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ABSTRACT 
 

A coherent optical THz (1.5 THz, 200 µm) source was developed based on pulsed, 

near IR, fiber lasers, and frequency mixing in nonlinear crystals.  The generated THz 

frequency is determined by the difference frequency of two high peak power pulsed fiber 

lasers at 1550 nm and 1538 nm.  When incident to the crystal, the near IR lasers induce a 

polarization at their beat frequency which generates the THz radiation. 

The pulsed fiber lasers are single transverse mode, have high pulse energy and peak 

powers of 0.38 mJ and 128 kW respectively.  They are transform limited at a few ns in 

duration with very good beam quality of M2
≈1.2.  The pulse seed was created by 

modulating a constant laser beam with an electro-optic modulator.  An arbitrary 

waveform generator was used to pre-shape these pulses to compensate for pulse 

distortion caused by pump gain depletion in the subsequent fiber amplifiers.  Pre-

amplifiers were constructed using commercial erbium doped silica fiber.  Special, highly 

doped, large core, phosphate fiber was developed in-house to further amplify the pulses, 

while avoiding nonlinear scattering processes such as stimulated Brillouin scattering and 

stimulated Raman scattering.   

THz generation was achieved in both ZnGeP2 and GaP which were chosen based on 

their low pump and THz absorption, as well as high nonlinear coefficient.  Angle tuning 

was used to phase match all three optical frequencies in ZnGeP2 thanks to its 

birefringence.  Layers of GaP ~500 µm thick were pressed together alternately rotated 

180o around the normal to quasi-phase match the pump and THz frequencies. 
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To increase the efficiency of the THz generation an external optical cavity was used 

to enhance and recycle the IR pump pulses.  The nonlinear crystal was placed inside the 

cavity and 151 times enhancement of THz power was observed. 
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CHAPTER 1: INTRODUCTION 

 

1.1. Lasers 

Laser is an acronym that stands for Light Amplification by Stimulated Emission of 

Radiation, however, given the continuing evolution of new applications, it in time came 

to be known as its own word.  In short, the requirements for a laser are a gain medium 

where the light can be amplified, and a feedback mechanism, usually a mirror, where the 

photons can be reflected back through the gain medium to stimulate the emission of new 

photons.  This stimulation of new photons is what makes a laser special as the newly 

created photons have a strong correlation in spatial phase and usually temporal phase as 

well.   

This spatial coherence allows diffraction-limited beams, which can maintain constant 

beam diameters over long distances or focus to very small diameters.  Laser welding and 

cutting uses this principle, as a very large amount of energy can be placed anywhere on a 

surface very quickly.  High volume manufacturing, such as the auto industry, uses laser 

welding as it is easily automated with robotic machinery, and results in a high quality 

weld1.   

High temporal coherence means that a photon has a high correlation in phase to a 

photon many meters away, this is what interferometry is based on.  There are many types 

of interferometers such as the Mach-Zehnder interferometer2, 3, the Michelson 

Interferometer4 and the Sagnac interferometer5 which is sensitive to rotation due to 

counter propagating paths in a ring.  There are many very mundane uses as well.  Our CD 
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and DVD players rely on lasers to read the data embedded on the disks, and laser pointers 

can be bought very cheaply. 

 

1.1.1. Fiber Lasers 

A fiber lasers is a type of laser where the active gain media is formed into a glass 

fiber to act as a waveguide.  Meaning, that instead of light propagating through free-space 

it is confined to the core of a glass fiber about 10 µm in diameter.  There are many 

benefits to doing this as the laser now does not require difficult mirror alignment and can 

be packaged to be very small.  In addition, confining the light inside the fiber increases 

the pump to signal conversion efficiency and distributes any heat load.   

The gain medium is the fiber itself being doped with rare-earth ions such as Er3+, 

Yb3+, Tm3+, Ho3+, or Nd3+.  The feedback is usually in the form of a fiber Bragg grating 

where small periodic changes in the index along the fiber length act as a dielectric mirror 

reflecting specific wavelengths. 

In the past 20 years, fiber lasers have started to replace bulky gas and solid state 

lasers.  They are being used for welding and cutting in industrial settings, as well as the 

laboratory.  Many sensing applications involve fiber lasers as the light can be guided 

many kilometers over fiber for vibration or leak detection in gas pipelines and other 

remote locations6.  In addition, they have facilitated the telecommunications boom 

through fiber optic networks and have led to an exponential increase in our ability to 

exchange information7. 
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1.1.2. Non-linear frequency conversion 

There is, however, a large limitation to lasers, as they are limited to specific 

wavelengths depending on the gain media.  In general, the wavelength is determined by 

energy level changes in atoms or molecules through electronic or vibrational modes 

which tend to be ~0.01 – 10 eV or ~200 – 30,000 nm, in addition, this coverage is sparse 

with many gaps and deficiencies in quality of the lasers available.   

To bridge any gaps and reach otherwise unattainable wavelengths, non-linear 

frequency conversion is needed.  In general this is the process of using a laser to induce a 

polarization in a media that then has a non-linear response at high power creating another 

wavelength.  Some common forms are frequency doubling, sum and difference frequency 

of two wavelengths and optical parametric oscillators. 

 

1.2. THz region 

The THz region is not well defined but generally spans the region between the far 

infrared and microwave regions of the electromagnetic spectrum, roughly 100 µm – 1000 

µm (300 GHz – 3 THz).  This region is notoriously difficult to manage as it straddles the 

gap between historically particle-like descriptions of the underlying physics at optical 

frequencies and wave-like descriptions of it in the microwave range.  Scientists have 

been, for some time, trying to reach and control this portion of the spectrum from both 

the high and low frequency sides with varying amount of success.  
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1.2.1. THz Applications 

Some of the driving forces for developing this region are the vast amount of 

vibrational and rotational molecular transitions here.  Being able to use a THz source to 

fingerprint these molecules to determine concentrations or discover minute quantities is 

extremely valuable8.  Explosives detection and atmospheric greenhouse gas concentration 

measurements are two active fields of research.  One of the difficulties to any THz 

spectroscopic measurement is the lack of a narrow linewidth source (~100 MHz).  Many 

of the methods for THz generation are quite broadband (few THz); this makes it difficult 

to do high precision tasks such as biomedical diagnostics, where one goal is to probe a 

DNA binding state9.  This dissertation describes a narrow linewidth THz source that is 

capable of these precise measurements. 

 

1.2.2. THz Generation Methods 

Methods of THz generation are many and varied.  We can separate them into two 

broad groups; electronic generation, and photonic generation.  On the electronic, or low 

frequency, side we have backward wave oscillators, relying on vacuum tubes and 

frequency multipliers based on oscillating electric fields10, 11.  The frequency response of 

these devices are ultimately limited by the time it takes for a charge carrier to traverse the 

antenna or circuit.  This is ultimately determined by the physical size of the electronic 

device.  As device sizes shrink and computing power increases, the achievable speeds 

increase as well following a Moore’s Law type pattern.  Despite a huge amount of R&D 

money spent, these devices still struggle to reach THz frequencies due to the requirement 
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of in-depth knowledge of the high frequency response of materials. In addition, the need 

for extremely high purity semiconductors and a limit on electron mobility dampen the 

possibility for truly robust systems operating at a few THz.   

These technological difficulties do not occur if we decide to create THz radiation 

using photonic means, effectively from the higher frequency direction.  Here we use 

lasers at optical frequencies (100’s THz) to generate coherent radiation at ~1 THz.  There 

are many photonic methods currently employed, one of the most widely used are 

photoconductive switches where a high peak power femtosecond laser pulse excites 

charge carriers to the conduction band in a biased semiconductor.  The voltage bias 

accelerates the carriers, creating an electromagnetic THz pulse12.  A similar approach is 

optical rectification, where again a high peak power femtosecond laser is used to pump a 

nonlinear crystal13.  This method relies on the DC component of the induced nonlinear 

polarization and creates a THz pulse.  Alternatively, another way of thinking of this is 

that the high frequency components of the broadband femtosecond laser pulse mix with 

the lower components creating the difference frequency.  Both these methods result in 

very broad bandwidths of at least a few THz with limits their use for spectroscopic and 

other high precision tasks. 

A narrow bandwidth method to generate THz with difference frequency generation 

(DFG) using nanosecond pulsed lasers is very promising14, 15.  This process is similar to 

optical rectification in that the difference frequency is generated in a nonlinear crystal, in 

this case, though, it occurs between two narrow linewidth lasers and not the high and low 

spectral ends of a broadband femtosecond pulse.   
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1.3. Experimental Overview 

This dissertation will describe a THz source generated by mixing two lasers inside a 

nonlinear crystal.  The lasers are amplified in a cascade of fiber amplifiers to high pulse 

energy.  The resultant THz signal is the beat frequency of the two pump lasers at 200 µm.  

A simplified diagram is shown below in Fig. 1.1. 

 

Figure 1.1. Conceptual diagram of thesis experiment 

 

The two lasers are all fiber based, single mode, polarization maintaining, and use 

transform-limited pulses with ~10ns pulse width, and 10’s of kHz repetition rate at a 

wavelength ~1.5 µm.  The highest achieved pulse energy was 0.38 mJ with a peak power 

of 128 kW.  Using a pulsed laser allows high peak power, increasing the THz conversion 

efficiency while maintaining small average power so as to mitigate any thermal 

problems.  In order to get large peak power, special, highly doped, large mode area fibers, 

are drawn in-house and used to reduce the light intensity in the core thereby avoiding any 

fiber nonlinearities such as stimulated Brillouin scattering.   
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To increase the conversion efficiency to THz frequencies an external optical cavity 

was designed and constructed that enhances and recycles both IR pump pulses 

simultaneously.  This allowed an increase in efficiency by a factor of more than 100. 

The 2nd chapter will give a brief overview of lasers in general along with specifics of 

Ion doped glass lasers and fiber lasers.  Chapter 3 will discuss limits to the peak power 

that can be transmitted along fiber due to inherent nonlinearities, while Chapter 4 will 

discuss how we avoid these to achieve high peak power.  The 5th chapter will give 

specifics of our pulsed laser apparatus and discuss the possible uses for a high peak 

power, narrow linewidth laser. 

Chapter 6 will give a theoretical background to nonlinear frequency conversion, 

specifically difference frequency generation, and introduce some of the crystals that will 

be discussed in Chapter 7.  Here, our data for difference frequency THz generation will 

be presented using the crystals described previously.  Chapter 8 will describe a method to 

increase the efficiency of this THz generation, using an external cavity to enhance and 

recycle our laser pulses.  Chapter 9 will give a quick conclusion and describe our work in 

progress. 
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CHAPTER 2: FIBER LASERS AND AMPLIFIERS 

 

2.1. General Laser Theory 

Electromagnetic radiation can be emitted whenever an electron transitions from a 

higher energy level to a lower one.  This occurs between orbital energy levels in an atom 

and can also occur between vibrational or rotational energy levels. The wavelength of the 

emitted radiation is defined by the difference in energy between the initial and final state.  

When this happens transition occurs without any external influence it is called 

spontaneous emission.  If, on the other hand a photon is incident to a collection of atoms 

it is possible to induce the transition; this is called stimulated emission and creates a 

second photon with the same phase, frequency, direction, and polarization.  When a 

medium is in thermal equilibrium, the electrons will mostly be in the ground state and 

there will be no spontaneous emission but rather absorption of the photon followed some 

time later by spontaneous emission with a random phase.  This means, to create any 

significant amount of stimulated emission we need to have the medium at a negative 

temperature with a population inversion so that greater than half the atoms are already 

excited.  In practice, this means “pumping” energy into the system either electrically, or 

with another laser. 

Besides a gain medium, and a way to pump energy into it, a laser requires feedback in 

the form of an optical cavity.  This is usually some form of mirror reflecting a significant 

portion on the light back through the gain medium so that each photon stimulates 

emission, creating exact copies of itself.  This acts as gain and the power inside the cavity 
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builds up to a high level.  The output of a laser is usually from a partially reflecting 

mirror that leaks a percentage of the light out. 

What separates a laser from any other light source is its high amount of spatial and 

temporal coherence.  Spatial coherence is a strong correlation of phase across the beam 

profile while temporal coherence is a strong correlation between different times.  Spatial 

coherence is what allows collimated beams propagating long distances as well as 

diffraction limited focusing to very small spot sizes.  Temporal coherence permits 

devices such as interferometers and holography.  

The gain medium for a laser can be most anything; an interesting comment that is 

sometimes thrown around is that you can make anything lase if you put enough energy 

into it with appropriate reflectors providing feedback.  To some extent this is true, as long 

as the material is uniform enough, does not have high loss at an available energy 

transition, and is able to store energy in a metastable state.  This does not mean it will be 

a “good” laser.  A very wide array of materials has been coerced to lase, from obvious 

materials such as YAG crystals and HeNe gas tubes, to non-obvious materials such as 

biological cells16.   

The first functioning laser was a solid-state laser created by Maiman, it consisted of a 

synthetic ruby crystal pumped by flash lamps17.  Solid state lasers have a solid material as 

their gain media, as opposed to gas as in HeNe lasers or liquids in a dye laser18, 19.  The 

gain can come from the crystal itself as in the above ruby laser or from doping with some 

other material. 
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2.2. Ion doped glass amplifiers 

Within the category of solid state lasers are ion doped glass amplifiers.  Here, the 

active medium usually consists of rare earth ions such as Yb3+, Tm3+, Ho3+, Cr3+ or Nd3+ 

embedded in a crystal or glass host medium in the range of ~1% - 10%.  They are usually 

optically pumped with laser diodes, or sometimes with flash lamps20, 21.   

 The rare earth elements occupy the lanthanide series on the periodic table along 

with the addition of Yttrium and Scandium.  They are used mainly because their excited 

states do not couple with thermal vibrations of the host crystal22.  A triply ionized state 

has the configuration [Xe] 4fN and is the most stable state.  The laser transitions occur in 

the F orbital and are thus deep within the atom where they are somewhat shielded from 

the host media by the optically passive outer shells. This shielding acts to keep the 

bandwidth and wavelength similar between different host media.  

 

2.2.1. 2, 3, 4-level laser optical transition and energy levels 

To create gain in a laser a population inversion is required in the gain medium.  This 

occurs when a larger number of atoms are in the excited state then in the ground state.  A 

population inversion is what allows stimulated emission instead of absorption for 

incoming photons at the laser wavelength.  To achieve population inversion a pump 

source is used, either a diode laser, flash lamp, or even a chemical reaction23.  For solid 

state lasers the most efficient method is the use of high power diode lasers as their narrow 

linewidth can be targeted to the laser pump absorption peak, in addition, their cost has 

plummeted recently24. 
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 We can imagine a hypothetical 2-level laser as in fig 2.1 below.  Here, a pump is 

used to excite the atoms into a higher energy level.  This configuration of energy levels 

cannot create a laser though because the most population inversion we can ever hope to 

achieve is N1=N2, where N1 is the atom population in the ground state and N2 is the 

population in the excited state.  This acts to make the material simply transparent to any 

laser photon that traverses the gain media.  If the pump is increased it will simply 

stimulate the pump transition.  We need a process that will allow a large population 

inversion N2>N1.   

 A 3-level laser is capable of achieving this population inversion as it has a 

metastable state that the excited atom quickly relaxes to as seen in Fig. 2.1.  This 

relaxation process is usually non-radiative, occurring through vibrations and dissipating 

the energy as heat.  Once in this metastable state, the lifetime is relatively high so that a 

large amount of atoms can be collected and only transition to the lower energy level 

when stimulated by a laser photon.  Here, the lifetime can be up to microseconds or 

milliseconds in rare-earth doped glasses25 - plenty of time to create a large inversion.  The 

laser transition is then from this metastable state to the ground state.  The method of 

transition from E3 to E2 can be optical, emitting a low energy photon, but is more often 

radiationless, with the excess energy going into lattice vibrations (heat).  Many lasers 

operate on this 3-level system, though they exhibit a high threshold pump power, as 

greater than half the atoms must be excited to obtain a population inversion due to the 

laser transition ending on the ground state. 
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 In practice, most lasers are 4-level lasers.  This eliminates the requirement that 

greater than half the atoms need be excited to achieve gain.  In this configuration seen in 

Fig. 2.1, there is a radiationless transition both before and after the laser transition.  Now, 

only a few atoms need be at E3 for there to be an inversion, as E2 does not have any 

atoms present when in thermal equilibrium.  This type of laser is by far the most common 

as the amount of pumping needed to create a population inversion is smaller.. 

 

 

 

Figure 2.1.  2, 3, and 4-level laser transitions. A 2-level laser is not possible. 

 

2.3. Fiber Lasers 

Fiber lasers contain all the same components that make a normal laser work: the gain 

medium, a feedback mechanism and some form of pump.  Here, all the components are 

integrated into a long flexible glass rod, usually ~125 µm in diameter.  They have the 

benefit of small size and do not need complicated alignment of mirrors as the light is 

confined and guided by the core.  Due to this confinement in a small core the pumping 

efficiency can be quite high while the large surface area helps to dissipate any heat26.  
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E. Snitzer introduced the concept of a fiber laser in 196127.  Here, the gain medium is 

the fiber core itself and is doped with rare-earth ions making it a type of solid state laser 

as discussed in section 2.2.  Instead of mirrors to act as feedback, fiber bragg gratings are 

used.  These are periodic perturbations in the index of refraction inside the fiber core and 

reflect a narrow band of light depending on the period and according to the bragg 

condition28.  The most common method to pump fiber lasers is a laser diode, as they are 

readily manufactured with fiber couplings and can be designed to pump at the specific 

pumping wavelength. 

 

2.3.1. Optical Fiber 

Optical fiber is based on the concept of total internal reflection.  This phenomenon 

can be seen when looking up at the surface of a still lake or pond; at small angles parallel 

to the surface you cannot see through to the air.  This occurs because the index of 

refraction of air (~1) is smaller than the index of water (~1.5).  Snell’s law, Eq. (2.1) 

below, describes this phenomena.  When a beam enters a material with a different index 

of refraction, at an angle, the light beam is bent.  At a critical angle, the beam is bent so 

much that it is now tangent to the surface (θ2=90o) and we have total internal reflection at 

θC.  

 

( ) ( )2211 sinsin θθ nn =          (2.1) 
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Optical fiber relies on this phenomena and guides light inside the core of the fiber 

with the cladding around it made of a glass with a lower index of refraction.  In this way 

we now have a flexible “wire” for light.  Generally, many transverse modes can be 

transmitted through an optical fiber, when this occurs it is called a multi-mode (MM) 

fiber.  Each mode is a solution to the Helmholtz equation with the boundaries defined by 

the specific fiber.  An unfortunate consequence of this is that each mode has a slightly 

different group velocity and results in modal dispersion of an optical pulse.  In addition, 

MM fibers are generally not useful for fiber lasers as many fiber components are not 

compatible with them.  We can decrease the size of the core until only one mode is 

guided inside the fiber core.  These single mode (SM) fibers are what are used for optical 

communication.  An important parameter that defines the number of modes available is 

called the numerical aperture (NA).  This is a measure of the acceptance angle of light 

inside the core and only depends on the relative indices of refraction, n1 and n2, of the 

core and cladding glasses respectively, as seen below.   

 

�� � ���� � ���                (2.3) 

 

To predict if the fiber is strictly single mode or not we use the normalized frequency 

V, defined as 
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where a is the core radius.  If V < 2.405 then the core can only support one mode29. 

It is also possible, and quite common, to design a fiber that maintains the original 

polarization state.  Usually, the output polarization of the fiber is not constant; any 

change in the fiber temperature or position will affect the output polarization.  To control 

this we need to introduce birefringence in the fiber to break the axial symmetry, so that 

linearly polarized light launched into the fiber will still be linearly polarized at the output.  

This is accomplished by inserting stress rods along the length of the fiber, inside the 

cladding.  These rods are designed to have a different thermal expansion coefficient than 

the cladding glass and thus when the fiber is cooled will induce stress, thereby breaking 

the axial symmetry.  Below, in Fig. 2.2. is a cleaved face of one of these polarization 

maintaining fibers, this type is called a “Panda” fiber due to the similarity to a panda's 

face. 
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Figure 2.2. Cleaved face of polarization maintaining “Panda” fiber. 

 

2.3.2. Core pump 

As the signal to be amplified is contained inside the core, the obvious way to pump 

the gain media is within the core as well.  This was not done until 1973 with the advent of 

longitudinal pumping along the core; previously, Nd-doped lasers were developed that 

were pumped from the side30, 31.  In the core pumping method, a wavelength division 

multiplexer (WDM) is used to combine both pump and signal into the core of an active 

fiber.  The pump excites the gain ions thus enabling amplification at the signal 

wavelength.  This is the most efficient way of amplifying a signal with small power 

(~mW level) as the overlap of pump and signal is effectively 1.  The downside to this is 

that the pump needs to be single mode and hence diffraction limited, which limits the 

available pump power.  Often, this will be the first in a series of amplifiers, bringing the 

average power up to 100’s mW.  To achieve higher signal power we need a way to 

provide higher pump power. 
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2.3.3. Cladding pump 

To achieve higher power than core pumping we can move to cladding pumped 

amplifiers.  Here we use a multimode laser diode to pump the amplifier.  A multimode 

beam cannot be confined to the core however as it is not diffraction-limited. Instead, it is 

guided inside the cladding around the core with a second cladding around this to contain 

the pump32.  The pump also partly propagates inside the active core where it excites the 

ions inducing gain for the signal.  Much longer amplifiers are possible with this method 

as only the pump light inside the core is depleted, and is continuously replenished by the 

pump light outside the core.  Much higher powers can be achieved in this way with 

commercial CW lasers now reaching 10 kW average power33.  

 

2.3.4. Fiber Lasers in MOPA 

Sometimes it is useful to have an optical amplifier to further increase the optical 

power above the direct output of a fiber laser.  This design is called Master Oscillator 

Power Amplifier (MOPA) and can be quite useful as it separates final output power from 

other laser characteristics such as bandwidth, coherence length, and pulse parameters.   

Usually, if strict laser characteristics are required, such as narrow linewidth, 

wavelength tunability, pulsed characteristics, or high beam quality, it is harder to design a 

laser that can do this while still outputting high power or pulse energy.  It can be easier to  
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design a seed laser (lower power) that meets these requirements, then proceed to amplify 

it to the needed power levels.   

Specifically, as this applies to our laser setup we want to create transform-limited 

nanosecond pulses, and then amplify them to the highest pulse energy possible so as to 

increase the efficiency of our THz generation.  Multiple stages are used to allow filters 

and isolators in between each amplifier. 

 

2.4.  Pulsed laser operation 

The first laser, developed by Maiman was a pulsed laser back in 196034.  Since then, 

lasers have gone through extensive development to create both constant wave (CW) and 

pulsed versions.  There are benefits and drawbacks to both kinds.  A CW laser can have a 

very long coherence length, 100’s km for ~1 kHz linewidth.  Here, the peak power and 

average power are the same.  A pulsed laser on the other hand can have very high peak 

powers while keeping the average power to a manageable level.  The downside (if you 

want small linewidth) is that the pulse is at best transform limited; meaning the product 

of the pulse temporal width and frequency bandwidth is constant.  Any pulse shape can 

be broken down into its Fourier components creating the minimum frequency spectrum 

required.  If we assume a Gaussian pulse shape then the Fourier-transform is also a 

Gaussian.  If no frequency chirp, phase or amplitude substructure is present then the pulse 

is called transform limited and is given by equation (2.5) below where a 1ns Gaussian 

pulse will have a 440 MHz bandwidth. 
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                                         44.0))(( ≈∆∆ ντ                                          (2.5) 

 

 Using a pulsed laser can have distinct advantages over a cw laser.  The high peak 

power can be used to increase the efficiency of nonlinear frequency conversion, as the 

efficiency scales as the power squared, in addition the average power is kept at a 

manageable level35, 36.  Optical communications through free-space propagation needs 

high peak power to transmit over long distances.  LIDAR, also has a need for pulsed, 

high coherence laser pulses37. 

 

 

2.4.3. Modulated laser pulses 

One method of creating pulses is to Modulate the amplitude of a CW laser.  To do 

this often an electro-optical modulator or acousto-optical modulator (EOM or AOM) is 

used.  Both devices are used for optical communication where they create the 1's and 0's 

of our digital data when transmitted over fiber optic networks.  We used an EOM to 

create our pulses as it responds faster, ~1 ns rise time, compared to 10's ns for AOM's; 

this allows shorter pulses with higher peak power to increase the efficiency of the 

nonlinear THz generation.  An EOM is based on the electro-optic effect (sometimes 

called the Pockel's effect) where the index of a material is directly proportional to the 

applied electric field across it38.  The EOM splits the incident light into two paths then 

recombines them again, as in a Mach-Zehnder interferometer.  One of the paths traverses 

a material, often lithium niobate as it has a high electro-optical coefficient, where an 
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electric field is applied across it.  Figure 2.3. below, shows an example of an electro-

optical intensity modulator, the top path passes through an electro-optical material where 

an electric field is applied to control the phase.  When the field is applied the index of 

refraction changes slightly and directly changes the optical path length of the light 

through the material, and thus the phase will change for this path.  Depending on the 

strength of the applied electric field the phase difference between both paths can be 

adjusted between 0 and π, creating destructive or constructive interference at the output 

of the device39. 

 

Figure 2.3. Example diagram of an Electro-optical intensity modulator.  Essentially a 
Mach-Zehnder interferometer with the top arm passing through an electro-optical crystal 

where an electric field (blue arrows) is applied to control the phase. 
 

Often, an EOM can have a continuously variable transmission, this allows for 

customized pulse shapes.  The benefit of this is that a pulse can be pre-shaped to account 

for any distortion that would occur during transmission or amplification, thus arriving at 
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its destination with the required form40.  For this dissertation we pre-shaped our fiber 

laser pulses to mitigate any pulse shape distortion from our amplification stages41.  This 

occurs because of gain depletion over the time scale of the pulse.  Section 6.2 will go into 

specifics of pulse shaping. 
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CHAPTER 3: LIGHT SCATTERING IN OPTICAL FIBER 

 

3.1. Introduction 

Over the past ~20 years fiber lasers have come to replace many bulk lasers due to 

their compact size and lack of complicated beam alignment42.  The waveguide nature of 

optical fiber confines the light to a small core, allowing high pump to signal conversion 

efficiency.  Unfortunately, this also leads to high light intensity inside the fiber core and 

increases nonlinear light scattering processes.  Lasers with high average power are 

required for laser welding and other industrial or scientific applications.  Historically, 

bulk YAG or CO2  lasers have filled this need.  Currently, fiber lasers are replacing these 

old lasers due to their small form factor and high efficiency, but have not yet reached the 

highest power available to them.  ~1 kW fiber lasers are now commercially available, 

though further increases will be limited by material damage and nonlinearities. 

When light travels through a medium it will scatter due to in-homogeneities in the 

medium.  These may be density fluctuations, temperature fluctuations, or boundary 

interfaces such as the core/cladding boundary in fiber.  These scattering processes are 

shown if figure 3.1. below, with Rayleigh, Rayleigh-wing, Brillouin, and Raman 

scattering.  Those processes where the light is scattered to lower energy (frequency) are 

called stokes waves while those scattered to higher energy are anti-stokes waves.  The 

Stokes wave scattering cross section is generally an order of magnitude larger than anti-

Stokes. 
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Figure 3.1.  Figure of scattering processes (Boyd, Nonlinear Optics). 

 

Rayleigh scattering is what gives us a red sunset and a blue sky during the day.  It is 

the scattering of light off density fluctuations in the material and is proportional to the 

inverse 4th power of wavelength43; thus, at sunset all the shorter wavelength blue light has 

already scattered away and leaves us the longer wavelength red light.  Rayleigh-wing 

scattering is the scattering off the orientation of anisotropic molecules and has a very 

broad bandwidth due to the rapid reorientation of the molecules.  Brillouin scattering is 

the interaction of a photon with an acoustic phonon, or alternatively, the scattering off of 

a sound wave, and is a property of the bulk material.  Raman scattering on the other hand 

is the photon interacting with an optical phonon, which in practice are molecular 

vibrations and is specific to the chemical composition and molecular structure.   

The spontaneous scattering processes mentioned above can become stimulated at high 

enough intensities, where the amount of scattering increases nonlinearly with the 

intensity of the light.  Specifically, stimulated Raman scattering (SRS) and stimulated 

Brillouin scattering (SBS) limit the available output power of fiber lasers. 
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3.2. Stimulated Raman Scattering (SRS) 

SRS is similar to the stimulated and spontaneous amplification of light as given by 

the Einstein A and B coefficients for a single photon transition in an atomic system.  

Hellwarth gave an elegant argument for this in 196344; in addition, much of the following 

discussion is from Boyd, Nonlinear Optics45.  We start with an assumption of the 

probability per unit time P of a photon emitted into the Stokes wave in Raman scattering, 

and is given by 

 

( )1+= RL nDnP                                                                       (3.1) 

 

where nL and nR are the number of photons in the laser and raman scattered modes, 

and D is a proportionality constant depending on the medium.  By the definition of P as 

the probability of raman scattering per unit time we can say that dtdnP R= .  In 

addition, if we assume the raman scattered light is traveling in the z direction with 

velocity c/n we can rearrange equation (3.1) above to read 
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which can be solved for the regimes nR<<1,  and nR>>1 , and correspond to the 

spontaneous raman scattering solution and stimulated solution respectively. 
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Here we can see that if the number of Raman-scattered photons is low then the 

number of scattered photons increases proportionally to distance and laser intensity.  If 

the number of scattered raman photons exceeds some threshold then the stimulated 

version dominates and the scattering process increases exponentially with distance and 

laser intensity.  The constant nR(0) corresponds to any injected photons at the Raman 

frequency, or the quantum noise associated with the vacuum state if there is no injected 

raman light.     

 

3.3. Stimulated Brillouin Scattering (SBS) 

SBS is different from SRS in that the stimulation mechanism is not simply the 

presence of a large enough Stokes wave that it stimulates emission.  In this case the 

incident laser light modifies the material itself through the process of electrostriction.  

This can be understood by considering a dielectric in a large electric field; it will feel a 

force towards the region of highest electric field due to induced dipoles in the material.  

For a large enough incident light intensity the spontaneously created brillouin scattering 

can become quite intense.  It will start to beat with the incident light and create density 

fluctuations due to electrostriction.  The laser light will then scatter off these density 

fluctuations with the scattered light at the stokes frequency.  This scattered light will then 
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add coherently to the already present Stokes light, reinforcing the beating, creating a 

traveling acoustic wave, and exponentially increasing the whole scattering process.   

SBS in optical fibers manifests itself as a backward propagating stokes wave, 

effectively acting like a reflection in the fiber.  Co-propagating stokes and pump light 

does not occur due to the addition of the traveling acoustic wave.  The frequencies and 

wave vectors of the three waves are 

 

spB ωω −=Ω                                                                           (3.5) 

 spA kkk −=                                                                           (3.6) 

 

where ΩB is the Brillouin frequency with associated acoustic wavevector Ak .  ωP and 

ωS are the pump and stokes frequencies with Pk  and Sk  their corresponding 

wavevectors.  The acoustic wave satisfies the standard dispersion relation 

 

( )2sin2 θPAAAB kvkv ≈=Ω                                                 (3.7) 

 

where vA is the acoustic velocity, and we have assumed SP kk ≈ .  We can see that 

forward propagating brillouin scattering (θ=0) has amplitude of zero, while backward 

propagation (θ=π) has the highest amplitude. 
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We can also calculate the frequency shift of the stokes wave by noting that the optical 

dispersion relations are cnk ii ω=  , and assuming that the sound wave is the beat note 

of the pump and stokes wave � � � � � to get the below equation. 

 

( )SPA nc

v
ωω +=Ω                                                                 (3.8) 

 

This can be solved simultaneously with equation (3.5) and simplified by noting that 

the acoustic velocity v is much smaller than the optical velocity c/n to get 

 

PA nc

v
ω

2
=Ω                                                                            (3.9) 

 

And the Brillouin scattering frequency can be calculated from the fiber index and 

acoustic velocity with the pump frequency.  For most fiber this is on the order of 10’s of 

GHz. 

 

3.4. Methods to Avoid Fiber Nonlinearities  

For fiber amplifiers SBS is the dominant factor limiting the output power.  Methods 

to limit SBS in optical fiber involve decreasing the Brillouin gain g which strongly 

depends on the electrostrictive force, decreasing the fiber length L, and light intensity I 

such that the product gIL is minimized.  Broadening the laser bandwidth ∆νL works well, 



 
 
 
 
 

  41 

as the laser coherence length decreases, effectively shortening the SBS interaction length.  

Unfortunately, this broad bandwidth makes it impossible to efficiently phase match in a 

crystal for frequency conversion.  Increasing the mode area is effective and will decrease 

the light intensity.  In addition, increasing the doping concentration can allow very short 

amplifier lengths, again decreasing the SBS interaction length46.  This is the method used 

for this dissertation and is described in detail in chapter 4. 

A 10 kW single-mode MOPA fiber laser was created by broadening the laser 

bandwidth to ~2 THz and using large mode area fibers47.  Unfortunately, this large 

bandwidth limited the coherence length to ~10 µm.  A linearly frequency chirped seed 

laser was used which maintained the narrow linewidth of the seed while appearing 

broadband to suppress SBS48.  Alternatively, the Brillouin bandwidth can be effectively 

broadened by shifting the Brillouin frequency along the length of the fiber.  Hansryd 

applied a temperature gradient to do this49, while strain gradients along the fiber were 

also applied for SBS suppression50, 51. 
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CHAPTER 4: SHORT, HIGHLY Er/Yb CO-DOPED 

PHOSPHATE AMPLIFIERS 

 

4.1. Introduction 

As was previously mentioned in section 3.4., a promising method to suppress fiber 

nonlinearities such as SBS is to create large core sizes and short amplifier lengths.  This 

leads to lower light intensity, and lower interaction length for Brillouin scattering.  This 

chapter will discuss the development of short, highly erbium and ytterbium doped 

phosphate fiber amplifiers to increase the SBS threshold and allow higher peak power 

nanosecond laser pulses. 

 

4.2. Erbium and Ytterbium Doped Glass Spectroscopic Properties 

Lasers in the near IR have been developed extensively in the past ~30 years, driven 

mainly by the telecommunications boom  where near IR light can be transmitted over 

fiber optic networks with less loss and dispersion then optical wavelengths.  One of the 

important laser wavelengths for this is the erbium (Er) transition at ~1.5 µm.  This is 

within the C-band (1530 – 1565 nm) and corresponds to the 4I13/2 → 4I15/2 transition, see 

Figure 4.1. for the laser transition diagram and Figure 4.2. for the emission cross-section.  

Silica fiber has very low loss (0.2 dB/km) here and has become the norm for long 

distance communication.  Because of this, much research has gone into developing 

components at this wavelength.   
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Figure 4.1. Energy level diagram for Er/Yb co-doped laser transition.  
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Figure 4.2. Erbium emission and absorption cross section.  (From D. Nguyen)52 

 

Er3+ forms a 3-level laser which requires a large amount of pumping to create a 

population inversion (see section 2.2.1).  In addition, Er3+ has a very low cross section at 

the usual pumping wavelength of 975 nm (see figure 4.3. below).  A method to mitigate 

this is to co-dope the glass with Ytterbium (Yb) ions which act as a sensitizer, effectively 

absorbing pump light at 975 nm53.   A dipole-dipole resonance then efficiently transfers 

energy to the Er3+ ion exciting it to the 4I11/2 level, see Figure 4.1.   
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Figure 4.3. Erbium and Ytterbium absorption along with Ytterbium emission cross 
sections.  Note that Ytterbium is used as a sensitizer because its absorption is ~8 times 

larger than Erbium.  (From D. Nguyen)54 
 

Compared to silica glass, phosphate has a higher phonon energy which leads to 

quicker Er relaxation to 4I13/2, and prevents energy transfer back from Er3+ to Yb3+  55.  

This, along with a higher solubility for rare-earth ions makes phosphate an excellent host 

glass candidate for Er/Yb co-doped fiber amplifiers.  In addition, phosphate has 

approximately half the SBS gain of silica fiber, making it an excellent glass to use for our 

fiber amplifiers. 
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4.3. Large-core Highly Doped Phosphate Fibers 

Most commercial, single mode fiber has a core size around 5-7 µm and an outer 

diameter of 125 µm.  Fiber has been made to these dimensions mainly because it coils 

easily at this diameter without being too delicate.  Many specialty varieties of fiber have 

been developed as well, including photonic crystal fibers, multi-core fibers, and large 

core fibers56, 57, 58.  These last fibers can be useful as they decrease the light intensity 

inside the core, reducing any fiber nonlinearities that occur from high intensity inside the 

fiber.  These nonlinearities, such as Raman scattering, Brillouin scattering, and self-phase 

modulation, limit the possible output peak power. 

 The trick to making large core fibers is strict control of the indices of refraction in 

the core and cladding in order to maintain single mode operation.  As the size of the core 

increases the numerical aperture must decrease in order for the fiber to stay single mode 

(see equation (2.4)).  To accomplish this we use the “rod in tube” method of creating a 

preform to then be drawn in a fiber drawing tower59, 60.  This method allows precise 

control of the core and cladding glass as each is mixed separately.  This contrasts with the 

usual commercial method of chemical vapor deposition to change the index of the glass61.  

Over time scientists have found that silica is the most versatile material for 

commercial fiber, due to its low loss at IR wavelengths and its durability62.  However, in 

order to have a high doping concentration phosphate fiber is a good alternative, as it still 

has low absorption, has higher rare earth solubility, exhibits low concentration quenching 

and no “clustering” of ions63, 64.  This allows for a much higher Er/Yb doping 
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concentration and the shorter fiber length needed for power scaling, which in turn raises 

the SBS and SRS threshold that limits the scaled peak power for nanosecond pulses.   

Modeling was done by Nguyen to find the optimum doping concentration and length 

of fiber65.  He developed a novel method combining both the Beam Propagation Method 

for field propagation and the Non-Linear Rate Equations for the gain media.  Figure 4.4. 

shows a simulation run to determine the optimum Er concentration, and fiber length.  A 

doping concentration of 3% Er and 15% Yb was decided along with an amplifier length 

of 12 cm to maximize the output amplified signal.  The same doping concentration was 

used for both final power amplifier stages in the experimental setup, see section 6.2. 
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Figure 4.4. Optimization of length for signal gain.  Simulation was run with 30 W of 
pump power and various Er ion concentrations.  (From M. Leigh)66 

 

4.4. SBS suppression in Large core Fibers 

The phosphate fibers are designed and drawn in-house based on the rod-in-tube 

technique by using highly Er/Yb co-doped phosphate glasses, as mentioned in section 

4.3. For both power amplifier stages, the EYPhF’s are ~12cm long, compared with many 

meters which would be needed for similar power/pulse energy scaling using commercial 

active fiber. This short length and large core increases the SBS threshold as it scales as 

the core area over fiber length. In addition, the phosphate fiber has ~½ the SBS gain 

compared to silica67. We can therefore estimate the SBS threshold power (Pcr) from 
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Agrawal68 as 
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where Aeff is the mode area, gb is the brillouin gain coefficient for phosphate fiber (2.7 

X 10-11 m/W) and Leff is the effective fiber length, taking into account absorption α (~13.4 

m-1) along the 12 cm length, we arrive at ~6.4 kW CW SBS threshold for our 25 µm core, 

final power amplifier69. This is much higher than large core commercial amplifiers, 

which tend to have SBS thresholds around 10’s of watts. Of course, our ~5 ns pulses are 

shorter than the phonon lifetime, significantly increasing the SBS threshold ~10-100 

times (see Agrawal Chap. 9). This allows higher peak powers for our transform limited 

fiber laser pulses, only limited by SRS now70, 71, 72.  
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CHAPTER 5: SINGLE FREQUENCY PULSED FIBER 

LASER IN MOPA CONFIGURATION 

 

5.1. Introduction 

In this Chapter I will explain our pulsed fiber laser in master oscillator power 

amplifier (MOPA) configuration.  The pulses are created by a set of two electro-optic 

modulators (EOM), amplified in two pre-amplifiers, then finally passed through two 

stages of our in-house drawn, large-core, highly Er and Yb co-doped phosphate fiber 

(LC-EYPhF)  power amplifiers which were discussed in chapter 4. 

The goal is to develop high peak power, transform limited nanosecond pulses to 

enable efficient THz generation.  Two nearly identical fiber lasers are developed at 1550 

nm and 1538 nm.  When mixed inside a nonlinear crystal the beat frequency of the two 

lasers will create THz radiation at 200 µm (1.5 THz). 

 

5.2. Pulse Shape Distortion and Pre-shaping 

Our seed laser is a high stability (less than ~5MHz drift over 5 minutes), CW, single 

frequency fiber laser from NP Photonics Inc. It has 2 kHz linewidth, 100mW output, and 

less then ~10MHz drift over 5 minutes73.  An amplitude type EOM is used to modulate 

pulses from the CW laser and can create pulses from 1 ns to 100's ns at repetition rates 

from 100's Hz to 100's kHz.  In practice, usually ~10ns pulses are used at ~10 kHz.  The 

EOM is from Photline and has a high bandwidth (up to > 10 GHz), high optical handling 
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power of ~500 mW, insertion loss of 4dB and a superior extinction ratio (ER) of 40 dB 

compared to typical EOM’s of ~20 dB.  Due to the large insertion loss and that our duty 

cycle is ~10-4, the 100 mW seed laser power becomes ~10 µW average power after the 

EOM.  An Er-doped pre-amplifier follows, which boosts the pulse energy.  This creates a 

large amount of amplified spontaneous emission (ASE) though from the low signal 

power.  A band-pass filter is used (consisting of a circulator and fiber bragg grating) to 

eliminate this ASE.  A second EOM is then used to gate the pulses, eliminating any in-

band ASE and CW components, increasing the extinction ratio.  Figure 5.1., below, is a 

diagram of our pulse generation setup, along with two preamplifiers. 

 

 

Figure 5.1. Pulse generation diagram.  AWG, arbitrary waveform generator; EDF, Er-
doped fiber amplifiers; EYDF, Er/Yb co-doped fiber amplifiers; BP filter, band-pass 

filter; EOM, electro-optic modulator. 
 

Originally, the driving electrical signal to the EOM was a simple square pulse. When 
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amplified, though, the optical pulse did not maintain a square shape, but steepened on the 

leading edge as the amplifier gain becomes depleted over the length of the pulse as can be 

seen in figure 5.2. below.  The pulse shape data is taken after the 1st power amplifier 

which will be detailed in the next section.  This is harmful, as there are many drawbacks 

when the pulse becomes steepened.  The bandwidth will broaden along with the 

decreasing pulse time scale, to maintain a transform limited pulse; this can limit the 

efficiency of phase matching in a nonlinear crystal.  In addition, this limits the pulse 

energy, as the high peak power saturates the amplifier, and nonlinearities such as 

stimulated Raman scattering can occur at lower pulse energies. 

 

 

Figure 5.2. Pulse steepening for different amplifier pump levels after the 1st power 
amplifier. 

 

In order to get high pulse energy as well as high peak power for the modulated single-

frequency fiber laser pulses, an arbitrary waveform generator (AWG) was used to pre-

Seed Seed Seed 10W Pump 32W Pump 



 
 
 
 
 

  53 

shape the pulses.  This allowed pulse distortion compensation in the following amplifiers 

where the leading edge was gently sloped to compensate for higher gain on the leading 

edge.   

Figure 5.3. (a) shows the front edge steepening of the amplified pulses after the 1st 

power amplifier (described in section 5.3.), with a square optical seed pulse (seen in the 

inset), after the 2nd EOM.  An attempt to further amplify this pulse shape results in little 

amplification. The sharp peak would not amplify due to dynamic gain saturation.  Figure 

5.3. (b) shows the pre-shaped pulse after the 2nd power amplifier with the seed pulse 

shown in the inset with FWHM ~ 7 ns. One can see that the pre-shaped pulse has a very 

smooth front edge, a longer rise time, and that the final pulse shape is roughly Gaussian. 



 
 
 
 
 

  54 

 

 

Figure 5.3. (a) Pulse shape with front edge steepening after the 1st power amplifier 
when a square wave seed is used. (b) Pulse shape after 2nd power amplifier using the pre-
shaped pulse seed. The insets are the pulse shapes of the optical pulse seeds after the 2nd 

EOM and the mode profiles from the respective fiber. 
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The doped fiber lengths and pump levels for the three commercial amplifier stages 

were optimized by achieving gain saturation without any nonlinear scattering processes 

in the fiber.  The fiber laser pulse energy was accurately measured by using a fast Ophir 

PE9F-SH pyroelectric energy meter that is accurate at repetition rates up to 20 KHz. This 

pulse energy meter is insensitive to the ASE background and CW signal component. 

After the 3rd pre-amplifier stage, the pulse energy can be scaled up to 3-5 µJ with an 

average power of 10’s of mW, and a pulse width reduced to 5-6 ns. Each of these stages 

are separated by isolators and band pass filters (for ASE rejection). 

 

  5.3. In-House Drawn Fiber for Power Amplifier Stages 

The previous amplifier stages have core sizes of ~7 µm, this limits the pulse energy as 

nonlinearities such as SBS and SRS can occur due to the high intensity within the core.  

To further amplify the pulses we need to reduce the intensity by increasing the core size.  

There are commercially available large mode area (LMA) fibers, though they are often 

not strictly single mode74.  In practice it is quite difficult to create a large core that is still 

single mode as the tolerances on the index of refraction of the glasses are very tight and 

the widely used method of chemical vapor deposition does not allow precise enough 

control75.  We employ the rod in tube method to create our pre-form before drawing into 

fiber76.  This method allows precise control of the index of refraction as each type of 

glass is mixed separately.  This is, in fact, the original method for creating a preform but 

is much more labor intensive.  Below, in figure 5.4. is a diagram of how our pre-forms 

are created, along with a picture of the drawing tower where the preform is pulled into 
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fiber.  Creating our own fiber lets us highly dope it with the active laser ion as well; this 

allows very short fiber amplifiers, reducing the amount of SBS and SRS even further, see 

section 4.4.  The core rod and cladding tube must be exactly matched and all surfaces 

polished to allow good optical and mechanical properties. 

 

 

 

Figure 5.4. Creation of a fiber pre-form from inserting the core glass rod into the 
cladding glass tube. 

 

Two types of single-mode, large core, highly Er/Yb co-doped phosphate fiber were 

developed.  EYPhF 15/125 and EYPhF 25/400, with 15 µm and 25 µm cores and 125 µm 

and 400 µm cladding sizes, respectively. They are PM panda style fibers with two stress 

rods each. The core glass weight doping concentrations for Er and Yb are 3% and 15% as 

determined in section 4.3. The low core numerical apertures (NA), 0.053 for EYPhF 
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15/125 and 0.0395 for EYPhF 25/400, measured from the glass’s indices of refraction, 

ensure a near diffraction-limited beam quality and single mode operation.   

They are mounted on copper plates within a V-groove in order to heat-sink them with 

forced air cooling and coated in a low index polymer to contain the pump.  In order to 

implement the monolithic pulsed fiber laser system, the EYPhF’s have been successfully 

fused with silica fibers based on an asymmetric fusion splicing technique. The first 

phosphate fiber EYPhF 15/125 is fusion spliced, on both sides, to commercial large core 

silica fiber. EYPhF 25/400 is fused to commercial silica fiber on one end and angle 

cleaved on the output to reduce feedback. Figure 5.5. shows a typical fusion splice image 

between the 25 µm core phosphate fiber and 25 µm core 400 µm cladding silica fiber.  

Due to the higher melting temperature of silica glass to phosphate glass the heating 

element used to fuse the two fibers must be located ~1 µm closer to the silica fiber and 

the temperature and fusion time must be precisely controlled. 

 

 

Figure 5.5. Fiber fusion splice between EYPhF 25/400 and 25/400 commercial silica 
fiber. 

 

5.4. High Energy Single Frequency Pulses using In-House Drawn Fiber 

The two power amplifiers made from our in-house drawn EYPhF 15/125 and EYPhF 

25/400 were spliced to the output of the pre-amplifiers to further amplify the pulses.  975 

nm multimode laser diodes were used to pump the amplifiers through fused silica 
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commercial combiners.  Figure 5.5. below shows the complete fiber laser in MOPA, with 

the addition of the final power amplifiers. 

 

 

Figure 5.5. Monolithic MOPA-based high power pulsed fiber laser system.  AWG, 
arbitrary waveform generator; EDF, Er-doped fiber amplifiers; EYDF, Er/Yb co-doped 

double cladding fiber amplifiers; BP filter, band-pass filter; EOM, electro-optic 
modulator. 

 

The 1st power amplifier stage can scale the pulse energy to 50-60 µJ with the width 

reduced to 4-5 ns without any nonlinearities based on EYPhF 15/125.  Figure 5.6. shows 

the measured output pulse energy after the 2nd power amplifier stage vs. pump power at 

10 kHz repetition rate. One can see that the highest pulse energy can be up to 0.384 mJ, 

corresponding to an average power of 3.84 W. The calculated highest peak power can 

reach ~ 128 kW based on the measured pulse energy.  As of publication of this data it 
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was the highest peak power for narrow linewidth (transform-limited) pulses in the C-band 

generated by a monolithic pulsed fiber laser system77. No rollover in the pulse energy or 

nonlinearities were noticed at high power, but thermal effects limit the chain’s safety at 

high pumping, limiting the maximum signal power. The inset of figure 5.6. shows the 

spectrum measured by an optical spectrum analyzer with 2 nm resolution for the fiber 

laser pulses with ~ 0.3 mJ pulse energy after the final power amplifier. In it, we can see 

that the signal is ~22dB above any amplified spontaneous emission. The typical 

polarization extinction ratio is about 15 dB. Based on a fiber-based Fabry-Perot scanning 

spectrum, the estimated linewidth is about 200 MHz, which is close to transform-

limited78. 

 

 



 
 
 
 
 

  60 

 

Figure 5.6. Pulse energy and peak power after the final EYPF amplifier. Inset is 
spectrum at high pulse energy. 
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CHAPTER 6: NONLINEAR FREQUENCY 

CONVERSION 

 

6.1. Intro to Nonlinear frequency conversion 

Lasers are limited to specific wavelengths due to the specific energy levels involved 

in the laser transition and therefore cannot access some wavelength regions of interest.  

To create coherent light at other wavelengths we can exploit the nonlinear polarization 

response of some dielectrics.  Specifically, when the polarization does not respond 

linearly with the applied electric field, other frequency components appear in the 

polarization of the medium.  These extra, time varying, terms in the polarization, are the 

sources of new components of the electromagnetic field.  This typically requires very 

high electric fields, on the order of the interatomic fields themselves (~108 V/m) to be 

noticeable, and becomes comparable to the linear response when the field strength 

approaches atomic field strengths (Eat~1011 V/m)79.  This leads to appreciable electron 

cloud displacement from the atom where the response of nearby atoms and their crystal 

structure effect the polarization. 

When a laser passes through a transparent material it induces a polarization.  This 

induced polarization (in linear optics) depends linearly on the applied field strength as 

 

)()( )1(
0 tEtP χε=                                                                      (6.1) 
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where χ(1) is the linear susceptibility and ε0 is the permittivity of free space.  If the 

field strength gets large enough that interatomic forces start to play a role, then this linear 

approximation breaks down.  We must now generalize equation (6.1) in a Taylor series 

expansion so that it becomes 

 

[ ]Λ+++= )()()()( 3)3(2)2()1(
0 tEtEtEtP χχχε                       (6.2) 

 

where χ(2) and χ(3) are the second and third order nonlinear optical susceptibilities.  

Usually, only the 2nd order term above has an appreciable polarization; with χ(2) of the 

order atE1  and atE21  for χ(3).  Sometimes, in a centrosymmetric material the 3rd order 

polarization can become an important factor as the 2nd order term vanishes.  This gives 

rise to processes such as third harmonic generation and self-focusing80, 81.   

 If we now assume two lasers incident to the nonlinear medium with electric field of 

the form 
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we can write the second order term from equation (6.2) as   
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where details of this discussion can be found in (Boyd, Nonlinear Optics).  There are 

4 frequency components to the nonlinear polarization in the equation above; their 

complex amplitudes are given below. 
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Where SHG is second-harmonic generation, SFG is sum-frequency generation, DFG 

is difference-frequency generation, and OR is optical rectification.  We are interested 

mainly in DFG, as this is what we will use to create THz radiation. 

 

6.2. Difference Frequency Generation 

We will now start with the wave equation to derive how a polarization source at the 

difference frequency of two pump waves, gives rise to a coherent and monotonically 

increasing wave as it travels through the nonlinear medium.  This discussion is modeled 

after that in (Boyd, Nonlinear Optics). The wave equation is shown below for a traveling 

wave with a nonlinear polarization source PNL. 
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The homogeneous solution to this equation, without the nonlinear polarization source 

term, has the form of a plane wave. 
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Now, if the source term is not too large we can solve the inhomogeneous version of 

the wave equation, with the same solution form, but An as a slowly varying function of z.  

Since we want the difference frequency, as in equation (6.5d) we will solve for ωTHz= ω1 

- ω2, and plug the homogeneous solution into the DFG polarization, then insert both into 

the wave equation giving us the below equation for ωTHz. 
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Now, the third and fourth terms on the left cancel each other, and the complex 

conjugate terms can be dropped as the equality will still hold.  Finally, the factor ti THze ω−

can be canceled on both sides to arrive at  
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We can now make the slowly varying envelope approximation, which eliminates the 

first term on the left.  This is valid if it is much smaller than the second term and occurs 

when the fractional change in the amplitude over a distance on the order of the 

wavelength varies much smaller than unity82.  We now have a coupled-amplitude 

equation, which relates the rate of change of the difference frequency wave to the initial 

pump waves.  An analogous equation can be done for each pump wave as well to arrive 

at the set of three coupled equations below. 
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Where THzkkkk −−=∆ 21  is the wavevector mismatch.  If 0=∆k , and we assume 

undepleted pump beams, we can easily solve these by differentiating eq. (6.10a) with 

respect to z and substituting the complex conjugate of eq. (6.10b) into it to eliminate 

dzdA∗
2 .  We therefore get 
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where the solution is  
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with ATHz(0)=0 as a boundary condition.  The amplitude increases monotonically with 

distance through the nonlinear media, generating the difference frequency of the two 

pump waves. 

 

6.3. Phase matching 

The above calculation was done assuming zero phase mismatch.  This is never 

perfectly achievable and can be quite difficult to accomplish.  The next sections will 

quickly describe two methods for phase matching.  Birefringent phase matching, which is 
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discussed first, is used for our ZnGeP2 crystal, while quasi-phase matching is used for 

GaP to come close to the ideal phase mismatch of zero and generate THz radiation. 

 

6.3.1 Birefringent phase matching 

In birefringent phase matching, orthogonal polarizations, propagating collinearly, see 

a different index of refraction allowing control of the phase velocity of each propagating 

wave.  We are able to exploit this by careful orientation of the crystal and pump beams.   

We will take a uniaxial crystal as an example, as that is the simplest structure that 

allows angle tuning and is the structure of ZnGeP2.  We will refer to figure 6.1. below for 

this discussion as it demonstrates the relative index of refraction for two orthogonally 

polarized pump beams propagating in an arbitrary direction through a birefringent crystal.  

We assume both pump beams and the nonlinearly generated beam propagates along the 

direction of the Poynting vector S.  The fields are oriented perpendicular to the direction 

of propagation and thus see the ordinary index of refraction n0 or the extraordinary index 

of refraction ne(θ) which depends on the exact angle between the optical axis and the 

direction of propagation.  In this manner, we can tune θ to obtain phase matching. 
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Figure 6.1. Index ellipsoid showing the ordinary (no) and extraordinary (ne(θ)) indices 
of refraction. 

 

 ZnGeP2 is an example of a positive uniaxial crystal which means that ne > no.  

There are two types of birefringent phase matching possible here and are given by83 
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where λ3 is the THz wavelength,  and λ1 is a lower wavelength than λ2. 
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To find ne(θ) we can use equation (6.14) below which gives the index as a function of 

angle through the crystal84. 
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For ZnGeP2 we arrive at a theoretical value of 18.6o from the optical axis based on 

Sellmeier equations of the index of refraction85. 

 

6.3.2. Quasi phase matching 

If Birefringent phase matching is not possible, as in GaP, which possesses no 

birefringence, a different method may be used such as quasi-phase matching (QPM).  

Here, the nonlinear material itself is modified to have periodic layers with alternating 

orientation of the optical axis86.  This periodic inversion of the optical axis direction 

causes the effective nonlinear coupling coefficient to alternate in sign as well.  This 

change in sign allows compensation of a nonzero wavevector mismatch ∆k.  As the field 

travels through the nonlinear material the wavevectors get progressively out of phase 

until the conversion would start to reconvert the generated light back to the pump 

wavelength, the change in the coupling coefficient sign reverses this and the generation 

process continues, monotonically increasing the generated light.  Figure 6.2. is a diagram 

comparing perfect phase matching to QPM as well as a non-phase matched interaction.  

Perfect phase matching (PM) results in a quadratic increase in generated light while non-

phase matched (non-PM) leads to an oscillating small amount of generated light.  Quasi-
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phase matching though results in the somewhat wavy line that monotonically increases in 

power. 

 

 

Figure 6.2.  Comparison of perfect phase matching, as in Birefringent phase 
matching, and Quasi-Phase Matching.  Non phase matched (non-PM) is also shown for 

comparison.  (From G. H. C. New Introduction to Nonlinear Optics)87 
 

When designing a QPM structure, the coherence length needs to be calculated to 

determine the thickness of each layer.  This is given simply by the below equation 
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Where ∆k is given by 

 

∆ � � � � � ���                                                                (6.16) 

 

For GaP, again using Sellmeier equations to determine the wavevectors gives us a 

coherence length of 548 µm88, 89. 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 
 
 
 

  72 

CHAPTER 7: DIFFERENCE FREQUENCY THZ 

GENERATION 

 

7.1. Choice of Pumping wavelength 

To decide on what pumping wavelength to use, many factors come into play.  How 

easily the pumps and generated wavelength can be phase matched, along with the quality 

and ease of construction of the pump lasers.   

Thanks to the recent large boom in the telecommunications industry many high 

quality fiber coupled components can be bought relatively cheaply at ~1550 nm.  They 

have developed at this wavelength due to the low loss in silica transmission fiber at this 

wavelength.  Designing our lasers at this wavelength allows us to use many off-the-shelf 

components for our MOPA fiber laser.  In addition, as this work was performed at NP 

Photonics Inc. 9030 S. Rita Rd, Tucson AZ, 85716, there was already a large amount of 

expertise in the construction of fiber lasers at 1550 nm. 

 

7.2. How to choose a Nonlinear crystal 

When choosing a nonlinear crystal we use a figure of merit (FOM) developed by 

Vodopyanov based on low THz loss, high nonlinear coefficient and the optical pump 

index of refraction90. 
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Shi proposed a FOM that more heavily weighted THz absorption91. 
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Some good choices predicted by both FOM’s are GaSe92, 93, ZnGeP2
94, 95,  and Zinc-

blende crystals, such as GaP96, 97, and GaAs98, 99. 

 

7.2.1. ZnGeP2 

Based on the figure of merit developed above, ZnGeP2 is a potentially very good 

crystal for DFG THz generation.  ZnGeP2 has a low THz absorption coefficient  

(0.37 cm-1 at 200 µm) and very large transparency region of 0.74 – 12 µm.  

Conventionally grown ZnGeP2 has large absorption in the near-IR that are process 

dependent, fortunately, annealing helps to dramatically decrease this100.  With a large 

second-order nonlinear coefficient of (d33 = 74 pm/V), ZnGeP2 becomes an excellent 

candidate for THz generation101.  Below in figure 7.1. is a picture of our ZnGeP2 crystals.  

The pump lasers are orthogonally polarized and collinear through the long direction of 

the crystal. 
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Figure 7.1. ZnGeP2 crystals 

 

Since ZnGeP2 is a positive uniaxial crystal we can calculate the type I phase matching 

angle from section 6.3.1 equations (6.13a) and (6.14).  Sellmeier equations were used to 

provide the index of refraction for the IR pump and THz wavelengths102.  Below in figure 

7.2. are plotted the phase matched wavelengths vs. external angle to the optical axis when 

pumped by 1538 nm; these would be the wavelengths produced in an optical parametric 

oscillator; alternatively the pump wavelength can be changed along with the angle to 

maintain phase-matching.  In our case we are pumping both the signal wave and pump 

wave at predetermined wavelengths so we must use the intersection point at an external 

phase matched angle of 18.6o. 
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Figure 7.2. Phase matched wavelengths in ZnGeP2 when pumped by 1538nm. 

 

Unfortunately, the available index of refraction data for THz wavelengths is sparse 

and often not very accurate when using the Sellmeier equations.  Because of this we 

experimentally determined the external phase matching angle.  Below is THz data for a 

0o cut (with respect to the optical axis) ZnGeP2 crystal while rotating away from the 

optical axis.  We can see that the experimental phase matching angle is 28.5o as opposed 

to the theoretical 18.6o. 
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Figure 7.3. Experimental measurement of the external phase matching angle in 
ZnGeP2. 

 

The ZnGeP2 crystal used for THz generation had a thickness of 4 mm with cross 

section of 5mm X 5mm and is double-sided anti-reflection coated with 10% absorption 

loss at ~1550nm. The cutting angle is about 18o corresponding to the calculated external 

phase-matching angle for the two pump wavelengths used. In our experiment type-eeo 

phase-matching configuration was used and the experimental phase matching angle is 

about 28.5o. The two input beams are nearly collinear though a slight misalignment (~1o) 

is needed for maximum single pass THz signal due to walk-off in the birefringent crystal. 

Two parabolic mirrors one with a 5mm diameter hole to allow the pump radiation to pass 

through were used to collect the generated THz radiation into a cooled calibrated 
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bolometer in order to estimate the power of the generated THz radiation103. A black 

polyethylene filter was used to block any scattered pump radiation. 

 

7.2.2. QPM-GaP 

Angle tuning is not possible in GaP crystals as they are not birefringent.  To achieve 

high power THz generation we fabricated quasi-phase matched (QPM) GaP (see section 

6.3.2.).  GaP has no two-photon absorption at our pump wavelength (~ 1.5 µm) compared 

to ZnGeP2 and still has a relatively high second-order nonlinear coefficient χ(2) of d14 ~ 

30pm/V104.  Below in figure 7.5. are 2'' diameter undoped GaP wafers with a thickness 

0.7-1 mm.  They have very high resistivity of 10 MΩ*m and a carrier concentration of 

~109 cm-1.  Figure 7.6 is the crystal orientation of the GaP wafer showing the (110) 

crystal plane.  The pump lasers are directed normal to this surface with orthogonal 

polarizations.  

 

 

Figure 7.5. GaP wafers before cleaving and polishing. 
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Figure 7.6. GaP wafer crystal orientation.  The laser pumps are directed normal to the 
(110) crystal plane with the polarizations within the plane at right angles to each other. 

 

The thickness of each layer should be near to the coherence length in order to 

maximize the THz generation efficiency.  We used a Sellmeir equation for the index of 

refraction for each wavelength to calculate the coherence length according to section 

5.3.2. equations (6.15) and (6.16)105.  With a value n(1550.60 nm)=3.0534, n(1538.78 

nm)=3.0541, and n(201.75 µm)=3.325 we arrive at a coherence length of ~548 µm.  This 

value is not very accurate though because of the dearth of index of refraction 

measurements at THz wavelengths.  To verify the coherence length, a wedge of GaP was 

cut and polished to ~250 µm on one side and ~850 µm on the other.  The wedge was then 

scanned through the pump beams and the resulting THz signal was measured vs. wedge 

thickness.  Figure 7.7. shows the scanning data along with two fits to the data.  The first 

fit in blue shows the maximum THz signal which occurs at 516.97 µm.  The oscillations 

on top of this are THz interference fringes from the front and back surfaces of the GaP 
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crystal.  A fit to this gives us a period of 29.67 µm which along with the THz wavelength 

of 201.75 µm means the index must be ~3.400.  

 

 

Figure 7.7. THz generation from a wedge of GaP to experimentally determine the 
coherence length. 

 

 

 

We fabricated 4 QPM-GaP crystals with different periods in order to achieve high 

power THz generation and investigate the quality of phase matching.  Figure 7.8. shows 

pictures of the bonded QPM-GaP crystals with different numbers of layers each equal to 

the coherence length. They were created using an adhesive-free diffusion bonding 

method then AR coated for the pump wavelength.  The coherence length used was the 
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theoretical value of 548 µm based on the calculation above, using 1550 nm and 1538 nm 

pulsed fiber laser pumps to generate a difference frequency of 1.5 THz. 

 

 

Figure 7.8. Bonded quasi-phase matched GaP layers. 

 

Below, in figure 7.9., two orthogonal, temporally overlapped, pulsed (~80ns, 20kHz, 

53.3 µJ) fiber lasers in a master oscillator power amplifier (MOPA) configuration are 

combined using a polarizing beam splitter and then focused into QPM-GaP crystal 

normal to the (110) surface for THz generation.  We can see that the DFG THz average 

power for the bonded QPM-GaP crystals increases linearly with the number of layers as 

opposed to the quadratic dependence as expected from theory. The linear increase comes 

from imperfect bonding between layers as well as pump and THz absorption. One can see 

that the generated THz average power for the 13-layer bonded QPM-GaP is about 5.1 

µW, which is 29 times higher than that for a single layer of GaP, and corresponds to a 

conversion efficiency of 4.78×10-6.  
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Figure 7.9. THz generation from increasing number of quasi-phase matched GaP layers. 
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CHAPTER 8: EXTERNAL CAVITY ENHANCED THZ 

DFG 

 

8.1. Introduction 

The previous section described using both ZnGeP2 and QPM-GaP for difference 

frequency THz generation.  The efficiency for such a process is very low unfortunately, 

due to the large quantum defect from the energy difference between a 1.5 µm pump 

photon and a 200 µm THz photon.  At best if we have 100% quantum efficiency we will 

only get 0.75% power efficiency.  To increase this we can recycle the laser pulses in an 

external cavity so that a photon can be reused in frequency conversion process and 

theoretically have a quantum efficiency greater than 100%. 

 

8.2. Cavity Enhanced THz generation theory 

Optical cavities have been studied extensively and have become ubiquitous in 

creating high power for nonlinear interactions whether it is for Optical Parametric 

Oscillators (OPO)106, or Difference Frequency Generation (DFG) and Second Harmonic 

Generation (SHG)107.  Currently, two regimes are extensively investigated and used; the 

CW steady state and high repetition rate femtosecond lasers.  They both can reach high 

enhancement factors; CW lasers quickly reaching steady state and femtosecond lasers 

mode locked with all Fourier components coherently interfering108.  An intermediate 

regime is that of nanosecond pulses. Recently, nanosecond pulse enhancement has been 

shown in a small 75mm linear cavity109.  The small size leads to wide spectral resonance 
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peaks and high power for a given Finesse but limits its practicality as the small size 

precludes intracavity elements.  It is worth noting that this method is applicable to 

multiple frequencies simultaneously resonant.  Therefore, the benefits of employing a 

ring cavity include larger cavity size allowing intracavity elements, such as a nonlinear 

crystal, and no standing waves which can create “hot spots”.  In addition, allowing only 

unidirectional passes through the crystal minimizes losses for any optical parametric 

process. For the confinement of ns pulses with low repetition rate (< 100s kHz) in a 

longer ring cavity, the difficulties include: (1) We must deal with transform limited 

pulses with line widths larger than the cavity resonances; this limits the amount of 

incoming light that can resonantly interfere. (2) We are also limited by the laser power 

fluctuations between pulses in the ring cavity.  The first problem mentioned above 

disallows matching the pulse Fourier components to the cavity Free Spectral Range 

(FSR) of ~100MHz to a few GHz for longer ring cavities with  length of ~1m, as is done 

for mode-locked laser cavities.  However, nanosecond pulse confinement is very 

important and useful for single frequency pulsed fiber lasers in MOPA as its transform 

limited line width and scalable peak power is useful for frequency conversion while 

maintaining the same single frequency narrow line width operation.  

 

 8.2.1. Stability conditions 

To effectively resonate a laser in an external cavity, the laser phase must be actively 

matched to the resonant cavity, so that each round trip adds coherently to any additional 

light that enters the cavity. 



 
 
 
 
 

  84 

While qualitatively well understood, a derivation of the stability conditions for a 

bowtie style ring cavity seems to be missing in the literature.  We start by defining our 

cavity of length L with two curved mirrors of radius of curvature R separated by a 

distance d as in figure 8.1. below.  We then multiply ABCD matrices together starting at 

the dashed line for each element shown in equation (8.1)110. 

 

 

 

Figure 8.1. Cavity diagram with mirrors of radius R, distance between them d, and 
total cavity length L. 
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The stability condition for the final multiplied ABCD matrix is |A+D|<2 which gives 

us equation (8.2). 
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We have an extra condition on the cavity length for the bowtie cavity, namely that 

L>2d as anything else would not be physically meaningful.  In figure 8.2. below we can 

see the plotted stability condition for different cavity lengths L as a function of curved 

mirror separation d for mirrors with R=0.25m.  The cavity is only stable for values 

between 0 and 1 as seen from equation (8.2) and the dashed portions are not meaningful 

because they violate the added cavity length condition (L>2d) for a bowtie cavity.  We 

would like to point out that for d>R all cavity lengths converge to stability at the confocal 

point of d=R and that the cavity waist is located between the two curved mirrors, while 

for d<R there is no convergence and the waist is located between the flat mirrors. 
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Figure 8.2.  Plot of equation (8.2) vs. distance between curved mirrors d for 
different cavity lengths L.  The dashed portions violate L>2d and are not physical. 

 

In addition, Gaussian beam propagation software was used to calculate the beam 

waist within the cavity111.  For our 67.8 cm cavity this results in a beam waist of 260 µm 

as seen in figure 8.3. This is important because if it is smaller than the generated THz 

wavelength (200 µm) in the crystal there will be large diffraction of the THz beam from 

the small generation region, reducing the efficiency. 

 

Figure 8.3. Paraxia simulation of cavity waist diameter.  The ring cavity is “unfolded” 
to look like a linear cavity. 

 

8.2.2. Stabilization techniques 

Once the cavity has been determined to be in a “stable” configuration we still need to 

compensate any thermal changes in cavity length or vibrations bringing the cavity out of 

resonance.  There are many ways that the laser can be actively stabilized.  They generally 

involve electronic feedback based on the fluctuations of a laser parameter, the electronic 

signal then modifies either the cavity length or laser phase to maintain resonance.  Two 

common methods of accomplishing this are the “Pound-Drever-Hall” method and the 

“Hänsch-Couillaud” method.  The Pound-Drever-Hall method requires fast laser phase 

modulation while we employed the Hänsch-Couillaud version which uses an intracavity 
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polarizer to create a frequency dependent circular polarization.  Details can be found in 

the paper by (Hänsch)112. 

In practice, we stabilize the cavity by a third CW laser at ~1550 nm.  Details of the 

cavity arrangement will be described in section 8.4 and 8.5 for two choices of nonlinear 

crystals.  The third laser is used to avoid the destabilizing effect from the large incident 

power fluctuations of the pulsed lasers.  The slow (~10kHz) variation of power does not 

lend itself well to being stabilized.  Sensitive polarization and wavelength filtering was 

needed to isolate the CW signal from the high power pulses.  It should be possible to 

stabilize to nanosecond pulses by using a very slow detector that averages over the 

nanosecond pulses.  This should be followed up on, and will lead to a much more robust 

external cavity. 

All three NP fiber lasers are single frequency (~2kHz CW line width), very stable 

(~40MHz drift per hour, ~7MHz per min), and have fast tuning capabilities.  Figure 8.4. 

below shows the frequency drift of our fiber laser over the course of 10 hours from turn 

on.  This was measured from the beat note of two similar lasers.  We can see that ~3 

hours are required for the laser to heat up and become stable. 

Previously, the laser bandwidth was measured with a scanning Fabry-Perot 

interferometer for 10ns wide pulses to be 50MHz giving a time-bandwidth product of 0.5 

which is close to transform limited113.   
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Figure 8.4. Frequency drift of NP fiber laser measured by beat note between two 
similar lasers. 

 

8.3. Pulse enhancement vs. pulse width 

To achieve high peak power in the cavity we need to understand the enhancement as 

a function of pulse width.  If the pulse bandwidth is larger than the cavity bandwidth then 

outlying pulse frequencies will not meet the cavity resonance condition and not 

constructively interfere.  In addition to this, the pulse widths are not sufficient for the 

cavity to reach a steady state (~500ns to reach 80% CW enhancement) leading again to 

less enhancement for shorter pulses.  These two problems are really one and the same as 

they are just Fourier transforms of each other and can be modeled together.  
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 Following the method of (R. Tanaka)114 we sum electric field waveforms of the 

form E(t,z)=E(t)exp[i(wt-kz)] after n round trips in the cavity where E(t) is the pulse 

envelope.  The cavity has electric field transmission at mirror M1 of √+ and fractional 

field strength remaining after one round trip √1 � - where l is the round trip power loss.  

We assume a Gaussian pulse envelope as this approximates our pulse well with minimal 

exertion.  Below in equation (8.3) is our model for pulsed electric field enhancement 

where t has been replaced by t’-Ln/c to model the pulse delay and confinement in the 

cavity.  Here L is the cavity length, and c the speed of light. 

 

( )( )[ ]kzcLntwiExpcLntElTE
n

n
cavity −−−−= ∑

∞

=

/')/'(1
0       (8.3)

 

 

Figure 8.5. shows enhancement vs. pulse length in our ring cavity with a 3% input 

coupler, length of 1.15m, and a finesse of 129 giving a CW enhancement of 50.5.  The 

data was taken with a final amplifier stage pump power of 16.5W at 975 nm for three 

different seed pulse lengths of 57, 107, and 280ns defined by FWHM, varying the 

repetition rate allowed us to obtain a range of widths for each seed as the pulse width is 

somewhat dependent on repetition rate.  The theoretical curve was calculated using 

equation (8.3) and the same cavity parameters.  The discrepancy between experimental 

data and theory comes from the assumed Gaussian pulse envelope in equation (8.3) that 

varies somewhat from our actual pulse shape. One can see that the highest enhancement 

factor can reach more than 25 when using 230 ns fiber laser pulses.  This is especially 



 
 
 
 
 

  90 

useful for increasing the power of longer fiber-laser pulses as nonlinear effects such as 

SBS often scale with the pulse length. 

 

 

Figure 8.5.  Theoretical Gaussian pulse enhancement (line) with experimental 
data points (circles) for cavity with finesse of 129 

 

 To compare the fiber laser pulse enhancement for the ring cavity with and without 

ZnGeP2 inside, we used the exact input pulse shapes and simulated them inside the 

cavity. The dotted curves, in figure 8.6 denote the input laser pulses, the open circles the 

measured cavity enhanced pulses, and the solid curves the modeled cavity enhanced 

pulses.. In Fig. 8.6.(a), the modeled cavity loss and input transmission are 4.3% and 2.6% 

respectively while the independently measured values (from the ratio of FSR to FWHM) 
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were 4.8% and 3.0%, same as figure 8.5. Figure 8.6.(b), on the other hand has much 

higher loss and input transmission of 31% and 17% while the measured values were 30% 

and 17%. In Fig. (8.6)(a) the CW enhancement is 50.5, while in (b) it is 7. When a 

nonlinear crystal (GaP or ZnGeP2) is present, the cavity has higher loss with pulse 

enhancement looking like figure 8.6.(b). One can see that the enhancement factor is ~4 

and depends on pulse width as seen in figure 8.5. 

 

 

Figure 8.6. Pulse enhancement for low loss and high loss cavities.  High loss occurs 
when a nonlinear crystal is present within the cavity. 

 

Additionally, the cavity pulse confinement is an effective elongation or recycling of 

the pulses.  In many optical parametric processes such as DFG, SFG and SHG the 

conversion efficiencies can be quite low for single-pass interactions, thus multiple passes 
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through a nonlinear crystal can be used to increase the efficiency115.  Instead of multiple 

passes we employ effectively a compression and confinement of the pulse as the energy 

is trapped in the cavity and only decays with the cavity lifetime τ=L/(cl)  where L is the 

cavity length, c the speed of light and l the cavity loss per round trip.  This acts as an 

energy enhancement not just multiple passes as a 50 nanosecond pulse is 15 m long in 

free space, much longer than most cavities.  Figure 8.7. shows the same data as seen in 

figure 8.6.(a).  The cavity increased the peak power as well as temporally lengthening the 

pulse resulting in 5X larger power and seeming 10X larger pulse energy.  The 10X 

energy enhancement is really just a recycling of the pulse thereby increasing the 

efficiency of any frequency conversion process.  The pulse power was measured with a 

calibrated photodiode then integrated over the pulse length to find the pulse energy.  This 

measurement was confirmed at low repetition rates up to 20kHz with an Ophir PE9F-SH 

pyroelectric energy meter that measures only the pulse energy eliminating any CW 

component. 
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Figure 8.7. Characteristic profile for 42ns pulse, input (solid) and resonant 
(dashed) along with fitted exponential.  Data was taken with a fast oscilloscope 
and calibrated photodiode.  Both curves were numerically integrated to find the 

pulse energy. 
 

 The cavity decay time was modeled as an exponential to verify the cavity losses.  

The decay lifetime τ was found to be 77ns implying a loss per round trip of 4.98% and a 

Finesse of 126, very close to our Finesse of 129 measured as the ratio of FSR to spectral 

width. 

It’s worth noting that this single-frequency fiber laser pulse confinement by a longer 

ring cavity can be used directly as ring-down cavity absorption spectroscopy with the 

advantages of narrow linewidth and longer interaction length116. 
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8.3.1. 2 lasers simultaneously resonant 

To increase the efficiency of THz generation, we need both pump lasers to resonate 

simultaneously.  Here, we employ our two nearly identical pulsed fiber lasers in MOPA; 

one at 1550nm and one at 1538nm, to demonstrate multiple frequency resonance in the 

cavity.  Both have very stable frequencies <50MHz/hr so that when the cavity is 

stabilized to the third laser the other two can be held resonant with the cavity on the order 

of ten minutes.  This simplifies the usually complex process of locking multiple lasers to 

the same cavity.  Figure 8.8. shows the two MOPA lasers, while in CW mode, 

progressively tuned to the same resonance condition while the cavity length is scanned.  

It should be noted that this method is easily expandable to many frequencies 

simultaneously resonant.   
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Figure 8.8.  Scan of cavity length showing transmission peaks for the two 
MOPA lasers while in CW mode.   The lasers are easily tuned to the same 

resonance condition. 
 

8.4.   Cavity enhanced THz DFG with ZnGeP2 

ZnGeP2 was the first crystal we placed in an external cavity for cavity enhanced DFG 

THz generation.  It is quite good for single pass THz generation, but, as will be discussed, 

is difficult to successfully enhance in an external cavity.  This is mainly due to the 

birefringence necessary to phase match the crystal.  The two IR pump beams have a walk 

off that separates them after passing through the crystal.  This then necessitates 

intracavity dichroic filters to separately align the two lasers.  



 
 
 
 
 

  96 

The cavity is stabilized by the reflected resonance of a third CW laser as mentioned 

previously in section 8.2.2. and shown below in figure 8.9. To avoid destabilizing 

fluctuations in the locking signal from the ns pulses it travels the opposite direction 

around the cavity to be picked off by edge filter F1 and a photodiode, completely isolated 

from the other wavelengths. This signal is sent to a servo controller then to a piezo 

mounted on mirror M3 locking the cavity to the CW laser. The single-frequency fiber 

laser seeds have a fast piezo frequency control that can be used to tune them to a 

resonance of the cavity for a short while until the three frequencies drift apart. All three 

lasers are stable to <10MHz over a five minute period while the full width at half 

maximum (FWHM) of resonance for our 1 meter cavity with ~30% losses is 14 MHz 

giving ample time to make a measurement. 
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Figure 8.9. Cavity diagram including two pulsed fiber lasers and one stabilizing CW 
fiber laser.  M1 17% transmitting input coupler, M2 0.25m radius mirrors, M3 piezo-

mounted mirror, F1 HR 1550nm and HT 1538nm filter (~5% loss), F2 HT 1550nm and 
HR 1538nm filter (~1% loss), PD photodiode, PBS polarizing beam splitter.  Cavity loss 

of 30%. 
 

Figure 8.10. shows the average THz power based on DFG by using the ZnGeP2 crystal 

in single pass and resonant conditions for varying input pulse energies. One can see that 

the single pass data are well fit by a simple quadratic function P = 1.09E2 where P 

expresses the THz average power (nW) and E the input pulse energy (µJ). This quadratic 

relation indicates a standard single-pass second-order nonlinear interaction. The cavity-

enhanced THz signal is obviously enhanced relative to the single pass and is not as easily 

fitted to a quadratic due to variations in quality of mode matching and pulse shape 

differences at higher amplification levels.  
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Figure 8.10. THz average power for input fiber laser pulse energy. 

 

The highest enhancement we observed was for 10 µJ input pulses resulting in 747nW 

average THz power and 0.5mW peak power, with normalized conversion efficiencies in 

terms of the pump peak power for single pass and cavity enhanced THz generation of 

4.4×10-3/MW and 3.04×10-2/MW, respectively, an improvement factor of 7. Previously, 

the normalized conversion efficiency was about 10-3/MW117. Comparing this to the cavity 

enhancement of 5 as seen in figure 8.7. we would expect a THz enhancement of 52. 

Possible reasons for not observing this factor of 25 enhancement include ensuring both 

channels simultaneously resonant and slight temporal mismatch. It is worth noting that 

the overall efficiency and THz power can be increased dramatically for different cavity 
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and crystal parameters. When using isotropic cubic crystals such as GaAs and GaP the 

edge filters F2 are not required, simplifying the cavity. In addition, a shorter cavity or 

longer pulse would allow the enhancement to build up higher, similar to that of a CW 

laser.  

 

8.5. Cavity enhanced THz DFG with QPM GaP 

GaP is an isotropic crystal and thus does not have a walk off of the two pump 

polarizations.  This means we can simplify the external cavity by eliminating the dichroic 

filters. 

 The optical cavity is arranged in a bow tie shape as seen in figure 8.11. with a 

total length of approximately 0.65 m.  The QPM-GaP crystal is located at the waist 

between two curved mirrors M2 with a radius of curvature of 0.25 m.  Two input couplers 

M1 (17%, 8%) were used to impedance match the cavity loss depending on which crystal 

was used (2 and 4 layers QPM-GaP crystals).  The cavity is pumped by two temporally 

overlapped pulsed fiber lasers in a MOPA configuration at 20 KHz.  They are combined 

in a polarizing beam splitter and mode matched to the cavity. All three lasers are very 

stable (<10MHz over 5 minutes) and enhancement is achieved by tuning the two pump 

lasers to a resonance of the stabilized cavity. The generated THz radiation is collected 

and focused onto a cooled bolometer for detection by two parabolic mirrors. 
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Figure 8.11. Experimental setup for cavity enhanced difference frequency THz 
generation. M1, cavity coupler; M2-3, cavity curved mirrors; M3, dielectric 

mirror; PD, photodiode detector; S-POL, S polarization direction; P-POL, P-
polarization direction; PBS, polarization beam splitter/combiner. 

 

For a given intracavity QPM crystal there is a trade-off between the number of 

periodic layers and the losses they incur inside the cavity in order to achieve highest THz 

average power.  In addition, for an optical cavity and associated losses there is an 

optimum pulse width that optimizes input peak power for efficient THz DFG and 

resonant pulse enhancement where they scale as inverse and proportional, respectively, to 

the pulse width.  We chose to test this by measuring THz enhancement for different pulse 

widths with 2 and 4 layers of QPM-GaP crystals as seen in figure 8.12.  The different 

pulse widths (20 ns-170 ns) all had geometric mean pulse energies of 18.3 µJ of the two 
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laser channels and similar pulse shapes.  A peak can be observed in the overall THz 

average power at ~ 110ns for the 2-layer sample and ~ 80ns for the 4-layer sample.  The 

difference in the pulse widths needed to achieve peak power is due to the higher losses in 

the 4-layer sample leading to lower pulse enhancement which favors shorter pulse lengths 

with higher peak powers. Figure 8.12. also includes the cavity enhancement factors and 

single-pass THz output powers when using the fixed fiber laser pulse energy of 18.3 µJ 

and different pulse width. One can see that the cavity enhancement factor increases when 

the pulse width increases. For 2-layer and 4-layer QPM-GaP crystals, the cavity 

enhancement factors can be up to ~ 250 and ~190 when the pulse width increases to ~ 

110 ns and ~ 80 ns, respectively. For the single-pass cases, the generated THz power 

decreases with increasing pulse widths due to the pump peak power decreasing. The 13-

layer GaP sample was also tested for the cavity enhanced THz DFG but the resulting 

transmission loss was too high to achieve a more efficient cavity enhancement. It is 

possible that more QPM layers will result in a higher cavity enhanced THz power due to 

the longer QPM interaction length but, the cavity enhancement factor is very sensitive to 

the cavity loss. 
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Figure 8.12. Cavity enhanced THz power, single-pass THz power (multiplied by 50) 
and cavity enhancement factor for two and four layers of QPM-GaP crystals when using 

the fixed fiber laser pulse energy of 18.3 µJ and different pulse widths. 

 

 We then chose to use the optimum pulse width of 80 ns for the 4-layer QPM-

crystal in order to achieve the higher cavity enhanced THz output power by using higher 

pulse energies for the pulsed fiber laser pumps in Fig. 2.  Fig. 4 shows the average THz 
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powers for cavity enhanced single-pass cases when using different pulse energies up to 

70 µJ with pulse widths of 80 ns. We can see that both the single pass and resonantly 

enhanced data follow a quadratic curve as would be expected in a second order nonlinear 

interaction.  From a quadratic fit of the data we can see an enhancement of 151 times 

over the single pass case.  The maximum external cavity enhanced THz average power 

can reach 339 µW and a peak power of ~212 mW when the pump pulse energy is 

approximately 70 µJ. This maximum THz output power corresponds to a THz power 

conversion efficiency of 2.43×10-4 and a quantum efficiency of 3.16%. The pulsed fiber 

laser pumps used were transform-limited, and the expected linewidth was 10 MHz. Due 

to the parametric process (DFG), the generated THz waves are expected to have the same 

narrow linewidth level. So, the spectral power density for the generated THz signal can 

be up to ~ 33.9 W/THz. 
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Figure 8.13. Cavity enhanced and single pass THz power vs. pump pulse energy when 
using pulse width 80 ns at 20 kHz repletion rate. 
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CHAPTER 9: CONCLUSION 

9.1. Summary of Dissertation 

I have described 3 major achievements in this dissertation.  The first is the 

development of high peak power fiber laser pulses.  We reached a new record for peak 

power while maintaining transform limited pulses, and very good beam quality.  The 

second is the implementation of two such pulsed laser systems at 1550 nm and 1538 nm 

for THz generation.  Two different crystals were used to generate coherent THz radiation 

at the beat frequency of the two near-IR pulsed lasers.  The final accomplishment was the 

creation of an external optical cavity for enhancement of the nanosecond fiber laser 

pulses to increase the THz generation efficiency.   

For the high peak power, transform limited, nanosecond pulses we achieved 128 kW 

peak power and pulse energy of 0.384 mJ.  This is an impressive achievement in fiber 

lasers as Brillouin scattering and Raman scattering set hard limits on the possible peak 

power for this pulse length.  To increase this limit, we developed in-house drawn highly 

Er and Yb co-doped phosphate fiber that increased the Brillouin and Raman scattering 

threshold.  These high peak power fiber lasers have many uses besides THz generation as 

mentioned in this dissertation.  They are useful for spectroscopic sensing and LIDAR as 

they maintain narrow linewidth while achieving high peak power118. 

Two crystals were used for THz generation.  ZnGeP2 was tried first with birefringent 

angle tuning to phase match the two IR pumps and THz wavelengths.  GaP was also used 

by employing quasi-phase matching.   
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Both crystals were placed in the external cavity to increase the THz generation 

efficiency.  ZnGeP2 proved to be very difficult to achieve any kind of enhancement 

because the birefringence led to a small angle divergence of the two pump beams.  This 

meant that intra-cavity dichroic mirrors were required to align each wavelength 

separately and increased the cavity losses, not to mention the complexity.  THz 

enhancement was only ~7.  GaP was then used as the crystal inside the cavity and led to a 

large THz enhancement of 151.  This was possible due to no birefringence in GaP and 

simple crystal alignment as it was not overly sensitive to the input angle. 

 

9.2. Future Directions 

Our group is currently in progress developing a 2 µm pulsed laser pumped THz 

source using quasi-phase matched GaAs.  This allows us to use the somewhat higher 

effective nonlinear coefficient of GaAs119.  A ~2 µm laser is required to avoid the two 

photon absorption at ~1.7 µm.  Unfortunately, mid-IR fiber components at 2 µm are not 

as well developed as near-IR components around 1.5 µm that are used in the 

telecommunications sector.  This is proving difficult to create a robust fiber laser.  In 

addition, mid-IR wavelengths tend to have much more propagation loss along 

commercial fiber.  Despite these shortcomings, we have been able to reach 0.5 mJ pulse 

energy and are in the process of creating an optical cavity for THz generation120. 
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