, is the energy density of the optical excitation, and the

photon energy for optical pump (A4 =800nm), #hw=1.55eV , the optical Fresnel

loss at 800nm is 0.23, the pump pulse with pulse width full width half maximum is
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T, =Tewuw /2¥In2 . In our experimental condition, under the energy density

F,=10GW /cm’® , the number density of electron-hole pairs are estimated to be

N =1.5x10"cm™.
The absorption of terahertz field pulse by the free carriers generated via two

photon absorption in GaSe at high optical excitation level could be calculated by

|
T == exp(-tryy ) 2)

0

Where |, and | express the terahertz intensity before and after the GaSe
crystal under the experiment. d is the crystal thickness, and o, denote the
absorption coefficient at terahertz frequency, which is defined as

Uiz 1 = O N - 3)

Here the N is the free carrier density under experimental condition and o,

denotes the absorption cross-section of ‘GaSe-at terahertz frequency in the presence of
free carrier effect. We could determie the absorption cross section o, by fitting the
measured data to Eq. (1)-(3), and the results are presented in Fig. 4-4. The fitting

result of o, lies in the range of (1.3-5.9)x10™"7 cm?.
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Fig.4-4. Fitting of the experimental data for the absorption coefficient oy, s at

terahertz frequency in GaSe crystal due to.free carriers.

4.2 Pump power and absorption dependence of the THz

wave output

Next we study the power dependence of the terahertz field pulse. In this
experiment, we block the pump beam at first stage so that the first stage will not
generate terahertz field signal. And we make the terahertz generated via optical
rectification only in second stage. Also we rearrange the optical chopper to modulate
the second pump beam and gating beam simultaneously. Fig. 4-5 shows the main peak
of terahertz field radiation output from the second optical rectification stage without

the terahertz from the first stage as a function of optical pump intensity.
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Fig.4-5 Peak field amplitudes of the tetahertz pulse at the output of the second OR
stage are plotted as a function of-pumpuintensity. Red and blue curves are
theoretical predictions without and with' the' free-carrier absorption taken

into account.

At low intensity which is below the 2 GW/cm?, the main peak of terahertz is
almost linear dependent on optical pump intensity, in other words, the terahertz is
proportional to square of the optical pump field. This physical phenomenon is
agreement with theory of nonlinear theory of three wave mixing. As the optical pump
intensity increasing, the peak of terahertz field reveals a slightly nonlinear dependent
trend. When the optical pump intensity is above 2 GW/cm?, a sub-linear dependence
is found. This trend of curve due to the absorption of terahertz radiation by the free
carriers generated via two photon absorption by the pump pulses at 800nm. When the
optical pump pulse intensity is getting much higher, saturation of terahertz field could
be seen. The contribution of this physical mechanism is two-photon absorption. The
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loss of the optical pump pulse energy due to two photon absorption and absorption of
terahertz field by the free carriers generated by the two photon absorption can limit
the achievable level of terahertz power.

Also we model the optical rectification generated terahertz radiation with Egs.
(1)-(3). The calculation results are re-scaled properly in order to compare with the
experimental data. The red curve in Fig. 4-5 reveals the terahertz output by taking into
account the linear optical absorption effect only. The terahertz output increases
significantly with the optical pump intensity. The terahertz is almost proportional to
the square of optical pump field. Next, we use the parameter of fitting result in
previous section, and take free carrier generation from both the linear and nonlinear
two photon absorption into account in calculation. The result is also presented in blue
curve in Fig. 4-5. The terahertz. output saturates at high pump intensity. The
calculation result is agreeing =well with the experimental data. The free carrier
absorption effect limit the terahertz uppei-level.and limit the pump intensity at higher
pumping level.

Power saturation of the terahertz radiation from GaSe crystal at high pumping
level had also been reported and was attributed to two-photon absorption of the
optical excitation beam. The limitation on terahertz radiation output by two-photon
absorption can be avoided with lower excitation level by using larger beam size. The
generation of high power terahertz radiation is therefore limited only by the finite
interaction length of nonlinear optical process used.

To avoid the absorption effect of free carriers in terahertz generated via optical
rectification, a possible solution for this problem is lowering the two photon
absorption cross section, in other words, using other crystals. The others methods to

obtain intense terahertz pulses using electro-optic crystal are based on reduction of
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absorption by lowering the temperature of the crystal or change the shape of pump

field pulse.

4.3 Significant factor: conversion efficiency

In three wave mixing of nonlinear theory, the terahertz power is proportional to
optical pump intensity in the limit of zero absorption. In practical case, in the higher
optical intensity, the absorption of free carrier decreases the terahertz power and
lowers the nonlinear conversion efficiency severely. For the higher conversion
efficiency, we need a longer crystal, in other words, the effective interaction distance.

The interaction length of crystal is another dominated parameter of conversion
efficiency. However, improving the generation efficiency of terahertz field pulse with
increasing crystal length encounters some difficulties. First, it is very difficult to grow
long GaSe crystals with good optical quality.{4][5]. Second, the pulse walk off effect
between optical pump pulse and terahertz pulse:form the group velocity mismatching
limits the effective interaction length insthesnonlinear process. This effect dominates

the useful length of GaSe crystal.

4.4 Simulation results

In order to obtain higher power terahertz pulse, we need to do is optimizing the
terahertz generation system and parameters in optical rectification process.

Here, we choose changing optical pump shape as the way to solve this problem.
And to obtain a higher terahertz pulse power and maximum conversion efficiency, the
beam diameter around 7-mm which is the maximum aperture of crystal is set. Our
laser source, the Spitfire, in photon factory (NCTU), could be operated under 10Hz

repetition rate, at 800nm central wavelength, pulse duration about 50fs. The laser
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pulse energy could be as high as 15 mJ. We take 5 mJ for single stage as pumping
source. We demonstrate the total terahertz energy and conversion efficiency by
numerical simulation. The crystal length, linear absorption and nonlinear absorption
of free carriers are included.

Figure 4-6(a), (b), (c) and (d) show the conversion efficiency and total terahertz
energy versus optical pump intensity in different pulse width. Numerical simulation
shows the pulse width and effective length could dominate terahertz pulse output
energy. The competition between generation and absorption, including linear and
nonlinear, yields the conversion efficiency variation. Typically, conversion efficiency
lies in the range of 10°~10™[6][7]. This value is well agreement with other group.
From Figs. 4-6(a), (b), (c) and (d), we could observe that as the pump intensity
increasing the conversion efficiency grows high and the narrower pulse width leads to
a better result. Unfortunately, the crystal threshold damage is around 20~30 GW/cm?,
the maximum single cycle terahertz field-pulsesis also with a upper limited threshold,

according to the chemical bonding of crystal.
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conversion efficiency

conversion efficiency

Fig.4-6 (a), (b), (c), (d) show the conversion efficiency and THz energy v.s pump

pulse energy (uJ)
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With our laser system, the optimized condition in single cycle is that pulse width
equals to 193 fs, with 407 um crystal propagation distance, below damage threshold

> The Fig. 4-7 shows the optimize

corresponding intensity about 25 GW/cm
simulation result. Around the threshold damage, the conversion efficiency is 6.2x10”

and corresponding THz energy is about 133.6 nJ. This result shows the potential of

coherent cascaded superposition could be generate to sub-micro joule.

pulse energy (pJ)
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Fig.4-7 The best condition for THz conversion efficiency.

After the Simulation calculation, a design case is proposed to achieve the

maximum terahertz output form this technique. The schematic is depicted in Fig. 4-8.
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Fig.4-8. The cascaded superposition geometry to generate higher power THz

radiation.

According the results in chapter 3, the high coherence between terahertz field
pulses radiated from each stage, and considering this simple calculation and design,
we predict that the maximum energy output of the terahertz field pulse from the
multiple stage optical rectification system.

The total laser pulse energy is di;/ided tk) 'thr(;e parts for the three-stage optical
rectifications. The pulse duratién is stretch;gd» to 1“9'3; fs, focusing spot size is about
7-mm, and each stage GaSe égystal 1engthﬂs 407 um for each stage. The Fig.4-8
shows the geometry of design -‘c‘ase: It is“assu‘ﬁled the terahertz wave could be
collimated and we neglect diffraction effect.

By accurately adjusting the time delay and making the terahertz radiation

cascaded superposition, the output terahertz pulse energy could be as high as 400.8nJ.

4.5 Summary

We demonstrated the numerical simulations about multi-stage of optical
rectification in GaSe crystals, and conduct a experimentally approach which
generated higher power terahertz pulse radiation. After the coherent superposition of
terahertz electric fields in the time domain, the intense single-cycle terahertz pulse

could be yielded. Therefore, in our prediction, the maximum pulse energy of terahertz
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radiation output by means of the cascaded multiple stage optical rectification is as

high as 400.8 nlJ.
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Chapter 5

Conclusion and future work
5.1 Conclusion

We construct a THz-TDS system and generate single-cycle THz field pulse
based on nonlinear optical rectification via nonlinear optical crystal of GaSe, and
detect through EO-sampling technique. The effective nonlinearity dependence could

be observed by altering the azimuthal angle of GaSe crystal.

Furthermore, the single-cycle terahertz field pulse by multiple stages optical
rectification by use of GaSe crystal’is demonstrated. By adjusting the suitable time
delay between the two terahertz-ficld pulses;/the eutput of terahertz radiation could be

constructively cascaded superposition and'with-higher output power.

The high mutual coherence in therange 0:18~0.82THz between the two terahertz
pulse is also reported. As the time delay is 4.6ps, coherence is reach to 0.8; while the

two terahertz pulses are almost overlapped, coherence is as high as 0.97; and the delay

is set at 1ps, coherence is also high as 0.95. According to this high coherence, this
technique has the potential to generate intense power of terahertz pulse which is not

limited by the pulses walk-off effect from group velocity mismatching.

Besides, we calculate the nonlinear absorption cross section coefficient in the

terahertz frequency range in GaSe crystal, which lies in the range of (1.3 —5.9)x 10"

2
cm .
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Moreover, a simple design case of cascaded multiple stages of optical
rectification is proposed. It is simulated that terahertz energy and conversion
efficiency from the laser source with repetition rate at 10 Hz, central wavelength at
800 nm, 50 fs. The used laser pulse energy could be as high as 15 mJ. From the
numerical simulation, we expect to achieve the sub micro-joule terahertz energy

output from this technique.

5.2 Recommendation and future work

For a better performance of system, it should be enclosed in the dry nitrogen

purged and cooled to reduce the free carrier absorption effect.

Two-photon absorption and nonlinear refraction index could severely limit the
maximum THz conversion efficiency in the OR0or.DFG process. The pump beam will
create free carriers which strongly absorb THz radiation nonlinear refraction index, on
the other hand, which affects the pump-pulse,itself via self-phase modulation and

self —focusing.

It 1s very advantageous to use longer pump wavelength to avoid two photon
absorption effects which are usually strong in semiconductors for near infrared pump
pulse. The cascaded system could be designed as three stages and the total pulse
energy is also divided into three parts for the pumping source. The pulse width is
recommended to stretch to ~193 fs and beam size on crystal surface is around 7-mm,
each stage with the crystal length ~407 um. The maximum conversion efficiency is
about 6.2x10 for each stage below the threshold damage. After cascaded coherent
superposition of optical rectification, in the simulation, the maximum single-cycle

pulse energy of terahertz light source could be up to 400.8 nJ.
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