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ABSTRACT 

Narayanan, Anitha., Femtosecond Pulse Filamentation in Sapphire Crystals Toward 

Photonics Sensor Fabrication. Master of Science in Engineering (MSE), December, 2022, 

52 pp., 5 tables, 30 figures, references, 44 titles. 

Through pulse filamentation, femtosecond laser pulses have been utilized to modify 

the refractive indices of dielectric materials such as glass, A-plane sapphire crystal, and C-

plane sapphire crystal. The 10x Infinity Corrected Lens was used, and the focusing 

condition was tuned as being the same and fixed to both glass and sapphire crystals. First, 

8uJ of laser energy was optimized to produce controlled pulse filamentation voids in the 

glass. The laser intensity was then optimized to 2-3.5 uJ, 1.5 uJ, & 2.5 uJ, respectively, for 

the controlled pulse filamentation in A and C plane sapphire crystals. Due to the different 

crystal orientations in the A and C planes of sapphire, it was found that the morphology of 

pulse filamentary voids remains the same. The filament length extends as the laser energy 

rises for both the A and C planes, but the laser energy must be below a given threshold. 

The filamentation void length undergoes saturation after exceeding the threshold value. 

After successfully inducing controlled pulsed filamentation in both A and C-plane sapphire 

crystals, the parameters such as grating period, length of grating, etc. were optimized using 

the simulation program OPTIGRATING to construct sapphire optical fiber sensors. 
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CHAPTER I

INTRODUCTION 

As optical fiber sensors are safe, reliable, compact, lightweight, very sensitive, and suitable 

for use in harsh environments, there is a lot of research being done in this area right now. The 

most popular sensors on the market right now are constructed of silica, which has a melting 

point of roughly 1000 o C. There is a need for an optical fiber sensor that can resist high 

temperatures because several manufacturing processes, such Laser Powder Bed Fusion (LPBF), 

take place at extremely high temperatures (> 1000 o C). Since sapphire has a melting point of 

about 2053 o C, it makes an ideal option for this. Many issues in the manufacturing industries 

can be resolved by monitoring the processes like LPBF by incorporating them in LPBF if 

sapphire optical fiber sensors can be produced efficiently. Other than hard process monitoring 

like metallurgy, there will be applications in the areas of hypersonic weaponry and aviation. 

Femtosecond laser material processing 

Ultrashort pulsed lasers like picosecond and femtosecond lasers are helpful in fabricating 

optical and photonics devices in variety of fields. The femtosecond(fs) lasers are better that 

picosecond and nanosecond lasers, as its pulse duration is in the order of femtoseconds (10 -15), 

which is very less compared to the order of nanosecond (10-9) and picoseconds (10 -12). The 

highly precise fs pulses are very efficient in many processes like milling, scribing, cutting, and 

drilling the hard& brittle materials with high tolerance and surface finish compared to the 

conventional machining processes. This thesis is mainly focused in processing the 

transparent dielectric 
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materials like glass and sapphire in making certain changes or perturbations in the bulk of the 

material. When a high peak optical power gets incident on the dielectric material, there comes the 

nonlinearity phenomena like Kerr effect, Pockels effect, self-phase modulation, multi-photon 

absorption etc. In this study, focus is mainly on the self-focusing property of the laser pulses inside 

the dielectric materials, to be precise, in making controlled damage inside the bulk of the materials 

to achieve a permanent refractive index change or a void. This can be achieved only through the 

spatial control in focusing the pulses and scanning the material with the optimized laser 

parameters. 

Dielectric materials 

The importance of dielectric materials lies in its property of dielectric polarization, ie the 

movement of positive and negatives charges along and opposite to the direction of electric field 

respectively under the influence of an applied electric field. The polarization is nothing, but the 

density of electric dipoles formed by the dielectric materials, when it is subjected to an external 

electric field. Electrical susceptibility is the property of dielectric materials or dielectric media, 

which determines the polarization, P = ε o χ E, where ε o is the permittivity in free space, χ is the 

susceptibility and E is the electric field. The band gap of dielectrics is highly significant because 

of its substantial width, which explains why electromagnetic radiations of long wavelength can 

only excite electrons from the valence band to conduction band. The dielectrics for optical and 

photonics applications can be mainly divided into two categories: - Crystals & Glasses. The final 

goal of this study is to fabricate an optical fiber sensor made of a dielectric crystal for sensing 

applications in harsh environments. 
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Fiber optic sensing technology 

An optical source, optical fiber, sensing element, or transducer to transform the measurand 

into an optical signal, optical detector, and processing electronics make up the fundamental parts 

of an optical fiber sensor system [Figure 1]. An optical fiber sensor is a system which functions 

by making use of different optical and electronic components altogether. The components in a 

standard optical fiber sensor system includes an optical source, a transducer or sensing element 

which is connected to the measurand, an optical detector and finally an electronic processing unit. 

Based on the variation in the properties of electromagnetic waves or light, optical fiber sensors can 

be utilized to sense a range of measurands, such as strain, temperature, refractive index, pressure, 

etc. The three primary categories of optical fiber sensing are intrinsic fiber sensing, extrinsic fiber 

sensing, and hybrid. Extrinsic sensing occurs when the optical fiber cable just serves as a 

communication link between the test end and an external sensor, i.e., the transducers are external 

to the fiber optic system. With intrinsic fiber sensing, a sensing element is built into or incorporated 

inside the fiber optic system, eliminating the need for coupling with external sensors. Hybrid 

sensors are just a combination of intrinsic and extrinsic sensors. Sensor’s working principle is 

based on the modulations detected in the properties of light  like intensity, wavelength or spectrum, 

phase, polarization, etc. while its passage through the fiber. [1]. 
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 Figure 1:Fiber -optic system components[2] 

In some sensors, the intensity of light will change after its passage through the sensing 

element, and these changes can be measured and compared to sense the value of parameters or 

measurand. Evanescent Field and Micro-bend sensors are two prominent examples of 

intensity-based sensors. While the bulk of light is transmitted through the optical fiber's core 

utilizing the phenomenon of total internal reflection, some light passes past the interface and 

enters the cladding with a lower refractive index. This electromagnetic field in the lower index 

region is known as Evanescent field, and it has an exponentially decreasing tendency. The 

interaction between the measurand and the evanescent field is the foundation of evanescent 

field sensor technology. For sensors based on Evanescent waves in the lower index range, 

chemical sensors provide the best illustration. The operation of a micro bend sensor is based 

on transmission loss, which results from the optical fiber's micro bending. The bending of a 

fiber results in structural changes with respect to the standard optical fiber, thereby changing 



5 

the angle of incident light in the core. The incident angle becomes greater than the critical 

angle, which will affect the total internal reflection (TIR) of light along the core. In other 

words, because of the leakage into the cladding caused by micro bending, the light intensity 

diminishes. So, by keeping an eye on and correlating the decline of light intensity, the 

measurand can be detected. Due to random variable losses in the sensing system (losses 

happening at the coupling, splice points etc.) intensity modulation-based sensors have a limited 

range of applications. 

Figure 2 a) Evanescent Field in an optical fiber b) principle of Evanescent wave sensor[3] 

In the case of wavelength modulation-based sensors, fluctuations in light's wavelength 

serve as the foundation for fiber sensing. The most common wavelength-based sensor is the Fiber 

Bragg Grating sensor. The Bragg Gratings (sensing elements) can be inscribed inside the core of 

the optical fiber using ultrashort lasers in UV and infrared region. Periodicity in the refractive 

index modulations acts as a filter in reflecting a particular wavelength and transmitting the rest of 

wavelengths. The reflected wavelength is known as the Bragg wavelength, which is represented 

by the notation λB. Any strain, temperature, or polarization change that affects the fiber's modal 
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index or grating pitch will produce a shift in the Bragg wavelength. 

In the case of polarization modulation Sensors, retarder or waveplate transmits light and 

changes the polarization state without any attenuation, deviation, or displacement of the beam. 

With regard to external disturbances, these fiber sensors function as a linear retarder and change 

the polarization of the light. Since the polarization state will vary depending on the perturbation, 

the change can be sensed. The prominent phase modulation sensors include Michelson, Mach 

Zehnder and Fabry Perot, which are the most often employed. An interferometer will split its 

incident light into two beams. One beam act as the reference and the other is exposed to the sensing 

environment. Despite coming from the same source, the light in both fibers is coherent and in 

phase. However, the sensor fiber will experience a phase shift due to changes in its environment 

that can be precisely quantified. Due to their small size, high-temperature sensitivity, and ambient 

Figure 3: Working Principle of Fiber Bragg Grating Sensor[2] 
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refractive index sensitivity, phase-based interferometric fiber optic sensors have received a great 

deal of interest. Fabry Perot Interferometer-based optical fiber sensor is the one that will be more 

useful in the manufacturing industries when compared to other examples of phase modulation 

sensors. A cavity with two parallel mirrors separated by a particular distance will act as a Fabry 

Perot Interferometer. The reflected and transmitted beam combines to form interference, and the 

sensing can be done based on the difference in interference patterns. 

Figure 4: : Polarization-based optical fiber sensor system[2] 

Significance of the problem 

Femtosecond processing is useful for processing many dielectric materials to make its 

useful for optical and photonic applications. In particular, in optical materials with crystal 

structure, such as single crystal sapphire, it is exceedingly challenging to regulate the focusing 

conditions of lasers and tune laser parameters to generate the necessary structures or disturbances 

in dielectric media. Based on how the atoms are arranged in the lattice points, sapphire crystal 

planes can be classified as C-M-A-R. Varied planes have different damage thresholds, material 
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loss rates, and bonding energies between adjacent atomic levels. The plane that has been utilized 

the most is the C plane because it could provide a superior surface in less time than the other planes 

because of its high rate of material removal. A plane is very hard to process because of its high 

degree of scratch resistance and abrasive nature, hence no inventions with A plane sapphire for 

any device applications. It would be a very innovative and big accomplishment in the realm of 

laser machining and Manufacturing photonics if we could spatially manipulate the laser focus 

confinement and modify the laser parameters to process the A plane as this would open up new 

possibilities. The desired alteration that is attempting to be attained in this work is a modification 

of the refractive index for use in photonic sensors such as FBG sensors. The main difficulty to 

reach the goal of making Sapphire Fiber Bragg Grating (SFBG) sensors is to get controlled 

periodic damage or refractive index modulations to attain an efficient FBG. Until now, nobody has 

achieved 100% efficient SFBG, which is clear from the spectral response. The reflectivity achieved 

is very less, compared to FBG standard and the reflected Bragg peak is not prominent, which 

means the sensitivity won’t be accurate. This difficulty in making standard FBG can be achieved 

by controlled pulse filamentation in the sapphire by spatially focusing the sample material using 

tight focusing conditions and optimized laser parameters. 

Research questions 

1) How do the femtosecond laser’s conditions affect the refractive indices (RI) modifications in 

sapphire (A & C plane) crystals? 
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3) How do the crystal’s A & C planes changes (if any) the morphology of the laser-written RI?

2) How does pulse energy impact the morphology (length & width) of the pulse filament- 

assisted RI change in sapphire crystals? 



10 

CHAPTER II

 LITERATURE REVIEW 

Materials 

The only item that has been successful in the realm of optical fiber sensors is silica-based 

sensors. Most processes in the manufacturing sectors take place at extremely high temperatures, 

and silica optical fiber sensors lose their accuracy at these temperatures since it has a melting 

point between 1000 and 1400 degrees Celsius. To monitor every stage of industrial processes in 

tough settings, sensors that can endure high temperatures are required. Here, sapphire, which 

has a melting point of roughly 2053 degrees Celsius. Therefore, it will be very beneficial to 

tackle many difficulties in hostile environments if optical fiber sensors can be manufactured from 

single crystal sapphire. In this work, seeking to induce controlled laser damage in A & C 

planes of sapphire, which has not acquired so far. Researchers have already published 

articles on SFBG, but the spectral response and the sensitivity accuracy that they achieved is 

inadequate when compared to FBG standards. This has happened because they have not 

established the regulated refractive index modulations inside sapphire, as its exceedingly difficult 

to spatially control focus.  

Femtosecond laser filamentation 

The pulse filamentation is the equilibrium between Kerr self-focusing and plasma 

generated de-focusing by the laser pulses inside the dielectrics. When the femtosecond laser 

pulse gets struck on the dielectrics, it will start self-focusing inside the material, which will result 

in the ionization of that concentrated area. The ionization of the material will result in the loss of 

density at that location of the material, which permits the pulse to defocus to the nearby 

high-density 
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region. Once more, the Kerr effect will cause the laser pulse to begin self-focusing on the direction 

of the original laser path. This self-focusing and defocusing take place for many times until the 

intensity of the laser pulse is reduced, i.e., until the pulse filamentation gets weaker. The ultimate 

product is a pulse filamentary void or refractive index void[4]–[6]. 

Figure 5: Schematic diagram of pulse filamentation[4] 

Impact of focusing conditions 

The laser power peak should be good enough to enhance the Kerr self-focusing effect on the 

sapphire crystal, but at the same time should not go above the threshold value to avoid uncontrolled 

laser damage. Controlled pulse filamentation is having lots of device applications like FBG inside 

the optical materials like sapphire crystal and amorphous glass. The main challenge is to acquire 

controlled pulse filamentation inside sapphire crystal, as its very difficult to achieve tight focusing 

or spatial confinement in focusing. The focusing conditions will be different for different materials 

as the energy gap to excite electrons to conduction band varies from material to material. So, need 
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to optimize focusing conditions separately for different materials, otherwise will result in an 

aperiodic pulse filamentary voids with different lengths and widths.  

Dependence of laser parameters 

Pulse Energy 

The pulse energy needs to be below threshold for attaining the controlled 

pulse filamentation void with same morphology (filament length and width). The 

repeatability of filament morphology depends mainly on the pulse energy utilized to process 

sapphire crystal. The structure of the sapphire crystal will undergo perturbations based on the 

range of laser energy values. The modifications attained by the material can be divided into 

three based on the threshold values of pulse energy -: 1) Isotropic refractive index modulations 

(low intensity) 2) Anisotropic structure with Birefringence (intermediate intensity) 3) Cracks or 

Damage (high intensity). All these modifications take place due to different nonlinear 

phenomena, which will open up the way for new optical and photonics devices applications.  

Repetition Rate (Pulse Picker Divider) 

For controlled pulse filamentation to occur with the same morphology, the pulse energy 

must be below the threshold (filament length and width). The pulse energy used to cut the sapphire 

crystal determines in significant part how repeatably the filament shape changes. The range of 

laser energy values will cause changes in the sapphire crystal's structure. Based on the threshold 

values of the pulse energy, the alterations made to the material can be categorized into three 

categories: 1) Isotropic modulations of the refractive index (low intensity), 2) Anisotropic structure 
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with Birefringence (middle intensity), and 3) Cracks or Damage (high intensity). These changes 

are brought about by various nonlinear processes, which pave the way for new optical and 

photonics device applications. 

Figure 6 : Effects of repetition rate and pulse energy on silica glass[38] 

Dependence of crystal orientation for processing sapphire 

Figure [6] below depicts the crystal orientation of the sapphire crystal's A and C 

planes. The figure shows that compared to the C plane sapphire crystal, the A plane sapphire 

crystal required higher laser energy. In the vertical direction, there are four disk-like barriers that 

must be passed through in order to create pulse filaments. However, to write a refractive index 

void in the C plane crystal, only one disk-like structure must be penetrated. Determining the best 

laser settings and focusing circumstances based on the various crystals is therefore the key 

problem. It will be very challenging to process an A plane crystal because to its extremely 

high bonding energy between its atomic layers, limited rate of material removal, highly 

abrasive character, and high damage threshold. The average depth of refractive index lines on 

sapphire wafer rises with pulse energy and number, finally tending to be a saturation value. 
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Figure 8:Crystal orientations of C plane sapphire[40] 

Figure 7: Crystal orientations of A  plane sapphire[40] 



15 

CHAPTER III

 METHODOLOGY 

Materials 

Glass 

Figure 9: a) Glass wafer cut from the microscopic glass slide b) Daimond Cutter used to cut 

Used a diamond cutter to create tiny glass wafers (Figure 9a) with dimensions of 10 mm 

in length and 5 mm in width from 1 mm thick microscopic glass slides. Glass has a melting point 

between 1400 and 1600 degrees Celsius, which is an amorphous solid.  As sapphire is more 

expensive and glass is very cheap and user friendly, started with glass in order to get an idea in 

terms of focusing conditions and laser parameters needed for controlled pulse filamentation. Pulse 

filamentation can be used for variety of applications like cutting of glass without any gap, to create 

cracks or groove for the fabrication of Fabry Perot Interferometers, for achieve refractive index 

modifications to make FBG etc. Here in this study, experiments are designed in such a way to get 

refractive index voids inside the glass using the phenomenon of pulse filamentation. Already many 
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studies were published describing the nonlinear light matter interaction using ultrashort lasers and 

glass, but still some areas like the controlling the morphology of filamentary void has not explained 

well. The length and width of the filaments in glass depends on many factors like the laser 

parameters, focusing conditions, atomic structure of glass [Figure 10], mechanical and optical 

properties of glass etc. The glass will undergo bulk changes only when the laser energy is enough 

to move the electrons from valence band to conduction band. The intensity of electron density acts 

as a trigger for many nonlinear processes including avalanche ionization, Kerr effect etc. The 

relationship between density of electrons and the laser energy is shown in the below formula, 

Equation 1 

, where v is the laser frequency 

Figure: Atomic structure of Glass

A plane sapphire 

There are some papers demonstrating the processing of sapphire crystal using femtosecond 

laser pulses, but never talked about the processing variations in different planes of sapphire. All 
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the time, the researchers just prefer to use C plane sapphire as the material for any sapphire-based 

experiments, never bothered about the effect of different crystal planes of sapphire   in the 

morphology of pulse filamentation or any other features. There are mainly 4 different sapphire 

crystal planes: 1) C planes sapphire crystal, 2) M plane sapphire crystal, 3) A Plane sapphire 

crystal, 4) R plane sapphire crystal. Double side polished single crystal A plane sapphire wafers 

of 10 mm length, 5 mm of width and 0.5 mm of thickness from Advalue Technology LLC are 

used. A laser is used to cut a planar sapphire since they are too difficult to cut with a diamond 

cutter. Comparatively speaking to the C plane, A plane sapphire has a very high elastic modulus 

and is extremely hard and abrasive. Compared to the C plane, which has a low damage threshold, 

this wafer is more resistant to scratches with high damage threshold. Comparing to the C-M planes 

of sapphire, A plane sapphire is having the highest bonding energy between adjacent atomic layers. 

This material is viewed as being a poor choice for many applications due to all the aforementioned 

properties. One of my research questions is to find the difference in the processing of A & C plane 

sapphire, and thereafter to optimize the focusing conditions and laser parameters to process A 

plane sapphire, which will open up new possibilities. The electronic plasma dynamics and filament 

lifetimes varies from material to material based on their lattice arrangement of atoms. As there is 

difference in the crystal’s structures of A & C planes of sapphire, without doubt there will be 

difference in the processing conditions also. 
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Figure 11: a) A plane sapphire of dimensions(10mmx5mmx0.5mm) b)Direct write on A plane 
sapphire wafer 

C plane sapphire 

The chemical formula for sapphire is Al2O3, with a rhombohedral structure. The linear and 

nonlinear refractive indices of the material are, n0 = 1.7717 & ne = 1.76355 respectively. Double 

side polished single crystal C plane sapphire wafers of 10 mm length, 5 mm of width and 0.5 mm 

of thickness from Advalue Technology LLC are used. C plane sapphire is regarded as a good 

material for a variety of applications because, when compared to A plane sapphire, it has a low 

damage threshold, a high rate of material removal, and a low bonding energy between neighboring 

atomic layers. The C plane of sapphire has a low elastic modulus and hardness value in comparison 

to other sapphire planes. Due to its rapid material removal rate, it is relatively simple to produce 

surfaces of superior quality in less time. Since multiphoton absorption and tunneling ionization are 

required for pulse filamentation, the laser energy should be sufficient to allow electrons to pass 
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across the C plane sapphire's large energy gap. The depth of laser focus also plays a role in 

triggering the self focusing, and thereafter to attain the controlled pulse filamentation. The figure 

below depicts a C plane sapphire being scanned by a femtosecond laser to create a  refractive index 

void [Figure 12]. 

Figure 13: a) C plane sapphire wafer with dimensions of (10mmx5mmx0.5mm) b) Femtosecond 
laser writing on C plane sapphire wafer 

Ultrashort femtosecond laser processing 

The experimental setup, which includes a spectra physics femtosecond laser with a central 

wavelength of 1040nm, a pulse duration of 300fs, and a maximum pulse energy of 40uJ at 

200KHZ, is depicted in Figure 14. Through a few mirrors and a lens (10X Mitutoyo Plan Apo NIR 

Infinity Corrected Objective Lens with a working distance of 30.5 mm), the laser incidence is 

modified into the surface of the samples set up in a 3D moving stage. By adjusting the values of 

X, Y, and Z after several runs and revisions, the surface of samples is identified. The surface of 
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samples is diagnosed after many runs and adjustments with the values of X, Y and Z. The X, Y, 

and Z axes were managed by a motion controller using G-code on three Aerotech stages. The 

focusing conditions and the laser parameters were different for glass of dimensions 

(10mmx5mmx1mm) and A&C plane sapphire crystals of dimensions (10mmx5mmx0.5mm). Still, 

the results of glass samples are used as reference while writing the pulse filamentation in the 

sapphire samples, thereby can avoid a lot of confusions.  

Figure 15: Experimental setup for femtosecond laser processing 

For the glass and sapphire samples, did lots of runs by varying the laser parameters and x, y, z 

values, and programmed to write many lines with change in x(dx) and z (dz) for constant value of 

y. In order calibrate the pulse spacing to 5um and spot size diameter to 10 um, the range of values

for Pulse Picker Divider (PPD), Laser Energy and Feed Rate were calculated. Then started the 
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experiments by varying the laser parameters within the ranges calculated. There are like many sets 

of lines, with each set having 10 lines with different z pitch (dz) and dx. If the surface can be 

located right away, all of the lines can be inscribed inside the main body of glass; otherwise, some 

lines will be missed. The values of applied laser parameters and stage movements to scan glass 

samples are illustrated here, Table 1. The laser parameters and stage moving distances to write 

pulse filamentary voids in C & A planes of sapphire samples are described in the tables [2] and [3] 

respectively. 

Table 1:  Laser parameters and stage movements applied for Glass 

Run 

No 

LE 

(uJ) 

PPD Frequency 

(KHZ) 

Scanning 

speed 

(mm/s) 

Change 

in x, dx 

(um) 

Change 

in z, dz 

(um) 

Y 

value 

(mm) 

1 16 2 100000 0.5 100 50 11 

2  8 1 200000 0.1 100 50 11 

3 12 1 200000 0.1 100 50 11 

4 20 2 100000 0.25 100 50 11 

 5  32 2  100000 0.5 100 50  11 
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Table 2: Laser parameters and stage movements applied for C plane sapphire 

Run LE PPD Frequency Scanning 

speed(mm/s) 

Change 

in x, dx 

Change 

in z, dz 

Y value 

(mm) 

1 5.6 1 200000 0.1 100 50 10 

2 6.4 1 200000 0.2 100 50 10 

3 7.2 1 200000 0.3 100 50 10 

4 4 1 200000 0.2 30 25 10 

5 2.4 1 200000 0.2 30 25 10 

6 0.8 1 200000 0.2 100 50 10 

7 2.4 1 200000 0.2 30 50 11 

8 3.2 1 200000 0.2 30 50 11 

9 2.4 2 100000 0.2 30 50 11 

10 3.2 2 100000 0.2 30 50 11 
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Table 3: Laser parameters and stage movements applied for A plane sapphire 

Run LE PPD Frequency Scanning 

speed(mm/s) 

Change 

in x, dx 

Change 

in z, dz 

Y value 

(mm) 

1 2.4 2 100000 0.2 30 25 10 

2 4 2 100000 0.2 30 25 10 

3 3.2 1 200000 0.2 30 40 10 

4 3.2 2 200000 0.2 30 40 10 

5 4.8 1 200000 0.3 30 50 11 

6 5.6 1 200000 0.3 30 50 11 

7 6.4 1 200000 0.3 30 50 11 

8 0.8 1 200000 0.2 30 50 11 

9 1.6 1 200000 0.2 30 50 11 

Polishing 

Sapphire wafers after writing refractive index variations need to cut in the middle in order 

to view the cross section for further analysis. As sapphire is very hard, while cutting with lasers 

and diamond cutter creates a lot of cracks, which makes it really difficult to view the pulse 

filamentary voids of refractive index variations. Thus, the cross sections must be polished in order 

to see the voids that cracks have obscured. For that, the samples are fossilized in the epoxy resin 

and allowed to cure for 24 hours. Remove the hardened epoxy along with submerged samples 

(Figure 11b) from the mold once it has cured out and polish the samples using silicon carbide grids 
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with numbers 120, 240, 600/P1200, and 800/P2400, respectively, and thereafter with fiber 

polishing kit (Figure 11a). The size of the abrasive particles in the polish grids decreases with the 

increase in its number. The size of abrasives is in the order of 106 um, 66 um, 12 um and 6 um for 

the numbers 120, 240, 600/P1200 and 800/P2400 respectively. The lapping films of fiber grids 

from left have particle sizes 5 um, 1 um and 0.3 um respectively. 

Figure 12: a) Fiber Grids b) Polishes samples 

Microscope analysis 

The optical microscope (Figure 12), which has five different types of lenses for varying 

magnifications, was used to investigate each sample of glass and sapphire. The five different types 

of lenses are 5X, 10X, 20X, 50X, and 100X for the scales 500 um, 200 um, 100 um, 50 um, and 

20 ums, respectively. The computer and microscope are linked so that LAZ EZ software can be 

used to produce better images. Depending on the characteristics of the samples, utilized two 

different cameras: 2) Basler camera with Pylon viewer software, and 1) Leica camera with LAZ 

EZ software. 
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Figure 13: a) Leica optical microscope with its own camera b) Basler camera 

Optigrating simulation 

Using the Opti grating software, first created a FBG in Sapphire optical fiber with core 

refractive index of 1.746. The sapphire optical fiber is having only core, as the cladding is air in 

the practical case, so the diameter of the core and cladding is kept as 125 and 500 ums respectively 

with refractive indices of 1.746 and 1.00 respectively. The central wavelength has chosen as 1.55 

um. The radial and azimuthal photosensitivity are chosen as 1 for both cladding and core with a 

real profile for the fiber. I have created 10 LP m, n modes from m = 0 to 10 to create multimode 

sapphire optical fiber and selected all the modes with input amplitude and phase values set as 1 

and 0 respectively. The length of the grating has kept as 10 mm and period of the grating as 0.879 

um. The resultant FBG came up with a Bragg wavelength of 1.49 um. Then tried to see the 

relationship between Grating period and Bragg wavelength by creating different FBGs by varying 

the grating period. As per the equation, a linear relationship between Grating Period and Bragg 

Wavelength is seen, i.e., when the value of grating period increases, the Bragg peak shift towards 

right(increases)[42].  
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Secondly, did a simulation of a temperature sensor and checked the sensitivity by varying 

the temperature linearly in different temperature ranges. At uniform temperature of 25oC, the 

Bragg wavelength was at 1.549 um. The Bragg shift has been studied with temperature values 

ranging from 1400 oC to 2000 oC. As the temperature increases, Bragg wavelength shifted towards 

right (red shift) and as the temperature decreases, the Bragg wavelength shifted towards left (blue 

shift).  

Thirdly, did a simulation of a strain sensor and checked the sensitivity by varying the strain 

linearly from -200 to 200. The parameters used in this case are as follows, core diameter = 60 um, 

Refractive index = 1.746, Length of the Grating = 5000um = 5mm, Grating Period = 1um. As per 

the strain applied, there showed a shift in the Bragg wavelength[43].   
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CHAPTER IV

 RESULTS & DISCUSSIONS 

Glass 

The femtosecond laser experimental setup was used in numerous studies to process glass 

for diagnosing the optimal conditions.  Finally, with the laser energy of 8uJ, feed rates of 0.1 and 

0.2 mm/s, and a pulse picker divider of 1, satisfactory results were discovered. With the 

aforementioned laser settings and focused using a 10X infinity-corrected objective lens, 

controlled pulse filamentation was obtained with controlled damage. The distance 

between the two consecutive pulse filamentary voids in z axis is 50 um(z pitch), and in y axis 

(dx) is 100 um. The images of the cross sections before and after polishing are shown below 

[Figure 14 & 15] and it’s clear that samples after polishing have improved a lot compared to 

before polishing samples as the pulse filamentation is clearly visible. 

Before & after polishing: 

In this case, it is possible to observe filament propagation through a glass medium, the 

filament lines look like having more width and also lines are not that straight due to the 

roughness of cross-section. When writing directly on glass using femtosecond laser, the glass 

is actually melted in a controlled manner and then rapidly solidified. In fact, deformation-based 

processes occur, and when the glass wafer is cut, changes occur suddenly that lead to cracks and 

damage. 

 Roughness results from sudden breakage of the glass with a laser cut or diamond cutter 

just after the glass has rapidly solidified. The beam radius of the fs laser is less when compared 

to the ns and ps lasers, there by the self-focusing effect will be higher because of Kerr effect. 

Here the self-



28 

focusing can be clearly seen in following images of glass samples processed using 8uJ pulse 

energy. Figures [14] shows the images of glass samples before polishing., where we can see 12-

15 pulse filamentary voids from top to bottom of the cross section obeying a diagonal pattern. The 

diagonal pattern is due to variations in the x and z values while scanning the sample, here change 

in x values (dx) is to create different lines along the surface of wafer and change in z values (dz) 

to create depth along the thickness of wafer. In comparison to the filaments before polishing, the 

lines inside the glass medium are straighter and leaner (smaller in diameter) after polishing. This 

demonstrates how polishing enhanced the cross-section surface by removing cracks and damage 

and improving the image. This can be proved from the following figure [15] of polished samples, 

which is processed with 8uJ pulse energy, and a feed rate of 0.2 mm/s with repetition rate 200KHZ. 

The length and width of the refractive index voids reduces as the depth (z) increases. 

Figure 16: Pulse Filamentary Voids in Glass with pulse energy of 8uJ (before polishing) 
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Figure 17: Pulse Filamentary Voids in Glass with pulse energy of 8uJ (after polishing) 

The morphology of the refractive index voids mainly depends on the laser energy, which 

is shown in the figure [16] below. Pulse filamentation occurs only when the laser peak power is 

above the ionization threshold of the material. From the figure, its visible that the length and width 

of the pulse filaments increases with the increase in pulse energy, and then starts decreasing and 

finally saturates when the pulse energy go beyond a particular threshold. The length and breadth 

of corresponding pulse energies were calculated and drawn a graph to see the pattern of variation, 

which fits to the explanation that did above. 
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Figure 18: Variation in the morphology (Length & Width) of the pulse filamentary voids with 
pulse energy 

The following table [4] shows the variations in length and width of the refractive 

index voids inside glass wafers corresponding to their laser energies at a particular depth in the 

cross-sections. For the lowest laser energy 8 uJ, got the smallest length and width, which is 169 

um and 14 um respectively. When the laser energies increases until a threshold value, the length 

and breadth of the filaments also increases. After crossing the threshold limit of uncontrolled 

damages, the values of length and breadth starts decreasing and thereafter gets saturate. The highest 

length of the refractive index void happens for the pulse energy 22.4 uJ, and thereafter the 

morphological values start decreasing and thereafter saturating. 



31 

Table 4: Length and width of refractive index voids with rescpect to the laser energies 

Figure 19: Graph of Laser Energy Vs Filamentary Void Length 
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Figure 20:Graph of Laser Energy Vs Width of Pulse Filamentary Void 

The upper graphs [Figs 17 and 18] highlight the previously discussed fact, namely the 

effect of laser energy on the morphology of the pulsed filament cavity generated by a femtosecond 

laser with a central wavelength of 1040 nm. The graph shows a tendency to initially increase in 

length and width as the laser power increases up to a certain threshold, then decreasing values and 

thereafter saturates when the laser power exceeds the threshold. 

A plane sapphire 

Numerous investigations have processed A plane sapphire using the femtosecond laser 

experimental setup while modifying the laser settings and focusing circumstances to obtain the 

ideal parameters. Finally, good results were found using laser energies in the range of 2-3.5 uJ, 

feed rates of 0.2 and 0.3 mm/s, and a pulse picker divider of 1. Pulse filamentation was achieved 

using the aforementioned laser settings and focussing with a 10X infinity-corrected objective lens, 

although the backdrop appears to be damaged with many cracks. The laser or diamond cutter 
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cutting causes the fissures to form. Coarse and fine polishing was used to get rid of these cracks, 

greatly improving the sample. The photos of A planar sapphire cross-sections in the figures below, 

before and after polishing, will give a clear idea of the changes. The difference in x value in each 

set of lines is 30 um, and there is a 50 um space between the two consecutive lines of high refractive 

index. There are five different sets of lines, each 60 um apart and fed at a slightly different rate 

and pulse energies. The wafer measures 10 millimeters in length, 5 millimeters in width, and 500 

um in thickness. Below are images of the cross sections before and after polishing [Figures 19 & 

20]. It is evident that samples after polishing have significantly improved compared to samples 

before polishing as the pulse filamentation is clearly visible. 

Before and after polishing 

Compared to glass, sapphire is too hard and brittle, especially A plane sapphire. Therefore, 

the controlled melting inside A plane sapphire can be attained with a laser energy value greater 

than the value for glass and lower than the value for C plane sapphire. Once ionization of sapphire 

is achieved with the triggered pulse energy, the material properties get changed and then re-

solidifies back like a deformation process. After quick re-solidification, the sample material is 

prone to get damages with even a small perturbation. Therefore, A plane sapphire sample cross-

section ended up in damages and cracks when it is exposed to a sudden cut by laser or diamond 

cutter. Because of the flaws and damage created during the wafer cutting process, the A plane 

sapphire treated samples look terrible when examined under a microscope. Due to its harsh and 

abrasive character, the pulse filamentation lines appear to be destroyed prior to polishing (Figure 

19). Although the cross section obtained after the cutting is utterly unpolished and caused this ugly 

33 
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picture, it does not imply that self-focusing did not occur at all, as evidenced by the photographs 

of polished samples. After polishing, A plane sapphire processed samples after polishing really 

give a hope, as the filaments are good looking, straight and with less width. This proves that, within 

the range of pulse energies “2.4 - 4 uJ”, can be managed to produce a nice pulse filamentation void 

inside the A sapphire wafer, which can be viewed in Figure 20. 

Figure 21: Filamentary Voids in A plane sapphire (before polishing) 

Figure 22: Filamentary Voids in A plane sapphire (after polishing) 
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With increasing laser energy, the filamentary voids in sapphire in A plane get longer. The 

filament length grows with an increase in pulse energy within the controlled ionization pulse 

energy. However, once the laser intensity goes above the threshold limit, the length of the 

refractive index voids starts to decrease and eventually reaches saturation. This is due to the fact 

that diffraction and plasma defocusing completely replace and dominate the self-focusing effect, 

resulting in filament termination. The graph below [Figure 21] shows the tendancy of A plane 

sapphire to change its morphology with respect to the pulse energy. 

Table 5: Variation of Filamentary Length with Pulse Energy 
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Figure 23: Dependence of Pulse Filamentation Length with Pulse Energy 

C plane sapphire 

Numerous investigations have processed C plane sapphire using the femtosecond laser 

experimental setup while modifying the laser settings and focusing circumstances to obtain the 

ideal parameters. Finally, good results were found using laser energies 1.6 & 2.4 uJ, feed rate of 

0.2 mm/s, and a pulse picker divider of 1. Pulse filamentation was achieved using the 

aforementioned laser settings and focussing with a 10X infinity-corrected objective lens, although 

the backdrop appears to be damaged with a few cracks. The laser or diamond cutter cutting causes 

the fissures to form. Coarse and fine polishing was used to get rid of these cracks, greatly 

improving the sample. The photos of C planar sapphire cross-sections in the figures below, before 

and after polishing, will give a clear idea of the changes. Below are images of the cross sections 
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before and after polishing [Figure 21 & 22]. It is evident that samples after polishing have 

significantly improved compared to samples before polishing as the pulse filamentation is clearly 

visible. 

Before & after polish 

The C plane sapphire processed samples before polishing [Figure 22] looks better than A 

plane sapphire, but still got a few cracks and filaments produced by 2.5 uJ looks like a bit damaged. 

This damage look doesn’t mean that the lines are not self-focused or damaged instead of producing 

refractive index variations, but because of the hardness nature of sapphire. This can be understood 

from the images of polished samples. The polished C plane sapphire processed samples seems far 

better than the unpolished ones, which emphasis the hardness nature of sapphire wafers. From the 

beautiful filaments, its proved that refractive index variations can be controlled using pulse 

energies of 1.5 & 2.5 uJ inside the medium of C plane sapphire. This can be seen in the following 

figures [ Figure 22 & 23] of polished samples. 
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Figure 24: Pulse Filamentation in C plane sapphire (before polishing) 

Figure 25: Pulse Filamentation in C plane sapphire (after polishing) 

When the pulse energy is increased within a specified damage threshold, the length of the 

refractive index voids has a tendency to lengthen. Beyond the threshold limit, the length of voids 
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first shorten before becoming saturated as the pulse filamentary line stops, when the Kerr effect's 

self-focusing is overcome or largely replaced by plasma defocusing and diffraction. Due to the 

decreased power of all the studies, the width has very little effect on the outcomes. Also, there is 

a tendancy for the filaments to increase or decrease in length as the thicknes of the crossesection 

varies (dz) along the crosssection. This diagonal pattern of lines is due to change in the values of 

x (dx) along the surface and change in values of z (pitch) alongth the thickness.  

. 

Figure 26: Relationship between pulse energy and pulse filamentation void in C plane 
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wavelength is reflected, as opposed to a range of values that would not produce a pointed peak. 

The Forward Width Half Wave Maximum (FHWM) will be higher if the spectral response has a 

non-pointed peak, which implies that instead of having a specific reflected wavelength, there will 

be a range of wavelengths, which will result in poor sensing. The main challenge in fabricating a 

FBG is to get a prominent peak in the reflection spectra with low FWHM and high reflectivity. 

Figure 27: Transmittivity/Reflectivity Vs Bragg Wavelength of a simulated sapphire Fiber Bragg 
Grating 

The relationship between Grating Period & Bragg Wavelength is studied by simulating 

different FBGs which satisfies the conditions for a standard FBG, with different grating period. 

As per the equation, a linear relationship between Grating Period and Bragg Wavelength is seen, 

i.e., when the value of grating period increases, the Bragg peak shift towards right (increases). The

grating period should not go below or above the limited value, as per the equation. 
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Figure 28: Relationship between Grating Period & Bragg wavelength. 

Simulation of a sapphire fiber Bragg grating temperature sensor 

A temperature sensor is simulated and checked the sensitivity by varying the temperature 

linearly in different temperature ranges. At uniform temperature of 25oC, the Bragg wavelength 

was at 1.549 um. The Bragg shift has been studied for various temperature sensors by varying the 

temperatures between 1400 _ 2000 oC. As the temperature increases, Bragg wavelength shifted 

towards right (red shift) and as the temperature decreases, the Bragg wavelength shifted towards 

left (blue shift). The reflected peak here is not dominated as it is wide instead of pointed with high 

FWHM is high with low reflectivity. Need to work more on this simulation until we get a good 

reflection spectrum. 
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Figure 29: Transmittivity/Reflectivity Vs Bragg Wavelength of a simulated sapphire Fiber Bragg 
Grating temperature sensor. 

Figure 30: Temperature Vs Bragg Wavelength of different temperature sensors 
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A strain sensor is simulated and checked the sensitivity by varying the strain linearly from 
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sensors here are having good spectra with pointed dominant wavelengths peak with low values of 

FWHM. The reflectivity is also high compared to the temperature sensor which will result in a 

better sensing. These parameters and dimensions can be followed while fabricating a physical 

sapphire strain fiber sensor to acquire a standard FBG with controlled damage and periodic 

morphology. 

For Uniform strain: 

Figure 31: Transmittivity/Reflectivity Vs Bragg Wavelength of a simulated sapphire Fiber Bragg 
Grating strain sensor for uniform strain. 
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For Linear strain: 

Figure 32: Transmittivity/Reflectivity Vs Bragg Wavelength of a simulated sapphire Fiber Bragg 

Grating strain sensor for linear strain. 
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CHAPTER V

CONCLUSIONS & FUTURE WORKS 

Conclusions 

Different runs of tests were used to adjust the laser settings and laser focusing conditions 

for the ultrashort processing of glass, sapphire A plane, and sapphire C plane. With feed rates of 

0.1 and 0.2, a pulse picker divider of 1, and pulse energy of 8uJ, it can acquire pulse 

filamentation on glass. A 10X Mitutoyo Plan Apo NIR Infinity Corrected Objective Lens 

with a working distance of 30.5 mm is utilized for controlled focusing. The refractive index 

variations attained through the pulse filamentation can be make use of in the fabrication of Fiber 

Bragg Grating (FBG) optical fiber sensors, where the main problem is the creation of periodic 

refractive index variations. In conclusion, the aforementioned laser settings and the focusing 

circumstances on glass can be used to control the periodicity of refractive index fluctuations, 

resulting in effective FBGs[44][45]. 

Using an ultra-short, pulsed femtosecond laser, the processing conditions of C plane 

sapphire were able to be optimized after numerous rounds of tests with various laser settings and 

focusing conditions. Better pulse filamentation was achieved utilizing pulse energies of 1.5 and 

2.5 uJ, a feed rate of 0.2 mm/s, a pulse picker divider of 1, and focusing with a 10X Mitutoyo 

Plan Apo NIR Infinity Corrected Objective Lens at a working distance of 30.5 mm. The 

processed wafers were split down the middle to see the cross sections in order to analyze 

the pulse filamentation lines within the sapphire. The slicing caused numerous cracks and 

other defects inside the wafer, making examination very challenging. This was overcome by 

employing optical fiber grids to polish the processed samples after cutting, which improved the 

samples. 
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In comparison to C plane sapphire, A plane sapphire is much harder and more abrasive, 

making processing it much more challenging. A planar sapphire is regarded as a subpar material 

for many device applications due of its processing challenges. A new way of thinking about A 

planar sapphire was made possible by this study's ability to tune the laser parameters and focusing 

conditions for processing the material. With A plane sapphire, this will open up a wide range of 

possibilities, including photonics device applications. The following laser settings and focusing 

circumstances are used to maximize the processing of a planar sapphire. A 10X Mitutoyo Plan 

Apo NIR Infinity Corrected Objective Lens was used to focus at a working distance of 30.5 mm 

with a laser energy between 2 and 3.5 uJ, feed rates between 0.2 and 0.3 mm/s, and a pulse picker 

divider of 1. To get satisfactory results for A plane sapphire, the cut samples must be polished 

Future works 

The polishing has improved the processed samples' quality, particularly the A 

plane sapphire. Finding the ideal polishing conditions for each sample (A & C plane 

sapphire) will greatly expand the possibilities for pulse filamentation and, in turn, for FBG 

sensors. In order to make sapphire viable for sensing applications in severe environments, 

better optimization is therefore required for both the A and C planes of sapphire. FBG 

simulations have already been performed using optigrating to optimize the length and period of 

the grating required to write FBG in sapphire optical fibers with a 60-um diameter and resultant 

sensor will operate at 1.5 um central wavelength. The objective of the upcoming work is to 

produce sapphire optical fiber sensors in challenging situations using optimal laser 

parameters, focusing circumstances, and simulation findings from sapphire wafer processing 

and Optigrating software, respectively 
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FBG (Fiber Bragg Grating) - A fiber Bragg grating (FBG) is a type of distributed Bragg 

reflector that is built into a short segment of optical fiber and reflects specific 

wavelengths while transmitting all others. This is accomplished by generating a 

wavelength-specific dielectric mirror by creating a periodic variation in the refractive index 

of the fiber core. As a result, a fiber Bragg grating can be used as an inline optical fiber to 

block specific wavelengths, for sensing applications,[1] or as a wavelength- specific 

reflector. 

OPTICAL FIBER - Optical fiber is a data transmission technology that uses light pulses that 

travel along a long fiber that is typically made of plastic or glass. Metal wires are preferred 

for optical fiber communication transmission because signals travel with less damage. 

Electromagnetic interference has no effect on optical fibers. The fiber optical cable employs 

total internal reflection of light. The fibers are designed in such a way that light can 

propagate along with the optical fiber depending on the power and distance of transmission 

required. For long-distance transmission, single-mode fiber is used, while multimode fiber 

is used for shorter distances. These fibers' outer cladding requires more protection than 

metal wires. 

DEFINITIONS
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