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Abstract 
 

   We developed a noncollinear optical parametric amplifier delivering tunable 
wavelength ultrashort femtosecond laser pulses and we studied the prospects 
for application in laser nanosurgery in biopolymers. As a first step towards this 
goal, we study the creation of nano- holes in gelatin thin films. 
   The effects of the wavelength, fluence, number of pulses and the repetition 
rate of the laser were studied. The obtained results put a step forward toward 
determining the optimum conditions for high spatial resolution laser 
nanosurgery in biomaterials and cells. 
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Introduction 
 

 

Although optics is an old science, in recent years there has been a 
remarkable upsurge in the importance of optics in both pure science and in 
technology. This was brought about by the development of the laser with its 
rapidly growing list of applications.    
   Throughout the long history of optics, and until relatively recently, it was 
thought that all optical media were linear. Since the initial observation, by 
Franken in 1961 of second harmonic generation from a quartz crystal pumped 
by a ruby laser1, second order nonlinear optical effects have been of great 
interest. Nonlinear optics in the past 60 years have been both exciting and 
rewarding as it deals with interesting basic physics, and also have had 
tremendous influence in many areas of science and technology. As commonly 
known, nonlinear optics are the first and the largest field creating by the 
invention of laser. The operation of the ruby laser in 1960 considered to be 
the first successful optical or light laser. The invention of lasers led to the birth 
of nonlinear optics that has revolutionized the field of optics. 
   The stages of development of nonlinear optics follow closely the 
development of laser technology. In the early days, discoveries of novel 
nonlinear optical effects came naturally from responses of media to high- 
intensity laser pulses. Later, invention of tunable dye lasers and other tunable 
coherent sources provided a new dimension to nonlinear optics,2 given that 
resonances became readily accessible. 
   In various forms, it developed into essential tools for characterization of 
materials and systems in many disciplines. The appearance of tunable 
picosecond and femtosecond pulses further expanded the scope of nonlinear 
optics to the time domain. Ultrafast dynamics studies of materials with 
previously unachievable time resolution are now possible. Recent 
development of reliable, high-energy, widely tunable picosecond and 
femtosecond lasers has allowed further extension of nonlinear optics to, till 
now, unexplored regimes. 
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The field of nonlinear optics offers a host of fascinating phenomena, many 
of which are also eminently useful.

Figure 1: Linear and nonlinear response.

But what do we mean by “Nonlinear Optics”?

Nonlinear optics is a branch of optics which studies the nonlinear 
interactions of electromagnetic radiation and the media (“nonlinear” in the way 
that they occur when the response of a material system to an applied 
electrical field depends in a nonlinear manner on the strength of the optical 
field). Essentially, all conventional optics such as lenses and mirrors are linear
because the light that enters is the same as the light that exits. This nonlinear 
interaction only observed at very high intensity of incident light.3 Typically, 
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only laser light is sufficiently intense to modify the optical properties of a 
material system as absorption coefficient and refractive index. Nonlinear 
optics allows us to change the color of a light beam, to change its shape in 
space and time, to switch telecommunication systems and to create the 
shortest events ever made by human. 

Figure 2 Linear (left) and nonlinear (right) interactions of waves and the media.

Figure 1 shows an example of linear and nonlinear interactions of waves and
the media. In linear optics, light wave acts on a molecule, which vibrates and 
then emits its own light wave that interferes with the original light wave. In 
nonlinear optics, where the intensity of light is high enough, vibrations at all 
frequencies corresponding to all energy differences between populated states 
are produced. In other words, the excited photons in the matrix can be excited 
to higher energy level, and emitted light with higher energy than the input light 
energy. This is nonlinear optics, in which new waves have been created.
Figure 2 shows the corresponding energy band diagrams. The energy of the 
photons must be equal for the input and output photons.
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Figure 3: Two examples of a nonlinear interaction of light with matter.

Physical explanation 
In the case of linear optics, light is deflected or delayed but its frequency 

is unchanged. A linear dielectric medium is characterized by a linear relation 
between the induced polarization and the electric field (the field strength, in 
this case is relatively low):

                                                 𝑷�𝑳 = 𝜺𝟎𝝌(𝟏) 𝜠�(𝒕)                             (1)

where the constant of proportionality χ(1) ,  is known as the linear susceptibility 
and ε0 is the permittivity of free space.

On one hand, in the case of nonlinear optics, the linearity between P and Ε
breaks down because the electric field is extremely high. The relation 
between P and Ε is linear when Ε is small, but becomes nonlinear when Ε
acquires values comparable to interatomic electric fields, which are,
typically~ 105 −  108 𝑉/𝑚. The nonlinear relation between P and Ε can be 
described by the equation: 

     𝑷� = 𝑷 � 𝑳 + 𝑷 � 𝑵𝑳 =   𝜺𝟎 (𝝌(𝟏)𝜠� + 𝝌(𝟐) 𝜠�𝟐 + 𝝌(𝟑) 𝜠�𝟑 + … )    (2)
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where the quantity χ(2) is known as the second-order and χ(3) as the third-
order nonlinear susceptibility of the medium describing second and third-order 
processes, respectively. 4

Figure 4

It is well known that the nucleus is surrounded by electron clouds and the 
net charge of the atoms is 0 as its sphere shape.5 If an electric field applied, 
the electrons will move to the opposite direction of the field and the cloud will 
change its shape to ellipse. The positive and negative charges are separated 
and form dipole moment, which is polarization. 

The Eq. (1) and (2) are results of polarization calculated from Maxwell 
equation, and the higher ordered terms under higher field indicating the 
nonlinear interactions. If a sinusoidal changed, electric field applied:    

𝜠 =  𝜠𝟎 𝒔𝒊𝒏𝝎𝒕                                                   (3) 

Eq.(2) can be written as:
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𝑷 = 𝜺𝟎 ⟨𝝌(𝟏) 𝜠𝟎 𝒔𝒊𝒏𝝎𝒕 + 
𝟏
𝟐 𝝌(𝟐) 𝜠𝟎

𝟐 (𝟏 − 𝒄𝒐𝒔𝟐𝝎𝒕) 

                            + 𝟏
𝟒

𝝌(𝟑)  𝜠𝟎
𝟑 (𝟑𝒔𝒊𝒏𝝎𝒕 − 𝒔𝒊𝒏𝟑𝝎𝒕) + … ⟩                  (4) 

 

   According to Eq.(4), the resulting polarization P doesn’t have the same 
profile as the interaction field. The first term describes linear phenomena, the 

second term, 𝝌(𝟐) ·E2 [1-cos (2ωt)], indicating the electromagnetic waves with 
double frequency as the input waves. This is the second harmonic generation. 
For higher order terms, larger frequency can be obtained if the electron field is 
high enough. 
   The order of nonlinearity can be categorized according to the power of the 
intensity involved. For example, in the case of harmonic generation, the 
intensity of the second harmonic (SHG) is proportional to the second power of 
the intensity of the fundamental; the third harmonic (THG) is proportional to 
the third power of the intensity of the fundamental etc. 
   Actually even at weak field we also have higher order terms, but they are 
much smaller than the linear term and cannot be observed in optical 
experiments. Thus, we can obtain nonlinear optics (NLO) if we have strong 
enough intensity of incident light. 
   Some NLO effects are listed in Table 1. 

NLO effect Order 
2nd harmonic generation (SHG) 2 

3rd harmonic generation (THG) 3 

Nth harmonic generation N 

Optical parametric Amplification 
(OPA) 

2 

Sum- and difference- frequency 
generation (SFG & DFG) 

2 

n- photon absorption N 

Kerr effect 3 
Table 1 
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Important Applications of Nonlinear Optics  
 

 

   In the nonlinear optics regime, the nonlinear part of the polarization 
cannot be ignored. The nonlinear polarization serves as a source for the 
generation of new waves, and so the wave equation becomes an 
inhomogeneous differential equation. For most of the applications of nonlinear 
optics, the quantity can be expressed as a power series expansion in the 
applied fields. 
    

High conversion efficiencies can be achieved even with medium or low 
average pump powers when the pump light is delivered in the form of pulses. 
This happens because for a given average power a pulsed laser exhibits 
higher peak powers. This leads to a stronger nonlinear interaction. 

 

 

 

 

 

Second Harmonic Generation (SHG) 
 

    Second Harmonic Generation is a second-order nonlinear optical process 
and it’s a key technology as a frequency doubler of laser light. In this process 
the laser beam electric field is represented as 

 

                                         𝑬(𝒕) =  𝑬 𝒆−𝒊𝝎𝒕 +  𝒄. 𝒄.                                     (5) 
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This laser beam is incident upon a crystal for which the second- order 

susceptibility 𝝌(𝟐) is nonzero. The nonlinear polarization that is created in 
such a crystal is given according to equation (4) as  

                                   𝑷(𝟐) (𝒕) =  𝜺𝟎 𝝌(𝟐)  𝑬𝟐(𝒕)                             (6) 

or explicitly as 

 

     𝑷(𝟐) (𝒕) =  𝟐𝜺𝟎 𝝌(𝟐)  𝐄 𝑬∗ +  (𝜺𝟎 𝝌(𝟐) 𝑬𝟐(𝒕) 𝒆−𝟐𝒊𝝎𝒕 + 𝒄. 𝒄. )  .        (7) 

 

We see that the second-order polarization consists of a contribution at zero 
frequency (the first term). This first contribution doesn’t lead to the generation 
of electromagnetic radiation (because its second time derivative vanishes). 
   Under proper experimental conditions, the process of second harmonic 
generation can be so efficient that nearly all of the power in the incident beam 
at frequency ω is converted to radiation at the second harmonic frequency 
2ω. One common use of second harmonic generation, and this is the way 
SHG takes part in our experiments, is to convert the output of a fixed 
frequency laser to a different spectral region. In the case of our amplified Ti: 
Sapphire femtosecond laser, which operates in the near infrared region at a 
wavelength of 800nm, second harmonic generation is routinely used to 
convert the wavelength of the radiation to 400nm, in the middle of the visible 
spectrum. 
   Second harmonic generation can be imagined by considering the interaction 
it terms of the exchange of photons between the various frequency 
components of the field. According to this, two photons of the fundamental 
frequency ω are destroyed and a photon of frequency 2ω is simultaneously 
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created in a single quantum mechanical process as shown in figure 5.

Figure 5: Process of second harmonic generation. The incident field of angular 
frequency ω, interacts with the nonlinear materials to generate the additional optical 

frequencies 2ω.

 

Let’s consider next the circumstances in which the optical field incident upon 
a second order nonlinear optical medium consists of two distinct frequency 
components, which we represent in the form

                                   𝑬 (𝒕) = 𝑬𝟏 𝒆−𝒊𝝎𝟏𝒕 + 𝑬𝟐 𝒆−𝒊𝝎𝟐𝒕 +  𝒄. 𝒄.                    
(8)

As in equation (4) the second-order contribution to the nonlinear polarization 
is of the form

𝑷(𝟐)(𝒕) =  𝜺𝟎𝝌(𝟐) 𝑬(𝒕)𝟐                           (9)

Thus, we find that the nonlinear polarization is given by the equation

𝑷(𝟐)(𝒕) =  𝜺𝟎𝝌(𝟐) � 𝑬𝟏
𝟐𝒆−𝟐𝒊𝝎𝟏𝒕 + 𝑬𝟐

𝟐𝒆−𝟐𝒊𝝎𝟐𝒕  + 𝟐𝑬𝟏𝑬𝟐𝒆−𝒊(𝝎𝟏+𝝎𝟐)𝒕 +

                    +𝟐𝑬𝟏𝑬𝟐
∗ 𝒆−𝒊(𝝎𝟏−𝝎𝟐)𝒕 + 𝒄. 𝒄. ] + 𝟐𝜺𝟎𝝌(𝟐) [𝑬𝟏𝑬𝟏

∗ + 𝑬𝟐𝑬𝟐
∗ ]      

(10)

created in a single quantum mechanical process as shown in figure 5.
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or 

𝑷(𝟐)(𝒕) = 𝑷(𝟐𝝎𝟏)𝒆−𝟐𝒊𝝎𝟏𝒕  + 𝑷(𝟐𝝎𝟐)𝒆−𝟐𝒊𝝎𝟐𝒕  

                   +𝑷(𝝎𝟏 + 𝝎𝟐)𝒆−𝒊(𝝎𝟏+𝝎𝟐)𝒕 + 

                                            + 𝑷(𝝎𝟏 − 𝝎𝟐)𝒆−𝒊(𝝎𝟏−𝝎𝟐)𝒕 +  𝑷(𝟎)              (11) 

 

   Each term describes a nonlinear process. The first and second term 
describe the second harmonic generation (SHG) process. The third and fourth 
term describe the sum- frequency generation (SFG) and different- frequency 
generation (DFG) processes, respectively. The last term refers to the optical 
rectification (OR). 
   Therefore, Eq. (11) shows that four different nonzero frequency components 
are present in the nonlinear polarization. Typically, only one of these 
frequency components will be present with a significant intensity in the 
radiation generated by the nonlinear optical interaction. The reason for this 
behavior is that the nonlinear polarization can efficiently produce an output 
signal only if a certain phase matching condition is satisfied. Commonly, this 
condition cannot be satisfied for more than one frequency component of the 
nonlinear polarization. We can choose which frequency component will be 
radiated by selecting the polarization of the input radiation and the orientation 
of the nonlinear crystal. 
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Parametric Amplification

The process of different frequency generation (DFG) id described by the 
fourth term of the Eqs. (10) , (11) (as discussed in the previous paragraph). 

Figure 7: Process of optical parametric amplification

The second-order process of difference-frequency generation has the 
unique characteristic that for every photon that is created at the difference 
frequency ω3 = ω1 −  ω2 , a photon at the higher input frequency (𝜔1) must be 
destroyed and a photon at the lower input frequency (𝜔2) must also be
created [Figure 5]. Therefore, the lower frequency input field is amplified. 

In other words, when a high frequency beam (the pump beam at frequency 
ωP ) and a lower-frequency beam (the signal beam at frequency ωS)
propagate through a nonlinear crystal, the pump beam amplifies the signal 
beam, and simultaneously a third beam (the idler beam with frequency
ωi = ωP − ωS) is generated.6 This amplification process is also known as 
optical parametric amplification. Optical Parametric Amplification (OPA) is a 

Figure 7: Process of optical parametric amplification7: Process of optical parametric amplification7
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versatile method for converting the wavelength of pulsed laser sources into a 
broad spectral range from UV to far IR. 
In the interaction, energy conservation is satisfied with the generation of the 
third frequency. 

   

                                      ℏ𝝎𝒑 = ℏ𝝎𝒔 + ℏ𝝎𝒊,                                 (12) 

 
   In the present master thesis, after developing the OPA, we irradiated (with 
the idler laser beam) biopolymer thin films with prospects for application in 
nanosurgery. The laser nanosurgery requires irradiation with infrared laser 
light in order to reach large penetration depth in the tissue and to avoid 
collateral damages.7  
   Thus, we chose the proper wavelength of the incident beams so as to 
convert the wavelength of the new- idler laser beam into the near-infrared 
spectral range. 
   According to the energy conservation, the total energy before the 
amplification is equal to the total energy after the amplification. For idler laser 
pulses with wavelength in the near- infrared, according to the energy 
conservation, the pump wavelength must be at 400nm and the signal 
wavelength at the visible range. Particularly, the signal laser beam is white 
light (with spectral range from 400nm to 700nm). Using white light as incident 
laser beam we can amplify a broader spectral range in the near- IR. 

 

 
   In addition, in order to have an efficient optical parametric amplification, the 
momentum conservation (or phase matching) condition must be fulfilled.8 

                                     ℏ𝒌𝒑 = ℏ𝒌𝒔 + ℏ𝒌𝒊                                     (13) 

where kP , ks and  ki are the wave vectors of pump, signal and idler wave 
respectively. 
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Phase- Matching Conditions 

 

Many phase-sensitive nonlinear processes, in particular parametric 

processes such as frequency doubling and parametric amplification require 

phase matching to be efficient. When all the waves generated by the 

nonlinear optical field anywhere inside the materials along the optical path are 

in phase, they are said to be phase-matched. 

                                  𝜟𝒌 =  𝒌𝒑 − 𝒌𝒊 + 𝒌𝒔 =  𝟎                                   (14) 

This condition is known as the condition of perfect phase matching. 
   In our case, both pump and idler beams are horizontally and the signal is vertically 

polarized. The wavelength of the signal and the idler photons can, therefore, be 

tuned by changing the phase- matching conditions. This can be achieved by 

changing the angle Θ between the propagating beams and the optical axis of the 

crystal. 

   If the phase matching condition is fulfilled, the 400nm pump pulse amplifies 

the seed pulse (signal pulse) and generally extracts energy more efficiently. 

From a microscopic point of view, when Δk=0 the individual atomic dipoles 

that constitute the material are suitably phased so that the field emitted by 

each dipole adds coherently in the forward direction.  
   The condition (14) is equivalent to: 

                                       𝝎𝒑𝒏𝒑(𝜣) = 𝝎𝒊𝒏𝒊 + 𝝎𝒔𝒏𝒔                     (15) 

 

To achieve the phase matching, birefringence can be used. Birefringence is 

caused by the different refractive index along directions in anisotropic crystals. 

The oriented anisotropic crystal allows the pump and signal waves to 

propagate with different polarizations but the same phase velocity. The 

phenomenon is described in Fig. 9. As the refractive indices of ordinary (𝑛0) 

and extraordinary (𝑛𝑒) polarized light are different, the phase can be matched 
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as shown in Fig. 8. The value of 𝑛𝑒 is dependent on the propagation angle, 

and thus, we can tune it for certain frequency to achieve (in the special case 

of : 𝜔𝑖 =  𝜔𝑠 = 𝜔  , 𝜔𝑝 = 2𝜔) :

                                        𝒏𝒆 (ω) = 𝒏𝟎 (2ω)                                           (16) 

Figure 8: Phase matching of SHG using birefringence.

The conversion efficiencies are typically extremely small when phase 

matching does not occur.
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Figure 9: Schematic of Birefringence. A light pulse (which has parallel and 
perpendicular polarization components) propagating through a birefringent crystal. 

The optical axis is parallel to the parallel polarization component (for positively 
birefringent) or parallel to the perpendicular component (for negatively birefringent) of 
the incident light. So the light polarized parallel (or perpendicular respectively) has a 

greater refractive index than the other component. In this way, birefringence can
achieve phase matching allowing the three different waves to propagate with different 

polarizations but the same group velocity.
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Collinear vs. Noncollinear  
Optical Parametric Amplification 

 

    
The interaction geometry of the parametric waves plays an important role in 
the efficiency of an optical parametric amplification system. 
   n the collinear interaction geometry, the parametric beams have the same 
propagating direction. For collinear phase matching, the propagation direction 
in the nonlinear crystal is selected to satisfy, for a given signal wavelength, 
the phase matching condition. In this condition the signal and idler group 
velocities are fixed and so the phase matching bandwidth of the process. 
Thus, every angle corresponds to a particular signal and a particular idler 
wavelength. In other words, for a fixed crystal orientation, phase-matching can 
be achieved only over a narrow signal frequency range. In addition, for short 
pulses, the group velocity mismatch between the three propagation waves 
leads to pulse lengthening. As illustrated in Figure 10a, the idler pulse 
propagates faster than the signal. Both of the pulses are amplified as they 
propagate through the nonlinear crystal. Nevertheless, the amplified signal 
photons are added in the leading edge of the signal pulse in the same way the 
new idler photons are added in the trailing edge of the idler photons resulting 
in the lengthening of the pulse. 
   Gale et al9,10 demonstrated that this problem can be avoided in a 
noncollinear geometry. The mismatch of the group velocities can change the 
parametric interaction in such way that the generation takes place better in 
noncollinear direction, rather than in collinear. As shown in Figure 10b and 
10c the pump and the signal wave vectors form an angle α and the idler is 
emitted at an angle Ω which is not fixed, it depends on the signal and the 
pump. With a suitable angle between the signal and idler, effective group 
velocity matching can be reached in the propagation direction of the signal 
wave and the two beams stay efficiently overlapped as they are moving in the 
crystal.11 
   In the noncollinear geometry, which we used, the parametric beams have 
different direction. An additional degree of freedom can be introduced using a 
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non-collinear geometry. For noncollinear phase matching, to every angle 
between the wave vector of the pump and the crystal axis corresponds a 
broad number of signal and idler wavelength. In other words, for a fixed 
crystal orientation, phase-matching can be achieved over an ultrabroad
bandwidth. Furthermore, for short pulse it is necessary to consider, in addition 
to the phase-velocity matching, also the matching of the group velocity with 
the propagation velocity of the parametric waves. For short pulses, effective 
group velocity matching can be reached (due to the angle Ω between signal 
and idler beams) in the propagation direction of the signal wave. Thus, the 
two beams stay efficiently overlapped as they are moving in the crystal.

a)                           

b) c)

Figure 10: Schematic of a a) collinear and
b),c) noncollinear interaction geometry
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 Signal pulse generation - White light continuum 

 

As referred, the signal wave is white light.  White-light continuum 
generation- a physical phenomenon leading to a dramatic spectral broadening 
of intense light pulses propagating through a nonlinear medium- was first 
demonstrated in the early 1970s by Alfano and Shapiro12. Starting with the 
late 1980s, white-light generation has also been employed for the formation of 
ultrafast light pulses13 and the creation of multi-frequency multiplex light 
sources14. Presently, white-light generation is still one of the most exciting 
topics in laser physics and nonlinear optics. The Kerr nonlinear effect is one of 
the key physical factors in white-light generation. According to the optical Kerr 
effect, if the pulse is travelling in a medium we observe a refractive index 
change with intensity. The refractive index of a medium with Kerr nonlinearity 
is written as 

𝒏 =  𝒏𝟎 + 𝒏𝟐 𝑰(𝒕) , 

 

where 𝑛0 is the field-free undisturbed refractive index of the medium, 𝑛2 =

 (2𝜋/𝑛0)2𝜒(3) is the nonlinear refractive index at the frequency ω, 𝜒(3) is the 
third- order nonlinear susceptibility and  𝐼(t) is the laser radiation intensity. In 
the case of short laser pusles, the intensity dependent additive to the 
refractive index gives rise to a physically significant phase modulation of the 
laser field, the so-called self-phase modulation (SFM).15 
   As the pulse propagates through the nonlinear material, the intensity at any 
one point in the medium rises and then falls as the pulse goes past. Because 
of that, a time- varying refractive index is produced. This variation in the 
refractive index causes a shift in the instantaneous phase of the pulse: 

𝝋(𝒕) =  𝝎𝟎𝒕 − 𝒌𝒙 =  𝝎𝟎𝒕 −  
𝟐𝝅
𝝀𝟎

 𝒏(𝑰)𝑳 , 
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where 𝜔0 and 𝜆0 are the frequency and wavelength of the pulse respectively 
and L is the distance the pulse has been propagated. 
   Finally, the phase shift results in a frequency shift in each part of the pulse. 
The instantaneous frequency is given by the equation: 

𝝎(𝒕) =  
𝒅𝝋(𝒕)

𝒅𝒕  =  𝝎𝟎 −  
𝟐𝝅 𝑳 

𝝀𝟎
 
𝒅𝒏(𝑰)

𝒅𝒕  
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Laser Nanosurgery in biology 

 

 
Laser cell nanosurgery is a way to probe single cell environments and 

repair, replace or modify intracellular components. Since the introduction in 
the ‘80s, femtosecond lasers have gained ground due to their versatile 
application to a large variety of problems. Historically other laser systems, 
such as nanosecond and picosecond lasers, have been also used for 
subcellular disruption. The applications of femtosecond laser pulses to the 
study of cells, tissues and embryos have been of great interest. The 
advantage of femtosecond lasers is that by varying the laser repetition rate, 
pulse energy, number of pulses irradiated and the focusing conditions we can 
access different interaction regimes and work both on the subcellular and the 
tissue level with high precision and accuracy.16 Since femtosecond pulses are 
shorter than the thermal diffusion time (~100nsec), heat transfer is minimized 
and the biological sample remains unaffected by subsequent heat damage 
(this effectively makes the surgical process non- thermal). What makes them 
especially advantageous is their near-IR wavelength which has a large 
penetration depth in tissue, and their short pulse duration, which means high 
peak power at very low pulse energy (~nanojoules), allowing smaller cell 
dissection to be achieved within the focal spot where the nonlinear 
multiphoton interaction process occurs. Lower total energy transfer allows 
finer mechanical damage and limits thermal heating. As a result, the spatial 
resolution increases and there is a tissue disruption possible on the 
submicron scale. 
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Parametric Study 

 
Repetition Rate (kHz vs. MHz) 

 
 

The laser repetition rate plays a crucial role in the disruption mechanism. 
Femtosecond-assisted laser nanosurgery of biological tissue is usually done 
in two different regimes. Depending on the application, low kHz repetition 
rates or high MHz repetition rates are used. In this study, we investigated the 
dependence of the damage morphology on the repetition rate of the laser 
source (1 kHz to 50 MHz). Two different mechanisms are taking place at 
repetition rates in the MHz and kHz range. We are going to explain the 
working mechanisms of both modes. 
   High repetition rate (MHz) ultrashort laser pulses cause heat accumulation 
effects. due to the remainder heat left in the focal volume from each previous 
pulse (the pulses arrive faster than the deposited energy can diffuse out of the 
focal region) leading to further damage around the focus.   Morphological 
modifications at kHz femtosecond laser are different from that at MHz pulses. 
In the case of lower repetition rates (kHz) , in contrast to the MHz, the energy 
from each pulse diffuses out of the focal volume before the next pulse 
arrives.17 Thus, each pulse acts independently on the target and energy 
deposition does not accumulate over multiple pulses. Because of that, each 
pulse must have high enough energy to cause morphological modifications 
and the formation of a crater. At the kilohertz repetition rates, each pulse can 
cause ablation explosion and the formation of minute transient cavities due to 
the thermoelastic- pressure waves.18  
   For sufficiently large pulse energies, bubble expansion and shock-wave 
pressure can cause effects far beyond the focal volume, which lead to cell 
death. To avoid these effects, irradiances should be used that are only slightly 
above the bubble formation threshold. 
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Ablation Mechanisms 

    

   When biological samples, as the gelatin thin films, are irradiated by 
ultrashort laser pulses of near infrared light to a tiny area of the sample’s 
surface, remarkable high peak intensities are achieved with relatively low 
pulse energies. This generates non-linear photon absorption and electron 
ionization within the focal volume. At a critical density (the minimum density 
that causes tissue disruption), incident photons are absorbed by electrons 
within the focal volume exciting the electrons into a free or quasi-free state 
which cause optical breakdown and physical disruption of the biological 
sample. Although we don’t know the exact mechanisms take place during the 
irradiation of the gelatin thin films, there are, generally, three different ablation 
mechanisms that take place in femtosecond laser ablation of biological 
samples. These are: 

 multiphoton absorption (multiphoton ionization),  
 electron tunneling 
 avalanche ionization.19 

   

 A single photon in the near infrared has much less energy than is 
needed for electron ionization in water (the gelatin has the same ionization 
energy with water E= 6.5eV). Consequently, more than one photons should 
transfer, simultaneously, their energy to a single electron in order to cause the 
ionization of the electron. That occurs through the three ablation mechanisms.  
   Multiphoton absorption is the simultaneous absorption of two or more 
photons, transferring the energy to a single electron. The simultaneous 
absorption of multiple photons allows an electron to gain sufficiently energy 
(electron ionization energy) to escape its local potential barrier. 
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Figure 11: One and n-photon absorption

The ionization of the electrons can also be reached by the tunneling 
ionization, the second ablation mechanism. Tunneling ionization is a process 
in which electrons in an atom pass through the potential barrier escaping from 
the atom. The high electromagnetic field of the incident laser beam can 
sufficiently suppress the local potential. The suppressed local potential can 
lead to a great tunneling probability, because the length of the potential barrier 
that electrons have to pass decreases and electrons can escape from the 
atom easily..20

The third ablation mechanism, the avalanche ionization, it’s a process that 
further increases the free electron density in the material. In the case of 
avalanche ionization, incident photons are absorbed by a free electron, which 
already exist in the material. Thus, the free electron gains enough kinetic 
energy to collide with a bound electron, resulting in two free electrons. The 
process continues, increasing the number of free electrons in the material. For 
avalanche ionization to occur, initial free electrons must be present in the 
sample.7,19 Multiphoton absorption and tunneling ionization mechanisms make 
it possible to produce free electrons. 
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However, the avalanche ionization can occur more difficult. The free 
electron, in order to gain enough energy, must absorb several photons. This 
process is limited due to the momentum conservation, resulting in a longer 
time for “producing “more free electrons.21 Therefore, for ultrashort pulses, 
avalanche ionization has a diminished role compared to multiphoton effects.22

 
Figure 12: The three ablation mechanisms  

[C.V. Gabel, “Fs lasers in biology: nanoscale surgery with ultrafast optics”,
Contemporary Physics Vol. 49 p. 391-411 (2008)] 

 

 

 

 

 

 

 



30 
 

Gelatin

The material we irradiated was thin film of gelatin. Gelatin is a solid 
substance and consists of a mixture of peptides and proteins. It’s a protein 
biopolymer derived from the partial hydrolysis of collagen, which is the most 
plenteous structural protein, found in the animal body (mostly in mammals) 
and derived from the skin, the white connective tissue and the bones.
Collagen is a structural protein, natural material of the extracellular matrix and 
essential structural component of all connective tissues as tendons and skin. 
It has a triple helix structure and the chains are held together. Because gelatin 
is a product of the structural and chemical degradation of collagen, it deals, to 
a large extent, with the properties and structure of collagen. Thus, it is also 
compatible with cell culturing and is usable as scaffold so as to mimic the 
molecular structure of the extracellular matrix.23

Gelatin is characterized by forming a solution in water at high temperatures 
and, with high enough concentration, a gel at low temperatures. The dry 
gelatin has a slightly yellow cast and contains from 10 to 18 per cent of 
moisture. It swells when put in cold water, the degree of swelling being 
modified by acids, alkalies, or salts. It dissolves at about 35°C, and it gels at 

http://chestofbooks.com/food/science/Experimental-Cookery/Chapter-VI-Gelatin.html
http://chestofbooks.com/food/science/Experimental-Cookery/The-Boiling-Point-Of-Water-And-Solutions.html
http://chestofbooks.com/food/science/Experimental-Cookery/Data-For-Dressing-And-Cooking-Losses-Of-Different-Classes-Of.html
http://chestofbooks.com/food/science/Experimental-Cookery/Swelling-And-Solution.html
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low temperatures, the exact gelation temperature depending upon the 
concentration and time of standing.

Figure 13: Gelatin contains a large number of glycine (almost 1 in 3 residues, 
arranged every third residue), proline and 4-hydroxyproline residues. A typical 

structure is: Ala-Gly-Pro-Arg-Gly-Glu-4Hyp-Gly-Pro-.
[GMIA, Gelatin Hanbook, 2012]

Although gelatin is 98-99% protein by dry weight, it has less nutritional 
value than many other protein sources. Gelatin is unusually high in the non-
essential amino acids glycine and proline (i.e., those produced by the human 
body), while lacking certain essential amino acids (i.e., those not produced by 
the human body). It contains no tryptophan and is deficient in isoleucine,
threonine, and methionine. The approximate amino acid composition of 
gelatin is: glycine 21%, proline 12%, hydroxyproline 12%, glutamic acid 10%, 
alanine 9%, arginine 8%, aspartic acid 6%, lysine 4%, serine 4%, leucine 3%, 
valine 2%, phenylalanine 2%, threonine 2%, isoleucine 1%, hydroxylysine 1%, 
methionine and histidine <1% and tyrosine <0.5%. These values vary, 
especially the minor constituents, depending on the source of the raw material 
and processing technique.24

http://en.wikipedia.org/wiki/Amino_acid
http://en.wikipedia.org/wiki/Glycine
http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/Essential_amino_acid
http://en.wikipedia.org/wiki/Tryptophan
http://en.wikipedia.org/wiki/Isoleucine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Methionine
http://en.wikipedia.org/wiki/Glycine
http://en.wikipedia.org/wiki/Proline
http://en.wikipedia.org/wiki/Hydroxyproline
http://en.wikipedia.org/wiki/Glutamic_acid
http://en.wikipedia.org/wiki/Alanine
http://en.wikipedia.org/wiki/Arginine
http://en.wikipedia.org/wiki/Aspartic_acid
http://en.wikipedia.org/wiki/Lysine
http://en.wikipedia.org/wiki/Serine
http://en.wikipedia.org/wiki/Leucine
http://en.wikipedia.org/wiki/Valine
http://en.wikipedia.org/wiki/Phenylalanine
http://en.wikipedia.org/wiki/Threonine
http://en.wikipedia.org/wiki/Isoleucine
http://en.wikipedia.org/wiki/Hydroxylysine
http://en.wikipedia.org/wiki/Methionine
http://en.wikipedia.org/wiki/Histidine
http://en.wikipedia.org/wiki/Tyrosine
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Experimental Setup

Setup 

The experimental set-up is shown in figure 14. The irradiating source 
was an amplified Ti: Sapphire femtosecond laser (FemtoPower, Compact Pro) 
delivering pulses at a repetition rate of 1 kHz, pulse energy 0.8mJ and 800nm 
wavelength. The average laser output power is 800mW. For subcellular 
nanosurgery we require energies of a few nanojoules at the sample. The main 
part of the laser beam (ca. 90%) is split-off and frequency doubled in a 2mm
thick BBO crystal (β- barium borate) cut at θ=29˚ providing pulses at 400nm 
wavelength. 

Figure 14: schematic diagram of the experimental setup



33 
 

For NOPA we used a 2mm thick Type I BBO crystal, cut at θ=30˚. The 
pump beam was focused onto the BBO crystal using a lens with focal length 
equal to 30 cm. To produce white light continuum, we diverted a small fraction 
of the laser beam (less than 10%- ca. 30mW) at the fundamental wavelength 
(λ=800 nm) and focused it into a 3mm thick sapphire crystal. The white-light 
seed beam was collimated with a lens and then directed into BBO crystal at 
variable delay. The seed was applied at an angle φ with respect to the pump 
beam. 
   Spectra were measured with an Ocean Optics S2000 multichannel 
spectrometer. Pulse energies were measured with a power-meter PM100 
using the heads S120 UV and PM10, and a power-meter PowerMAX-500A, 
using the head PM10. 
   An objective- Nikon CF Plan 50x /0.8- focused the beam on the sample. 
Samples were mounted on a high precision X-Y-Z translation stage normal to 
the incident laser beam. A mechanical shutter provided spots with desired 
number of laser pulses controlled manually. The laser pulse fluence used was 
between 2 J/cm² and 10 J/cm². 
   The tuning range of the idler wave was 800nm - 1500nm.  
  In addition, the continuum propagates somewhat faster than the blue pump 
pulse in the amplifier crystal. An increasing in the delay of the seed is needed 
to allow for matching the time delay of the seed and the pump. 
The pump beam was designed to be focused before entering the BBO. The 
reason for not focusing the pump beam inside the BBO crystal is the 
extremely high intensity that might damage the BBO crystal.  
    

 

 

 The laser system we used is an amplified system. The oscillator generates a 
pulse train at 75MHz with average power 360mW. 
   A pulse coming from the oscillator is selected and the pulse duration is 
increased by passing the pulse through a “grating stretcher”. This allows the 
pulse to gain energy while keeping the peak energy and intensity low. The 
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pulse is sent into the amplifier section. The gain medium is a titanium-
sapphire crystal mounted in a vacuum chamber to prevent condensation.

The output pulse is recompressed using a grating compressor back to 25 fs. 
The repetition rate of the laser decreases to 1 kHz and the energy per pulse 
increases to 0.8mJ.

We also used a second experimental set-up in order to study the effects 
of the repetition rate. As shown in figure 15, the irradiation source was a 
femtosecond oscillator with wavelength at 1028nm, 50 MHz repetition rate 
and pulse energy 20nJ.

Figure 15: the 2nd experimental set-up



35 
 

 

 

Gelatin Samples – preparation 
 

 

Type-B gelatin films of 60-80μm thickness were prepared using aqueous 
solution 10 wt% of gelatin B225. The B 225 is a value characterizes the 
strength resistance and is a measure of the gelatin quality. 
  The temperature of gelatin solutions to be used for film or layer casting 
should provide the most compact state of gelatin macromolecules, i.e. the 
temperature should be above 45°C when the solution is most mobile. 
The absorption spectrum of gelatin as a function of wavelength indicates a 
high absorption peak in the UV region, at 220-280nm, according to the 
bibliography. Before irradiation we measured the emission spectrum of gelatin 
which is shown in figure 17. 
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Results 

 

                     
 

Figure 17: The gelatin absorption spectrum.  

 

 

Gelatin exhibits strong absorption in the range of 5.2-5.6 eV (220-240nm). 
Thus, more than one photons (near infrared photons with energy less than 
1,4eV per photon) must be absorbed by an electron in order to reach the 
gelatin ionization energy (Ei=6.5 eV). 
   Before irradiation, it was very important to measure the beam spot size 
within the focal volume. Our goal is the creation of nano-holes in gelatin films, 
thus the spot size of the beam within the focal volume must be very small. 
The spot size of the beam increases as the wavelength increases.25 Figure 18 
shows the different values of the spot size by changing the laser wavelength. 
At 900nm, the radius of the spot size is about 1μm while at 1100nm it 
increases to 1.8μm. 
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            Figure 18: The spot size of the beam in the focal plane changes  
                                  by changing the wavelength of the pulse 
 

 

 
 

Figure 19: Idler Emission Spectra 

                           



38 
 

   After measuring the spot size and the emission spectrum of gelatin, we can start 

irradiating the gelatin thin films with ultrafast femtosecond infrared laser pulses 
by changing the pulse wavelength, the number of pulses, the energy of each 
pulse and the repetition rate so as to determine the best conditions for high 
spatial resolution.  
  After irradiation, scanning electron microscope (SEM) was used to inspect 
the sample for possible formation of an ablated crater. The ablation threshold 
fluence was defined by the appearance of a minimal visible- observable with 
the SEM- crater at the surface. The smallest craters we could observe were 
approximately 300 nm in radius. Many fluence levels were examined in order 
to establish the threshold values. 
   The energy of each train of pulses was recorded during the course of 
irradiation. 
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Creation of nano-holes in gelatin thin films 
with 1 kHz repetition rate femtosecond pulses 

Irradiation of Gelatin at 900nm

Fluence= 3.1 𝑱
𝒄𝒎𝟐

Figure 20: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Figure 21: The radius of the crater, formed by irradiating the 
gelatin thin films at 900nm wavelength, as a function of the 

number of pulses.
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Irradiation of gelatin at 1000nm

Fluence= 1.95 𝑱
𝒄𝒎𝟐

Figure 22: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Fluence= 1.5 𝑱
𝒄𝒎𝟐

Figure 23: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Fluence= 1.32 𝑱
𝒄𝒎𝟐

Figure 24 : a) 100pulses, b) 50pulses, c) 20pulses
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   A steady increase of the size of the laser-damaged area with increasing 
numbers of pulses was observed as expected (SEM images). 

 

 
Figure 25: The radius of the crater, created after irradiation with  
wavelength 1000nm, as a function of the fluence and the number  

of pulses. 

 

   The formation of minute transient cavities and micro- cracks are observed 
by irradiating with 1 kHz repetition rate with different wavelengths, number of 
pulses and different pulse energies. Moreover, in the SEM images material 
around the crater due to ablation explosions and ripple formation are shown. 
The ripple formation around the crater area, as shown in the SEM images 
above, has nanometer size and is due to interference of the incident wave 
and a surface scattered wave.26 
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Irradiation of gelatin at 1028nm

Fluence= 1.1 𝑱
𝒄𝒎𝟐 

                    

                                                                                      Figure 26:a) 20pulses,b)10pulses                                     

Fluence= 0.8 𝑱
𝒄𝒎𝟐

Figure 27: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Fluence= 0.6 𝑱
𝒄𝒎𝟐

 Figure 28: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses
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Irradiation of gelatin at 1100nm

Fluence= 1.3  𝑱
𝒄𝒎𝟐

Figure 29: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Fluence= 0.9 𝑱
𝒄𝒎𝟐

Figure 30: a) 100pulses, b) 50pulses, c) 20pulses, d) 10pulses

Fluence= 0.5 𝑱
𝒄𝒎𝟐

Figure 31: a) 100pulses, b) 50pulses, c) 20 pulses
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Figure 32: The radius of the crater, created after irradiation with  

wavelength 1100nm, as a function of the fluence and the number  
of pulses. 

 

 
  The above diagram involves the measurement of the radius of the modified 
area as a function of the number of pulses and the fluence of the pulse. We 
observed an increase of the laser-induced damage with decreasing repetition 
rate at constant numbers of applied laser pulses or constant laser pulse 
energies. 
   The most important reason for not irradiated at wavelengths longer than 
1100nm is that in that range there is a strong absorption by water (gelatin thin 
films are produced by a gelatin water solution) 
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        Figure 33: The energy damage threshold as a function of the  

                           wavelength of the pulse. 

 

 

   Irradiation of the gelatin films with 1 kHz ultrafast femtosecond laser pulses 
resulted in morphological modifications that were studied by the Scanning 
Electron Microscope (SEM). Figure 33 indicates the energy damage threshold 
that were determined by measuring the fluence at which the gelatin film’s 
surface changes. The wavelength, the repetition rate and the number of 
pulses have an effect on the threshold values. 
   At each wavelength, the spot size of the damaged area is reduced when 
irradiating with a smaller number of pulses as expected. It is also worth 
noticing that the lowest damage threshold is found at the longest wavelength 
(1100nm). The different mechanisms taking place at the same time may 
explain this behavior. 
    After these results, we were very interested in examining the mechanisms 
take place in our experiments. As referred, for ultrashort pulses, multiphoton 
ionization MI and tunneling ionization TI are, generally, the ablation 
mechanisms involved in femtosecond laser ablation of biological samples. 
Thus, we should determine the main ablation mechanism in our case.  
   Multiphoton and tunneling ionization are two different mechanisms for 
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different field strengths and frequencies of the electromagnetic field. The 
Keldysh parameter γ, determines the interplay between multiphoton and 
tunneling ionization27, 

𝜸 =  �
𝑬𝒊

𝟏, 𝟖𝟕 𝟏𝟎−𝟏𝟑 𝑰 𝝀𝟐 

 
where 𝐸𝑖 is the ionization energy, 𝐼 the intensity and λ the wavelength of the 
laser. For values γ<<1 tunneling is the dominant mechanism while for values 
γ>>1, multiphoton ionization plays the main role. 
   In our case, 𝐸𝑖= 6.5 eV, 𝐼 ≈1014 W/𝑐𝑚2 the Keldysh parameter is 
approximately, γ≈1, which mean that both the MPI and TI contribute 
significantly to ionization.  
   Of course, these are not necessarily the only mechanisms that may take 
place in our case. Since each biological sample (like gelatin, collagen and 
other proteins and biological media) has different behavior, we cannot be 
absolutely sure what are the exact mechanisms. 
  At last, we studied the effects of the repetition rate. Thus, the next step after 
irradiating at the kilohertz repetition rate, was the irradiation of the gelatin with 
50 MHz repetition rate laser pulses, in order to examine the morphological 
modification and the threshold values. 
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Creation of nano-holes in gelatin thin films
with 50MHz repetition rate femtosecond laser pulses

Irradiation of gelatin at 1028nm

Fluence= 0.26 𝑱
𝒄𝒎𝟐 , 0.21 𝑱

𝒄𝒎𝟐 , 0.18 𝑱
𝒄𝒎𝟐 respectively

 
Figure 34: a),b),c) 500.000pulses

 

 

Fluence= 0.29 𝑱
𝒄𝒎𝟐  

 
Figure 35: a) 500.000pulses, b) the tilted spot 

                    of Figure 30a 
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Repetition 
Rate 1kHz 50MHz 

Wavelength 900nm 1000nm 1028nm 1100nm 1028nm 

Energy damage 

threshold (
𝑱

𝒄𝒎𝟐) 3.1 1.3 0.6 0.5 0.18 

Table 2 
 

 

 

 

  Upon irradiation at 1028nm with 50 MHz repetition rate femtosecond pulses, 
much lower energy damage threshold is observed (Table 2) and a different 
ablation mechanism as shown in SEM images (Figures34-35). In the case of 
50 MHz, a crater with energy below the threshold is created with the presence 
of further damage around the crater. Figure 35 illustrates a tilted gelatin film 
irradiated with 50MHz repetition rate and fluence below threshold. 
  It was an expected morphological modification, according to the 
bibliography;17, 19, 28 because at megahertz repetition rates each pulse arrive 
faster than the deposited energy can diffuse out of the focal region leading to 
heat accumulative. In contrast, at kilohertz region the energy from each pulse 
diffuses out of the focal volume before the next pulse arrives, so each pulse 
doesn’t influence the other. Thus at 1 kHz the lower energy needed for 
morphological modifications was above threshold. The total energy required 
for nanosurgery with kHz pulse series is less than the total energy necessary 
with MHz pulse trains.  

 

 



49 
 

Conclusion 
 

We developed a non collinear optical parametric amplifier which 
provides tunable wavelength, in the near infrared range (900-1500nm), 
ultrashort pulses.  Due to the noncollinear geometry we used, we could 
amplify a broadened spectral range. Furthermore, we studied the prospect for 
application in nanosurgery by irradiated gelatin thin films. We studied the 
effects of wavelength, fluence, number of pulses and repetition rate so as to 
determine the best conditions for high spatial resolution. We also observed 
the presence of three ablation mechanisms. The lower pulse energy needed 
for optical breakdown at 1 kHz repetition rate was 0.5 J/ 𝑐𝑚2 at 1100nm 
wavelegth and resulting cavitation to approximately 750nm in diameter. At        
megahertz repetition rate the lower pulse energy needed for optical 
breakdown was below the threshold as expected, about 0.2 J/ 𝑐𝑚2. However, 
the total energy required for nanosurgery with 1 kHz pulse series is less than 
the total energy necessary with MHz pulse trains, because of the different 
number of pulses. 
  The obtained results put a step forward toward determining the optimum 
conditions for high spatial resolution laser nanosurgery in biomaterials and 
cells. 
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