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Introduction 
 
The main tendency of modern quantum electronics is miniaturization. The use of 
femtosecond lasers to induce refractive index variations in glasses is a new and attractive 
technique to fabricate fiberoptic devices. Multiphoton excitation produces irreversible changes 
in glasses that are insensitive to UV radiation. Due to nonlinear absorption, the required 
variations can be produced inside a transparent material. The fabrication of long-period and 
fiber Bragg gratings as well as of imbedded waveguides has been demonstrated. 
My lecture is devoted to a review of ultrafast lasers used in this technology. 
 
1. By now spectacular advances have been achieved in the field of generation of ultrashort 
pulses. The pulse duration approaches a cycle of a carrier wave, and  after nonlinear 
transformations (generation of higher harmonics) the pulse duration advances to the 
attosecond time scale. 
    I recall now how a femtosecond laser operates. 
 
1.1. Femtosecond pulses are generated using passive mode locking. For this purpose, a 
device is placed into the laser cavity with a broad gain band, which can rapidly change the 
transmission of light circulating in the cavity depending on the light intensity. In a Ti:sapphire 
laser, which is a “working horse” of femtosecond science and technology, such a self-
amplitude modulation is performed due to self-focusing of radiation in an active crystal. 
Because this self-focusing is caused by the Kerr nonlinearity, the laser is called a Kerr lens 
mode-locked (KLM) laser. The scheme of the laser and the operation mechanism of the Kerr 
lens are shown in Fig. 1. The laser contains the following elements: 
(i) A Ti:sapphire rode with Brewster ends as an active medium, which is pumped by a 
focused beam from a stable cw laser at a wavelength of 500 nm.                         
(ii) A prism group-velocity-dispersion controller. 
(iii) Two concave cavity mirrors that focus a parallel beam inside the Ti:sapphire crystal. The 
mirrors are tilted to compensate for astigmatism at Brewster ends. All the cavity mirrors 
except the output mirror have a high reflectivity over the entire width of the spectrum 
corresponding to the pulse duration. 
A femtosecond pulse is formed due to the interplay between amplification, self-amplitude and 
self-phase modulations and group-velocity dispersion for radiations circulating in the 
resonator. As a result, the laser emits a strictly periodic sequence of pulses with a repetition 
rate determined by the round-trip transit time for light in the resonator. The regime of 
generation of femtosecond pulses is very delicate and it can be achieved only when rather 
strict conditions are fulfilled. For this reason, the energy of a single femtosecond pulse does 
not exceed, as a rule, 10—15 nJ, corresponding to the average output power of about 1 W. 
 
1.2. It is important to emphasize that the KLM laser operates in the cw mode. It emits a 
strictly periodic sequence of completely identical pulses (Fig. 2). This means that the 
emission spectrum represents, according to the Fourier transform, a comb of equidistant lines 
(Fig. 2) separated by the distance determined by the pulse repetition period, while the full 
width of the spectrum is determined by a single pulse duration. Therefore, a femtosecond cw 
laser is a unique radiation source which combines properties of a highly monochromatic laser 
and a generator of ultrashort pulses. Using an optical gate, a single pulse with a continuous 
spectrum can be separated from the pulse sequence (as shown in Fig. 3). A single line with 
an extremely narrow spectrum and a constant intensity can be separated from the comb of 
lines with the help of a monochromator (Fig. 3). This means that the laser, like two-faced 
Janus, can manifest itself in absolutely different hypostases. This is illustrated by the fact that 
a Ti:sapphire laser is successfully used both in optical coherent tomography, where an 
ultimately low temporal coherence is required, and for precision measurements of optical 
frequencies requiring an extremely highly monochromatic radiation. 
 



1.3. As mentioned above, the energy of a single femtosecond pulse emitted by a KLM laser 
does not exceed usually 10—15 nJ. However, it can be increased substantially by using a 
remarkable technique of chirped pulse amplification (CPM). Recall the principle of this 
method (Fig. 4). A pulse from a master oscillator is transmitted through an optical system 
consisting of a pair of diffraction gratings having great group-velocity dispersion (stretcher). 
The pulse acquires a strong chirp and is stretched by 103—104 times. Because the peak 
pulse power decreases correspondingly, the pulse energy can be significantly increased 
without any damage and restrictions due to nonlinear effects. Then, the amplified pulse is 
transmitted through another optical system consisting of a pair of diffraction gratings 
(compressor), which has the same dispersion but of the opposite sign. As a result, the pulse 
is compressed to the duration close to the initial one. It is important to note that, unlike the 
master oscillator, the amplifier operates in the pulsed regime. The active medium of the 
amplifier is pumped by a pulsed source, and the amplified-pulse repetition rate is determined 
by the pump-pulse repetition rate. Paradoxically, the average output power after amplification 
proves to be, as a rule, substantially lower than that of the master oscillator. An example is 
high-power femtosecond laser systems consisting of a master oscillator and an amplifier 
(MOPA), which are used to fabricate photonic devices. The output pulse energy does not 
exceed typically 10 µJ, while the amplified-pulse repetition rate is 1 kHz. Therefore, although 
the energy of a femtosecond pulse is increased approximately by three orders of magnitude, 
the average power proves to be two orders of magnitude lower. 
 
1.4. It is important to emphasize the principal difference between a laser generator and a 
laser amplifier. The laser generator is pumped by a stable cw source, and lasing is 
maintained by a highly stable oscillator. As a result, the output radiation is also highly stable. 
The laser amplifier is pumped by a pulsed source, and the pump pulses can somewhat differ 
from each other. Therefore, the gain and the transverse distribution of the population 
inversion of the active medium can vary somewhat (thermal lens effect). As a result, the 
energy of the amplified pulses and the direction of the laser beam become unstable to a 
certain degree. 
 
 
Conclusions concerning section 1. 
 
The KLM emits a stable sequence of femtosecond pulses with a pulse repetition rate of about 
80 MHz, but the pulse energy is restricted by 10—15 nJ, corresponding to the average power 
of about 1 W. The pulse energy can be increased by a few orders of magnitude; however, the 
pulse stability deteriorates and the pulse repetition rate strongly decreases, which reduces 
the average output power down to several milliwatts. 
 
2. Consider now the special features of the interaction of radiation from ultrafast lasers with 
transparent materials. To produce irreversible changes in a material, in particular, variations 
in the refractive index, the laser radiation should be absorbed in the material to provide the 
required energy input. As a rule, UV radiation with the wavelength lying within the absorption 
band of the material is used for this purpose. 
As shown in Fig. 4, multiphoton absorption depends on the radiation intensity allows the local 
energy input inside the material. For this purpose, the radiation should be focused, and by 
selecting proper radiation intensity, the local excitation can be performed within a sub-
wavelength region. It was shown in some papers that by exposing glasses to the 800-nm 
radiation from stable femtosecond lasers tightly focused with microscope objectives, the 30—
50-nm regions of irreversible changes were produced in the glass. 
 
2.2. Of course, to excite a region of a given size, certain radiation intensity is required to 
provide a substantial absorption only in this region. This means that the laser beam intensity 
and directivity should be stable enough to allow its focusing into a small spot. 
 



2.3. The mechanism that leads to the refractive index changes is not completely understood 
so far. This especially concerns the use of femtosecond radiation. Note, however, the laser-
induced breakdown and damage in transparent materials exposed to ultrashort pulses have 
been studied in detail. It is reasonable to assume that at comparatively low radiation 
intensities, the mechanisms of variations in the refractive index are mainly the same as in the 
case of UV irradiation. However, there exists a difference. Absorption of low-intensity UV 
radiation is selective (as shown in Fig. 4), and different mechanisms may be involved at 
different irradiation wavelengths. In the case of multiphoton absorption there are the certain 
absorption probabilities in each of the orders which depend on the radiation intensity. 
Therefore, absorption is not selective. It is also useful to bear in mind that the spectrum of a 
femtosecond pulse is quite broad. Therefore, in the case of femtosecond pulses, different 
mechanisms can be involved, whose contribution depends on the absorption probability. 
Studies of the interaction of femtosecond pulses with transparent materials demonstrate an 
important role of ionization of a material accompanied by the production of a dense plasma. 
This process is probable in the case of multiphoton absorption. Consider therefore its 
features. The following mechanism can be assumed: first, a plasma is formed through 
multiphoton and avalanche photoionisation processes. Then, transfer of the plasma energy to 
the lattice generates strongly localized high temperatures and pressures, resulting in shock 
waves and densification, i.e., in a microexplosion inside the glass. 
 
2.4. Why are ultrashort pulses needed? 
Fig. 5 shows these stages. After the ionization threshold is achieved, a solid-state density 
plasma is formed. It absorbs already linearly laser radiation, resulting in the optical 
breakdown. One can see that the breakdown energy is determined in fact by the area of the 
rear half the pulse. Optical breakdown can cause undesirable damage instead of a required 
variation in the refractive index. Obviously, by shortening the laser pulse, we can reduce the 
breakdown energy by preserving the radiation intensity required for ionization. This was 
demonstrated in paper (Ch.B. Schaffer et al.) where microstructures with a large contrast in 
the refractive index inside transparent materials were obtained 
(Fig. 6). These structures were produced by 100-fs and 200-fs pulses. In the latter case, 
cracks appeared on the material even at energies only slightly above the threshold for 
structural change. Because recombination occurs after ionization for 1 µs, the energy input 
can be increased by using femtosecond pulses with a pulse repetition rate above 1 MHz. 
Therefore, to eliminate the undesirable residual effects of the optical breakdown, 
femtosecond pulses should be used. If the repetition rate of these pulses exceeds 1 MHz, the 
cumulative energy deposition to the material can occur. 
 
2.5. As mentioned above, the KLM laser emits highly stable femtosecond pulses with a high 
repetition rate and the average output power of about 1 W. However, the energy of an even 
tightly focused femtosecond pulse is insufficient to provide multiphoton absorption. Although 
increasing of energy only 10-20 times required. To solve this problem, a quite efficient 
extended-cavity technique was developed. The pulse energy in the sequence is inversely 
proportional to the pulse repetition rate. In turn, the pulse repetition rate is determined by the 
optical length of the laser resonator. Therefore, the resonator length should be increased. 
However, due to the properties of the passive mode locking regime, this is difficult to do. As 
the resonator length is increased, the laser begins to generate many pulses over a period. 
This problem has been solved in papers which presented in Fig. 7, and now extended-cavity 
KLM lasers (without an amplifier) are successfully used for microprocessing of glasses.   
    
2.6. Another technique for using comparatively low-energy femtosecond pulses is harmonic 
generation. The number of photons involved in a multiphoton process decreases as the 
photon energy increases, and hence, the required intensity also decreases. Because of a 
high peak power of femtosecond pulses, the SHG efficiency of no less than 50% can be 
easily achieved, and the second-harmonic pulses can be used for microprocessing of 
materials. In addition, another advantage exists. The generation of femtosecond pulses is 
readily quenched if even a small part of radiation reflected from a material being processed 



returns to the laser. When the second-harmonic radiation is used, it is possible to filter off the 
reflected radiation, as shown in Fig. 8. A frequency converter operates in this case as an 
optical isolator. We used second-harmonic femtosecond radiation from a Tsunami laser to 
write long-period fiber gratings. Fig. 8 shows our results. Because this was the first 
demonstrating experiment, we used a highly photosensitive hydrogen-loaded SFM 28 fiber.  
Therefore, by using extended-cavity KLM lasers and harmonic generation, microstructures, in 
particular, fiber gratings can be produced without employing amplifiers. 
 
3. Let us compare now the methods for the production of fiber gratings 
 
(A) Conventional interferometric method. 
Advantages: the possibility to control the fiber Bragg grating period. 
Disadvantages: radiation with a high time coherence is required, which is incompatible with 
the possibility of increasing the intensity of short-wavelength UV radiation. 
(B) Phase-mask method. 
Advantages: no high time coherence is required, whereas a required high spatial coherence 
is provided using high-power UV excimer lasers. Even amplified pulses from femtosecond 
lasers are successfully used in this technique (S.J. Mihailov et al., Opt. Lett., 28, 995 (2003), 
A. Dragomir et al., ibid. 28, 2171 (2003). The results of our investigations will be presented by 
K. Zagorul’ko at the poster session. 
Drawbacks: a phase mask corresponds to a certain FBG period. 
(C) Method based on the use of radiation harmonics from extended-cavity KLM lasers, 
microscope objectives and precise translaters.  
Advantages: by using tight focusing and precision displacement, fiber gratings with arbitrary 
(in principle, variable) periods can be produced. Gratings can be written not only in 
photosensitive fibers. Also, imbedded waveguides can be produced. 
Disadvantages: high cost of pump lasers (Verdi, Millenia). 
 
 
 
 
 
 
 
 
Conclusions 
 

(1) Multiphoton absorption allows the locally high excitation of materials, inducing 
variations in the refractive index inside transparent materials. 

 
(2) To control these variations, it is necessary to reduce the laser pulse duration, to 

provide stable output power, and to focus the laser beam with microobjectives. 
 
(3) Frequency-doubled extended-cavity KLM lasers are excellent devices for this 

purpose. Their use opens up the possibility of manufacturing of miniature photonic 
devices such as fiber gratings and embedded waveguides. 

 
(4) The development of compact and efficient femtosecond fiber lasers will promote the 

availability of this technique. 
 
 
       
 
    
    




















