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Abstract

Terahertz (THz, or be called T-ray) wave refers to the electromagnetic wave with

the frequency between 0.1 THz (1THz=1000GHz) and 10 THz or wavelength from

30 μm to 3000 μm. In the frequency domain, this region of electromagnetic wave is

located between microwave and infrared wave. Different from the great successes in

the microwave and infrared light wave, the applications of THz wave are much less

investigated in the past few decades. Recently, it has recently been demonstrated

that THz wave exhibits several unique features in terms of applications. For exam-

ple, THz wave can easily penetrate fabrics and plastics, but it will be reflected by

metallic materials. Thus, THz wave has a promising application in security screen-

ing. In order to realize the applications of THz wave, the compact, efficient, and

high power THz sources have become a critical element of researches in THz wave.

Compared with other ways of generating THz, the approach based on difference

frequency generation (DFG) has several advantages, such as operating at room tem-

perature, availability of various pump sources, high conversion efficiency etc. In this

dissertation, I will investigate the approaches of making compact THz sources based

on DFG. Our compact source is pumped by a unique dual-frequency Q-switched

Nd:YLF laser operating at 1047 nm and 1053 nm simultaneously. THz wave at 1.64

THz is generated from GaSe crystal based on DFG between these two wavelengths.
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The source is operated completely at room temperature and is capable of emitting

output power equivalent to a dynamic range of more than 4000 by using a room

temperature detector. Such a dynamic range is sufficiently large for a number of

applications.

An improved scheme is also explored to scale up the THz output power by 4.7

times. And this is achieved by introducing two solid-state laser crystals as well as

two diode pumps. Furthermore, frequency agility of the THz source is also realized

based on this unique design. As a demonstration, THz wave at 2.98 THz is generated

by using one Nd:YAG and one Nd:YLF crystal as the two laser gain mediums.

To further improve the output power of the compact source, some more novel

configurations are investigated, such as intracavity DFG, compact pump source

using dual-frequency passively Q-switched laser, novel optical parametric oscillator

with dual-signal and dual-idler output. All these efforts, we believe, will be essential

to the realization of the applications of our THz sources in the future.
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Chapter 1

Introduction

1.1 Introduction to Terahertz Wave

Terahertz (THz, or be called T-ray) wave refers to the electromagnetic radiations

with the frequency between 0.1 THz (1012 Hz) and 10 THz or wavelength from

30 μm to 3000 μm [1]. This region of radiations is located between microwave

and infrared light. Different from the huge application successes for microwave

and infrared light, the applications in the THz region are much less investigated

in the past several decades. However, researchers have not neglected this region

and the intense researches related to THz wave started at the beginning of 1990s.

Now, almost twenty years has passed, many applications of THz wave have been

demonstrated, showing a lot of advantages and unique characteristics that cannot

be found in the region of microwave or infrared light. The researches of THz wave

are still on-going and more applications of THz wave will emerge in the near future.

3



CHAPTER 1. INTRODUCTION

1.2 Characteristics and Applications of THz wave

1.2.1 Characteristics of THz wave

Advantages

(1) THz wave can penetrate fabrics and plastics. (2) THz wave is non-ionizing and

may not damage tissue. Thus, THz wave is safer than X-ray. (3) Many materials

have unique spectral “fingerprints” in the THz wave region. (4) THz wave has

faster frequency than microwaves which means that it can be used in higher-speed

communications. (5) Different from the optical region, it is possible to obtain the

phase information of the THz electromagnetic radiation.

Disadvantages

The biggest enemy of THz wave is water. The water vapor or molecule has very high

absorption coefficient in THz region. Thus, THz wave cannot propagate very far in

atmosphere so that its applications in communication would become very difficult.

Besides, the penetration depth of THz wave in tissue is also not very deep (eg. 4

mm in skin).

1.2.2 Applications

In the past two decades, many different applications of THz wave have been devel-

oped. Some of these applications will greatly change people’s life or even bring some

evolutions in different fields.

(1) Cosmology and radio astronomy

(2) Imaging (Figure 1.1 shows one example of THz imaging technology [2].)

(3) Atmospheric remote sensing

(4) Plasma fusion diagnostics and heating

4



1.3. TERAHERTZ WAVE SOURCES

Figure 1.1: THz imaging of a closed cardboard box.

(5) Radar modeling

(6) Material measurement

(7) Local area networks and narrowing

(8) Anti-collision radar for cars

(9) Windshear detection for aircraft

(10) Radar ground movement for aircraft

(11) Concealed weapon detection

(12) Medical sensing

(13) Airport security inspection

1.3 Terahertz Wave Sources

As mentioned in the introduction, the intense researches related to terahertz wave

can date back to early 1990s. Now, almost twenty years has passed, most of the

applications and explorations are still limited within laboratories and carried out

only on optical table. It is easy for us to associate THz wave with the invention of

5



CHAPTER 1. INTRODUCTION

laser in 1960. Twenty years after that, the researches and applications blossomed

at an extremely fast speed. But why is it not so in terahertz domain? One of the

most important reasons seems quite obvious. Although different methods have been

explored, we are still in short of efficient, compact, powerful terahertz sources that

could operate at room temperature.

It is important to list the present THz wave sources and point out their shortcomings

and limitations.

1.3.1 Broadband Terahertz Sources

Blackbody Radiation

High-temperature blackbody emitters can provide incoherent radiation in the THz

domain. And this kind of sources has already been used in the THz Fourier transform

infrared (FTIR) spectrometer. The THz FTIR spectrometer has also been used to

fingerprint many different of materials, like DNA’s and proteins [3]. However, it is

still difficult to create useful terahertz power levels with a blackbody source, because

the generated THz power can only reach about 1nW per wave number.

Photoconduction

Terahertz wave photoconduction emitter is based on ultrafast laser pulses. Free

carriers-electrons and holes are generated in the photoconductor which is excited

by the ultrafast pulses. The static bias fields then accelerate the free carriers and

generate a transient photocurrent, resulting in the fast and time changing current

which radiates electromagnetic waves in the THz domain. The typical THz wave

bandwidth is about 4 THz and the highest output power is about tens of μW.

6



1.3. TERAHERTZ WAVE SOURCES

However, the photoconductor has the drawback of breakdown voltage which greatly

limits the output power. [1][4][5]

Optical Rectification

This kind of the method also needs the excitation of ultrafast laser. Optical rec-

tification is a nonlinear optical process which consists in the generation of a DC

polarization in a nonlinear optical medium pumped by the ultrafast laser pulses.

The output THz wave power is related to the second-order nonlinear coefficient of

materials and does not have the upper limit voltage characteristics in photoconduc-

tion. The output power will then be limited by the optical damage threshold of the

materials and the problem of optical phase-matching. [4]

Air Plasma

This is demonstrated in recent years and will also need very intense ultrafast laser

pulses. The advantage is that none special medium is used in the process of genera-

tion and air is actually the emitter of the terahertz wave. The ionized plasma is the

main mechanism of the efficient THz wave generation and it is actually a third-order

nonlinear optical process.[6]

1.3.2 Narrowband Terahertz Sources

Difference Frequency Generation

Difference frequency generation (DFG) is one of the second-order nonlinear optical

processes, in which new photon at ω3 is generated when exciting the nonlinear optical

medium both at ω1 and ω2 simultaneously (ω3 = ω1 − ω2). The generation of THz

7



CHAPTER 1. INTRODUCTION

wave based on DFG is not a new topic. The experimental demonstration is as early

as in the 1970s. However, because of the lack of application in the THz domain at

that time, this technique was not further investigated. In recent years, THz wave

generation from DFG attracts increasing attentions due to the lack of efficient and

powerful THz sources. Directed by Prof. Ding, our group accomplished a lot of

researches in this field and still hold the THz wave peak power record which is 389

W at 203 μm (1.48 THz).[7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22].

The efficient, tunable, and coherent THz source in our lab can cover as wide as

0.185∼5.27 THz [8].

Upconversion from RF Source

This method is based on the microwave technology and is often obtained by cascad-

ing a chain of planar GaAs Schottky-diode multipliers. To achieve THz with higher

frequency, the frequency has to be doubled or even tripled with a lot of output power

sacrificed each time as this process is applied. And these kinds of THz sources are

achievable under 1 THz and are very difficult to reach higher frequency.

CO2 THz lasers

CO2 gas THz lasers can give an average output power as high as 100 mW at THz

region. This kind of laser use the high power CO2 gas lasers as the pump source

and excites gas molecules emission-line (eg. methanol). Although the high output

power is very impressive, the wavelength cannot be tuned continuously and can only

cover some discrete emission frequencies. Besides, the whole dimension of the laser

is very big and can only be used on optical table in laboratory.
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Free-electron Laser

Different from the gas, solid-state, diode lasers, the gain medium in the free-electron

laser is relativistic electron beam that moves freely through a periodic magnetic

structure. It has the widest tunable wavelength range, which covers from the mi-

crowaves to X-rays. The THz domain is included in its tunable range. However,

because of its huge dimension and operating complexity, it is only available in some

large universities and research institutes. For example, the free electron laser in

UCSB can provide kilo-Watt level THz radiation.

Quantum Cascade Lasers

Quantum-cascade laser (QCL) is based on intersubband transitions of electrons in-

side a quantum-well structure. Unlike other semiconductor light sources, the emitted

wavelength is not determined by the band gap of the used material but on the thick-

ness of the constituent layers [23, 24]. QCL obtained complete victory in generating

mid-infrared radiation and also is considered to be one of the best candidates for

compact THz source. Lots of researches on quantum-cascade terahertz lasers have

been reported [25, 26, 27, 28]. The only intrinsic drawback is that quantum-cascade

terahertz laser cannot operate at room-temperature.

1.4 Research Objective and Organization

The objective of this research for dissertation is to achieve compact, efficient and

high average power terahertz wave source working at room temperature. Because

our approach is based on the difference frequency generation technology, these THz

sources can completely operate at room temperature. Equation 1.1 shows a basic
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expression for the generated terahertz wave power from DFG.

PTHz ∝ C
P1 × P2

Area
l2coherence (1.1)

C is dependent on the nonlinear optical coefficient of different materials. To

generate the THz wave efficiently, we should choose some materials with larger

nonlinear optical coefficient, like GaSe, GaP etc. P1 and P2 are the pump powers

at ω1 and ω2, respectively (peak power for pulsed operation; average power for

continuous-wave operation). Besides, because the intracavity laser power can be

an order of magnitude larger than the extracavity laser power, intracavity DFG

can generate much higher THz output power [29]. Area is the beam area of the

pumps. Although, the area is at the denominator of the expression, it does not

mean that we should focus the pump beam size as small as possible. Area actually

has an optimal value which are connected with the value of lcoherence. Besides,

lcoherence covers the information of phase-matching problem which is one of the most

important concerned factors in nonlinear optical process.

This dissertation is organized as follows.

In Chapter 2, we propose and demonstrate a compact and portable THz source,

based on difference-frequency generation in a GaSe crystal. The two input frequen-

cies, required for achieving frequency mixing, are generated by a single Q-switched

Nd:YLF laser incorporating two laser resonators. The average power of the THz out-

put reaches 1 μW at 1.64 THz (182 μm) within a linewidth of 65 GHz. Such a THz

source can be packaged into a compact system and operate at room temperature.

In Chapter 3, we investigate power scalability and frequency agility of a THz

source by mixing two frequencies generated by solid-state lasers in a nonlinear crys-

tal. They are made possible by introducing two solid-state laser crystals sharing

10
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the same Q-switch and output coupler with the same laser beams decoupled to each

other by a polarizer. Following the optimization, we have improved the THz output

power to 4.46 μW, which is nearly fivefold compared with the result in Chapter 2

at 1.64 THz. By replacing one of the Nd:YLF crystals with a Nd:YAG crystal, we

have produced 2.1 μW at 2.98 THz.

In Chapter 4, we propose a novel intracavity terahertz generator based on com-

pact dual-frequency solid state laser. The laser output coupler, based on multi-

layer unbonded GaP stack, operates as the nonlinear optical medium for terahertz

generation simultaneously. By achieving intracavity scheme and using quasi-phase-

matching through alternating each layer of GaP stack, terahertz output power is

significantly enhanced compared with the external-cavity approach.

In Chapter 5, we will discuss an approach to dramatically reduce the timing

jitter between the pulses at two different wavelengths. In the experiment, when two

Nd:YLF crystals share a Cr:YAG crystal functioning as a single passive Q-switch,

the timing jitter between each pair of dual-frequency pulses generated by the two

crystals has been reduced by a factor of 20. Such a reduction in the timing jitter

allows us to generate terahertz pulses by focusing such a passively Q-switched laser

beam onto a nonlinear crystal. Such a result represents the first step for us to

eventually implement a compact terahertz source based on ultracompact microchip

lasers.

In Chapter 6, we propose and implemente a singly resonant optical parametric

oscillator based on adhesive-free-bonded periodically inverted KTiOPO4 plates. It

has major advantages such as walk-off compensation and oscillation at four wave-

lengths. The threshold of the oscillation was measured to be 8 MW/cm2, which

is about a factor of 4 lower than that based in two separate KTiOPO4 crystals.
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By frequency-mixing the dual-wavelength output in GaP stacks, we generated the

terahertz radiation at 2.54 THz. The tuning range of the terahertz output was

demonstrated to be 2.19-2.77 THz. Besides, based on the same adhesive-free-bonded

KTiOPO4, we also propose and demonstrate an approach to generate THz wave with

multiple wavelengths.

In Chapter 7, in order to further reduce the size of compact THz source, we pro-

pose a way to generate dual-wavelength radiation from the same laser medium. This

is made possible by inserting etalon into the cavity such that the dual-wavelength

gain could be selected from the wide emission bandwidth of the laser gain medium.

A demonstration will be discussed by using Yb: YAG laser crystal and the following

experiment of generating THz wave. Besides, we will also discuss the experiment of

generating multi-wavelength laser radiation from Yb: YAG ceramics, which could

be used to build the promising pump source for the cascaded DFG process.

In Chapter 8, we would summarize this dissertation and discuss about the future

work.

12



Chapter 2

Compact and Portable THz

Source

Parametric processes such as terahertz (THz) parametric oscillation [30] and difference-

frequency generation (DFG) [8] have been used to efficiently generate monochro-

matic THz beams. However, the efficient conversion has been made possible only

by using input beams with relatively high peak powers [30, 8, 9], available from a

bulky and nonportable Nd:YAG laser and master oscillator/power oscillator [19].

Monochromatic THz frequencies have also been generated from quantum cascade

lasers [31, 32] and photomixers [33]. However, THz quantum cascade lasers must be

cryogenically cooled, whereas photomixers typically suffer from low output powers

owing to the potential damage caused by overheating [34].

In this chapter, we demonstrate a compact and portable THz source that has

been implemented by us based on DFG in a GaSe crystal [35]. An average THz

output power can be as high as 1 μW at 1.64 THz (182 μm) in a linewidth of 65 GHz,

corresponding to the peak power of 20 mW. Such an output power is sufficiently
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CHAPTER 2. COMPACT AND PORTABLE THZ SOURCE

high for realizing certain applications such as THz imaging [36], chemical sensing

[37], and probing intermolecular interaction mechanisms [38].

2.1 Nd: YLF

4
3/ 2F

4
11/ 2I

1053 ( )nm �

or
1047 ( )nm � 286.5 THz

284.9 THz

Figure 2.1: Energy level of Nd:YLF.

Neodymium-doped yttrium lithium fluoride (Nd:YLF) is a conventional laser

medium and has already been used in different solid-state laser systems for many

years. However, in the research, we will prove that Nd:YLF crystal is a quite

promising laser medium in the laser pump source for THz generation based on
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DFG.

In our experiment, we have chosen a Nd:YLF crystal as the lasing medium

because two different frequencies of 286.5 THz and 284.9 THz (wavelengths of 1047

nm and 1053 nm) can be generated from a single Nd:YLF laser. Indeed, because

a Nd:YLF crystal is birefringent, it emits two transitions at 1047 nm and 1053

nm with the polarizations being orthogonal to each other, designated by π and

σ, respectively. Figure 2.1 shows the schematic plot of the energy levels related

to these two transitions which are between the two energy levels 4F3/2 and 4I11/2,

respectively.

Because the two transitions have the stimulated emission cross sections of 1.8×
10−19 cm−2 and 1.2×10−19 cm−2 at 1047 nm and 1053 nm, respectively, it is feasible

for us to tailor the output powers at these two wavelengths from a single laser crys-

tal to be close to each other. In such a case, the corresponding THz power reaches

an optimal value under the same sum of the two input powers. Moreover, the THz

output frequency generated by mixing these two laser beams is 1.643 THz (i.e., the

wavelength of 182.42 μm), which is sufficiently close to 200 μm, and therefore, the

THz output power is close to the maximum value from a GaSe crystal [8, 9]. Fur-

thermore, a Nd:YLF crystal is known for its low thermal effect and long upper-state

lifetime. In the past, a single Nd:YLF crystal was used to simultaneously generate

the output beams at 1047 nm and 1053 nm without introducing any optical element

inside a single laser resonator [39]. However, the ratio of the powers generated at

these two wavelengths could not be controlled at all. In addition, the laser output

powers are also too low for the efficient generation of a THz output based on DFG.

Although a Q-switched Nd:YLF laser was implemented at 1053 nm [40], the simul-

taneous lasing of the two wavelengths has not been achieved. Besides the Nd:YLF
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crystal, other combinations of the active ions and host materials can emit two differ-

ent frequencies, see, e.g., [41]. As demonstrated by us below, Q-switched solid-state

lasers may be one of the optimal choices for implementing a compact THz source

based on DFG.

2.2 Dual-Frequency Nd: YLF Laser

Our experimental setup is shown in Fig. 2.2. The section is a schematic for a dual-

frequency Nd:YLF laser. In principle, one can simultaneously generate the coherent

beams at 1047 and 1053 nm from a single Nd:YLF laser. Figure 2.3 shows the real

setup for the dual-frequency Nd: YLF laser.

However, under such a case, balancing the output powers at the two wavelengths

is out of question owing to the strong competition between the gains for the two

transitions within the same laser medium. In our experiment, we introduced an

intracavity polarizer to separate the two perpendicularly polarized beams into two

laser cavities, both of which shared the same lasing medium for alleviating the

gain competition. In our design, an input mirror (IM), output coupler (OC1), and

polarizer (P) make up the cavity for lasing at 1047 nm (π, o wave), whereas an IM,

P, and coupler OC2 make up the cavity for lasing at 1053 nm (σ, e wave). An a-cut

1.0% Nd-doped YLF (4mm×4mm×10mm) crystal was shared arm by the two laser

cavities. A plano IM has a coating for producing the high transmittance of T > 95%

at 808 nm and simultaneously a high reflectivity of R > 99.5% at 1047 and 1053

nm. The polarizer has a coating in such a way that when being placed at a Brewster

angle relative to the input beam, the -polarized beam has a high transmittance of

T ≈ 98%, whereas the -polarized beam has the high reflectivity of R > 99.9%. The
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IM

P

OC1
Q-switch

1047 nm

808 nm

Nd: YLF

o-wave
e-wave

OC2

1053 nm

P

IM: laser input mirror; 
P: polarizer; 
OC1-OC2: laser output couplers.

Figure 2.2: Experimental setup for the dual-frequency Nd: YLF laser.

Nd:YLF crystal was pumped by a diode laser via a fiber pigtail after the laser beam

was collimated by a lens assembly. Such a diode laser has dimensions of 1.75”×1.25”

(4.45 cm × 3.18 cm), which is portable. Considering the fact that the stimulated

emission cross section for the 1047 nm transition is 50% larger, one of the most

effective approaches for balancing the output powers of the two transitions is to

introduce an additional amount of loss in the cavity for the 1047 nm beam. First,

we have specifically chosen the different reflectivities for the two output coupler

to be 75% and 80% at 1047 nm (OC1) and 1053 nm (OC2), respectively. As a

result, the lasing thresholds for the two transitions become closer to each other.
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Figure 2.3: Real setup for the dual-frequency Nd: YLF laser.

Second, OC1 was slightly tilted to introduce an additional amount of the loss at

1047 nm. To generate sufficiently high peak powers, an acousto-optic Q-switch was

placed next to the Nd:YLF crystal in such a way that it was shared by the two

beams oscillating in the two cavities. This represents an important method for us

to synchronize the output pulses generated from the two laser cavities. The typical

dimension of the entire THz source illustrated by Fig. 2.6 is about 12” × 12” × 6”

(30.48cm × 30.48cm × 15.24cm). Through further optimization, it can be reduced

to 12”× 6”× 4” (30.48cm× 15.24cm× 10.16cm).

In addition, such a compact THz source currently consumes the electrical power

of ≤20 W. Therefore, it can be readily packaged into a portable system.

Figure 2.4 shows the dependence of Q-switched output powers at 1047 nm and
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Figure 2.5: Temporal profiles of dual-frequency output pulses generated by from
Q-switched Nd:YLF laser. Ch1: 1053 nm and Ch2: 1047 nm.

1053 nm and the sum of the output powers on the output power from the laser

diode. The lasing thresholds were measured to be 1.17 and 1.64 W at 1047 and

1053 nm, respectively. From Fig. 2.4, we can see that below the pump power of 5

W, both of the output powers increased linearly with the pump power. In addition,

the powers at 1047 nm are significantly higher. Above 5 W, however, the output

power at 1047 nm became slightly saturated, whereas the output power at 1047

nm was increased at a higher rate. This is due to the fact that the two transitions
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accessed the same population of the electrons in the upper lasing level. When the

gain for one transition was saturated, the gain for the second one was increased.

Therefore, the dependence for the sum of the output powers is still linear, which

agrees well with the theory for the solid-state laser [42]. By measuring the output

powers as a function the repetition rate, we found an optimal repetition rate of 3.9

kHz for the Q switch in terms of the THz output powers. At the pump power of

9.69 W, we generated the output powers of 1.196 and 0.608 W at 1047 and 1053

nm, respectively, corresponding to the net conversion efficiency of 18.6%. The ratio

of the output powers at the two wavelengths is measured to be around 2:1. By

further optimizing the design of the optical cavities, we can reduce the ratio to

nearly 1:1. The M2 factors were measured to be 5.18 and 3.07 for 1047 and 1053

nm, respectively, at the pump power of 5.9 W. The poorer beam quality at 1047

nm is attributed to the tilting of its cavity mirror, which was used by us to reduce

the ratio of the output powers for the two transitions. The pulse shapes of the

two output beams are shown in Fig. 2.5. The two pulse trains were measured

simultaneously by using two photodiodes. According to Fig. 2.5, the two pulses

were synchronized. At the pump power of 9.69 W, the pulse widths were measured

to be 15.5 and 18.6 ns at 1047 and 1053 nm, respectively.

2.3 Compact THz Source based on DFG

Using two convex lenses with the same focal length, the two beams were collimated

and then combined by a polarization cube, as shown in Fig. 2.6. It was adjusted

in such a way that the optical paths at the two wavelengths were exactly the same.

As a result, the two input beams were overlapped in both time and space and
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Figure 2.6: Experimental setup for the THz DFG based on a compact and portable
dual-frequency Nd:YLF laser having dual cavities: L1-L3, convex lenses; M1-
M3, highreflection mirrors; WP1-WP2, half-wave plates; PE, high density white
polyethylene filter; and PM1-PM2, parabolic mirrors.
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focused on the 15 cm long GaSe crystal by using a convex lens (L3). After DFG,

the residual pump beams were blocked by using a white polyethylene filter and the

reflected pump beams were collected by a beam dump. The generated THz beam

was collected by two off-axis parabolic mirrors and then focused onto a power meter.

The input beams at 1047 nm and 1053 nm were ordinary and extraordinary waves

inside the crystal, whereas the THz wave was an extraordinary wave. The external
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Figure 2.7: Dependences of average and peak output powers on sum of the output
powers generated by the single Nd:YLF laser. Solid curve corresponds to quadratic
fit to data points. Inset: plot of power being transmitted through a Si etalon vs.
distance between two Si plates in the etalon.
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phase matching angle was measured to be 11.5◦, which is close to the theoretical

value of 11◦ [43]. The azimuthal angle was optimized in our experiment in order

to reach the optimal value of the effective nonlinear coefficient [43]. The output

wavelength was measured by scanning a Si-based etalon, shown in the inset of Fig.

2.7. The output wavelength was measured to be 183.3 μm, which agrees well with

182.4 μmm, calculated from the two input wavelengths of 1.04666 and 1.0527 μm

[42]. We plotted the dependence of the average and peak output powers on the

sum of the output powers generated by the Nd:YLF laser as the input powers for

DFG; see Fig. 2.7. The solid curve corresponds to the quadratic fit to the data

points, which is consistent with the characteristics of DFG. Our experimental result

indicated that the average output reached optimal values at the repetition rate of 3.9

kHz. When the sum of the input powers was 1.8 W, the average output power from

the GaSe crystal was measured to be 0.948 μW. The pulse width for the THz beam

was deduced to be 12.36 ns by measuring the temporal profile of the sum-frequency

signal in a KTP crystal. Based on such a pulse width, the highest THz peak power

was determined to be 19.7 mW. The linewidth of the THz wave was estimated to

be 65 GHz by measuring the linewidth of the sum-frequency signal (i.e., 0.06 nm).

A DLATGS pyroelectric detector operating at room temperature can have a noise

equivalent power of as low as 230 pW. Therefore, the output power of 0.948 μW

corresponds to a dynamic range of 4120, which is sufficiently high for realizing the

key applications mentioned above. We can further improve the output powers to

at least 100 μW by placing a nonlinear crystal inside the optimized Nd:YLF laser

cavities.

In conclusion, we have implemented a compact and portable THz source oper-

ating at room temperature. Such a device is based on the mixing of two frequencies
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generated from a single solid-state Nd:YLF laser in a GaSe crystal. The highest av-

erage output power was measured to be 1 μW at 1.64 THz (182.4 μm) in a linewidth

of 65 GHz, at the repetition rate of 3.9 kHz.
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Chapter 3

Power Scaling and Frequency

Tuning

As mentioned in chapter 1, although the quantum cascade lasers have their own

advantage due to their compact sizes [36] and tunability [44], these lasers still must

be cryogenically cooled in order to generate radiations in THz band.

On the other hand, solid-state lasers such as those based on neodymium-doped

laser crystals can be used to generate very high output powers in the near-infrared

region, especially if they are Q-switched [42]. Recently, by mixing the dual-frequency

output from a neodymium: yttrium lithium fluoride (Nd:YLF) laser at 286.5 and

284.9 THz in a nonlinear crystal, we generated a THz output at the frequency of

1.643 THz [35]. Since a Nd:YLF laser can be made to be rather compact, such a

demonstration opened a new route to a compact THz source. Besides the compact-

ness, such a THz source is operated at room temperature. However, since the two

lasing transitions share the same upper level inside in a single Nd:YLF laser crystal

[35], they compete for the output powers. Namely, when the output power at one
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frequency grows at a higher rate, the power at the other frequency must grow at

a lower rate or it can be even saturated. Such a competition severely limits the

product of the output powers at the two frequencies, necessary for further scaling

up the THz power. Moreover, it causes the instability of the dual-frequency laser

output. Furthermore, since such a laser can only emit two specific frequencies, only

a single THz output frequency can be generated, which limits the applications of

the THz source.

In this chapter, we will explore the approach to do power scaling for THz gen-

eration and achieve frequency tuning for the THz radiation based on DFG [45].

3.1 Dual-Frequency Dual-Gain-Medium Nd:YLF

Laser

In order to solve the problem of gain competition between the transitions at 1047 nm

and 1053 nm in Nd:YLF laser crystal, we introduced two laser crystals to generate

two different output frequencies. Our experimental result illustrates that the output

powers of the solid-state lasers based on two crystals are significantly improved.

Consequently, we have improved the THz output power by mixing the two laser

frequencies in a nonlinear crystal. After the second laser crystal is introduced, the

THz source still maintains its compactness. Moreover, such a configuration can be

used to extend to the combinations of different laser crystals for generating different

output frequencies.
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Figure 3.1: Experimental setup for the dual-frequency dual-Nd: YLF crystals laser.

3.1.1 Experimental Setup

The experimental setup for the new configuration of laser cavities is shown in Fig.

3.1. The input mirror 1, polarizer, output coupler make up the first cavity for

lasing at 1053 nm while the input mirror 2, polarizer, output coupler make up the

second cavity for lasing at 1047 nm. This cavity configuration is completely different

from our previous one [35]. Indeed, in the previous work [35], the Nd:YLF crystal

was placed at the arm sharing the 1047 and 1053 nm cavities. As a result, the

two radiation beams at 1047 and 1053 nm transition accessed the same population

inversion within a single Nd:YLF crystal pumped by the same diode laser. Since the

1047 and 1053 nm beams have perpendicular polarization directions, we introduced

an intracavity polarizer to separate the two beams into the two cavities. This

approach alleviated the gain competition between the 1047 and 1053 nm radiation

beams inside the Nd:YLF crystal. However, due to the competition, we observed

the unbalanced powers between the two frequencies [35]. In our configuration, we

introduced two Nd:YLF crystals (α-cut, Nd doped at 1.0%, and 4 × 4 × 10mm3),
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Figure 3.2: Real setup for the dual-frequency dual-Nd: YLF crystals laser. The
quarter size can show the compactness of the system

labeled as laser crystals 1 and 2 in Fig. 3.1. The two laser crystals were placed at

the two divided arms decoupled by the polarizer. As a result, the 1047 nm and 1053

nm transition beams now access the population inversions from two separate gain

media, representing an ultimate solution to the gain competition. An acoustic-optic

Q-switch was placed at the shared arm of the two laser cavities. Thus, the dual-

frequency pulses are synchronized by simultaneously modulating the losses of the

two cavities. The other improvement of the cavities is an output coupler shared by

the two cavities, i.e., a concave mirror (curvature=15 cm) having a reflectivity of

R=75% at both 1047 nm and 1053 nm. It is mentioned that although we introduced

two laser crystals into the cavity, the compactness of the laser is not influenced.

Figure 3.2 shows the real setup for the dual-frequency dual-Nd: YLF crystals laser.

As we can see in the picture, the laser is rather compact.

The two diode pump beams at 808 nm are collimated and focused onto the
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Nd:YLF crystals through a couple of convex lenses, respectively. The diode pump

power can be tuned separately. This feature is quite critical for synchronizing the

dual-frequency pulses when the lasers are operated at the pulsed mode. In such a

case, the pulse build-up times for the two lasers must be exactly the same. After the

acoustic-optic become highly transparent, the laser pulse is not generated instantly.

The pulse build-up time is the time it takes to generate the laser pulse when the Q-

switch is instantly open. This value is determined by the stimulated emission cross

section of the laser gain medium, loss of the cavity, output coupling coefficient, and

pumping level above threshold. In fact, once the laser crystals are chosen and the

cavity is well aligned, the former three factors cannot be changed. As a result, the

only way for changing the pulse build-up time is the pump power level. In our

configuration, we can separately change the pump power levels of the two lasers

simply by varying the driving currents of the lasers.

3.1.2 Power Dependences Based on Two Gain Mediums

When the repetition rate of the Q-switch is set at 5 kHz, we have measured the

dependence of the Q-switched output powers on the pump powers at both 1047

and 1053 nm, see Fig. 3.3. Both of the output powers at 1047 nm and 1053 nm

have increased linearly. As a result, we have completely solved the issue of the gain

competition in our previous geometry [35]. At the pump power of 10.55 W and 9.55

W, we have obtained the output powers of 2.8 W and 1.918 W at 1047 and 1053

nm, corresponding to net conversion efficiencies of 26.5% and 20.1%, respectively.

The corresponding slope efficiencies are 29.8% and 22.5%, respectively. Compared

with the previous results,5 the total output power has been improved by more than

twice. In addition, the ratio of slope efficiencies between 1047 and 1053 nm is 1.32.
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This value is close to the ratio of the corresponding stimulated cross sections (i.e.,

1.5) [35].

3.2 Power Scaling for THz Generation
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Q-switch 

Input mirror 2 

Input  
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Output 
 Coupler 
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1047 nm 
pulse 

Polarizer GaSe 
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mirror 

THz 
Detector 

Laser Crystal 2 

Figure 3.4: Experimental layout for a configuration of the dual-frequency solid-state
laser and compact THz source. The dual-frequency laser cavities are marked by the
dashed border line.

Since the dual-frequency beams are emitted from the same output coupler, see

Fig. 3.1, the two beams are collinearly propagating. In order to generate a THz

output based on frequency mixing, we can simply place a nonlinear crystal right

after the output coupler. Therefore, the THz source is truly compact.

We have used a 15-mm-long GaSe crystal to measure the THz output by mixing

the two laser beams, see Fig. 3.4. The GaSe crystal is placed directly after the out-

put coupler. This setup is different from our previous one where a beam splitter was

used to combine the two dual-frequency beams onto a nonlinear crystal. Obviously,
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Figure 3.5: THz average and peak power dependence on the combined power at
1047 and 1053 nm; straight lines correspond to quadratic fits to data points. Inset
is the intensity of the THz radiation as a function of the azimuthal angle of a THz
polarizer.
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our configuration shown by Fig. 3.4 is much more compact. We have measured the

power dependence, see Fig. 3.5. At the highest incident power of 4.24 W, we have

achieved an output power of 4.464 μW at 1.643 THz (182.4 μm). According to Fig.

3.5, the dependence is nearly quadratic, which is characteristic for DFG. Compared

with the previous result, we have increased the output power by 4.7. Such an en-

hancement is attributed to the improvement of the laser powers at 1047 and 1053

nm. The pulse widths at 1047 nm and 1053 nm are measured to be 17.7 ns and

11.71 ns, respectively. The laser linewidths are measured to be 77.5 GHz and 76.5

GHz, respectively. Assuming the pulse shape is Gaussian, the pulse width of THz

radiation is estimated to be 9.766 ns. We have also measured the polarization of

the THz radiation as a function of the azimuthal angle of a THz polarizer, shown

by inset to Fig. 3.5. Based on the sinusoidal oscillation, the THz polarization can

be determined.

3.3 Frequency Tuning for THz Wave

3.3.1 Nd-doped Laser Crystals

In the previous parts, we only used Nd: YLF laser crystals as the gain medium

in the solid-state lasers as the pump sources for THz source. Actually, more than

100 Nd-doped laser materials or ceramics have been studied with their wavelengths

covering from 1.03 μm to 1.1 μm [46]. Nd:YLF is just one of these materials (see

Table 3.1). One of the advantages for our configuration lies in the fact that we can

generate the THz output frequency simply by choosing two different laser crystals.

As a result, it is conceivable for us to generate any THz output wavelength.

34
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Wavelength (μm) Material
1.0369 CaF2 − SrF2

1.0370 CaF2

1.0370 SrF2

1.042-1.075 Na0.4Y0.6F2.2

1.0445 SrF2

1.046-1.064 LiNdP4O12

1.0461 CaF2 − Y F3

1.0461-1.0468 CaF2

1.047 LiGdF4

1.047 LiNdP4O12

1.047 LiYF4

1.047-1.078 NdP5O14

1.0471 LiY F4

1.0472 LiLuF4

1.0475 LaBGeO5

1.0477 Li(Nd,La)P4O12

1.0477 Li(Nd,Gd)P4O12

1.048 Li(Bi,Nd)P4O12

1.053 LiYF4

... ...

Table 3.1: Part of the Nd-doped laser materials.

3.3.2 Dual-Frequency Nd: YLF/YAG Laser

In order to demonstrate the THz frequency tuning, we chose Nd:YAG and Nd:YLF

crystals. The experimental setup is similar with the setup in Fig. 3.1. In the cavity,

a Nd:YLF crystal (α-cut, Nd doped at 1.0%, and 4 × 4 × 10mm3) was placed at

one arm of the cavity and a Nd: YAG crystal (Nd doped at 1.0%, Φ5mm, 10 mm

long) was placed at the other arm of the cavity, see Fig. 3.6. All the rest of the

optical components remain the same. At the diode pump powers of 9.55 W and

8.653 W, we have generated the output powers of 1.981 W and 1.706 W at 1053 nm

35



CHAPTER 3. POWER SCALING AND FREQUENCY TUNING

 

Nd: YAG 

Acoustic-Optic 
Q-switch 

Input mirror 2 

Input  
mirror 1 

LD pump 

LD pump 

Output 
 Coupler 

1053 nm 
pulse 

1064 nm 
pulse 

Polarizer GaSe 

PE filter 

Parabolic 
mirror 

THz 
Detector 

Nd: YLF 
1053 nm 

1064 nm 

Figure 3.6: Experimental setup for the dual-frequency based on Nd: YAG and Nd:
YLF as well as the setup for THz generation.

and 1064 nm, respectively, corresponding to the net conversion efficiencies of 20.7%

and 19.7%. At the repetition rate of 5 kHz, the pulse widths are measured to be

9.92 ns and 12.48 ns, respectively. The laser linewidths are measured to be 76.5

GHz and 75.0 GHz, respectively.

3.3.3 Frequency Tuning for THz Wave

By mixing the two laser beams on the GaSe crystal, we have generated the THz

radiation at 2.983 THz (100.5 μm). The external phase-matching angle for the

type II DFG is measured to be 18.3◦, which is consistent to the theoretical value

[43]. The highest output power is 2.09 μW. Figure 3.7 shows the THz average

power dependence pumped by the dual-frequency lasers based on Nd: YAG and

Nd: YLF. The lower output power at such a frequency, compared with that at 1.64

THz, is due to the increased absorption of the THz radiation by the GaSe crystal.
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Figure 3.7: THz average power dependence pumped by the dual-frequency lasers
based on Nd: YAG and Nd: YLF.

The estimated THz pulse width is 7.766 ns. We have measured the THz output

wavelength by scanning a Si-based etalon, see Fig. 3.8. According to Fig. 3.8, the

output wavelength is to be 98 μm, which is close to 100.5 μm, calculated from the

two pump wavelengths. The THz linewidth is deduced to be 42 GHz from Fig. 4.

This value is close to 53.5 GHz, estimated from the laser linewidths. Using surface-

emitting geometry [47, 48], it is feasible for us to extend the output wavelengths to

the far-infrared region.

In conclusion, by introducing the second solid-state laser gain medium, we have

significantly improved the output powers from the two lasers sharing the same Q
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Figure 3.8: THz power at 100.5 μm being transmitted through a Si etalon as a
function of the displacement between two Si wafers.

switch and output coupler. Consequently, we have improved the THz output power

almost fivefold at 1.64 THz. Such a configuration allows us to generate different

THz output frequencies by replacing one Nd:YLF laser medium by other solid-state

laser crystal. As an example, we have generated an output power of 2.1 μW at 2.98

THz after replacing the Nd:YLF crystal by neodymium-doped yttrium aluminum

garnet (Nd:YAG) crystal.
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Chapter 4

Intracavity DFG for THz

Generation

In this chapter, we propose and demonstrate a novel intracavity terahertz generator

based on compact dual-frequency solid state laser [49, 50]. The laser output coupler,

based on multi-layer unbonded GaP stack, operates as the nonlinear optical medium

for terahertz generation simultaneously. By achieving intracavity scheme and using

quasi-phase-matching (QPM) through alternating each layer of GaP stack, terahertz

output power is significantly enhanced compared with the external-cavity approach.

4.1 Background of Intracavity DFG

Intracavity frequency mixing is the technology that can achieve dramatically high

efficiency in frequency conversion process. In such an approach, the frequency con-

verter is placed inside the cavity of an optical oscillator with extremely high power

fundamental wave oscillating back and forth. The typical example is the intracavity
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CHAPTER 4. INTRACAVITY DFG FOR THZ GENERATION

second harmonic generation (SHG) [51]. And this technology has been widely used

to generate high power visible solid-state lasers or very compact laser like the green

laser pointer [52, 53]. Recently, it has been demonstrated that both the intracav-

ity parametric process [54] and intracavity difference frequency generation (DFG)

[55] can be used to generate terahertz (THz) radiation efficiently. However, due to

the high absorption of THz wave in most nonlinear mediums, the surface emitting

scheme is employed in these experiments [54, 55], in which the THz propagates at a

very big angle or even vertically along the direction of the pump beams. Compared

with this scheme, the collinear approach is easier for the alignment of cavity and

the collection of THz radiation. To achieve this aim, the nonlinear optical medium

must be transparent for both the THz wave and the pump beams that are oscil-

lating inside the cavity. This approach has been demonstrated using GaAs inside

the cavity of optical parametric oscillator in which the wavelength of the beams for

DFG has reached for more than 2 μm [29]. Since more than 100 Nd-doped crystals

or ceramics can have lasing wavelengths between 1.03 μm and 1.1 μm [46], any

THz wavelength can be generated by properly choosing two different gain mediums

[45]. It would be of great interest for achieving intracavity THz generation within

these lasers. However, due to the severe two-photon absorption (TPA) around 1

μm, GaAs cannot become the suitable candidate for intracavity THz generation in

most lasers using Nd-doped laser mediums.

In contrast, GaP has rather low TPA coefficient around 1 μm. Recently, it

has been demonstrated that GaP could be very efficient in generating terahertz

radiation pumped by laser pulses around 1 μm [19, 18]. Besides, it is also proved

that GaP could be used in cavity enhanced DFG [56]. As a result, GaP could be

promising for intracavity application whereas a sufficiently high damage threshold is
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a prerequisite property. In this chapter, to the best of our knowledge, we have firstly

demonstrated the terahertz intracavity generation in GaP based on Q-switched dual-

frequency solid-state laser with emission wavelengths around 1 μm. The terahertz

average power that is generated from intracavity scheme has been enhanced a lot in

terms of the power generated from external-cavity scheme.

4.2 GaP Stack as Laser Mirror
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Figure 4.1: Transmittance of laser beam through GaP stacks with different number
of layers and the estimated ratio of intracavity intensity vs extracavity intensity.

Specifically, we also present a unique design of intracavity DFG compared with

the traditional approach. In this design, several stacked uncoated GaP plates are
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used as the key component for THz generation. In the mean time, the plates could

also be used as the output coupler for the dual-frequency laser. This is made possible

by achieving a high reflection coefficient through the multiple reflections in the

GaP plates stacked in series. Starting from the first plate, the intracavity intensity

reduces gradually through the multiple plates. Thus the equivalent intensity inside

the stack is much higher compared with the intensity from the beam finally emitted

from the laser.

Each of the GaP plates used in the experiment was cut and polished along the

[110] direction. The diameter of each plate is 48.5 mm and the thickness is 663

μm. To achieve sufficient reflection coefficient for the output coupler, as many

as nine GaP plates were stacked. We used a neodymium: yttrium lithium fluoride

(Nd:YLF) laser to test the reflection coefficient of GaP plates with different stacking

numbers. The transmission coefficient dependence is shown in Fig. 4.1. The solid

line corresponds to the exponential fitting, showing that the transmittance reduces

as we increase the number of stacked plates. It is estimated that the reflection

coefficient of nine GaP plates stack could reach more than 80% which is sufficient

as an output coupler.

4.3 Novel THz Generation Based on Intracavity

DFG

4.3.1 GaP Stacking Configuration based on QPM

In order to achieve efficient DFG, the polarization direction of these two wavelengths

should be directed parallel to [11̄0] and [001]onto the GaP. Besides, considering the
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coherence length of the DFG process, we could figure out the orientation direction of

each GaP plate before stacking. In addition, different from the approach of diffusion

bonding [56], the GaP plates used in the experiments are only stacked such that the

orientation direction of each plate is still changeable. Thus, in order to achieve quasi-

phase-matched (QPM) DFG and optimize the conversion efficiency, it is convenient

to realign the orientation of GaP plates in terms of different coherence lengths at

different THz wavelengths.

By using the experimental setup in Fig. 3.1, the dual-frequency beams at 1047

nm and 1053 nm were directed onto the GaP stacks with these configurations and

generated THz radiation by DFG. In each configuration, we also tested the GaP

stacks with different number of plates. The THz intensity in terms of these configu-

rations is shown in Fig. 4.2. In addition, under the assumption that the coherence

length is about 2 mm, we plot the theoretical THz power dependences on the num-

ber of stacked GaP plates, see Fig. 4.2. It is noted that considering the reduction

of laser power after transmitting through different number of plates, we also used

the fitted exponential expression in the theoretical calculation. The experimental

data agree well with the theoretical value, which shows that the third configuration

is the optimized for the orientation of the stacking of GaP plates (see the schematic

figure of GaP stack in Fig. 4.2).

4.3.2 Experimental Setup

The experimental setup for the unique configuration of intracavity DFG is shown in

Fig. 4.3. The laser cavity configuration excluding the output coupler is similar with

setup in Ref. [45]. However, the introduction of GaP stack as the output coupler

makes the whole design completely different and much more compact. The cavity
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Figure 4.3: The experimental setup for the configuration of intracavity DFG. PE
filter, high density white polyethylene filter.

of 1053 nm is composed of input mirror 1, polarizer, convex lens and GaP stack

while the cavity of 1047 nm is composed of input mirror 2, polarizer, convex lens

and GaP stack. The intracavity polarizer is high transmission for the light with

horizontal polarization and high reflection for the light with vertical polarization.

As laser gain mediums, two α-cut Nd: YLF (Nd doped at 1.0%, and 4×4×10mm3)

crystals were placed onto the separate arms connected through the polarizer. Due to

the perpendicular polarization direction of 1047 nm and 1053 nm, these two crystals

could provide the gains for these two wavelengths respectively. Between the polarizer

and the GaP stack which is the shared arm of 1047 nm and 1053 nm cavities, we

placed an acoustic-optic Q-switch such that the laser pulses at the two wavelengths

could be synchronized. In addition, a bi-convex lens (focus length f=10 cm) was

placed beside the Q-switch, yielding a beam waist on the GaP stack. Indeed, as the

laser pulses at 1047 nm and 1053 nm are oscillating in the cavities, the intracavity
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Figure 4.4: Real setup for the configuration of intracavity DFG. In the picture, the
sample fixed by the round holder in the upper-right corner is the GaP stack.

laser modes will also penetrate through the stacked GaP plates. Therefore, the DFG

process will happen simultaneously as the laser oscillates. As the DFG component

GaP stack is part of the cavity, this is truly real intracavity DFG (see the real setup

in the Fig. 4.4). After the GaP stack, white polyethylene filter was placed to block

the beams of 1047 nm and 1053 nm. THz radiation is then collected through a

parabolic mirror and measured by a THz power meter.

4.3.3 Experimental Results

The repetition rate of the Q-switch is set at 4 kHz. Both of the two Nd:YLF crystals

are pumped by two 808 nm laser diodes separately. At the pump powers of 3.327
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Figure 4.5: THz power dependence vs. corresponding laser powers emitted from the
GaP stack.

W and 3.298 W, we have achieved 41.8 mW at 1047 nm and 56 mW at 1053 nm,

respectively. The corresponding pulse widths are 280 ns and 170 ns. Both of two

output powers were measured from the laser beams emitted from the GaP stack.

At these two laser output powers, the terahertz average power was measured to be

203 nW. Besides, we have measured the THz power dependence, see Fig. 4.5. It

is mentioned that this dependence was obtained after we optimized the position of

the GaP stack for THz generation. Namely, as the lasers were kept operating, we
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scanned the surface of the GaP stack in two dimensional directions and measured the

THz power at the same time. Variation of THz power was observed as we carried out

this scanning. The reason, we believe, is due to the variation of reflection coefficient

at the laser wavelengths caused by the inhomogeneous air gaps among different GaP

plates. As we prepared the GaP stack, we observed the interference fringe pattern

between different layers. This is caused by the variable air gaps between these GaP

plates. We estimated that the distances of these gaps are in the order of hundreds

of nanometer. Based on the transmission matrix approach dealing with nonperiodic

dielectric stack [57], we theoretically estimated the equivalent reflection coefficient of

the GaP stack. It was assumed that the thickness of each GaP plate was exactly 663

μm and the two surfaces of each plate were perfectly parallel. However, as nine GaP

plates were stacked, there would be eight different air gaps formed. Correspondingly,

we would have eight variables in the simulation in terms of the air gaps. The

simulation result shows that the variation of equivalent reflection coefficient could

be as large as almost 20%. For some instances, the value of the reflection coefficient

could be more than 99%, which is perfect for intracavity application.

In order to characterize the performance of the GaP stack in intracavity THz

generation, we compared the result with the result achieved in external-cavity THz

generation. The GaP stack was replaced with a plano cavity mirror at a coupling

efficiency of 5%. At the pump powers of 5.876 W and 3.826 W, we have achieved

902 mW at 1047 nm and 510 mW at 1053 nm, respectively. The corresponding

pulse widths are 150 ns and 170 ns, respectively. Then, the synchronized two beams

were focused and directed onto the same GaP stack with nine plates. It is noted

that the beam sizes are focused to the same values as those in the intracavity

scheme. THz average power was measured to be only 2 nW, which is much lower
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Figure 4.6: Temporal stability of THz intensity. Inset, THz power being transmitted
through a Si etalon as a function of the displacement between two Si wafers.

than the value achieved in the intracavity scheme. Thus, the key advantage of

the intracavity scheme is the intense intracavity pump power that can be used to

improve the efficiency for DFG. Considering the different power and pulse widths

from the pump beams in the intracavity and external-cavity scheme, we estimated

that the equivalent intracavity power for 1047 nm and 1053 nm are 8.361 W and

11.202 W, respectively. Besides, the equivalent reflection coefficient of the GaP

stack reached about 99.5%. It is shown that to achieve efficient intracavity DFG,
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the reflection coefficient of the output coupler should be as high as possible. In

addition, it is mentioned that as the intracavity laser beams oscillate back and forth

inside the GaP stack (see Fig. 4.3), the THz is also generated in the opposite

direction relative to the laser output. In order to collect the THz power from this

direction, we placed a parabolic mirror inside the cavity. The measured THz power

is even 10% higher compared with the power collected from the side outside the

cavity. Thus, it is expected that the THz power could be doubled if we can find

certain approach to collect the THz from both sides.

It is known that the one of the important concerns in intracavity nonlinear

process is the stability. We have also measured the stability of THz output in the

experiment, see Fig. 4.6. In the measurement time of 10 minutes, the stability is

within ±5.7%, which is sufficient for a lot of applications. Shown in the inset of Fig.

4.6, we have also measured the wavelength of the THz beam through the two-wafer

Si-etalon. The wavelength is measured to be 186.4 μm, which is close to 182.4 μm,

determined from the wavelengths of the two pump laser beams.

In conclusion, we have proposed and demonstrated a novel scheme for generating

THz in the intracavity scheme. The GaP stack operates both as cavity output

coupler and the component for THz generation. This design greatly simplifies the

structure for THz generation based on dual-frequency solid state laser. In addition,

the THz power has been improved dramatically compared with the result in external-

cavity scheme.
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Chapter 5

Passively Q-Switched THz Source

As is known to all, the most compact solid-state-laser is the microchip laser [58].

Figure 5.1 shows a typical structure of microchip passively Q-switched laser. The

laser gain medium, passively Q-switch and output coupler are bonded together. As

a result, the whole size is extremely compact.

 

Pump  
Radiation 

Laser Output 

Output Coupler 
Passively Q-Switch 
(eg: Cr4+: YAG) 

Laser Gain Medium  
(eg. Nd: YAG) 

2mm 

Figure 5.1: Typical setup for passive Q-switched microchip laser.

Is it possible to realize microchip THz source with this kind of compact size? The

answer is ′yes′! In this chapter, we are going to explore the possibility of achieving
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THz source based on DFG pumped by using passive Q-switched solid-state lasers

[59].

5.1 Fundamentals of Passively Q-switched Laser

The key component in the passively Q-switched laser is the saturable absorber. The

most common saturable absorber for laser is Cr4+:YAG. There is an initial trans-

mission loss for laser light when the intensity is weak, as shown in Fig. 5.2. Because

of this loss, the laser emission will be delayed. As a result, the population inversion

in the upper energy level can be accumulated within this time of delay. However,

light intensity is still slightly increasing in the laser cavity (the laser oscillation has

not been reached, but the radiation from the stimulated emission will accumulate).

As the intensity reaches certain value, the transmission loss will be much reduced.

Namely, the Q-factor in the cavity is changed, and the laser pulse could build up

immediately.

However, the pulses generated by these lasers suffer from large timing jitters,

see Fig. 5.3. This is due to the reason that the there is no fixed modulation

repetition rate of the alternation of Q-factor within passive Q-switch. Besides,

the variation of transmittance of the passive Q-switch would also be influenced

by environmental factors which have lots of uncertainties. Such a disadvantage

severely limits their applications in differential optical absorption spectroscopy [60]

and terahertz (THz) generation [35]. In the past, several approaches for reducing

the timing jitter were investigated [61, 62, 63, 64, 65]. In order to synchronize each

pair of the pulses generated by two passively Q-switched lasers, specific cavities were

exploited [66, 67, 68].

52



5.2. DUAL-FREQUENCY PASSIVELY Q-SWITCHED LASER

Laser power/Saturation power of passive Q-switch

Laser 
Pulse

Figure 5.2: The change of transmittance in saturable absorber as a function of the
cavity intensity vs the saturation power of the material.

5.2 Dual-Frequency Passively Q-switched Laser

In this chapter, we introduced our demonstration of THz generation by mixing

the passively Q-switched laser pulses in a nonlinear crystal. Our success in THz

generation is primarily attributed to our novel design of the cavity for the passively

Q-switched dual-frequency Nd:YLF laser; see Fig. 5.4.

The laser consists of two cavities being jointed together by a polarizer (P). The

two cavities are used to generate two beams at 1047 and 1053nm with the orthogonal

polarizations (π and σ). The polarizer being placed at Brewsters angle has a high
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First pulse
Second pulse

Jitter is as big as ~10 μs
Pulsewidth is only ~10 ns

(a)

(b) (c)

Figure 5.3: Schematic plot of timing jitter measured from output pulses from pas-
sively Q-switched lasers.
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transmittance of T ≈ 98% for the π-polarized beam and a high reflectivity of R >

99.9% for the σ-polarized beam. This configuration is different from our previous

work [45]. In this cavity, a passive Q switch made of a 1mm thick Cr4+:YAG crystal

with an initial transmittance of 90% (i.e., under a sufficiently low input intensity)

is shared by the two cavities. Without introducing any complicated circuit and

electronic driver, such a passive Q switch can be fully integrated with the laser

crystal [58]. Thus, the dimension of the entire laser can be reduced to 1-2 in.

Passive Q-switch

Figure 5.4: Experimental setup of the dual-frequency passively Q-switched Nd: YLF
solid-state laser. IM 1 and IM 2, input mirrors; P, polarizer; OC, output coupler.

Before the dual cavities simultaneously reached the lasing conditions, we tested
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the timing jitter of the laser pulses at 1047 nm. While the pulse width of the laser

was measured to be about 80 ns, the timing jitter was higher than 400 ns. Since

the corresponding pulses at the two wavelengths are no longer synchronized, such a

dual-frequency laser system is not suitable to THz generation based on difference-

frequency generation (DFG) or sum-frequency generation (SFG). Because of the

unique design of the cavities, we effectively reduced the timing jitter between the

laser pulses at the two frequencies. First, the dual-frequency laser pulses are self-

triggered through the occurrence of multiple pulsing [42], see Fig. 5.9. The opening

time of the Q-switch is shorter than the pulse build-up time. When the first pulse

is generated, the loss of the Q-switch has not reached the minimum. However, the

population inversion has not been depleted completely. As the loss the Q-switch

is reduced further, an additional pulse is generated shortly after the first one. Via

our unique design, multiple pulsing is used to our advantage. As the first pulse is

generated in the 1047 nm laser, the passive Q-switch becomes saturated and changes

the cavity loss for both of the 1047 and 1053 nm laser oscillators. The pulse at 1053

nm is generated shortly after the first pulse at 1047 nm. In the meantime, due to

the multiple- pulsing effect, the second pulse at 1047 nm is also generated. As a

result, the second pulse at 1047nm and pulse at 1053nm can be synchronized, and

therefore, they can be used as the input mixing signals for DFG and SFG.

Besides, we were able to manipulate the instance when each pulse is generated.

This was accomplished by controlling the pumping current for each output frequency,

and therefore, we have synchronized the pulses at the two different frequencies. In

our experiment, we varied the pump current for the laser at 1053 nm while keeping
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1047 nm

1053 nm

(a) Dual-freqeuncy pulses at 1047 nm and 1053 nm that are self-triggered by
pulses at 1047 nm.

1053 nm

1047 nm

(b) One snap of dual-freqeuncy pulses at 1047 nm and 1053 nm

Figure 5.5: Dual-freqeuncy pulses at 1047 nm and 1053 nm.
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Figure 5.6: Temporal profiles of dual-frequency laser pulses. (a)-(e) five different
stages.
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the pump current for the laser at 1047 nm at a fixed value. The temporal profiles are

shown in Fig. 5.6; all of the measurements were triggered by the laser pulses at 1047

nm. From insets (a)-(e) (zone I - V ) in Fig. 5.6, we observed five different regions

for the dual-frequency pulses. When the pump current was low, the laser pulse

at 1053 nm exhibited a random temporal profile, and therefore, the timing jitter

between the dual-frequency pulses is expected to be large. As the pump current

for the laser at 1053 nm was increased, the laser pulse at 1053 nm moved slowly

toward the laser pulse at 1047 nm. At some current, the laser pulse at 1053 nm

became stable, and therefore, the timing jitter was reduced to about 40 ns, see inset

(b) (zone II). This represents the reduction of the timing jitter by 20 times. Such

reduction is attributed to the presence of the passive Q-switch. Indeed, the laser

pulse at 1047 nm was generated ahead of the laser pulse at 1053 nm due to a higher

pump level for the laser cavity at 1047 nm. The laser pulse at 1047 nm saturated

the passive Q-switch, and therefore, reduced the loss for the Q-switch from 10% to a

negligible amount. Since the laser cavity at 1053 nm shared the same Q-switch, the

laser at 1053 nm started to emit pulses shortly after the laser pulses at 1047 nm were

emitted. Based on our experiment, such a mechanism can be used to significantly

reduce the timing jitter for the laser pulses at 1053 nm relative to the laser pulses

at 1047 nm. However, as the pump current was further increased, the laser cavity

at 1053 nm can reach the lasing threshold without the loss modulation by 1047 nm

pulse. As a result, it was not possible for us to precisely control the instance when

the laser pulses are generated at 1053 nm, see inset (c) (zone III). Besides, it is

hard to determine which pulse is generated first at 1047 nm or 1053 nm. But once

the first pulse is generated, the loss in the Q-switch will be saturated and the pulse

at the other wavelength will be correspondingly triggered. When the pump current
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reached a certain value, the laser pulses at 1053 nm were generated first. Since the

loss in the Q-switch was reduced, the laser pulses at 1047 nm were subsequently

generated. As a result, the temporal profile became relatively stable again, see inset

(d) (zone IV ). When the pump current became even higher, the temporal profile

became relatively unstable, see inset (e) (zone V ), similar to the state in inset (a).

5.3 Passively Q-Switched THz Generation

 

808 nm 

IM 2 

Nd: YLF 
Passive Q-switch 

808 nm 

IM 1 

P 

Nd: YLF 

1053 nm 

Bolometer 

L2 

PM2 

PE PM1 

GaSe 

Dump 

1047 nm OC 

Laser Cavity 

Figure 5.7: Experimental setup of THz generation pumped by passively Q-switched
dual-frequency pulses.

Due to the significant reduction of the timing jitter between each pair of the dual-

frequency pulses, we can use them for THz generation based on frequency mixing,

see the setup in Fig. 5.7. Indeed, we have successfully generated THz pulses from

a 15 mm GaSe crystal. This is the first demonstration of THz generation from

passively Q-switched dual-frequency laser pulses. While keeping the pump current

for the laser cavity at 1047 nm as a constant, we have varied the pump current for
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the laser cavity at 1053 nm. According to Fig. 5.8, the behavior of the THz output

power vs. the pump current is peculiar. It is strongly correlated with the timing

jitter between each pair of the dual-frequency laser pulses. Indeed, the first THz

peak from the low-current side in Fig. 5.8 corresponds to the region between insets

(a) and (b) in Fig. 5.6 where the second pulse at 1047 nm synchronizes well with the

pulse at 1053 nm. Then, as the pump current increases, the pulse at 1053 nm moves

to the center part between the two pulses at 1047 nm whereas none of the pulses

at these two wavelength could be synchronized. This corresponds to the first dip

in terahertz power around the pump current 1.2 A. As the pump current is further

increased, either 1053 nm or 1047 nm pulse may be generated first, shown in Fig. 5.6

(c). However, once triggered by the first pulse at one wavelength, the second pulse

can still be synchronized with the pulse at the other wavelength. As a result, the

terahertz radiation can still be efficiently generated. This region corresponds to the

second peak in terahertz power in Fig. 5.8. Then, after the current around 1.4 A, the

pulse 1053nm will be generated first and become dominant as the triggering pulse.

Similarly, as the pulse at 1047 nm moves around the center point between the two

1053 nm pulses, few pulses at the two wavelength will be synchronized. Accordingly,

the terahertz power will have the second dip. The last peak in terahertz power is

attributed to the mixing between 1047 nm pulse and second pulse at 1053 nm.

5.4 Synchronized Dual-Frequency Pulses Based

on SFG
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Figure 5.8: THz intensity versus pump current of the 1053nm laser.

Besides the THz generation, we have also demonstrated SFG by using this dual-

frequency passively Q-switched laser as the two mixing beams. In order to un-

derstand the synchronization between the sum-frequency (SF) pulses and second-

harmonic (SH) pulses, a dual-frequency laser beam was divided into two beams using

a beam splitter. Each SF pulse was generated by a KTP crystal by one of the split

beams. The other split beam, used for second harmonic generation (SHG), was sent

through a half-wave plate and a cubic polarizer. Because of the perpendicular po-

larizations of the beams at 1047 and 1053 nm, either the 1047nm beam or 1053nm
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Figure 5.9: (a) Synchronized pulses of SFG and SHG of 1047 nm; (b) synchronized
pulses of SFG and SHG of 1053 nm.

beam can be blocked completely by rotating the half-wave plate. Another KTP

crystal was used for achieving SHG. In Fig. 5.9(a), the first pulse of the SH beam

at 1047nmwas generated by the first pulse at 1047nm that triggered the following

pulses at 1047 and 1053 nm. Figure 5.9(b) shows the pulse profiles of the SF and

SH beams. Our measurement yielded a timing jitter of 5 ns, which is much smaller

than the value for the timing jitter between each pair of the pulses at 1047 and

1053 nm. Figure 5.10 shows the distribution of jitter measurement between SFG

and SHG of 1053 nm pulses. In this approach, we synchronized the pulses at two

different wavelengths based on a passively Q-switched laser.

In conclusion, we have demonstrated THz generation by using the pulses gener-

ated by a passively Q-switched solid-state laser. Following our novel design of the

laser cavities, timing jitter between two lasers has been reduced by a factor of 20.

Through further optimizations, such an approach can be utilized to implement an

efficient, compact, and portable THz source.
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pulses.
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Chapter 6

THz Source Based on AFB-KTP

OPO

A coherent infrared source being capable of generating dual wavelengths have a

variety of applications such as differential absorption lidar [69], Doppler lidar mea-

surement [70], coherent anti-Stokes Raman scattering microscopy [71], and genera-

tion of mid-infrared [72] and terahertz (THz) [73] waves. Apart from the solid-state

lasers that can emit coherent dual-frequency radiations, optical parametric oscillator

(OPO) is also a very promising approach to achieve this kind of source. Although

conventional OPO is capable of generating signal and idler wavelengths, spatial

walk-off in a nonlinear crystal not only increases the threshold for the oscillation but

also sacrifices the beam quality. Recently, it was demonstrated that periodically-

orientated stacks based on adhesive-free-bonding (AFB) can be used to compen-

sate spatial walk-off for the generation of about 2 μm due to quasi-phase-matching

(QPM) [74]. In comparison, conventional QPM crystals have very small aperture

sizes. Besides, compared with two separate nonlinear optical crystals [72, 73], such
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a crystal composite has a significantly higher gain, i.e. a factor of 16/π2 higher [74].

In addition, because the dual-signal or dual-idler wavelengths (i.e. four output wave-

lengths) are generated simultaneously inside the same crystal, each pair has almost

the same intensity and the temporal profiles which are completely synchronized.

In this chapter, we will discuss about several novel researches on THz generation

based on our specially designed AFB-KTP crystal that is the key component in the

OPO [75].

6.1 Dual-Signal-Idler OPO Based on AFB-KTP

In this section, we report our results on the oscillations at the dual-signal and

dual-idler wavelengths at around 1 μm. By mixing the dual-idler output at 1084.1

nm and 1093.9 nm from the OPO, we generated a THz wave at 118 μm based on

difference-frequency generation (DFG).

Each KTP plate was cut according to θ = 90◦ and ϕ = 0◦ (i.e. x-cut). As

a result, at these angles the OPO can be noncritical-phase-matched at the pump

wavelength of around 532 nm. All the crystal axes of the adjacent plates are opposite

to each other in order to periodically switch all elements of second-order nonlinear

susceptibility tensor of KTP to realize QPM based on d24. The structure of the

KTP plates studied here is quite different from that in Ref. [74]. Indeed, in Ref.

[74], z axes of the adjacent KTP plates were bonded in a head-to-tail configuration

(i.e. θ = 50.2◦) to achieve not only the walk-off compensation but also QPM. It is

worth noting that a singly resonant OPO is inherently more stable than a doubly

resonant OPO implemented in Ref. [74]. Moreover, the thickness of each KTP

plate, dictated by the frequency separation of the dual signals, is different from that
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Figure 6.1: Experimental setup for singly resonant OPO.

in Ref. [74] (i.e. 2 mm).

The experimental setup for the singly-resonant OPO is shown by Fig. 6.1. The

AFB KTP stacks, fabricated at Onyx Optics, consist of 20 x-cut KTP plates, each of

which has a thickness of 1.19±0.01 mm, with their z axes being periodically switched

as shown by Fig. 6.1; they were adhesive-free-bonded together as a composite for

realizing QPM simultaneously at the dual-signal and dual-idler wavelengths. As a

result, the QPM condition is given by Δkl = ±π, where l is the thickness of each

KTP plate. It is noted that the expression Δkl = ±π is invalid when the number

of KTP plates is small (see our discussion in appendix). In our case, the expression

is still precise for 20 KTP plates. Consequently, a pair of the signals having slightly

different wavelengths satisfies the QPM condition above. The two corresponding
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68



6.1. DUAL-SIGNAL-IDLER OPO BASED ON AFB-KTP

idler wavelengths satisfy the QPM condition.

In comparison, only a single signal wavelength satisfies the birefringence-phase

matching condition (i.e. Δkl = 0) if a single KTP crystal is used instead. Our

composite has a clear aperture of 5.6 mm×10.5 mm and a total interaction length

of 23.8 mm. As one can see, the aperture size is much larger than the QPM KTP

crystals commercially available. As a result, such an AFB crystal composite holds

great promise for the generation of high powers, which requires large laser beam sizes.

For our composite, both the input and output facets were high-transmission (HT)-

coated at the wavelengths of around 532 nm and 1000-1100 nm. To demonstrate the

tunability of our OPO based on the KTP composite, we tuned the pump wavelength

around 532 nm. Based on our experimental results, low-cost pulsed pump source at

532 nm, commercially available, was sufficient to achieve stable oscillations in the

composite. The configuration for the OPO cavity is shown by Fig. 6.1. Two flat

mirrors with high reflection (HR) coating in the range of 1000-1100 nm were designed

as the cavity mirrors. To ensure the oscillations only at the signal wavelengths, a

cubic polarizer was placed inside the cavity. It allows the o-polarized idler beams

to pass through (i.e. T ≈ 97%) and reflects almost all of the e-polarized signal

beams (R > 99%). Since the polarization of each signal was perpendicular to that

of the corresponding idler, we were able to oscillate just the dual signals inside the

cavity. Almost all the powers of the dual-idler beams were transmitted through

the polarizer. The inset to Fig. 6.2 illustrates the spectra of the dual signals and

dual idlers generated by the OPO at the pump wavelength of 532 nm. The dual

signals appearing in the spectra were caused by their weak transmissions through

the polarizer. The wavelengths of the dual signals oscillating in the OPO cavity

were measured to be 1034.8 nm and 1044.2 nm, whereas the wavelengths of the dual
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idlers were 1084.1 nm and 1093.9 nm, respectively. These measured wavelengths

coincide with the calculated values.

When a pump beam at 532 nm with the repetition rate of 10 Hz and the pulse

width of 4.8 ns was slightly focused onto the AFB KTP composite (a beam diameter

of about 2 mm, measured by us), we measured the total output power from the OPO

vs. the pump power, see Fig. 6.2. By linearly fitting the data points in Fig. 6.2,

we deduced the threshold power for the OPO to be 12 mW (the corresponding

energy of 1.2 mJ per pulse). Such a threshold power corresponds to an intensity

of 8 MW/cm2. At the pump power of 111.8 mW, the OPO output power reached

39 mW, corresponding to a conversion efficiency and slope efficiency of 34.9% and

37.1%, respectively. To demonstrate the advantage of a higher gain in the AFB

KTP composite, we measured the power dependence from an OPO based on two

traditional KTP crystals which were placed in the setup similar to Ref. [73], see

Fig. 6.2.

Each of the two KTP crystals generated a pair of signal and idler around 1

μm with slightly different wavelengths. The length of each crystal is 10 mm such

that the total length is 20 mm, which is close to the length of the AFB KTP. At

the pump power of 108.5 mW, the dual-idler output power was 21 mW which was

53.8% of the output power generated from AFB KTP. This value is close to an

estimate of 42.8%, considering the slightly length difference between the AFB KTP

composite and two traditional KTP crystals. Since the implemented OPO is singly

resonant, the spectrum and power of the dual-idler beams is rather stable based on

our observation.
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6.2 THz Generation Pumped by AFB-KTP OPO

AFB KTP OPO 

GaP PE Filter 

Detector 

Parabolic 
Mirror φ 

Figure 6.3: An experimental setup for THz generation.

By mixing the dual-idler beams from the OPO based on DFG [19, 18, 56] in

four-piece alternatively-rotated GaP plates, we generated the THz wave based on

the setup shown by Fig. 6.3. Each GaP plate cut along the (110) plane had a

thickness of 663 mum. The polarizations of the dual-idlers were along the same

direction which is different from the condition in Refs. [19, 18]. As we rotated

the azimuthal angle of a single GaP plate, the THz intensity exhibited a unique

dependence, see Fig. 6.4. This is caused by the dependence of the second-order

nonlinear coefficient on the polarization directions of the mixing beams relative to

the azimuthal angle of the plate. Considering the above conditions and cut angle of

GaP plate, the THz intensity is proportional to cos4(ϕ) + sin2(2ϕ), where ϕ is the
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spond to experimental results. Solid curve corresponds to theoretical result.
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azimuthal angle. As we can see from Fig. 6.4, the measured data agree quite well

with the theoretical values.
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Figure 6.5: Dependences of THz peak power on the dual-idler average power
emitted from the OPO. Solid curve corresponds to the quadratic fit. Inset: the
power being transmitted through a Si-based etalon versus the distance.

We measured the THz power generated by the four-piece alternatively-rotated

GaP stacks vs. the average power of the dual idlers from the OPO, see Fig. 6.5.

At 37.2 mW, the THz peak power was measured to be 40.8 W. We fitted the data

points using a quadratic dependence, which corresponds to the solid curve in Fig.
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6.5. Obviously, the measured data clearly exhibit a quadratic dependence which is

the typical characteristics of DFG. Based on the data presented in Fig. 6.5 the THz

output power is stable.
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Figure 6.6: An illustration of the tuning characteristics.

By scanning a Si-based etalon, THz wavelength was measured to be 121 μm,

which agrees well with the designed value of 118 μm (see inset to Fig. 6.5).

The THz frequency is determined by not only the phase-matching condition

of the pump, signal and idler from the OPO, but also the QPM condition due

to the presence of the alternatively-inverted AFB KTP plates. The THz output

74



6.3. SIMULTANEOUS GENERATION OF MULTIPLE THZ FREQUENCIES

frequency is given by ν = νi1− νi2, where νi1 and νi2 are the frequencies of the idler

beams generated by the OPO. Since the pump wavelength of the OPO is 532 nm,

the THz frequency is calculated to be 2.55 THz, which is close to 2.54 THz (118

μm). In addition, to explore the tunability of the THz generation, we varied the

pump wavelength within the range of 512-552 nm. Fig. 6.6 illustrates the tuning

characteristics. According to Fig. 6.6, the THz output wavelength can be tuned in

the range of 105.0-133.7 μm, corresponding to the frequency range of 2.244-2.857

THz.

In conclusion, we have demonstrated a singly-resonant OPO based on AFB

periodically-inverted KTP plates. Such a noncritical-phase-matched OPO had a

threshold, measured to be 8MW/cm2. We have generated THz waves by mixing

the dual-idler output of the OPO in GaP stacks. We have achieved a tuning range

of 2.244-2.857 THz. Besides the collinear configuration, one could use such an OPO

output to generate a THz wave under the surface-emitting geometry [47].

6.3 Simultaneous Generation of Multiple THz Fre-

quencies

Terahertz (THz) frequency comb has been used for terahertz spectrum analyzer

[76] and high accuracy, high-resolution terahertz spectroscopy [77]. In addition,

dual-wavelength THz generated by quantum cascade laser (QCL) is promising for

attractive application in dual-wavelength THz imaging [78]. Compared with QCL,

THz generation based on DFG can work at room temperature. Provided with multi-

wavelength pump beam, THz frequency comb could be achieved from DFG. In the

first section of this chapter, as a first step to achieve this goal, we have discussed

75
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about the results on a singly resonant OPO with the dual-signal and dual-idler

wavelengths around 1 μm. It was achieved through periodically orientated KTP

stacks based on AFB technology, which can simultaneously compensate spatial walk-

off. The dual-signal was confined in the cavity for resonance such that the dual-idler

was coupled outside as the output beam.

1000-1100 nm HR 
532 nm HT 

AFB-KTP stacks 

Polarizer 

532 nm  
pumping 

Triple-wavelength 
 idlers 

o-wave 
e-wave 

1000-1100 nm HR 

Bulk KTP 

Figure 6.7: The experimental setup of triple-wavelength idlers OPO based on
AFB-KTP stacks and bulk KTP.

In this section, we report our results on the triple-wavelength OPO and its

application in generating THz radiation with multiple frequencies. The dual and

triple-wavelength THz frequency radiation is generated through DFG pumped by

the triple-wavelength idlers in GaP and GaSe crystals. This is made possible by

inserting another bulk KTP crystal beside the AFB KTP stacks which are placed

inside the OPO cavity.

The experimental setup for the singly resonant triple-wavelength OPO, as shown

in Fig. 6.7, is quite similar with the setup in Fig. 6.1. The AFB KTP stacks consist
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Figure 6.8: Spectrum of the triple-wavelength idlers.
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Figure 6.9: Spectra of the tunable THz comb generated from 2pc GaP Stack.
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of 20 x-cut KTP plates, each of which has a thickness of 1.19±0.01 mm. The total

interaction length is thus 23.8 mm and the composite stacks have a clear aperture

of 5.6 mm×10.5 mm. All the z axes of the stacks were periodically switched and

were adhesive-free-bonded together as a composite such that the QPM condition

(Δkl = ±π) could be achieved. In this way, the intrinsic signal and idler wavelengths

that satisfied the phase matching condition in bulk KTP would split into dual-signal

and dual-idler wavelengths. Beside the composite stacks, a x-cut bulk KTP crystal

(5 mm×5 mm aperture, 20 mm length) was also placed in the cavity. As a result, the

third set of signal and idler wavelengths could be generated. In addition, the bulk

crystal was fixed in an oven so that the wavelength could be tuned through changing

the temperature. The two cavity mirrors both have high-reflection coating between

1000 and 1100 nm and the input mirror is also high transmission coated at 532 nm

which is the pump wavelength of the OPO. To ensure the oscillations only at the

signal wavelengths, a cubic polarizer was placed inside the cavity. It reflects almost

all of the e-polarized signal beams (R > 99%) such that the signals are confined

inside the cavity whereas the o-polarized idler beams are coupled outside the cavity

as the emitting beams. Figure 6.8 shows the spectrum of the triple-wavelength idlers

at the room temperature. The wavelength generated by bulk KTP crystal located

at the middle position between the dual-wavelength generated by the AFB-KTP

stacks. The reason, as we mentioned before, is due to the periodically rotation of

the x-cut KTP plates in the stacks. Besides, we also plotted the spectrum as we

applied temperature-tuning for the bulk KTP crystal when the temperature was set

at 75◦C.

To generate THz comb, the triple-wavelength idlers were directed onto the GaP

stacks. The stacks were composed of two piece of GaP plate, each of which had
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Figure 6.10: Spectra of the THz generation as a function of phase match angle based
on GaSe crystal.

been cut along the (110) plane and had a thickness of 663 μm. The two plates were

stacked along the same direction. THz radiations were then measured by using the

homemade THz spectrometer. The measured spectra are shown in Fig. 6.9. The

THz radiation at around 120 μm was generated by the DFG pumped by two idlers

at 1085.9 nm and 1096.1 nm. Meanwhile, the other tunable THz radiation was

generated by the DFG pumped by idler at 1085.9 nm and the third idler generated

by the bulk KTP. As we changed the temperature from 35◦C to 80◦C, the THz
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wavelengths were measured to shift from 198 μm to 142 μm. It is mentioned that

we did not observe the third THz wavelength due to the limitation of the grating

we used in the spectrometer.

When we directed the triple-wavelength beams to the GaSe crystal, we measured

all the three THz wavelengths generated by all the three idlers. As GaSe is uniaxial

birefringent crystal, the phase matching angles for each THz wavelength is different.

We measured the THz intensity relative to the θ angle between the wave vector

direction and z-axis of GaSe, shown in Fig. 6.10. We set 55◦C for the bulk KTP

so that the triple-wavelength idlers are 1085.9 nm, 1092.5 nm, and 1096.1 nm,

respectively. Based on the Sellmeier equation of GaSe crystal, the triple-wavelength

THz wavelengths are 117.87 μm (2.545 THz), 179.8 μm (1.668 THz) and 342.2 μm

(0.8767 THz), respectively.
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Chapter 7

THz Generation Pumped by

Yb:YAG Laser

In previous chapters, we have demonstrated several compact and potable terahertz

source based on difference-frequency generation (DFG) pumped by dual-frequency

sources either from solid-state laser or optical parametric oscillator. Compared with

quantum cascade laser, these sources can completely work at room temperature.

Besides, due to the availability of more than 100 Nd-doped laser mediums, almost

any THz wavelength could be achieved simply by choosing two different laser medi-

ums that can emit different wavelengths. Moreover, some Nd-doped laser mediums

could emit dual-wavelength simultaneously such that the size of the THz source

could be further reduced. However, there are very few mediums of this kind and

the frequency difference between the two wavelengths is always fixed. Nevertheless,

it has been proposed that based on laser medium with broad emission bandwidth,

dual-frequency emission could be achieved by using intracavity etalon [33, 79]. In-

deed, THz generation has been demonstrated pumped by dual-frequency from Nd:
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LSB laser [33]. Compared with Nd-doped laser mediums, Yb-doped crystals have

several advantages for dual-frequency generation [42, 80]. For example, the Yb:

YAG crystal can easily provide emission bandwidth with more than 10 nm [81, 82].

Thus, it is possible to achieve dual-wavelength oscillation with large frequency in-

terval, resulting in much wider tunability in THz frequency. Besides, the ratio of

heat generated to absorbed energy in Yb: YAG is around one third of that in Nd:

YAG. As a result, Yb: YAG is more promising for high power systems such that

they can work as more powerful pump sources for THz generation [83, 84]. In recent

years, Yb: YAG crystal has been very successful as the gain medium for high power

solid-state lasers, especially after the introduction of disk laser technology [85]. It

now become not difficult to achieve disk laser with output power of more than 1kW

[86]. Besides, even high power (several tens of watt) ultrafast laser has been demon-

strated and become commercialized based on Yb: YAG [87]. Moreover, the ceramic

Yb: YAG medium have been successfully fabricated and used in solid-state laser

[88, 89, 90]. Compared with traditional Yb: YAG crystal, the ceramic medium can

have higher doping rate for Yb ion. As a result, the pump absorption coefficient of

the crystal can be dramatically improved. In addition, the ceramic medium can also

have wider emission bandwidth. Thus, the ceramic medium would be more feasible

for the experiment THz generation with wider tunability.

In this chapter, we will discuss the first demonstration of terahertz generation

by mixing dual-frequency pulses from a compact Q-switched Yb: YAG solid-state

laser [91]. The dual-frequency emission is successfully achieved through inserting

a 50 m thick etalon into the laser cavity. The wavelength interval can reach 6.1

nm, corresponding to 1.65 THz in frequency. Besides, we would also like to discuss

about other novel approach to achieve THz tunability based on the advantages of
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Yb: YAG crystal and Yb: YAG ceramic material.

7.1 Dual-Frequency Yb:YAG Laser

Our proposed approach would be similar to the design on the Nd: LSB laser [33]. An

etalon will be inserted into the cavity of Yb: YAG laser and choose dual-wavelength

or even triple-wavelength within the emission spectrum of the crystal. The laser

output radiation will then be used as the pump for THz DFG and will be expected

to obtain efficient output power in THz region. In this proposed experiment, a Yb:

YAG rod will be used as the laser gain medium.

Figure 7.1 shows our theoretical design of dual-wavelength generation by insert-

ing an etalon into the laser cavity. In the last sub figure, it is illustrated that the

dual-wavelength could be successfully chosen.

The experimental setup for the compact dual-frequency Q-switched Yb: YAG

laser is shown in Fig. 7.2. The laser crystal used in the experiment is a 5% Yb-doped

YAG crystal with 5 mm diameter and 5 mm length. To match the absorption band

of Yb: YAG, we used a 940 nm laser diode which can emit the light through a pig-

tail multi-mode fiber. The 940 nm pump light is then reshaped through the coupling

optics and focused onto the region adjacent to the input surface of Yb: YAG crystal.

The input surface, functioning as the back reflector of the laser cavity, has a high

reflection (HR) coating centered at 1030 nm and a high transmission (HT) coating at

940 nm (T> 90%). On the contrary, the exit surface of the crystal is anti-reflection

coated at 1030 nm. The output coupler is a concave mirror with curvature of 5

cm. The transmittance of the output coupler was chosen to be T=2% such that

the emission bandwidth of laser medium could be sufficiently broad. Besides, to
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Figure 7.1: Design of dual-wavelength emission in laser with broad bandwidth emis-
sion bandwidth by inserting etalon.

operate the laser in pulsed mode, an acoustic-optic Q-switch was placed inside the

cavity. In addition, a solid etalon was used which is the key component to ensure

the dual-frequency oscillation. In this experiment, we chose a 50 μm thick uncoated

YAG etalon with a free spectrum range (FSR) of 1.65 THz. We tested the one-

pass transmittance of etalon by using a FTIR spectrometer. The dependence of the

transmittance showed as a periodically modulated curve and the transmittance dip

went down to around 72.5%. Once placed into the laser cavity, the laser spectrum
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Figure 7.2: The experimental setup of dual-frequency Q-switched Yb: YAG laser
by inserting etalon.

would be determined by the superposition of the laser emission spectrum multiplied

by the modulated spectrum caused by etalon. It is observed that if two transmission

peaks located within the profile of the laser emission spectrum, the laser could

operate in dual-frequency mode. In order to do this, we can tilt the etalon inside the

cavity such that the frequency of the transmission peaks could shift a little relative

to the center frequency of the laser emission spectrum. At the tilting angle of around

6◦, we achieved Q-switch dual-frequency emission at 1035.6 nm and 1041.7 nm, see

Fig. 7.3. At the pump of power of 8.67 W, we achieved 262 mW dual-frequency

average power. The low conversion efficiency is attributed to additional reflection

loss introduced by the tilted etalon. The conversion efficiency could be improved by

using laser crystals with broader emission spectrum in which the tilting of etalon is

not necessary.
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7.2 THz Source Based on Yb:YAG Laser
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Figure 7.4: THz power dependence vs. corresponding laser pump power.

To generate THz wave, the dual-frequency beam was focused and directed onto

GaP crystal. Each of the GaP plates used in the experiment was cut and polished

along the [110] direction. The diameter of each plate is 48.5 mm and the thickness

is 663 μm. In the experiment, we used two GaP plates and stacked them along the

same direction such that the total interaction length is 1.326 mm. At the pump

power of 262 mW, we generated THz wave at 1.65 THz with an average power
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of 0.127 nW. The THz power dependence is shown in Fig. 7.4. The solid curve

corresponds to the quadratic fitting. Obviously, the dependence is quadratic which

is the typical characteristic of DFG. Besides, we have also measured the polarization

of the THz radiation as a function of the azimuthal angle of a THz polarizer which

shows as the dependence of sin function. It is mentioned that Yb: YAG crystal

is a laser medium suitable for high average power systems. Nowadays, the high

power Yb: YAG disk laser system is widely used in laser processing industry. Thus,

it is possible to do THz power scaling by using higher pump source or intracavity

scheme.

7.3 Tunable THz Source

As the Yb: YAG crystal has emission bandwidth as wide as several tens of nm, it

is feasible to achieve dual-wavelength generation with different wavelength intervals

simply by choosing etalons with different thicknesses. As a result, it is possible

to achieve any THz wavelength based on DFG pumped by Yb: YAG laser. Be-

sides, we can also achieve tunable single-frequency Yb: YAG laser by using some

frequency-selection component, such as prism, birefringent filter, grating etc. If we

have another laser with fixed wavelength, it can then be mixed with the tunable

frequency from Yb: YAG laser such that the tunable THz generation could also be

achieved.

7.3.1 Tunable Etalon

Apart from the 50 μm thick YAG etalon, we also have 4 other etalons with their

thicknesses and the corresponding THz frequencies listed in Table 7.1. As is known
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Etalon Material Thickness THz Frequency
Fused silica 200 μm 0.502 THz

YAG 100 μm 0.82 THz
Fused silica 88 μm 1.143 THz

YAG 50 μm 1.65 THz
Fused silica 50 μm 2.011 THz

Table 7.1: THz frequency as a function of etalon thicknesses.

to all, the etalon effect will introduce the modulation of transmittance as a function

of wavelength or frequency. The wavelength interval between the adjacent trans-

mittance peaks is determined by λ2
0/(2nl), where λ0 is the center wavelength of the

transmittance peaks, n is the index of the etalon material and l is the thickness of

the etalon. Thus, when the etalon material is chosen, the only parameter that could

be changed is the thickness of the etalon. In order to generating dual-wavelength

laser radiations with different wavelength intervals, we can simply choose different

etalon thicknesses. In addition, apart from solid etalons, there is also air-gap etalon

that could be used in our research. In order to achieve continuous frequency tuning

for THz radiation, we can also continuously tune the air gap distance within the

etalon.

7.3.2 Yb:YAG and Nd:YLF

As shown in Fig. 3.4 in chapter 3, we could use two separate laser crystal and

drive them to generate two separate laser wavelengths for DFG. In Fig. 3.4, we

used two Nd: YLF crystals and generate two wavelengths at 1047 nm and 1053

nm, respectively. However, the two wavelengths are fixed in these two laser crystals

such that the THz frequency cannot be tunable. Nevertheless, the Yb: YAG is a
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promising laser medium for wavelength tunable lasers. We proposed a novel design

for tunable THz source, shown in Fig. 7.5. One of the two Nd: YLF crystals has

been replaced by a Yb: YAG rod. Besides, we introduced an additional birefringent

filter into the cavity of Yb: YAG laser such that the emission wavelength of Yb:

YAG laser could be tunable. Correspondingly, the frequency of THz radiation could

be varied based on DFG.
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Figure 7.5: Schematic plot of tunable THz source based on Nd: YLF and Yb: YAG
lasers.

7.4 Multiple-Frequency Ceramic Yb:YAG Laser

Multi-wavelength lasers have potential applications including aerosol lidar, opti-

cal imaging etc. Specifically, if the output frequencies have identical interval, the

application could be extended to frequency comb and cascaded frequency down-

conversion for terahertz generation. Recently, it has been observed that multi-

ple idler-waves were generated through an intracavity cascaded parametric process
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pumped by a single pump wavelength [92]. It is thus expected that the cascaded

DFG is possible if we can pump the frequency converter by using multi-wavelength

laser with output wavelengths of identical frequency interval.

Output  
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Q-switch 
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Yb:YAG 

Back reflector 
of laser coated 
on crystal 

Figure 7.6: The experimental setup of multi-wavelength Q-switched ceramic Yb:
YAG laser.

In this section, we will discuss the demonstration of a novel multi-wavelength

solid-state laser. Based on the broad emission bandwidth of some special laser crys-

tals, we can achieve multi-wavelength lasing by using interference filters inside laser

cavity. This is made possible by inserting etalons into the cavity. It is mentioned

that this approach is similar with how we designed the dual-wavelength Yb: YAG

laser. However, for multi-wavelength radiation generation, we need the emission

bandwidth of the laser medium to be much wider. The emission bandwidth could

be improved by increasing the doping rate of the ion. However, due to the reason
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that most of the laser crystals cannot be doped with Nd3+ ion at very high dop-

ing rate, the Nd-doped laser medium have very narrow emission bandwidth. Thus,

the Nd-doped crystals are not suitable candidate for achieving multi-wavelength

generation. Nevertheless, the Yb-doped laser crystals are not confronted with this

problem and can be doped at a much higher doping rate. Moreover, it has recently

been demonstrated that the ceramic Yb: YAG crystal can provide better perfor-

mance. Indeed, the 9.8% Yb-doped ceramic YAG crystal is capable of emitting

radiation around 1 μm with an emission bandwidth of more than 100 nm wide [89].

Figure 7.6 shows our experimental setup for the multi-wavelength ceramic Yb: YAG

solid-state laser. The laser gain medium is a 9.8% Yb-doped ceramic YAG crystal

rod. It has a diameter of 5 mm and a length of 5 mm. The input surface, operating

as the back reflector of the laser, is high-reflection (HR) coated between 1000 nm

and 1100nm, whereas the exit surface is anti-reflection (AR) coated between 1000

nm and 1100 nm. Besides, to ensure efficient pumping, the input surface is also

high-transmission (HT) coated at 940 nm (T ≈ 90%). To achieve multi-wavelength

operation, we used five etalons with different thicknesses, see Table 7.1. The output

coupler is a concave mirror (curvature 5 cm) with a coupling coefficient of T=2%

at 1030 nm. In addition, we placed a chopper inside the cavity such that the laser

could operate at Q-switched mode. In the experiment, chopping rate was set at 2.3

kHz.

By using etalon with different thicknesses, we have achieved laser emission with

multi-wavelength spectra. Here, we show the multi-wavelength spectra by inserting

the etalon with thickness of 200 μm and 88 μm, shown in Fig. 7.7. In the Fig.

93



CHAPTER 7. THZ GENERATION PUMPED BY YB:YAG LASER

1040 1050 1060 1070 1080 1090
0

50000

100000

150000

200000

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

200 μm etalon

(a)

1040 1050 1060 1070 1080

0

50000

100000

150000

200000

250000

300000

350000

400000

In
te

n
si

ty
 (

a.
u

.)

Wavelength (nm)

(b)

Figure 7.7: Spectra of ceramic Yb:YAG laser with intracavity etalon. (a) 14 emission
peaks by inserting 200μm etalon; (b) 4 emission peaks by inserting 88μm etalon.
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Figure 7.8: Spectra of SFG pumped by the multi-wavelength beam.

7.7 (b), the wavelengths of the four peaks were measured to be 1053.68 nm, 1057.8

nm, 1062.13 nm and 1066.34 nm, respectively. Because of the filtering effect of the

etalon, the frequency interval among the four wavelengths should be identical. In the

experiment, the frequency interval (or be called FSR) was measured to be 1.14 THz,

which agreed well with the theoretical value of 1.143 THz. At the 940 nm pump

power of 5.63 W, we have achieved the Q-switched multi-wavelength output of 637

mW. At the repetition rate of 2.3 kHz, the pulsewidth was measured to be around 80

ns. In order to test the synchronization of the laser pulses at different wavelengths,
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we directed the beam to a KTP crystal (θ = 90◦, ϕ = 23.5◦) and tried to measure

the spectrum of Type-II sum-frequency generation (SFG). We measured the second

harmonic generation (SHG) of the four fundamental wavelengths at 526.84 nm, 528.9

nm, 531.06 nm and 533.17 nm. Besides, the SFG wavelengths were also measured

at 527.53 nm, 529.69 nm and 531.85 nm, see Fig. 7.8. Thus, such a frequency

mixing experiment provided as a proof for our expectation that the pulse trains at

the different wavelengths have been synchronized.

As we studied the continuous-wave multi-wavelength operation based on the

five different etalons, we have also investigated the variations of the number of

emission wavelengths as we changed the power of 940 nm pump, see Fig. 7.9. The

thresholds of the lasers were around the pump power of 2 W. It is noted that we

could achieve as many as 14 emission wavelengths as we used the 200 μm thick

etalon which has the shortest frequency interval. In addition, as we increased the

pump power, the number of the emission wavelengths would decrease. This, we

believe, is due to the nonuniform gain at different wavelengths within the emission

band of ceramic Yb: YAG. As the pump level is higher relative to the threshold, the

gain competition among different wavelengths would become more severe. Thus,

some emitted wavelength with weaker gain would be suppressed.
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Chapter 8

Conclusion and Future Work

8.1 Conclusion

In this dissertation, we have investigated several approaches to solve the biggest bar-

rier in the current THz technology - lack of portable and efficient THz source that

can operate at room temperature. Based on the technology of difference frequency

generation (DFG), we have demonstrated several compact THz sources which can

completely work at room temperature. The contributions of this research belong

to two main fields. In one field, we have proposed and demonstrated a number of

novel ways to achieve lasers or coherent sources with synchronized dual-frequency

pulses output. These coherent sources are either solid-state lasers or optical para-

metric oscillator (OPO). Because solid-state lasers and OPO are two common types

of products in laser industry, our sources are thus promising to be converted to

product. Besides, in the other field, we have utilized these dual-frequency sources

for THz generation. As these dual-frequency sources are all designed to be rather

compact, our THz generation setups are all very compact. In addition, we also
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demonstrated some novel approaches for the process of DFG. In the following part,

we will summarize all the contributions in this dissertation.

In the following part, we will summarize the contributions presented in this

dissertation.

In Chapter 2, a novel compact and portable THz source has been demonstrated

with the size as small as 12” × 6” × 4” (30.48cm × 15.24cm × 10.16cm). This

research was based on the interesting property of Nd: YLF laser crystal, which

has two adjacent emission wavelengths at 1047 nm and 1053 nm, respectively. The

corresponding THz wave at 1.64 THz (182.42 μm) efficiently generated with an

output power of about 1 μW, corresponding to a dynamic range of 4120 by using a

detector that can operate at room temperature.

In Chapter 3, one approach of THz source power scaling and frequency tun-

ing was proposed and demonstrated. Compared with the setup in Chapter 2, we

modified the laser cavity design by introducing two laser crystals, each of which

functioned as the gain medium for one of two separate laser emission wavelengths.

This design dramatically reduced the gain competition problem appearing in the

experiment of Chapter 2 and improved the average output power of THz wave by

about 4.5 times. Moreover, it also added the flexibility of choosing all most all kinds

of laser crystals. For example, it is not needed to choose the single laser crystal that

could emit two adjacent wavelengths. Any laser crystal that could emit one single

wavelength could become the candidate for the laser cavity. The only requirement

is that the difference between the two wavelengths emitted from these two laser

crystal is in the range of THz wavelength.

In Chapter 4, a novel THz source based on intracavity DFG scheme has been

proposed and demonstrated. In the conventional way, the nonlinear crystal is placed

99



CHAPTER 8. CONCLUSION AND FUTURE WORK

inside the laser cavity such that the conversion efficiency of DFG could be dramat-

ically improved due to the much higher intracavity intensity. In our design, the

multi-layer GaP stack functioned both as the output coupler of laser cavity and the

intracavity nonlinear optical medium for DFG. Besides, as the GaP stack was fab-

ricated only through optical stacking without bonding. The wafer could be aligned

according to the coherence length of DFG at different THz wavelength based on

quasi-phase-matching technology.

In Chapter 5, we introduced the research on the first demonstration of THz

generation pumped by using dual-frequency passively Q-switched solid-state laser.

Because it is widely known that passively Q-switched laser has very serious prob-

lem of time jitter among the pulses, the synchronization of pulses from two lasers

would thus believed to be impossible. We successfully introduced a novel design and

reduced the inter pulse jitter time by a factor of 20. THz wave was successfully gen-

erated pumped by the pulses from two passively Q-switched lasers based on DFG.

Besides, the best application of passively Q-switched laser is designed into extreme

compact laser, namely microchip laser. Thus, based on our results, one important

implication is the possibility of making microchip THz source.

In Chapter 6, we have achieved a singly resonant optical parametric oscillator

(OPO) based on adhesive-free bonded KTP crystal. This oscillator has the superior

advantages of compensating walk-off and resonating dual-signal wavelengths based

on QPM. THz wave generation at 2.54 THz was demonstrated by mixing the dual-

idler emitted from the OPO. Besides, the tunability of this THz source was also

demonstrated with the tuning range between 2.19-2.77 THz.

In Chapter 7, we proposed and demonstrated another compact THz source by

using dual-frequency Q-switched Yb: YAG laser as the pump source. The advantage
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of this source is its compactness and the potential to be tunable. As we can use etalon

with different thicknesses, it is possible to choose dual-wavelength laser emissions

with different wavelength interval such that the THz wavelength could be tunable.

Besides, if we use the air-gap etalon which is capable of changing the gap thickness,

the THz wavelength could also be tunable accordingly.

8.2 Future Work

It would be interesting to explore more about compact THz source in the following

fields.

(I) For the compact THz source introduced in Chapter 2, it would be very

interesting to design a prototype which could be realized by placing the whole system

into a package or be fixed onto a breadboard.

(II) As the intracavity scheme is the best way to achieve the most efficient THz

generation, it would be needed to spend more efforts on the improvement of this

technique. One approach is to use bonded GaP stack with anti-reflection coating

at both pump laser wavelength and THz wavelength such that the insertion loss

could be reduced for the laser cavity. As a result, the conversion efficiency of THz

generation could be dramatically improved.

(III) It is worthwhile to explore more about the research of THz generation

pumped by using dual-frequency passively Q-switched laser. In our previous work,

the timing jitter has been reduced by more than 20 times. However, the timing jitter

has not been completely removed. Thus, new technology is still needed to solve the

problem of jitter. Besides, in the experiment of Chapter 5, the two Nd: YLF lasers

shared the same passive Q-switch. In the pulses sequence, because we used the first
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pulse from 1047 nm Nd: YLF laser as the trigger signal, the second pulse at 1047

nm could be successfully synchronized with the pulse at 1053 nm. However, the first

trigger pulse had no contribution to the process of THz generation and would thus

reduce the conversion efficiency. As a result, more efforts could be spent to solve

this problem.

(IV ) For the research of tunable THz source, we have proposed two approaches

in the section 7.3 of Chapter 7. It would be very meaningful to demonstrate these

two ideas in experiment.
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Appendix A

QPM Condition for Crystal with

Several Layers

A.1 Introduction

As is known to all, the quasi-phase-matching (QPM) condition is determined by

the expression Δkl = ±π, where l is the thickness of each inverted domain in

periodically poled crystals. In our experiments, l is the thickness of each KTP plate

in the AFB-KTP stack. This expression is obtained through the Fourier Transform

when calculating the equations for the phase matching conditions. However, this

result is only valid when treating crystals with large number of periodic structures,

like the periodically poled crystals with thousands of inverted domains. As this

number is very small, this expression Δkl = ±π will become invalid. For example,

if the crystal only has two layers being inverted (optical axis in positive direction

in one layer and optical axis in negative direction in the other layer), the accurate

expression will be determined by Δkl
2

= tan(Δkl
4
). In the following part, I will show
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how we get this expression. In addition, the following calculation is done without any

Fourier Transform. It is noted that this way to derive the Coupled-Wave Equations

is also used by Xiaodong in Ref. [93].

A.2 Derivation

We take the process of SHG for example [94]. The second-harmonic field is then if

dE2

dz
= Γd(z) exp(−jΔkz) (A.1)

where Γ = jωE2
1/n2c. d(z) is the spatially varying nonlinear coefficient. In the

crystal with 2N periodically inverted layers, d(z) equals deff in the (2i− 1)th layer

and d(z) equals −deff in the (2i)th layer, where i = 1, 2, 3.....N . The Δk is the wave

vector mismatch and defined by

Δk = k2 − 2k1 (A.2)

where k2 and k1 are the wave vectors at the fundamental and the second har-

monic, respectively. Integrating (A.1), we can find the second harmonic filed at the

end of the crystal at the length of L, by

E2(L) = Γ

∫ L

0

d(z) exp(−jΔkz)dz (A.3)

Because d(z) equals deff in the (2i − 1)th layer and d(z) equals −deff in the
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(2i)th layer, where i = 1, 2, 3.....N . , E2(L) is then

E2(L) = Γ
∫ L

2N

0
deff exp(−jΔkz)dz + Γ

∫ L
N
L
2N

(−deff ) exp(−jΔkz)dz + · · ·
+Γ

∫ L
2N

(2i−1)
L
2N

(2i−2)
deff exp(−jΔkz)dz + Γ

∫ L
2N

(2i)
L
2N

(2i−1)
(−deff ) exp(−jΔkz)dz + · · ·

+Γ
∫ L

2N
(2N−1)

L
2N

(2N−2)
deff exp(−jΔkz)dz + Γ

∫ L
L
2N

(2N−1)
(−deff ) exp(−jΔkz)dz,

where i = 1, 2, 3.....N

(A.4)

→ E2(L) =
Γdeff
jΔk

(1− 2 exp(−jΔk
L

2N
) + exp(−jΔk

L

N
)) ·

N∑
i=1

exp(−jΔk
L

N
(i− 1))

(A.5)

→ E2(L) =
Γdeff
jΔk

(1− exp(−jΔk
L

2N
))2 ·

N∑
i=1

exp(−jΔk
L

N
(i− 1)) (A.6)

Take the absolute value of E2(L), then

|E2(L)| = Γdeff
Δk

∣∣∣∣1− exp(−jΔk
L

2N
)

∣∣∣∣
2

·
∣∣∣∣∣

N∑
i=1

exp(−jΔk
L

N
(i− 1))

∣∣∣∣∣ (A.7)

Using the mathematic sum property of Geometric progression, (A.7) become

|E2(L)| = Γdeff
Δk

∣∣∣∣1− exp(−jΔk
L

2
)

∣∣∣∣
2

·
∣∣∣∣∣
1− exp(−jΔkL)

1− exp(−jΔk L
N
)

∣∣∣∣∣ (A.8)

Expanding (A.8), we have

|E2(L)| = 4Γdeff

[
sin(Δk L

4N
)
]2

|Δk| ·
∣∣∣∣∣
sin(ΔkL

2
)

sin(Δk L
2N

)

∣∣∣∣∣ (A.9)

A.3 In crystal with only 2 layers

When N = 1, the crystal has only two layers. Then expression (A.9) reduced to

|E2(L)| = 4Γdeff

[
sin(ΔkL

4
)
]2

|Δk| (A.10)
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Now, we know the relationship between |E2(L)| and Δk. To find the phase

matching condition, we can simply look for the value of Δk when |E2(L)| is maxi-

mized. To do this, we can calculate the derivative of |E2(L)| and set it to be zero

d |E2(L)|
dΔk

= 0 (A.11)

→ d |E2(L)|
dΔk

= Γdeff
4 · 2 sin(ΔkL

4
) cos(ΔkL

2
) · L

4
·Δk − 4 sin2(ΔkL

4
)

Δk2
= 0 (A.12)

→ 2 · cos(Δk
L

2
) · L

4
·Δk − sin(Δk

L

4
) = 0 (A.13)

We then have the relationship, as

ΔkL

2
= tan(Δk

L

4
) (A.14)

This relationship is different from Δkl = ±π.

To illustrate this difference, we can plot the figure showing the value of |E2(L)|
as a function of Δk, see Fig. A.1. We take KTP as an example and the composite

crystal is made up of two layers. The thickness of each layers is 22.5 mm. As a result,

the total length of crystal L = 45mm and the thickness of each layer l = 22.5mm.

The result is shown in Fig. A.1. The two red lines show the positions of Δk

determined by Δkl = ±π. We can see that the red lines are shifted from the

peak values of |E2(L)|. On the contrary, the peak position is determined by the

expression (A.14). As a result, if we use the expression of Δkl = ±π in the design of

stacked KTP with two layers, we cannot get the precise result. For example, for the

thickness 22.5 mm of each layer, the frequency difference between the dual-signal

will be 100.7 GHz. However, the frequency difference determined by Δkl = ±π is

135 GHz. The error is about 35%, which cannot be neglected.
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Figure A.1: Amplitude of SHG as a function of Δk; 2 layer crystal.

A.4 In crystal with more than 2 layers

As N > 1, we will have to see equations (A.9) again

|E2(L)| = 4Γdeff

[
sin(Δk L

4N
)
]2

|Δk| ·
∣∣∣∣∣
sin(ΔkL

2
)

sin(Δk L
2N

)

∣∣∣∣∣ (A.15)

When N is a large number,
∣∣∣ sin(ΔkL

2
)

sin(Δk L
2N

)

∣∣∣ will play a dominant role in determining

the maximum value of |E2(L)|.
∣∣∣ sin(ΔkL

2
)

sin(Δk L
2N

)

∣∣∣ is maximized when Δk L
2N

= ±mπ,m =

1, 2..... In the composite crystal, L
2N

= l, where l is the length of each layer. Here,

we take the first order and choose m = 1. Thus,
∣∣∣ sin(ΔkL

2
)

sin(Δk L
2N

)

∣∣∣ is maximized when
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Figure A.2: Amplitude of SHG as a function of Δk; 4 layer crystal.

Δkl = ±π. We plot the value of |E2(L)| in crystals with 4 layer and 6 layer in Fig.

A.2 and Fig. A.3, respectively. The thickness of each layer in these crystals are the

same. We can see that when the number of layers N is larger, the position of |E2(L)|
is become closer and closer with the position of Δk determined by Δkl = ±π.

We also estimated the error by calculating the frequency difference between the

dual-signal in OPO. In crystal with 4 layers, the error reduced to 7.7%. In addition,

in crystal with 6 layers, the error reduced further to 3.2%, which means that the

expression of Δkl = ±π is already very precise.
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Figure A.3: Amplitude of SHG as a function of Δk; 6 layer crystal.
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