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I developed a high power blue laser for use in scientific and technical applications (e.g., 

precision spectroscopy, semiconductor inspection, flow cytometry, etc.).  It is linearly polarized, 

single longitudinal and single transverse mode, and a convenient fiber coupled continuous wave 

(cw) laser source.  My technique employs external cavity frequency doubling and provides better 

power and beam quality than commercially available blue diode lasers. 

I use a fiber Bragg grating (FBG) stabilized infrared (IR) semiconductor laser source with 

a polarization maintaining (PM) fiber coupled output.  Using a custom made optical and 

mechanical design this output is coupled with a mode matching efficiency of 96% into the 

doubling cavity.  With this carefully designed and optimized cavity, measurements were carried 

out at various fundamental input powers.  A net efficie ncy of 81 % with an output power of 680 

mW at 486 nm was obtained using 840 mW of IR input.  Also I report an 87.5 % net efficiency 

in coupling of blue light from servo locked cavity into a single mode PM fiber.  Thus I have 

demonstrated a total fiber to fiber efficiency of 71% can be achieved in our approach using 

periodically poled potassium titanyl phosphate (PPKTP).  To obtain these results, all losses in the 

system were carefully studied and minimized. 
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CHAPTER 1 

 INTRODUCTION 

Aim and Motivation 

High power, single frequency blue lasers are useful for many scientific and 

technological applications.  The main motivation in this work was to develop a good laser 

source for precision spectroscopy requirements.  It has been designed to cater to the 

frequency and power requirements primarily in scientific applications.  Furthermore 

doubling this into Ultra Violet is an attractive possibility for tritium spectroscopy.  

Nevertheless, it can also have applications in techniques such as flow cytometry for DNA 

sequencing, cell counting etc. or in semiconductor industry for use in detection of defects 

and crevices on silicon wafers with high contrast and resolution.    

Significance of the Work 

Retaining competitive advantages of its features such as high conversion 

efficiency, the combination of a pigtailed or fiber coupled semiconductor laser and our 

compact cavity design allows for applications to cover large wavelength range and 

power.  In other words this laser design can be customized to best fit the needs of 

industries and researchers from universities or institutes worldwide.  Due to its 

compactness it could be conveniently incorporated into various biomedical instruments, 

etc.  Also such cost effective solutions offer convenient replacement of bulky and high 

maintenance gas lasers.  
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Literature Review 

A high power, single mode polarization maintaining (PM) fiber coupled, 

continuous wave, single longitudinal frequency blue laser is useful in scientific and 

technical applications (for eg. spectroscopy, dark field wafer inspection, etc). While blue 

diode lasers continue to improve [1] IR frequency doubling techniques still offer 

attractive features for blue generation.  Three basic techniques are in use for doubling.  

Bulk single pass doubling is one, where for instance 56% efficiency in a multicrystal 

arrangement with input power of 10 W [2] has recently been reported.  Waveguide 

doubling is a second technique, especially promising at lower powers.  For example, 494 

mw at 589 nm with 40% efficiency using ridge waveguide was reported by Nishikawa et. 

al [3].  The final basic technique is external cavity doubling, using either birefringent 

phase matching or periodically poled crystals.  Examples of birefringence phase matching 

include the work of Polzik and Kimble [4], who have reported 560 mW of directly 

measured power with 80% net efficiency at 540 nm using type II phase matching in KTP.  

Kaneda et. al. [5] reported 700 mW of 488 nm light using KTP and an optically pumped 

semiconductor laser (OPSL), with 6 W of 808 nm pump.  Examples of results obtained 

with periodically poled resonant doubling include 600mW at 488 nm with 15% efficiency 

in periodically poled lithium niobate (PPLN) [6].  Similarly, periodically poled KTP 

(PPKTP) has recently been used to achieve 225 mW at 423 nm [7], 234 mW at 461 nm 

[8], 330 mW at 426 nm [9] and 318 mW at 404nm [10].  In this letter we report on 

resonant doubling in PPKTP using a simple and efficient design, yielding 81% net blue 

conversion efficiency, 87.5% coupling of this blue into single mode PM fiber and 21.4% 

electrical to fiber coupled blue efficiency.  With this carefully designed and optimized 
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cavity, measurements were carried out at various fundamental input powers.  The 

experimental results are in agreement with theory at low powers but slightly deviate at 

high powers due to thermal lensing effects as manifested in back reflected IR power and 

fiber coupling efficiencies at different input blue powers. We have observed 680mW at 

486nm [11] as detailed later in the following chapters.  

Outline of Thesis 

Thesis is built as follows: Chapter 2 discusses theoretical framework behind non-

linear optical process in a medium and reviews properties of PPKTP. Chapter 3 mentions 

ideal features necessary in a resonant cavity design, explains our cavity design and 

discusses properties achieved.  It also presents techniques developed to measure linear 

losses of various optical components and fiber to fiber coupling efficiency.  Chapter 4 

discusses experimental measurements of various cavity parameters, laser induced damage 

and shows net fiber to fiber coupled efficiency.  The conclusion is also given in chapter 4.  
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CHAPTER 2 

 THEORY OF NONLINEAR OPTICS 

Introduction 

The beginning of non-linear optics is generally considered to be the discovery by 

Franken et al. [1] in 1961 of second harmonic generation of ruby laser using quartz 

crystal. This followed soon after first demonstration of laser in 1960 [2].  

So what is non- linear optics? It’s a branch of optics dealing with interaction of medium 

with an intense coherent radiation.  Unlike linear optics, when a high power laser beam 

traverses through a medium, its properties such as absorption, transmission, refractive 

index, etc can change and frequency of light can be altered. This happens due to 

nonlinear response of material system to the strength of optical field as explained below.   

Many of nonlinear optical effects such as harmonic generation or parametric 

amplification can be conveniently and quantitatively described by using nonlinear 

polarization expression within framework of semi-classical theory. In this case I am 

dealing with the applied optical field which is nonresonant (972 nm or 1.27 eV) with 

absorptive energy levels i.e band gap of PPKTP crystal, which is 3.6 eV.  

In linear optics, the electron distribution within the band structure gets perturbed under 

influence of optical field and starts oscillating at the frequency of the field. This results in 

charge separation and hence field induced electric dipole moment which, in turn, acts as a 

secondary source of radiation at the same frequency of applied field.  

In order to consider macroscopic behavior of medium, let us assume N molecules 

per unit volume and introduce the electric polarization vector P [3] defined as 
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 (2.1)  

It can be seen from Eq. (2.1) that the electric polarization of the medium has two parts: 

the field induced dipole moment pi of each individual ith molecule and statistically 

averaged property of all N molecules. Under any externa l optical field, the induced 

molecular dipole moment is determined by the microscopic structure of molecule while 

the result of summation of pi depends on macroscopic symmetry of the medium.  

Susceptibility in Linear and Nonlinear Medium 

In linear optics, relation between induced polarization and applied electric field E 

in terms of Fourier components is given by,  

          
         (2.2)  

where    is the dielectric constant and       is the first order susceptibility of the 

medium. The equation applies to linear, homogeneous, isotropic medium such that dipole 

oscillation is at the same frequency as that of applied electric field. For monochromatic 

beam, χ can be taken as a constant in Eq. (2.2) if the medium is assumed to be lossless 

and dispersionless.  

In case of anisotropic medium       is a second rank tensor with 3x3=9 

elements.  Expressing these in terms of components of Cartesian coordinates of vectors 

      and E    we get 

  

  
    

  
    

  
    

 =   

   
        

        
    

   
        

        
    

   
        

        
    

  

     

     

     
  (2.3)  
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Eq. (2.3) can also be rewritten in a summation form as  

   
           

          …(where i, j = x, y, z) (2.4)  

Now if the beam intensity is very high (like in my case ~ 108-109W/m2), induced 

polarization can be expressed as a power series as, 

            

 

   

 (2.5)  

In this case, the second order nonlinear polarization can be written as  

 

  
                   

           

  

             

               

(2.6)  

The second order susceptibility       is a third rank tensor with 3x9=27 

elements. In the case of noncentrosymmetric anharmonic oscillator, susceptibility is 

independent of frequencies of applied waves, whenever these frequencies are much 

smaller than the resonance frequency of that material. This condition is valid in our case 

since we are operating at 972 and 486 nm when cutoff for KTP is 350 nm. Also in such 

circumstances there is no physical change in system (ionization, etc) and the system 

responds almost instantaneously to the applied field (response time typically 10-15~10-16 

seconds) which also means that χ can be taken as constant. And for such a lossless 

medium, Kleinman symmetry condition [4] is valid. i.e  

 

    
                

            

                                                                
            … 

(2.7)  
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As shown in Eq. (2.7) indices can be permuted without permuting frequencies. If this 

condition is met then a more compact tensor notation is applicable denoted d-tensor 

given as  

      
 

 
    

  (2.8)  

For the second harmonic generation, where      ,  j and k indices are interchangeable 

and can be replaced by l as shown.  

 
                        
        

  (2.9)  

The nonlinear susceptibility tensor now becomes 3x6 matrix with 18 elements and second 

order polarization in d-matrix gets the form [5] 

 

 

  
     

  
     

  
     

                 
                        
                        

                       

  

                                                       

 
 
 
 
 
 
 

            

            

            

                         

                         

                          
 
 
 
 
 
 

 

(2.10)  

where            , the degeneracy factor, is equal to 1/2 when      , and 1 when 

     . 

D-factor of KTP 

KTP is orthorhombic, positive biaxial crystal with the principal axes x, y and z 

(nz>ny>nx) parallel to the crystallographic axes a, b and c, respectively. It belongs to the 



10 

 

point group mm2 and space group Pna21 [27]. Crystal with such symmetry has only 5 

non-vanishing nonlinear coefficients: 

      
                                            
                                             

                                             
  (2.11)  

Hence coupling interactions can be written as  

 

  
                                        

  
                                        

  
                                        

                 

(2.12)  

But in our cavity design, since the periodic poling is along z-axis and incident 

laser beam is polarized along that axis, the dominant factor in above coupling interactions 

is     and hence we have 

   
                      (2.13)  

 

The Coupled Wave Equations and Second Harmonic Generation in Nonlinear Media 

The propagation of electromagnetic waves in non-magnetic, nonlinear media with 

no free charges, is given by the following Maxwell’s equations 

        (2.14)  

        (2.15)  

        
  

  
   (2.16)  
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    (2.17)  

 

              

      

(2.18)  

Splitting P into its linear and nonlinear components we get [6] 

              (2.19)  

Putting Eq. (2.18) and Eq. (2.19) into Eq. (2.17) we have 

          
  

  
 

    

  
 (2.20)  

Where 

            (2.21)  

Taking curl of Eq. (2.16) and assuming plane waves propagating along y axis we 

have      . The scalar notation of field equation now becomes 

        
  

  
   

   

   
  

  

   
    (2.22)  

with the following solutions 

         
 

 
                       (2.23)  

         
 

 
                       (2.24)  

         
 

 
                       (2.25)  

Now assuming envelope of plane waves change very slowly with distance we have 
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  (2.26)  

where wave vector is given as  

   
     

     (2.27)  

Using above and Eq. (2.10) we get the following equation coupled via the nonlinear 

constant d 

 
   

  
  

  

 
 

 

  

   
   

 
 

 

  

     
                (2.28)  

Similarly 

 
   

 

  
  

  

 
 

 

  

   
   

 
 

 

  

     
                (2.29)  

 
   

  
  

  

 
 

 

  

   
   

 
 

 

  

      
              (2.30)  

 

The Paraxial Wave Equation 

In above section we considered plane wave solutions. But laser beam propagates 

as a nearly unidirectional wave with some finite cross-sectional area. First let’s consider 

following field equation for electric field in vacuum: 

     
 

  

   

   
   (2.31)  

Here we are interested in solution of the form [7] 
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                  (2.32)  

Using Eq. (2.32) in Eq. (2.31) we obtain the Helmholtz equation: 

                 (2.33)  

Where 

    
  

  
 (2.34)  

To this end we try a solution of the form 

                (2.35)  

We assume that the variations of       and           within a distance of the order of a 

wavelength in y direction are negligible, i.e.  

  
   

  
         

    

   
    

   

  
  (2.36)  

where       , 

Putting Eq. (2.35) in Eq. (2.33) and using Eq. (2.30) we get the following paraxial wave 

equation 

   
       

   

  
   (2.37)  

Here the transverse Laplacian is 

   
  

  

   
 

  

   
 (2.38)  
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Gaussian Beam 

The paraxial wave equation Eq. (2.37) is solved by a beam having transverse 

intensity distribution that is everywhere Gaussian and which can be represented in scalar 

approximation [7] as  

      
              

        

                                     (2.39)  

with A as a constant and R(y),w(y) and    satisfying following equations 

        
  

 

 
 (2.40)  

                           (2.41)  

    
   

 

 
                                 (2.42)  

The spot size      has a minimum value   in some plane y=0, and grows with 

distance from this plane as per Eq. (2.41). This behavior is depicted in Fig 2.1.  

        

 

Fig. 2.1. Variation of spot size w(z) of Gaussian beam. 

The divergence angle Θ is given as 
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 (2.43)  

 

Second Harmonic Generation 

There are different types of second order nonlinear optical processes such as 

second harmonic generation, sum or difference frequency generation, optical parametric 

amplification, Pockel’s effect etc. First three of these are shown in Fig.2.2. This thesis 

work is concerned with second harmonic generation only. In this case two of the three 

frequencies shown in the figure are the same.  Hence we may put         and 

E1=E2=E(ω), for which case Eq. (2.28) & Eq. (2.29) are the complex conjugate of one 

another and we need to consider only one of them.  

 

Fig. 2.2. (a) Depiction of second harmonic generation (           ), and sum 

or difference frequency generation (        ). (b) Illustration of parametric 

amplification 
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Putting             (here + sign is selected since the photons of lower 

frequencies combine to form a photon of higher frequency) and neglecting absorption, so 

        , Eq. (2.30) becomes 

 
      

  
     

 

 
                  (2.44)  

Where 

                   (2.45)  

Also here I assume that the depletion of input power at fundamental frequency 

due to conversion to    to be negligible. So in this case since        is a contant value, 

integrating Eq. (2.44) over the length of the crystal (0 to l) we get: 

             
 

 
          

       

   
 (2.46)  

Hence 

           
 

  

 
    

  
         

           

        
 (2.47)  

where        . The intensity is defined as  

 

   
  

 
 

  

 
 

  

 
          

        
 

  
 

 

  

  

 
 

(2.48)  

Similarly, 
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 (2.49)  

Putting Eq. (2.48) into Eq. (2.47) we get 

           
 

  

 
    

   
 

 
   

   
 

 

  

 

 

  
           

        
 (2.50)  

Now using Eq. (2.49) & Eq. (2.50) we obtain expression for single pass efficiency 

defined as: 

 

     
   

  

 
          

         

 
 

  
 

 
 

  

 
       

   

        
   

 
 
  

 
 

(2.51)  

The function sinc(x) is defined as sin(x)/x and Fig.2.3 shows its maximum to be at x=0. 

Hence  

 

Fig. 2.3. The sinc2(x) function 
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for a perfect phase matching i.e      and area =      ,   being waist along x-axis 

and    along z-axis, Eq. (2.50) becomes: 

      
 

     

 
 

  

 
       

  
    

     (2.52)  

The above expression is based on a plane wave model. In my case the average of 

the waist sizes is 47.9 µm is larger than optimum waist size of 24 µm. The optimum 

waist size is calculated using the following expression from Boyd and Kleinman [8] 

focusing factor h (b, ) for b (shown in Fig.2.1), known as confocal parameter: 

   
      

 

  

                    (2.53)  

Nevertheless it is a focused beam and there arise a need to use following expression for 

the beam 

           
 

  

 
    

  
           

     
   

 
 

 
   

 
 

  (2.54)  

Where        is used as a Gaussian beam 

           
     

   (2.55)  

Now using this equation and 

    
 

 
 

  

 
                

  

 
  

  
   

 

 
  (2.56)  

and integrating Eq. (2.54) we get identical expression of Eq. (2.52). This situation is valid 

until Rayleigh range (  ) is comparable to the length of crystal l. In my case,     

                    at 486 nm, in comparison to 2 cm length of crystal. Hence I use 
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Eq. (2.52) to calculate single pass efficiency which gives good agreement of calculated 

1.062%/W in comparison to experimental value of 1.06%/W of an unused crystal 

PPKTP. Further reduction in  0 will cause the beam to be focused at the center of crystal 

ebut spread out elsewhere. Hence it’s reasonable to focus the beam until        . At 

this point we get confocal focusing i.e   
         and Eq. (2.52) becomes 

      
   

  

 
 

  
 
 

  

 
        

  
 

   (2.57)  

The main difference between Eq. (2.57) and Eq. (2.52) is that the conversion efficiency 

increases as l instead of l2.  

Phase Matching in Second Harmonic Generation 

From Eq. (2.51) it can be seen that nonlinear conversion efficiency critically 

depends on phase matching condition i.e it needs Δk =0 or from Eq. (2.45), 

         (2.58)  

What it means is that phase velocity of both fundamental and harmonic generated 

wave be the same throughout conversion process over the length of the medium. There 

are two primary issues in phase matching; dispersion and walk-off.  Dispersion arises 

from dependence of refractive index on frequencies of incident and harmonic generated 

beam.  Walk-off is due to dependence of the refractive index on polarization of 

propagating waves in the media and on angle of rays within incident beam with optic 

axis. Whenever the angle θ between the propagation direction and the optic axis has a 

value other than 0 or 90º, the Poynting vector S and the propagation vector k are not 

parallel for extraordinary rays. This dependence of refractive index results in beam shape 
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distortion and limits the spatial overlap of ordinary and extraordinary rays. For instance, 

in my case though the incident beam shape is circular but due to different refractive 

indices for focusing along z & x-axis, beam shape becomes elliptical when it traverses 

through the crystal PPKTP. In addition refractive index also varies with intensity of the 

beam (Kerr effect) leading to distortion of wavefront; more on this has been discussed in 

later chapter.  

Birefringent phasematching: 

The most common procedure for achieving the phase matching is to make use of 

birefringence of certain crystals. In one of method of this phase matching, we have to 

choose a special direction within a given crystal so that the dispersion effect of refractive 

index can be compensated by the birefringent effect. The angle between this special 

direction of incident beam and the optical axis of the crystal is termed as phase matching 

angle. Depending on specific polarization states of two waves, there are two ways to 

satisfy this requirement. In the first method, the incident fundamental wave contains only 

one polarization component (e.g o-ray), whereas the second-harmonic contains the other 

polarization component (eg. e-ray; usually corresponding to polarization that gives lower 

of the tow possible refractive indices). This is called type-I phase matching. The second 

method is called type-II phase matching, in which the fundamental field is composed of 

two polarization components (o-ray and e-ray) while the second harmonic still contains 

only one polarization component. For negative uniaxial crystals (no>ne), the two methods 

for phase-matching can be expressed as [3] 

no(γ)+ no(γ) = ne(2γ)            (type I) 
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no(γ)+ne(γ) = ne(2 γ)            (type II) 

For positive uniaxial crystals the roles of ordinary and extraordinary ray are reversed.  

The dependence of refractive index of extraordinary ray on phase matching angle [8] is 

given by 

 
 

      
 

       

   
 

 
       

   
 

 (2.59)  

Here       is equal to principal value       for θ=90° and is equal to   for θ=0°. The 

dependence of refractive index on phase matching angle is shown in Fig.2.4 for negative 

uniaxial crystal.  

 

Fig. 2.4. Dependence of the refractive index on light propagation direction and 

polarization in negative uniaxial crystals. Phasematching is achieved at point A. Figure 

has been modified from [9]. 
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However there is a complication in this angle tuning technique, due to Poynting 

vector walk-off, even when dispersion related phase-matching can be fulfilled. This 

deviation is given by the following expression [10] 

           
  

 

  
 
            (2.60)  

Where the upper sign is for negative uniaxial crystals and lower for positive crystals.  

From Eq. (2.60) it can be seen that it will be better if the phase-matching 

requirement can be fulfilled in a direction perpendicular to the optical axis (θ= 90°) or 

along the optic axis (θ= 0°) of a birefringent crystal.  This is known as non-critical phase 

matching and under this arrangement the separation effect of two beams can be 

eliminated and also the acceptance angle will be larger than that for critical phase 

matching.  However, this choice of the propagation direction isn’t always available and is 

limited to certain directions depending on the frequencies that should be phase-matched. 

Also, the limitation in choice of θ prevents access to the highest possible nonlinear 

coefficient and hence efficient phase matching is limited to small range of frequencies. 

Nevertheless, in cases like deep-UV generation, birefringent phase-matching remains the 

only viable choice since only few nonlinear crystals are transparent in this part of 

spectrum. 

Some piezoelectric crystals like lithium niobate have strong temperature 

dependent birefringence.  In such cases phase matching can be achieved by holding θ    

90° and varying the temperature of the crystal.  This method is termed the temperature-

tuning phase matching in distinction from the commonly used angle-tuning phase 

matching. 
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Quasi-phasematching: 

There are many circumstances or materials wherein birefringent technique won’t 

work due to insufficient or even nil birefringence (like gallium arsenide) to compensate 

for the dispersion. And there are circumstances wherein it’s advantageous to make use of 

d33 coefficient due to its higher nonlinearity. Another technique known as quasi-phase 

matching (QPM) can be used in such situations.  The basic idea has been illustrated in 

Fig.2.5; (a) shows a single crystal of nonlinear material and (b) shows that orientation of 

one of crystalline axes is inverted periodically throughout the length of the crystal.  This 

results in inversion of sign of nonlinear coefficient deff. The mechanism of harmonic 

generation has been shown in Fig.2.6, where the correction to the dispersion effect leads 

to constructive interference between old and newly generated harmonic wave resulting in 

better conversion efficiency.  

 

 

 

 

 

(a) 

(b) 

Fig. 2.5. Schematic representation of second order nonlinear optical crystal in the form of (a) a 

homogeneous single crystal and (b) periodically poled material 
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Fig. 2.6 Destructive interference of the second harmonic field occurs without quasi-phase 
matching. 

 

Fig. 2.7. Quasi-phase matching (QPM) leads to a large second harmonic field.  

 

The spatial dependence of nonlinear coefficient d(z) is represented as  
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  (2.61)  

 

Where   is the period of      given as  

   
   

  

 (2.62)  

Where m is an integer. Putting Eq. (2.62) in Eq. (2.30) and integrating over length of 

crystal L we get 

      
   

 
 

 

  
                              

 

    

  

 

 

 (2.63)  

The Fourier coefficient for which above integral can be maximized (equal to one) is  

    
 

  
         (2.64)  

where D is the duty cycle defined by      where    is the length of positive section of 

    . The effective nonlinear coefficient is  

              
 

 
              (2.65)  

Where m is an odd integer, known as phase matching order. The corresponding phase 

matching requirement is  

                  (2.66)  

Putting this in Eq. (2.62) we get for the first order,  
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                 (2.67)  

   can be tailored by changing the crystal temperature to adjust for   . It is clear from 

Eq. (2.65) that there is slight reduction in nonlinear coefficient. It has been illustrated in 

Fig.2.8. But it is very well compensated by having an access to the one with largest value. 

For e.g. in case of KTP, QPM gives an access to d33 which isn’t available with 

birefringence technique. In addition QPM has advantages of low angular and temperature 

sensitivity and that its intrinsically free of walk-off.  

 

Fig. 2.8. The evolution of second harmonic generation for (a) perfect phase matching, (b) 

no phase matching (c) first order QPM and (d) third order QPM.  This figure has been 

modified from [6]. 
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PPKTP and Its Properties 

KTP properties:  

KTP has many advantageous features needed in second harmonic generation as 

shown in Table.2.1. high damage threshold, >22KW/7.5 mm2 at 532 nm, large angular 

acceptance, transparency.  

Table 2.1. Nonlinear properties of KTP 

Temperature acceptance 

bandwidth (ºC-cm) 

25 [11] 

Angular acceptance (mrad cm) 15-68 [11] 

Spectral bandwidth (Å cm) 5.6 [11] 

Walkoff angle (deg) 0.27° at 1064 nm [11] 

Transparency (nm) 350-5300  [12] 

 

The non-zero nonlinear coefficients of KTP reported by Vanherzeele and Bierlein 

[13] are listed in Table 2.2. Imperfections in periodic poling will lower the 

experimentally observed values.  Thus Target, et al., [14] reported a lower value for 

PPKTP of d33 (461 nm) =15 (±5%) pm/V.  This value is in reasonable agreement with the 

measurement of single pass efficiency of the crystal used in my experiments, 13.2 pm/V.  

Note our PPKTP crystal was bought from same source as [14]:  Raicol Crystals, Israel.  
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Table 2.2. Nonlinear optical coefficient of KTP 

 dij(pm/V) for KTP 

Wavelength (nm) d15 d24 d31 d32 d33 

1064 1.91 3.64 2.52 4.35 16.9 

 

Accurate knowledge of refractive index corresponding to wavelengths and polarizations 

is needed for calculations of grating period and single pass efficiency.  This is given by 

the Sellmeier equation: 

      
 

      
     (2.68)  

The coefficients for    &    i.e for ordinary and extraordinary polarizations are given in 

Table.2.3.  

Table 2.3. Sellmeier coefficients for flux grown KTP according to Eq. (2.68) [10] 

Index A B C D 

   3.0065 0.03901 0.04154 0.01408 

   3.3134 0.05694 0.05658 0.01682 

 

Crystal growth:  

The most popular method of fabrication of semiconductor and oxide crystals 

consists of pulling crystals from melts contained in crucibles, a method named after 

Czochralski. KTP melts incongruently around 1160-1170º C [15], which prevents use of 
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convenient technique like Czochralski, at least under normal pressure. Instead KTP 

family crystals are grown by either hydrothermal method or the flux technique.  

Hydrothermal process is an expensive solution growth technique wherein 

nutrients and seed crystals are sealed in a platinum autoclave which can withstand high 

temperature, high pressure as well as being resistant to corrosive solvents. Hydrothermal 

growth has been reported at 600°C and 25,000psi and also at 450°C and 20,000 psi [16] 

and each hydrothermal growth run lasts between one and two months. Autoclave 

restrictions associated with these high temperatures and pressures have limited the size of 

KTP crystals that can be grown with this method.  

Flux growth is a high- temperature solution technique to grow larger (few 

centimeters) single crystals.  It is relatively simple technique; the process operates at 

atmospheric pressure without the need for sophisticated pressure equipment and 

expensive autoclaves.   A saturated solution is prepared by keeping the constituents of the 

desired crystal and the flux, usually various potassium phosphates, with the K-to-P ratio 

varying from 1 to 3, tungstates and halides [11], at a temperature slightly above the 

saturation temperature and long enough to form a complete solution.  And then KTP 

crystallizes out of molten flux composition when crucible is cooled.  Another advantage 

of this method is that the morphology of crystals grown display natural facets so that they 

can be used for optical experiments without the need for further polishing.  If the flux 

contains only the constituents of the crystals, then, it is called as self- flux.  To grow large 

crystals, a seed is needed.  
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The crystal PPKTP has been bought from Raicol Crystals, Israel where KTP 

crystal has been grown using Top Seeded Solution Growth [17].  TSSG method combines 

both Czochralski and solution processes to grow crystal from high temperature flux.   

Growth details vary depending on the flux used; crystals have been grown from 700° to 

1000°C with growth times ranging from ten days to two months [11, 16]. 

Crystal structure: 

As mentioned above KTP is an orthorhombic crystal belonging to the acentric 

point group mm2 and space group Pna21; essentially belonging to family of compounds 

that have formula unit MTiOXO4 where M can be , Rb, Tl, NH4, or Cs (partial) and X 

can be P or As.  Several different crystals can be manufactured by permutation of M or X 

elements with slightly different lattice constants and hence properties.  The lattice 

constants of KTP are a = 12.814 Å, b = 6.404 Å, and c = 10.616 Å, and each unit cell 

contains eight formula units.  The crystal structure is made of covalent framework of 

titanyl phosphate groups with the monovalent potassium cations loosely fitting into this 

framework. The chain of TiO6 octahedra is linked at two corners are separated by PO4 

tetrahedra as shown in Fig.2.9 & 2.10.  Titanium octahedra consists of alternating long 

and short Ti-O bonds resulting in z-directed polarization and possibly the major 

contributor to KTP’s nonlinear and electro-optical coefficients [11, 18].  However, a 

recent analysis by Xue and Zhang [18, 19] in terms of chemical bonding has shown that 

the origin of nonlinearity should be related to the KOx (x = 8,9) and P(2)O4 groups. 
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Fig. 2.9. The crystal structure of KTP viewed from c-axis [18] 

 

Fig. 2.10. The structure of KTiOPO4 viewed along the b-axis. The shaded circles 

represent the titanium atoms and the atoms labelled A, B, C, D, E are titanium atoms 

forming a chain linked by alternately long and short Ti-OT bonds [20]. 
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Ferroelectricity:  

In analogy with magnetic field domains in ferromagnetic material, there are 

domains of same spontaneous polarization (along z-axis for KTP [21]) in the ferroelectric 

material. These domains consist of inherent dipole moment per unit volume and are also 

responsible for the coercive field; defined in terms of magnitude of electric field required 

to switch the direction of polarization within these domains.  In ferroelectrics, the 

domains are stable below the Curie Point, Tc which for KTP is 936 ºC [21] 

Periodic poling: 

In KTP the polar axis is along z-axis and hence to obtain periodic domain 

structure, z surface of the single domain crystal is polished, coated and patterned with 

photoresist using conventional photolithography and followed by metal electrode [23]. 

The size of pattern is typically in µm range depending on wavelength of application. 

Fig.2.11 shows the patterned crystal wherein the required periodic domain is obtained 

under metal strips and prevented in the region below the dielectric photoresist. It is very 

critical to prevent polarization switching below the insulating strips.  
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Fig. 2.11. Conventional experimental setup for fabrication of domain gratings: 1. KTP 

possessing spontaneous polarization Ps along z-axis, 2. Pattern switching metal electrode, 

3. dielectric photoresist layer, 4. Uniform switching electrode [22]. 

In order to directly apply the poling method developed for LN and LT to KTP, a 

main precursor is low ionic conductivity [23]. However, commercially available flux 

grown KTP have large ionic conductivity due to K+ vacancies in quasi one- dimensional 

structural channels [24]. This could lead to irreversible electrical damage of the crystal 

under application of a high electric field.  Typically flux grown KTP has a coercive force 

of 2.5kV/mm [25] but low-temperature poling method has been reported to require an 

applied field of as high as 12 kVmm−1 [22]. Various other methods have been used [24] 

to overcome the conductivity issue but most effective reported has been high potassium 

concentration KTP [24, 25].  As a result of its improved stoichiometry, Fig.2.12. shows 

that HKKTP has nearly half as large a coercive electric field as that of KTP from 140 to 

290 K. 
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Fig. 2.12. Coercive electric fields of HKKTP and KTP as a function of temperature. This 

figure has been obtained from [24]. 

Governing Equations 

The following equations are used for a theoretical prediction of blue power output 

and overall conversion efficiency given measured cavity parameters like linear cavity 

loss, single pass efficiency, transmission of input coupler and input IR power.  The power 

circulating in the cavity is given by 

              (2.69)  

Where   is the buildup and          is the power actually coupled into the cavity.  To 

take into account net coupling efficiency and P-polarization component in the incident 

IR, we have 
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                       (2.70)  

Where     is the total input IR power,        is the effective polarization,    is the 

coupling efficiency.  

                       (2.71)  

The buildup factor of the cavity is given by 

   
  

                      
  (2.72)  

Where   is the transmission of input coupler,   is the linear cavity loss and    is the 

nonlinear loss term given as  

                       (2.73)  

Where     is the single pass efficiency and factor 1.05 is multiplied to account for 5% 

blue absorption.  

Now the power which is not impedance matched and reflected back from the cavity is 

given by,  

 

                                   

                 
  

        

               

 

 

(2.74)  

Impedance matched term is given by 

             
  

        

 (2.75)  

The net blue power generated is given by 

                        (2.76)  
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The overall conversion efficiency is given by 

      
   

   

 (2.77)  

Guoy Phase Shift 

This effect says that a beam with any reasonably simple cross section will acquire 

an extra half-cycle of phase shift in passing through a focal region. Fig.2.13 shows the 

mechanism in comparison with spherical wave.  This effect, in addition, to its 

dependence on Hermite-gaussian mode number lead to different resonant frequencies and 

different transverse mode frequency shifts for different transverse modes which is interest 

to this work.  The total phase shift from one end of cavity to another, including the 

k(     )    and the Guoy phase shift terms [26] is given by  

                                   (2.78)  

Where n,m are the order of Hermite-Gaussian modes and the Guoy phase shifts   are 

related to the Gaussian beam parameters by  

                  (2.79)  

The resonance condition for a standing-wave cavity says that one way round trip 

phase shift must be an integer multiple of half cycles i.e it must satisfy [1]  

 
  

 
                                (2.80)  

The resonance frequencies of the axial-plus-transverse modes in cavity are thus 

given by 
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 (2.81)  

Where      is the round trip length.  This shows that the Guoy phase shift  factor takes 

on the limiting values 

 
          

 
  

 
   

 

  (2.82)  

The first number is for near-planar case, middle is for near-confocal and last one 

is for near-concentric situation.  For the near planar case the transverse mode frequencies 

     associated with axial mode q are all clustered on high frequency side of axial mode 

frequency     , as shown in Fig.2.14. with equal spacings that are small compared to 

axial mode spacing.  Any transition of wavefront towards near confocal by increasing 

mirror curvature will result in smaller mode size, larger transverse derivative, larger 

Guoy phase shift contributions and broadened transverse mode spacing.  Fig.2.14 shows 

that 01 and 10 transverse modes associated with the q-th axial mode move out to fall 

exactly halfway between the q and q+1 axial modes and so forth.  Finally as length of 

cavity (L) ≧ 2R i.e radius of curvature of the mirrors, then we have concentric resonator 

situation.  In this case the q01 mode in Fig.2.14 will move out until it approaches the q+1, 

00 mode from the low frequency side; and so forth. Thus the axial transverse modes will 

be closely spaced and clustered on the low frequency side.  



38 

 

 

Fig. 2.13. Guoy phase shift through the waist region in comparison with ideal spherical 
wave [26] 

 

Fig. 2.14. Transverse mode frequencies in various stable Gaussian resonators [26] 

Now let me do the calculation for my case.  We have a ring cavity design wherein 

the focusing takes place twice; once inside the crystal and other in between the mirrors.  

Total distance between mirrors is 48.44 mm along the crystal side and the d2 shown in 

Fig.2.15. is 46 mm.  So in short we have near concentric case as also reflected from 

calculation of total Guoy phase shifts listed in Table 2.4 shown for waist sizes at the 



39 

 

center of crystal and other waist occurring in front of curved mirrors.  This means that 

odd modes generated due to this phase shift will occur at the center of confocal case or of 

this cavity.  This has been shown in the figure below.  The even order modes occur close 

to the q00 and q+1,00 modes.  The back reflected power also shows clear concentric ring 

patter of higher order modes when the cavity is locked.   

Table 2.4. Guoy phase shift (GPS) at waist sizes of 44 and 67.3 along z-axis at distances 

shown in Fig.2.15. Each phase shift has been doubled 

 Degrees 

GPSd1 134.71 

GPSKTP 26.9 

Total GPS(d1+KTP) 161.61 

GPSd2 115.05 

Total GPS(d1+KTP+d2) 276.65 

 

 

Fig. 2.15. Shown in figure d1 is the distance between input coupler to the entrance of 

crystal as well as from exit of crystal to the output mirror and d2 is the distance from 

input coupler or high reflector at which second waist is located.  The first waist is located 

at the center of crystal.  
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CHAPTER 3 

 EXPERIMENTAL SETUP 

As mentioned earlier there is a need for a compact, convenient source of blue 

laser both for experiments in our lab but also in market for various applications.  Here I 

will be discussing the details of the cavity design, individual components and 

customization of some its optical components and apparatus designed for measurement of 

losses from beam distortion due to various optical elements.  Over the due course of my 

dissertation work, numerous efforts that went in realizing the cavity fulfilling the features 

mentioned below include: designing the parts using Solidworks computer aided design 

(CAD) software, materials testing and evaluation, temperature control, accurate 

photometry, design of proper optics using a ABCD Gaussian propagation software and so 

on.  Hence it is worth mentioning that these constitute the bulk of many of scientific 

experiments in reaching the ultimate goals like tritium spectroscopy in case of Dr. 

Shiner’s group.  This work will build the foundation for the next stage of doubling to UV 

wavelength required for tritium spectroscopy since some features (like Brewster cut 

crystal, etc) of this cavity design will be used in it.  Since the technology represents a leap 

forward in efficiency and cost, it can be used by industries and researchers worldwide.  

Features Desirable in Cavity 

 High overall conversion efficiency 

o Low loss 

o High non- linearity in doubling crystal 

o Single transverse mode  
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 Single longitudinal mode 

 Compactness  

 Low cost simpler design 

Design of Optical Resonator 

An optical interferometer formed by two mirrors such that a single frequency 

wave travelling back and forth between them has periodic variation of E and B along the 

axis, is known as a standing wave or a linear resonant cavity.  The wavefronts of the 

beam will be planar or curved corresponding to mirror surfaces respectively as shown in 

Fig.3.1.   

 

Fig. 3.1. Beam pattern corresponding to various mirror curvatures.  
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Both these mirrors could be partially transmitting along with two lenses being 

used to focus a collimated external optical beam into and out of this cavity as shown in 

Fig.3.2 (a).  Another cavity design with a similar principle is a travelling wave or ring 

resonator (Fig.3.2 (b)) wherein the round-trip optical path length in going once down a 

standing-wave cavity and back is essentially equivalent to going once around a ring 

cavity of the same overall path length.  These are being increasingly used in many 

practical devices despite their slightly greater complexity.  A couple of important 

properties of ring resonator are: 

1. Separate and independent resonances in two opposite directions around the 

ring.  

2. The cavity is excited with signals going in only one direction around the ring 

and hence there is no back reflection directly back into the external signal source.  This is 

very useful property for this work since any feedback to the laser causes it to mode hop  

destabilizing our locking.  This has been one of prime reason for the choice of ring 

resonator over linear cavity.  The other advantage as given in detail later in the chapter is 

that it allows us to use Brewster cut crystal.  
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Fig. 3.2. (a) Linear or standing wave optical cavity, and (b) Ring or travelling wave 

optical cavity [1]           

The initial design (Fig.3.3) of the cavity comprised of two flat mirrors with a 

20mm biconvex lens place at the center.  But the lens was seen to create spherical 

aberrations and mode matching depended on position at which we were hitting the lens.  

More convenient approach was to switch to two concave mirrors.  The distance between 

mirrors and its curvature, which determines the transverse mode structure, was adjusted 

to match the design of flat mirror.  In general, the choice of curved mirrors leads to 

substantial reduction in diffraction losses and the transverse mode pattern is well defined.  

Various mode patterns are shown in Fig.3.4.  We have used a 4.5 mm, mode matching 

lens to couple all the fundamental power into lowest order transverse mode selected by 

the cavity.  
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Fig. 3.3. Older design of the cavity with two flat mirrors and biconvex lens in the center 

 

Fig. 3.4. Intensity distribution of TEMnm modes 
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Fiber Bragg Grating (FBG) Stabilized Laser 

Fig.3.5 shows FGB stabilized butterfly packaged semiconductor laser (Bookham 

inc) [2,3] with maximum power output at 972 nm of 840 mW at 1.3 Amp of current.  The 

FBG is fused to PM fiber with minimal loss of less than 0.3%.  The extinction ratio of 

intensities coming out of PM fiber is 100:1 or 20 db.  Free spectral range (FSR) of the 

laser is 10.8 GHz.  The distance between FBG and the laser is 196.7 mm which gives 

optical path length (OPL) =     = 2x1.45x196.7 mm = 570.43 mm.  The combined OPL 

of laser and FBG = 570.43+27.8 mm = 598.23 mm and the corresponding FSR =       

= 501.4 MHz.  As shown in Fig.3.7. both the laser and FBG are temperature controlled 

with thermoelectric coolers (TEC).   

 

 

Fig. 3.5. Fiber Bragg grating (FBG) stabilized semiconductor laser with PM fiber coupled 

output 
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Construction of Compact External Cavity Doubling Resonator 

Fig.3.6. shows the schematic of the optical resonator with fundamental input from 

laser discussed above.  Fig.3.7 shows computer animation rendered using Solidworks 

CAD software and and Fig.3.8 shows actual picture of the apparatus built for the same.  

The fiber coupled fundamental beam passes through the coupling lens which focuses the 

fundamental beam at the center of the crystal in the cavity, with a waist size of 48μm 

close to average of 44 μm (horizontal) by 51.2 μm (vertical).  But this beam needs to be 

incident at the crystal at an angle as close as possible to the angle of minimum deviation, 

so that it follows a path parallel to the crystal surface.  Hence, a turning mirror is 

employed which in combination with coupling lens, allows for horizontal and vertical 

tuning of laser path through the crystal at the entrance and exit face of crystal.  This 

turning mirror is a high reflector (HR) with the reflectivity of ~99.9% at the fundamental 

wavelength.  On the other hand, the second harmonic generated (SHG) beam is guided by 

output HR (center wavelength at 486 nm), as shown in Fig.3.6. and focused into AR 

coated (at 486 nm), PM fiber, with the aid of just one aspheric coupling lens. 
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Fig. 3.6. Schematic of the cavity 

 

Fig. 3.7. Solidworks animation of the cavity 
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Fig. 3.8. Picture of resonant doubler with laser and enclosing box. 

 

Fig. 3.9. Picture of fiber coupled blue from the cavity with detector and power meter  
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The cavity consists of two custom cut (commercial ones are 1 inch in diameter) 

concave mirrors of 25mm radius of curvature each and 20mm long Brewster cut PPKTP 

crystal (Raicol Crystals, Israel).  The choice of radii of curvature of mirrors depends on 

preferred waist size at the center of crystal and the cavity length.  The input coupler is AR 

coated at the input side and has a reflectivity R of 90.5% such that R ~ 1-L, where L is 

the net cavity loss.  The radii of curvature of mirrors, the length of crystal and 

transmission of coupler have to be tailored in parallel to reduce heating effects in the 

crystal and to gain maximum efficiency.  The output mirror is a standard HR (T = .01 %, 

R>99.9 %) at fundamental wavelength.  Both of this customized HR and the input 

turning mirror are cut from the same commercial one inch mirror.   

The round trip length of cavity is adjusted by mounting the output mirror on a 

piezo. The length is servo locked to the input laser frequency by maximizing the laser 

build-up in the cavity as monitored with photodiode.  The optical length of cavity is 114 

mm corresponding to free spectral range of 2.6 GHz.   Unlike conventional technique of 

collecting light weakly transmitted from high reflector for phase locking, the present 

work uses beam reflected at Brewster angle by the crystal.  There are three advantages, 

one is it contributes towards a compact design and secondly, facilitates while cavity 

alignment to see if incoming laser is lining up with circulating beam and lastly, allows to 

see if beam is hitting cleanly on entrance side of PPKTP.   

The cavity parts are described under: 

 Cavity Plate: All the components of cavity are placed on this plate. The plate is made 

of aluminum with dimensions (3.5"x6"x0.250"). As shown in Fig.3.9. tapped holes 

have been drilled at exact locations where all the parts of cavity are to be screwed 
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down. These locations correspond to cavity parameters. This feature allows us to 

conveniently pull any of cavity parts or adjust angles if tunability is much larger than 

limited ±4º available in each of the flexure mounts. In older design we cut a slot for 

adjusting distance of separation of input and output fiber mounts from cavity but in 

new design that has been changed to fixed hole with slotted piece attached to the 

mounts instead as shown in Fig.3.7. That will allow for much easier in adjustments 

and increase efficiency in putting all the apparatus together.  

 

Fig. 3.10. Isometric view of the cavity plate 

 Flexure mounts: All the mirror and fiber holding flexure mounts have been customized 

to best fit our need of small dimensions. The basic idea is to optimize overall sizes so 

as to allow better thermal stability. Thermal compound is placed underneath all the 
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mounts to enhance thermal conductivity.  All the mounts were initially made from 

beryllium copper (1:0.3-0.4) which allowed a higher spring constant.  Later it was 

switched with 6061 aluminum since it has good thermal conductivity, rigidity and 

machinability.  

All the flexure mounts are designed for vertical and horizontal tilt of 4 degrees 

with spacing between each face of 63mils. Thickness of each flexure pivot ends ranges 

from 25 to 40 mils depending on material used. For BeCu we use 25 and for Al it’s 35-

40 mils. The stiffness of flexure is designed so to maintain better stability of 

alignment. Adjustment of tilt is made using an allen wrench for a 2-56 set screw 

rotating against Standard steel ball bearings of 60 mil diameters, positioned in the 

circular grove made in the opposite face against which the screw moves (Fig.3.11). 

This arrangement of bearing allowed for smooth tuning and much reduced cavity 

misalignment and avoided use of any bulky knobs typically used in commercial 

products. The location for these screws is at the center of each surface so as to allow 

symmetric tilt.  

 

Fig. 3.11. Top view of fiber mount showing arrangement of steel ball 
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 Input and output fiber mounts: One of main feature of cavity is fiber coupled 

fundamental source in and fiber coupled SHG out. So two fiber mounts have been 

designed such that fiber connectors are either glued or screwed to the entrance or exit 

faces of the mounts.  A 3/8-80 tapped hole is drilled in the mount, as shown in 

Fig.3.12, to position coupling lens with respect to tip of the fiber, allowing fine control 

of lens. 

Spherical aberration of 4.5mm aspheric IR lens (due to the need of focusing beam 

in the cavity) is largely circumvented by purposely misaligning input laser beam to hit 

bit off the optic axis of the lens. This care is taken at the time of attaching the fiber 

connector to the mount. With this naturally built- in astigmatism in the laser beam, 

96% mode matching was obtained with cavity eigenmode; avoiding additional beam 

shaping optics.  

 

Fig. 3.12. Input and output fiber mount 
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 Turning mirror mounts: An input turning mirror allows aligning the fundamental beam 

at proper entrance and exiting face of crystal. Similarly the output turning mirror is 

used for coupling SHG light into output fiber. 

 Cavity mirror mounts: The input coupler is mounted from the side facing the cavity to 

allow for cleanup of any accumulated dust on its reflecting surface.  Similarly, the 

output HR and the piezo are mounted on side facing the cavity and have been placed at 

the edge of flexure mount. This allows to easily translate mirror in a plane defined by 

positions of screws locking the mount to the base plate, such that SHG beam can 

cleanly escape while IR getting reflected back into cavity, as seen in Fig.3.6.  These 

features speed up cavity maintenance and alignment process, the key factors for 

commercial application.  

 Crystal Mount: Fig.3.13. shows an exploded view of crystal mount assembly 

comprising of mount base, crystal, cover and screws.  The base of the mount and cover 

are cut on the sides at angles which matches with the Brewster angle cut of the crystal.  

Contacts between crystal surface and base are mediated by thermal compound for 

better thermal conductivity.  The length of mount is such that crystal surface facing 

input coupler, sticks out by few mils to allow for clean entrance of fundamental beam.  

The exit side of crystal is either flush with mount or sticks in less than 0.1 mm to allow 

complete contact of bottom side of crystal with the mount base.  This is essential since 

during nonlinear conversion most of harmonic generation is concentrated at the exit 

point of crystal and hence most heat generated from its absorption.  In addition, the 

cover of mount is designed such that it can cling on to the crystal surface to allow for 

better thermal contact with help of thermal compound applied to it as well.  
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Fig. 3.13. Exploded isometric view of crystal mount with Brewster cut crystal.  

 To be noted, thermal compound should be coated at the bottom of input cavity mount, 

crystal mount base and output cavity mount.  This is essential for better thermal 

conductivity and maintenance of temperature uniformity across whole cavity.  The 

temperature of crystal is tuned by placing thermistor right under the crystal mount, in 

the base plate. 

Mirror Cutting 

In order to maintain compactness of the cavity and keep overall cost of production 

pretty low it was necessary for us to cut the commercially available 1 inch partial and 

high reflector into four equivalent pieces.  It allowed us to customize the cavity design 

and retain important feature of stability of operation over period of time.  The operation 

was delicate since we did not want to compromise on the cavity performance.  Hence 

tests were made with cheaper 1 inch flat and curved substrates to make sure that 

technique doesn’t affect the reflecting surface quality.  It was verified by looking with 

microscope with 320 magnification.  One of the critical parts in the operation is to cover 
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the surface with a coating which could protect during cutting operation from scratches or 

cracks developing on the surface and on overall body to have smoother finish and sharper 

edges.   

We have used a diamond coated cutting tool for the cutting operation and it was 

loaded on a standard milling machine.  The cut was carefully observed at each step.  

Automation of this process is necessary if product is to be commercialized. But the step is 

to cut such that it is just ~0.12 mm short from the center.  The next critical aspect like 

mentioned above is to find a coating.  I experimented with many waxes and solvents but 

finally settled with paraffin since it has low melting point and hence can be easily 

dissolved with standard WD-40 and benzene.  But to be mentioned candle wax may be as 

easily used though has to be tested for its rigidness.   

To customize the HR with desired dimension, a diamond saw and diamond coated 

mini grinder have been used.  The mirror was cut to a final size of 110x140x60 mils. The 

partial reflector is cut with diameter of 350 mils.  The high reflector and input coupler 

have been shown in Figures 3.14 & 3.15.   

 

Fig. 3.14. High reflector 
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Fig. 3.15. Input coupler 

Properties of the Cavity 

So in summary salient features of cavity are: 

 Compactness and convenience 

 Low intrinsic loss due to Brewster cut edges 

 Low cost of production due to use of standard HR’s, simple Brewster cut crystal 

geometry avoiding need for anti-reflection coating and state of art mirror cutting 

technology allowing four pieces to be cut from one commercial mirror. Also we 

avoided use of expensive dichroic mirror for high reflector 

 The whole apparatus has been made from standard 6061 Al, further reducing the 

production cost 

 Clean separation of SHG and Fundamental beams due to customized high 

reflector cut from standard commercial high reflector. This feature was enabled 

due to translation ability of the output cavity mount  

 Long term thermal and mechanical stability due to monolithic feature of cavity 
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 Temperature range for stable output of high power second harmonic output in our 

cavity is 0.5 °C. This is again enabled by use of monolithic design for cavity  

 Again monolithic design also allows for convenient use of thermoelectric cooler 

instead of introducing any external oven for the crystal. This feature leads to 

compactness and low cost of production as well 

 By avoiding use of bulky knobs for adjustment of tilt and small size of each of 

flexure mounts, plurality of these mounts can be arranged in a compact and 

efficient way, without introducing any optical distortion 

 The cost of production is also lowered since each flexure mount is a monolithic 

unit and doesn’t involve the welding process to join separate parts and strings for 

flexing motion 

Apparatus for Measurement of Losses 

Fig.3.16. shows the technique for loss measurement developed here which is 

based on the practical fact that fiber coupling efficiency is critically dependent on quality 

of the wavefronts of a Gaussian beam.  The technique is very sensitive to any minor 

distortions in the beam profile due to surface defects or contamination of the mirrors, 

lenses or any other optical elements. Apart from these, mode matching is also important 

factor but it can be controlled by adjusting the distances between each optical elements.  

An FBG stabilized semiconductor laser is connected to 0.5% branch of fiber 

splitter, 99.5% branch is connected to the detector via angle polished fiber end and main 

port of the splitter is a flat tip fiber facing the optics under testing.  The procedure is 

straight forward; collect the power before and after reflection from optics being tested at 
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the detector end and the ratio of the two gives assessment of the loss due to beam 

distortion from the optics.  Mathematical treatment is given as: 

 

                                   

                                           

                                                             

                                                                   

                                                                      

                                                     

 

(3.1)  

          
          

   
  (3.2)  

 

where      is the power measured at angle polished fiber end after reflection from optical 

surface and      is the power measured at same end before reflection.  
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Fig. 3.16. (a) Set-up to measure loss from 20 mm lens, (b) Set-up to measure loss from 

two high reflecting curved mirrors 

Setup for Measuring Fiber Coupling Loss Due to Focusing Lenses 

Fig.3.17 shows the setup for testing fiber to fiber coupling efficiency for a circular 

Gaussian beam.  Fiber coupled blue beam is focused with a 4.0 mm lens at a distance 

equivalent to the distance of blue coupling lens in the cavity shown in Fig.3.6. to the 

center of the crystal.  So the net distance between both fibers shown in figure below is 

twice that length.  This technique gives an accurate estimate of insertion loss of the 

symmetric beam in going from one end of fiber to another through identical lenses.  

Though the waist size is asymmetric in the actual cavity at the center of the crystal, this 

technique gives clear picture of the contribution of lens and the fiber in the coupling loss.  

Hence any further loss can be attributed to factors like beam asymmetry and possibly 

distortion.   
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Fig. 3.17. Set-up for testing fiber to fiber coupling efficiency with a symmetric Gaussian 

beam 
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CHAPTER 4 

 EXPERIMENTAL RESULTS DISCUSSION AND CONCLUSION 

Introduction 

The work on resonant doubler first started with 3.5% coupler and was followed by 

8.5% and finally 9.54% coupler.  The overall efficiency was found to increase in 

succession to above couplers.  A point to be noted is that these are not exactly the 

numbers we had asked for from the company we purchased them.  But this is what we got 

since their specifications are ±3-4%.  But in my final case we were fortunate to get the 

transmission close to where we wanted and got a good impedance match.  The other issue 

is the quality of coating which was found to be extremely good and the overall loss 

measured at the time of observing best value of blue was 0.3%.  The transmission also 

changes if the deviation in incidence angle is larger than company specifications.  But in 

this case it was pretty close match within 2-4º.  In any case the real reason for changing 

the coupler is to get a better impedance matching and due to thermal issues discussed 

later in this chapter.  Also I will be discussing about experimental results on finesse 

measurements, Guoy phase shift, mode matching, impedance matching, and the overall 

conversion and the fiber coupling efficiencies.  

Cavity Finesse Measurement 

This is very important property of any cavity and is commonly defined as  

    
   

  
 

  

    
                     (4.1)  
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This has been depicted in Fig. 4.1. where    is the cavity bandwidth, critically 

dependent on net losses due to distortion from any optical surfaces, and passive and 

nonlinear absorptions.  The net passive IR absorption of PPKTP was found to be 0.1%, 

loss from Brewster reflection is 0.2% and  blue absorption in the crystal is 15% over 

20mm length.  The net cavity loss also varied with different input couplers as shown in 

Table 4.1.  Diffraction loss measurements made using technique described in section 3.4, 

are given in Table 4.2.  Plot of diffraction losses vs beam waist sizes focused by a 4.5mm 

lens and reflected by super mirror is shown in Fig.4.2.   

 

Fig. 4.1. Cavity finesse measurement 

 



65 

 

Table 4.1. Measurement of finesse of cavities with input couplers having different 

transmissions 

IR (mW) Input coupler(%) Finesse Cavity Loss(%) 

20 3.3 143 4.30 

20 8.5 60 9.94 

20 9.54 61 9.84 

 

Table 4.2. Diffraction loss measurements 

Material P1 (µW) % Loss Waist size at  

Mirror (µm) 

Super mirror  566.7  .2 58.5 

20mm New Focus lens 568 .72 42.7 

20mm CVI lens 567.6 .8 42.7 

20mm New Focus lens 576.1 1.6 58.5 

20mm CVI lens 576.1 2.15 58.5 

HR curved mirror 563 .27 47.9 
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Fig. 4.2. Plot of diffraction loss vs waist size focused by 4.5mm lens and reflected by 

super mirror  

If the net loss of the cavity is NetL after one round-trip when there is no incident field 

from outside the resonator, a more accurate finesse value is given by 

    
 

       
         

        
  

 
 

         
 

  

    
 (4.2)  

 

Mode Matching 

Let a single frequency laser beam be misaligned or improperly mode matched to 

the resonant cavity.  Then as the cavity is scanned, the laser signal will successively come 

into resonance with and excite different higher-order transverse modes arising from GPS 

described above and these in turn will produce transmitted signals in the cavity output.  

The single laser input frequency will produce multiple spurious or unwanted frequency 

components in the scanning interferometer display.  One alternative to it is to make the 
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scanning cavity to be exactly confocal.  This then means that the input beam to such 

resonator need not be mode-matched into the interferometer in order to excite only a 

single transmission resonance since all higher order transverse modes are degenerate in 

frequency.  But our cavity being concentric in design, the only way to eliminate or 

mitigate at best, is to carefully align and mode-match.  Mode matching affecting the even 

order modes, critically depends on feeding the matching waist size of fundamental input 

beam with the cavity eigenmode.  That is achieved in our case with mode matching lens 

shown in Fig.3.6.  The odd modes on the other hand can be eliminated or at least 

attenuated by at least centering or aligning a spatially coherent input beam to the 

resonator, even if proper mode matching is not obtained. This has been depicted in Fig. 

4.6 and 4.7.  With this we observe net mode matching of 96-97%.   

 

Fig. 4.3. Slightly mode mismatched situation showing even and odd order modes.  
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Fig. 4.4. Mode matched cavity (96% mode matching) with the odd order modes removed. 

Impedance Matching 

This determines how much power is reflected from the cavity.  The condition for 

impedance matching is: the transmission of input coupler must equal the sum of all the 

losses in the resonator, i.e including the sum of transmission of all the other mirrors of the 

resonator as well as the total absorption and scattering losses of elements of the resonator.   

Experimental Results 

The cavity finesse measurement gave the total linear loss term to be 0.3%. The 

blue absorption of crystal was measured to be 15% for 2 cm long PPKTP crystal. Using 

the plane wave approximation and ignoring IR single pass depletion, one obtains 5% net 

blue absorption loss in the crystal during nonlinear conversion. The laser beam is 
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polarized in the plane of periodic poling with extinction ratio of 100:1. The polarization 

alignment of the input gives a typical loss of 1%. A summary of the important cavity 

parameters is shown in Table 4.4. The IR and blue laser beams are conveniently 

separated from each other by 4.38° while exiting the crystal (blue Fresnel loss of 0.3% 

expected from the near Brewster exit angle) and reduces production costs by avoiding the 

need to use a more expensive dichroic mirror.  The expected blue output power was 

calculated (using the cavity parameters) versus the IR input power. This is plotted in 

Fig.4.5, and compared to the experimentally measured blue power. The agreement is 

within our parameter errors except for slight but progressively lower performance at high 

powers. A similar plot of overall efficiency versus input power is sho wn in Fig.4.6.  We 

note that the random jitter of these points about the smooth curve is perhaps of order of 

1%.  This is consistent with our estimate of the repeatability and relative precision of the 

measurements.  Most of the data and conclusions rely on the linearity of the detectors 

used, which is better than 1%.  The precision of the measurement of the conversion 

efficiency of IR to blue relies on the spectral responsivity of the thermal detector being 

constant for 972 and 486.  The spectral responsivity of the detectors used were constant 

to within 1% from 400-1500 nm.  The absolute calibration accuracy of the detectors used 

were 3%. 

Table 4.3. Cavity parameters. 

Parameter Transmission  
of input 

coupler 

Coupling 
efficiency 

Linear 
cavity loss 

Net Blue 
absorption 

loss 

Single pass 
efficiency 

Value 9.5% 96% 0.3% 5% 1.06% /W 
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Fig. 4.5. Blue vs IR power 

 

Fig. 4.6. Blue conversion efficiency vs IR power 

 

Stability of Cavity 

The main issue faced in thermal stability of the cavity is rooted in thermal 

conductivity of KTP.  Table 4.5 gives the thermal conductivity co-efficients along all 
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three axis.  Temperature differential along length of 0.1mm above the conducting surface 

is given in Table 4.6, calculated using 

     
    

   
 (4.3)  

where ΔT is temperature difference, ΔP is the blue power absorbed = α Pb; α = blue 

absorption co-efficient(%/W) and Pb = net blue generated, L=length above the 

conducting surface, A = blue absorption area along the length of crystal = (crystal length) 

x (beam radius), C = thermal conductivity co-efficient  

Table 4.4. Thermal conductivity of KTP [14] 

Crystal    (W/m-ºC)    (W/m-ºC)    (W/m-ºC) 

KTP 2.2 2.3 2.6 

 

Table 4.5. Temperature differential along x,y and z-axis 

Blue power generated Pb (mW) Length (mm) ΔTx (ºC) 

36 0.2 0.568 

90 0.2 1.42 

480 0.2 7.57 

700 0.2 11.05 

 

This is the reason for which we try to keep the optic axis of the cavity at a 

distance of ~ 0.2 mm from thermally conducting base.  Crystal heating from blue 

absorption manifest itself as a developing asymmetry in the cavity transmission signal.  If 
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the spot of operation is kept at a distance more than 0.4mm above base of crystal then 

clear bistability is observed giving a broad triangular shape and a sharp spike on the 

expanding- length scan.  It was found that locking stability improves substantially at high 

power operation when spot of operation is close to the bottom of the crystal.  This was 

result of better cooling of crystal due to proximity to the cooling source.  The thermal 

conductivity is slightly higher along z-axis than x-axis which means more advantage if 

the spot is close to edge as well.  Having said so the alignment and indexing are not 

trivial and care needs to be taken to reduce back reflection and clipping of the beam 

affecting the mode matching and finesse.  Locking stability and beam shape symmetry 

was found to be excellent up to 200 mW of blue generation.   

To address the issue of air currents, the entire cavity has been enclosed with 

ability to vacuum seal.  This has also shown to improve locking stability substantially.  

Also attempt has been made to improve thermal conductivity by designing the crystal 

cover top to snug on to the crystal from its side as shown in Fig.3.12, but the main issue 

is with intrinsic conductivity of the material.  So it hasn’t been seen to be major 

improvement as much as taken the beam location close to the conducting surface.  

Laser Induced Optical Damage 

Gray tracking: 
 

Although the quality of KTP has been improving, scaling up SHG efficiencies at 

high powers is limited possibly due to “gray tracks”; areas of high absorption of visible 

light.  In order to explain this observation in this work,  it is quiet relevant to understand 

effects of gray tracking on the crystal, its dependence on polarization, laser damage 
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threshold, effect of baking on periodic poled KTP and possible preventive and remedial 

measures.   

Understanding effects of gray tracking: 

Gray tracking is studied on the basis of several types of experiments: visual 

observation of the darkening, observation of second harmonic beam distortion during 

1064 nm SHG [1], [2] and many others [3].  From these experiments, some properties of 

the laser-induced gray-tracking have been determined: there is a decrease in optical 

transmission over the entire visible range from 400 to 700 nm [4-6] with a magnitude 

which is a nonlinear function of the intensity of the laser beam creating the damage [4], 

[7].  The impact of track formation is rapid deterioration of harmonic conversion and 

absorption of the beams participating in the harmonic conversion ultimately results in 

fracture of the material [1].  These tracks are formed in the proximity of SHG’s output 

aperture, where the harmonic intensity reaches its maximum.  In addition to the 

photochromic effect, Tyminski [1] observed an astigmatic beam distortion of the 

harmonic beam which can be interpreted as a photorefractive effect occurring with 

simultaneous infrared and green illumination in hydrothermally grown KTP. 

Laser sources:  

In 1986, it was suggested that the track formation is due to a two-photon process 

requiring the presence of both 1064 and 532 nm beams [8].  The relation between the 

generation of color centers responsible for dark tracking and the material composition is 

not yet well understood [1]. In 1992, Bosenberg et al. [9] observed gray-tracks during 

OPO pumped at 532 nm and generating over 700–900 and 1300–2200 nm; indicating that 

harmonically related IR and visible radiation is not necessary for grey tracking to occur. 
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In 1992 Loiacono et al. [5] suggested that gray-tracks can be formed using only 532 nm 

due to involvement of Ti3+.   

Table 4.6. Glance at laser power threshold 

Year Ref Pulsed CW (nm) Power 
(W/µm2) 

Crystal Wavelength 
(nm) 

1994 Blachman 

[10] 

10Hz, 

10ns 

 30 10mm,Flux 

grown 

355 

1999 X Mu [11]  Y 2.6 Flux grown 514.5 

 

Mechanism within crystal responsible for gray tracking effect: 

The susceptibility to gray tracking varies from one KTP crystal to another, hence 

the source of the damage is generally accepted to be extrinsic electron and hole traps.   

Possible mechanisms that lead to the formation of electron-hole pairs during frequency 

doubling of infrared laser are not clear at this point.  Scripsick [12] has suggested that the 

photoinduced electrons and holes are trapped at defect points.  Their results show that 

Fe3+ ions trap holes and convert to Fe4+ ions and that Ti4+ ions located adjacent to oxygen 

vacancies trap electrons and convert to Ti3+ centers. 

Mu [11] shows that there are two types of optical damage in KTP crystal 

depending on the polarization of the incident laser beam.  One type of damage is the one 

corresponding to Gray tracking due to polarization perpendicular to z-axis.  The other one 

is invisible damage that is formed due to polarization parallel to z-axis.  They also 

observed photorefractive two-wave mixing in KTP crystals under presence of each of the 

above two polarization states.  Their studies imply that there exists charge drift during the 

process of optical damage at both of these polarization states, but the mechanisms are 
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different at these two orthogonal polarization states. After analyses, their explanation is 

that the first type of damage is due to the formation of Ti3 centers and the second one is 

due to the drift of K+ ions.  The latter is of concern to HKKTP crystal like ours.  

Other mechanism suggested earlier is based on the broad absorption seen in the 

400-700nm band in TiO-doped phosphate glass.  It is believed [5] that this absorption is 

the same as that seen in KTP and KTA with major peaks at 450, 560, and 725 nm.  The 

explanation is that these absorptions are due to a charge-transfer transition in Ti+3-Ti+4 

pairs (450 nm) and the other two to the Jahn-Teller effect which causes a tetragonal 

distortion in the octahedral (Ti-O bonds) coordination polyhedron.  This means different 

frequencies induce different effects.  It is known that when two ions occupy adjacent,  

identical lattice sites in an insulating crystal, transfer of an electron between them does 

not involve a change in energy. In this case, there would be no optical absorption.   

However, if the ions are on different sites, an energy difference does exist and optical 

absorption will be observed.  This is probably the case for Ti+3 and Ti+4 ions in KTP.  The 

formation of Ti+3 can be enhanced by thermal annealing in reducing atmospheres. 

Possible preventions: 

Adopting highly purified raw materials and optimizing the crystal growth 

conditions can improve the resistance of KTP to gray tracking [5], [12] & [13]. A careful 

choice of cavity parameters or exploiting KTP at a high temperature (such as above 

150°C) may circumvent the problem of gray tracking [1].  
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Discussion and conclusion: 

There has not been any study done on periodically poled crystal to understand the 

clear effect of baking on it especially in case of HKKTP, which is applicable to our case. 

Mu’s [11] result suggest that damage due to polarization parallel to z-axis could be more 

relevant to our case and coming from K+ ion drift.  Apparently it’s difficult to conclude 

about the exact mechanism at this stage but from the experimental observation there is 

absorption of blue possibly due to K+ drift, Ti+3,electron trap or hole trap by certain 

impurities.  This causes the microscopic index variation and manifests  itself in the form 

of increased mode mismatch at high power.  Our measurement of power reflected back 

from cavity when it’s not perfectly impedance matched in compar ison to that predicted 

by theory supports this assessment.  

One more observation to be mentioned is that there wasn’t any change in mode 

matching in the lock at high power (600 mW or more of IR) at off-phase matching 

temperature and the lock was found to be very stable over period of 2-3 days.  No change 

in single pass was noticed after either IR or blue power operation at high power but the 

net blue output at the point of operation on the crystal drops.  This shows that IR 

absorption in PPKTP is minimal.  

The stability of cavity in terms of locking and fluctuation of blue generation is 

dependent on the location of operation.  As mentioned above, if the spot is close to the 

bottom and/or edge of the crystal i.e to the thermal sink, the overall efficiency increases 

at high powers. The hours of operation over which degradation takes place varies with 

power.  At 600 mW of IR the operation was found to be stable for upto net 100 hrs of 

operation and locking was stable for 4-5 hrs of continuous operation.  As noticed by 
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many groups these terms could also vary from one crystal to another depending on exact 

growth conditions.  

It is also observed that the phase matching temperature shifts lower at high power 

(>200 mW) by 0.2-0.3°C with respect to that of single pass blue generation.  It has been 

noticed that the profile remains fairly Gaussian, evident from our coupling efficiency into 

fiber and the single pass efficiency measurement.  

Attempt was made to bake the crystal upto 250°C for 12hrs but no improvement 

was observed in heating effect due to blue absorption as the input IR is increased.  The 

overall single pass efficiency of the crystal dropped by 20% after the baking operation.  

The linear cavity loss obtained from finesse measurements made before and after 

operation at 840mW of IR showed rapid increase from 0.3% to over 1%.  The finesse was 

found to return to higher value at different spot of operation consistent with increase in 

blue power noticed above.  This suggests that blue absorption may lead to permanent 

damage to that spot of operation at highest power SHG.    

Hence it’s hard to conclude at this point whether there is photorefractive damage.  

Main observation is that IR absorption is minimal and performance degradation at high 

power of PPKTP is caused by blue absorption.  Long term performance characterization 

of the crystal needs continued research in the field and will be carried in this group as a 

future project.  A new PPKTP crystal has been bought for the same and another 

promising crystal PPSLT of the same length is also in the line.  A comparison study 

between the two crystal is in plans for a near future project.  Also the group will be 

working on improving the locking stability so that cavity doesn’t loose lock at every 

mode hop of the laser.  But the techniques developed for obtaining better thermal stability 
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are ubiquitous for all the crystals and more research is also needed to explore all the latest 

crystals with better thermal performance either available in the market or are in the 

developmental phase. 

Efficiency of Fiber Coupling 

The net efficiency of fiber coupling for thorlab lenses for focused beam using test 

setup shown in Fig.3.17 is 81% and 83.6% for collimated beam.  Experimental results on 

lens distortion loss for thorlab lenses and the new CVI lenses have been shown in Table 

4.8 below.  

Table 4.7. Fiber coupling loss for Thorlab and CVI lenses 

   Loss Estimate   

Company Beam 
geometry 

CE 
(%) 

Fresnel 
loss 

(A %) 

Absortion 
in the 
fiber   

(B %/m) 

Lens 
reflectance 

(C %) 

Lens 
distortion 

LD 

= (1-CE)-
(A+B+C) 

Loss 
per 

lens = 

LD/2 

Thorlab Collimated 83.6 2x3.94 0.5 1 7.02 3.5 

Thorlab Focussed 81 2x3.94 0.5 1 9.62 4.82 

CVI Collimated 84.2 2x3.94 0.5 1 6.42 3.21 

CVI Focussed 84.4 2x3.94 0.5 1 6.22 3.11 

 

As shown in schematic of Fig.3.6. we have fiber coupled input and output for IR 

and blue beams.  Mode matching into TEM00 mode is 96-97% IR beam for all the power 

levels at off-phase matching temperature.  Coupling of blue power into fiber with high 

efficiency was challenging given built in asymmetry in the blue beam and thermal 

lensing effect at high power levels (>200 mW of 486 nm). Adjustment to the distance 

from the cavity of the coupling lens and lens position with respect to fiber both need to be 

made at each blue output power level evident from Table 4.9.  If tuned for those 
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respective power levels we obtain 88% net efficiency of blue coupling into fiber of the 

output from servo locked cavity.  Absorption at 486 nm of 1.5% for 3 m length of fiber 

and 0.5% reflection from coupling lens are the only adjustments made to the data as 

shown in Table 4.10.  This means that remaining loss of 6.79% is either coming from 

combination of factors like beam asymmetry, different origins of beam waists along 

horizontal and vertical axis, aberration and absorption from reflecting mirror (~0.5-1%) 

and finally intrinsic quality of crystal.  To be noted here is that Fresnel reflection loss has 

been shown to be zero since both fibers ends are AR coated and angle polished [15]. 

Table 4.8. Blue coupling efficiency into fiber maximized for 600 mW of output from 

servo locked cavity [15] 

Blue power output from cavity 
(mW) 

Fiber coupled blue power output 
(mW) 

Efficiency 
(%) 

32.5 25.4 78.64 

430 363 84.4 

600 516 86 

 

Table 4.9. Loss estimate for blue coupling into fiber from servo locked cavity 

   Loss Estimate   

Company Beam 
geometry 

CE 
(%) 

Fresnel 
loss 

(A %) 

Absortion 
in the 
fiber   

(B %) 

Lens 
reflectance 

(C %) 

Lens 
distortion 
loss (LD) 

Other 
distortion 
losses DL 

= (1-CE)-
(A+B+C+ 

LD) 

CVI ~Collimated 
beam 

focussed 

into fiber 

86 0 1.5 0.5 3.21 8.79 
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Conclusion 

In conclusion we have obtained a blue output of 680 mW from 840 mW of IR giving a 

net conversion efficiency of 81%.  The efficiency in SM fiber coupling of this blue from 

servo locked cavity is 87.5%.  Thus we have demonstrated that a total fiber to fiber 

efficiency of 71% can be achieved in our approach using PPKTP.  Furthermore, with an 

electrical input power of 2.41 W at 972 nm, a wall plug efficiency of 21.4 % was 

achieved.  This is comparable to recent experimental results from the direct use of blue 

semiconductor lasers [16]. 
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APPENDIX 

LOCK-IN AMPLIFIER 
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Lock- in amplifiers are used to detect and measure very small AC signals; all the 

way down to few nanovolts.  The heart of this instrument is a phase sensitive detector 

(PSD) which performs an AC to DC conversion on signal under investigat ion.  It is 

special in that it rectifies only the signal of interest even if it’s buried in noise with 

amplitude much larger than the signal.  The noise at the input is not rectified but appears 

at the output as an AC fluctuation.  This means that the desired signal response, now a 

DC level, can be separated from the noise accompanying it in the output by a simple low 

pass filter.  For this the signal of interest has to be at the same frequency and phase of the 

reference frequency.  This is usually achieved by deriving them from the same source.  

Analogue Phase Sensitive Detector 

It is also known as mixer or demodulator since it operates by multiplying two 

signals.  The following analysis shows how it works.  Fig.1. shows that the detector is fed 

with a noise-free signal and reference signal, which could be generated internally or 

externally.   

Fig. A1. Signal and reference in phase 
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The mixer operates by multiplying these two signals together to yield the signal 

labeled as demodulator output in the figure.  With zero phase shift between signal and 

reference, the output is at twice the reference frequency but with a mean, or average, 

level which is positive.  Let input signal be  

               (1)  

And reference be 

              θ  (2)  

Then PSD output will be 

 

                         θ  

                             
 

 
     θ  

 

 
          θ  

(3)  

This means that mean level is 

 proportional to the product of the signal and reference frequency amplitudes  

 related to the phase angle between the signal and reference.  

Fig.2. below shows the same situation, except that the signal phase is delayed by 90° with 

respect to the reference.  In this case the mean level is now zero.  
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Fig. A2. Signal and reference 90° out of phase 

Digital Phase Sensitive Detector 

XOR is one eg of digital phase sensitive detector suitable for square wave signals 

like the one used here.  In this case when the two input clocks are 90 degrees out of 

phase, the signals are different from each other as much time as they are the same and the 

XOR output is a 50% duty cycle signal. This 50% duty cycle output is considered the 

locked case.  And when the two signals being compared are completely in phase, the 

XOR output will have a constant level of zero.  Similarly, when the two signals differ in 

phase by 1°, the XOR gate's output will be high for 1/180th of each cycle — the fraction 

of a cycle during which the two signals differ in value.  

Similar to analog mixer XOR detector has a square wave output at twice the 

reference frequency and its characteristics are very similar to the analog mixer for capture 

range, lock time, reference spurious and low-pass filter requirements. The difference is in 
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duty-cycle which varies in proportion to the phase difference resulting.  Applying its 

output to a low pass filter results in analog voltage which is in turn proportional to its 

duty cycle.   This signal is added to the HV or LV side to make necessary corrections to 

the phase in this work.  At low frequencies that low pass filter could be an integrator to 

integrate all the history of errors.  

 

 

 

 

 

 

 

 

 

 

 

 

 



87 

 

GLOSSARY 

ABCD: A 2x2 matrix describing the effect of an optical element on a laser beam (44)  

AC: Alternating Current (86) 

Al: Aluminum (54) 

AR: Anti-reflection coating (52,81) 

BeCu: Berillium Copper (54) 

CAD: Computer Aided Design (44) 

CsLiB6O10: Cesium Lithium Borate (4) 

DC: Direct Current (86) 

DNA: Deoxyribonucleic acid (1) 

E-ray: Extraordinary-ray (22) 

F: Finesse (64) 

FBG: Fiber Bragg grating (ii, iv, vii, 49) 

FC/APC: Fiber connector/Angle polished connector (50) 

FSR: Free spectral range (49, 65, 66) 

GPS: Guoy phase shift (ix, 41, 68) 

HKKTP: High potassium doped potassium titanyl phosphate (vii, 35, 36, 77, 78 )  

HR: High reflector (50) 

IR: Infrared (viii, 2, 3, 36, 56, 57, 66, 71, 78, 79, 80, 82) 

KTA: Potassium titanyl arsenate (77) 

KTP, KTiOPO4: Potassium titanyl phosphate (iv, vi, 3, 7, 9, 11, 27, 28, 29, 30, 31, 32, 

33, 34, 35, 72, 73, 74, 75, 76, 77, 78) 

LN: Lithium niobate (35) 

LT: Lithium tantalite (35) 

LV: Low voltage (89) 
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MgO: PPLN: Magnesium oxide doped periodically poled Lithium Niobate (6)  

OPO: Optical parametric oscillator (75) 

OPSL: Optically pumped semiconductor laser (2) 

OPL: Optical path length (49) 

O-ray: Ordinary ray (22) 

PPKTP: Periodically poled potassium titanyl phosphate (i, ii, 3, 20, 21, 28, 31, 52, 53, 66, 

70) 

PPLN: Periodically poled lithium niobate (79) 

PPsLT: Periodically poled stoichiometric lithium tantalite (79) 

PM: Polarization maintaining (2, 49) 

PSD: Phase sensitive detector (86) 

QPM: Quasi-phase matching (vi, 24, 27, 28) 

R: reflector (52) 

SM: Single mode (82) 

TSSG: Top seeded solution growth (31) 

TEMnm: Transverse electromagnetic modes (vii, 48, 80) 

XOR: Exclusive OR digital logic gate (88) 

UV: Ultraviolet light (1, 24, 44) 

Zn: LiNbO3: Zinc doped Lithium niobate (4) 
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