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Abstract 

This thesis explores the power scalability and the mode quality of mid-IR acetylene filled Hollow-

core Optical Fiber Gas LASer (HOFGLAS). The mid-IR lasing mechanism is based on the 

population inversion in acetylene molecules within the hollow-core of the hypocycloidal kagome 

structured fiber. The acetylene gas is optically pumped with 1 ns pulses near 1.5 m using an 

optical parametric amplifier (OPA). The acetylene molecules absorb pump light via rotational-

vibrational overtone transitions and can lase in 3 m region through dipole allowed transitions. 

Since hollow-core fiber provides long interaction length and tight confinement for gas and light, 

higher gain is achieved by single pass configuration. In this work, the effect of fiber length, gas 

pressure, pump wavelength, and pump pulse duration on the mid-IR laser is experimentally studied 

in order to scale the laser system to higher mid-IR energies. By studying combinations of fiber 

length with different acetylene gas pressures, we were able to remove the laser signal saturations 

that have been observed in previous studies. Furthermore, the produced mid-IR laser energy 

linearly depends on the absorbed near-IR pump energy, and it is only limited by the available near-

IR pump energy. Moreover, the highest mid-IR pulse energy of 2.56 J is measured when the 

acetylene filled HOFGLAS system is pumped via the P(9) line, which is  the highest ever mid-IR 

pulse energy that has been measured to our knowledge. Mid-IR laser efficiency is independent of 

acetylene gas pressure and for the gas pressure region we worked on, a shorter pump pulse width 

is preferred. An experiment is designed and performed based on the M2 to study the beam quality 

of the produced mid-IR beam. The mid-IR laser output shows near diffraction-limited performance 

with an M2 value of 1.15. Finally, a numerical model based on the saturated absorption for 

inhomogeneous line profile is proposed to estimate the absorbed near-IR pump energy only by 

acetylene gas.  
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Abstract 

This thesis explores the power scalability and the mode quality of mid-IR acetylene filled Hollow-

core Optical Fiber Gas LASer (HOFGLAS). The mid-IR lasing mechanism is based on the 

population inversion in acetylene molecules within the hollow-core of the hypocycloidal kagome 

structured fiber. The acetylene gas is optically pumped with 1 ns pulses near 1.5 m using an 

optical parametric amplifier (OPA). The acetylene molecules absorb pump light via rotational-

vibrational overtone transitions and can lase in 3 m region through dipole allowed transitions. 

Since hollow-core fiber provides long interaction length and tight confinement for gas and light, 

higher gain is achieved by single pass configuration. In this work, the effect of fiber length, gas 

pressure, pump wavelength, and pump pulse duration on the mid-IR laser is experimentally studied 

in order to scale the laser system to higher mid-IR energies. By studying combinations of fiber 

length with different acetylene gas pressures, we were able to remove the laser signal saturations 

that have been observed in previous studies. Furthermore, the produced mid-IR laser energy 

linearly depends on the absorbed near-IR pump energy, and it is only limited by the available near-

IR pump energy. Moreover, the highest mid-IR pulse energy of 2.56 J is measured when the 

acetylene filled HOFGLAS system is pumped via the P(9) line, which is  the highest ever mid-IR 

pulse energy that has been measured to our knowledge. Mid-IR laser efficiency is independent of 

acetylene gas pressure and for the gas pressure region we worked on, a shorter pump pulse width 

is preferred. An experiment is designed and performed based on the M2 to study the beam quality 

of the produced mid-IR beam. The mid-IR laser output shows near diffraction-limited performance 

with an M2 value of 1.15. Finally, a numerical model based on the saturated absorption for 

inhomogeneous line profile is proposed to estimate the absorbed near-IR pump energy only by 

acetylene gas.  
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1 

Chapter 1 - Introduction 

Lasers that operate in the mid-IR wavelength region from 2 to 10 m have recently gained much 

attention due to their potential applications in spectroscopy, medical, and free space 

communication. The strong rotational-vibrational transitions of many important molecules like 

H2O, CO2, CH4, CO, and NO2 lie in the mid-IR region. These transitions are usually few orders of 

magnitude stronger than the transitions that lie in the near-IR or visible regions. Therefore, a mid-

IR laser source provides a path to detect the trace gases, greenhouse gases and medically important 

gases [1]. Furthermore, the mid-IR spectral region has two high atmospheric transmission 

windows at 3-5 m and 8-13 m, making mid-IR laser source to be an ideal candidate to use in 

applications like free space communications, and range finding [2]. Moreover, biomolecules like 

proteins, amides, and lipids have strong vibrational transitions in the mid-IR region. Due to this 

mid-IR lasers have been used in many biomedical applications [3]. Also, the spectral peaks of the 

thermal emissions associated with most biological and mechanical objects with temperatures 

between 200 K and 1400 K lie in the mid-IR region. Therefore, mid-IR laser sources have potential 

applications in security and defense which require thermal imaging and night vision techniques 

[4]. Due to these interesting applications, extensive researches have been done to develop new 

laser sources in the mid-IR region.  

 The gain medium of common mid-IR lasers are either a gas, a semiconductor structure or 

a rare-earth doped dielectric.  Quantum cascade lasers (QCLs), which are based on semiconductor 

structures, have gained a lot of interest as the promising mid-IR laser sources over the past decades. 

The lasing mechanism of QCL is based on the propagation of electrons through the multiple 

quantum wells. Multiple layers of semiconductor materials like GaAs and InP are stacked to form 

quantum well heterostructures, and center wavelength and the tuning capability of the QCL varies 
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with the material type and the layer thickness [5, 6]. QCLs have demonstrated broader spectral 

coverage from 3-25 m region with the potential for large tunability [7]. Furthermore, multi-Watt 

output power, continuous wave (CW) mid-IR lasing by QCLs is observed with wall-plug 

efficiencies up to 21% at room temperature. QCLs have been successfully used in applications like 

environmental monitoring, security and biomedical sensing [8]. Even though single frequency and 

relatively high-power QCLs are commercially available, cryogenical cooling is necessary to 

achieve narrow bandwidth laser operation which is essential for spectroscopic applications. Also, 

they tend to have multimode beam quality at high output powers [9]. 

 In the past decade mid-IR fiber lasers have gained much attention among researchers and 

in contrast to QCLs they offer attractive features like compactness, near-diffraction-limited beam 

quality, high efficiency, and convenient heat management. The gain medium of mid-IR laser 

usually consists with a rare-earth-ion-doped fiber and these rare earth ions are doped to the fibers 

that are made with fluoride glasses [10, 11]. Even though rare-earth-ion-doped silica glass fibers 

are used in near-IR fiber lasers, they cannot be used in the mid-IR region due to silica glass absorbs 

light above 2 m region. The lasing mechanism of the aforementioned rare-earth-ion-doped mid-

IR fiber lasers depends on the electronic transitions between the stark shifted energy levels of the 

doped ions. These ion-doped fibers are usually pumped with diode lasers at the IR region. 

Recently, mid-IR lasing at 3.4 m is observed with 38.6% efficiency from erbium doped fluoride 

fiber [10]. Moreover, a holmium-doped fluoride fiber laser demonstrated mid-IR lasing at 3.9 m 

when pumped with 888 nm diode laser [12]. Particularly, with rare-earth ions doped into ZBLAN 

(ZrF4-BaF2-LaF3-AIF3-NaF) fibers show mid-IR lasing close to 4 m. The mid-IR output power 

of 24 W at 3 m was demonstrated by Tokita et al. by using an erbium-doped ZBLAN fiber with 

an optical-optical conversion efficiency of 14.5% [11]. Also, a tunable mid-IR erbium-doped 
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ZBLAN fiber laser is demonstrated a near diffraction limited mid-IR output beam with a power of 

1.4 W [13]. The mid-IR laser output power of 2.5 W at 2.94 m is obtained with a slope efficiency 

of 32% by pumping ZBLAN fiber which is co-doped with Ho3+ and Pr3+ ions [14]. Even though 

these fiber lasers are commercially available nowadays, they have practical limitations due to 

fragileness, unnecessary nonlinear effects at higher powers and low damage thresholds. 

 On the other hand, traditional molecular gas lasers offer high damage threshold values, 

which is an essential feature to achieve MW level powers. More importantly, optically pumped 

gas lasers have demonstrated mid-IR lasing with molecular gases like CO2, CO, HCN, C2H2, and 

HBr. Lasing at 10.6 m was observed with an optically pumped CO2 laser as early as the 1970s 

[15]. Mid-IR lasing near 4.6 m is observed with CO laser when CO molecules are optically 

pumped via rotational-vibrational overtone transitions at 2.3 m [16, 17]. Millijoule level of mid-

IR pulse energy at 4 m is obtained by exciting HBr molecules through first-order rotational-

vibrational overtone transition at 2 m, and overall conversion efficiency of 24% is achieved [18]. 

Furthermore, mid-IR lasing at 3 m with HCN and C2H2 are also demonstrated by pumping the 

molecules with nanosecond pulses from an optical parametric oscillator (OPO) [19]. Even though 

optically pumped gas lasers inherently offer higher damage thresholds, relatively large gain-

coefficient, and easy thermal managing options, they have limited use due to some practical 

drawbacks. Traditional gas lasers usually have shorter interaction lengths, and longer gas cells are 

needed to achieve higher power levels. This makes them bulky, cumbersome and fragile for field 

applications. 

 With the advent of hollow-core photonic crystal fibers (HC-PCF) a new class of laser is 

introduced by Jones et al. in 2011 by confining gas molecules and light inside the core of a kagome 

structured HC-PCF[20]. This laser type is named as Hollow-core Optically Pumped Fiber Gas 
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LASer (HOFGLAS), and several HOFGLAS systems have emerged up to now. This new type of 

laser system can have advantages of both fiber lasers and gas lasers. More importantly, since the 

light is guided in hollow-core of the fiber, estimated damage thresholds and threshold values for 

undesired nonlinear processes are higher than the solid core fibers [19, 21]. Also, by properly 

selecting suitable HC-PCFs with atomic or molecular gases and proper pump sources HOFGLAS 

systems have the potential to deliver a wide range of emission wavelengths spanning from 

ultraviolet (UV) to IR. As shown in Fig. 1.1, most of the HOFGLAS systems have three main 

components, an optical pump source, a hollow-core photonic crystal fiber, and molecular gas. 

 

Figure 1.1 Main components of a HOFGLAS system. An optical pump source, a hollow-core 

photonic crystal fiber (HC-PCF) and molecular gas. 

 1.1 A review of different HOFGLAS system 

The first mid-IR HOFGLAS system was filled with acetylene gas (12C2H2), and kagome structured 

HC-PCF was used as the waveguide [20]. The acetylene gas was pumped with 5 ns pulses at 

1.52 m, and OPO was used as the pump source. The pump wavelength was overlapped with the 

acetylene’s R(7) ro-vibrational overtone transition and two mid-IR lasing transitions at 3.123 m, 

and 3.162 m were observed. The maximum mid-IR laser pulse energy of 6 nJ was measured at 

the gas pressure of 7 torr. Only a few percents of laser conversion efficiency was achieved due to 

Optical pump 
source

HC-PCF filled with gaseous 
molecules

Generated 
spectral 

components 
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higher fiber loss of 20 dB/m at lasing wavelength and the broader linewidth (~ 2 GHz) of the pump 

source.  

 After the first mid-IR HOFGLAS demonstration, improved mid-IR laser performance was 

reported using an OPA pumped acetylene filled HOFGLAS system [22]. There 1 ns pulses at 

1.53 m from an OPA was used as the pump source. Also, fiber loss at lasing wavelength was 

improved to 5 dB/m by optimizing the fiber structure. Here, acetylene molecules which were 

confined in the hollow-core of the 1.46 m long kagome-structured HC-PCF were excited along the 

P(13) ro-vibrational overtone transition using the OPA pulses at 1.53 m. Two mid-IR lasing 

wavelengths at 3.114 m and 3.172 m were observed. More importantly, the mid-IR laser 

efficiency of 20% was obtained thanks to lower fiber loses and narrow linewidth (~ 440 MHz) 

pump source. The maximum mid-IR laser pulse energy of 0.56 J was measured with the acetylene 

gas pressure of 2 torr. Furthermore, mid-IR lasing by HCN molecules was demonstrated by using 

the same experimental setup. For that, HCN molecules inside of a 45 cm long kagome structured 

HC-PCF were pumped at P(10) ro-vibrational overtone transition at 1.541 m. The same 

aforementioned OPA system was used as the pump source, and mid-IR lasing at 3.092 m and 

3.146 m were observed.  

 Wang et al. demonstrated mid-IR lasing by acetylene filled HOFGLAS system with a 

power conversion efficiency of 30%, with respect to absorbed pump power by acetylene gas [23]. 

There, a 10.5 m long low loss antiresonant HC-PCF was used as the waveguide and amplified, 

modulated, narrowband, tunable diode laser at 1.5 mm was used as the pump source. Figure 1.2 

shows the schematic of the near-IR pump source. First, the output from the tunable diode laser was 

modulated using two Mach-Zehnder intensity modulators and semiconductor optical amplifier. 

Then two-staged erbium-doped fiber amplifiers were used to amplify the modulated light. Finally, 
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the pump source was operated with 10 kHz modulation frequency and pulse duration of 20 ns. The 

estimated linewidth of the pump source was < 100 MHz. The mid-IR lasing at 3.12 m and 

3.16 m were observed when the acetylene molecules were pumped via the P(9) ro-vibrational 

overtone transition and this transitions corresponds to the pump wavelength of 1530.37 nm. The 

maximum mid-IR laser pulse energy of 0.8 J was measured with acetylene gas pressure of 0.52 

torr (0.7 mbar). Even though this HOFGLAS system demonstrated 30% optical-optical conversion 

efficiency; the conversion efficiency was degraded with increasing acetylene gas pressure.  

 

Figure 1.2 The modulated, amplified, tunable pump diode setup of the Ref. [23]. PMF: 

Polarization-maintaining fiber; FPC: Fiber polarization controller; SOA: Semiconductor 

optical amplifier; WDM: Wavelength division multiplexer; LD: Laser diode. Adapted with 

permission from Ref. [23],[The Optical Society]. 

 The first CW lasing HOFGLAS system was demonstrated by Nampoothiri et al. by using 

molecular iodine inside the hollow-core of a hypocycloidal kagome structured HC-PCF [24]. The 

lasing in the 1280-1340 nm region was observed when iodine was optically pumped at 532 nm. 

Here, cavity mirrors were used to get enough gain required for CW lasing. The maximum near-IR 

output power of 8 mW was measured with 250 mW of input pump power. The maximum optical-
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to-optical conversion efficiency was only about 4% mainly due to the high fiber loss (42 dB/m) at 

the pump wavelength. Furthermore, CW lasing at visible wavelengths using an I2 filled HOFGLAS 

system by the same author [25]. Here, a 20 cm long lower loss hypocycloidal kagome structured 

HC-PCF is used in the setup with I2 vapor pressure of 300 mtorr. The HC-PCF has loss of 0.35 

dB/m at the pump wavelength (532 nm) and loss of ~ 0.55 dB/m at lasing wavelengths (576-605 

nm). The experimental setup was identical to that of in Ref. [24] except the HC-PCF and the cavity 

mirrors. The I2 vapors were pumped with 80 mW of CW power at 532 nm, and three laser lines at 

576.6 nm, 590.3 nm and 605 nm were observed with 7 mW of combined power and the conversion 

efficiency of 11%.  

 Hassan et al. demonstrated the first CW mid-IR HOFGLAS system by adding feedback 

fiber to the acetylene filled HOFGLAS system [26]. The experimental setup was based on two 

HC-PCFs. A 10 m HC-PCF was used to contain the light and the acetylene gas. The second fiber 

was used as the feedback fiber (3 m for CW operation and 100 m for pulsed operation) with a ring 

cavity geometry as shown in Fig. 1.3. Acetylene molecules were pumped with the CW laser light 

from the tunable diode laser, and diode laser was tuned to be on-resonance with one of the strong 

absorption lines of acetylene around 1530 nm. The pump beam and feedback beam were combined 

using a dichroic mirror and uncoated CaF2 window, or a coated custom-made component was used 

as the output coupler, and these provide 7% and 70% output coupling efficiencies respectively.   
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Figure 1.3 Experimental setup for Ref. [26].  Ring cavity geometry is formed by adding 

feedback fiber into the system. Adapted with permission  Ref. [26],[The Optical Society]. 

By pumping along the P(9) transition, authors were able to obtain CW lasing at 3.1 m with the 

threshold pump power of 34 mW and slope efficiency of 6.7% with 70% of output coupling. Also, 

no saturation in output power was observed up to maximum available pump power (75 mW). 

Furthermore, threshold pump power was reduced to 16 mW by using 7% output coupler, and 

maximum mid-IR power of 2.5 mW was observed with acetylene gas pressure 0.22 torr. Pulsed 

mid-IR lasing was also demonstrated by modulating the pump into a train of 80 ns pulses and 

replacing the feedback fiber with a 100 m long fiber.  

 The output beam quality of an acetylene-filled mid-IR HOFGLAS system was investigated 

for the first time by Dadashzadeh et al. by performing an M2measurement [27]. The laser output 

was near-diffraction limited with M2= 1.15. Same acetylene filled HOFGLAS setup as in Ref. [22] 

was used but with different HC-PCF. A low loss 11 m long hypocycloidal kagome structured fiber 

was used in the setup and fiber loss was measured to be 0.08 dB/m at the pump wavelength and 

1.13 dB/m at the mid-IR lasing wavelength. The maximum mid-IR pulse energy of 1.4 J was 

measured with acetylene gas pressure of 9.8 torr, and the highest slope efficiency of 17% was 
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obtained. More importantly, unlike in Ref. [20] laser signal saturation have not seen in this work, 

and this behavior is encouraging for further power scaling of such a system.  

 Following the work done by Hassan et al. [26], 1 W output power at mid-IR was 

demonstrated with a CW acetylene filled HOFGLAS system by  Xu et al. in 2017 [28]. There, a 

custom made high-power EDFA (10 W) seeded with a diode laser was used as the pump source. 

Authors have demonstrated a maximum of 1.12 W output power at 3 m with 33% of optical-to-

optical conversion efficiency by pumping the acetylene molecules along the P(9) transition near 

1.53 m. And the acetylene molecules were inside of a 15 m long anti-resonant HC-PCF at a gas 

pressure of 0.45 torr. More importantly, this mid-IR laser was based on a single-pass configuration, 

and a no laser signal saturation was observed. The design of this system provides a way to achieve 

a compact high-power mid-IR HOFGLAS system.  

 High-power tunable mid-IR acetylene filled HOFGLAS system was reported by Zhou et 

al. in 2018 [29]. There, both CW and pulsed step-tunable mid-IR laser output were observed in 

the range of 3.09-3.21 m. A maximum CW laser output power of 0.77 W was observed with 13% 

optical-to-optical conversion efficiency, and a maximum output pulse energy of 0.6 J was 

observed for pulsed operation with 16% conversion efficiency. A high-power EDFA seeded with 

tunable CW laser at 1.5 m was used as the pump source for the CW mid-IR laser operation. For 

the pulsed mid-IR laser operation, the output from the CW tunable laser at 1.5 m was modulated 

using an acousto-optic-modulator (AOM) and amplified by the high power EDFA to use as the 

pump source. In both CW and pulsed mid-IR laser operation, a 10 m anti-resonant HC-PCF was 

used with acetylene gas pressures of 0.67 - 1.12 torr for optimum mid-IR laser operation. A 500 

kHz pulse train with 50 ns pulse width provided the optimum pump laser performance for pulse 

mid-IR laser operation. For gas pressures above 1.65 torr mid-IR laser efficiency was decreased 
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due to intermolecular collisions. And this mid-IR laser design provides the platform for an all-fiber 

HOFGLAS system, which is compact and robust. In fact, an all-fiber mid-IR HOFGLAS system 

was demonstrated by the same authors [30]. Basically, the experimental setup was identical to that 

of Ref. [29]. Only the pump coupling mechanism was changed to make the system an all-fiber 

device. The pump power was delivered through a solid-core single mode fiber (SMF). First, SMF 

was tapered using heating and pulling technique until the tapered fiber has a waist diameter of 45 

m. Then the tapered SMF was inserted into the core of anti-resonant HC-PCF with a core 

diameter of 70 m. The connection was carefully sealed with epoxy glue to ensure perfect air-

tightness. Both CW and pulsed mid-IR lasing were demonstrated by employing acetylene gas 

inside the HC-PCF. A 10 m HC-PCF was used for CW operation while a 2 m HC-PCF was used 

for the pulsed operation. A maximum pulse energy of 205 nJ was observed for the pulse mid-IR 

laser operation, and 185 mW of maximum mid-IR output power was observed for the CW laser 

operation with acetylene gas pressure of 0.82 torr. Even though this all-fiber design is promising 

for a compact and robust design, power scaling could be limited due to the damage threshold of 

the SMF. 

 Recently, mid-IR lasing at 4.6 m was observed from an N2O filled HOFGLAS system 

[31]. A 45 cm long hypocycloidal kagome structured HC-PCF was used contain the N2O molecules 

and fiber has measured loss of 0.03 dB/m at the pump wavelength (1.517 m) and estimated fiber 

loss of 33.6 dB/m at lasing wavelength. An OPO at 1.517 m with a pulse width of 8 ns was used 

as the pump source. The maximum mid-IR pulse energy of ~ 80 nJ was measured with the optimum 

gas pressure of 80 torr. The attained maximum optical-to-optical conversion efficiency was about 

9% due to higher fiber loss at the lasing wavelength. Here, the lasing mechanism depends on the 

rotational-vibrational transition of the N2O molecules. The pump wavelength 1.517 m 
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corresponds to the R(15) ro-vibrational transition and two mid-IR lasing wavelengths near 4.6 m 

corresponding to the P(17) and R(15) transitions. In this work, the authors did not optimize the 

fiber length for optimal mid-IR laser output. Optimizing the fiber length and fiber loss at lasing 

wavelength could result in higher mid-IR energies with better efficiencies. Furthermore, this work 

suggests that it is possible to extend the HOFGLAS systems to longer wavelength part of the mid-

IR region, by optimizing the fiber structure and using appropriate gaseous molecules. 

 1.2 Importance of this thesis 

The main contribution of this thesis was understanding power scaling and determining the mode 

quality of an acetylene-filled HOFGLAS system. A goal was to remove the laser signal saturation 

that was seen in the previous acetylene mid-IR HOFGLAS systems and power scale the 

HOFGLAS system for higher mid-IR output energies (powers). For that, the effect of fiber length, 

gas pressure, and pump powers are studied. As a result, we were able to remove the laser signal 

saturation by optimizing the HC-PCF length. Also, highest mid-IR pulse energy of 2.56 J was 

measured, which is the highest ever mid-IR pulse energy that has been measured with an acetylene-

filled HOFGLAS system. Moreover, the produced mid-IR pulse energy shows a linear dependence 

with absorbed near-IR pump energy by gas and is only limited by the available near-IR pump 

energy. We also showed that the mid-IR output beam is near diffraction-limited by performing a 

mode quality measurement. Furthermore, a numerical model is established and solved to estimate 

the absorbed near-IR pump energy by acetylene gas in the HOFGLAS system. Finally, a new near-

IR pump source is designed and the construct based on a two-stage OPA to power scale the 

acetylene HOFGLAS system. 
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 1.3 Thesis outline 

Chapter 2 describes the main components of the acetylene filled mid-IR HOFGLAS system. First, 

vibrational and rotational motions of the acetylene molecule will be discussed and relate them to 

transitions near 1.5 m and 3 m regions. Then, the light guidance mechanisms in HC-PCF are 

discussed. Furthermore, the design and the operation of current OPA are discussed. Finally, the 

whole experimental setup for the acetylene filled mid-IR HOFGLAS system is presented. 

 In Chapter 3, the power scaling of the acetylene filled HOFGLAS system will be discussed. 

First, the laser signal saturation observed with the previous systems is discussed. Then, the effect 

of fiber length on the mid-IR laser performance is discussed, and a quantitative study of the laser 

performance presented. Effect of the pump wavelength on the mid-IR laser performance will also 

be discussed. Finally, the mid-IR laser performances of two acetylene filled HOFGLAS systems 

are compared based on the pump pulse widths. 

 Chapter 4 is dedicated to the discussion of the mode quality of the output mid-IR beam of 

the acetylene filled HOFGLAS system. The propagation modes for free space and fibers are 

discussed. Then the M2measurement is introduced to quantify the beam quality. First, the proposed 

experimental procedure is implemented for the output beam of the SMF fiber and then, the 

experimental procedure and results of the M2measurement for the mid-IR output beam of acetylene 

filled HOFGLAS system is discussed. 

 Chapter 5 describes the saturation absorption in acetylene. There, a numerical model is 

proposed to estimate the absorb near-IR pump energy/power by acetylene gas inside the 

HOFGLAS system. The proposed numerical model is solved for three different acetylene filled 

HOFGLAS systems and compared with the experimental results. 
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 Chapter 6 focuses on the design and construction of a new near-IR pump based on a two-

stage OPA. First, the operation principles of OPA will be discussed. Then, phase matching 

conditions for uniaxial crystals and biaxial crystals are introduced. Numerical calculations for the 

OPA process based on the two-stage OPA design also are presented and finally, the experimental 

results of two-stage OPA will be discussed. 

 Chapter 7 includes the summary of this thesis work. Finally, the possible future directions 

of with HOFGLAS systems will be discussed.  
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Chapter 2 - The acetylene (12C2H2) filled HOFGLAS system 

In this chapter, I will discuss the main components of the acetylene filled HOFGLAS system. 

Acetylene gas at different pressures is used as the gain medium for the HOFGLAS system. 

Therefore, a brief discussion about molecular physics of acetylene is included in the first section 

of this chapter. In the first section I will focus on the acetylene’s absorptions lines near 1.5 m 

which correspond to rotational-vibrational overtone transitions and mid-IR lasing in acetylene. 

Since we use hollow-core photonic crystal fibers as the waveguide for the HOFGLAS system, 

light guidance mechanisms in HC-PCFs are briefly discussed in the second section of the chapter. 

A homemade optical parametric amplifier (OPA) is used as the optical pump source for the 

acetylene filled HOFGLAS system. The main components of the OPA is discussed in the third 

section of this chapter and working mechanisms of Nd:YAG laser, tunable diode laser, and tunable 

fiber laser are briefly discussed. In the final section of this chapter the experimental setup for the 

acetylene filled HOFGLAS system is introduced with the specific optics that are used in the setup.  

2.1 Mid-IR lasing in acetylene (12C2H2) 

The mid-IR lasing in the acetylene filled HOFGLAS system relies on the population inversion in 

acetylene gas inside the hollow-core fiber. The population inversion in acetylene gas is achievable 

by exiting the acetylene molecules with a strong optical signal at near-IR. Acetylene molecules 

can make transitions from vibrational ground state to higher vibrational states via vibrational 

overtone transitions once they are excited with the near-IR optical signal. Then, they can 

spontaneously relax into the lower vibrational manifold by radiating light at the mid-IR region. To 

understand these processes, we need to look at fundamental modes and energies (frequencies) that 

are associated with the rotational-vibrational motion of the acetylene molecule.  
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Like any other molecule, acetylene has the ability to rotate and vibrate. As the first level, 

vibrational motion can be studied by treating acetylene molecules as a collection of harmonic 

oscillators. However, the harmonic motions of nuclei are usually described in terms of normal 

coordinates, which are linear combinations of coordinate systems that generally describe the 

displacements of the nucleus. By assuming that the nuclei will act as simple harmonic oscillators 

for small perturbations around the equilibrium, one can determine the vibrational frequencies and 

normal modes for acetylene. The procedure for finding the normal modes and frequencies are 

discussed in Ref. [32] and Ref. [33].According to Ref. [32], acetylene has five distinct normal 

modes, and they are depicted in Fig. 2.1. Moreover, those five normal modes comprise three 

stretching modes and two bending modes. As indicated in Fig. 2.1 the 𝜈1 and 𝜈3 normal modes 

refer to the C-H symmetric and C-H antisymmetric stretches respectively; the 𝜈4 and 𝜈5 modes 

correspond to the symmetric and antisymmetric C-H bend, and the  𝜈2 normal mode refers to the 

C-C symmetric stretch. The respective frequency values (energies) are reported in Ref. [33] and 

summarized in Table 2.1.     
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Figure 2.1 The normal modes of acetylene, 12C2H2. The relative motions of each atom are 

indicated by the black arrows (not to scale). The respective vibrational frequencies are shown 

at upper-middle of each normal mode. 

The rotational motion of the acetylene molecule gives additional energy to the vibrational 

modes, and this creates additional energy states for a given vibrational manifold. The total energy 

associated with a rotational state J in a given vibrational manifold 𝜈 can be written as Eq. 2.1. In 

Eq. 2.1, 𝐸𝑣𝑖𝑏(𝜈) is the energy of vibrational motion,𝐸𝑟𝑜𝑡(𝐽) is the energy of rotational motion and 

are given by Eq. 2.2 and Eq. 2.3 respectively [34]. 

 𝐸𝑡𝑜𝑡𝑎𝑙(𝜈, 𝐽) =  𝐸𝑣𝑖𝑏(𝜈) + 𝐸𝑟𝑜𝑡(𝐽) 2.1 

 𝐸𝑣𝑖𝑏(𝜈) = ℎ𝜈𝑒 (𝜈 + 
1

2
) 2.2 
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  𝐸𝑟𝑜𝑡(𝐽) =  𝐵𝜈𝐽(𝐽 + 1) 2.3 

In Eq. 2.2 𝜈𝑒 is the frequency of the normal mode and in Eq. 2.3 𝐵𝜈 is a constant depend on the 

vibrational state and can be written as, 

 𝐵𝜈 = 𝐵𝑒 − 𝛼𝑒 (𝜈 +
1

2
) 2.4 

where 𝐵𝑒 and 𝛼𝑒 depends on the specification of the molecule. For acetylene molecules, these 

values are reported in Ref. [33]. 

Table 2.1 Fundamental frequencies for all normal modes of acetylene (12C2H2) 

Vibrational normal 

mode 

Description Frequency (cm-1) 

𝜈1 Symmetric C-H stretch 3397.12 

𝜈2 Symmetric C-C stretch 1981.80 

𝜈3 Asymmetric C-H stretch 3316.86 

𝜈4 Symmetric C-H bend 608.73 

𝜈5 Asymmetric C-H bend 729.08 

 

A molecule that sits in a specific vibrational- rotational state can make transitions to other 

states by absorbing or emitting a photon. However, the final state is determined by the dipole 

selection rules that govern the vibrational-rotational transitions. The transitions between rotational 

states of neighboring vibrational manifolds are subjected to following selection rules [34]. 
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 Δ𝜈 = ±1 2.5 

 ∆𝐽 =  ±1 ,0 2.6 

When a molecule makes a transition between rotational states of adjacent vibrational manifolds 

the transitions are usually categorized into three branches based on the difference between J value 

of initial state and the final state. The three branches as follows. 

      P branch ∶         ∆𝐽 =  −1,                            𝐽𝑓𝑖𝑛𝑎𝑙 = 𝐽𝑖𝑛𝑖𝑡𝑖𝑎𝑙 − 1 

Q branch ∶         ∆𝐽 =  0,                                   𝐽𝑓𝑖𝑛𝑎𝑙 = 𝐽𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

    R branch ∶         ∆𝐽 =  +1,                            𝐽𝑓𝑖𝑛𝑎𝑙 = 𝐽𝑖𝑛𝑖𝑡𝑖𝑎𝑙 + 1 

 

 2.7 

  

For acetylene molecule the Q branch is not present since no angular momentum is associated with 

any of the normal modes in Fig. 2.1 and only P and R branches are present. To name the respective 

transitions usually shorthand notation is used. The transitions are named as P(J’), Q(J’), and R(J’) 

where P, Q, and R defined in Eq. 2.7, while J’ stands to indicate the rotational quantum number of 

the state with the lowest total energy.  

 The dipole selection rule ∆𝜈 = ±1 in Eq. 2.5 is valid for pure simple harmonic oscillator 

like molecular vibrations. However, if the vibrational motion happens due to a hydrogen stretching 

in  relatively light molecules, the amplitude of the vibration will be larger. As a result, energy 

associates with vibrational motion cannot be described by simple harmonic motion as in Eq. 2.2 

and we should add some degree of anharmonicity to the vibrational potential well. Then we can 

write anharmonic vibrational energy as, 

 𝐸𝑣𝑖𝑏(𝜈) = ℎ𝜈𝑒 (𝜈 + 
1

2
) − ℎ𝜈𝑒𝑥𝑒 (𝜈 + 

1

2
)
2

+⋯  2.8 
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where, 𝑥𝑒 is a measured constant that depends on the electronic state of a given molecule. This 

anharmonicity allows molecules to make transitions that violate the selection rule in Eq. 2.5 and 

these transitions called as overtone transitions. These overtone transitions are usually 100 times 

weaker than the fundamental resonance transitions that follow the selection rule in Eq. 2.5 [35]. If 

a molecule absorbs or emits light during vibrational transition its dipole moment changes during 

the transition. These transitions are called infrared active simply because they interact with light 

at in the frared region. The 𝜈1 + 𝜈3 overtone band of acetylene (12C2H2) is an infrared active band. 

It has ~ a 50  absorption line from 1510 nm to 1545 nm [36]. This band is divided into R and P-

branches as in Fig. 2.2. Since R-branch is for Δ𝐽 = +1, those transitions happen at higher energies 

than the P-branch. Then R-branch transitions absorb or emit light at shorter wavelengths than the 

P-branch transitions. 

 

Figure 2.2 Absorption spectrum of acetylene (12C2H2) molecules assuming molecules are in a 

5 cm long cell with the gas pressure of 50 torr. This absorption spectrum shows the R and P-

branch transition between the vibrational ground state and 𝝂𝟏 + 𝝂𝟑 vibrational manifold. 

Absorption spectrum was obtained with Spectralcalc simulations [37]. 
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When acetylene molecules excited from the vibrational ground state to 𝜈1 + 𝜈3 vibrational 

state along any of the stronger absorption line in Fig. 2.2 acetylene molecules can make radiative 

transitions from the 𝜈1 + 𝜈3 vibrational manifold to 𝜈1 vibrational manifold. The wavelengths of 

these radiative transitions lie in the mid-IR region, specifically near to 3.1 m [21]. As an example, 

previous work have shown mid-IR lasing by acetylene molecules when they were excited along 

the R(7) absorption line [19, 20]. In our work, we excited the acetylene molecules via P(9) and 

P(13) absorption lines. Figure 2.3 shows a simplified version of acetylene ro-vibrational levels and 

transitions that are associated with the P(13) pump line. 

 

Figure 2.3 A simplified energy level diagram of acetylene P(13) transition. When acetylene 

molecules are pumped via P(13) line, they can make transitions from rotational state J =13 of 

the vibrational ground state to rotational state J =12 of the 𝝂𝟏 + 𝝂𝟑 vibrational manifold. The 

excited molecules can make radiative transitions from J=12 rotational state of the 𝝂𝟏 + 𝝂𝟑 

vibrational manifold to J = 13 or J =11 rotational states in the 𝝂𝟏 vibrational manifold. These 

radiative transitions are labeled as P(13) and R(11) and have wavelengths of 3.16 m and 3.12 

m respectively.  
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The 𝜈1 + 𝜈3 overtone band of acetylene is extensively studied among the researchers and 

their spectroscopic properties are well understood [33, 36, 38]. Also, the transitions associated 

with the 𝜈1 + 𝜈3 overtone band overlap well with the Erbium-doped fiber-based laser systems, 

and amplifiers operate in the telecommunication C-band. These reasons make the transition 

between the vibrational ground state and the 𝜈1 + 𝜈3 vibrational manifold to be strong candidates 

for mid-IR laser pumping. In this work, we used acetylene P(13) and P(9) lines to pump the 

acetylene filled HOFGLAS system, and these absorption lines are two of the strongest absorption 

lines in the P-branch as can be seen in Fig. 2.2. 

2.2 Hollow-core photonic crystal fibers 

Hollow-core photonic crystal fibers (HC-PCF) potentially can replace the gas cells inside 

traditional molecular gas lasers due to multiple reasons. HC-PCF’s hollow-core can hold molecular 

gases for long time, and its relatively small cross-sectional area provides higher optical intensities. 

Furthermore, HC-PCF provides a longer interaction length between gas and light. Moreover, since 

the light can be trapped inside the hollow-core of HC-PCF, they can handle more optical powers 

than conventional step-index fibers made with fused silica (SiO2) without introducing unnecessary 

nonlinear optical and thermal effects, like stimulated raman scattering (SRS), stimulated brillouin 

scattering (SBS), thermal lensing and material damage. Fused silica has strong material absorption 

near 2 m due to lattice vibration [39], and this limit the use of solid-core fused silica fiber in mid-

IR wavelength applications. Therefore, absent of silica molecules in core opens new applications 

for HC-PCFs in the mid-IR region. The first HC-PCF was demonstrated in 1999 [40], and since 

then two major branches of HC-PCFs have developed, Photonic Band Gap Fibers (PBGF) and 
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kagome-structured fibers. Regardless of fiber type, the fabrication process of HC-PCFs follows 

the same common core-procedure; the stack and draw technique [41].  

 The light guidance mechanism in conventional solid-core fiber depends on the total internal 

reflection (TIR). As shown in Fig. 2.4, light is confined in the core by reflection from the 

surrounding cladding part. To TIR to happens, the core should have a higher refractive index than 

the cladding [42]. However, for HC-PCFs TIR is not possible since the core has a lower refractive 

index than the cladding.  

 

Figure 2.4 In a conventional solid-core fiber, light is confined to the core due to total internal 

reflection (TIR). The core has a slightly higher refractive index (n2) than the cladding (n1). 

This enables condition for TIR.  

As obvious from the name, the light guiding mechanism in the hollow-core of PBGF 

depends on the photonic bandgap effect [40]. In the hollow-core of the PBGF light in certain well-

defined wavelength regions can be guided employing the two-dimensional photonic bandgap 

effect. These allowed wavelength regions strictly depend on the cladding structure. There are two 

major types of PBG guidance. These guidance mechanisms are shown in Fig. 2.5. In the first 

guidance mechanism (Fig 2.5 (a)) the light guidance depends on the frustrated tunneling form. 

There, light travels in the high index region can leak into the low index region. Then evanescent 

light can leak into the adjacent high-index region as long as it supports the guidance. The width of 

these adjacent high-index regions is created in such a way that they are non-resonant with each 

n1

n1

n2

n1 < n2
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other’s propagation modes. So, the light leakage by tunneling will be frustrated and hence creates 

a PBG effect. As shown in Fig 2.5 (b), other PBG guidance depends on the Bragg condition. Here, 

light is allowed to propagate in all layers and can scatter and interfere depending on the wavelength 

and the cladding structure. Then, certain bands of wavelength can be confined into the hollow-

core by achieving Bragg condition, hence creating the PBG effect [40]. Even though PBGFs have 

shown fiber loss of 0.012 dB/m at 1550 nm [43] and narrow-band guidance near 3 m [44], the 

spectral bandwidth of the band gap region is not enough to cover the octave we need for our 

acetylene filled HOFGLAS system. 

 

Figure 2.5 The photonic band gap (PBG) guidance supported by (a) frustrated tunneling, (b) 

Bragg condition.  Reproduced with permission from Ref. [40]. 

On the other hand, kagome-structure HC-PCFs have shown multi-octave guidance with 

low loss [45]. Unlike in PBGFs, kagome-structured HC-PCFs guide light based on the inhibited 

coupling between core and cladding modes. This guidance is described in detail in Ref. [46] and 

Ref. [47]. More generally, evanescent core mode into the cladding is minimized by achieving a 

small spatial overlap and a modal mismatch of core and cladding modes [47]. The transmission 

loss and supported spectral bandwidth for these HC-PCFs mostly depend on the design parameters 

like air-filling fraction, cladding structure’s pitch  core diameter, number of rings and number 

(a) Frustrated tunneling PBG guidance (b) Bragg PBG guidance
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of cell defects in the core. The air-filling factor is the ratio of the air holes to the total area and the 

pitch  is the spacing between two adjacent microstructures. To name a few, a kagome-structured 

HC-PCF with 19-cells defect, core diameter of 47.8/68.3 m and pitch of 12 m has demonstrated 

optical transmission windows  at visible region (450-700 nm) and the near-IR region (> 1100 nm) 

[48] while a kagome-structured fiber with 1-cell defects, a core diameter of ~ 15 m and a pitch 

of 5 m has shown guidance of a three-octave spectral comb, spanning from 325 nm to 2300 nm 

[45]. Figure 2.6 shows cross sections of the aforementioned kagome-structured HC-PCFs. Due to 

kagome-structured HC-PCFs possess the ability to confine both gas and light inside its core, they 

have used in many applications like saturated absorption spectroscopy (SAS) [49-51] and 

nonlinear optics [52, 53] . Furthermore, simultaneous near-IR and mid-IR guidance have observed 

inside the core of kagome-structured fibers [21, 54] and this makes kagome-structured fiber to be 

an excellent waveguide and a gas container for our application.  

 

Figure 2.6 The cross-sectional view obtained with a scanning electron microscope of (a) 19-

cell defect kagome-structured HC-PCF with a core diameter of ~ 48 m and pitch of 12 m 

(b) 1-cell defect kagome-structured HC-PCF with a core diameter of 15 m and pitch of 5 

m.  Figure (a) reprinted with permission from Ref. [48], [The Optical Society]. Figure (b) 

Reprinted with permission from Ref.[45], [AAAS]. 

(a)
(b)
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 After the advent of kagome-structured HC-PCF researches have put much effort to 

minimize the loss associated with these fibers. As a result, a new type of HC-PCF called 

hypocycloidal kagome-structured has emerged. By introducing negative curvature core shape 

rather than the conventional circular core shape, Wang et al. were able to reduce the fiber loss by 

a factor of 3 for the spectral region of 1050 to > 1750 nm [55]. A comparison between core shapes 

of hypocycloidal kagome-structure HC-PCF and conventional kagome-structure HC-PCF is 

shown in Fig. 2.7. There, both fibers are 7-cell defect, three-ring kagome cladding structure with 

a similar pitch of 18 m but the core surrounded-design is different. As seen in Fig. 2.7 

conventional circular-core kagome HC-PCF has a flat core-cladding boundary, and hypocycloidal 

kagome HC-PCF has a curved core-cladding boundary. Due to this hypocycloidal kagome-

structure HC-PCFs also called as negative-curvature HC-PCFs.  

 

Figure 2.7 Scanning electron microscopic images of 7-cell defect core and three-ring kagome 

cladding HC-PCF with (a) conventional circular core and (b) a hypocycloid core. Reprinted 

with permission from Ref. [55], [The Optical Society]. 

Later, Debord et al. numerically and experimentally studied the impact of the 

aforementioned negative curvature on the transmission loss in hypocycloidal kagome structured 

HC-PCF and have shown that the confinement loss and the optical power overlap between core 

and cladding modes can be reduced by increasing the negative curvature [56]. Also, they were able 
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to demonstrate nearly single-mode guidance with optimized hypocycloidal kagome-structured 

HC-PCFs. Furthermore, researchers have developed larger core size hypocycloidal kagome 

structured fibers to handle high power laser beams, and these fibers demonstrate low propagation 

loss (0.1 dB/m) over broad transmission range [57]. Also, mid-IR guidance inside the core of 

hypocycloidal kagome HC-PCF has been demonstrated by Yu et al. [58], and simultaneous near-

IR and mid-IR guidance were observed in Ref. [31]. Due to high power handling ability, multi-

octave guidance with low propagation loss and near single-mode guidance we used a 

hypocycloidal kagome-structured HC-PCF to power scale our mid-IR laser setup. The HC-PCF 

used in this work is fabricated by Gas-Phase Photonic and Microwave Materials group (GPPMM) 

in xlim research institute in France and is generously provided by our collaborator Dr. Fetah 

Benabid. Figure 2.8 shows the cross-section and the near-IR loss spectrum for this HC-PCF. The 

fiber has a hypocycloidal core shape with 7-cell defect and surrounded by the 3-ring kagome –

structured cladding. The inner-core diameter is 60/72 m and out fiber diameter ~ 360 m. The 

fiber has measured losses of 0.08 dB/m near 1532 nm and 1.13 dB/m near 3 m. 
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Figure 2.8 Hypocycloidal kagome-structured HC-PCF with 7-cell defect, 3-ring kagome 

cladding, a core diameter of 60/72 m (a) cross section and (b) near-IR loss spectrum. Both 

the picture of the cross-section and loss spectrum data are provided by Ref. [59] 

 2.3 The optical parametric amplifier for acetylene HOFGLAS system 

As discussed in Section 2.1 the mid-IR lasing in acetylene depends on the population inversion in 

the lasing states. To achieve a significant population inversion, a strong, tunable coherent optical 

source near 1.5 m is needed. One way to fulfill the above-mentioned requirement is an optical 

parametric amplifier (OPA). The working mechanism of the OPA will be discussed in Chapter 6. 

The OPA works at near-IR is used to excite the acetylene molecules in the HOFGLAS system. 

This OPA is designed and built by Dr. Andrew Jones and reported in Ref. [60]. Figure 2.14 shows 

the schematic of the OPA that is used as the pump source for the acetylene filled HOFGLAS 

system. The OPA consists of three main components. A high power/energy pump laser, a low 

power/energy seed laser, and a nonlinear crystal to mix both pump and seed laser beam.  

(a) (b)
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Figure 2.9 A schematic of the optical parametric amplifier (OPA). A 5 cm long MgO doped 

PPLN crystal is used to mix the pump and signal beams. I1 is a free space faraday isolator 

and I2  is fiber coupled isolator. PC- paddle polarizer controllers. DM- Long wavelength pass 

dichroic mirror. PBS- polarizing beam splitter. PM EDFA- Polarization maintain Erbium 

doped fiber amplifier. 

 A pulsed Nd: YAG laser is used as the pump source. Inside this laser Nd:YAG rod is 

pumped with a continuous wave (CW) diode laser at 800 nm and lases at 1064 nm. Pulsed laser 

operation is achieved by a technique called Q-switching. Here, high energy short pulses (typically 

few hundreds of picoseconds or longer) are obtained by modulating the intracavity loss of the laser. 

To generate the Q-switched pulse, initially the laser’s cavity losses are kept at a higher level 

(usually by controlling the feedback from the cavity to the gain medium), so the population 

inversion keeps building up inside the gain medium. Then the optical losses are suddenly dropped 

to a small value and allow the low loss feedback with the gain medium so that the energy stored 

in the gain medium due to the population inversion is rapidly dumped by producing a short pulse 

with high energy. There are two types of Q-switching: active Q-switching and passive Q-

switching. In active Q-switching, an active control element like acoustic-optic modulator (AOM) 

or electro-optic modulator (EOM) is used to control the losses. In passive Q-switching, saturable 
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absorber is used inside the optical cavity. Here, the absorption coefficient is intensity dependent 

and have a higher value for low optical intensities and a negligible amount for higher intensities. 

Then, saturable absorber preferably absorbs more light with low intensities and becomes 

transparent for the higher optical intensities. This way saturable absorber acts as an intensity 

dependent switch and controls the cavity losses. Usually, doped glass or crystals (like Cr4+: YAG, 

Co2+: ZnSe) are used to made saturable absorbers [61].  For a saturable absorber with a 

homogeneous line broadening mechanism, the saturated absorption coefficient 𝛼 can be written as 

[62],  

 𝛼 =  
𝛼0

1 + 𝐼 𝐼𝑠
⁄

 2.20 

 where 𝛼0 is the unsaturated absorption coefficient, and 𝐼𝑠 is the saturation intensity.  

 The Nd: YAG laser (CryLas-2STA-240) used in the OPA operates at 1064 nm, capable of 

producing pulses in 1 ns pulse duration (FWHM) with 3 mJ of pulse energy and have an adjustable 

repetition rate of 1-100 Hz. Moreover, the pulsed operation achieved via the passive Q-switching 

[60]. For typical OPA operation, the Nd:YAG laser is externally triggered at 30 Hz with TTL 

pulses from Stanford research systems delay generator and Dr. Andrew Jones observed instability 

in laser’s output with higher rep rates [60]. 

 An extended cavity diode laser (Santec TSL-210) or narrow linewidth CW fiber laser 

(Orbits Lightwave) is used along with a polarization maintaining Erbium-doped fiber amplifier 

(PM-EDFA) from IPG Photonics (model number: EAR-0.5-C-LP) as the near-IR seed source the 

OPA. In external cavity diode laser, a laser diode with relatively large output bandwidth is pointed 

to a grating to narrow the linewidth, and retroreflected with a mirror. To select the required 
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wavelength between 1505 – 1585 nm, the grating which is mounted on a rotational stage can be 

rotated using PZT controllers. On the other hand, the cavity of the narrow linewidth CW fiber laser 

consists of a fiber where a part of the fiber is doped to the attain gain. The fiber is optically pumped 

using a laser diode. A PZT is glued to a section of the fiber so that the cavity length can be changed 

by applying high voltages to the PZT and this allows the tenability of the center wavelength [63]. 

For the OPA, PM-EDFA is seeded with ~ 5 mW optical power at 1532 nm by using either the 

extended cavity diode laser or narrow band CW fiber laser and the EDFA output set to 300 mW.  

 A 5 cm long magnesium oxide doped congruently grown periodically poled lithium niobate 

(MgO:PPLN) crystal is used to mix the pump and signal laser beams. This PPLN crystal consists 

of four separate poling periods: 30 m, 30.5 m, 31 m, and 31.5 m. The poling period of 30 m 

is used for the required OPA process, and crystal is heated up to 105 oC to achieve the phase 

matching. Only 200 J Nd:YAG energy is used as the pump energy due to the damage threshold 

of PPLN crystal. The pump pulses are mixed along the 30 m poling period with 300 mW of CW 

power at 1532 nm, and energy from the pump beam is transferred to the signal beam through the 

DFG. Also, the idler beam at 3 m with moderate energy is generated to conserve the photon 

energy. Then the amplified signal beam is filtered out with a long pass filter and have a maximum 

pulse energy of 21 J with a pulse duration of 1 ns and a repetition rate of 30 Hz. 

 2.4 Experimental setup of acetylene filled HOFGLAS system 

A simple schematic of the mid-IR laser setup is shown in Fig. 2.15. A 7.6 m long hypocycloidal 

kagome-structured HC-PCF serves as the laser cavity by containing acetylene molecules and 

guiding both pump and laser light. Both ends of the HC-PCF are terminated inside two vacuum 

chambers, and fiber ends are accessible through vacuum windows.  The optics used in the input 
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end of the fiber are made with BK7 and anti-reflection (AR) coated for maximum near-IR pump 

transmission. A plano-convex lens with focal length f = 7.5 cm is used to couple near-IR pump 

pulses from OPA into the fiber. This specific focal length f = 7.5 cm is chosen by matching the 

mode field diameter of fiber with the mode and beam size of the OPA beam. The coupling 

efficiency of 65% is obtained using the aforementioned focal length. A combination half-wave 

plate and the polarizing beam splitter is used to control the input pump pulse energy to the 

acetylene filled HC-PCF.  CaF2 optics are used at the output end of the fiber so that both near-IR 

pump and generated mid-IR laser pulses are transmitted effectively. The output beams are 

collimated using a CaF2 with a focal length f = 15 cm. A 5 mm thick germanium filter is used to 

filter the residue pump energy from the produced mid-IR energy. The input and output pulse 

energies are measured with a sensitive pyroelectric sensor.  

 

Figure 2.10 A simple schematic of the OPA pumped acetylene HOFGLAS system. All the 

optics in the input end are made with BK7, and all the optics in the output end are made with 

CaF2. The length of the HC-PCF is 7.6 m. HWP- Half wave plate, PBS – Polarizing beam 

splitter, M – silver mirrors, DM- dichroic mirror, FM- silver mirrors on flipper mount, L1 – 

BK7 lens with focal length f = 7.5 cm, L2 – CaF2 lens with focal length f =15 cm, Pin- input 

near-IR OPA pump pulse energy, Plaser – Produced mid-IR pulse energy. Adapted with 

permission from Ref. [64], [SPIE]. 
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In this chapter, I will discuss how we work towards power scaling the acetylene filled HOFGLAS 

system. Effects of fiber length, acetylene gas pressure, pump pulse energy and pump wavelength 

on laser performance are studied and will be discussed in the following sections. To power scale a 

laser system it is important to remove the laser signal saturation. For a given laser system output, 

the laser signal depends on the net gain inside the laser cavity. This net cavity gain depends on all 

the losses and gain inside the cavity. The gain is proportional to the population difference on the 

lasing transition. For a given system aforementioned population difference depends on the 

available number of absorbers and the pump power. If the population difference is no longer 

changing due to the limited number of absorbers, the gain and the net cavity gain also saturated. 

Hence, the laser signal is saturated.  In the following sections, I will discuss the laser signal 

saturation observed in previous acetylene filled HOFGLAS system and how we reduced it using a 

combination of different fiber lengths and acetylene gas pressures.  Some of the data that are 

presented in this chapter are published in Ref. [64] and reproduced with permission from SPIE. 

 3.1 Laser signal saturation in previous acetylene filled HOFGLAS system  

In 2011 Andrew Jones [60] used a 1.46 m long 18.75 m pitch and the core diameter of 85-94 m 

kagome-structured HC-PCF in the HOFGLAS system with different acetylene gas pressures to 

study the mid-IR laser performance. The kagome-structured HC-PCF has a loss of 0.1 dB/m at 

1.5 m, in the regions of pump wavelengths. The fiber loss between 3.1 and 3.2 m is 

approximately 5 dB/m. Acetylene molecules inside the fiber were pumped at a wavelength of 

1532.8 nm which corresponds to the P(13) rotational-vibrational overtone transition. The measured 

mid-IR pulse energy at different acetylene gas pressures are depicted in Fig. 3.1 as a function of 
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absorbed near-IR pump pulse energy only by gas. Even though the maximum mid-IR energy of 

0.5 J was obtained with acetylene pressure of 29.8 torr laser signal output is saturated at all 

acetylene gas pressures that were studied. The laser saturation normally happens when the total 

population inversion is achieved. Once the total population inversion is reached the ground state 

population is totally depleted, and further pump absorption is unlikely. Also, since the total 

inversion is reached laser output should remain the same. However, according to Fig. 3.1 acetylene 

molecules have absorbed the near-IR pump pulse energy even after saturation is achieved.  

 

Figure 3.1 The measured mid-IR pulse energy at different acetylene gas pressures as a 

function of absorbed near-IR pump pulse energy for an l.46 m long kagome-structured HC-

PCF with the core diameter of 85-94 m. Adapted from Ref. [60]. 

As per Ref. [60], additional pump absorption by already excited acetylene molecules may 

cause the aforementioned laser signal saturation like effect without contributing to the mid-IR 

lasing.  This suggests that to eliminate laser signal saturation, more absorbers need to be in the 
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ground state in order to interact with higher pump energies. There is a couple of ways to add more 

acetylene molecules into the fiber; higher gas pressure with shorter fiber and lower gas pressure 

with longer fiber. At high gas pressure, the absorption line profile gets wider due to intermolecular-

collisions, and limits overlap with the optical pump beam. Also, these collisions reduce the number 

of molecules in the excited state without contributing to mid-IR lasing. Therefore higher gas 

pressure with a shorter fiber is not an effective route to eliminate the laser signal saturation in 

acetylene filled HOFGLAS system. The effective way to remove the laser signal saturation in the 

acetylene HOFGLAS system could be using a low loss longer fiber with lower acetylene gas 

pressures inside the fiber.   

In 2017 Neda Dadashzadeh [65] used an 11 m long hypocycloidal kagome-structured HC-

PCF with the core diameter 60-72 m in the acetylene HOFGLAS system. The hollow-core fiber 

used in above work has loss of 0.08 dB/m at pump wavelength 1532.8 nm and loss of 1.13 dB/m 

at the lasing wavelength near 3.1 m. There, HC-PCF was filled with different acetylene gas 

pressures ranging from 1 torr to 14 torr to study the mid-IR laser performance. The measured mid-

IR laser energy in the above work at different gas pressures is shown in Fig. 3.2 as a function of 

absorbed gas pressure only by acetylene gas.  
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Figure 3.2 The measured mid-IR pulse energy at different acetylene gas pressures as a 

function of absorbed near-IR pump pulse energy by acetylene molecules for an 11 m long 

hypocycloidal kagome-structured HC-PCF with the core diameter of 60-72 m. Adapted 

from Ref. [65]. 

By using the longer, lower loss hollow-core fiber, the laser signal saturation was removed 

for acetylene gas pressures above 7.5 torr. Even though the highest mid-IR energy of 1.4 J was 

obtained with acetylene gas pressure of 9.8 torr, still the mid-IR laser output suffered laser signal 

saturation at lower acetylene gas pressures. Figure 3.3 shows the produced mid-IR energy as a 

function of coupled near-IR pump pulse energy into the HC-PCF. In Fig. 3.2, for a given laser 

operation with lower gas pressure, a similar amount of near-IR pump energy was absorbed by the 

acetylene molecules once the laser signal saturation is reached. This can be seen when the lower 

pressure data in Fig. 3.2 and Fig. 3.3 are compared. It is an indication that at lower pressure limit 

the number of absorbers is still not enough to absorb the near-IR pump energy to contribute to 
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lasing transition effectively. Also, at lower gas pressure limit, the total fiber loss at lasing 

wavelength equals to 12.4 dB and may dominate the total gain once the total population is reached. 

This suggests that the combination of acetylene gas pressure and fiber length is still not optimized 

and lays the foundation to the current study.  

 

Figure 3.3 The measured mid-IR pulse energy at different acetylene gas pressures as a 

function of coupled near-IR pump pulse energy for an 11 m long hypocycloidal kagome-

structured HC-PCF with the core diameter of 60-72 m. Adapted from Ref. [65]. 

 3.2 Effect of fiber length 

As discussed in the previous section, the fiber length was not optimized for acetylene filled 

HOFGLAS system, so thus a better systematic study on the fiber length is needed. In this section, 

I discuss how we study the effect of fiber length on the acetylene filled HOFGLAS system and 

how we work towards power scaling the system by removing the laser signal saturation that was 

observed in the previous work. 
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To study the fiber length effect, a 7.6 m long hypocycloidal-kagome-structured fiber is 

used in the acetylene filled HOFGLAS system. The fiber has similar specifications as the one 

reported in Ref. [65]. The experimental setup which has been discussed in section 2.4, is used to 

perform the experiment. Similar acetylene gas pressures are tried inside the hollow-core fiber to 

make a better comparison with Ref. [65]. Furthermore, the same near-IR pump wavelength is used 

to excite the acetylene molecules. The seed laser for the nanosecond OPA is scanned around the 

wavelength of 1532.8 nm. By doing this, we were able to tune the OPA near-IR signal output to 

be on and off resonance with P(13) absorption line of acetylene 1 + 3 overtone transition. 

As in Fig. 2.15 both ends of the hollow-core fiber are terminated inside the vacuum 

chamber. Both ends of the fiber are cleaved properly to maximize the pump and laser coupling in 

and out from the fiber. The fiber ends are secured inside vacuum chambers as mentioned in Ref. 

[65] to isolate from the atmosphere. Vacuum chambers are filled up to the desired acetylene gas 

pressure (1.4-14 torr) once the fiber ends are securely inserted into them. According to Ref. [65], 

acetylene molecules take few hours to reach the equilibrium pressure inside a longer fiber (10.9 

m). Since the fiber used in the current work is relatively long (7.6 m), we waited approximately 

two hours until the equilibrium pressure is obtained. Once the system is equilibrated in terms of 

acetylene gas pressure inside the fiber, acetylene molecules are excited with near-IR OPA pulses. 

The OPA operation is  discussed in section 2.3. As a note, a CW tunable narrow linewidth (~ 100 

kHz)  extended cavity diode laser with an EDFA (Manlight) is used as the seed for the OPA. The 

abovementioned tunable diode laser can cover the wavelength region from 1510 nm to 1560 nm 

and this wavelength region coincides with acetylene molecules’ P and R branches at near-IR 

absorption spectrum.  The poling period of 30.5 m on the PPLN crystal is used to mix the ns-

pump laser at 1064 nm with near-IR seed signal, and the crystal temperature is tuned to 105 oC to 
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achieve appropriate phase-matching. A combination of half-waveplate (Thorlabs WPH05M-1550) 

and polarizing beam splitter (Thorlabs PBS254) is used to vary the input pump energy to the 

HOFGLAS system. All the optics that are used couple pump light into the fiber AR coated, in 

order to maximize the pump coupling. An AR coated plano-convex lens with a focal length of 

f=7.5 cm is used to couple the near-IR pump light into the fiber. This lens is chosen by matching 

the mode and beam size of the OPA beam with the mode field diameter of the hollow-core fiber. 

By doing this, we were able to improve the average coupling efficiency up to  65%. At the output 

end of the hollow-core fiber, optics made with CaF2 are used to transmit the produced mid-IR 

energy and residue pump energy efficiently. The produced mid-IR laser beam is collimated by 

using CaF2 lens with a focal length of 15 cm. The near-IR input pump energy, produced mid-IR 

pump energy and residue of near-IR pump energy are measured at relevant points using a sensitive 

pyroelectric energy meter.  

 3.2.1 Quantitative study of laser optical properties 

Before moving into the detailed discussion of laser optical properties, it is important to discuss the 

mid-IR lasing mechanism by acetylene molecules when they are excited with the near-IR optical 

beam. The mid-IR laser mechanism can be explained by using a 3-level system as in Fig. 3.4. As 

discussed in section 2.1 acetylene has around 50 absorption lines in the wavelength region of 1510 

– 1560 nm. In this work, acetylene molecules are excited along P(13) absorption line which 

corresponds to the wavelength of 1532.8 nm. This wavelength corresponds to the transition of 

acetylene molecules from the vibrational ground state to the 1 + 3 vibrational state. The 

1 vibrational mode corresponds to the symmetric C-H stretch, and 3 vibrational mode 
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corresponds to the anti-symmetric C-H stretch of the acetylene molecule. The normal modes of 

the acetylene molecules are shown in Fig. 2.1. 

When the acetylene molecules are excited along the P(13) line, the J = 12 rotational state 

of 1 + 3  the vibrational state is populated with molecules from J = 13 rotational state of the 

vibrational ground state. Once the population in J = 12 rotational state of 1 + 3 vibrational 

manifold exceeds the population in the 1 vibrational manifold, acetylene molecules can make 

dipole rule allowed radiative transitions to J = 13 or J = 11 rotational states of the 1 vibrational 

manifold. These radiative transitions are classified as P(13) and R(11), have wavelengths of 3.17 

m and 3.11 m respectively [21, 27].  In addition to theses radiative transitions, excited molecules 

can exchange their energy non-radiatively by intermolecular collisions and collisions with fiber 

wall. These nonradiative process can potentially reduce the overall laser efficiency, and these 

effects will be discussed in a later section. 

 

Figure 3.4 Simplified ro-vibrational energy level diagram of acetylene. The lasing 

wavelengths 3.11 m and 3.17 m correspond to the R(11) and P(13) transitions when 

pumped via P(13) line. 
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Figure 3.5 shows a simplified version of acetylene filled HOFGLAS system with the 

relevant points to do each measurement. In Fig. 3.5 green lines indicate the pump beam and red 

line indicates mid-IR laser output.  

The most critical physical quantities to describe the laser properties and dynamics are the 

produced mid-IR pulse energy and the absorbed near-IR pump pulse energy only by acetylene gas. 

The produced mid-IR energy is a straightforward measurement. We can simply estimate the 

produced mid-IR energy by measuring it just after the germanium filter and then correct for optical 

loses due to various optics in the setup. Since acetylene molecules absorb near-IR pump energy 

nonlinearly, we cannot measure the absorbed near-IR pump energy as a direct measurement.  

 

Figure 3.5 Simplified experimental setup of acetylene filled HOFGLAS system showing where 

the near-IR pump energies and produced mid-IR energies are measured. EPin and EPout are 

the incident and transmitted pump pulse energies measured with pyroelectric energy meter. 

ELout is the measured mid-IR pulse energy using the same energy meter. L1 is an AR coated 

BK7 plano-convex lens with a focal length of 7.5 cm and L2 is a CaF2 plano-convex lens with 

a focal length of 15 cm. FM 1 and FM 2 are flipper mounts which are used to direct the beam 

towards the energy meter head. A 5mm thick germanium filter is used to filter out the 

produced mid-IR energy from the residue pump energy. 

Before taking any significant data with the setup, the near-IR pump coupling efficiency is 

determined for each input near-IR pump energies. After confirming there is no power dependent 

coupling into the hollow-core fiber, it is filled with acetylene molecules up to desired gas pressure. 
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Again the pump coupling efficiencies are checked by tuning the OPA to be off resonance with 

P(13) absorption line. For this purpose, the seed laser is tuned to be at least 1 GHz away from the 

center frequency of the P(13) absorption line. Once the OPA is on-resonance with the P(13) line, 

input near-IR pump pulse energy ‘EPin,’ residue pump pulse energy ‘EPout’ and the produced mid-

IR pulse energy ‘ELout’ are measured as in Fig. 3.5. Since the energy meter reading depends on the 

wavelength of the optical beam, care has to be taken while measuring the residue pump energy 

along with produced laser pulse energy. First the produced mid-IR laser output energy is measured 

by selecting the 3 m as the wavelength setting in the energy meter. Then the same measurement 

is done by selecting the 1.5 m as the wavelength setting. All the other measurements are done 

with the 1.5 m setting on the energy meter. To find the residue near-IR pump energy after the 

hollow-core fiber the measured mid-IR energy under 1.5 m scaling is used. To make sure that the 

OPA signal output is on-resonance with acetylene P(13) absorption line, a small portion (1%) of 

seed laser for the OPA is send through a 5 cm long 50 torr acetylene cell as in Fig. 3.6 and, 

transmission through the acetylene cell is observed with a large area photodiode (New Focus 

Model: 2033). The on-resonance condition is made sure by observing a minimum laser 

transmission through the acetylene cell, i.e. observing the lowest reading on the voltmeter in Fig. 

3.6. 
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Figure 3.6 A simple schematic of the experimental setup that is used to verify the on-

resonance condition of OPA signal wavelength with P(13) absorption line of acetylene. FC is 

a 99:1 fiber coupler and PD is a large area photodiode. 

Figure 3.7 shows the produced mid-IR pulse energy as a function of coupled near-IR pump 

pulse energy into the fiber. The off-resonance near-IR pump coupling efficiencies into the fiber 

are used to estimate the on-resonance coupled near-IR pump pulse energies. Also, any near-IR 

pump pulse energy lost due to imperfect fiber guidance is included in the coupled pump pulse 

energy. Assuming linear pump power absorption in the fiber the total pump loses due to the fiber 

is 0.6 dB. Each data point is taken by averaging 500 pulses to get more reliable data, In Fig. 3.7 

the error bars stand for the standard deviation of each measurement. Figure 3.7 shows a laser signal 

saturation like effect at acetylene gas pressure of 1.4 torr. This saturation like effect is mainly due 

to the limited number of acetylene molecules in the system at that pressure, and that limits the 

amount of pump absorption hence saturates the mid-IR lasing. Even though laser signal saturation 

like effect is observed at lowest pressure, no saturation like effect is observed at higher acetylene 

gas pressures. The highest mid-IR pulse energy of 2.3 J is obtained at 14 torr acetylene gas 

pressure by coupling 12.3 J of near-IR pump pulse energy into the fiber. The laser efficiency for 

each acetylene gas pressure with respect to the coupled near-IR pump energy is found by fitting 

the relevant data to a linear line. The maximum laser efficiency of 20% with respect to coupled 

near-IR pump pulse energy is observed at the acetylene gas pressure of 14 torr. In comparison to 
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previous work done by Neda  Dadashzadeh [65], we were able to increase the mid-IR laser output 

pulse energy by approximately 1 J with a shorter fiber length. Moreover, laser signal saturation 

like effect is removed for most of the acetylene gas pressures that are studied. 

 

Figure 3.7 Produced mid-IR pulse energy as a function of coupled near-IR pump pulse energy 

into the fiber with coupling lens of focal length f = 7.5 cm. The portion of near-IR pump pulse 

energy lost due to the fiber guidance also included in the coupled near-IR pump pulse energy. 

Each pulse energy is obtained averaging over 500 pulses, and error bars indicate the standard 

deviation of each individual measurements. Acetylene molecules are pumped via P(13) 

absorption line. 

 Even though we can get some insight about the laser operation by looking at mid-IR laser 

output energy as a function of coupled near-IR pump pulse energy, it is critical to study the mid-

IR laser output energy as a function of absorbed near-IR pump pulse energy only by acetylene 

molecules. The procedure described in Ref. [65] is followed to estimate the absorbed near-IR pump 

pulse energy only by gas. First, we need to find the actual amount of near-IR pulse energy coupled 
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into the fiber. According to Fig. 3.6, the input near-IR pump pulse energy EPin is measured before 

the BK7 lens and the BK7 window by directing the beam towards energy meter using a flipper 

mirror. So, the measured near-IR pump pulse energy should be multiplied by a factor of 0.99 to 

find the actual pump pulse energy. On the other hand, the measured mid-IR pulse energy ELout at 

the other side of the fiber is lower than actual produced mid-IR pulse energy due to loses that are 

associated with the CaF2 window, the CaF2 collimating lens, and the germanium filter. The 

respective transmission efficiencies are 88% (combined transmission efficiency for CaF2 window 

and lens) and 94%. These losses are taken into account when estimating actual produced mid-IR 

pulse energies. The residue near-IR pump energy EPout is measured along with produced mid-IR 

energy in between the CaF2 lens and Germanium filter. The actual amount is higher than the 

measured amount due to losses that are associated with the CaF2 window, the CaF2 lens, and the 

flipper mirror. To find out the actual amount of energy transmission efficiencies of 99% (for the 

flipper mirror) and 88% (for the combination of CaF2 window and lens) are used.   

 After correcting the measured pulse energies, the next step is to find input and output 

coupling efficiencies of the fiber. We assume that any pulse energy that is just after the output end 

of the fiber is equal to the pulse energy that is just inside the fiber. i.e., 100% output coupling is 

assumed for each wavelength at the output end of the fiber. As discussed earlier, off-resonance 

data are taken to estimate the coupling efficiency at the input end, and same coupling efficiencies 

are assumed for on-resonance data. To estimate the input near-IR pump coupling efficiency OPA 

is tuned to be off-resonance with P13 line. Then output near-IR pump energy EPout is measured for 

each input pump energy EPin. Since a portion of the near-IR pump pulse energy is lost due to 

imperfect fiber guidance, Eq. 3.1 is used to find out the actual coupled pump pulse energy. Using 
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Beer-Lambert law, we can write output pump pulse energy EPout in terms of coupled off-resonance 

pump pulse energy 𝐸𝑃𝑖𝑛
′  , fiber loss  and fiber length L as, 

 𝐸𝑃𝑜𝑢𝑡 = 𝐸𝑃𝑖𝑛
′  𝑒𝑥𝑝 (−𝛼𝐿)   3.1 

Then the coupling efficiency, which is the ratio between EPin and EPin
′  equals to, 

 𝐶𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝐸𝑃𝑖𝑛
′

𝐸𝑃𝑖𝑛
 =  

𝐸𝑃𝑜𝑢𝑡
𝐸𝑃𝑖𝑛

𝑒𝑥𝑝(𝛼𝐿)   3.2 

Once the coupling efficiencies are estimated using off-resonance measurements, coupled on-

resonance near-IR pump pulse energy. ‘𝐸𝑃𝑐𝑝’ is estimated using Eq. 3.3 and no change in coupling 

efficiency is assumed when the OPA is tuned to on-resonance wavelength. 

 𝐸𝑃𝑐𝑝  =  𝑐𝑜𝑢𝑝𝑙𝑖𝑛𝑔 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 × 𝐸𝑃𝑖𝑛   3.3 

The absorbed near-IR pump pulse energy 𝐸𝑃𝑎𝑏𝑠 can be written as, 

 𝐸𝑃𝑎𝑏𝑠  =  𝐸𝑃𝑐𝑝 − 𝐸𝑃𝑜𝑢𝑡 − 𝐸𝑃𝑓𝑖𝑏𝑒𝑟   3.4 

where, 𝐸𝑃𝑓𝑖𝑏𝑒𝑟 is the amount of near-IR pump pulse energy that is lose due to imperfect fiber 

guidance. In Eq. 3.4 all the quantities are measured when the OPA is on-resonance with P13 

absorption line. The quantity 𝐸𝑃𝑓𝑖𝑏𝑒𝑟 fiber can be written as, 

 𝐸𝑃𝑓𝑖𝑏𝑒𝑟 = 𝐸𝑃𝑐𝑝 (1 − exp(−𝛼𝐿))   3.5 

Substituting this into Eq. 3.4 we have, 

 𝐸𝑃𝑎𝑏𝑠 = 𝐸𝑃𝑐𝑝 exp(−𝛼𝐿)  − 𝐸𝑃𝑜𝑢𝑡   3.6 

Then the absorbed near-IR pump pulse energy only by gas is estimated using Eq. 3.6 along with 

Eq. 3.3.  
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 Since the acetylene gas does not absorb the near-IR pump energy linearly but non-linearly, 

the estimated amount of near-IR pulse energy using Eq. 3.6 is an overestimation. To overcome 

this, absorbed pump energy only by gas is calculated following two routes through the fiber and 

finally, outcomes are averaged to get the absorbed pump pulse energy. In the first route, the 

coupled near-IR pump pulse energy is used to estimate the output pump pulse energy by assuming 

there are no acetylene molecules in the fiber. The absorbed near-IR pump energy only by gas is 

obtained by taking the difference between the estimated output pump energy and the measured 

residue output near-IR pump energy at a given acetylene gas pressure. In the second route, the 

measured on-resonance residual pump pulse energy at the output end of the fiber is used to estimate 

the coupled pump pulse energy at the input fiber end. The difference between estimated and 

measured values is used as the absorbed near-IR pump pulse energy and the average between both 

routes is used as the final estimated absorbed near-IR pump pulse energy. Figure 3.8 explains these 

two routes more clearly.  
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Figure 3.8 The summery of two calculation routes to estimate the near-IR pump pulse energy 

only by acetylene gas. The blue, red and green text stand for estimated values using measured 

data and the black color quantities are experimentally measured values. The average value 

between two routes is taken, to estimate the absorbed near-IR pump pulse energy only by 

acetylene gas. 

 Once the absorbed near-IR energy only by gas is estimated as above, the produced mid-IR 

energy is plotted as a function of absorbed near-IR pulse energy and shown in Fig. 3.9. The mid-

IR laser output does not show laser signal saturation like effect for most of the acetylene gas 

pressures. At the lowest acetylene gas pressure mid-IR laser output still shows signal saturation 

like effect reflecting a limited number of absorbers inside the fiber. However, at other acetylene 

gas pressures, mid-IR laser output increases with the increase of absorbed near-IR pump pulse 

energy. This behavior is an encouragement for power scaling the acetylene filled HOFGLAS 

system. The near-IR pump energy of 9.9 J is absorbed by acetylene molecules at 14 torr to 
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produce the maximum mid-IR pulse energy of 2.33 J. The maximum optical-to-optical efficiency 

of 28% is obtained with acetylene gas pressure of 7.6 torr.   

 

Figure 3.9 Mid-IR laser output energy as a function of estimated absorbed pump pulse energy 

only by acetylene molecules at a given pressure. Acetylene molecules are excited via P(13) 

absorption line. Each pulse energy is obtained averaging over 500 pulses, and error bars 

indicate the standard deviation of each individual measurements. 

 Figure 3.10(a) shows the measured highest mid-IR pulse energy at each acetylene pressure 

as a function of gas pressure inside the fiber. The mid-IR laser output pulse energy initially 

increases with acetylene gas pressure and then saturates at higher pressures. Since the produced 

mid-IR energy depends on the absorbed near-IR pump energy by acetylene molecules, it is crucial 

to look at the absorbed near-IR pump pulse energy as a function of acetylene gas pressure. As 

shown in Fig.3.10 (b), the absorbed near-IR pump pulse energy only by acetylene gas shows 

similar behavior as the mid-IR pulse energy.  
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Figure 3.10 Maximum mid-IR pulse energy (a) and absorbed maximum near-IR pump pulse 

energy only by acetylene gas (b) as a function of acetylene gas pressure inside the fiber. 

Acetylene molecules are pumped with P(13) absorption line. Maximum coupled near-IR 

pump pulse energy ~ 12.5 J. 

The amount of output mid-IR pulse energy depends on the population inversion of the 

lasing transition and to achieve the population inversion acetylene molecules should absorb the 

near-IR pump energy. The main reason for this observation is the pump saturation. The amount of 

absorbed near-IR pump energy by acetylene molecules depends on the overlapping between OPA 

linewidth and the absorption line width of acetylene P(13) line. The OPA linewidth has FWHM 

of ~ 440 MHz based on the time-bandwidth product for Gaussian shaped pulse. The FWHM of the 

acetylene P(13) line depends preliminary on the temperature and the gas pressure. Due to the room 
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temperature (22 ºC) acetylene P(13) absorption line is Doppler broadened by ~ 475 MHz and it 

gets pressure broadened by ~ 11 MHz/torr [36] on top of that. Due to this, the overlapping between 

OPA linewidth and the absorption linewidth will be limited as the gas pressure is increased. Also, 

the absorption line profile for acetylene P(13) line is a Voigt profile at higher acetylene pressures 

(> 1 torr). Voigt profile is an area normalized as a function of frequency. The amplitude of the 

function should decrease to preserve the area under the Voigt profile since the linewidth gets 

broader as the pressure increases. Due to these effects, the amount of near-IR energy absorbed by 

acetylene molecules will saturate with the increase of pressure and therefore produced mid-IR 

energy will also saturate as the gas pressure increases.  

 Figure 3.11 shows the laser optical-to-optical conversion efficiency as a function of 

acetylene gas pressure inside the fiber. The optical-to-optical conversion efficiency ‘𝜂’ is found 

by fitting each data set in Fig. 3.9 to the linear function as in Eq. 3.7. 

  𝐸𝐿𝑜𝑢𝑡 = 𝜂 × 𝐸𝑃𝑎𝑏𝑠 + 𝐸𝑇ℎ𝑟     3.7 

where, 𝐸𝑇ℎ𝑟 is the threshold value of the near-IR pump absorption to start the lasing. 

In comparison with Fig. 3.10 (a), the laser optical-to-optical conversion efficiency shows 

similar behavior as a function of gas pressure. The optical-to-optical conversion efficiency is stable 

at 25% except for the lowest gas pressure. This behavior suggests that the laser output is not limited 

by the collisional relaxations at the higher gas pressures but the fiber loss at lasing wavelength.  
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Figure 3.11 Laser’s optical-to-optical conversion efficiency as a function of acetylene gas 

pressure inside the fiber. Acetylene molecules are excited via P(13) absorption line. 

At the lowest gas pressure, the estimated optical-to-optical conversion efficiency is only 

16%. One reason for this could be that the gain attained at this lower gas pressure due to the 

population inversion is not as large as gain attained at higher gas pressures. Then, whatever gain 

attained with population inversion is mostly reduced by fiber loss at lasing wavelength resulting 

in lower optical-to-optical conversion efficiency. If we look at Fig. 3.4 the simplified version of 

laser energy level diagram, once the acetylene molecules made radiative transitions into J = 13 or 

J = 11 rotational states of the 1 vibrational manifold the transitions into the vibrational ground 

state are not allowed by dipole-selection rules. In order to depopulate the 1 vibrational manifold, 

acetylene molecules must lose their energy through collisions either with other acetylene 

molecules or with fiber wall. If the gas pressure is low, then the available molecules for collisions 

to happen could be limited and hence creates a bottleneck condition to the lasing transition. Then 
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acetylene molecules in the 1 + 3 vibrational state will not participate in the lasing transition 

effectively, and they will undergo non-radiative transitions to vibrational ground. This could limit 

the laser output energy and the optical-to-optical conversion efficiency by a significant amount. 

Furthermore, this might be the main underline reason for the laser signal saturation like effect 

observed at lower acetylene gas pressure in this work and the previous works [60, 65]. Even though 

one would expect to see a 33% optical-to-optical conversion efficiency out from the acetylene 

filled HOFGLAS system, the maximum conversion efficiency obtained with this work is 28%. In 

contrast, Wang et al.[23] were able to obtain 30% conversion efficiency by using a 10.5 m long 

anti-resonant hollow-core fiber with lower fiber lose at the pump (0.11 dB/m at 1530 nm) and 

lasing wavelength (0.1 dB/m at 3.1-3.2 m) in diode-pumped acetylene filled HOFGLAS system. 

These suggest that the output of our laser system is mainly limited by the fiber loss at the lasing 

wavelength and suggests that the fiber length is not optimized for optimum laser output.  

 3.3 Effect of the pump wavelength 

The diode-pumped acetylene filled HOFGLAS system demonstrated by Wang et al. [23] was 

pumped at a wavelength of 1530.37 nm. Moreover, this wavelength corresponds to the P(9) 

absorption line of acetylene. More details about this laser system were discussed in section 1.1.  

By using a 10.5 m long anti-resonant hollow-core fiber in the setup, the authors were able to obtain 

30% optical-optical conversion efficiency and furthermore, they did not see any laser signal 

saturation like effect for any gas pressure that was studied. In contrast to our work, they obtained 

the highest mid-IR pulse energy and the optical-to-optical conversion efficiency at a lower 

acetylene gas pressure (0.53 torr), whereas we obtained the highest mid-IR energy and the optical-

optical to conversion efficiency at relatively higher-pressure regime (7.5 – 14 torr). The line 
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strength for P(9) absorption line is 1.211 × 10-20 cm-1/(molecules cm-2) and it is slightly higher 

than the line strength =1.035 × 10-20 cm-1/(molecules cm-2) for P(13) absorption line [38]. Because 

of this, pumping the acetylene filled HOFGLAS system via the P(9) line can be an efficient route 

with lower gas pressure in order to reduce the intermolecular collisions and thereby increase the 

mid-IR laser output and the optical-to-optical conversion efficiency. To study this hypothesis, we 

decided to pump our acetylene filled HOFGLAS system via the P(9) absorption line. 

 3.3.1 Experimental results and discussion  

To pump the acetylene filled HOFGLAS system with P(9) absorption line, the OPA signal output 

is tuned to be on-resonance with P(9) line by tuning the tunable diode laser wavelength ~ 

1530.37 nm. Then, the same experimental procedure described in the previous section is followed 

to obtain the mid-IR pulse energy as functions of coupled near-IR pump pulse energy and absorbed 

near-IR pump pulse energy only by acetylene gas. Same pressure regime as in the previous section 

is studied to make a better comparison between the two methods.  

A simplified version of the laser energy level diagram is depicted in Fig. 3.12. Initially, all 

the energy levels are populated according to the Boltzmann distribution. When the acetylene 

molecules are pumped via the P(9) line, they can absorb near-IR pump energy and make transitions 

from J = 9 rotational state of the vibrational ground state to the J = 8 rotational state of 1 + 3  the 

vibrational state. Then, if the population in J = 8 rotational state of 1 + 3 vibrational manifold is 

larger than the population in the 1 vibrational manifold, acetylene molecules can make radiative 

transitions to J = 9 or J = 7 rotational states of the 1 vibrational manifold, and these transitions 

are governed by the dipole selection rule J = ±1. Based on the spectroscopic notations these 

transitions are named as P(9) and R(7), and the previous studies have measured the corresponding 
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wavelengths to be 3.16 m and 3.12 m respectively [23, 26, 28, 29]. Once acetylene molecules 

are in the 1vibrational state, they cannot spontaneously go into the vibrational ground state since 

that transition is forbidden. So, molecules will go into vibrational ground state by losing energy 

via intermolecular and fiber-wall collisions. 

 

Figure 3.12 Simplified ro-vibrational energy level diagram of acetylene. The lasing 

wavelengths 3.12 m and 3.16 m correspond to the R(7) and P(9) transitions when pumped 

via P(9) line.  

Figure 3.13 shows the produced mid-IR pulse energy as a function of coupled near-IR 

pump pulse energy. The maximum coupled near-IR energy into the hollow-core fiber is around 13 

J. As in the previous section the mid-IR laser output pulse energy shows laser signal saturation 

like effect at the lowest gas pressure and does not show signal saturation like effect at higher 

acetylene gas pressures. We were able to obtain the highest mid-IR pulse energy of 2.56 J at 13.8 

torr, and this is the highest mid-IR pulse energy ever achieved by acetylene filled HOFGLAS 

system to best of our knowledge. The maximum overall laser efficiency of 21% is obtained with 
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the gas pressure of 13.8 torr, and this is slightly higher than the overall laser efficiency obtained 

with pumping via P(13) line. 

 

Figure 3.13 Produced mid-IR pulse energy as a function of coupled near-IR pump pulse 

energy into the fiber with coupling lens of focal length f = 7.5 cm. The portion of near-IR 

pump pulse energy lost due to the fiber guidance also included in the coupled near-IR pump 

pulse energy. Each pulse energy is obtained averaging over 500 pulses, and error bars 

indicate the standard deviation of each individual measurements. Acetylene molecules are 

pumped via P(9) absorption line. 

 As discussed in Section 3.2.1, the absorbed near-IR pump pulse energy only by the gas is 

calculated to study the mid-IR laser output pulse energy as a function of absorbed near-IR pump 

pulse energy only by acetylene gas. Figure 3.14 shows the produced mid-IR pulse energy as a 

function of absorbed near-IR pump pulse energy. The mid-IR laser output still shows laser signal 
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saturation like effect at lowest pressure reflecting the limited pump absorption. This behavior is 

another indication that the number of absorbers at lowest pressure is not enough to effectively 

absorb the near-IR pump pulse energy. However, at all the other gas pressures the mid-IR pulse 

energy increased linearly with the absorbed near-IR pump pulse energy only by gas. This behavior 

reveals the power scalability of acetylene filled HOFGLAS system. 

 

Figure 3.14 Mid-IR laser output energy as a function of estimated absorbed pump pulse 

energy only by acetylene molecules at a given pressure. Acetylene molecules are excited via 

P(9) absorption line. Each pulse energy is obtained averaging over 500 pulses, and error bars 

indicate the standard deviation of each individual measurements. 

To have a better understanding of the laser dynamics, the maximum produced mid-IR 

energy and maximum absorbed near-IR pump pulse energy are plotted as a function of acetylene 

gas pressure inside the fiber. These results are illustrated in Fig 3.15 (a) and (b) respectively. In 

comparison to laser operation with P(13) absorption line, similar behavior is observed for mid-IR 

pulse energy and absorbed near-IR pump energy as a function of gas pressure. This similar type 
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of behavior was explained in Section 3.2.1. Again, as with pump via P(13) line primary cause for 

this observation is the pump saturation as explained in Section 3.2.1.  

 

Figure 3.15 Maximum mid-IR pulse energy (a) and absorbed maximum near-IR pump pulse 

energy only by acetylene gas (b) as a function of acetylene gas pressure inside the fiber. 

Acetylene molecules are pumped with P(9) absorption line. Maximum coupled near-IR pump 

pulse energy ~ 13 J. 

Furthermore, we observed slightly higher near-IR pump absorption and output mid-IR 

energy with pumping via P(9) absorption line. This is mainly due to the slightly higher line strength 

of P(9) line than that of P(13) line. Figure 3.16 shows the overall optical-to-optical laser conversion 

efficiency as a function of acetylene gas inside the fiber. As in Fig. 3.11, Fig. 3.16 shows the 

similar behavior where the optical-to-optical conversion efficiency is almost the same for all the 

pressure except the lowest pressure. This is a strong indication that laser operation is not limited 

by intermolecular collisions and most of the excited acetylene molecules relax through the 

radiative transition.     
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Figure 3.16 Laser’s optical-to-optical conversion efficiency as a function of acetylene gas 

pressure inside the fiber. Acetylene molecules are pumped at P(9) absorption line. 

 By choosing the P(9) absorption line as the pumping line we obtained the highest optical-

to-optical conversion efficiency of 27%. Even though we pumped the acetylene filled HOFGLAS 

system with a stronger absorption line, we could not obtain the maximum theoretical limit optical-

to-optical conversion efficiency of 33%. This is mainly due to fiber loss at the lasing wavelength. 

Regardless of that we successfully removed the laser signal saturation like effect observed in the 

previous system, and this gives us the opportunity to scale the mid-IR laser output into higher 

energies. By comparing the laser performance with that of pumping with P(13) line, we can say 

that pump wavelength does not effect on the laser performance significantly in the studied pressure 

regime. At the moment mid-IR laser output pulse energy is only limited by the available near-IR 

pump pulse energy and a newer pump source is needed to scale the system to higher pulse energies. 

In order to power scale and to study about the current acetylene filled HOFGLAS system we 

designed and built a new near-IR pump source and more details will be discussed in Chapter 6.  



59 

 3.4 Effect of pump pulse duration on laser performance 

Figure 3.17 shows the optical-to-optical conversion efficiencies for diode-pumped HOFGLAS 

configuration in Ref. [23], and optical-to-optical conversion efficiencies for our OPA pumped 

HOFGLAS configuration when pumped at P(9). Even though Wang et al. used a lower loss fiber 

in the HOFGLAS system, the laser’s optical-to-optical conversion efficiency decreases with 

pressure from 30% to 8% while our HOFGLAS system’s conversion efficiency remains the same 

around 25%. This is a stronger indication that the performance of our HOFGLAS system is not 

limited by collisional relaxation whereas HOFGLAS system reported in Ref. [23] is limited by 

collisional relaxation.  

 

Figure 3.17 The optical-to-optical conversion efficiency as a function of gas pressure 

compared for an OPA pumped acetylene filled HOFGLAS system with the pump pulse 

duration of 1 ns and a diode-pumped HOFGLAS system with the pump pulse duration of 20 

ns. 

20
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To understand the above-mentioned behavioral difference between two systems, we need 

to compare the respective pump pulse widths with the mean collisional times of acetylene 

molecules. To estimate the mean collisional times, we calculated the mean free path of acetylene 

for the pressure region of 0.1 torr to 15 torr. Assuming acetylene is an ideal gas, the mean free path 

‘MFP’ can be written in terms of gas pressure P, molecular diameter d, Boltzman constant 𝑘𝐵, and 

room temperature T as in Eq.3.8.  

 𝑀𝐹𝑃 =   
𝑘𝐵𝑇

√2𝜋𝑑2𝑃
     3.8 

To calculate the MFP, d=330 pm is used as the molecular diameter of acetylene (11), and T= 

293.15 K is used as the room temperature. The calculated MFP values are depicted in Fig. 3.18 as 

a function of gas pressure.  

 

Figure 3.18 The calculated mean free paths for pressure region 0.1 torr to 14 torr as a function 

of acetylene gas pressure. Inset shows the calculated mean free paths for acetylene pressure 

form 1 torr to 14 torr.  
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The fiber used in the Ref. [23] has a diameter of 109 m. The calculated mean free paths 

for pressures below one torr are higher than 100 m, and so the contributions from wall collisions 

will be an effect on the laser performance. Moreover, the calculated mean free paths for pressures 

above 2 torr are < 50 m and are smaller than the fiber diameters in both setups. So the 

intermolecular collisions should dominate the laser performances. However, as per Fig. 3.17 only 

diode-pumped HOFGLAS system’s efficiency is degraded at higher gas pressures. This suggests 

that merely the calculated MFP is not enough to study the effect of collisions on the laser 

performance and we need to compare the pulse widths with the mean collisional times. Assuming 

acetylene molecules travel with a mean velocity of 𝑣̅ =  √
8 𝑅𝑇

𝜋𝑀 
 we can calculate the mean 

intermolecular collisional time 𝜏𝑚𝑒𝑎𝑛as follows. 

 𝜏𝑚𝑒𝑎𝑛 =  
𝑀𝐹𝑃

𝑣̅
     3.9 

At room temperature of 20 ºC acetylene molecule (M = 26 g/mole) has mean velocity of 488 m/s. 

Using this value along with MFPs, 𝜏𝑚𝑒𝑎𝑛 is calculated for pressure region of 0.1 torr to 14 torr, 

and the calculated 𝜏𝑚𝑒𝑎𝑛 as a function of acetylene gas pressure is plotted in Fig. 3.29. 

Intermolecular collisional time scale will be comparable with pump pulse width when the pressure 

is increasing. In the diode-pumped HOFGLAS system acetylene molecule would take ~ 220 ns to 

collide with fiber wall, and ~ 600 ns to collide with another acetylene molecule at low pressure 

limit. These time scales are much larger than the pump pulse width (20 ns) and lasing transition is 

more favorable at low pressure limit than the collisional relaxations. But when the acetylene gas 

pressure is larger than 2 torr mean intermolecular collisional time scale is comparable with the 

pump pulse width and excited molecules will tend to relax via intermolecular collisions than the 
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lasing transition. Therefore, laser’s optical-to-optical conversion efficiency will decrease as the 

gas pressure increases.  

 

Figure 3.19 The calculated mean intermolecular collisional time as a function of acetylene gas 

pressures. Inset zoomed in to the pressure region of 1-14 torr. 

In OPA pumped HOFGLAS system acetylene molecule would take ~ 15 ns to collide with 

fiber wall and the mean intermolecular collisional times are larger than 9 ns in the studied gas 

pressure region (1 – 14 torr). Since the OPA has a pulse width of 1 ns, excited acetylene molecule 

is more favorable to make a lasing transition than collisional relaxation. Therefore, one would 

expect to see a constant optical-to-optical conversion efficiency in the gas pressure region of 1- 14 

torr. Then we can conclude that higher gas pressures are suitable for shorter pump pulses to utilize 

the pump energies effectively, and lower gas pressures are appropriate for longer pump pulses to 

use the pump energies efficiently. 
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Chapter 4 - Mode quality of acetylene filled HOFGLAS system 

The transverse mode quality (also known as beam quality) of a laser is an important factor when 

characterizing the laser specifications. It describes the laser beam divergence while propagating in 

space and the power (intensity) distribution across the beam. Also, mode quality indicates how 

tightly one can focus the laser beam to attain a high intense field. Therefore, the mode quality of a 

high-power laser system is critical factor in applications where the free space laser beam delivering 

is involved.  Moreover, the mode quality is a significant factor for coherent beam combining, 

which is a technique of achieving higher laser power by combining multiple beams [66].  The most 

common way to quantify the laser mode quality is the M 2 factor. It is a measure of how close the 

beam profile is to an ideal single-mode Gaussian beam (diffraction-limited). The value M 2 ≥ 1 for 

any arbitrary laser beam. M 2 =1 is for the single-mode TEM00 (Gaussian beam) beam, while non-

Gaussian beams have M 2 ≥ 1  and describe the multi-mode property of the beam [67]. Mode 

quality depends on the coupling between the laser’s cavity modes and the free space modes. The 

non-ideal beam quality depends on the coupling of higher order modes which depends on the 

cavity geometry and the wavefront distortion. The wavefront can get distorted due to several 

reasons. To name a few, spherical aberrations due to lenses, diffraction at output laser head, and 

thermal effects in a gain medium.   

To quantify the mode quality of our acetylene filled mid-IR HOFGLAS system, we 

performed M2 measurement based on the finite slit method [68], experimental procedure and 

results will be discussed in following sections. Some of the work presented here is published in 

Ref. [27] and this is a collaborative work with Dr. Neda Dadashzadeh.  

The M 2 value indicates the transverse model content of a laser beam, and the modal content 

depends on the geometry of the laser cavity. Therefore, one must understand the possible modal 
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content for a given cavity geometry to obtain a better beam quality. Since we use a core of the 

hollow-core fiber as the waveguide, it is important to discuss the possible modal content for the 

core of the hollow-core fiber. Ultimately, the M 2 value depends on the coupling between cavity 

modes and the free space modes. Therefore, the properties of free space modes also will be 

discussed in following sections. 

 4.1 Free space propagation modes 

Starting from Maxwell’s equations, we can write the wave equations for electric field 𝐸⃗  and 

magnetic field 𝐻⃗⃗  for free space (no bound charges or currents) as [42], 

 ∇2𝐸⃗ − 𝜇0𝜀0  
𝜕2𝐸⃗ 

𝜕𝑡2
= 0   4.1 

 ∇2𝐻⃗⃗ − 𝜇0𝜀0  
𝜕2𝐻⃗⃗ 

𝜕𝑡2
= 0   4.2 

where, 𝜀0 and 𝜇0 are free space permittivity and free space permeability respectively and the 

quantity 1 𝜇0𝜀0⁄  equals to the 𝑐2 (where 𝑐 is the speed of light in vacuum). Both Eq. 4.1 and Eq. 

4.2 have the same format. One can solve one equation and can use the same analogy to solve other 

equation. Therefore, we will only consider the electric field propagation in the medium. Assuming 

the electric field oscillates with frequency 𝜔, we can write 𝐸⃗  in Cartesian coordinates system as,  

 𝐸⃗ =  𝐸⃗ (𝑥, 𝑦, 𝑧)𝑒−𝑖𝜔𝑡   4.3 

then along with 
𝜔2

𝑐2
= 𝑘2 Eq. 4.1 can be written as,  
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 ∇2𝐸⃗ + 𝑘2 𝐸⃗ = 0   4.4 

Choosing 𝑧 as the propagation direction, we can write electric field as, 

 𝐸⃗ (𝑥, 𝑦, 𝑧) =  𝜑 (𝑥, 𝑦, 𝑧) exp(−𝑖𝑘𝑧)   4.5 

Then, Eq. 4.4 is reduced to following scalar equation. 

  
𝜕2𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑥2
+
𝜕2𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑦2
− 2𝑘𝑖

𝜕𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑧
+
𝜕2𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑧2
= 0   4.6 

For an optical beam, the wavenumber 𝑘 is a large value. So, the term 2𝑘𝑖 
𝜕𝜑(𝑥,𝑦,𝑧)

𝜕𝑧
  is larger than 

the term 
𝜕2𝜑(𝑥,𝑦,𝑧)

𝜕𝑧2
 and we can simply neglect the later term. This approximation called as the 

paraxial approximation and finally, we end up with the paraxial equation.  

 
𝜕2𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑥2
+
𝜕2𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑦2
− 2𝑘𝑖

𝜕𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑧
= 0 4.7 

 One can show that the lowest-order spherical Gaussian wave is a solution to the Eq. 4.7 

[69]. With a complex radius of curvature 𝑞(𝑧), the spherical Gaussian wave can be written as, 

 𝜑(𝑥, 𝑦, 𝑧) =  
1

𝑞(𝑧)
exp [−𝑖𝑘 

𝑥2 + 𝑦2

2𝑅(𝑧)
−
𝑥2 + 𝑦2

𝑤2(𝑧)
]   4.8 

where, 𝑅(𝑧) is the radius of curvature and 𝑤(𝑧) is the beam spot size. The Eq. 4.8 describes the 

divergence of a spherical wave along the propagation distance 𝑧. Therefore, it is important to 

discuss about the Gaussian beam propagation in free space.  Let us assume that the lowest-order 

Gaussian beam has a beam size of 𝑤0 and a planar wavefront 𝑅0 =  ∞ at 𝑧 = 0. Figure 4.1 shows 
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the divergence of this beam with all the relevant quantities. The normalized Gaussian wave at any 

arbitrary position 𝑧 can be written as follows [69]. 

 𝜑(𝑥, 𝑦, 𝑧) =  (
2

𝜋
)

1
2⁄ exp[−𝑖𝑘𝑧 +  𝜙(𝑧)]

𝑤(𝑧)
exp [−𝑖𝑘 

𝑥2 + 𝑦2

2𝑅(𝑧)
−
𝑥2 + 𝑦2

𝑤2(𝑧)
]   4.9 

 

Figure 4.1 Divergence of lowest order Gaussian beam. 

Then the beam width 𝑤(𝑧), the radius of curvature 𝑅(𝑧) , and the additional axially varying 

phase shift 𝜙(𝑧) (which also called as Gouy phase) can be written as, 

 𝑤(𝑧) =  𝑤0√1 + (
𝑧

𝑧𝑅
)
2

 4.10 

 𝑅(𝑧) = 𝑧 + 
𝑧𝑅
  2

𝑧
 4.11 

 𝜙(𝑧) =  tan−1 (
𝑧

𝑧𝑅
) 4.12 

 ( )

 =  
(waist)

 ( )
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where, the quantity 𝑧𝑅 = 
𝜋𝑤0

2

𝜆
 is the Rayleigh range. As shown in Fig. 4.2, Rayleigh range is the 

distance from beam waist to the point where the beam size equal to the √2𝑤0.  

 

Figure 4.2 Rayleigh range of a Gaussian beam. 

 While spherical Gaussian wave is the lowest order propagation mode in free space, one can 

find higher propagation modes by solving Eq. 4.7.  The higher order solutions to the Eq. 4.7 can 

be either Hermite-Gaussian functions or Laguerre-Gaussian functions. If the Eq. 4.7 solved in 

Cartesian coordinates system one would obtain Hermite-Gaussian functions as the solutions, while 

Laguerre-Gaussian functions for the cylindrical coordinates system.  

 4.1.2 Higher-order propagation modes in Cartesian coordinates 

To solve the Eq. 4.7 in the Cartesian coordinate system, we assume that the solution can write as 

a product of two identical functions as follows [69]. 

 𝜑𝑛,𝑚(𝑥, 𝑦, 𝑧) =  𝜑𝑛(𝑥, 𝑧)𝜑𝑚(𝑦, 𝑧)  4.13 

 where, 𝑛 and 𝑚 stand for the order of modes, 𝜑𝑛(𝑥, 𝑧) and 𝜑𝑚(𝑦, 𝑧) have same the mathematical 

form. Then the paraxial equation in Eq. 4.7 reduces to one transverse coordinate as follows. 
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𝜕2𝜑𝑛(𝑥, 𝑦, 𝑧)

𝜕𝑥2
− 2𝑘𝑖

𝜕𝜑(𝑥, 𝑦, 𝑧)

𝜕𝑧
= 0  4.14 

And the solutions can be obtained solving Eq. 4.14 for one coordinate and using the same solution 

set for the other transverse coordinate. 

 Then after a tedious mathematical procedure, one can show that the solution to Eq. 4.14 

can be written as a Hermite-Gaussian function as follows [69]. 

 

𝜑𝑛(𝑥, 𝑧) =  (
2

𝜋
)
(1 4⁄ )

√
exp[−𝑖(2𝑛 + 1)(𝜙(𝑧) − 𝜙0)]

2𝑛𝑛!𝑤(𝑧)
 

× 𝐻𝑛 (
√2𝑥

𝑤(𝑧)
) exp [−𝑖

𝑘𝑥2

2𝑅(𝑧)
−

𝑥2

𝑤2(𝑧)
− 𝑖𝑘𝑧] 

4.15 

where, 𝐻𝑛 (
√2𝑥

𝑤(𝑧)
) is the Hermite polynomial. Generally, free space modes are called as transverse 

electromagnetic waves (TEM) and the mode patterns (intensity distribution) for the free space 

Hermite-Gaussian TEMnm modes are depicted in Fig. 4.3. 
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Figure 4.3 Transverse mode patterns for free space propagating Hermite-Gaussian modes. 

Numerically generated using a Python code.  

 Also, using the cylindrical coordinate system one can write the Eq. 4.7 as follows [34]. 

This format is suitable for describing the free space propagation of a beam coming out from a laser 

that possesses a cavity with cylindrical symmetry. Most of the traditional gas lasers and fiber lasers 

have cylindrically shaped cavity; therefore it is worthwhile to mention the free space propagation 

in terms of cylindrical symmetry.  

 
1

𝑟

𝜕

𝜕𝑟
(𝑟
𝜕𝜑

𝜕𝑟
) − 2𝑘𝑖

𝜕𝜑

𝜕𝑧
= 0 4.16 

The solutions to the above equation are in the form of Laguerre-Gaussian functions and can be 

written as follows. 
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𝜑𝑝,𝑚(𝑟, 𝜃, 𝑧) =  √
2𝑝!

(1 + 𝛿0𝑚)𝜋(𝑚 + 𝑝)!

exp[𝑖(2𝑝 + 𝑚 + 1)(𝜙(𝑧) − 𝜙0)]

𝑤(𝑧)
 

× (
√2𝑟

𝑤(𝑧)
)

𝑚

𝐿𝑝
𝑚 (

2𝑟2

𝑤(𝑧)2
) exp [−𝑖𝑘

𝑟2

2𝑞(𝑧)
+ 𝑖𝑚𝜃] 

4.17 

In Eq. 4.17 𝐿𝑝
𝑚 functions are the generalized Laguerre polynomials, integer 𝑚 is the azimuthal 

mode index and integer 𝑝 ≥ 0 is the radial index. The quantities 𝑞(𝑧),𝑤(𝑧) and 𝜑(𝑧) have similar 

definitions as in Hermite-Gaussian modes. These modes also are categorized as TEMpm and 

intensity distribution of a few modes are depicted in Fig. 4.4. 

 

Figure 4.4 Transverse mode patterns of Laguerre-Gaussian modes. Numerically generated 

using a Python code. 
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 4.2 Guided modes in step-index and hollow fibers 

In this section guided modes in conventional step-index fibers and HCPCFs will be discussed. As 

in the free space propagation, guided modes in a fiber can be found by solving Maxwell’s equations 

in x-y plane for a wave propagating along the fiber length (z-direction). Based on the fiber type 

different boundary conditions will be applied while solving Maxwell’s equations and this section 

summarized the possible propagation modes for step-index fibers and HCPCFs.  

 4.2.1 Guided modes in a step-index fiber 

For a medium with refractive index of 𝑛, the wave equation can be written as follows. 

 ∇2𝐸⃗ + 𝑛2𝑘2𝐸⃗ = 0  4.18 

The index profile for a step-index fiber is shown in Fig. 4.5. The core has a refractive index of 𝑛1 

and core radius of 𝑎 . The cladding has an index of 𝑛2 and the infinite cladding radius is assumed, 

in practice cladding radius is very large compared to the core radius. Then we should solve the Eq. 

4.18 for those two different regions and allowed modes can be obtained by imposing the 

appropriate boundary conditions. The detailed solutions can be found in many excellent references 

like Ref. [42] and Ref. [70], and here only the solutions are summarized. Since the fibers inherently 

poses cylindrical symmetry, cylindrical coordinates system is ideal to solve the Eq. 4.18. The 

electric field 𝐸⃗  can be described as, 

 𝐸⃗ = 𝐸⃗ (𝜌, 𝜙) exp(−𝑖𝛽𝑧)  4.19 

where 𝜌 =  √𝑥2 + 𝑦2 and 𝜙 are the cylindrical coordinates, and 𝛽(𝜔) is the propagation constant 

in the 𝑧 direction.  
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Figure 4.5 The geometry of a step-index fiber. Here the geometry of commercial SMF28 fiber 

is considered, which has core radius 𝒂 = 4.5 m with a refractive index 𝒏𝟏= 1.466 at 

wavelength 1550 nm. Cladding radius of 62.5 m with a refractive index of 1.45 at the same 

wavelength. 

The guidance inside the core governs by total internal reflection (TIR) and that the value 

of 𝛽(𝜔) to 𝑛1𝑘 < 𝛽 < 𝑛2𝑘 [71]. Taking  𝛽𝑡 as the component of the propagation constant in the 

x-y plane, the total propagation constant can be written as, 

 𝛽𝑡
2 + 𝛽2 = 𝑛1

2𝑘2 4.20 

To solve the wave equation Eq. 4.18, an electric field of the form in Eq. 4.19 is plugged 

into the wave equation Eq. 4.18 and a new differential equation for the z component of the electric 

field in the transverse x-y plane is obtained as follows.  

 
𝜕2𝐸𝑧
𝜕𝜌2

+ 
1

𝜌
 
𝜕𝐸𝑧
𝜕𝜌

+ 
1

𝜌2
𝜕2𝐸𝑧
𝜕𝜙2

+ 𝛽𝑡
2𝐸𝑧 = 0 4.21 

Then using the separation of variables method, we can write the electric field 𝐸𝑧 as, 
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 𝐸𝑧 = ∑𝑅𝑖(𝜌)Φ𝑖

𝑖

(𝜙) exp(−𝑖𝛽𝑖𝑧) 4.22 

Substituting this solution into Eq. 4.21 yields us two separate differential equations for 𝑅(𝜌) and 

Φ(𝜙) as follows. 

 
𝑑2Φ

𝑑𝜙2
+ 𝑚2Φ = 0 4.23 

 
𝑑2R

𝑑𝜌2
+ 

1

𝜌

𝑑𝑅

𝑑𝜌
+ (𝛽𝑡

2 − 
𝑚2

𝜌2
)𝑅 = 0 4.24 

The solution to Eq. 4.23 is sinusoidal and solutions to Eq. 4.24 can be written in terms of 

Bessel’s functions. Then the solutions to Eq. 4.21 can be written as follows. 

 

𝐸𝑧  ∝ 𝐽𝑚(𝑢𝜌 𝑎⁄ ) sin(𝑚𝜙) exp(−𝑖𝛽𝑧)   for  𝜌 ≤ 0 

𝐸𝑧  ∝ 𝐾𝑚(𝑤𝜌 𝑎⁄ ) sin(𝑚𝜙) exp(−𝑖𝛽𝑧)  for 𝜌 ≤ 0 

4.25 

 where, 𝑢 = 𝑎√𝑛1
 2𝑘2 − 𝛽2 and = 𝑎√𝛽2 − 𝑛2

 2𝑘2 .  

The boundary condition for 𝜙 limits the constant 𝑚 to be an integer. Therefore, the order 

of the Bessel function is also an integer. The allowable propagation constants 𝛽 can be determined 

by solving the set of eigenvalue equations which are obtained by considering the continuity of 𝐸𝑧 

at the boundary 𝜌 = 𝑎. The guidance is said to be weakly guiding if the core refractive index is 

slightly higher than the cladding refractive index and most of the step-index fibers are weakly 

guided. Therefore, the mode series associated with step-index fibers are known as LP (linearly 



74 

polarized) modes, and these LP modes can be constructed by combining appropriate EH, HE, TE, 

and TM modes [42]. The spatial intensity patterns in the transverse plane for a few LP modes are 

depicted in Fig.4.5. These modes are characterized as LPmn, where m is the azimuthal mode 

number and n is the radial mode number. The LP01 mode, which is the lowest order LP mode has 

a similar intensity distribution like free-space TEM00 mode. Moreover, under the weakly guiding 

condition, the LP01 can be approximated by a Gaussian function, exp (−
𝜌2

𝑎0
2⁄ ), where the mode 

field diameter 𝑎0 defines the width of the Gaussian mode. The number of guided modes for step-

index fiber at a given wavelength depends on the value of the normalized frequency V, where V is 

given by the following equation [70].  

 𝑉 =  √𝑢2 + 𝑤2 = 𝑛1𝑎𝑘√2(𝑛1 − 𝑛2) 4.26 

The fiber is said to be a single mode fiber (SMF) if it guides only the LP01 mode. If the 

fiber core diameter and refractive indices are optimized in a way that the value of V < 2.405 at a 

given wavelength then the fiber supports only the LP01 mode. 

 

Figure 4.6 Intensity distribution of a few LP modes in step-index fiber. Numerically obtained 

using a Python code. 



75 

 

 4.2.2 Guided modes in kagome structured HCPCF 

Since the kagome structured HCPFs show inhibited coupling between core and cladding modes 

we can approximate their guidance mechanism to that of a cylindrical waveguide with a hollow 

core. By carefully choosing the waveguide material type and dielectric coating one can confine the 

light in the hollow core of the waveguide with lower losses [72]. Particularly, dielectric-coated 

metallic hollow waveguides have demonstrated transmission of laser light with lower losses [73-

75].  

 For cylindrical waveguide with hollow-core, we should solve Eq. 4.1 and Eq. 4.2 to find 

out the allowable propagation modes. Since the cylindrical symmetry can apply to the waveguide, 

we can extend the discussion in the previous section to solve the wave equations. Fortunately, 

solutions and propagation modes can be found in many references like Refs. [42, 76]. The 

propagation modes are characterized as the transverse electric (TE), transverse magnetic (TM) or 

hybrid modes (EH or HE). Where the fundamental modes are the HEmn modes, and these modes 

correspond to skew rays where rays do not cross the waveguide axis while propagating. The lowest 

order mode is HE11 mode, and this has an intensity distribution similar to that of free-space lowest 

order Gaussian mode [77]. Then, if the free-space Gaussian beam is focused down to the 

waveguide, HE11 mode of the waveguide will be excited and supports the beam propagation along 

the waveguide. By properly matching the free-space lowest-order Gaussian beam width with the 

waveguide’s core diameter one can achieve couple efficiency of 99% [78]. Therefore, for acetylene 

filled HOFGLAS system it is important only to couple the lowest order mode of the pump beam 

into the HCPCF in order to obtain a laser output with a good mode quality.  
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 Recently the modal content of the hypocycloidal kagome-structured HCPCFs was studied 

by employing spectral and special (S2) imaging technique by Bradley et al. [79]. There, 7 and 19 

cell kagome HCPCFs were studied and showed they support 4 and 7 LP modes respectively. 

Usually, LP modes can be interpreted as the superposition of TE, TM, HE, and EH modes [42]. 

Therefore, we can extend the symmetries associated with cylindrical waveguides to hypocycloidal 

kagome structured HCPCFs for optimizing the near-IR pump coupling. If the waveguide’s 

entrance has a radius 𝑏, one can couple 99% of energy from free-space lowest order Gaussian 

mode into the waveguide if the free-space beam has a flat wavefront and beam width of 𝑤 = 0.64𝑏 

at the waveguide entrance [78].  Then the HE11 or the LP01 mode will support the guidance inside 

the waveguide. If a lens with focal length of 𝑓 is used to focus a free-space TEM00 beam with 

beam width 𝑤 on the entrance of waveguide (or the HCPCF), the mode matching condition can be 

written as [65], 

 
4𝜆

𝜋
(
𝑓

𝑤
) = 0.64 𝑏 4.27 

where, 𝜆 is the wavelength of light. 

 4.3 M2 measurement  

Even though laser beam is guided with the lowest propagation mode inside the laser resonator, a 

laser can still deliver multimode beam into the free space due to the shape of the laser head, the 

thermal effect due to higher output powers, due to optical components with poor quality and 

spherical aberration of lenses [80]. TEMnm modes guide the laser beam's free space propagation. 

If the beam is guiding with the TEM00 mode, the beam width changes according to Eq. 4.10 and if 

higher order modes are involved in propagation Eq. 4.10 modified as follows. 
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 𝑤(𝑧) =  𝑤0(𝑧)√1 +𝑀2 (
𝑧𝜆

𝜋𝑤0
2)

2

 4.28 

 Equation 4.28 tells that, for TEM00 mode M2=1 and for any other higher order modes M2 > 1. 

Also, Eq. 4.28 provides us a path to estimate the value of M2 for a particular laser beam. One can 

measure the beam size along the propagation axis and use Eq. 4.28 to estimate the M2 value. In 

fact, we implemented the same method to estimate the M2 value for the output mid-IR beam of the 

acetylene filled HOFGLAS system. To get an accurate estimation, we followed the ISO Standard 

11146 [81]. This suggests taking measurements of at least 10 different 𝑧 positions. Half of the 

measurements should be done within one Rayleigh range on either side of the beam waist, and the 

other half should be taken at least two Rayleigh range away from the beam waist. And more 

importantly, the beam widths should be taken based on the second moment integration.  Where for 

laser beam the second moment 𝜎2 is defined as follows [67, 81]. 

 𝜎𝑥
2 = 

∫ (𝑥 − 𝑥0)
2𝐼(𝑥, 𝑦)𝑑𝑥 𝑑𝑦

∞

−∞

∫ 𝐼(𝑥, 𝑦)
∞

−∞
𝑑𝑥 𝑑𝑦

 4.29 

Where, 𝐼(𝑥, 𝑦) is the laser beam intensity at a point (𝑥, 𝑦). Then, the beam width 𝑤𝑥 can be written 

as, 

 𝑤𝑥
 2 = 4 𝜎𝑥

2 4.30 

and the same equation can be written to other transverse direction 𝑦. One must obtain beam profiles 

to find out the above-mentioned quantities along the propagation axis.  There are numerous ways 

to obtain the beam profiles. Use of scanning pin hole, scanning knife edge, scanning slit, and a 
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CCD camera are famous among the researchers. Among these techniques, we chose scanning slit 

technique simply because it gives the beam profile straightway and is a cost-effective method. 

Also, it automatically takes care a one integration in Eq. 4.29, less sensitive to the beam pointing 

and provides a good signal to noise ratio [68].  If the beam profiles are obtained with a finite slit 

width of 𝑠, the second moment can be written as follows [68]. 

 𝜎𝑥
2 =

∫ (𝑥 − 𝑥0)
2𝐼(𝑥, 𝑦)𝑑𝑥 𝑑𝑦

∞

−∞

∫ 𝐼(𝑥, 𝑦)
∞

−∞
𝑑𝑥 𝑑𝑦

 − 𝑠
2

12⁄  4.31 

Then, beam width should be modified as, 

 𝑤𝑥
 2 = 4 𝜎𝑥

2 − 𝑠
2

3⁄  4.32 

One can use Equations 4.31 and 4.32 to calculate the beam widths at respective positions once the 

beam profiles are obtained with a scanning slit and then can estimate the M2 using Eq. 4.28. 

 4.3.1 M 2 for Corning SMF28 fiber 

Commercially available Corning SMF28 step-index fiber manufactured in such a way that it only 

supports the lowest-order guidance mode (LP01) for wavelengths longer than 1300 nm. Therefore, 

laser light coming out from an SMF28 fiber should behave as TEM00 mode and if we implement 

an M2 measurement on this beam outcome should be M2 = 1. Before employing the experimental 

procedure discussed in the previous section on mid-IR output beam of the acetylene filled 

HOFGLAS system, we decided to implement the experimental technique on the output beam from 

an SMF 28 fiber to test the validity of the experimental procedure.  

Figure 4.7 shows a simple schematic of the experimental setup. The output of the fiber 

laser works at 1532 nm is coupled into a 50 cm long SMF28 fiber. The output beam from the fiber 
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end is collimated using an aspheric lens and focused down using another aspheric lens. Then a slit 

with a variable slit width (Thorlabs: VA100) is used to scan across the focused laser beam. The 

slit width is fixed to 60 m, and intensity at each position is measured using a larger area 

photodetector (Newport: 2033).  

 

Figure 4.7 Simple schematic of the experimental setup that used to obtain the beam profiles 

of light coming out from a SMF28 fiber. 

To obtain the beam profile at a specific axial position, the slit is mounted on a translation 

stage in a way that the beam is normal to the slit and translation stage is moved in the transverse 

plane using a micrometer. Figure 4.8 shows a beam profile obtained with the scanning slit, and it 

shows the shape of a Gaussian distribution as we expect. 

 

Figure 4.8 A beam profile of the beam coming out from a single-mode fiber. 
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Once the beam profiles are obtained at relevant axial positions, beam widths are calculated 

using Eq. 4.31 and 4.32. Then, the beam widths are plotted as a function of axial position 𝑧 and 

fitted to the Eq. 4.28 to estimate the M2 value. Figure 4.9 shows the plotted beam widths as a 

function of axial position. By fitting to Eq. 4.28 we found the value of M2 equals to (1.02 ± 0.02), 

which is equal to the M2 value of a lowest order free-space mode Gaussian beam. As discussed in 

section 4.2.1 lowest order fiber mode LP01 can be approximated by lowest-order Gaussian mode 

under weakly guidance condition. Therefore, light coming out from the SMF 28 fiber should 

behave as a TEM00 mode and should have M2=1. Since the estimated M2 is matched with that of 

free-space TEM00 beam, we can safely implement he experimental method to estimate the M2value 

for the mid-IR beam of acetylene filled HOFGLAS system.  

 

 

Figure 4.9 The beam width of the SMF 28 output measured using 60 m slit.  
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 4.3.2 M 2 measurement for mid-IR output beam of acetylene filled HOFGLS system 

After Dr. Neda Dadashzadeh improved the performance of acetylene filled HOFGLAS system, we 

wanted to check the beam quality of the produced mid-IR beam. The first step was to optimize the 

focal length of the input coupling lens using Eq. 4.27 to couple only the lowest- order pump mode. 

Then the beam quality of the mid-IR beam is investigated at the highest laser output energy. The 

laser is operated with acetylene gas pressure of 10 torr and produced maximum mid-IR energy of 

1.17 J [65].  

The collimated mid-IR beam is focused using a plano-convex CaF2 lens with a focal length 

of 15 cm. This specific focal length gave us adequate Rayleigh range to take data. Here, a fixed 

20 m wide slit (Thorlabs: S20RD) is used to scan the beam, and fast photo detector is used to 

record the intensity. Since the detector area is only 1 mm2, another CaF2 lens with a focal length 

of 20 mm is used between the scanning slit and the photodetector to capture all the light. Then, 

beam profiles are obtained following the same procedure as in the previous section. Since the laser 

output is pulsed with a repetition rate of 30 Hz, approximately 50 pulses are averaged to take data 

for one point. Due to that, it took us more than 8 hours to collect the necessary data, and we made 

sure that the laser output is stable throughout the measurements. The obtained beam profiles for 

the highest laser output is depicted in Fig. 4.10. We can see that the obtained beam profiles almost 

show intensity distributions close to lowest-order Gaussian modes, but we need to use Eq. 4.28 in 

order to estimate the value of the M2. 
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Figure 4.10 A series of beam profile obtained at the highest mid-IR laser output energy. A 

fixed 20 m slit is used to scan across the beam.  

 Beam widths at respective positions are calculated using data in Fig. 4.10 along with 

Eq.4.31 and Eq. 4.32. Then the calculated beam widths are plotted as a function of axial position 

as fitted to the Eq. 4.28 to estimate the M2 value for the mid-IR output beam of the acetylene 

HOFGLAS system. Figure 4.11 shows the obtained beam widths as a function of axial position 

and the fitted curve.  
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Figure 4.11 Experimentally determined beam width as a function of axial position. The laser 

is worked at the highest output energy. Error bars stand for fluctuations in the averages of 

50 pulses.  

 By fitting to the Eq. 4.28 we found M2 = 1.15 ± 0.02 and the error is obtained using the 

fitting procedure. If the M2≤ 1.3 for a laser system then, that laser is said to be diffraction limited 

[82]. Since the measured M2 value for the mid -IR beam of the acetylene filled HOFGLAS system 

is clearly less than 1.3, we can claim that our mid-IR laser works at the diffraction limited regime 

with a stable mid-IR output. Furthermore, M2 values for other mid-IR energies are measured for 

the same gas pressure. The measured M2 values are depicted in Fig. 4.12. Even though, the M2 

value slightly is changed from 1.15 for other mid-IR energies it is uncompromised. These slight 

deviations maybe associated with the beam quality of the near-IR pump beam. Regardless of these 

slight variations, we can still say that the mid-IR laser output beam is a stable diffraction limited 

beam, especially when it delivers the highest output energy. 
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Figure 4.12 Measured 𝐌  values as a function of produced mid-IR pulse energy. The 

acetylene gas pressure inside the fiber was kept at 10 torr when measuring each data point. 

 To summarize this chapter, we developed a simple method to measure the beam quality of 

an acetylene filled HOFGLAS system. We successfully used this method in our acetylene filled 

HOFGLAS system and showed that the mid-IR output showed the mid-IR output beam has near 

diffraction limited beam quality at the highest output energy. This behavior is encouraging for 

power scaling the mid-IR laser system through coherent beam combining.  

 Another important factor when determining the power scalability of acetylene filled 

HOFGLAS system is how much near-IR energy absorbed by the acetylene gas at specific gas 

pressure. In the next chapter, I will introduce a numerical model to estimate the absorbed near-IR 

energy only by acetylene gas and will compare the numerical results with experimental results. 
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Chapter 5 - Saturated absorption in acetylene 

When the laser light interacts with absorbing media, high laser intensities cause the pumping rate 

of an exciting transition to exceed its relaxation rate. As a consequence, the number of absorbers 

in the lower state will be limited. This leads to saturation in the population difference and therefore 

saturation in amount of optical pump power absorbed by the medium. Other than the saturation in 

the population difference, high pump intensities also lead in to additional line broadening. These 

effects will discuss in detail later. The degree of the saturation usually characterized by the 

saturation parameter S which defined in terms of input intensity 𝐼 and saturation intensity 𝐼𝑠 as 

 𝑆 =  𝐼 𝐼𝑠
⁄  5.1 

Lamb [83] theoretically predicted this saturated absorption effect and Szöke and Javan [84] 

experimentally observed this phenomena for the first time as a dip in a He-Ne laser output power 

during its wavelength tuning. Researches have used this so called “Lamb dip” effect, i.e. a narrow 

frequency dip in the laser tuning curve, to stabilize the laser frequencies in past few decades [85-

87].  

For an absorbing medium outside the laser resonator, one need to employ pump and probe 

experiment to see this saturated absorption effect. In this technique a relatively high intense pump 

beam excites the absorbers to upper level hence saturates the population difference and counter 

propagating probe beam interrogates this saturated population difference or absorption. This 

method is widely used in saturation spectroscopy and named as Saturated Absorption 

Spectroscopy (SAS). SAS has been a popular technique among researches, in particular laser 

frequency stabilization and optical frequency references using cells filled with Rubidium (Rb) 

vapors or acetylene [49, 88].  



86 

Even though acetylene SAS is very interesting topic to discuss, this chapter is focused on 

just the saturated absorption in acetylene. Henningsen et al. [89] observed the reduction in optical 

depth with increase of input optical power for acetylene filled hollow-core fiber and for detailed 

discussion read section 5.2. Since the peak pump power for acetylene filled HOFGLAS system is 

in the order of few kilowatts and the pump light is confined in a core of an optical fiber the optical 

intensities are well beyond the saturation intensity for acetylene gas, it is important to discuss about 

the saturated absorption in acetylene and how it impacts on the acetylene filled HOFGLAS system.  

 

 5.1 Linear and nonlinear absorption 

Since high optical intensities can bleach the ground state population in absorbing media, the 

amount of optical power absorb by the media has a nonlinear dependence with the incident 

radiation power. In this section the basic physics behind this phenomenon is discussed. First, I will 

discuss the linear absorption and extend the discussion for nonlinear absorption in homogeneously 

and inhomogeneously broadened media.  

 

Figure 5.1 Laser with initial power P0 travel through an absorbing medium with length Z 

As in Fig. 5.1, when a weak laser beam travels through a sample of molecules and if 

molecules absorb the laser light by exciting from lower state to an upper state, the amount of 

optical power P transmit through the molecular sample can write as,     

Absorbing media
Input optical power P0

Z

P
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 𝑃 = 𝑃0 𝑒
−𝛼𝑍 5.2 

where 𝑃0 is the input optical power, α is linear absorption coefficient and Z is the length of the 

absorbing media. Equation 5.2 is known as the Lambert-Beer law of linear absorption. Here the 

linear absorption coefficient can be written in terms of absorption cross-section 𝜎𝑖𝑘 and population 

difference ∆𝑁𝑖𝑘
0   between upper state k and lower state i as, 

 𝛼 =  𝜎𝑖𝑘∆𝑁𝑖𝑘
0  5.3 

 When the laser intensity is high enough, absorbing media does not show a linear 

absorption, but the nonlinear absorption due to saturation in the population densities and 

absorption. Now I am going to discuss the saturation of population densities which leads to 

saturation in the absorption in two-level system. First discussion will be focused in saturation of 

homogeneous line profile and then will be extended to saturation of inhomogeneous line profile. 

These effects are well discussed in Ref [90] and I am going to follow the same formalism here. 

 5.1.1 Absorption line profile  

For an absorbing medium with many absorbers (atoms) one can obtain the absorption line profile 

𝛼(𝜔) by treating absorbers as classical damped oscillator with driving force qE. Where q is the 

electric charge and E is the external electric field strength. With this model absorption line profile 

can be written as Eq. 5.4. Here, N is the number of absorbers for unit volume, e is the electron’s 

charge, m is the mass of an electron, c is the speed of light, 0 is the center frequency and  = b/m 

with b is the damping coefficient. 
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 𝛼(𝜔) =  
𝑁𝑒2

4𝜖0𝑚𝑐
 

𝛾

(𝜔 − 𝜔0)2 + (
𝛾
2⁄ )

2   5.4 

 According to Eq. 5.4 absorption line profile 𝛼(𝜔) is Lorentzian with Full Width Half 

Maximum (FWHM) of 𝛾, which equals to the natural linewidth of the transition. Eq. 5.4 is only 

valid for when atoms at rest. In a gaseous medium, thermal motion of atoms introduces an 

additional broadening to the absorption line profile. 

 

Figure 5.2 Absorption coefficient 𝛂 as a function of frequency 𝝎 near to center frequency 𝝎  

At thermal equilibrium, the atoms or molecules of gaseous medium follow a Maxwellian 

velocity distribution. Due to this velocity (𝑣𝑖) distribution absorbers see Doppler shifted frequency 

(𝜔𝑖 = 𝜔0(1 +
𝑣𝑖

𝑐⁄ )) of the incoming laser beam and light gets absorb at different frequencies. 

Hence the additional broadening happens in absorption profile and this additional broadening 

called as “Doppler broadening”. This additional Doppler broadening factor 𝛿𝜔𝐷 can be written in 
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terms of universal gas constant R, temperature T, speed of light in vacuum c, molar mass M and 

center angular frequency 𝜔0. 

 δωD = (
2ω0

c⁄ )√2RT ln 2 M⁄    5.5 

In frequency units, with c = 299792458 m/s and R = 8.314 J K-1 mol-1 

 𝛿𝑣𝐷 = 7.16 × 10−7√𝑇 𝑀⁄    (Hz)   5.6 

For acetylene molecule at room temperature (25 oC) this additional Doppler broadening is 475 

MHz for P(13) absorption line.  

From Eq. 5.4 we know that the frequency response of absorbers is characterized by a 

Lorentzian profile due to finite lifetimes of absorbers. Then, when the absorbers are at thermal 

equilibrium their absorption line profile will be a Voigt profile which is a convolution of 

Lorentzian and Gaussian profiles (see Fig. 5.3).    
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Figure 5.3 Voigt profile as a convolution of Lorentzian line shape with Gaussian profile. 

At high enough pressure gas phase absorbers can collide with each other. As a result of 

these additional interactions between absorbers their energy levels can be shifted. This introduces 

additional broadening in to absorption line profile and this broadening usually called as collisional 

broadening or pressure broadening. Not only do these collisions introduce a broadening to the 

absorption line profile they also shift the center frequency of the profile (see Fig. 5.4). For 

acetylene P(13) line this pressure broadening factor and pressure shifts are 11 MHz/torr and -0.3 

MHz/torr respectively [38].  
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Figure 5.4 Additional broadening and shift of a Lorentzian line profile due to pressure and 

collisions.   

 5.1.2 Saturation in population difference and absorption by optical pumping 

To study the saturation in population difference and absorption due to optical pumping lets focus 

on the rate equations for a two-level system. This two-level system is illustrated in Fig. 5.5 and 

population densities are N1 and N2 for the first level and second level respectively.  

 

Figure 5.5 Two-level system with no relaxation mechanism to other levels 
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Absorption or emission and relaxation processes coupled these two levels with each other 

and no transitions between other levels are assumed. Absorber has a probability of P = B12  () 

to absorb a photon with energy ħ and make transition from level 1 to level 2. Where B12 is the 

Einstein coefficient of induced absorption and  () is the spectral energy density of radiation 

field. With relaxation probabilities R1 and R2 for we can write the rate equations for the level 

populations as, 

 
𝑑𝑁1
𝑑𝑡

=  −𝑃𝑁1 − 𝑅1𝑁1 +  𝑃𝑁2 + 𝑅2𝑁2   5.7 

 
𝑑𝑁2
𝑑𝑡

=  − 
𝑑𝑁1
𝑑𝑡

   5.8 

With assumption of these levels are nondegenerate levels with unity statistical gain we can solve 

Eq. 5.7 and Eq. 5.8 under steady state condition (
𝑑𝑁𝑖

𝑑𝑡
= 0) with N1+N2 = N and show the population 

densities are, 

 𝑁1 = 𝑁 
𝑃 + 𝑅2

2𝑃 + 𝑅1 + 𝑅2
   5.9 

 𝑁2 = 𝑁 
𝑃 + 𝑅1

2𝑃 + 𝑅1 + 𝑅2
 5.10 

And we can see that when the pump rate P becomes larger than the relaxation rates R1 and R2 

population density of level 1 N1 approaches 
𝑁

2
 hence N1 = N2. This means that the population 

difference ∆𝑁 =  𝑁1 − 𝑁2 goes to zero and since absorption coefficient 𝛼 =  𝜎12∆𝑁 also goes to 

zero. Then the medium will behave as a transparent medium for a high intense field. 
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 If the pumping rate is negligible (P ~ 0), we can write the population densities for the 

energy levels which are at the thermal equilibrium as follows. 

 𝑁10 = 𝑁 
 𝑅2

𝑅1 + 𝑅2
 5.11 

 𝑁20 = 𝑁 
 𝑅1

𝑅1 + 𝑅2
 5.12 

With ∆𝑁0 = 𝑁10 − 𝑁20  and ∆𝑁 =  𝑁1 − 𝑁2, we can find the population difference ∆𝑁 In terms 

of ∆𝑁0 as follows. 

∆𝑁0 = 𝑁 
𝑅2− 𝑅1

𝑅1+ 𝑅2
 ;        ∆𝑁 =  𝑁 

𝑅2− 𝑅1

2𝑃+𝑅1+ 𝑅2 
 

 ∆𝑁 = 
∆𝑁0

1 + 2𝑃
(𝑅1 + 𝑅2)
⁄

=  
∆𝑁0
1 + 𝑆

 5.13 

Where S is the saturation parameter with, 

 𝑆 =
2𝑃

𝑅1 + 𝑅2
=
𝐵12𝜌(𝑤)

𝑅̅
 5.14 

In other words, the saturation parameter S is the ratio of pumping rate P to the average 

relaxation rate 𝑅̅ =  
𝑅1+ 𝑅2

2
. Figure 5.6 shows the population of level 1 and the absorption 

coefficient as a function of saturation parameter S. When the saturation parameter approaches one, 

we can see that the absorption coefficient approaches half of the unsaturated absorption coefficient. 

If the only relaxation mechanism of the upper level 2 is the spontaneous emission to the lower 

level 1, we can treat R1 = 0 and R2 = A21, where A21 is the Einstein coefficient of spontaneous 
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emission. Also, we can write the pump rate P due to a monochromatic wave as a function of 

intensity I (), absorption cross section 𝜎12 (𝜔) and can obtain Eq. 5.16 as the saturation parameter 

S. 

 𝑃 = 
𝜎12𝐼(𝜔)

ħ𝜔
 5.15 

 𝑆 =  
2 𝜎12𝐼(𝜔)

ħ𝜔𝐴12
 5.16 

 Now taking the quantity  
2 𝜎12

ħ 𝜔𝐴12
 as the saturation intensity 𝐼𝑠 we can write the saturation 

parameter S as, 

 𝑆 =  
𝐼(𝜔)

𝐼𝑠(𝜔)
 5.17 

When the input intensity ‘I’ is equal to the saturated intensity ‘𝐼𝑠’, population density of 

level 1 becomes three quarters of total population that means that one quarter of total population 

is excited to the upper state level 2. Then the saturation power can be defined as “the power that 

needs to pump one quarter of lower level population to upper level”.  Finally, we can write the 

saturated absorption coefficient as follows. 

𝛼(𝜔) =  𝜎12∆𝑁 

Using Eq. 5.13 with unsaturated absorption coefficient𝛼0 = 𝜎12 ∆𝑁0, 

 𝛼(𝜔) =  
𝛼0

1 + 𝑆
 5.18 
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Eq. 5.18 describes the saturated absorption for homogeneously broadened line. Saturated 

absorption for inhomogeneously broadened line will be discussed in section 5.2. 

 

Figure 5.6 Saturation of absorption coefficient  and population density of level one as a 

function of saturation parameter S. 

 5.1.3 Saturation and power broadening of homogeneous line profile 

Optical pumping reduces the peak absorption and causes the line profile to become broader. From 

Eq. 5.4 we know that absorption line profile 𝛼 (𝜔) homogeneously broadened line exhibits a 

Lorentzian profile. With the frequency independent mean relaxation 〈𝑅 〉 we can introduce the 

frequency dependent spectral saturation parameter as 𝑆𝜔 as, 



96 

 𝑆𝜔 = 
𝐵12
〈𝑅〉

𝐿(𝜔 − 𝜔0) 5.19 

Then we can write spectral saturation parameter 𝑆𝜔 as Eq. 5.20. In Eq. 5.20, 𝑆0 = 𝑆𝜔(𝜔0). 

 𝑆𝜔 = 𝑆0
(𝛾 2⁄ )2

(𝜔 − 𝜔0)2 + (𝛾 2⁄ )2
 5.20 

Along with Eq. 5.20 it can be shown that the absorption line profile is saturated and broadened 

with the optical pumping. Saturated absorption line profile 𝛼𝑠(𝜔) can be written as, 

 𝛼𝑠(𝜔) =  𝛼0(𝜔0)
(𝛾 2⁄ )2

(𝜔 − 𝜔0)2 + (𝛾𝑠 2⁄ )2
= 

𝛼0(𝜔)

1 + 𝑆𝜔
 5.21 

where the unsaturated absorption profile is 

 𝛼0(𝜔) =  
2ℏ𝜔𝐵12∆𝑁0

𝜋𝑐𝛾
 

(𝛾 2⁄ )2

(𝜔 − 𝜔0)2 + (𝛾 2⁄ )2
 5.22 

Saturated absorption line profile in Eq. 5.21 also a Lorentzian profile with increased line width 

 𝛾𝑠 =  𝛾√1 + 𝑆0 5.23 

Equation 5.21 tells us that the absorption coefficient is decreasing with the saturation 

parameter 𝑆𝜔. And the absorption coefficient 𝛼(𝜔) is decreased by the factor (1+𝑆𝜔). This 

saturation factor is maximized at the line center 𝜔0 and decreases as (𝜔 − 𝜔0)
2 increasing. As a 

consequence the saturation is strongest at the line center and it approaches zero in the wings. Also 

as in Eq. 5.23 this saturation introduces additional line broadening. As a result of these saturation 

effects absorption line profile will get broader in width and its peak will go down to preserve the 
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area under the curve. These saturation effects are shown in Fig. 5.7. Also it can be shown that the 

broadening in absorption line profile due to intense laser field has the similar behavior as in Eq. 

5.23 for more details refer to Section 3.6.3 of Ref [90]. 

  

Figure 5.7 Broadening of homogeneous line profile due to saturation or power. 

 5.1.4 Saturation of the inhomogeneous line profile 

In this section I will discuss the saturation of inhomogeneous line profile. Since the gaseous 

phase absorbers follow a Maxwell-Boltzmann velocity distribution at thermal equilibrium, they 

see Doppler shifted laser frequency. Due to these different Doppler shifted frequencies absorption 

line profile is inhomogeneously broadened.  

Let’s consider a monochromatic light wave E travelling in z-direction goes through a gas 

phase absorbing medium with a Maxwell-Boltzmann velocity distribution.  
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 𝐸 =  𝐸0 cos(𝜔𝑡 − 𝑘𝑧) , with k=𝑘𝑧 5.24 

with 𝑘⃗ ∙ 𝑣 = 𝑘𝑣𝑧 the molecules moving with velocities 𝑣  have the Doppler-shifted laser 

frequencies of 𝜔′ =  𝜔 − 𝑘𝑣𝑧 in their reference frame. If these shifted frequencies lie within the 

homogeneous linewidth  𝛾 around the center absorption frequency 𝜔0of a molecule at rest, those 

molecules can contribute to the absorption significantly.   

 For the two-level system depicted in Fig. 5.5 we can write the saturated population 

densities for levels as Eq. 5.25 and Eq. 5.26, where 𝑁𝑖
0(𝑣𝑧) is the density of all molecules in level 

𝐸𝑖 with velocity 𝑣𝑧. It is clear that due to the absorption, population density in level 1 with velocity 

class 𝑣𝑧 should decreases and population density in the upper level increases accordingly.  In Eq. 

5.23 and Eq. 5.24, 𝛾1 and 𝛾2 are related to the life times of level 1 and 2.  

 𝑁1(𝜔, 𝑣𝑧) =  𝑁1
0(𝑣𝑧) −

∆𝑁0

𝛾1𝜏
[

𝑆0(𝛾 2⁄ )2

(𝜔 − 𝜔0 − 𝑘𝑣𝑧)
2 + (𝛾𝑠 2⁄ )2

] 5.25 

 
𝑁2(𝜔, 𝑣𝑧) =  𝑁2

0(𝑣𝑧) +
∆𝑁0

𝛾2𝜏
[

𝑆0(𝛾 2⁄ )2

(𝜔 − 𝜔0 − 𝑘𝑣𝑧)2 + (𝛾𝑠 2⁄ )2
] 

5.26 

The quantity 𝛾 =  𝛾1 + 𝛾2 is the homogeneous width of the absorption and the quantity 𝜏 =  
1

𝛾1
+

 
1

𝛾2
= 

𝛾

𝛾1𝛾2
 is called the longitudinal relaxation time. And the transverse relaxation time can be 

written as 𝑇 =  
1

𝛾1+ 𝛾2
= 

1

𝛾
.  

Figure 5.8 shows the population densities of upper and lower levels as a function of velocity 

𝑣𝑧 when pump with optical frequency𝜔. The optical pump burns a hole in lower state population 

density at 𝑣𝑧 =
𝜔−𝜔0

𝑘
 and creates a peak in the upper state population density. This hole and peak 
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are called as Benne hole and Bennet peak. When 𝛾1 ≠ 𝛾2 the depth of Bennet hole in lower state 

𝑁1(𝑣𝑧) and height of Bennet peak in upper state 𝑁2(𝑣𝑧) are different and we get the saturated 

population difference ∆𝑁(𝜔𝑠, 𝑣𝑧) as Eq. 5.27 by taking the difference between Eq. 5.25 and Eq. 

5.26. 

 ∆𝑁(𝜔𝑠, 𝑣𝑧) =  ∆𝑁0(𝑣𝑧) [1 − 
𝑆0(

𝛾
2⁄ )2

(𝜔 − 𝜔0 − 𝑘𝑣𝑧)2 + (𝛾𝑠 2⁄ )2
] 5.27 

 

Figure 5.8 The Bennet hole and Bennet peak in the lower and upper state population densities.  

As in Eq. 5.27 velocity distribution ∆𝑁(𝜔𝑠, 𝑣𝑧) also shows a velocity-selective minimum 

i.e. a Bennet hole at 𝑣𝑧 =
𝜔−𝜔0

𝑘
 . And this Bennet hole has the homogeneous width of 𝛾𝑠 =

 𝛾√1 + 𝑆0 due to characteristic line profile. The depth of the Bennet hole at the hole center 𝑣𝑧 =

(𝜔 − 𝜔0) 𝑘⁄  is, 
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 ∆𝑁0(𝑣𝑧) − ∆𝑁(𝑣𝑧) =  ∆𝑁0(𝑣𝑧) 
𝑆0

1 + 𝑆0
 5.28 

When 𝑆0 = 1 the depth of the hole is equal to the half of unsaturated population difference. It is 

clear that with increases of pumping intensity/ power, the depth and width of the hole increase. 

The contribution given by molecules with velocity components in the interval 𝑣𝑧 to 𝑣𝑧 + 𝑑𝑣𝑧to the 

absorption coefficient 𝛼(𝜔, 𝑣𝑧) can be written as, 

 
𝑑𝛼(𝜔, 𝑣𝑧)

𝑑𝑣𝑧
𝑑𝑣𝑧 = ∆𝑁(𝑣𝑧)𝜎12(𝜔, 𝑣𝑧)𝑑𝑣𝑧 5.29 

where the absorption cross-section 𝜎(𝜔, 𝑣𝑧) is given by, 

 𝜎12(𝜔, 𝑣𝑧) =  𝜎0
(𝛾 2⁄ )2

(𝜔 − 𝜔0 − 𝑘𝑣𝑧)2 + (𝛾 2⁄ )2
    5.30 

Then the total absorption coefficient 𝛼(𝜔) can calculate by integrating over all velocities as follow. 

  𝛼(𝜔) = ∫∆𝑁(𝑣𝑧) 𝜎12(𝜔, 𝑣𝑧)𝑑𝑣𝑧    5.31 

Using ∆𝑁0(𝑣𝑧) =
∆𝑁0

𝑣𝑝√𝜋
𝑒−(𝑣𝑧 𝑣𝑝⁄ )2and Eq. 5.30 in Eq 5.31 yields, 

 𝛼(𝜔) =  
∆𝑁0𝜎0

𝑣𝑝√𝜋
 ∫

𝑒−(𝑣𝑧 𝑣𝑝⁄ )2(𝛾 2⁄ )2  𝑑𝑣𝑧
(𝜔 − 𝜔0 − 𝑘𝑣𝑧)2 + (𝛾𝑠 2⁄ )2

   5.32 

Here 𝑣𝑝 = √
2𝑘𝐵𝑇

𝑚
 is the most probable velocity and ∆𝑁0 = ∫∆𝑁0(𝑣𝑧) 𝑑𝑣𝑧 is the unsaturated 

population difference. Equation 5.30 gives a Voigt profile with saturation broadened homogeneous 
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line width 𝛾𝑠.  If 𝑆0 < 1 generally the Doppler width dominates the numerator in Eq. 5.32 and factor 

𝑒−(𝑣𝑧 𝑣𝑝⁄ )2 can be taken out from the integral. Then integral is solved analytically as follow. 

Let ∫
𝑑𝑣𝑧

(𝜔−𝜔0−𝑘𝑣𝑧)
2+(𝛾𝑠 2⁄ )2

= ∫
𝑑𝑥

(𝑥2+𝑎2)

+∞

−∞

+∞

−∞
 with 𝑥 = (𝜔 − 𝜔0 − 𝑘𝑣𝑧) and 𝑎 =  𝛾𝑠 2⁄ . 

This yields us ∫
𝑑𝑥

(𝑥2+𝑎2)

+∞

−∞
= 

1

𝑎
[tan−1

𝑥

𝑎
]
−∞

+∞
→

2𝜋

𝛾√1+𝑆0
, then with 𝑣𝑧 =  

𝜔−𝜔0

𝑘
 and 𝑘 =

 𝜔𝑜 𝑐⁄ . 

Putting all of these together we have the saturated absorption coefficient as, 

 𝛼𝑠(𝜔) =  
𝛼0(𝜔0)

√1 + 𝑆0
exp {− [

𝜔 − 𝜔0

0.6𝛿𝜔𝐷
]
2

}    5.33 

Where 𝛼0(𝜔0) =  ∆𝑁0
𝜎0𝛾𝑐√𝜋

2 𝑣𝑝𝜔0
  and the Doppler width 𝛿𝜔𝐷 = 

𝜔0
𝑐
√
8𝑘𝐵𝑇 ln2

𝑚
. 

Then the absorption coefficient for inhomogeneous profile can be written as, 

 𝛼𝑠(𝜔) =  
𝛼(𝜔)

√1 + 𝑆0
    5.34 

This absorption coefficient 𝛼𝑠(𝜔) shows a Voigt profile with reduced amplitude by 

factor √1 + 𝑆0. Along with Eq. 5.17 we can write Eq. 5.34 as, 

 
𝛼𝑠(𝜔) =  

𝛼(𝜔)

√1 + 𝐼
𝐼𝑠
⁄

 
   5.35 
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Since the absorption profile for acetylene molecules at room temperature is Doppler broadened we 

can use Eq. 5.34 or Eq. 5.35 to estimate the optical power absorbed by acetylene molecules inside 

a fiber at given pressure. In the next section I will discuss how we can use Eq. 5.35 to estimate the 

pump power/energy absorb by acetylene gas in different mid-IR acetylene filled HOFGLAS 

systems. 

 5.2 Numerical model to estimate the pump absorbed energy by gas for the 

HOFGLAS system 

In this section I will discuss a simple numerical model to estimate the absorbed pump energy by 

acetylene gas in the HOFGLAS system for given pressure. And finally, I will compare the results 

of numerical model to experimental results for different HOFGLAS systems. 

 In 2017 Lane et al. [91] have developed a numerical model to understand the primary 

physical processes that affect the HOFGLAS output and efficiency. There, two numerical models 

were developed, and numerical results were comrade to experimental results of Ref. [27]. The first 

model was a time-dependent model and based on a single frequency, one-dimensional calculation. 

Even though this model successfully predicted the lasing threshold, it overpredicted the absorbed 

near-IR energy absorbed by the gas. The second numerical model was a two-dimensional, time-

dependent model and Gaussian spectral and radial intensity profiles were assumed for the pump 

beam. By doing so, the authors were able to obtain better numerical results for absorbed near-IR 

pump energy by acetylene gas. But still, the numerical results are overestimated. Even though this 

work showed some agreement between experimental and numerical results, the numerical models 

are based on rate equations, and computationally it is not trivial to solve them. So, a flexible, quick 

method is needed to predict the mid-IR laser operation of the acetylene HOFGLAS system with a 
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given fiber length and gas pressure. Here, I will introduce a numerical model to predict the amount 

of absorbed near-IR pump energy/power by acetylene gas in a HOFGLAS system.  

Since both the fiber and gas absorb near-IR pump energy, it is important to optimize the 

fiber length and the acetylene gas pressure to obtain a higher mid-IR energy with a good laser 

slope efficiency. One can do this experimentally by trying different fiber lengths and different gas 

pressures. But this requires many of fiber cut backs, which is an expensive and somewhat tedious 

process. If we can numerically estimate the amount of energy that loses to the fiber and the amount 

of energy that absorbs by acetylene gas it would be beneficial for the experiment to power scale 

the acetylene filled HOFGLAS system. 

Since both the fiber and gas absorb the pump energy (power) we can write the intensity of 

pump light I as follows,  

 
𝑑𝐼

𝑑𝑧
=  − 𝛼𝑔𝐼 − 𝛼𝑓𝐼 5.36 

Where, 𝛼𝑔 is the gas absorption coefficient and 𝛼𝑓 is the fiber loss coefficient. In the previous 

section I showed that 𝛼𝑔 can be written as Eq. 5.35 for inhomogeneously broadened absorption 

line.  

 
𝛼𝑔 =

 𝛼0

√1 + 𝐼 𝐼𝑠
⁄

 
5.37 

In Eq. 5.37, 𝛼0 is the unsaturated absorption coefficient and Is is the saturation intensity.  The 

unsaturated coefficient 𝛼0 is given by,  

 𝛼0 = 𝑁𝑆𝑔(𝑣 − 𝑣0) 5.38 
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here N is number of absorbers per unit volume in the medium, S is the line strength of chosen 

absorption line and g(-0) is the area normalized line shape function. By assuming the ideal gas 

low we can write down Eq. 5.38 in terms of gas pressure p, temperature T and Boltzmann constant 

kB as follows. 

 𝛼0 =
𝑝

𝑘𝐵𝑇
𝑆𝑔(𝑣 − 𝑣0) 5.39 

Finally, we can write down the Eq. 5.36 as follows by combining Eq. 5.37 and Eq. 5.39. 

 

𝑑𝐼

𝑑𝑧
=  − 

𝑝

𝑘𝐵𝑇
 
𝑠 𝑔(𝑣 − 𝑣0)

√1 + 𝐼 𝐼𝑠
⁄

 𝐼 − 𝛼𝑓 
5.40 

Now we need to solve Eq. 5.40 for acetylene gas at a given pressure inside a hollow-core fiber 

with a specific length. Assuming uniform cross-sectional area for core of the fiber we can write 

Eq. 5.40 as a function of laser power Pl as follows, where 𝑃s is the saturation power acetylene. 

 

𝑑𝑃𝑙
𝑑𝑧

=  −
𝑝

𝑘𝐵𝑇
 
𝑠 𝑔(𝜐 − 𝜐0)

√1 + 
𝑃𝑙

𝑃𝑠
⁄

 𝑃𝑙 − 𝛼𝑓𝑃𝑙 5.41 

 5.2.1 Saturation power for acetylene 1 + 3 absorption band 

Henningsen et al. [89] estimated the saturation power to be 23 mW for acetylene by measuring 

transmitted optical power through a 6.35 m long hollow-core photonic band gap (HC-PBG) fiber 

filled with 10 Pa (75 mtorr) gas pressure of acetylene. Using the experimental setup shown in 

Figure 1 the peak absorbance was determined for the acetylene P(9) line as a function of off-

resonance power exit from the fiber. HC-PBG fiber which was used in the experiment has 10 m 
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core diameter with hexagonal cladding structure and 0.2 dB/m fiber loss at acetylene P(9) line. In 

order to estimate the saturation power (intensity) they omitted the fiber loss term in Eq. 5.41, hence 

assumed the average power inside the fiber is 16% higher than the power at the exit end of the 

fiber and they used an analytical solution to Eq. 5.41.  

 

Figure 5.9 Simplified experimental configuration to determine the peak absorbance. A 6.35 

m long HC-PBG fiber is coiled with 6 cm diameter and both ends are inside a vacuum 

chamber. W1 and W2 are 1 mm thick sapphire windows. /4 is a quarter wave plate and /2 

is a half wave plate. PBS is a polarizing beam splitter. The EDFA is seeded with extended 

cavity diode laser and EDFA operated at 60 mW output power. PD is 5 × 5 mm2 Ge photo 

diode and two 6 mm convex lens are used couple in/out the light to/from fiber. 

Without the fiber loss term, we can write Eq. 5.40 with definition of unsaturated absorption 

coefficient 𝛼0  as, 

 

𝑑𝑃𝑙
𝑑𝑧

=  −
𝛼0

√1 +
𝑃𝑙

𝑃𝑠
⁄

 
5.42 

By solving Eq. 5.42 analytically the input power 𝑃𝑙0 and output power 𝑃𝑙𝐿 is related by following 

equation. 

Vacuum box

HC-PBG

W1 W2

/4 /2 PBS

f/6mm f/6mm

PD

Laser

EDFA
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𝛼0𝐿 = 2 (√1 + 
𝑃𝑙0

𝑃𝑠⁄ − √1 + 
𝑃𝑙𝐿

𝑃𝑠⁄  )

+ 𝑙𝑛

(√1 + 
𝑃𝑙𝐿

𝑃𝑠⁄ + 1)(√1 + 
𝑃𝑙0

𝑃𝑠⁄ − 1)

(√1 + 
𝑃𝑙𝐿

𝑃𝑠⁄ − 1)(√1 + 
𝑃𝑙0

𝑃𝑠⁄ + 1)

 

5.43 

 

 Henningsen et al. [89] calculated the unsaturated Napierian peak absorbance 0L (I will 

call this quantity optical depth from here on) to be 0.963 for acetylene P(9) absorption line for 1 

+ 3 band (1530.37095 nm).  They have used line strength S = 1.024 × 10-20 cm-1/(molecules cm-

2) for acetylene P(9) absorption line and the line shaping function g( -0) would be either Voigt 

or Gaussian depending on the pressure regime. By solving Eq. 5.43 for a given input optical power 

and measured output power they estimated the saturation power for each input powers. Figure 5.10 

shows the peak optical depth and the estimated saturation powers as a function of off-resonance 

transmitted power.  
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Figure 5.10 Peak Optical depth (top) for the 6.35 m fiber filled with 10 Pa acetylene and 

saturation power (bottom) as a function of off-resonance transmitted power. (Reproduced 

with permission from Ref [89], [The Optical Society].) 

 As I discussed earlier Henningsen et al. [89] estimated the saturation power as 23 mW by 

considering that the average power inside the fiber is 16% higher than the exit power due to fiber 

loss. And, they pointed out this estimated saturation power might be somewhat lower than the 

actual saturation power due to presence of fiber surface modes.  

 5.2.2 Numerical calculation to estimate the absorbed energy by gas 

To estimate the absorbed pump energy only by gas I modified the Python script written by Dr. 

Brian Washburn and a copy of the script in the appendix. To test the validity of Python script I 

reproduced the upper plot of Fig. 5.10 by using data available with Ref [89]. I used the same line 

strength and wavelength values which are reported in Ref. [89]. Also, the Voigt profile from the 

Python lmfit package [92] was used as the line shape function and 12.46 MHz/torr [38] was used 
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as the pressure broaden factor for P(9) line. The peak of the Voigt profile depends on the full width 

half max (FWHM) of the profile. Since both Doppler and pressure broadening effect on the FWHM 

of the Voigt profile, 2.35 is used as the Gaussian broadening factor, where  = 201 MHz depends 

on temperature (296 K) and molar mass of acetylene. 

 In this script I numerically solved Eq. 5.41 using the ODE solver in Python to calculate the 

peak optical depth for specific input powers. Equation 5.41 was solved under similar conditions 

as in Fig 5.10 except the input power. In Fig 5.10, authors used the off-resonance transmitted 

power as the x-axis, which has been degraded due to fiber loss. But when we need to solve Eq. 

5.42 we need to reverse the process to get the input power levels. So as the input powers I used the 

same x-axis values and multiply by them with factor of e(
f
×6.35) to eliminate the fiber loss factor. 

For the Ref. [89] x-axis values are, Pout = Pin × e -f
L. So, the Pin = Pout × e f

L. 

If we have unsaturated absorption, we can write power along the fiber as, 

 
𝑑𝑃

𝑑𝑧
=  −𝛼0𝑃 − 𝛼𝑓𝑃 5.44 

Where, 𝛼0 is the unsaturated absorption coefficient for acetylene gas which is given by Eq. 5.39 

and 𝛼𝑓 is the fiber loss coefficient in m-1.  By solving Eq. 5.44 we can write peak optical depth as, 

 𝛼0𝐿 =  𝑙𝑛 (
𝑃(0)

𝑃(𝐿)
) − 𝛼𝑓 𝐿 5.46 

And following same argument we can write peak optical depth for saturated absorption as, 

 Peak optical depth = ln (
Input power

Transmitted power
) - 𝛼𝑓𝐿 5.48 
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Figure 5.11 Calculated optical depth by solving Eq. 5.42 numerically for the 6.35 m long fiber 

filled with 10 Pa (0.075 torr) acetylene gas as a function of input power. 

Then by solving Eq. 5.41 numerically I calculated the peak optical depth as in Eq. 5.48 and resulted 

values are shown in Fig. 5.11 as a function of input powers. 

 In Ref. [89], the authors determined the peak optical depth in low power limit to be in good 

agreement with unsaturated peak optical depth  𝛼0𝐿 = 0.963. With our numerical calculation we 

calculated the peak optical depth at low input power regime to be 0.945. Even though there is slight 

different between experimental and numerical values for the peak optical depth, its behavior with 

the input power is matched well. I also calculated the unsaturated peak optical depth for acetylene 

under same conditions by using the same Python script and it turned out to be 0.946. And this 

reflects that the calculated peak optical depth at the low power limit is in good agreement with the 

calculated unsaturated peak optical depth. It can be concluded that the above mention difference 
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between experimental value and the numerical value is not due to a numerical error rather a 

difference in the peak of line shaping function.  Since results from the above numerical method 

are in good agreement with observations of Henningsen et al. [89], we can use this method in 

HOFGLAS system for estimate the power(energy) absorb by the acetylene gas. 

5.2.2 Estimating absorb power/energy by acetylene gas in different HOFGLAS systems. 

In this section I will discuss how I applied the above method to estimate the absorbed power 

(energy) by acetylene gas in given HOFGLAS configuration and finally I will compare the 

outcome with experimental observations. Three acetylene filled HOFGLAS systems were studied, 

a continuous wave (CW) laser configuration and a 1 ns pulsed laser configuration with two 

different fiber lengths.  

 Xu et al.[28] demonstrated a 1 W continuous-wave mid-IR laser output  with acetylene 

filled hollow-core fiber. Further details about the characteristics of the laser is discussed in section 

1.1. For the numerical calculation for this system I picked two data sets from the Ref. [93], which 

are related to acetylene gas pressure of 0.6 mbar (0.435 torr) and 4.23 mbar (3.17 torr). The fiber 

length used in the setup is 15 m and the acetylene molecules are pumped via the P(9) line. Even 

though authors of Ref. [28] reported produced mid-IR power as a function of incident pump power, 

roughly 50% of the incident power is confined at the pumping wavelength due to large ASE 

associate with the high power EDFA. Figure 5.12, which is reproduced from Ref. [28] shows the 

spectrum of EDFA output at 9.6 W. 
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Figure 5.12 EDFA spectrum measured when output power is at 9.6 W. Approximately 50% 

of the total output power lies within a 3 nm bandwidth around the seed wavelength. 

(Reproduced with permission from Ref [28],[The Optical Society]). 

The anti-resonant fiber used in the above work has loss of 37 dB/km [28] at pump 

wavelength (1530.385 nm). The updated line strength  for P(9) line is 1.211 × 10-20 cm-

1/(molecules cm-2) [38] , pressure broaden factor is 12.49 MHz/torr (0.158 cm-1/atm) [38]. Since 

50% of the incident power is at the pumping wavelength, input power is scaled by 50% in the 

Python script. With these information, a Voigt profile was used as the normalized line shaping 

function and absorbed power by acetylene gas is estimated by solving the Eq. 5.41 numerically. 

Absorbed power by acetylene gas is estimated as a function of input power for two different gas 

pressures. Depending on the laser performance and availability of data 0.6 mbar and 4.23 mbar are 

used as the acetylene gas pressure. Figure 5.13 shows the comparison between numerical results 

and experimental results which are in good agreement especially at lower pressure. Even though 

there is slight difference between numerical results and experimental values for higher pressure 

system, that could be due to an over estimation of absorbed energy in the experiment.   
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Figure 5.13 Comparison between numerical results and experimental results for absorbed 

power by acetylene gas as a function of coupled power (a) for gas pressure of 0.6 mbar (b) for 

gas pressure of 4.23 mbar. 

The absorbed power by acetylene gas was calculated as a function of gas pressure for given 

input pump power. For this, 4.3 W was used as the input power depending on the availability of 

experimental data. Figure 5.14 shows the comparison between numerical and experimental results. 

According to the comparison, numerical results and experimental results are quite agree with each 

other. Even though numerical results underestimate/overestimate the absorbed power by gas, it 

predicted the behavior of absorbed power by gas as a function of gas pressure well. This 

quantitative discrepancy between numerical and experimental results could be due to errors that 

are associated with the experiment. For instance, the authors of Ref. [28] used scattered light from 

the side of the fiber to estimate the absorb energy by gas. If there was significant amount of 

scattered light from the side of the fiber this could mean that the bend loss associated with fiber is 

significant and the fiber loss at the pump wavelength should be higher than the reported value. 

This implies that both numerical and experimental values are overestimated, and the amount of 

overestimation for experimental data could be higher than the numerical values.  

(a) (b)
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Figure 5.14 Comparison between numerical result and the experimental result of absorbed 

power by acetylene gas as a function of gas pressure. Input (coupled) power to the system is 

4.3 W for all the data points. 

Eventhough there is slight quantitative disagreement  between numerical and experimental 

results in Fig. 5.14, qualitativly they have same behavior. Now we can extend this numerical 

analysis to pulsed acetylene filled HOFGLAS system and can study the feasibilty of using it in a 

such a system. 

To extend this discussion to pulsed acetylene filled HOFGLAS system I will consider the 

pulsed HOFGLAS system which was discussed in Ref. [27]. To extend the numerical analysis 

from the CW system to pulsed system we need to do a one major change to Python code. For the 

CW system Eq. 5.41 is solved  for optical pump powers. But in pulsed HOFGLAS system we have 

to deal with the pulsed energies. Since we know the pulse duration of pump pulse is 1 ns we can 

calculate the peak pump power that is associated with a given pump pulse energy assuming a 
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Gaussian pulse shape. Then we will use this peak pump power as the initial condition and solve 

the Eq. 5.41. After the Eq. 5.41 is solved the results will be used to calculate the absorbed pump 

pulse enrgy by acetylene gas assuming that the pulse width does not change will propagating 

through the gas and fiber. This is valid assumption, since the pump pulses are confined in the core 

of the fiber and dispersion that is associated with acetylene gas is negligible. Also the line strength 

‘S’ and wavelength are changed according to the pump line. 

The pulsed actylene filled HOFGLAS system with 10.9 m long fiber is treated with this 

numerical model. More details abut this HOFGLAS system can be found in Ref. [27] and discussed 

in Sections 1.1 and 3.1. One of the important factors to note down is, this HOFGLAS system was 

pumped at P(13) line and therefore the Python code is changed accordingly. The absorbed pump 

energies only by the gas are calculated as a function of gas pressure for  given coupled pump pulse 

energies and they are compared to experimentaly obtined values. Figure 5.15 shows the comprison 

between numerical and experimental data. Here, the numerical model clearly underestimates the 

amount of pump pulse energy absorb by gas. But the numerical results qualitativly match with the 

experimental results.  
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Figure 5.15 Comparison between numerical result and the experimental result of absorbed 

energy only by acetylene gas as a function of gas pressure for pulsed acetylene HOFGLAS 

system with fiber length 10.9 m. Coupled pulse energy to the system is ~ 7.5 J for all the data 

points.  

The behavior of the absorbed energy only by gas can be explained as follows. The line 

profile g ( -0) for this pressure regime is the Voigt profile. It is Doppler broadened by ~ 475 

MHz and further broaden by 11 MHz/torr [38] due to acetylene gas pressure. Since Voigt profile 

is an area normalized function its peak will go down as it gets broader. Furthermore, since the 

absorption coefficient at the line center proportional to the peak value of Voigt profile this pressure 

broadening eventually saturates absorbed energy/ power by acetylene gas. And Fig. 5.15 clearly 

reflects this saturation behavior in both experimental and numerical results. 

Based on the comparison between experimental and numerical results, it seems like 

saturation power Ps = 23 mW is too small for high peak power limit. To get a better agreement 
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between experimental data saturation power Ps is scaled up by factor of 25 and obtained results 

are shown in Fig. 5.16.  

 

Figure 5.16 Comparison between numerical result and the experimental result of absorbed 

energy only by acetylene gas as a function of gas pressure for pulsed acetylene HOFGLAS 

system with fiber length 10.9 m. Here numerical results were obtained by scaling the 

saturation power by factor of 25. Coupled pulse energy to the system is ~ 7.5 J for all the 

data points. 

By scaling up the saturation parameter we have a better agreement with experimental data 

but now absorbed energy by gas is overestimated specially for higer pressures. Based on this we 

would treat the saturation power as a free parameter for pulsed HOFGLAS system to estimate the 

energy absorbed by gas. Unlike for the CW acetylene HOFGLAS system, we had to change the 

saturation power when treating the pulsed acetylene HOFGLAS system with the above-mentioned 

numerical method. Underline root for this behavior may due to the difference in the linewidths of 

the pumps in both systems. In CW configuration the linewidth of the pump is in the order of few 
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100 KHz, while for pulsed configuration we have a pump linewidth of ~ 500 MHz. Therefore, 

more acetylene molecules can contribute the near-IR pump absorption in pulsed configuration than 

the CW configuration. But, in the numerical model we only considered the pump absorption at the 

line center for both cases. While, this method provides a good approximation for CW configuration 

we need to include the contributions from other frequencies away from the center frequency in 

order to get better agreement for the pulsed configuration. But, for now we will treat the saturation 

power as free parameter for pulsed configuration and leave the contribution from other frequency 

components as a future work.   

As a summary, we introduced a numerical model to estimate the absorbed near-IR pump 

energy (power) only by acetylene gas at a given pressure. We compared the numerically obtained 

values with experimental values and found good agreement for CW lasing mechanism while using 

23 mW as the saturation power. For the pulsed HOFGLAS system, even though numerical results 

showed the same qualitative behavior as the experimentally obtained values, numerical values are 

underestimated compared to the experimental values. A good agreement between numerical results 

and experimental results was found by reducing the saturation parameter by a factor of 25 

(increasing the saturation power by a factor of 25). As discussed earlier the numerical model was 

based on a single frequency calculation. For pulsed pump source, we might need to include the 

contribution from the other frequency components. In Ref. [91], the authors have concluded that 

the spectral width of the pump beam has influenced on the absorption and therefore, it is 

worthwhile to include the contribution from the other frequency components in our numerical 

model for the pulsed HOFGLAS system. 
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Chapter 6 - New near-IR pump source 

The mid-IR output energy our acetylene filled HOFGLAS system is currently limited by the 

available near-IR pump energy.  We currently work with the highest near-IR output pulse energy 

we can get from the current OPA. Therefore, new near-IR pump source is needed to power scale 

the mid-IR output of the acetylene filled HOFGLAS system. This chapter is focused on designing 

and construction of a new near-IR pump source for the acetylene filled mid-IR HOFGLAS system. 

This new near-IR pump source is based on a two-stage OPA and design is discussed in the later 

part of this chapter. In the first part of the chapter I will discuss about the second order nonlinear 

optical frequency conversion and specifically will focus on the optical parametric amplification.  

Before constructing the two-stage OPA, numerical calculations are done to predict the total gain 

of the two-stage OPA based on the proposed design and the results of the numerical calculation 

are also discussed. Finally, the construction and the preliminary results of the two-stage OPA are 

reported.  

 6.1 Optical parametric amplification 

The working mechanism of the OPA relies on the second-order nonlinear optical wave interaction 

inside a nonlinear medium. Generally, this second-order nonlinear process also called three-wave 

mixing since the involvement of three distinct fields [94].The second harmonic generation (SHG) 

of the ruby laser with a quartz crystal [95] opened a new area in nonlinear optics, and since then 

researchers have demonstrated the generation of new spectral components via second-order 

nonlinear effects using a different kind of nonlinear materials/crystals. Mainly, there are three 

types of second-order nonlinear optical process. Namely, second harmonic generation (SHG), sum 

frequency generation (SFG) and difference frequency generation (DFG). These processes are 
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described schematically in Fig. 2.9. The subscripts p, s, and i indicate the pump, signal, and idler 

waves and are given based on the convention 𝜔𝑝  >  𝜔𝑠 > 𝜔𝑖.  As in Fig. 2.9, SHG can be 

describes as, single strong pump beam at the fundamental frequency  𝜔𝑝 is incident on nonlinear 

crystal and generates new a spectral component at second harmonic frequency 2 𝜔𝑝. In the SFG 

process pump beam with a frequency  𝜔𝑝 and signal beam at a frequency  𝜔𝑠 are mixed inside the 

crystal to make the new spectral component at frequency 𝜔𝑖 =  𝜔𝑝 +  𝜔𝑠. The DFG process is 

somewhat similar to the SFG process but the new frequency component is 𝜔𝑖 =  𝜔𝑝 −  𝜔𝑠.   

 

Figure 6.1 Schematic of various frequency conversion processes involving the second-

order nonlinear process.  

The process of optical parametric amplification (OPA) strictly depend on the process of 

DFG. In the OPA a strong pump wave and a relatively weak signal wave mix inside the nonlinear 

𝝎 

𝝎 

2𝝎 

Second harmonic generation

𝝎 

𝝎 

𝝎 = 𝝎 +𝝎 

Sum frequency generation

𝝎 

𝝎 

𝝎 = 𝝎 −𝝎 

Difference frequency generation



120 

crystal. Then, the signal wave is amplified through the DFG process, and the idler wave is 

generated to conserve the photon energy. This process is depicted in Fig. 2.10. As per the energy-

level description in Fig. 2.10, to create a photon at idler frequency 𝜔𝑖 a photon at the higher 

frequency (pump) 𝜔𝑝 must be annihilated and a photon at the signal frequency  𝜔𝑠 must be created. 

And this process is stimulated by input weak signal wave, thus the signal wave is amplified by the 

process of DFG.  

 

Figure 6.2 Optical parametric amplification. The interaction beams  

The amount of parametric gain critically depends on parameters like the effective 

nonlinearity 𝑑𝑒𝑓𝑓, length of the nonlinear crystal L, and the phase matching condition ∆𝑘. The 

effective nonlinearity  𝑑𝑒𝑓𝑓 depends on the symmetry relation of the nonlinear susceptibility, 

nonlinear crystals optical properties and orientation with respect to the fundamental input beams. 

The phase matching condition ∆𝑘 represents the phase velocity mismatch between three waves 

that involved in the nonlinear process. To achieve the perfect phase matching condition pump 
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beam’s wave vector should equal to the summation of the signal beam’s and the idler beam’s wave 

vectors. Figure 2.11 shows the parametric gain as a function of normalized propagation distance, 

for perfect phase match condition, the phase mismatch condition with Δ𝑘𝐿 = 1 and Δ𝑘𝐿 = 10.  As 

per Fig. 2.11, it is obvious that to get higher gain (higher signal output) one need to minimize the 

phase mismatch Δ𝑘. 

 

Figure 6.3 Parametric gain for different phase matching conditions as a function of 

normalized propagation distance along the nonlinear crystal. This is numerically 

generated using solutions available in Ref. [94]. 

The magnitude of the wave vector 𝑘 of an arbitrary optical beam with frequency 𝜔 can be 

written as,  

 𝑘 =  
𝑛𝜔

𝑐
=  

2𝜋𝑛

𝜆
   6.1 
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where n is the index of refraction of the nonlinear crystal for the optical beam with vacuum 

wavelength 𝜆. Then the perfect phase matching condition for the OPA process is given by [94], 

 𝑘𝑝⃗⃗⃗⃗ = 𝑘𝑠⃗⃗  ⃗ +  𝑘𝑖⃗⃗  ⃗    6.2 

Since the propagation direction for all the interacting beams are predefined, the magnitude of the 

phase mismatch can be written as, 

 Δ𝑘 =  𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖   6.3 

and, since the refractive index depends on the color, we can write Eq. 6.3 along with Eq. 6.1 as, 

 Δ𝑘 =
[𝑛(𝜔𝑝)𝜔𝑝 − 𝑛(𝜔𝑠)𝜔𝑠 −  𝑛(𝜔𝑖)𝜔𝑖 ]

𝑐
 6.4 

then for perfect phase matching condition the quantity [𝑛(𝜔𝑝)𝜔𝑝 − 𝑛(𝜔𝑠)𝜔𝑠 −  𝑛(𝜔𝑖)𝜔𝑖 ] should 

equal to zero. But due to the normal or anomalous dispersion of the nonlinear crystal, it is not 

trivial to satisfy the above condition [62, 94]. However, the birefringence property of the nonlinear 

crystals allows us to satisfy the phase matching condition. The refractive index of a birefringent 

material depends on the frequency, polarization and the direction of propagation of a wave. For an 

example, in uniaxial crystals (have only one principle optic axis) there are two indices of refraction, 

called ordinary index 𝑛𝑜 and extraordinary index 𝑛𝑒 [94]. If the optical wave’s polarization is 

perpendicular to the optic axis of the crystal, this wave said to be an ordinary wave and regardless 

of the propagation direction observes the ordinary index 𝑛𝑜. If the wave’s polarization in parallel 

to the optic axis, then it sees the extraordinary index 𝑛𝑒(𝜃) and the refractive index depends on the 

angle 𝜃, where the angle 𝜃 defined as the angle between the principal optic axis and the 

propagation direction [94]. Then by selecting appropriate polarizations with respect to the crystal’s 
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optic axis and the propagation angle, one could obtain the perfect phase match condition (rather 

minimize the phase mismatch). Usually, this type of phase matching named as angle tuning phase 

matching due to the phase matching condition highly depends on the critical propagation 

angle 𝜃𝑝𝑚. Based on how the polarizations of interacting waves are rotated, there are two types of 

angle tuning phase matchings. If the pump and signal waves share the same polarization it refers 

as type I phase matching and if pump and signal wave’s polarizations are orthogonally polarized, 

it is identified as type II phase matching. Depending on the each interacting wave’s polarization 

designation as in Table 6.1 is used to name the interactions. 

Table 6.1 Various polarization combination for type I and type II phase matching. 

Type I 

Pump polarization Signal polarization Idler polarization Shorthand notation 

Extraordinary Extraordinary Ordinary eeo 

Ordinary Ordinary Extraordinary ooe 

Type II 

Extraordinary Ordinary Extraordinary eoe 

Extraordinary Ordinary Ordinary eoo 

Ordinary Extraordinary Extraordinary oee 

Ordinary Extraordinary Ordinary oeo 

 

 To find the phase matching angle 𝜃𝑝𝑚 one should first know how the extraordinary wave’s 

refractive index 𝑛𝑒(𝜃) changes with the propagation direction. If the wave’s propagation direction 

makes angle 𝜃 with the optic axis of a uniaxial crystal, the extraordinary wave has a refractive 

index of [62, 94], 
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1

𝑛𝑒(𝜃)2
= 

sin2 𝜃

𝑛𝑒  2
+ 
cos2 𝜃

𝑛𝑜2
 6.5 

 Then for perfect phase matching Eq. 6.4 can be reduced along with 𝜔𝑝 = 𝜔𝑠 + 𝜔𝑖 to, 

 (𝑛(𝜔𝑝) − 𝑛(𝜔𝑖))𝜔𝑝 − (𝑛(𝜔𝑠) − 𝑛(𝜔𝑖))𝜔𝑠 = 0  6.6 

and Eq. 6.5 and Eq. 6.6 can be simultaneously used with various polarization combinations in 

Table 6.1 to find the phase matching angle 𝜃𝑝𝑚. The obtained values can be found in Table 10 at 

the second chapter of Ref. [94]. In some special situations, the phase matching angle is equal to 

the 90o. This special scenario typically is referred  to noncritical phase matching (NCPM) and 

phase matching is usually achieved via the temperature phase matching [94]. The condition where 

the phase matching angle 𝜃𝑝𝑚 ≠ 90o is then called critical phase matching (CPM). The refractive 

index of a material is also a function of temperature and is described by temperature-dependent 

Sellmeier equations [96, 97]. So, the phase matching condition can be achieved by tuning the 

crystal temperature with NCPM [94]. Sometimes, NCPM is favorable over CPM due to several 

reasons. Unlike the CPM, NCPM is less sensitive to the beam divergence. If the beam divergence 

is larger than the phase matching angle, it introduces additional phase mismatch and hence lowers 

the conversion efficiency. Furthermore, NCPM does not introduce beam walk-off like in CPM. 

The beam walk-off can severely reduce the overlapping between interacting beams and limits the 

beam sizes and the length of the crystal. The beam walk-off is a phenomenon that arises due to 

birefringence of the crystal. For an extraordinary wave, the direction of the propagation vector and 

the direction of the pointing vector (which defines the direction of energy flow) is not the same. 

Therefore, the ordinary and extraordinary beams will not entirely overlap along the whole length 



125 

of the crystal in both type I and type II CPM. On the other hand, for NCPM the spatial beam walk-

off is negligible [94]. 

 Phase matching angels for a biaxial crystal is not as simple as for the uniaxial crystal. 

Unlike for a uniaxial crystal, there are two optic axes in biaxial crystals. Therefore, the phase 

matching condition depends on two angels: 𝜃 and 𝜙. If the crystal’s principle axes are X, Y, Z, 

these two optics axes lie in the XZ plane and there are three indices of refractions as 𝑛𝑋 , 𝑛𝑌, and 

𝑛𝑍 associate with each axis. For crystal with 𝑛𝑋 < 𝑛𝑌 < 𝑛𝑍, these two optic axes lie symmetrically 

around the Z- axis with an angel 𝛺 with respect to the Z-axis. These angles are illustrated in Fig. 

6.4 and the angle Ω is given by Eq. 6.7 (a). For crystal with 𝑛𝑋 > 𝑛𝑌 > 𝑛𝑍, the optic axes make 

angels 𝛺, with Z-axis and are given by Eq. 6.7 (b). And, in Fig. 6.4 the angle 𝛺 is replaced by 𝛺, 

for the above situation [94]. 

 sin 𝛺 =  
𝑛𝑍
𝑛𝑌
 (
𝑛𝑌
   2 − 𝑛𝑋

   2

𝑛𝑍
   2 − 𝑛𝑋

    2)

1
2⁄

  6.7 (a) 

 

cos𝛺′ = 
𝑛𝑋
𝑛𝑌
 (
𝑛𝑌
   2 − 𝑛𝑍

   2

𝑛𝑋
   2 − 𝑛𝑍

    2)

1
2⁄

    6.7 (b) 

 If wave with a wave vector 𝑘⃗  travels in biaxial crystal with at an angle 𝜃 with the Z-axis 

and an azimuthal angle 𝜙, as depicted in Fig. 6.4, the indices of refraction for the allowed two 

propagation modes can be found by solving the following Fresnel equation. 

 
sin2 𝜃 cos2 𝜙

𝑛−2 − 𝑛𝑋
   −2 +

sin2 𝜃 sin2𝜙

𝑛−2 − 𝑛𝑌
   −2 +

cos2 𝜃

𝑛−2 − 𝑛𝑍
  −2 = 0 6.8 
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Figure 6.4 Wave propagation in biaxial crystal’s coordinate system. 

The solutions to the Eq. 6.8 relate to the two orthogonal modes of propagation in the 

direction of (𝜃, 𝜙). In a biaxial crystal, unless the propagation is in the principal planes, tthese two 

orthogonal modes are neither extraordinary nor ordinary. For a biaxial crystal, in type I phase 

matching the pump and signal wave’s polarizations are parallel to each other while they are 

orthogonally polarized in type II phase matching [94].  Then the Eq. 6.8 can be used along with 

Eq. 6.6 to determine the phase matching angels for type I and type II conditions. Usually, solving 

these equations for the biaxial crystal is more complex than for a uniaxial crystal. The phase 

matching angles can be obtained numerically using available software packages such as SNLO 

[106] easily. But analytical solutions are possible if the propagation is confined to the principal 

planes of the crystal. One can find the phase matching angels by using relevant formulas available 

in Tables 16, 17 and 18 at chapter 2 of Ref. [94].  Potassium titanyl phosphate (KTiOPO4) also 

known as KTP crystal is a biaxial crystal and phase matching angles for a specific OPA process 

will be calculated in section 6.2.   
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 Even though angle tuning phase matching is a widely used technique, there are some 

drawbacks associated with it. As discussed earlier beam divergence and spatial walk-off add 

limitations for the crystal length, and some angels of propagation are not possible [94]. Also, some 

nonlinear crystals do not show enough birefringence nor have birefringence (for optically isotropic 

crystal structure) that need for angle tuning.  For example, even though gallium arsenide (GaAs) 

is a semiconductor with high nonlinear coefficients, angle tuning phase matching is not possible 

due to its optically isotropic property [98]. Furthermore, the diagonal elements in the nonlinear 

susceptibility tensor are usually higher than the off-diagonal elements [62], but diagonal elements 

are only accessible when the fundamental interacting beams share the same polarization. 

Therefore, diagonal elements are inaccessible with angle tuning. For an example, lithium niobate 

(LiNbO3) has an off-diagonal nonlinear optical coefficient of d31 = -4.52 pm/V whereas, diagonal 

nonlinear optical coefficient of d33 = 31.5 pm/V [99]. The technique known as quasi-phase-

matching (QPM) allows to access these diagonal elements by having the same polarization state 

for the interacting beams [94]. This method was first suggested by Armstrong et al. [100] in 1962. 

They suggested that the QPM can be achieved by dividing the nonlinear medium into thin sections 

and then rotating each section by 180o. Figure 6.5 shows the idea of QPM. Here, the material 

divided into thin sections with the same size and is periodically poled such a way that the nonlinear 

coefficient 𝑑𝑒𝑓𝑓 changes its sign between each segment. The period 𝛬 is equal to the twice of 

coherent length 𝐿𝑐𝑜ℎ, where 𝐿𝑐𝑜ℎ is given by Eq. 6.9 and is the distance that waves should travel 

to generate the desired spectral component [94]. 

 𝐿𝑐𝑜ℎ = 
𝜋

|Δ𝑘|
 6.9 
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Figure 6.5 A schematic of a periodically poled material with the orientation of 

crystalline axes changes between each segment.  

 For the first-order QPM, the effective nonlinearity is lowered by a factor of (
2

𝜋
) than the 

phase matching achieves with the angle tuning. But, the diagonal elements of the nonlinear 

susceptibility tensor are accessible with the QPM and one can utilize higher effective nonlinearity 

with the QPM than the angle tuning hence higher conversion efficiencies with the QPM [94]. For 

the OPA process with a first order QPM crystal phase mismatch can be written as [62], 

 Δ𝑘 =  𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖 − 
2𝜋

𝛬
 6.10 

and the optimum poling period for a given interaction can be found by equaling the Eq. 6.10 to 

zero, i.e., imposing the perfect phase matching condition. This yields us,  

 𝛬 = 
2𝜋

𝑘𝑝 − 𝑘𝑠 − 𝑘𝑖
 6.11 

 6.2 Two-stage OPA 

As I discussed in chapter 3, the laser signal saturation is removed from the acetylene filled 

HOFGLAS system by using a ~ 8 m long hypocycloidal kagome structured HCPCF with acetylene 

gas pressures above 2 torr. Also, linear dependence between produced mid-IR energy and absorbed 

near-IR energy by acetylene gas observed. Furthermore, produced mid-IR pulse energy only 
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limited by the available near-IR pump energy. With the available near-IR pump source the 

maximum near-IR pump pulse energy we can get is 21 J. More pump energy can be obtained by 

pumping the existing near-IR OPA with higher pump pulse energies. Even though Nd:YAG laser 

which is the pump laser for the OPA is capable of producing energy of 3 mJ per pulse we use only 

200 J out of it due to damage threshold and the aperture size of the PPLN crystal. So new near-

IR pump source is needed to test the limits of acetylene HOFGLAS system under current 

configurations. 

We have looked for several options as the higher power (energy) near-IR pump source. 

One possible way is to replace the current PPLN crystal by another PPLN crystal with a larger 

aperture. This gives us the ability pump the OPA with higher Nd:YAG energy to get higher near-

IR output energy. Replacing the current PPLN crystal with a larger aperture PPLN crystal is not 

feasible solution for us due to limitation in the budget. Buying a new PPLN crystal with a larger 

aperture is an expensive step, since this includes growing a new crystal and poling it with required 

poling periods. Replacing the PPLN crystal with a bulk nonlinear crystal is not a viable solution 

too. For bulk crystal phase matching condition is usually achieved by angle tuning method. As 

discussed in section 6.1, the effective nonlinearity (deff) accessible with angle tuning is usually less 

than the effective nonlinearity that can be attainable with quasi phase matched condition. And the 

conversion efficiency is directly proportional to deff
 2  [94]. Therefore, it is clear that there is no 

advantage of using a bulk crystal instead of the existing PPLN crystal. 
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Figure 6.6 The schematic of the tunable, high-power near-IR two stage OPA using two KTP 

crystals. Adapted from Ref. [101]. 

 Tunable, high-power near-IR radiation by an OPA has been demonstrated by Finsterbusch 

and coworkers using two potassium titanyl phosphate (KTP) crystals [101]. There, picosecond 

pulses from an Nd:YLF regenerative amplifier at 1053 nm with repetition rate of 1 kHz is used as 

the pump source and near-IR output from synchronously pumped frequency- stabilized optical 

parametric oscillator (OPO) is used as the seed source. The OPO is based on a PPLN crystal. Then 

the seed and pump beams are focused on the first KTP crystal and then the amplified seed and 

residue pump beams are sent through the second KTP crystal which is orientated in walk-off 

compensation geometry. Both KTP crystals are uncoated, 15 mm long with an aperture of 5×5 

mm2 and cut to phase matching angles of 𝜃 = 54𝑜 and 𝜙 = 0𝑜. And, type II phase matching at x-

z plane is used. Figure 6.5 shows the schematic of the experimental setup. The signal beam is 

tunable between 1780 and 2020 nm and idler has tunability range from 2200 to 2580 nm. By using 

pump pulse energy of 2.3 mJ authors were able to obtain 400-500 J pulse energies for signal 

beam and 350-400 J pulse energies for idler beam with total conversion efficiency of 37%. 
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By motivated from above described work, a two-staged OPA is designed to amplify the 

near-IR pulse energy of our current OPA. As mentioned earlier, even though our Nd:YAG laser 

has capability of producing 3 mJ of energy per one pulse we used only 200 J out of it to pump 

the current OPA and rest of the pulse energy is dumped. The main idea for the two-staged OPA is, 

use 200 J of Nd:YAG pulse energy to pump the current OPA and use previously dumped energy 

to pump the second stage. The near-IR output from the existing OPA will be used as the seed beam 

for the second stage and a suitable bulk crystal will be used as the nonlinear crystal for the second 

stage.  

 We decided to use a bulk KTP crystal as the nonlinear crystal for the second stage of the 

OPA due to it has a good optical transparency in the wavelength region we are interested in, and 

good nonlinear optical properties [102]. The KTP crystal has good optical transparency from 0.35 

m to 4.5 m and is widely used in frequency doubling of the Nd lasers at 1 m [103]. Bulk KTP 

crystals have been used in OPAs at near-IR [101, 104], in OPOs at IR [105], and OPOs at mid-IR 

[106] with good conversion efficiencies. KTP is biaxial crystal and the phase matching condition 

for a given interaction is depends on the propagation plane of the crystal. The calculation of the 

phase matching angels for our desired OPA interaction is discussed in next section.  

 6.2.1 Phase matching condition of bulk KTP crystal for near-IR OPA operation  

For bulk nonlinear crystals the common way to achieve the phase matching condition is through 

the angle tuning the crystal. This method was discussed in detail at section 2.3. We need to find 

the phase matching condition for the interaction of converting pump photon at 1064 nm to a photon 

at signal wavelength 1532 nm and to a photon at idler wavelength 3483 nm. The phase mismatch 

for this interaction is given by Eq. 6.4 and for perfect phase matching the quantity 
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[𝑛(𝜔𝑝)𝜔𝑝 − 𝑛(𝜔𝑠)𝜔𝑠 −  𝑛(𝜔𝑖)𝜔𝑖 ] should equal to zero. The procedure of finding the phase 

matching angels for biaxial crystal is not a trivial process.  The procedure is well discussed in Ref. 

[94], and one can use numerical software to calculate the phase matching conditions more easily. 

First, I used a free version of SNLO program which has been developed by AS-Photonics [107] to 

calculate the phase matching conditions for the OPA process we are interested in. Then, the phase 

matching conditions are verified through a manual calculation with details available in Ref. [94]. 

With SNLO, phase matching angels of 𝜃 =  44.50 and 𝜙 = 00 are obtained for the x-z propagation 

plane under type II phase matching condition. And 353 K is used as the crystal temperature. Under 

these conditions the effective nonlinearity has a value of 2.27 pm/V. And, the walk-off angle is ~ 

48.5 mrands (3𝑜). Unfortunately, this walk-off angle limits the overlap between interacting beams. 

Then calculations are carried out again by considering propagation in x-y plane. This provides with 

angels 𝜃 =  900 and 𝜙 = 63.40. This gives us about the same effective nonlinearity but more 

importantly both pump and signal beams have almost same beam walk-off angles. To check the 

validity of calculations done with SNLO, I recalculated the phase matching conditions for 

propagation in x-z plane using equations in table 16 on page 68 of Ref. [94].  

The phase matching angles for biaxial crystal are defined as in Fig. 6.4. For propagation in 

x-z plane the angle 𝜙 is zero. The perfect phase matching condition only can be attained via the 

type II condition. So, pump and signal beam should have orthogonal polarizations. And, to find 

the phase matching angle 𝜃𝑝𝑚 following equations are used [94]. 

 tan2 𝜃𝑝𝑚 = 
1 − 𝑉

𝑉 − 𝑌
 

  

6.12 

  where, 

 𝑉 =  
𝐵2

(𝐶 − 𝐴)2
   ; 𝑌 =  (

𝐵

𝐸
)
2

 
  

6.13 
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and 𝐴, 𝐵, 𝐶 and 𝐸 are given by, 

 
𝐴 =  

𝑛𝑝,𝑌

𝜆𝑝
 , 𝐵 =

𝑛𝑠,𝑋
𝜆𝑠

, 𝐶 =  
𝑛𝑖,𝑌
𝜆𝑖

, 𝐸 =  
𝑛𝑠,𝑍
𝜆𝑠

    
6.14 

As usual the subscripts p, s, and i stand for pump, signal and idler. The subscripts X, Y and Z in 

refractive indices indicate the indices in respective directions at given wavelengths. Then the 

respective refractive indices are calculated using Sellmeier equations for KTP crystal available in 

Ref. [108]. All of these calculations were done using a python script and a copy of the script can 

be found in the appendix. The calculated phase matching angles are 𝜃 =  43.11o, 𝜙 =  0o and well 

matched with angles found with SNLO. To find the effective nonlinear constant following 

equation is used [94].  

 

𝑑𝑒𝑓𝑓 = (𝑑32 − 𝑑31)(3 cos
2 𝛿 − 1) sin 𝜃 cos 𝜃 sin 2𝜙 sin 𝛿

− 3(𝑑31 cos
2 𝜙 + 𝑑32 sin

2𝜙) sin 𝜃 cos2 𝜃 sin2 𝛿 cos 𝛿

− (𝑑31 sin
2 𝜙 + 𝑑32 cos

2 𝜙) sin 𝜃 cos 𝛿 (3 cos2 𝛿 − 2)

− 𝑑33 sin
3 𝜃 sin2 𝛿 cos 𝛿 

6.15 

The angle 𝛿 is defined as follows. 

 cot 2𝛿 =
(cot2Ωsin2 𝜃 − cos2 𝜃 cos2 𝜙 +sin2 𝜙)

cos 𝜃 sin 2𝜙
 6.16 

Since for KTP crystal 𝑛𝑋 < 𝑛𝑌 < 𝑛𝑍, the angle Ω is given by, 

 sinΩ =  
𝑛𝑍
𝑛𝑌
 (
𝑛𝑌
 2 − 𝑛𝑋

 2

𝑛𝑍
 2 − 𝑛𝑋

 2)

1
2⁄

 6.17 
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Then, the 𝑑𝑒𝑓𝑓 is calculated using above mentioned phase matching angles and obtained value of 

– 2.6 pm/V is fairly matched with the SNLO output value.  

 6.2.2 Numerical calculation to predict the gain of two-stage OPA 

After the phase matching angles and the effective nonlinearity are obtained the next step is to 

predict the total gain achievable with the two –stage OPA. Again. SNLO software is used to 

calculate the total gain. First, the interacting beams are treated as plane waves. Secondly, both the 

pump and signal beams are considered as pulsed. Then the 21 J is used as the input signal pulse 

energy. Unfortunately, even though our pump laser, the Nd:YAG laser has an energy of 3 mJ per 

pulse, significant amount of energy is lost to the faraday isolator and only about 1 mJ is available 

for to pump the both PPLN and KTP crystal. Out of that 200 J should be used to pump the PPLN 

and we have only about 0.98 mJ to pump the KTP crystal. The beam diameters are set to be 1 mm 

based on the damage threshold of the KTP crystal and crystal’s input face is treated as AR coated. 

Then the output energies for respective beams are calculated for crystal length of 2.5 cm. The input 

and output irradiances are shown in Fig. 6.7. The calculated output values are 71 J for signal and 

0.88 mJ for pump. And this gives additional 5 dB signal gain from the second stage of the OPA. 

By decreasing the both pump and signal beams to beam diameter of 0.75 mm we can increase the 

signal output to 120 J, which is equivalent to additional gain of 7.5 dB.   
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Figure 6.7 Input and output intensities from SNLO calculation for signal beam (top) and 

pump beam (bottom). The pump beam is depleted, and signal beam is amplified.  

 6.2.3 Experimental setup of two stage near-IR OPA 

Based on the SNLO calculations we can get at least 5 dB additional gain for the near-IR pulse 

energy. Therefore, we bought a 2.5 cm long KTP crystal and simple schematic of proposed 

experimental setup is shown in Fig. 6.8. Here, the first stage of the OPA consists with the current 

PLLN crystal and works as the pre-amplifier and the second stage comprises the 2.5 cm long KTP 

crystal and works as the power-amplifier. First, a beam splitter with 80% reflection efficiency and 

20% transmission efficiency is used to split the YAG beam into two parts. The 20% of YAG beam 

corresponds to ~ 200 J and is used to pump the PPLN crystal and 80% of YAG beam (~ 0.8 mJ) 

is used to pump the KTP crystal. A delay line is used in the 80% YAG beam path to achieve the 

temporal overlap between pump and signal beam at the KTP crystal’s input facet. And two 
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telescopes are used in the respective beam arms to minimize the beam widths to 1 mm. And a 

dichroic mirror is used in front of the KTP crystal to spatially combine the pump beam and the 

near-IR output from the first stage of the OPA. A half-wave plate is used in the near-IR beam path 

to rotate the polarization of the near-IR output of the first stage OPA. At the end of the KTP crystal, 

long-pass filter is used to filter out the amplified near-IR signal beam from residue pump and the 

produced idler beam. All the optics used in the setup are AR –coated for maximum transmission 

of pump and signal beams. KTP crystal is mounted on a heater to reduce the gray tracking effect 

at higher powers and heater is operated at 80oC. And both the crystal and the heater are mounted 

on a rotational stage since angle tuning is required to minimize the phase mismatch.  

 

 

Figure 6.8 A simple schematic of the two-stage OPA. The existing OPA is used as the pre-

amplifier in the first stage of the OPA and the bulk 2.5 cm long KTP crystal is used in the 

second stage as the power-amplifier. 

Power- Amp

Pre- Amp

1st stage

2nd stage

80%

20%
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 6.2.4 The alignment procedure and preliminary results of two stage OPA 

The KTP crystal we received form the seller is cut to propagation in x-z plane and phase matching 

angles are 𝜃 = 44.5o, 𝜙 = 0o. For this specific crystal cut type II phase match should be used. 

Therefore, orthogonal polarizations for pump and signal beams are made sure by using a polarizer 

just before the KTP crystal. The phase matching angles are cut with respect to the crystal’s axes. 

First, crystal is rotated the B-axis as in Fig. 6.9 to match the polarization states of beams with the 

crystal’s axes. Secondly, the crystal should rotate around the A-axis as in Fig. 6.4 to achieve the 

phase matching angles with respect to the beams.  

 

Figure 6.9 Alignment of KTP crystal respect to the laser beams. Rotate around B-axis to 

match polarizations and rotate around A-axis to achieve phase matching angles. 

Even before place the KTP crystal in the setup, temporal overlapping of pump and signal 

beams are verified. Both beams are focused on to a fast photodiode (rising time ~ 1 ps) and the 

intensity tracers are observed using a fast enough oscilloscope (Tektronic: ). The delay line on the 

pump beam arm is moved until acceptable temporal overlapping is observed. Then the KTP crystal 

is placed in the setup and crystal is rotated around the axis B until the correct polarizations are 

achieved.  To check this, first orthogonal polarization states for pump and signal beam are set. 

Then, only the signal beam is propagated through the KTP crystal and a polarizer is placed after 

the crystal. The signal beam’s intensity after the polarizer is monitored while rotating the KTP 

KTP crystal

A

B
Laser beams



138 

crystal around B- axis and rotation is stopped once the minimum intensity is observed. Then the 

pump beam is propagated through the crystal and made sure that it still has an orthogonal 

polarization to that of signal beam after the KTP crystal (This should be done with a low pump 

energy to protect the polarizer). Once the polarization is set, the KTP crystal is pumped with 

available maximum pump pulse energy and crystal is rotated around the A-axis until the amplified 

signal is observed. Once some amplification is observed delay line will be adjusted in order to 

achieve optimal temporal overlap.  

 Even though we extensively worked on the alignment of the second stage OPA we only 

obtained 26 J of near-IR pulse energy out from the two stage OPA. The measured near-IR pulse 

energy is few orders less than the amount predicted by the numerical calculation. The numerical 

calculations are verified few times by redoing it and no faults are found. Also, experimental 

procedure also verified few times to make sure that there are no critical errors associated with it. 

The problem lies within the crystal cut angles. In the numerical calculation I used propagation in 

x-y plane since it provides same beam walk-off angles for both pump and signal beam. So, the 

overlapping between interacting beams should fairly preserved. Due to that long wave 

approximation is used to predict the gain. But, the KTP crystal we received from the seller is cut 

to propagation in the x-z plane. This introduces significant beam walk-off between pump and signal 

beam and limits the beam overlapping throughout the crystal. So, long plane wave approximation 

is no longer valid. To predict the gain under beam walk-off condition two-dimensional long pulse 

mixing in the SNLO must use. Under this condition numerical simulation gave us only 34 J as 

the amplified signal output. So, the amplification we obtained with the two stage OPA is consistent 

with the numerical calculations and unfortunately the current KTP crystal is not useful to amplify 

the near-IR pulses.  
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Chapter 7 -  Summary and outlook 

 7.1 Summary 

The efforts reported in this thesis are to power scale an acetylene-filled mid-IR HOFGLAS system. 

A 7.6 m long kagome-structured HCPCF is used in the system, and mid-IR laser performance is 

studied with gas pressures of 1 – 14 torr. As a result, we were able to remove the laser signal 

saturation that has been observed in previous studies [27]. Moreover, we observed a linear 

dependence between produced mid-IR energy and the absorbed near-IR pump energy by acetylene 

gas. We also studied the effect of pump wavelength on mid-IR laser performance by exciting the 

acetylene molecules via two distinct pump wavelengths and showed the effect of pump wavelength 

is negligible as long as the line strengths associated with pump wavelengths are almost the same. 

Also, the observed mid-IR laser efficiency is independent of the acetylene gas pressure, and this 

reflects that the mid-IR laser efficiency is not limited by the intermolecular collisions. 

Furthermore, we measured the highest mid-IR pulse energy of 2.56 J when the acetylene 

molecules are at 13.6 torr via the P(9) absorption line and this is the highest ever mid-IR pulse 

energy that has been observed with a HOFGLAS system to the best to our knowledge. By 

comparing our acetylene mid-IR HOFGLAS efficiency to that of diode-pumped mid-IR 

HOFGLAS system [23], we concluded that the near-IR pump source with a shorter pump pulse 

width is suitable to maximize the output mid-IR energy by reducing the intermolecular collisions. 

We designed an experiment to perform a beam quality measurement for the mid-IR output beam 

of the acetylene filled HOFGLAS system based on an M2 measurement and showed the mid-IR 

output beam is nearly diffraction-limited and have an M2 value of 1.15 at the highest mid-IR pulse 

energy.   
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 We also proposed a numerical model to estimate the absorbed near-IR pump power/energy 

only by acetylene gas in the HOFGLAS system. This numerical model is based on the saturated 

absorption of an inhomogeneous line profile. By solving the numerical model using we obtained 

the absorbed near-IR pump pulse energy only by acetylene gas. We were able to get a good 

agreement with numerical and experimental values for a CW HOFGLAS by using 23 mW as the 

saturated power for acetylene. But, we were unable to find a good agreement between numerical 

and experimental values for the pulsed HOFGLAS system with this saturated power, and we had 

to treat it as a free parameter to find a good agreement. 

 A new near-IR pump source is designed and built to access higher pump pulse energies for 

acetylene HOFGLAS system. The design is based on a two-stage OPA and first stage work as the 

pre-amplifier and second stage work as the power amplifier. Even though we expect to see an 

additional 5 dB gain from the second stage of the OPA, no significant gain is observed due to 

beam-walk associated with the KTP crystal 

 7.2 Outlook 

The maximum theoretical optical-to-optical conversion efficiency that can be obtained from 

acetylene mid-IR HOFGLAS system is 33%. But the maximum conversion efficiency obtained 

with the current work is 27%. One reason for this is the fiber loss at the lasing wavelength. So, one 

possible future work is that trying shorter HC-PCF with a higher acetylene gas pressure in the 

HOFGLAS system. Also, if we look at the energy level diagram for the mid-IR lasing in acetylene, 

once the molecules are pumped to upper lasing state and relaxed to the 𝜈1 vibrational manifold, 

they cannot move back to the ground vibrational state via radiative process since it is not allowed 

by the dipole rules. The only way to go back to ground state is either intermolecular collisions or 
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collisions with the fiber wall. Therefore, this creates a bottle-neck condition for the mid-IR lasing 

and the population in J = 12 rotational state of 𝜐1 + 𝜐3 builds up without making mid-IR lasing 

transitions to the 𝜐1vibrational manifold. Then, those molecules may undergo intermolecular 

collisions to release their additional energy without making additional mid-IR energy and reduces 

the mid-IR laser efficiency.  Introducing a suitable buffer gas to the acetylene filled HOFGLAS 

system may help us to remove the bottle-neck condition between the two lasing states and would 

increase the efficiency of the system. But, the addition of buffer gas may create new problems if 

we are not careful about the gas concentrations. Buffer gases could potentially add an additional 

broadening factor to the acetylene’s absorption line profile, hence could limit the overlap between 

acetylene’s absorption line profile and the pump source linewidth. So, studying about the effect of 

buffer gas on mid-IR lasing in acetylene HOFGLAS system is an interesting possible future work.  

Dual-comb spectroscopy gained a lot of attention in the past few years and allows 

researchers to apply the coherence, resolution, and accuracy of frequency combs for precision 

molecular spectroscopy. As mentioned in Chapter 1 trace gases have fundamental ro-vibrational 

transitions at the mid-IR region. Therefore, the mid-IR ducal comb could be a versatile tool for 

detecting these trace gases. Nowadays, researchers are focused on making dual-combs in the mid-

IR region by employing different techniques like fiber lasers, electro-optic modulators, OPOs, and 

silicon-based micro resonators [109-112]. Since the acetylene filled HOFGLAS system lases at 3 

m and CW lasing is observed, it is possible to make a frequency comb at 3 m region with the 

acetylene filled HOFGLAS system. The formation of the frequency comb is associated with a train 

of ultrashort laser pulses, and these pulses usually have pulse widths on the order of femtoseconds. 

So, if we can generate ultrashort pulses with the acetylene filled HOFGLAS system, we might be 

able to produce compact, robust, fiber-based dual combs at the mid-IR region. 
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The generation of ultrashort pulses depends on the mode-locking technique. In mode-

locking operation, the phases of the longitudinal modes are locked, and constructive interference 

happened periodically [113]. To generate an ultrashort pulse with the mode-locking technique, the 

laser gain medium should have wide absorption and emission (gain) bandwidths. As per Fig. 2.2, 

acetylene has 50 absorption lines near 1.5 m and the bandwidth is ~ 35 nm. By increasing the 

acetylene gas pressures up to atmospheric pressure, we can overlap absorption lines since they will 

be pressure broadened. This allows us having large absorption and emission bandwidths. Then 

with a proper CW pump source, we can excite almost all the acetylene absorption lines near 1.5 

m and can get a larger number of emission frequencies (larger gain bandwidth) that is required 

for the mode-locking. Then properly choosing a saturable absorber in the mid-IR region we can 

obtain an ultrashort pulse by discriminating the CW lasing.  This way it is possible to make a 

frequency comb at mid-IR using the acetylene HOFGLAS system. 

Another interesting future direction would be pushing the HOFGLAS system to the longer 

wavelength mid-IR region. Even though, the mid-IR lasing at 4.6 m is observed by using N2O in 

a HOFGLAS system [31] the mid-IR laser efficiency is low due to higher fiber loss at the lasing 

wavelength. Therefore, one needs to optimize the fiber structures of HC-PCFs to guide light with 

low loss multi-octave guidance to push the HOFGLAS systems to the longer wavelengths. The 

optically pumped gas lasers have demonstrated mid-IR lasing by using molecules like CO2, CO, 

HBr as the gain medium[15-18]. So, it is possible to make mid-IR HOFGLAS systems using them 

with a proper HC-PCF. Other than the silica-based HC-PCFs, the ones made with other types of 

glasses have shown multi-octave guidance from UV to the mid-IR region with lower losses. 

Microstructured photonic crystal fibers that are made with ZBLAN glass or chalcogenide glasses 

(sulfides, selenides or tellurides) have been used to generate and guide light at the mid-IR region. 
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For instance, supercontinuum generation from UV to mid-IR is observed using a solid-core 

ZBLAN photonic crystal fiber [114]. Also, mid-IR supercontinuum generation is demonstrated in 

a chalcogenide glass-based microstructured fiber [115, 116]. Although both ZBLAN and 

chalcogenide-based photonic crystal fibers are used to generate or guide light at mid-IR region, 

they are not suitable for the HOFGLAS system unless the core is hollow. To the extent of my 

knowledge, HC-PCFs based on the ZBLAN glasses are not reported. However, HC-PCF based on 

the chalcogenide glass is demonstrated in 2010 [117], and several HC-PCF structures are 

suggested based on numerical calculations to guide light in the mid/far-IR regions with lower 

losses [118, 119]. In 2011 a chalcogenide fiber with negative curvature hollow core is used to 

successfully deliver light at 10.6 m from CO2 laser with a fiber loss of 11 dB/m [120]. And the 

aforementioned fiber showed good transmittance in the spectral range 2-10 m. Recently, a 

chalcogenide based negative curvature fiber with a lower loss of 2.1 dB/m at 10 m is 

demonstrated by optimizing the fiber geometry [121]. More importantly, more work is done to 

develop HC-PCFs fibers based on the chalcogenide glasses and once these fibers are available one 

can potentially push the limits of HOFGLAS systems to longer wavelength region using molecules 

like CO2, N2O. 
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Appendix A - Abbreviations 

AOM  Acousto-optic-modulator 

AR  Anti-reflection  

CPM  Critical phase matching 

CW  Continuous wave 

DFG  Difference frequency generation 

EDFA  Erbium doped fiber amplifier 

FWHM Full width half maximum 

HC-PCF Hollow-core photonic crystal fiber 

HOFGLAS Hollo-core optically pumped fiber gas laser 

IR  Infrared 

KTP  Potassium titanyl phosphate 

LP  Linearly polarized 

MFP  Mean free path 

NCPM Noncritical phase matching 

OPA  Optical parametric amplifier 

OPO  Optical parametric oscillator 

PBGF  Photonic band gap fiber 

PD  Photo diode 

PM  Polarization maintain 

PPLN  Periodically poled lithium niobate 

QCL  Quantum cascade laser 

QPM  Quasi-phase matching 
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SAS  Saturated absorption spectroscopy 

SFG  Sum frequency generation 

SHG  Second harmonic generation 

SMF  Single mode fiber 

TE  Transvers electric 

TEM  Transverse electromagnetic  

TIR  Total internal reflection 

TM  Transverse magnetic 

UV  Ultraviolet 
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Appendix B - Python codes  

 B.1 Python code to check the validity of saturation power of 23 mW for 

acetylene 

The following python code is originally written by Dr. Brian Washburn. I edited it accordingly to 

test the validity of saturation power of acetylene (23 mW) which was reported in Ref. [89]. 

Note that this Python code will work only in Python 2.0. 

 

# -*- coding: utf-8 -*-   
"""  
acetylene_laser_absorption.py  
12/12/2018  
  
Created on Mon Feb 08 08:52:53 2016  
Brian Washburn  
  
Edited by Kushan Weerasinghe  
  
Solves first order differential equation for saturated loss and linear loss  
  
dP/dz = - (ag/sqrt(1+P/Ps)) P - al P   
  
1st RHS term: saturated loss due to gas  
2nd RHS term: loss due to fiber absorption  
  
The program then computes the total absorbed power, and the amount of power  
absorbed by the gas and fiber separately  
  
And this program is written to check the validity of Saturation power given in   
Ref. [6].   
   
  
References  
[1] Swann et al., JOSAB vol 17, (2000)  
[2] NIST special publication 260-133, 2001 edition  
[3] Jun Ye Ph.D. thesis  
[4] Corwin's brain  
[5] Thapa OL vol 31, 16 (2006)  
[6] Henningsen et al, Opt. Express Vol. 13, Issue 26, pp. 10475-10482 (2005)  
[7] HITRAN database  
   
All units in meters, kilograms, seconds, except pressure in units of torr  
  
"""   
import numpy as np   
from matplotlib import pyplot as plt   
import time, os   
from scipy.integrate import ode   
from lmfit.models import VoigtModel   
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start=time.time()  # for cpu timing   
plt.close('all')   
os.system('cls')   
print 'Running%s ...'% os.path.basename(__file__),   
print ' '    
   
# universal constants   
kb = 1.3806503*1e-23  # J/K, Boltzmann constant   
amu=1.66054e-27       # atomic mass unit in kg     
c = 2.99792458*1e8    # m/s, speed of light   
   
#-----------------------------------------------------------------------------   
# Define functions   
   
# Lorentian width as a function of pressure (in torr)   
# Note: need to be careful here.  The 11.4 MHz/torr is slope and not a    
# direct conversion from pressure to width.  Need to verify the dependence    
# at low pressures (<50 torr).  The lorenzian widths in Table 4 are FWHM   
# Return value of gamma (lorenzian fwhm/2)   
# Lorentian gamma as a function of pressure (in torr)   
def gL(p):     
    a=12.46  #HITRAN DATA base   
    b=0 # 58.529 MHz comes from intercept of linear fit to data from Ref[1]   
    return (a*p+b)/2 #    
   
# Gaussian width sigma as a function of temperature (in Kelvin)   
def sigmaG(T,m,f0):   
    # gaussian fwhm is equal to 2*Sqrt(2*ln(2))*sigma = 2.355 Sigma     
     return f0*np.sqrt(kb*T/(m*c**2)) # error here fixed on 4/2017   
   
   
   
def avHITRAN(p,T,f,f0):   
    # determine frequency dependent absorption based on a Voigt profile   
    # Functional form: absorption(v)=S*(p/(kb*T))*Voigt(v)  (see Ref. [6])   
    # use HITRAN [7] to determine line strength S   
    c = 2.99792458*1e8    # m/s, speed of light   
       
    # HITRAN database spectral line strength   
    S = 1.024e-20 # in units of cm-1/(molecules 1/cm2) taken from HITRAN database   
    S = S/100**2  # convert to cm-1/(molecules 1/m2)   
    S = S*(c*100) # convert to Hz/(molecules 1/m2) using 1 cm-1 is equal to 29.97 GHz   
       
    m=26*amu   # molecular mass    
    mod = VoigtModel()      # create model class   
       
    # create absorption as a function of pressure and temperature   
    sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
    gam=gL(p)               # lorenztian width at given pressure      
    y=mod.eval(x=f, amplitude=1, center=f0, sigma=sig, gamma=gam) # evaluate model   
    return S*(p*133.32)/(kb*T)*y   
   
   
    
def torr2pascal(ptorr) :   
    return ptorr*133.32   
   
    
#-----------------------------------------------------------------------------   
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# system parameters   
l0=1530.37095e-9             # center wavelength fpr P9 in m   
f0=c/l0                 # center frequency in Hz   
m=26*amu                # mass in kg of acetylene molecule   
T=296.0                 # temperature in Kelvin   
p=0.075      # pressure in torr (10 Pa)   
r=10e-6/2                 # fiber  radius   
   
al_dB=0.2              # fiber absorption coefficient (0.2 dB/m)   
L=6.35                  # fiber length (6.35 m)   
al=-(1/L)*np.log(10**(-al_dB*L/10))  # fiber loss in 1/m   
   
# define frequency array for absorption feature      
numf=10000              # number of frequency points   
ran=1.0e11              # frequency range about center frequency   
df=ran/numf   
f=(np.linspace(1,numf,numf)-numf/2-1)*df+f0   
   
sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
gam=gL(p)               # lorenztian width at given pressure     
   
ab=avHITRAN(p,T,f,f0)   # Voigt absorption as a function of frequency     
ag=ab[(f==f0)][0]       # peak absorption at line center   
#ag=0.1642   
# set up input pulse properties   
# 7.55 uJ Gaussian pulse, 1 ns duration at 30 Hz (toptica)   
En = 7.55e-6    # 7.55 uJ pulse energy   
Dt = 1e-9       # 1 ns pulse duration     
F = 30.0        # rep rate of 30 Hz   
#P0 = En2PG(En,Dt,1/F)    # peak power of 7092 W    
#P0=2.5e-3 # cw power   
#P0=P0 * (100.0/84.0)    
#P0=P0*np.exp(al*L)   
   
   
P0=np.linspace(0.1e-3,30.0e-3,50)   
P0=(P0)*np.exp(al*L) # input power = output power * exp (alpha * L)   
#P0=np.array(P0)*1.16   
   
   
   
       
# saturation power   
   
Ps=23.0e-3   # saturation power from ref 6   
   
   
#-----------------------------------------------------------------------------   
# set up DE to solve   
def de(z,Y):   
    return -1*ag*Y[0]/np.sqrt(1+Y[0]/Ps) - al*Y[0]   
#-----------------------------------------------------------------------------   
   
# set space array   
numz=1000   
dz=L/numz   
z=(np.linspace(0,L,numz))   
   
absor=[]   
   
for P00 in P0[0:]:   
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# set inital values   
    y0= []     
    Y00=P00   
    y0.append(Y00)  # set first value   
   
# setup ode integrator   
    backend='vode'                         # set type of ode solver   
    rsol = ode(de)                         # define ode element   
    rsol.set_integrator(backend)           # set type of ode solver   
    rsol.set_initial_value(Y00, z[0])      # set initial values   
   
    for zz in z[1:]:   
        sol=rsol.integrate(zz)             # solution from ode solver   
        y0.append(sol[0])                  
        if not rsol.successful():   
            print "Warning: integration not sucessfull!"   
   
    # convert result to np type arrays for plotting    
    Pz=np.array(y0)                  
   
    # compute transmitted and absorbed power   
    Pt=Pz[-1]                               # transmittted power at fiber end   
    Pabs=P0-Pt                              # total power absorbed   
    Pabsl=np.trapz(al*Pz,dx=dz)             # power absorbed by fiber loss   
    Pabsg=np.trapz(ag*Pz/np.sqrt(1+Pz/Ps),dx=dz)   # power absorbed by the gas   
   
    Pabsg_nd=Pabs+Pz[0]*(np.exp(-al*L)-1)   # power absorbed by gas using Neda's method   
    Pabsg_kc=Pz[0]-Pz[1]*np.exp(al*L)      # power absorbed by gas using Kristan's method   
   
    runtime=(time.time() - start)   
   
      
    absorbance= np.log(((P00))/(Pt))-al*L # calculating absorbance for gas   
    absor.append(absorbance)   
    P_in.append(P0[b])   
    b=b+1   
#__________________________________________   
# plotting results   
   
plt.plot(P0,absor,'ko')   
plt.ylim(0,1.2)   
x=[0e-3,5e-3,10e-3,15e-3,20e-3,25e-3,30e-3]   
x_xticks=['0','5','10','15','20','25','30']   
x_minor=np.array(x)/2   
plt.xticks(x,x_xticks,fontsize=16)   
plt.yticks(fontsize=16)   
plt.minorticks_on()   
plt.grid()   
plt.xlim(0,32.5e-3)   
plt.xlabel('Power(mW)', fontsize= 16,fontweight= 'bold')   
plt.ylabel('Optical depth',fontsize=16,fontweight= 'bold')  
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 B.2 Python code to calculate absorbed near-IR pump power by acetylene gas 

in CW HOFGLAS system 

 

Note that this will work only with Python 2.0 

 

# -*- coding: utf-8 -*-   
"""  
acetylene_laser_absorption.py  
12/13/208  
  
Created on Mon Feb 08 08:52:53 2016  
Brian Washburn  
Edited by Kushan Weerasinghe  
Solves first order differential equation for saturated loss and linear loss  
  
dP/dz = - (ag/sqrt(1+P/Ps)) P - al P   
  
1st RHS term: saturated loss due to gas  
2nd RHS term: loss due to fiber absorption  
  
The program then computes the total absorbed power, and the amount of power  
absorbed by the gas and fiber separately  
  
  
  
References  
[1] Swann et al., JOSAB vol 17, (2000)  
[2] NIST special publication 260-133, 2001 edition  
[3] Jun Ye Ph.D. thesis  
[4] Corwin's brain  
[5] Thapa OL vol 31, 16 (2006)  
[6] Henningsen et al, Opt. Express Vol. 13, Issue 26, pp. 10475-10482 (2005)  
[7] HITRAN database  
[8]  
  
  
   
All units in meters, kilograms, seconds, except pressure in units of torr  
  
"""   
import numpy as np   
from matplotlib import pyplot as plt   
import time, os   
from scipy.integrate import ode   
from lmfit.models import VoigtModel   
   
   
plt.close()   
# universal constants   
kb = 1.3806503*1e-23  # J/K, Boltzmann constant   
amu=1.66054e-27       # atomic mass unit in kg     
c = 2.99792458*1e8    # m/s, speed of light   
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#-----------------------------------------------------------------------------   
# Define functions   
   
# Lorentian width as a function of pressure (in torr)   
# Note: need to be careful here.  The 11.4 MHz/torr is slope and not a    
# direct conversion from pressure to width.  Need to verify the dependence    
# at low pressures (<50 torr).  The lorenzian widths in Table 4 are FWHM   
# Return value of gamma (lorenzian fwhm/2)   
# Lorentian gamma as a function of pressure (in torr)   
def gL(p):     
    a=12.46  #HITRAN DATA base for P9   
    b=0 # 58.529 MHz comes from intercept of linear fit to data from Ref[1]   
    return (a*p+b)/2 #    
   
# Gaussian width sigma as a function of temperature (in Kelvin)   
def sigmaG(T,m,f0):   
    # gaussian fwhm is equal to 2*Sqrt(2*ln(2))*sigma = 2.355 Sigma     
     return f0*np.sqrt(kb*T/(m*c**2)) # error here fixed on 4/2017   
        
        
def avHITRAN(p,T,f,f0):   
    # determine frequency dependent absorption based on a Voigt profile   
    # Functional form: absorption(v)=S*(p/(kb*T))*Voigt(v)  (see Ref. [6])   
    # use HITRAN [7] to determine line strength S   
    c = 2.99792458*1e8    # m/s, speed of light   
       
    # HITRAN database spectral line strength   
    S = 1.211e-20 # in units of cm-1/(molecules 1/cm2) taken from HITRAN database   
    S = S/100**2  # convert to cm-1/(molecules 1/m2)   
    #S=S*29.97e9   
    S = S*(c*100) # convert to Hz/(molecules 1/m2) using 1 cm-1 is equal to 29.97 GHz   
       
    m=26*amu   # molecular mass    
    mod = VoigtModel()      # create model class   
       
    # create absorption as a function of pressure and temperature   
    sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
    gam=gL(p)               # lorenztian width at given pressure      
    y=mod.eval(x=f, amplitude=1, center=f0, sigma=sig, gamma=gam) # evaluate model   
    return S*(p*133.32)/(kb*T)*y   
   
def torr2pascal(ptorr) :   
    return ptorr*133.32   
   
def En2PG(En,Dt,T):   
    # compute the peak and average power from pulse energy for gaussian pulse of period T a
nd fwhm Dt   
    eta = 1.06447 # gaussian factor    
    Pp = En/(eta*Dt)   
    return Pp   
    
def Pave2Ppg(Pave,Dt,T) :   
    eta = 1.06447 # gaussian factor    
    return Pave*T/(eta*Dt)   
    
#-----------------------------------------------------------------------------   
   
# system parameters   
l0=1530.37095e-9             # center wavelength fpr P9 in m   
f0=c/l0                 # center frequency in Hz   
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m=26*amu                # mass in kg of acetylene molecule   
T=296.0                 # temperature in Kelvin   
p=0.4350358      # pressure in torr (0.6 mbar)   
r=75e-6/2                 # fiber mode field radius   
   
al_dB=37.0/1000.0              # fiber absorption coefficient (0.2 dB/m)   
L=15.0                  # fiber length (15 m)   
al=-(1/L)*np.log(10**(-al_dB*L/10))  # fiber loss in 1/m   
   
# define frequency array for absorption feature      
numf=10000              # number of frequency points   
ran=1.0e11              # frequency range about center frequency   
df=ran/numf   
f=(np.linspace(1,numf,numf)-numf/2-1)*df+f0   
   
sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
gam=gL(p)               # lorenztian width at given pressure     
   
ab=avHITRAN(p,T,f,f0)   # Voigt absorption as a function of frequency     
ag=ab[(f==f0)][0]       # peak absorption at line center   
P0 = [0.1233232,    0.1560944,  0.1957648,  0.2466464,  0.310464,   0.3906672,  0.4924304, 
 0.6217904,  0.8054816,\   
    0.9805488,  1.2349568,  1.556632,   1.9541984,  2.4543904,  2.7519184,  3.0865296,  3.4
616736,  3.8920112,\   
    4.372368,   4.932928,   5.596976,   6.407632,   7.442512,   8.382528] # incident power 
  
   
P0=np.array(P0)*0.50 # coupled power   
   
Ps=23.0e-3  # from ref4   
#Ps=Ps*(10.0/75.0)**0.5   
#Ps=Ps*np.log((15.0/2.0)**.15)   
#-----------------------------------------------------------------------------   
# set up DE to solve   
def de(z,Y):   
    return -1*ag*Y[0]/np.sqrt(1+Y[0]/Ps) - al*Y[0]   
#-----------------------------------------------------------------------------   
   
# set space array   
numz=1000   
dz=L/numz   
z=(np.linspace(0,L,numz))   
   
absorb_by_gas=[]   
for P00 in P0[0:]:   
# set inital values   
    y0= []     
    Y00=P00   
    y0.append(Y00)  # set first value   
   
# setup ode integrator   
    backend='vode'                         # set type of ode solver   
    rsol = ode(de)                         # define ode element   
    rsol.set_integrator(backend)           # set type of ode solver   
    rsol.set_initial_value(Y00, z[0])      # set initial values   
   
    for zz in z[1:]:   
        sol=rsol.integrate(zz)             # solution from ode solver   
        y0.append(sol[0])                  
        if not rsol.successful():   
            print "Warning: integration not sucessfull!"   
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    # convert result to np type arrays for plotting    
    Pz=np.array(y0)                  
   
    # compute transmitted and absorbed power   
    Pt=Pz[-1]                               # transmittted power at fiber end   
    Pabs=P0-Pt                              # total power absorbed   
    Pabsl=np.trapz(al*Pz,dx=dz)             # power absorbed by fiber loss   
    Pabsg=np.trapz(ag*Pz/np.sqrt(1+Pz/Ps),dx=dz)   # power absorbed by the gas   
   
    Pabsg_nd=Pabs+Pz[0]*(np.exp(-al*L)-1)   # power absorbed by gas using Neda's method   
    Pabsg_kc=Pz[0]-Pz[-
1]*np.exp(al*L)      # power absorbed by gas using Kristan's method   
       
    absorb_by_gas.append(Pabsg) # absorb energy by gas   
   
# experimental values   
Pabsg_exp=[0.082607002, 0.101909217,    0.121896691,    0.147958486,    0.179506745,\   
    0.218402442,    0.266574514,    0.32632209, 0.417150331,    0.48852039, 0.602764286,\   
    0.74225537, 0.912629811,    1.125886545,    1.250796755,    1.389199504,    1.544405213
,\   
    1.72210611, 1.917871182,    2.142005634,    2.404509626,    2.722916475,    3.137116569
,3.472631115]   
   
   
plt.figure(100)   
plt.plot(P0,Pabsg_exp,'bo',label='Experiment')   
plt.plot(P0,absorb_by_gas,'r*',label='Numerical')   
plt.legend(loc='best',borderaxespad=1, frameon=True,fontsize=12)   
plt.xticks(fontsize=16)   
plt.yticks(fontsize=16)   
plt.minorticks_on()   
plt.grid()   
plt.xlabel('Coupled power (W)',fontsize= 16,fontweight= 'bold')   
plt.ylabel('Absorbed power only by gas (W)',fontsize= 16,fontweight= 'bold')   
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B.3 Python code to calculate absorbed near-IR energy by acetylene gas in 

HOFGLAS system 

Note: Use only Python 2.0 for this code. 

 

# -*- coding: utf-8 -*-   
"""  
acetylene_HOFGLAS(pulsed)_absorption.py  
12/19/2018  
  
Created on Mon Feb 08 08:52:53 2016  
Brian Washburn  
  
Solves first order differential equation for saturated loss and linear loss  
  
dP/dz = - (ag/sqrt(1+P/Ps)) P - al P   
  
1st RHS term: saturated loss due to gas  
2nd RHS term: loss due to fiber absorption  
  
The program then computes the total absorbed power, and the amount of power  
absorbed by the gas and fiber separately  
  
  
  
References  
[1] Swann et al., JOSAB vol 17, (2000)  
[2] NIST special publication 260-133, 2001 edition  
[3] Jun Ye Ph.D. thesis  
[4] Corwin's brain  
[5] Thapa OL vol 31, 16 (2006)  
[6] Henningsen et al, Opt. Express Vol. 13, Issue 26, pp. 10475-10482 (2005)  
[7] HITRAN database  
  
  
This program is used to calculate the absorbed near-IR pump energy  only by gas   
for pulsed HOFGLAS system  
   
All units in meters, kilograms, seconds, except pressure in units of torr  
  
"""   
import numpy as np   
from matplotlib import pyplot as plt   
import time, os   
from scipy.integrate import ode   
from lmfit.models import VoigtModel   
   
start=time.time()  # for cpu timing   
plt.close('all')   
os.system('cls')   
print 'Running%s ...'% os.path.basename(__file__),   
print ' '    
   
# universal constants   
kb = 1.3806503*1e-23  # J/K, Boltzmann constant   
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amu=1.66054e-27       # atomic mass unit in kg     
c = 2.99792458*1e8    # m/s, speed of light   
   
#-----------------------------------------------------------------------------   
# Define functions   
   
# Lorentian width as a function of pressure (in torr)   
# Note: need to be careful here.  The 11.4 MHz/torr is slope and not a    
# direct conversion from pressure to width.  Need to verify the dependence    
# at low pressures (<50 torr).  The lorenzian widths in Table 4 are FWHM   
# Return value of gamma (lorenzian fwhm/2)   
# Lorentian gamma as a function of pressure (in torr)   
def gL(p):     
    a=11.479e6  # 11.4 MHz per torr, from Ref [1], Table 4   
    b=0 # 58.529 MHz comes from intercept of linear fit to data from Ref[1]   
    return (a*p+b)/2 #    
   
# Gaussian width sigma as a function of temperature (in Kelvin)   
def sigmaG(T,m,f0):   
    # gaussian fwhm is equal to 2*Sqrt(2*ln(2))*sigma = 2.355 Sigma     
     return f0*np.sqrt(kb*T/(m*c**2)) # error here fixed on 4/2017   
   
   
# Voigt absorption profile of acetylene   
   
def avHITRAN(p,T,f,f0):   
    # determine frequency dependent absorption based on a Voigt profile   
    # Functional form: absorption(v)=S*(p/(kb*T))*Voigt(v)  (see Ref. [6])   
    # use HITRAN [7] to determine line strength S   
    c = 2.99792458*1e8    # m/s, speed of light   
       
    # HITRAN database spectral line strength   
    S = 1.035e-20 # in units of cm-1/(molecules 1/cm2) taken from HITRAN database   
    S = S/100**2  # convert to cm-1/(molecules 1/m2)   
    S = S*(c*100) # convert to Hz/(molecules 1/m2) using 1 cm-1 is equal to 29.97 GHz   
       
    m=26*amu   # molecular mass    
    mod = VoigtModel()      # create model class   
       
    # create absorption as a function of pressure and temperature   
    sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
    gam=gL(p)               # lorenztian width at given pressure      
    y=mod.eval(x=f, amplitude=1, center=f0, sigma=sig, gamma=gam) # evaluate model   
    return S*(p*133.32)/(kb*T)*y   
   
   
    
def torr2pascal(ptorr) :   
    return ptorr*133.32   
   
def En2PG(En,Dt,T):   
    # compute the peak and average power from pulse energy for gaussian pulse of period T a
nd fwhm Dt   
    eta = 1.06447 # gaussian factor    
    Pp = En/(eta*Dt)   
    return Pp   
    
def Pave2Ppg(Pave,Dt,T) :   
    eta = 1.06447 # gaussian factor    
    return Pave*T/(eta*Dt)   
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#-----------------------------------------------------------------------------   
   
# system parameters   
l0=1532.83042e-9        # center wavelength in m   
f0=c/l0                 # center frequency in Hz   
m=26*amu                # mass in kg of acetylene molecule   
T=298.0                 # temperature in Kelvin   
p=14.0                  # pressure in torr    
r=42e-6/2               # fiber mode field radius   
   
al_dB=0.08              # fiber absorption coefficient (0.08 dB/m)   
L=10.9                  # fiber length (10.9 m)   
al=-(1/L)*np.log(10**(-al_dB*L/10))  # fiber loss in 1/m   
   
# define frequency array for absorption feature      
numf=10000              # number of frequency points   
ran=1.0e11              # frequency range about center frequency   
df=ran/numf   
f=(np.linspace(1,numf,numf)-numf/2-1)*df+f0   
   
sig=sigmaG(T,m,f0)      # gaussian width at given temperature     
gam=gL(p)               # lorenztian width at given pressure     
   
ab=avHITRAN(p,T,f,f0)   # Voigt absorption as a function of frequency     
ag=ab[(f==f0)][0]       # peak absorption at line center   
#ag=0.1642   
# set up input pulse properties   
# 7.55 uJ Gaussian pulse, 1 ns duration at 30 Hz (toptica)   
En = 7.76e-6    # 7.55 uJ pulse energy   
Dt = 1e-9       # 1 ns pulse duration     
F = 30.0        # rep rate of 30 Hz   
P0 = En2PG(En,Dt,1/F)    # peak power of 7092 W    
#P0=7.51e-6   
       
# saturation power   
Ps= 23e-3      # saturation power average power   
   
#Ps=24.48e-12   
Ps=Ps*25      # scale by factor 5.2   
     
   
   
#-----------------------------------------------------------------------------   
# set up DE to solve   
def de(z,Y):   
    return -1*ag*Y[0]/np.sqrt(1+Y[0]/Ps) - al*Y[0]   
#-----------------------------------------------------------------------------   
   
# set space array   
numz=1000   
dz=L/numz   
z=(np.linspace(0,L,numz))   
   
# set inital values   
y0= []     
Y00=P0   
y0.append(Y00)  # set first value   
   
# setup ode integrator   
backend='vode'                         # set type of ode solver   
rsol = ode(de)                         # define ode element   
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rsol.set_integrator(backend)           # set type of ode solver   
rsol.set_initial_value(Y00, z[0])      # set initial values   
   
for zz in z[1:]:   
    sol=rsol.integrate(zz)             # solution from ode solver   
    y0.append(sol[0])                  
    if not rsol.successful():   
        print "Warning: integration not sucessfull!"   
   
# convert result to np type arrays for plotting    
Pz=np.array(y0)                  
   
# compute transmitted and absorbed power   
Pt=Pz[-1]                               # transmittted power at fiber end   
Pabs=P0-Pt                              # total power absorbed   
Pabsl=np.trapz(al*Pz,dx=dz)             # power absorbed by fiber loss   
Pabsg=np.trapz(ag*Pz/np.sqrt(1+Pz/Ps),dx=dz)   # power absorbed by the gas   
   
Pabsg_nd=Pabs+Pz[0]*(np.exp(-al*L)-1)   # power absorbed by gas using Neda's method   
Pabsg_kc=Pz[0]-Pz[-1]*np.exp(al*L)      # power absorbed by gas using Kristan's method   
   
runtime=(time.time() - start)   
print '________________________________________________________________________'   
print '%s   Runtime of%0.2f seconds'% (os.path.basename(__file__), runtime)   
print '# space steps:%d'% numz   
print ' '   
print 'Pressure =%0.3f torr'% p   
print 'Fiber mode field radius =%0.3f um'% (r*1e6)   
print ' '   
print 'Gaussian sigma =%0.3f MHz'% (sig/1e6)   
print 'Lorentzian gamma =%0.3f MHz'% (gam/1e6)   
#print 'Transit time broadening =%0.3f MHz'% (gtt/1e6)   
print ' '   
print 'Saturation power =%0.3e W'% Ps   
print 'Gas absorption =%0.3f 1/m'% ag   
print 'Fiber absorption =%0.3f 1/m'% al   
print 'Fiber length =%0.3f m'% L   
print ' '   
print 'Input power =%0.3f W'% P0   
print 'Transmitted power =%0.3e W or%0.3f percent of total input power'% (Pt, Pt/P0*100)   
print 'Absorbed power =%0.3e W or%0.3f  percent of total input power'% (Pabs, Pabs/P0*100) 
  
print ' '    
print 'Power absorbed by fiber =%0.3e W or%0.3f percent of total absorbed power'% (Pabsl, P
absl/Pabs*100)   
print 'Power absorbed by gas =%0.3e W or%0.3f percent of total absorbed power or%0.3f perce
nt of total power'% (Pabsg, Pabsg/Pabs*100, Pabsg/P0*100)   
print ' '   
print 'Power absorbed by gas (Neda) =%0.3f W'% Pabsg_nd   
print 'Power absorbed by gas (Kristan) =%0.3f W'% Pabsg_kc   
print 'Average between two methods =%0.3f W'% ((Pabsg_nd+Pabsg_kc)/2)   
print ' '    
print 'Total absorbed energy =%0.5g uJ at%0.3g torr'%(En*Pabsg/P0*1e6, p)   
   
print '________________________________________________________________________'   
   
plt.figure(1)   
plt.plot(z,Pz,'r',label='P(z)')   
plt.xlabel('fiber position (m)')   
plt.ylabel('Power (W)')    
plt.grid(True)   
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plt.legend()   
#   
   
#plt.legend()   
   
# plot the calculated absorbed energy vs pressure   
ps = np.array([1.2,3.6,4.8,7.5,9.8,14.0])   
exp_ens = np.array([2.15,3.56,4.19,5.2,5.68,6.36])   
nu_ens_23=np.array([0.32645,0.89,1.1297,1.6596,2.021,2.667])   
nu_ens_23_scaled_50=np.array([2.1449,5.035,5.75,6.871,6.91,7.4])   
nu_ens_23_scaled_25=np.array([1.5561,3.8793,4.6089,6.032,6.5821,7.2732])   
nu_ens_pw=np.array([0.719,1.9252,2.3825,3.4,4.0323,5.12])   
plt.figure(4)   
#plt.plot(ps,exp_ens,'bx',ps,nu_ens_23,'rx',ps,nu_ens_23_scaled,'kx')   
#plt.plot(ps,nu_ens_pw,'gx')   
plt.plot(ps,exp_ens,'bx',label='Experiment')   
plt.plot(ps,nu_ens_23,'rx',label='Numerical')   
plt.legend(loc='best',borderaxespad=1, frameon=True,fontsize=12,shadow=True)   
plt.xticks(fontsize=16)   
plt.yticks(fontsize=16)   
plt.minorticks_on()   
plt.grid(ls='--')   
plt.xlabel('Acetylene gas pressure (torr)',fontsize= 12,fontweight= 'bold')   
   
   
plt.ylabel(r'Absorbed energy only by gas ($\mu$J)',fontsize= 12,fontweight= 'bold')   
#plt.xlabel('pressure (torr)')   
#plt.ylabel('absorbed energy (uJ)')    
plt.grid(True)   
plt.xlim(0,15)   
plt.ylim(0,7)   
   
plt.figure(10)   
plt.plot(z,al*Pz)   

 

 

 

 

 

 

 

  



168 

 B.4 Python code to calculate phase matching angles for KTP crystal 

 

# -*- coding: utf-8 -*-   
"""  
Created on Wed Jun 27 12:47:53 2018  
This is written to calculate the phase matching angle of KTP crystal and calculate t  
the deff of KTP for OPA operation of 1064-1532= 3483  
  
references  
  
(1)Handbook of nonlinear optics by sutherkand (2nd edition)  
(2)http://eksmaoptics.com/out/media/Crystals%202013%20EUR.pdf  
  
  
@author: kweera  
"""   
import numpy as np   
from matplotlib import pyplot as plt   
   
   
   
ls=1.532 # signal wavelength in um   
lp=1.064 # pump wavelength in um   
   
ld=lp*ls/(ls-lp)    
#wavelength dependent refractive indices from ref (2)   
   
   
   
def refnx(l):   
    nx = np.sqrt (3.0067 + 0.0395 / (l**2 - 0.044251)  - (0.01247*l**2))   
    return nx   
def refny(l):   
    ny = np.sqrt (3.0319 + 0.04152 / (l**2 - 0.04586)  - (0.01337*l**2))   
    return ny   
def refnz(l):   
    nz = np.sqrt (3.3134 + 0.05694 / (l**2 - 0.05941)  - (0.016713*l**2))   
    return nz   
   
   
# calcualting phase matching angle look table 16 of ref 1 at page 68    
# propagtion plane XZ   
   
A= refnx(ld)/ld # A= nd;x / ld   
B= refny(ls)/ls # B = np2;y/lp2   
C= refny(lp)/lp # C= np1;y/lp1   
E= refnz(ls)/ls # E= np2;z/lp2   
   
   
V= B**2 / (C-A)**2   
   
Y = (B/E)**2   
   
tan_theta_2 = (1-V)/(V-Y)   
   
tan_theta=np.sqrt (tan_theta_2)   
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theta_radi = np.arctan (tan_theta) # angle in radians   
   
theta_degree= theta_radi * 180 / np.pi #angle in degree   
   
print 'phase matching angle =%0.3f degrees'% theta_degree   
   
   
#________________________________________________________________________________   
# calclating deff   
   
# since nx < ny < nz  Sin omega = nZ/nY ( (nY^2 - nX^2) / (nZ^2 - nX^2) ) ^ (1/2) from page
 61 of ref 1   
   
# calculating annle delta # cot 2delta = (cot^2 omega sin^ theta - cos ^ theta cos ^ phi + 
sin^ phi) / cos theta sin 2 phi   
   
phi = 0 # since propagtion is in XZ plane   
   
#finding omega   
sin_omega = (refnz(ls)/refny(ls)) * np.sqrt ((refny(ls)**2 - refnx(ls)**2) / ( refnz(ls)**2
 - refnx(ls)**2) )   
omega= np.arcsin(sin_omega)   
cot_2delta = (((1/np.tan(omega)**2) *np.sin(theta_radi)**2) - (np.cos(theta_radi)**2 * np.c
os(phi)**2) + np.sin(phi)**2) / (np.cos(2*theta_radi)*np.sin(2*phi))   
   
tan_2delta = 1/cot_2delta   
   
two_delta = np.arctan(tan_2delta)   
delta= two_delta/2   
   
print 'delta =%0.3f radians'% delta   
#________________________________________________________   
   
# calcual;ting deff________________________________   
# these d values are from ref 2 and in pm/V   
d32 = 3.9   
d31 = 1.95   
d33 = 15.3    
   
# I split the deff equation in to three parts in order to make it easy   
# equation for deff can be found in table 21 in page 73 of ref 1   
# use type ii phase matching for mm2 crystal class   
   
deff1 = (d32-d31)* (3*np.cos(delta)**2 -
1) * (np.sin(theta_radi)*np.cos(theta_radi)*np.sin(2*phi)*np.sin(delta))   
deff2 = -
3* (d31*np.sin(phi)**2 + d32 * np.cos(phi)**2) * (np.sin(theta_radi)*np.cos(theta_radi)**2 
* np.sin(delta)**2 *np.cos(delta))   
deff3 = - (d31*np.sin(phi)**2 + d32*np.cos(phi)**2)* (np.sin(theta_radi)*np.cos(delta)*(3*n
p.cos(delta)**2 - 2)) - d33 * np.sin(theta_radi)**3 *np.sin(delta)**2 * np.cos(delta)   
   
deff= deff1 + deff2 + deff3   
   
print 'deff =%0.3f pm/V'% deff   
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