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Abstract: We report a compact , practical, green sources based on 

single-pass second harmonic generation(SHG) of a picosecond Yb-fiber laser 

in 10-mm-long, heavily MgO doped congruent lithium tantalite (MgO:cPPLT). 

The fundamental pump source is 20 ps Yb-fiber laser operating at a repetition 

rate of 80 MHz. The green source provides 750 mW of output power at 532 nm 

for a fundamental power of 5 W at 1064 nm, corresponding to single-pass SHG 

efficiency of 15% in good spatial beam quality with TEM00 mode profile. The 

passive power stability of the output green radiation is recorded to be 

better than 18.2% over one hour. 

 

1) Second harmonic generation (SHG)  

We can describe many of optical phenomena with linear refractive index, and describe the light response 

in a medium by linear condition. After laser came, the nonlinear response found the meaning in optical 

world and it opened a new era of nonlinear optics and discoveries of various intriguing phenomena such 

as sum- and difference-frequency generation [1, 2]. 

Nonlinear optics studies the phenomena that occur because of the modification of the optical properties of 

a material system by the presence of light. Nonlinear optical      m        ‘         ’    the way that 

they occur when the material system responds to the applied optical field in a nonlinear manner. To better 

understand the optical nonlinearity, we consider how a material system responds to an applied optical 

field in terms of polarization  ̅  and field strength  ̅ . 

In linear optics, the induced polarization  ̅  depends linearly on the strength of the applied optical field  ̅ , 

which can be described as: 

 ⃗⃗ ( )      
( ) ⃗⃗ ( )                                     ( ) 

Where   ( ) is the linear susceptibility, a second rank tensor and    is the permittivity of free space. 

In nonlinear optics, we express the polarization  ̅  as a Taylor expansion in a power series of the field 

strength  ̅ : 

 ⃗⃗ ( )     ( 
( ) ⃗⃗ ( )   ( ) ⃗⃗ ( )( )   ( ) ⃗⃗ ( )( )   )   ⃗⃗ ( )( )   ⃗⃗ ( )( )   ⃗⃗ ( )( )          ( ) 
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Where  ( )  is the second-order nonlinear susceptibility and  ( ) is the third-order nonlinear susceptibility 

and so on. We refer to  ⃗⃗ ( )( ) as the second-order nonlinear polarization and   ⃗⃗ ( )( ) as the third-order 

nonlinear polarization and so on. The Equation (2) is based on polarization and electric field strength, and 

this is the best way to describe the nonlinear optical phenomena. One of the simplest process in nonlinear 

optical is SHG and can be illustrated as shown in Fig. 1, where a  laser beam w       q    y ω is incident 

on a nonlinear medium to generate frequency at 2ω  In addition, we can illustrate this phenomenon in Fig. 

2 by considering the interaction of photons.  I     w        w                   m     q    y ω     

    gy ħω           y                      q    y 2ω     gy 2ħω      m          y                 g   

quantum-mechanical process. The horizontal solid line represents the atomic ground state and dashed 

lines represent the virtual states. 
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                        Fig.  1: Geometry of SHG                            Fig. 2: Energy level diagram illustrating SHG 

 

When the incident light interacts with the material, electrons oscillate within a potential well with a 

        g        T           g        b y  H  k ’  Law, which is the force is a function of the 

displacement of the electron from its equilibrium position. The potential energy curve is approximately 

harmonic.  

Molecular structures can be classified into two general categories: those with a centres of symmetry 

(centrosymmetric) and those without (noncentrosymmetric). Fig. 3 shows potential energies U(x) for both 

categories of matter. Second harmonic generation can be expressed in terms of the nonlinear polarization 

osc       g           q    y    2ω  (ω          equency of the applied field)[3]. 

E(t)

x

U(x) U(x) U(x)

x x x
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Linear Response Nonlinear Centrosymmetric Nonlinear Noncentro-
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Actual potential 

P(t) P(t) P(t)

 

Fig. 3: Relation between applied field E(t), U(x) potential energies and P(t) polarization for centrosymmetric and 

noncentrosymmetric material 
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The electric field strength of the incident laser beam can be described as: 

 ⃗⃗ ( )                          ( ) 

The second-order nonlinear polarization created in the crystal is given according to equation (2) as: 

 ( )⃗⃗ ⃗⃗ ⃗⃗  ⃗( )      
( ) ⃗⃗ ( )( )    ( )    ( ( )        )                ( ) 

The second-order polarization can explain with two parts 1) from zero frequency (the leads to the 

generation of a static electric field within the nonlinear crystal, which is known as optical rectification. 

The second part is used to generates the radiation at the second harmonic frequency. This is often used to 

convert the output from a laser to a different optical region. For example, in most of our experiment 

setups, the output from a Ti:Saphhire laser is set to a wavelength of 800 nm. Second harmonic generation 

is then applied to convert the incident wavelength of 800 nm to 400 nm.  

In addition, the susceptibility tensor can be defined as a relation between the amplitude of the second-

order polarization to the product of field amplitudes according to [1]. 

  
( )(  )  ∑    

( )

  

(      )  ( )  ( )                            ( ) 

Here the index i refers to the components of the second harmonic field, and j and k refer to the Cartesian 

components of the fundamental field. 

We can explain the second-order polarization in d-matrix notation. The connection between the 

polarization and the electric fields via the contracted tensor is written in matrix form as follows: 

(

 
 
(   
( )
) 

(   
( )) 

(   
( )) )
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   ( ) 

K(-  ;   ,   ) is the degeneracy factor, which takes the value ½ for SHG and optical rectification and 1 

for the other conversion processes.   is the carrier frequency of the electromagnetic wave. 

Frequency doubling is probably the simplest frequency conversion process to study in order to gain some 

further insight into the interplay of the electric fields. Assume now that the incident fields to the media are 

degenerate with frequency    =    =  , i.e. indistinguishable and that a field at    = 2   is generated. 

   
  

 
  

   
         

     (    ) 

    

  
 

  

    
           (     )   (7) 

Where the degeneracy factor has been replaced by its proper value and          . In the next step, 

it is assumed that the pump beam is not depleted when it propagates through the material. The lower 
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equation in (7)can then be directly integrated over the crystal distance L. Keeping in mind that the 

intensity of each wave is 

   
 

 
     | |

                       

    
       

     
 

     
    

 
     (

   

 
)           ( ) 

The function sinc( ) = sin ( )/  . The equation above illustrates the growth of the harmonic field versus 

distance in the lose-focussing limit, i.e. where the assumption of plane waves is valid. As seen the 

generated field increases with the length and the nonlinear coefficient squared. Boyd and Kleinman have 

also treated other focusing conditions in detail assuming a Gaussian spatial profile of the beam[9]. For a 

derivation of the SHG field when pump depletion is taken into account, see refs. [11] or [10]. 

2) Phase-matching 

In principle all the mixing processes in Fig. 4 will occur simultaneously when an acentric crystal is 

pumped by intense beams, but most often only one process will grow strong over distance. The prevailing 

type will be the one for which the momentum of the photons that take part in the frequency conversion is 

conserved. For frequency doubling it can be seen from equation 8 that the intensity at 2  will oscillate 

back and forth when the wave is propagation through the material, if the phase-mismatch is not zero, 

           
  (      )

 
           ( ) 

 

Crystal( χ(2)) 

w 
w 

w(2) 

w(2) 
w(3)=± w±w(2) 

 

Fig. 4 : Nonlinear crystal mixing process (SHG, SFG, DFG and OPA) 

 

The physics behind equation (9) is that the fronts of constant polarization for     moves with the phase 

velocity of the pump field i.e.,     , while on the other hand the generated wave,    , has the phase 

velocity      . The driving polarisation and the generated field will thus drift out of phase relative each 

other. After the distance Lc, the coherence length, the fields have accumulated a phase shift  of   between 

each other and the energy will start to flow in the opposite direction instead, from the harmonic field back 

to the field at the fundamental frequency. 

   |
 

  
|                                 (  ) 

This is the maximum useful crystal length in the presence of phase-mismatch. Phase-matching is vital to 

any nonlinear interaction, but we will discuss it here in the context of SHG. A similar concept holds for 
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any other nonlinear optical process. There are two important techniques to achieve phase-matching, 

birefringent phase-matching (BPM) and quasi-phase-matching (QPM).(Fig. 5) 

 

 

Fig. 5: Principle of phase-matching in Second harmonic generation (a): perfect phase-matching, (b): the first order 

QPM, (c): non-phase-matched interaction.[4,5] 

 

2.1) Birefringent phase-matching (BPM) 

As we mentioned before, one way to meet the phase-matching condition is using the natural birefringence 

of the material. There are two main types of BPM. The type I BPM is the case when the fields of the 

incident beam, at frequencies    and   , have the same polarization and the field of the converted beam, 

at frequency   , has an orthogonal polarization. The type II BPM is defined as when the fields at    and 

   are orthogonally polarized with respect to each other. 

Second harmonic generation occurs in three types, denoted 0, I and II. In Type 0 SHG two photons 

having extraordinary polarization with respect to the crystal will combine to form a single photon with 

double the frequency/energy and extraordinary polarization. In Type I SHG two photons, having ordinary 

polarization with respect to the crystal will combine to form one photon with double the frequency 

and extraordinary polarization. In Type II SHG, two photons having orthogonal polarizations will 

combine to form one photon with double the frequency and extraordinary polarization. For a given crystal 

orientation, only one of these types of SHG occurs. In general, to utilize Type 0 interactions a Quasi-

phase-matching crystal type will be required, for example periodically poled lithium niobate (PPLN) 

 

Fig. 6: Illustration of perfect (Type-I) phase-matching in case of extraordinary 

http://en.wikipedia.org/wiki/Extraordinary_polarization
http://en.wikipedia.org/wiki/Extraordinary_polarization
http://en.wikipedia.org/wiki/Ordinary_polarization
http://en.wikipedia.org/wiki/Ordinary_polarization
http://en.wikipedia.org/wiki/Extraordinary_polarization
http://en.wikipedia.org/wiki/Quasi-phase-matching
http://en.wikipedia.org/wiki/Quasi-phase-matching
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fundamental wave to generate ordinary second harmonic wave. Fig. 6 shows the propagation direction at 

an angle   of a positive uniaxial crystal, where the extraordinary index for the fundamental wave of 

frequency   is equal to the ordinary index for second harmonic wave of frequency 2 , thus birefringence 

compensating the dispersion and resulting in perfect Type-I phase-matching. 

However, there are many limitations for the BPM, mainly due to the Poynting-vector walk-off,  so we can 

use the other technique that is called Quasi-phase-matching. QPM is a technique for compensating the 

phase-velocity dispersion in the case of frequency conversion applications, such as SHG, thus, achieving 

efficient energy transfer among the interacting waves. 

 

2.2) Quasi-phase matching (QPM) 

 Bloembergen et al. [6] introduce this technique in 1962 but crystals could not be manufactured until 

about 1993. A domain engineered (periodically poled) nonlinear crystal is used.  

As we know, when the power of the incident light on any nonlinear material is high enough, this gives 

rise to harmonic which constructively and destructively interference with the incident or fundamental 

frequency along the length of the crystal as shown in Fig. 7. 

y=-sinx, x∊[0,2 ]

O lc 2lc 4lc3lc
Z (length)

P(2w)

                                 

y=-sinx, x∊[0,2 ]

O lc 2lc 4lc3lc
Z (length)

P(2w)

Non phase match 

Quasi phase match 

 

Fig. 7: harmonic generation in nonlinear crystal                                                Fig. 8 : Quasi phase match 

It is clear in this figure that when the coherence length (  ) is bigger than z the harmonic power is built up 

from the fundamental wave to maximum at  (  )   corresponding to a phase shift of . When z > (  ) the 

power couples back to the fundamental wave .To prevent this, the sign of the polarization could be 

reversed by changing the sign of      every coherent length thus inducing a reversed phase shift, and 

allowing continues constructive interference between the incident and harmonic wave, resulting in a 

buildup of the harmonic. 

This can be achieved by building up slices of nonlinear material of thickness(  ), rotated by 180 °, or by 

poling the material periodically. This creates a sequence of the nonlinear segments of opposite optical 

domain direction and thus a change in the sense of the polarization vector by , by changing the sign of 

the      coefficient. If every odd multiple of  (  ) sees a reversal destructive reference harmonic is avoided.  
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The QPM (Fig. 8) period is given by: 

                                (  ) 

For optimum duty factor of 50%, the effective nonlinearity is represented as 

     
 

  
             (  ) 

Where m is the order of grating period. Hence, for a first order grating the effective nonlinearity is 

reduced by 
 

 
 of having all the intracavity waves polarized in the same direction. This provides access to 

the largest nonlinear tensor element of the material, which often is an element with both the indices equal, 

    ; (i = j). 

 QPM is less intrinsically efficiency, it does overcome some of the major problems associated with BPM , 

including effective non, linear coefficient, inconvenient phase-matching temperatures and angles, 

photorefractive damage and Poynting vector walk-off. QPM is also a noncritical phase-matching 

technique, allowing the polarization and direction of the input and output rays to lie in the same plane, for 

example along one of the crystal axes. We a accomplish phase-matching which would otherwise be 

impossible, for example in isotropic materials, or materials with too much or too little birefringence at the 

required wavelength. Another advantage of QPM is tunablity, by changing one of crystal temperature, 

wavelength or QPM period, a change in the other variables is caused we can produce tunable devices. 

 

3) Experimental setup 

The schematic of the experimental setup is shown in Fig. 9. The pump source is a mode-locked Yb-fiber 

laser (Fianium FP1060-20) providing up to 20 W of output power in 20 ps pulses at a repetition rate of 80 

MHz. The laser has a double-peak spectrum and operates at 1064 nm with an FWHM bandwidth of 1.38 

nm. To limit the back reflection that can damage the laser, has been used an isolator at the end of the fiber. 

Using f=125 mm focal length lens, the fundamental beam focused to a beam waist radius of wo~40 µm, 

            g             g     m        ξ ~0.2. 

We used the maximum power of the laser to have stable output, and the half-wave plate and the polarizer 

beam splitter cube is used to adjust the input power to the SHG crystal. To gain the correct polarization 

for phase-matched SHG in nonlinear crystal is used the second half-wave plate and the lens before crystal 

is used to focus the beam on a correct position on the nonlinear crystal. The nonlinear crystal used in the 

experiment is MgO:cPPLT with 10-mm-long, 1-mm-thick, and 1-mm-wide with single grating period of 

7.97 μm  The crystal is antireflection-coated (R<1%) at 1064 nm and 532 nm. The crystal is mounted 

directly in an oven with a temperature stability of better than ±0.1 °C. A dichroic mirror, M, with high 
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reflectivity (R>99%) at 1064 nm and high transmission (T>94%) at 532 nm, is used to separate the 

generated green output from the fundamental. 

Yb Fiber Laser
20 W @ 1064 nm,

81.1MHz,20ps

FI

λ/2 λ/2PBS L

Nonlinear Crystal 

Oven
M

532 nm

1064 nm

 

Fig. 9: schematic of experimental setup 

3.1)Temperature tuning 

The first step, to describe the efficient SHG, is to study temperature phase-matching properties of the 

crystal. In this experiment we analyze the variation of the second harmonic output with temperature of 

MgO:cPPLT  nonlinear crystal. All the measurements have done at a fixed fundamental wavelength of 

1064 nm  to generate a SHG wavelength of 532 nm. Fig. 10 is shows the SHG temperature acceptance 

bandwidth obtained for MgO:cPPLT crystal at the fundamental power  of 1W. To full-width at half-

maximum, (FWHM) the temperature bandwidth was about           at the phase-matching 

temperature of 110.3 ºC for this nonlinear crystal. [13] 

 

Fig. 10: Temperature tuning curves of MgO:cPPLT 

 

3.2) Power Scaling 

To define the efficiency of the SHG process we need to analyze the green power with input fundamental 

power. In this measurement we analyzed the SH power and the efficiency of the SHG process. Figure 11 

showes the variation of SH efficiency and SH power up to a fundamental power of 5 W, and after this 

power the crystal is damaged.  A maximum green power of 0.75 W was obtained at a fundamental power 

of 5 W in MgO:cPPLT corresponding to a single-pass conversion efficiency of 15%.  
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Fig. 11. Dependence of measured SH power and corresponding conversion efficiency on the 

incident fundamental power for MgO:cPPLT 

 

 

3.3) Power Stability 

To analyzed the stability of SHG output, we recorded the variation of the generated green power with 

time in MgO:cPPLT crystals over a period of one hour. The result of this measurement is shown in Fig. 

12. For this crystal, the green beam exhibits peak-to-peak fluctuation range between 0.606 mW to 0.504 

mW for the input power 5.2 W, representing a power stability of 18.2% over one hour. 

 

 

Fig. 12. Power stability recorded over one hour at various fundamental power levels for MgO:cPPLT 

 

3.4) Beam profile 

Beam profiling is a means to quantify the intensity profile of a laser beam at a particular point in space. A 

beam profiler can be based upon a CCD or CMOS camera, a scanning slit, pin hole or a knife edge. 
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Fig.13 shows the far-field energy distribution of the SHG beam, together with the orthogonal intensity 

profiles, confirming a single peak Gaussian distribution. The circularity of the beam is 0.7[14]. 

 

Fig.13. Beam profile of the second harmonic generated in MgO:cPPLT at full output power. 
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