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The study of terahertz optical parametric
amplification in ¢ -GaSe crystals

Student: Che-Jui Hsu Advisor: Prof. Ci-Ling Pan

Institute of Electro-Optical Engineering
College of Electrical Engineering and Computer Science
National Chiao Tung University

Abstract

Optical constants of pure and 0.2% Er:GaSe in 0.2 — 1.2 THz region are determined by
THz-TDS. The refractive indexes for both crystals are 3.2 and absorption coefficients are
5cm™ and 55cm™, respectively. A phofomr vibration is observed at 0.589 THz for both
crystals. By use of Lorentz — Driide model, the.conductivity can be further calculated from
experimental measurement. The;parameters such as relaxation rate and momentum relaxation
time are also derived. The mobility z =8Tcm* /VS for pure GaSe and u=39cm’ /VS for

Er:GaSe are also proposed.

Femtosecond Laser induced plasma based on the third order nonlinearity is successfully
utilized to construct the THz-TDS. The properties of the THz radiation from this
configuration is characterized by altering the phase difference, the angle of polarization and
intensity between fundamental beam (800nm) and second harmonic beam (400nm). Terahertz
enhancement/amplification is preliminarily performed in our studies. The gain could be as

high as 150% under the phase matching condition around 1THz.
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Chapter 1

Overview of Terahertz Radiation

1.1 Introduction

After the rapid progress in ultrafast lasers and the successes in semiconductor
technology and nonlinear optics, it has leaded the birth of a new area of applied
physics known as optoelectronics or photonics in 1970s. One of the most promising
photonic spectroscopic applications, is the terahertz time-domain spectroscopy

(THz-TDS), is now barely 15 years old.

THE ELECTROMAGNETIC SPECTRUM
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Figure 1-1 : Overview of frequency regions. [1]

1 THz can be presented as: 1 THz=1ps=300um =33 cm™' =4.1 meV =47.6K.
Even though the terahertz (THz) region lies between microwave and infrared regions

is relatively narrow (see Figure 1-1), it is important in condensed matter physics.
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There are as many interesting phenomena falling right to this region, especially the
soft lattice vibrations in dielectrics. The microwave wave region can be accessible via
conventional radiofrequency methods, which cannot be extended as the frequency of
synthesizers is limited. In the infrared region, the optical devices are used, however,
while the frequency is lowered, the brightness of common infrared radiation sources

practically vanishes.

The development and spread of THz sources and receiver advance the THz
time-domain spectroscopy. Table 1-1 is the list of common use of THz emitter and
detector. As the THz spectroscopy is a time-domain method, the pump-probe
experiments can be easily performed. The sample can be excited by the optical pump
beam, which is split from the femtosecond,laser beam the pump beam is perfectly
synchronized with the THz prob& pulse ‘and gating.pulse. During last few years, the
femtosecond optical amplifiers and parametric generators became commercially
available. The regenerative amplified.laser-enabled us to generate a very intense
excitation pulse and the latter to tune ‘the exeitation wavelength. This makes the THz
time-domain spectroscopy very suitable for investigations of ultrafast dynamics on the

subpicosecond time scale.

Table 1-1 : List of THz emitters and detectors and their advantage

Emitter Type Advantage
Free electron laser Highest THz power
Gunn oscillator Generate sub THz
Quantum cascade laser CW, single mode




Differential frequency generation Narrow linewidth
CW possible
Photoconductive antenna High SNR
Semiconductor surfaces Higher THz power
Optical rectification broadband THz spectrum
Detector Type Advantage
Bolometer incoherent radiation, more
sensitivity
Pyroelectric detector incoherent radiation
Photoconductive dipole antenna Higher SNR
Electro-optic crystal broadband THz spectrum

In recent years, THz spectroscopy systems have been applied to a variety of domains,
such as material characterization, image and tomography, biomaterial application. The
ability of THz-TDS to measure both real and imaginary components of the dielectric
function in real time has made it a desired method to study the materials at THz
frequencies. THz spectroscopy in chemistry and biology is another area of studies.
Rotational, bending, and torsion dynamics of molecules can be probed by THz waves.
In addition to the gas phase, the dynamics of molecules in condensed phases can be
studied. Using subpicosecond waves one can study relaxation processes, and high
THz fields can induce interionic motion or molecular orientational motion, changing
the local structure. Imaging is also a very promising field of study and application.

THz radiation can be applied to medical imaging of skin, teeth, etc. Unique biological




resonances are the basis for THz signature imaging employed to identify disease.
Pharmacists can also benefit from THz spectroscopy. Drugs can be differentiated and
identified using THz spectroscopy by different forms of the same compound with

different pharmaceutical activities.

1.2 Terahertz Generation Methods

1.2.1  Generation by Optical rectification

The generation of terahertz by optical rectification method is only possible by pulsed
laser. Optical rectification is the generation of DC polarization by the application of
optical waves in a non-centrosymmetric “medium with large second order

susceptibility 7.

Assume a femtosecond pumping pulse propagates.in z-direction, pulse duration fe

with Gaussian profile.
I() = I,(@) exp(~(r,0)’ [2) (1)

When it propagates through the nonlinear optical crystal, there will be induced

polarization in the crystal
P?(z,0) = 1 (o)l (w)exp(-wz/v,) )
where v, is the group velocity of pump pulse.

By solving nonlinear Maxwell’s equations

1 o*D" 47 0*P?
— __r (3)

VE+—"— -
¢t o > ot



The locally generated terahertz electric field
By (2,0) = 0" 12 (@)zsinc(Mkyy, 22) @)

Then the generated terahertz is integral of local generation.

If these are no momentum mismatch, the output signal follows the intensity envelope
of the pump laser pulse. For example, we use 100 fs pulses as the pump. The

spectrum of the generated pulse peaks around a few terahertz.

Because the ultrafast pulses have large bandwidth, the frequency components are

differentiated with each other and the produced signal have frequency component

1
from 0 to the bandwidth of the pump A®~ - 107Hz | The current record for THz

G

detection is 70THz [2]. Figure 122 illustrates the terahertz radiation generated by

optical rectification.

Laser pulse A w~1/A 1 THz pulse

-

Nonlinear crystal

Figure 1-2 : Illustration of terahertz radiation by optical rectification



1.2.2  Generation by Photoconductive Antenna

Femtosecond laser excites a biased semiconductor with photon energies greater than
its bandgap, will produce electrons and holes at the illumination point in the
conduction and valence bands (Figure 1-3). Owing to fast changing of the density of
the carriers and accelerated by the applied dc bias, electromagnetic field radiating into
free-space. The production of currents with a full-width half-maximum (FWHM) of

1ps (or less) depends on the carrier lifetime in the semiconductor [3].

THz radiated /
1E s

— Bias Voltage

Pump beam

Figure 1-3 : Schematic of PC antenna

The carrier density behavior in time is given by
dn/dt=-n/7, +G(t) 5)

where n is the carrier density and G(t) = n,exp(¢t/At)’ is the generation rate of



carriers due to laser pulse excitation, with A¢ the laser pulse width and ny the
generated carrier density at £ = 0. The generated carriers are accelerated by the bias

field with a velocity rate given by

dve,h /dt - _Ve,h /Trel + (qe,hE) / meﬁ‘,e,h (6)

where v, , are the average velocity of the carrier, ¢,, are the charge of the electron

and hole, r,, is the momentum relaxation time, and E is the local electric field,
which is less than the applied bias E}, because of the screen effect of space charges.

The relation is
E=E,—-P/3¢, (7)

where ¢ 1s the dielectric constant and=P. 1s the polarization induced by the

separation of electrons and holés. The polarization depends on time according to the

expression
dP/dt=-P/zr  +J (8)

where 7, is the recombination time between electrons and holes (7,,.= 10 ps for

LT-GaAs) and J= env;, + (—e)nv, is the current density.

The far-field radiation is given by
E,, ocdJ /0t ocevon/ot+endv/ot (9)

where v = v, — v;,. The transient electromagnetic field Ety, consists of two terms: the
first term describes the carrier density charge effect while the second term describes

the effect of charge acceleration due to the electric field bias.



1.2.3  Generation by laser induced plasma

In 1993, Hamster et al. first observed terahertz emission from laser-induced plasmas.
This is a very novel method of generating terahertz which is emitting from laser
induced plasma based on amplified laser systems. The basic concept of these emitters
is to focus an ultrafast high energy laser pulse in a gaseous medium such as ambient
air. Reaching optical field strengths as high as 5x10" W/ cm” which is enough to

ionize the air and form a plasma in the focal region.

Up to now, there are three different methods to generating terahertz from plasma as

our knowledge:
1. Emission based on ponderomotive force

The mechanism is that the polarization|produced by the free electrons that are
accelerated by the ponderomotive ‘forces associated with the propagating laser pulse,
i.e. due to a spatio-temporal optical intensity gradient within the plasma. In this
method, a rotationally symmetric polarization'is created around the beam propagation
axis, this leads to an emission of terahertz radiation in a diverging cone about the
optical propagation axis. Due to symmetry reasons no net terahertz field radiates

along the optical propagation axis. [4]

Compared to other two methods employing laser-induced, the pulse energy of the

terahertz generated by this method is relatively low.
2. Emission based on external bias fields

This method is applying an external bias field to the plasma region. It can increase the
terahertz radiation strength and to direct it into the forward direction of the optical

propagation axis. The terahertz pulse amplitude scales linearly with the external bias



field. The maximum achievable terahertz pulse energy for a given laser pulse energy

is limited by the maximum external bias field. [5]
3. Emission based on optical second harmonic bias

This method is more efficient than above two, when laser pulses composed of a
superposition of both fundamental and second harmonic spectral components which

are focused into air.

Cook et al. initially attributed the terahertz generation process to four-wave
rectification mediated by the third order nonlinearity of air [6] but later reported
indications for a plasma-driven process [7]. In the four wave rectification process, the
frequencies of the three input beams add to nearly zero (THz frequency) and the
nonlinear polarization in the focal region and respectively the terahertz field

amplitude are given by

ETHz (t) o f)plasma oc ZG)E E* (I)Ea*) ([) COS((D) (10)

20w

Where y¥(Q:20+Q,-o,-o) is the third order susceptibility, E, and E,, is

the electric field of fundamental wave and the second harmonic wave, respectively.
@ =k, Al is the phase difference between the fundamental and second harmonic

beams, k,, is the wave vector of the second harmonic beam and A/ is the path
difference between the fundamental wave and the second harmonic wave along the

beam propagation direction.

1.3 Terahertz Detection Methods

1.3.1 Detection by Photoconductive Antenna



In 1984, Auston first generated and detected the THz pulses by photoconductive
antennas [8]. In photoconductive antennas detection the antenna is gated with a
femtosecond pulse. The gating pulse creates carriers and the terahertz pulse provides
the bias field to create a detectable current in the detection antenna. The output
polarity is sensitive to the direction of the field. The output is typically connected to a
computer via a lock-in amplifier so that when the delay of the gate pulse is scanned
over a several picoseconds region the electric field of the terahertz pulse is mapped
out on the screen. For several years it was thought that the length of the optical gating
pulse and the decay rate of the semiconductor were crucial to the detector
responsitivity and time resolution. It was therefore assumed that no advantage could
be gained from using shorter gating pulses, as the carrier lifetime of the carriers would
always determine the response time of the detector. This in turn would therefore limit
the detection capability of a typical 'GaAs phetoconductive antenna to low

frequencies.

1.3.2  Detection by Electric Optical Sampling

In 1995, the free space electric optical sampling (FEOS) detection scheme was first
introduced by the groups of X.-C. Zhang. [9] This method has widely used and
allowed for coherent detection of the temporal evolution of the electric field in the

ultrashort transients.

10



AT
Balanced detector P /) A

Wallaston prism

Probe beam

A /4 plate

) <110>ZnTe

THz Beam

Figure 1-4 : The scheme of EO sampling setup

Figure 1-4 is the schematic of FEOS setup, it consists of EO crystal, quarter wave

plate (or compensator), wallaston prism, balanced detector.

First, when there is no terahertz field present, the optical probe beam will not be
affected by the EO crystal, then by rotating the angle of quarter wave plate, to make
the polarization become circularly. This circularly polarized beam will be split into
two orthogonal polarization components (s- and p-polarization) with equal intensity.
The balanced detector measures the intensity difference between these two
components, the value is zero. When terahertz meet the EO crystal, the electric field
of a teraherz pulse will induce a small birefringence in an EO crystal through Pockels
effect. Passing through such crystal, the initially linearly polarized optical probe beam
will change into elliptical polarization. This ellipticity is proportional to the electric
field which applied to the crystal. Then the elliptical polarization probe beam will be
split into two orthogonal polarization parts by wallaston prism. The difference can be

detected by balanced detector, terahertz amplitude is proportional to the signal. In

11



general, the duration of terahertz pulse is several picosecond (or subpicosecond) much
longer than the laser pulse (femtosecond order), the terahertz field can be
approximately treated as a dc bias field. Thus, by scanning the delay between

terahertz and probe beam the whole terahertz time domain profile can be figured out.

The balanced detection signal for an EOS crystal such as <110> ZnTe can be
calculated. ZnTe is a very common EO crystal used in terahertz EO sampling. It

belongs to zinc-blende structure with 43m point group symmetry, the only nonzero

coefficient of the electro tensor is y,,.

_ 0 0
0 0
0 0
7, = (1)
Yo O 0
0 7, O
L 0 0 Var
Ya=39pm/V

Here describe the angle y dependence of the signal in EO sampling with (110) ZnTe.
When an arbitrary electric field E:(Ex,E ,»E.) propagate along the (110) axis is

applied to the EO crystal, in the crystal axes coordinate system (X, y, z), the refractive
index ellispsoid can be written as

2 2

2
X ry+z 2+Z +2741Exyz+2741Eyzx+27/41E2xy=1 (12)

n

o

After rotating the (x, y, z) coordinate system around the z axis by 45°, the equation

(12) becomes:

12



(110) ZnTe

7(001) ,Z

Figure 1-5 : Angles of the THz wave and probe beam polarization directions

I 1 , 1 , I 1 =] - | , 1 Ny
— (G2 N2 + = (SN2 N2 = RDE 1, (- 2) +-2))z

n, 2 2 n, 2 2 n, 2 2

| 1 1 1 (13)
/ " ! 12 2

And E =-E

12 1 2 1 2,2 (A

n() n() n()

Then the (x, y, z ) coordinate system is rotated around the x’ axis by 6 :

x' :xﬂ

y'=y"cosf—z"sin@ (15)

z'=y"sinf+z"cosH
The components of the electric field are expressed in terms of the angle a (the angle

13



of the THz beam polarization with respect to the (001) axis) shown in Figure 1-5.

E =FE, cosa

E =ETHZ?sina (16)

With these definitions and some calculations, the index ellipsoid of Eq. (14) becomes:

1 .
x" (i2 +E,, 1, cosa)+ " {5 —Ep.rlcosa sin® @+ cos(a +20)]}
n n

o o 17)
1 (
+2"{— = Ep, 1y, [cos acos® O—cos(a+26)]} =1
And
20 =—tan'(2tana) —nx
(18)

1 1
n——yr<a<(n+—)r,n=0,1..:
( 2) ( 2)

By setting x"=0 (y"z" plane), then solve the equation, we can get two eigenvalues.

A, = LZ — ¥4 Ep[cosasin® O+ cos(a + 26)] (19)
n

0

The refractive indices for visible-near IR light propagating along the x”

direction are:

3
n.(a)~n + L E. 1 [cosasin® @+cos(c+26)]
) 0T, Fmela

3 (20)
n.(a)~n + ”_20 E,, 1, [cos acos’ 8—cos(a +26)]

The intensity detected by balance detector can be expressed as:
. .
Al(er,p) =1, sin[2(p—0)] Sln{; [n, ()=n_(2)]L}

3
— I a)noETHz’/zllL

, (cosasin2@+2sin o cos2p) (21)

2c

14



where L is crystal length, ¢ is the angle of the probe beam polarization with respect to

the (001) axis shown in Figure 1-5.

The optimum signal can be realized at the Ilargest phase retardation if

a+20=nm,n=0,£1,£2... which means terahertz beam should be parallel or

perpendicular to probe beam to get maximum detected signal.

1.4 Laser System Used

Figure 1-6 is the laser setup which is consisted of a Spectra-Physics Millennia V
diode-pumped laser that generates 5W of green light that pumps a Tsunami
Titanium-doped sapphire laser with output of ‘approximately 35 fs pulses at 800nm.

The pulse repetition rate is 82 MHz and the output power is up to 500 mW.

800 nm, 50 fs, 2mJ
g9
h =
3
Z
Ti:Sapphire Regenerative amplifier Q
(Spitfire, Spectra-Physics)
I Millennia V I Ti:Sapphire laser 800 nm, 35fs,
(Tsunami, Spectra-Physics) 500mW

Figure 1-6 : The scheme of femtosecond laser system

The Ti:Sapphire beam is then directed into the Spitfire Ti:Sapphire regenerative
amplifier system as the seeder. The pump beam for the amplification process in the

Spitfire is Spectra-Physics Empower, a frequency doubled diode-pumped Nd:YLF

15



laser (527nm). The Spitfire amplifies the original seed pulses by a million times from
3nJ of energy per pulse to 2mJ per pulse, repetition rate 1KHz, or generates 20mJ

pulse energy at repetition rate of 10Hz. Table 1-2 is the description of Tsunami and

Spitfire.
Table 1-2 : The description of Tsunami and Spitfire
Laser Tsunami Spitfire
Repetition rate 82MHz 1KHz 10Hz
Wavelength 800nm 800nm 800nm
Pulse duration 351s 501fs 50fs
Pulse energy 6nJ 2m] 20mJ

1.5 The Characteristics of THz Generated by Laser

Induced Plasma by Four Wave Mixing

With the coming of the amplified laser system, one can easily reach pulse energy
sufficient to ionize atoms and molecule in ambient air in the focused beam. If it is in
an ambient air at 1 atm pressure, a plasma can be generated with a length of a few

millimeter and a diameter of up to 100 xm can be produced by a 1 kHz Ti:Sapphire

amplified laser system with pulse energies in the few hundreds of micro-joule regime.

16



100 pm-thick BBO

Lens, f=20cm

Figure 1-7 : Schematic of the laser induced plasma setup used for THz generation

Following the approach of Cook et al.[10], we construct a setup of terahertz time
domain spectroscopy system with lasersinduced plasma to generate terahertz. Figure
1-7 is the illustration of terahertz generation setup; we employed 1kHz Ti:sapphire
laser system (Spitfire) at 800nm with maximum pulse energy of 2mJ, pulse duration
50fs. We focus the pluses through a'100zmthick type-I S -barium borate (BBO)
crystal with a lens (f=20¢m ), which has‘been phase matched for second harmonic
generation (SHG), placed at an adjustable distance from the focus point. The
generated terahertz is detected by free space EO sampling with 1mm thick ZnTe
crystal. The terahertz time domain electric field is shown in Figure 1-8, and its

corresponding frequency domain spectrum is depicted in the inset.
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Figure 1-8 : The THz time domain waveform inset: its corresponding frequency domain

First, we rotate the BBO crystal-against the-beam axis which means varying the angle
between fundamental beam (@) and second-harmonic beam (2w ). But during the
experiment we found that there was terahertz which generated from the BBO crystal.
By use of a teflon to block the laser beam behind BBO, we can measure the terahertz
radiation from the BBO crystal, see Figure 1-9. The solid line is theoretically
expected sin*(a) of the SHG efficiency. The terahertz generated from BBO was
identified as optical rectification of fundamental beam. The terahertz radiation from
BBO reach maximum when SHG efficiency is zero. Figure 1-10 show the terahertz
signal generated by four wave mixing that is numerically subtracted the signal
generated by BBO because the THz signal from BBO will overlap the signal from
plasma. We can see that the maximum signal is at the angle +40 to the maximum

SHG efficiency (45 and 225°)
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Figure 1-10 : Terahertz radiation from plasma versus the azimuthal angle of BBO
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Four wave mixing predicts that the generated THz signal is proportional to the third
order nonlinearity, electric field of second harmonic wave, the square of electric field

of fundamental wave and their relative phase ¢.

Ep,. < yV'E, E, sin(p) (22)

20w

We can change the phase by varying the distance d between BBO and the focus point.

The phase shift ¢

2n, —n od
(0:( 2w w)

C

(23)

where n,, and n, are the refractive index of air at frequency @ and 2w.

Figure 1-11 shows that terahertz amplitude is varied by adjusting the distance from
BBO to focus point. The moving'range only ffrom 4.9 to 6.3 cm 1is due to the damage
threshold of BBO and its dimension area. The pump beam size is larger than BBO
dimension area when the distance is_larger-than'6.4cm, and close to the damage

threshold of BBO crystal when the distance less than 4.9 cm .

—m=—measured
0.004 —fit

0.000

THz amplitude[a.u.]

-0.004

BBO to focus distance[cm]

Figure 1-11 : THz amplitude versus the distance from BBO to focus point
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The blue-solid line is the theoretical fitting. Changing the distance d is not only
altering the relative phase but also changing the SHG efficiency and the beam spot

size on the BBO crystal. The SHG power conversion efficiency [11] is defined as

1
Mg = tanh’ (5 k4,(0)z) (24)
o 3/2
where « = (—j 2 [&j d 1is the phase mismatch. And we can derive that

n &,

E,,. ocsin ((p) tanh(é) (25)
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Figure 1-12 : THz amplitude versus laser pulse energy

We measured the THz signal intensity with varying the laser pulse energy before the
BBO crystal, The results are shown in Figure 1-12, while the BBO angle was set at

185" and the distance d =4.7cm.

Using the relation
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E,, cE.ocl, (26)

Eq. (22) has quadratic dependence

Epy, o€ /1’(3)15; (27)

The pulse energy below 300 xJ can be fitted well with Eq. (27), but the THz signal
falls below the fitted quadratic curve in the higher pulse energies portion. It may be
likely due to the defocusing of the laser beam by the plasma and reduces the effective
peak intensity. In addition, at larger plasma volumes, phase mismatch and THz

absorption effects are more likely to become significant. [12]
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Chapter 2
Optical constant of e-GaSe crystal

in THz regime

2.1 Introduction to GaSe

2.1.1 GaSe properties

Gallium selenide (GaSe) is a semiconductor belongs to the III-VI layered
semiconductor family like GaS and InSe, which has relatively large direct band gap of
about 2.0eV at room temperature. There;are-four:polytypes of GaSe (B-, y-, - and
e-type) classed by the package type of separate layers'and their amount in the unit cell.
The methods of growing e=GaSe crystal are’ mainly the Czochralski and
Bridgman-Stockbarger methods. Gas transport reactions also yield the € polytype with
a large number of stacking faults. Needle crystals of y, & and € polytypes are formed

by vacuum sublimation.

Figure 2-1 shows the structure of e-GaSe, and atomic configuration of e-GaSe layers.

The £-GaSe consists of two layers and crystallizes with the space group D;,, 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
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electrical properties.

Figure 2-1 #Thelatomic configuration of e-GaSe

It is highly transparent in the infrared region between the wavelengths 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.

Due to its relatively large band gap energy of 2.0el, therefore impurity doping in
GaSe has been investigated with a large amount of interest because of possible
technical applications for photoelectric devices in the visible region. The electric and
optical properties of GaSe doped with elements of groups I, I, IV, and VII have been

reported by many researchers. [1]

For practical application of nonlinear optics, the crystals should have some properties.
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Such as low scattering loss, large birefringence and nonlinear coefficient, wide

transparency range, low absorption coefficient and mechanical strength. Few crystals

have above properties, LiNbO,, KDP, AgGaSe, are often used, Table 2-1 is the

properties of these crystals [2].

Table 2-1 : Properties of some common used crystals, GaSe, LiNbO3 ,KDP,

ZnGeP,, AgGaSe,

(um)

Crystals GaSe LiNbO, KDP ZnGeP, AgGaSe,
Nonlinear d22 =63 d33 =252 d36 =0.7 d36 =70 d36 =43
coefficient(pm/ V)
Absorption 0.45 0:0042] ¢ 0.058 Lc¢ 1.52 0.012-0.2
coefficient (cm™
( ) 0:002871L ¢ 0.006|| ¢
Refractive index  n, 291 2.23 1.49 3.22 2.70
(at 1.064 um) n, 2.57 2.14 1.48 3.26 2.68
Transparency range 0.62~18 0.4~5.5 0.176~1.4 | 0.74~12 0.76~17

Among these nonlinear optical crystals, GaSe has a wide transparency range from a

wavelength of 0.62 to 18 um with low optical absorption coefficient lower than

lem™. The &-GaSe is a negative uniaxial crystal (n,<n,, n
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refractive indices in the ordinary and extraordinary direction). It has high nonlinear
optical coefficients among the top five birefringent crystals. Due to its large
birefringence, it can satisfy phase matching (PM) conditions for optical configurations
within the nonlinear optical crystals. Incoherent parametric generation tunable in the
range of 3.5-18 wm in GaSe (type-I PM) was obtained by using actively
mode-locked Er:YAG laser as a pump source[3]. Besides, there are a number of
reports about using difference frequency generation (DFG) to achieve widely tunable
and coherent mid-IR for GaSe. Recently, numerous papers reported on terahertz
generation from GaSe, because it has lowest absorption coefficients in the THz

wavelength region, see Figure 2-2.

—h - — —
= = [=] =
= = ™

=%

Absorption Coefficient {l:m'1]
=

Y
=
¥a

0 150 300 450 600 750 900 1050
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Figure 2-2 : Absorption spectra for e-ray in GaSe, CdSe, GaP, GaAs, LiTaO,, LINbO; based on

reference 4
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Consequently, GaSe has the largest figure of merit (d;

/ n’a’) for the THz generation,

which is several orders of magnitude larger than that for bulk LiNbO; at 1 THz. An
efficient and coherent high power THz wave tunable in the two extremely wide ranges

of 2.7-38.4 and 58.2-3540 um, with typical linewidths of 6000 MHz, has been

achieved by Ding’s group for the first time. [5]

2.1.2 The growth of GaSe

The GaSe crystals are grown and provided by Prof. Chen-Shiung Chang’s group in
NCTU. GaSe crystals were grown by a vertical Bridgman method, this method is

good for growing single crystal ingots.

This method involves heating polycrystalline material in a container above its melting
point and slowly cooling it from one end where a seed crystal is located. Single
crystal material is progressively formed along the'length of the container. The process

can be carried out in a horizontal or vertical geometry.

It is a popular method of producing certain semiconductor crystals, such as gallium

selenide and gallium arsenide where the Czochralski process is more difficult.
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Figure 2-3 : The cleaved surface of GaSe

2.2 Analysis method

2.2.1 Analysis Method of OptlcaLl(Joﬂstant from THz-TDS

] =]
- -

As shown in Figure 2-4, the;_;t'ransmi't‘géd' te;éﬁert’zi pulses propagate through the

reference and sample. If the sample131 thick éhqﬁgh, we can have a relatively clear

LR

separation in time between the main transmitted terahertz signal and the first refection

signal which enable us to analyze the data on the main pulse only.

sample

»

g

A\

A/

Figure 2-4 : Schematic of multi-reflection structure of sample
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Es(a)
Er(a)

: = JP.(v,d)/P.(v,d) exp(ip())

(n —l)a)d)

= ;as ;Sa eXp(i

where E,(w)and E,(w) are Fourier transform of E,(f) and E,(f), respectively.
P(v,d) and P.(v,d) are the power transmittance for sample and reference.
n=n—ix isthe complex refractive index.

The refractive index n(v) can be determined by the phase difference:
n(v)=1+cA¢/2zvd (1)
and the absorption coefficient can be«calculated by the transmittance:
a(v)=-(1/d)In[n-P.(v,d)/P.(Vyd)] 2)
77 is the Fresnel reflection loss correcting factor due to the two sample/air interfaces.

These approximation experiments enabled the quite accurate determination of the

refraction index 7(v) and absorption coefficient a(v) of the sample crystal.

To analyze experimental data, one usually takes a model dielectric function which is
the combination of one Drude peak and various Lorentz oscillators. Drude model can
describe the free-carriers, and bound carriers can be described from the Lorentz model.

Using the Drude-Lorentz model for the dielectric response analysis, we can extract

parameters from the THz-TDS measured data, such as plasma frequency @,, the

average momentum relaxation time<T> , and the mobility # . The theoretical treatment

1s as follows:

The total complex dielectric function, consisted of bound electrons, optical phonons,
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and conduction band electrons in the terahertz region is given by [6]:
g(w)=(n—ix)’

J S @50, w’ 3)
=&(0) + Z 2 - 2TOJ .
=t @ro, ~

where the summation is over the lattice oscillators with the strength S ; the resonance
transverse optical phonon @ro, ; the phonon relaxation rateI’;, and the average
momentum relaxation time for carrier <T> The static dielectric constant 1is

e =5oo+z jS ; » €, denotes the valance electron contribution to the high

frequency dielectric function.

From the Drude model approximation [6], the complex conductivity can be expressed

as follows:

~

£(@) = (n—iK)’ =a(oo>+;i @)

80
The complex conductivity can be presented as follows:
o(w) =0, (w)+ic (o) (5)

Substituting Eq. (5) to Eq. (4), the real part and imaginary part of the conductivity can

be derived as follows:

o, (w) = 2nkwe, (6)

0,(0) = £,0(&(0) —n +&7) (7)
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From Eq. (3) and Eq. (4), the complex conductivity can be described as follows:

~ 8
o(w)=0, (v)+ioc,(o) ®)
ig0, d Sja)ﬁo/_
= 1 lwé, 2 2 .
w+i(7) A O, —” =il 0

The phonon resonance effect is also considered in Eq. (8). The measured real and
imaginary part of the complex conductivity can be theoretical fitted by the following
parameters: plasma frequency; the average momentum relaxation time, and the optical

phonon frequency.

Furthermore, with average momentum relaxation time, we can calculate mobility can

be expressed as follows:

_elr) o

2.2.2 Lorentz Model and simple Drude Model

Lorentz model

The simplest model to describe the response of the medium to an electromagnetic
field is the Lorentz model. In that model we consider an electron of mass m with
charge e which bound to the nucleus in a similar way a small mass can be bounded

to a large one:

d*r
m

dt

D | pr d:z(t ) ¢ ma, 7 (1) =—eE(2) (10)
t

To solve the differential equation, first, we can take Fourier transform of Eq. (10)

(—ma)2 —ioml + mawy] )?(a)) = —eE(w) (11)

Then we can get
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H(w)=——+ . (12)

The induced dipole moment is defined as
p(o) = —er(w) (13)

If there are N atoms in the unit volume, then the net dipole moment per unit volume

1s:

_ 1 _
P@) =73 pi(@)=N(p(@)) (14)
P(w) _ Né’ 1
Hoy= LD e 1
&E(@) ema; -0 —-il'ow
) (15)
o} -’ —iTw
Here we set plasma frequency
2
o, = | (16)
Egm
The dielectric function is
0)2
(o) =1+—F—F— (17)

o} -’ —iTw

Simple Drude model

If we set @, =0, means that no electrons are bounded , i.e. free electron, Eq. (10)

becomes
d*r(t) dr(t) =
+mlC =—eE(t 18
m—o—tml— eE(1) (18)

This is the well known Drude model used to describe the low frequency response of

metals.

The solution of Eq. (18) is
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- eE(w)
m(eo” +il o)

The complex conductivity can then be derive

2 . . 2
Ne 0] L&y,

m @ +iol B a)+l‘<r>_l

o(w) =

2.3 Experimental setup

(19)

(20)

1)

(22)

We use mode-locked femtosecond Ti:sapphire laser (Spectra Physics Tsunami) as our

light source. Figure 2-5 is the schematic-of setup. The laser output is split into two

beams, one is the pump beam; anhother one is-th¢ probe beam. The pump beam is

focused on the emitter by an objective lens, a low-temperature grown Gallium

arsenide (LT-GaAs) photoconductive dipole antenna is utilized. The generated THz

pulses are collimated by gold-coated parabolic mirrors onto the sample. The

transmitted pulses from the sample are focused by another parabolic gold mirror onto

the THz detector, which is also a photoconductive antenna. The Ti:sapphire laser

probe pulse that impinged on the LT-GaAs generates charge carriers and effectively

turns the antenna on for a short time interval. The electrical signal of antenna detector

is connected to a lock-in amplifier in order to increase the signal/noise ratio (SNR).

34



THz-TDS With dry nitrogen purge RH<5%

Emitter

Figure 2-5 : The experimental setup of the PC antenna based THz-TDS

2.4 Experimental Results

2.4.1 Raman spectroscopy.1" =

system [7]. The Raman spectré;_.yver,_e___,;-:é):cclﬁ_d- by using the 514.5 nm line from an

The Raman scattering measurer_'flénts were petformed-by a Jobin-Yvon U1000 Raman
Argon-ion laser with a notch filter to filter out the Rayleigh scattering of the laser.

Raman signals were collected by the double-grating spectrometer and detected by a

LN, cooled charge coupled device (CCD).
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Figure 2-6 : Raman spéctra of pure GaSe; 0.2% Er:GaSe, 0.5% Er:GaSe

The measured Raman spectra data areishowed in Figure 2-6. There are phonon
frequencies at 78cm ™', 115.3cm™", 133.0cm™, 211.5cm™, 306.6cm™, for pure GaSe,
0.2% Er:GaSe and 0.5% Er:GaSe. These are coincidence with the report [1], except
78cm™ . The low frequency band 19cm™, 60cm™ in reference 1 were not observed
because of the noise background of laser. At 115.3cm™', 0.2% Er:GaSe has higher

Raman intensity, it may be due to the better crystalline. The splitting peaks at

112.5¢cm ™" and 117.2 cm™ for 0.5% Er:GaSe, it may be likely due to the defects in the

crystal.

2.4.2 Optical Constants in THz Region

One of the reference THz waveform is shown in Figure 2-7. The nitrogen is
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continuously infusing to THz-TDS system to reduce water vapor absorption of THz
radiation. The inset of Figure 2-7 is the frequency spectrum of the measured THz
radiation. The signal to noise ratio (SNR) is about 1000000:1, and the absorption lines
of water vapor at 0.557, 0.752, 0.988, 1.097, 1.113, 1.163, 1.208, 1.229 and 1.411

THz [7] are not existed.

We prepare two kinds of samples, pure GaSe and 0.2% Er:GaSe. The thickness of

pure GaSe is about 669 um , 0.2% Er:GaSe is about 663 um .
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Figure 2-7 : The terahertz time domain waveform. Inset: The corresponding frequency spectrum

All the data are performed on the main pulse. Using the method in chapter 2.2.2, the
real and imaginary parts of refractive index are shown in Figure 2-8 and Figure 2-9.

The refractive index is approximately 3.2. A strong absorption peak is clearly

37



indicated at 0.589 THz. It can be attributed to an interlayer vibration of GaSe with
E’-type symmetry. The presence of the low-frequency sharp peak of “rigid layer
mode” at 19 cm™ indicates the pure GaSe crystal to be in e-phase. It is also clearly
shown in the absorption spectrum, see Figure 2-10. The absorption coefficient of pure
GaSe is below 10cm™" from 0.2 to 1 THz. For 0.2% Er:GaSe, the average absorption

coefficient is 55¢m™ from 0.2 to 1 THz.

Using Lorentz-Drude model we can extract some parameters from the complex
conductivity, such as plasma frequency; the average momentum relaxation time and
the optical phonon frequency. The real part of conductivity of pure GaSe and 0.2%

Er:GaSe is shown in Figure 2-11.

The measured and theoretical fitting of the imaginary part of complex conductivity is

shown in Figure 2-12 and Figur¢ 2-13.
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Figure 2-8 : The real part of refractive index of pure GaSe and 0.2% Er:GaSe
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Figure 2-9 : The imaginary part of refractive index of pure GaSe and 0.2% Er:GaSe
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Figure 2-10 : The absorption coefficient of pure GaSe and 0.2% Er:GaSe
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Figure 2-11 : The real part of conductivity of pure GaSe and 0.2% Er:GaSe

The measured real and imaginaty part of the complex conductivity can be theoretical
fitted by the following parameters: .plasma  frequency; the average momentum

relaxation time, and the optical phonon frequency. The parameters obtained from

fitting the measured experimental data are listed in Table 2-1.

Table 2-2 : Fitting parameters

Pure GaSe 0.2% Er:GaSe
Phonon 0.589 THz 0.589 THz
frequency oo
Plasma 1.5 THz 22.05THz
frequency op
Momentum
relaxation time 23 fs 10 fs
<>
Phonon 0.003 THz 0.0075 THz
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relaxation rate I';

Oscillator 0.06 0.085
strength S;

15
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10p — fitting curve
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Figure 2-12 : The imaginary part of conductivity of pure.GaSe and its theoretical fitting
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Figure 2-13 : The imaginary part of conductivity of 0.2% Er:GaSe and its theoretical fitting

The mobility can be calculated by Eq. (9) where effective mass m*=0.73 m,[10] and
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m,=9.1x10""kg . Therefore, the mobility of the pure GaSe is derived as

u=8lem*[Vs, for 0.2% Er:GaSe x=39cm?/Vs. The mobility measured by Hall

measurement is 4 = 56.76cm2/Vs and x=34.073 cmz/Vs . [8]
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Chapter 3
Study of Optical Parametric

Amplification in Terahertz

3.1 Introduction to Optical Parametric Amplification

The field of nonlinear optics was initiated shortly after the demonstration of the laser
with the experiment of second harmonic generation by Franken and colleagues in
1961. Due to the increase of power spectral brightness, the nonlinear experiment were

possible be achieved.

Optical parametric amplifier (OPA) is one of second order nonlinear process. The
process of OPA is similar to difference frequency generation (DFQG), only differs from
the initial conditions, the signal beam is much weaker than pump beam, after the

interaction the signal beam can get significant amplification.

The second order nonlinear interaction is characterized by the generation of a

nonlinear polarization

P(w,)=¢1(-0,0,0):E, (0,)E () (1)

where P (®,) is the nonlinear polarization at frequency ®,, &, is the dielectric

constant, y(-®,,®,,®,) is the nonlinear susceptibility, £, (®,) and E (@) are

the interacting fields.

Commonly, the geometries of OPA including the collinear and non-collinear
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geometries, due to the different geometry, the two configurations have the different

applications and characteristics. For example, collinear OPA has wider tuning range,

non collinear OPA has broader bandwidth.

(2)
X k 1(2) kS
kp —1> kp
— ﬁ
ks —» — p
ks ks ki
Collinear OPA Non Collinear OPA

Figure 3-1 : Geometries of OPA

Consider three beams propagate and interact in ‘a nonlinear medium, pump beam,

signal beam, idler beam, at frequency |@,5 @, and @, respectively.

In the interaction, the energy conservation should be satisfied.

2)

ho,=ho,+ho,

At the same time, to make more efficient interaction, the momentum conservation (or

phase matching condition) must be satistied

)

}

where k,, ks and k; are the wave vectors of pump, signal and idler beam,

I
!

respectively. This process leads to an increase in the signal photon flux and therefore
the signal beam is amplified.

According to the polarization of the three interacted beams, OPA can be classified by
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two types, type-I1 and type-1I OPA. If both signal beam and idler beam have the same
polarization and perpendicular to the polarization of the pump beam, that is type-I
phase matching. If only one of the two beams have the same polarization with the

pump beam, that is type-II phase matching. [5]

3.2 Theory of OPA

3.2.1 Coupled wave Equations

Started from Maxwell’s equations

V-D=0
Vx5 8 )
ot ()
V-B=0 (6)
_ _ _ D (7)
VxH:JJra—D
ot

BzgogrEJrP (8)
B=uH )
_ 0 — —
VxVxE:—,uoa— V xH

t

B 2 2 (10)
=My OE—py—eE—u,—Fy
ot ot ot

Assume the medium is magnetically inactivity and monochromatic plane wave

propagating in the near field in z-direction.

Eq. (10) becomes
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R ) OE_ 3P

or _ . ve 11
072 075y Mg TH e (1
With E(z,)=) Re(E,, exp (o, —k,2)), (12)
B(z,1)=) Re(B, exp j(o,1 ~k,2)) (13)

where i=xory represents the direction of polarization, m=p or s or i the beam
of interaction. Substitute Eq. (12) and (13) into Eq. (10) and apply

slowly-varying-amplitude approximation (SVA)

d’E dE
( e )< 2k(g) (14)

We can derive

The nonlinear polarization components with.envelope representation are

P, =2&,d EE e’ (16a)
P =2¢d,,E E e’ (16b)
P =2¢d,,E Ee’™" (16¢)

Ak =k, —ks—ki

d, 1s called effective nonlinear optical coefficient, depending on the propagation

direction and polarization of the beam.

Substituting Eq. (16a), (16b), (16¢) into Eq. (15)
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OE od

I ; eff * ~JjAkz
=— EFE e 17a
Oz / nce 7 e
E. od, .
a i _] i Ceff Eq Epe—JAkz (17b)
0Oz nc
OE o d ,
R off ESEie+jAkz (17¢)
0z n,.c

Eq. (17) can describe second order nonlinear phenomena, such as second harmonic
generation (SHG), difference frequency generation (DFG), optical parametric
amplification (OPA). By some manipulations, Eq. (17) can be cast into the form

called Manley-Rowe relations, Eq. (18).

. dl
Ld,_td, 14, (18)
o dz o, dz o, dz

1 2
where [, :Egoch‘Ej‘

3.2.2  Pump non-depletion condition

In a strong pumping field, the photon of signal beam stimulates the generation of
additional the photon at signal wavelength and the photon at idler wavelength.
Similarly, the generation of idler beam stimulates the generation of signal photon.
Therefore, it will reinforce the generation of the photon of idler and vice versa, giving
a positive feedback.

Consider the condition pump non-depletion, with initial conditions £, = constant,

initial signal beam amplitude £, and no idler beam generated E,, =0

We can solve Eq. (17) to get the signal and idler beam intensity after pass through a

48



nonlinear optical crystal with length L .

I (L)= [0[1+F sinh’(gL)], (19a)
g
2
(D)= 1,2 sin’ (g1, (19b)
where
= Jr -y 20)
2
2 2 2 g 242 T
e wod, |E ‘ 2a)a)sd€// . 87°d 1, N
nn.c’ n, Snpgo nnn,AAgc

3.2.3 Pump depletion Condition

Consider pump depletion condition, under perfect -phase matching Ak =0. After
several steps of basis transformation and'the-change of variables, Eq. (17) can be

rewritten as the form of Jacobi’s elliptie function:[4]

1) =1,00)+ 31(0)(1 s’ [0 1) = 1,(0)+ 31<0)(1 sn [7F—K(y) D) (22)
L) =21 )1 -sn'[2=2 y1) = Lo 1 ()1 - 51’ [~ K (). 7)) (23)
@, o, 14
1,(r)=1,(0)(1=sn’[—2 y]) = I (0)(1—sn [——K(y) 9) (24)
12
 7d,,[81,00)] p T
Where ; (&n,nn, A Ac o) (1+IS(O)wp/[Ip(0)a)S]) _; 2
Ho 1 1,0)w,
and T—K(y)—21n£16{1+—ls(0)wp D (26)
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, 1s the complete elliptical function of the first kind.

I do
K()=—| ——
”) 4 J.’” J1-77sin’(0)

7= W , the ratio of the number of photons in the input pump beam to the
+-= L

1,(0)o,

total input photon number.

3.2.4  Group velocity Mismatch

When ultrafast pulses with different optical frequencies propagate in the medium,
their group velocities will in general be different. Two pulses are overlapping in the

beginning, after some propagation distance they no longer overlap.

As the pulse enters the Crystal:

q
Crystal

As the pulse leaves the crystal:

Figure 3-2 : Schematics of group velocity mismatch of ultrashort optical pulse in the medium

This is called temporal walk-off, and group velocity mismatch limits the effective

interaction length.
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Quantitatively, the group velocity mismatch is defined as the difference of the inverse

group velocities
5/‘17 - l/vg/‘ _l/vgp (27)
It has the unit s/m , generally in ultrafast regime the unit is /5/mm or ps/mm .

If the crystal length is shorter than the temporal walk-off length, GVM can be
neglected. If the crystal length is comparable or longer than the walk-off length, we

should take account of GVM effect. There is a significant difference between the

cases which &, and J,, have the same or different signs.
(1)s,06, >0

Both the signal and the idler are away from the pump beam in the same direction, so
the parametric interaction of the signal/idler ‘and the pump beam disappear for the
propagation distance longer than the quast-static interaction length. This phenomenon
can be proven by numerical solving-the differential equation. Its solution show that
when the crystal length is longer than the'quasi-static interaction length, the signal can

not increase and eventually saturates.

(2) é‘spé‘ip < 0

In this case, the signal and the idler move in the opposite direction with respect to the
pump beam. It seems that the two pulses stay localized under the pump pulse, so the
gain continuously increases as the crystal length increases. Its thought is that the
signal slightly moves to the left of the pump; in the parametric process, the signal
generates the idler and the idler moves to the right through the peak of the pump beam.
Then, the idler also generates the signal, and the signal moves to the left toward the

peak of the pump beam. So, in this regime, increasing the crystal length is also
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increasing the gain of the signal. The solution of such coupled equations proves that

the gain is not limited by the crystal length.

3.2.5 Effective Length
(1) Aperture length

Calculate effective length of interaction by considering over what length the signal

beam will walk out of the pump beam, see Figure 3-3.

L, =4 (28)
Yo,

A is the beam diameter, o is the walk-off angle between the two beams.

For Gaussian beams, the result is

L = @ (29)
P

. 1 . :
w isthe — power radius of the Gaussian beam.
e

(2) Quasi-static interaction length

Due to the group velocity mismatch between pump beam and signal beam, the
interaction length for parametric interaction can be quantified by the pulse
splitting length, which the signal beam separates from the pump pulse in absence
of gain.

T . .
Ljp:? ,J=8,1 (30)

Jp
where 7 is the pump pulse duration, J, =1/vgj —l/vgp is the group velocity
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mismatch between pump and signal/idler.

Crystal

Pump A

La

A
v

Figure 3-3 : Illustration of Aperture length

3.2.6 Phase Matching and Phase Matching Bandwidth

In order to achieve maximum gain, we have to.satisfy the phase matching condition,

Ak =

»—ks—ki=0 €2y

bl

Eq. (16) can be rewritten in the form

n = nia)i + nsa)s
)4

(32)

@,

It is easy to show that this condition can not be satisfied in the normal dispersion

region (n, <n <n,) of bulk isotropic materials.

For uniaxial crystal with birefringence, phase matching can be achieved by angle

tuning, adjusting crystal temperature, or electro-optic effect.

Here, we take a negative crystal uniaxial crystal (n, <n,) as an example, when type-I
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phase matching is achieved

nep (0 )a)p = nasa)s + noia)i (33)

m

In uniaxial crystals, the relation between extraordinary and ordinary refractive indexes

on the propagation direction is

1 sin’(0,) N cos’(6,)
n,6,)  m ,

m ep op

(34)

n, and n, are the principle refractive indexes of extraordinary and ordinary ray at

wavelength 4 .

With Eq. (33) and Eq. (34), we can detive the phase matching angle

] (35)

In the frequency domain, the group velocity mismatch limits the phase matching

bandwidth. We assume perfect phase matching for signal frequency o, , idler

frequency @, =, —w,. If the signal frequency increases to @, +Aw, so the idler
frequency becomes @, —Aw®. The wave vector mismatch can be approximated to the

first order as

ok Ok,

Ak =——Ao+—"Aw
0w, o,
(36)
= L Aw
Ve Ve

The full width at half maximum (FWHM) phase matching bandwidth can be

calculated with large gain approximation
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Ez@(gjz 1 7

L) |0

Si

T

1 1
where 6, =—-—-—

Vgs Vgi

If the GVM between signal and idler is large, it will dramatically decrease the phase
matching bandwidth. Accurately, the phase mismatch Ak should expand to the

second order

1

2(In2)+ (Y 1

Av = — 38
7 (Lj ok, %k, %)

S ]

80)5‘2 0w’

1

3.2.7 Theoretical prediction of THz-OPA

As introduced in Chapter 2, -due ito-some-advantages of GaSe, such as large
birefringence, high nonlinearity, low absorption coefficient, we suggested that GaSe

can be a good gain medium in THz-OPA.

GaSe is a birefringence crystal with sellmeier equations expressed as follows:

2
n? :7'443+0.4§)5+0.01486+0.0(261+ 32.1485/1 (39)
A A A 22 -2194.7
2
W =576+ 0.38279 ~ 0.22488 .\ 0.12623 .\ 12.855/1 o)
A A A A2 -1780

In order to arising OPA process, energy conservation and momentum conservation
should be satisfied. Here the wavelength of pump beam is 800 nm , seeding beam is in
terahertz range. With Eq.(2), Eq.(3) and Eq. (34), we can satisfy these condition by

tuning the angle of crystal, then derive phase matching angle.
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Because GaSe is a negative crystal, different polarization of incident beam can satisfy

different phase matching conditions.
Type-ooe:d,, =d,, cos@sin3¢p (41)

Type-oee:d, ; =d,, cos’ Bcos3p (42)

From above two equation, d,, is related to € and ¢ , and conversion efficiency
is proportional to the square of d,, . In order to achieve higher efficiency, we can set

|sin3(p| =1 or |cos 3¢| =1 to optimize d,, . In the terahertz region, we can choose

Type-oee phase matching condition with collinear type OPA scheme. The

corresponding external phase matching.angle tuning curve is showed in Figure 3-4.

4000
sso0
3000 —-
2500 —-
2000 —-

1500

idler wavelength(um)

1000

500

T T T T T T T T T T T T T
0 10 20 30 40 50 60

External phase matching angle [°]

Figure 3-4 : Signal wavelength versus corresponding external phase matching angle

Group velocity mismatch (GVM) between the pump beam and the signal and (idler)
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beam limits the interaction length over which parametric amplification takes place,
while GVM between the signal and the idler beams limits the phase matching
bandwidth. By calculating GVM, we can quantify interaction length by the pulse
splitting length, Eq. (30). The GVM between signal, idler and pump are showed in

Figure 3-5 and Figure 3-6. In our 800nm pump OPA case, the corresponding GVM
areo,, = —9.938fy , 0, =464.06 fy when idler wavelength at 300 gm . They
! mm » mm

are in opposite direction with respect to the pump; in this way the signal and idler
pulses tend to stay localized under the pump pulse and the gain grows exponentially
even for crystal lengths well in excess of the pulse splitting length [2]. Therefore, we
can increase the crystal length to raise the gain in the OPA process. For 50 fs pulse,

the crystal length is about 10 ym, for pulse duration 1 ps, the crystal length 2 mm .

120000
100000
80000 -
60000 -
40000
20000- L
o
T T T T T T T T T T T T T T T T 1
0 500 1000 1500 2000 2500 3000 3500 4000

GVM between idler and pump (fs/mm)

idler wavelength (um)

Figure 3-5 : GVM between signal and pump versus signal wavelength
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0 500 1000 1500 2000 2500 3000 3500 4000
idler wavelength (um)

Figure 3-6 : GVM between idler.and pump versus signal wavelength

Consider pump depletion condition land-—~neglecting any absorption conditions”, we
can calculate corresponding idler intensity, gain, and pump intensity versus to crystal
length by Eq. (22), Eq. (23) and Eq. (24). The corresponding figures are shown in
Figure 3-7, Figure 3-8 and Figure 3-9. From the calculating results, the gain for
800nm wavelength pumped can reach the highest gain approximately 10° when
crystal length is sufficiently thick. However, the highest gain we can achieve in our

experiment is about 4000 due to the crystal length only about 2.5 mm .
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Figure 3-7 : Idler intensity versus to the crystal length
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Figure 3-8 : Calculated gain versus to the crystal length
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Figure 3-9 : Pump intensity versus to the crystal length

3.3 Experimental Setup

3.3.1 Setup of THz-OPA

The experimental setup consists-of'two parts; see Figure 3-10, one is the THz-TDS the
other one is the OPA stage. We-userregenerated. amplified laser as our light source,
1.6mW , 1kHz repetition rate, pulse ‘duration 50 fs. The first beam splitter reflects
30% of input power as THz-TDS source, transmitted 70 % as OPA pump beam. The
second beam splitter 90 % transmitted, terahertz is generated by four wave mixing
method, ionize the ambient air with laser pulses composed of both fundamental and
second-harmonic waves. The residual laser beam were blocked by Teflon and
terahertz beam were passed through wire-grid polarizer to make sure the polarization,
finally detected by EO-sampling with 1 mm thick <110> ZnTe. The electrical signal
of balanced detector is connected to a lock-in amplifier in order to increase the
signal/noise ratio (SNR). The terahertz radiation originally uses four-parabolic mirrors
guiding to ZnTe. In order to achieve collinear OPA scheme, we use ITO as the THz

dichroic mirror reflect terahertz between second and third parabolic mirror. The
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OPA-pumped beam can pass through ITO, then collinearly combined with THz. In
order to achieve the good temporal overlapping between the THz and the optical
pumped beam, the pulse duration of the femtosecond pumped beam is stretched to

about 1.5~2 ps by use of the prism pair.

Figure 3-11 is the stretched optical pumped beam. The stretched pulse duration is

approximately 1.8 ps after the Gaussian fits.

Spitfire 1kHz 50fs BS

FaN

V24

BS P { % ND-Filter
Teflon+ /}

Wirﬁ-grid M
=— . | ; Balanced Detector

chopper [:><] [i ‘

Ly Q9

pellicle \yaliaston

Figure 3-10 : The experimental setup of THz-OPA
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Figure 3-11 : The autocorrelation trace of pump beam after stretching

3.3.2 Indium-tin—oxide-coated glass (ITO)

ITO glass is widely used as a transparent conductor in thin-film display devices, such
as liquid-crystal displays, solar cells, light-emitting diodes, etc. Its main feature is the
combination of electrical conductivity and optical transparency. The high conductivity
of ITO qualify it as a good reflector for THz radiation and its transparency at visible
and near infrared wavelengths allows efficient transmission of laser radiation. ITO has
high transmittance of 85% at 800 nm , and average reflectance about 72% at 45 in

the frequency range from 0.1 to 2.5 THz. [2]

3.4 Experimental Results

During the OPA stage, we found that the measured THz signal is dramatically reduced
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when the pump beam is injected. It may be due to the serious “free carrier absorption
effect”. Because of the energy band gap of GaSe is about 2¢e), the free carrier may
be resulted from the two photon absorption (TPA). The TPA can strongly affect the

performance of the OPA stage.

Therefore, the suitable pump intensity for OPA process is required. Figure 3-12 is the

THz transmittance when the intense pumped beam is radiated on the GaSe crystal.
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Figure 3-12 : THz transmittance versus the pump intensity

After optimizing the system, the best condition is under the pumped beam with the
intensity 0.13 GW /cm® . The THz amplitude is calculated to be 410¥ /cm. The THz
time domain pulse width is estimated to be about 1.5~2ps. The THz is focused by
parabolic mirror on the GaSe with spot size less than 2 mm . Therefore, the

corresponding seeding THz intensity is about 0.127 MW/cm?.
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The GaSe used in this experiment is with thickness ~3mm. According to the

pump-depletion theory in OPA process, the “Gain coefficient” is described as

following:

87 (deff)zlp
ﬂﬂvﬂ’in.v (0’ ﬂ’s )ni (0’ /,li)nopgoc

(43)

where [, is the intensity of the pump beam; d is the effective nonlinear

coefficient; &, is the permittivity of free space; c is the light velocity in vacuum;n,,,

n,, n, are correspond to the refractive index at the pump, the generated IR
wavelengths and the seeding THz wavelength; A and A are correspond to the
wavelengths of the IR pulses and the seeding THz wavelength, respectively.

The gain coefficient versus the seeding THz wavelength is depicted as Figure 3-13.

The low gain is mainly due to the low pump intensity-

SOF o —e— % ( Pump intensity 135 MW/ch)

b 14 ()
25 o ./ ...
20p %
15F ®e,

1.0p e

Gain coefficient (cm™)
@

05k .\.‘.°\o\

Prery | Py Py a o o 2 2 2f
100 1000
Wavelength (um)

Figure 3-13 : Gain coefficient calculation
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The GaSe external phase matching angles is set to be 3~5°, which corresponds to the
phase matching wavelength 300~1000um (1THz~0.3THz). The phase matching curve

is shown in Figure 3-14.

4000
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2500
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External angle (degree)

Figure 34141 THz-OPA phase matching curve

The seeding THz time domain profile‘is shown as the black-line in the Figure 3-15.

The amplified THz signal is depicted as the red-line.
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Figure 3-15 : Seeded and amplified THz time domain profile

Seeded and amplified THz spectrum is shown in Figure 3-16. The energy of weak

THz signal can be enhanced 2.7 times the energy of reference THz.
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Figure 3-16 : Seeded and amplified THz spectrum
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Chapter 4

Conclusions and Future work

4.1 Conclusions

We successfully construct a THz-TDS system based on laser induced plasma in
ambient air, and characterizing the emission. Change the angle between the
fundamental beam and the second harmonic beam by varying the azimuth angle of
BBO. Change the phase between fundamental beam and the second harmonic beam
by varying the distance from BBQ:to focus point: The power dependent curve is also

measured in this studies.

Optical constants of pure GaSe and 0.2% FEr:GaSe, such as refractive index,
absorption coefficient and conductivity are measured by THz-TDS. By use of the
Lorentz-Drude model, we can extract the information of real and imaginary parts of
conductivity from dielectric function, such as plasma frequency, the average
momentum relaxation time and the optical phonon frequency. The mobility can be

further obtained by the known extracted average momentum relaxation time.

Theoretical prediction of the THz-OPA is performed. By using the pure GaSe as the
gain medium, terahertz enhancement/amplification is preliminarily performed in our
studies. The gain could be as high as 150% under the phase matching condition
around 1THz. Due to TPA effect, we can not use higher pumped energy or the THz
will be absorbed by the generated free carriers in the crystal. From the pumped power

dependent to transmitted terahertz signal, consider the absorption in the theoretical
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prediction, it indeed only has small gain.

4.2 Future work

The system should be enclosed in the dry nitrogen purged. Better performance can be
expected when reducing water vapor absorption of THz seeder. Due to the TPA effect
of GaSe in 800 pumped OPA, we can construct a wavelength-tuning OPA system to
optimize the pumped beam wavelength. The suitable wavelength should be longer
than 1.3pm. Cooling the GaSe crystal to reduce the thermal effect is also another

choice.

Try to find the possible gain mediums, such as PPLN, which can achieve the purpose

of high power THz amplification.
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