
Romanian Reports in Physics, Vol. 65, No. 3, P. 619–637, 2013 

Dedicated to Professor Valentin I. Vlad’s 70th Anniversary 

1962–2012: WHAT DOES IT MEAN FIFTY YEARS  
IN LASER RESEARCH? 

M. BERTOLOTTI 

Sapienza Università di Roma, Dipartimento di Scienze di Base ed Applicate per l’Ingegneria 
Via A. Scarpa 16, I-00161 Roma, ITALY 

E-mail : mario.bertolotti@uniroma1.it 

Received June 14, 2013 

Abstract. Some of the achievements obtained in laser research, essentially in nonlinear 
optics, are schematically reviewed. The year 1962 marks the start of laser research in 
Romania with the construction of the first Romanian helium-neon laser, in 
Agarbiceanu’s laboratory. Shortly after, Valentin Vlad stepped in the field. 
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1. INTRODUCTION 

One may ask what happened in the last fifty years, during 1962–2012 
concerning some of the most spectacular results pertaining to lasers, nonlinear 
optics and ultra-short pulse production, and  I wish to give some indications in this 
paper. It is just at the beginning of this period that, as I will show later, we find the 
young Valentin Vlad entering the field which he would never leave (I hope he will 
not change his mind in the next 100 years!). 

The discussion starts with a prehistory of the new field of nonlinear optics, I 
briefly consider the beginning of laser research, referring to the start of Romanian 
research, and then I present a short history of the production of ultra-short laser 
pulses down to attosecond pulses. 

2. THE PREHISTORY OF NONLINEAR OPTICS 

Usually nonlinear optics is discussed by introducing a nonlinear optical 
polarization, expressed as a power series of the electric field through nonlinear 
susceptibilities. In the linear case, the dipole moment per unit volume or 
polarization P, can be written as 
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 Pi = P°i +εoχijEj  (1) 

where Pi° is a possible pre-existing natural polarization and χ is the linear 
susceptibility, which, in general, is a tensor. In the nonlinear case we may write 
down eq.(1) as 

 (1) (2) (3)0 χ χ χi i ij j ijk j k ijkl j k lP P E E E E E E= + + + +  (2) 

where the successive terms with increasing power orders in the electric field 
describe what we usually call the second-, third-, etc. order nonlinear effects and 
the coefficients χ(2)

ijk, χ(3)
ijkl, etc. are called the corresponding nonlinear 

susceptibilities. 
Using this definition, we may see that the quadratic electrooptic effect, 

discovered in 1875 by John Kerr, and the linear electrooptic effect, discovered by 
Carl Alwin Pockels in 1893, are both manifestations of nonlinear optics. 

In fact, we may roughly write for the Kerr effect, that a change in relative 
dielectric constant is produced by applying an electric field squared, or     

  ∆εr = rEo
2  

,  (3) 

where r is a characteristic parameter of the material. Usually eq. (3) is a tensor 
equation but we do not need this refined presentation for our considerations. 
Because the relation between the polarization and the electric field in the linear 
case is       

 P = εoχE (4)  

where εo is the vacuum dielectric constant, and the relative dielectric constant may 
be defined as 

 εr = 1 + χ, (5) 

we may now write that, adding a third-order term to the polarization, it is      

 P = εoχE + χ(3) Eo
2 E =  εo[χ + (χ(3) /εo )Eo

2 ]E = εo χ’E, (6) 

with  
 χ’ = χ+ χ(3) /εo Eo

2  (7) 
or 
 –1+ εr + ∆εr = –1 + εr +(χ(3) /εo ) Eo

2, (8) 

which gives 
 ∆εr = χ(3) / εo Eo

2  = rEo
2, (9)    

with 
 r = χ(3)/εo. (10) 

So we see that the Kerr effect is due to the presence of a third-order nonlinearity. 
In a similar way it can be shown that the Pockels effect is the manifestation 

of a second-order nonlinearity. 
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Also two-photon absorption was already discussed at the beginning of the 
XXth century, although only as a theoretical possibility; in fact Einstein in his 
famous paper on the photoelectric effect in 1905 considered the possibility of 
processes involving more than one photon (Einstein, 1905).  

Later Maria Goeppert-Mayer (1906–1972) in Göttingen, in her doctoral 
dissertation “Uber Elementarakte mit zwei Quantenspringen” published in 1931, 
(Goeppert-Mayer, 1931) developed the quantum theory of two photon absorption. 

Curiously enough, the term nonlinear optics appeared for the first time in two 
papers by E. Schröedinger (Schröedinger, 1942,1943) in which the term was used 
discussing a nonlinear Maxwell equation introduced by M. Born (Born, 1934) and 
M. Born and L. Infeld (Born and Infeld, 1934). M. Born, frustrated by the 
divergences of the pre-renormalization quantum electrodynamics, in the early 
1930s, inaugurated an alternative nonlinear Maxwell equation which was resumed 
by Schroedinger in a series of papers to “escape” from the “infinities” which were 
in the quantum conceptions of photons, electrons, etc., at the time. 

Multi-photon processes were considered also by G. Breit and E. Teller (Breit 
and Teller, 1940) and J. Wheeler (Wheeler, 1947), discussing the simultaneous 
emission of two photons in the transition from one discrete quantum level to 
another one in the case of the transition 2s→1s, in hydrogen. 

In this pre-historical excursus we may mention also, A.T. Forrester (Forrester 
et al., 1947) who, in the 1940s, suggested creating electromagnetic waves from 1 
mm down to about 0.05 mm by mixing light of different frequencies, and in the 
1950s, succeeded in demonstrating this combination process with incoherent light 
(Forrester et al., 1955). 

The way to obtain the mixing was however based on the use of nonlinear 
devices (photoelectric cells) and not of material’s nonlinearities. 

3. THE LASER 

We may however say, that the first nonlinear optical device, which later 
opened the way to nonlinear optics, as we today know it, was the laser, whose first 
public extended discussion was done in the Schawlow and Townes proposal of 15 
Dec. 1958 (Schawlow and Townes, 1958). 

That proposal was followed by the one of Javan (Javan, 1959) for a gas laser 
and by the construction of the first operating laser by Maiman in 1960 (Maiman, 
1960). The laser in fact is a highly nonlinear device per se. It allowed also to have 
light beams of such power as to produce the high electric fields that are necessary 
to produce nonlinear optical effects. 

The study of the behaviour of the laser led immediately to discover a series of 
important nonlinear phenomena.  

One of the first of these effects, was mode pulling. In the Fabry-Perot laser 
cavity, a number of axial modes separated by ∆ν = c/2L (L is the length of the 
cavity, ν and c have the usual meaning), resonate within the Doppler broadened 
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line-width (Herriott, 1962). Studying the helium-neon laser, Bennett (Bennett, 1962) 
found that some nonlinear frequency-dependent pulling mechanism exists which 
makes the spacing between adjacent resonant modes different from c/2L. This 
phenomenon was dubbed mode-pulling. 

The following year, W.E. Lamb jr. and other researchers (Lamb, 1963; 1964; 
Haken and Sauermann, 1963a; 1963b; Szoke and Javan, 1963; McFarlane, 1963) 
proposed a semiclassical theoretical description of the laser. 

The theory predicted the existence of a dip in the gain-frequency curve of a 
laser (hole burning). Hole burning was physically explained (Bennett, 1962) 
considering that in the case of inhomogeneous broadening, such as Doppler 
broadening, irradiation at a particular frequency, causes an absorption decrease in a 
range of the order of the homogeneous width centred around the pumping 
frequency while the rest of the band remains unaffected, producing a hole in the 
spectral distribution of the emitted light (hole burning). 

McFarlane et al. (McFarlane et al., 1963) failed to observe the dip in a 
helium-neon laser with natural occurring Ne but were able to find it when 
isotopically enriched Ne was used.  

The dip was clearly observed by Szoke and Javan (1963) and is shown in Fig. 1. 
 

 
Fig. 1 – From Szoke and Javan, Phys.Rev. 10 (1963) 521. Power output versus the oscillation 

frequency at 1.15 µm at various excitation levels. Fig.1a refers to a laser with Ne20 isotope and 1b 
with normal isotope abundance. 
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This effect gave rise to a very important result. If two travelling waves in a 
gas have the same frequency ω but opposite k-vectors, the wave with +k produces  
a saturation dip in the Doppler profile for molecules for which the relation  
ω = ωa+kβ (β = v/c and ωa atomic resonance frequency) is satisfied. The other beam 
saturates molecules with ω = ωa–kβ. If ω is scanned across the Doppler profile, the 
probe registers a saturation dip exactly at the centre (hole burning). At optical 
frequencies the effect was first demonstrated as a dip in the output of a He-Ne laser 
and is known as the  Lamb dip (Szoke and Javan, 1963;  McFarlane et al., 1963; 
Lamb, 1964). 

A monochromatic light beam resonantly excites only a small group of atoms 
or molecules under the in-homogeneously broadened profile, and induces in them a 
population change. This group of atoms or molecules, marked by the population 
change, can then be selectively studied by either absorption or luminescence. The 
discovery of this effect allowed a new spectroscopic method to be created: 
saturation spectroscopy. The effect of inhomogeneous broadening is suppressed 
with this technique. 

Christian Bordé in Paris and independently Theodor Hänsch developed the 
new technique of saturation spectroscopy (Hänsch, 1972). 

4. THE FIRST PULSED LASERS 

Maiman’s laser was a small device but the first reproductions were big 
objects. The free emission was a collection of spikes (Fig. 3). 
 

 
Fig. 2 – Maiman with his first laser. 
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While making his pulsed ruby laser (Maiman, 1960; Maiman, 1961), at first 
Maiman had thought that pulsed generation was an handicap; it soon appeared 
there was a great number of applications for pulsed lasers, and the quest was to 
improve their performances. It was so that, in 1961, Hellwarth proposed the 
principle of Q-switching (Hellwarth, 1961) whose first realization was done in 1962. 

 

 
Fig. 3 – An example of the pulsed ruby laser output when operated  

in free generation. Spiking behaviour is clearly seen. 

A typical pulsed solid state laser (ruby), consists of 1ms long burst of spikes 
(Fig. 3). The idea of Q-switching was that if a method could be found of preventing 
the laser to oscillate until the exciting flash is over, a population inversion greatly 
exceeding the usual threshold value could be established. If at this moment laser 
action is allowed, all available energy is concentrated into one giant pulse of 
extremely short duration. 

The way to obtain this was simply to take losses high, to prevent laser action, 
and to lower them suddenly, at the moment in which the device had to operate 
(Hellwarth, 1961). Because losses in a cavity are connected to the quality factor of 
the cavity (the so called Q value), the method was coherently named Q-control or 
Q-switching.  

The unlucky researcher, Gordon Gould who had independently discussed 
laser action, coining also the name laser (Schawlow and Townes in their paper 
named it optical maser and so did Maiman), but did not publish his results in the 
open literature, preferring to work for a patent, had discussed the method of the 
control of the Q of a laser cavity already in 1958 (Bertolotti, 1983). 

The technique of Q-switching was practically demonstrated by F.J. McClung 
and R.W. Hellwarth in 1962 (McClung and Hellwarth, 1962).  
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Fig. 4 – The general set-up for Q-switching with a Kerr cell. 

Q switching tehniques were also successfully applied to CO2 and N2O 
molecular gas laser systems (Kovacs et al., 1966). 

A different technique of controlling laser emission, allowing to have a train 
of regular pulses and named mode-locking was proposed in 1963 by DiDomenico 
(DiDomenico, 1964) who, following a suggestion made by E I Gordon, showed 
theoretically that mode-locking could be obtained by internal loss modulation at 
the resonator mode-spacing frequency. Lamb (Lamb, 1964) had also described how 
the nonlinear properties of the laser medium could cause the modes of a laser to 
lock with equal frequency spacing. Similar theoretical predictions were made 
independently by Yariv (Yariv, 1965). Hargrove et al. (1964) experimentally 
obtained a continuous train of pulses from a He-Ne laser by mode-locking with an 
internal acoustic loss modulator. Harris and Targ (1964) demonstrated 
experimentally operation of a He-Ne laser at 6328 Awith all modes oscillating in 
phase using the electro-optic effect with a KDP crystal and later S. E. Harris and 
McDuff (1964) discussed the theory. The complex historical steps toward mode-
locking are well discussed in Smith (1970). 

Mode-locking is one of the most important ways in which lasers are operated. 
It makes possible to generate pulses as short as 10-12 s, as we will show later. 

It takes advantage of an apparent draw-back in the laser operation. In general, 
the laser modes in a cavity will oscillate independently (the individual phases of 
the waves in each mode are not fixed), and this gives rise to output power 
fluctuations. In mode locking each mode is made to operate with a fixed phase 
between itself and the other modes. A constructive interference is realized which 
gives intense burst of light. 

We may therefore find three different operational regimes for the lasers: 
– Continuous wave regime (cw). The laser emits a beam of constant power; 

the first of such laser was the helium-neon laser; 
– Free running. In this case multiple pulse emission occurs (solid state 

lasers). The pulse envelope lasts for several microseconds; 
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– Pulsed operation. This is obtained with Q-switching techniques. Giant 
pulses are obtained, that last some nanoseconds. A train of regular pulses are 
instead obtained with the technique of mode-locking. In this case the laser beam is 
made by a sequence of short pulses (picoseconds) at high repetition frequency 
(megahertz). 

5. NONLINEAR OPTICS 

The nonlinear properties in the optical region were demonstrated for the first 
time in 1961 by Franken et al. (Franken et al., 1961) during an experiment of 
second harmonic generation, before a theory of nonlinear processes was made. 
Sending the red light of a ruby laser (λ = 6943 Å) onto  a crystal of quartz, they 
were able to observed a tiny production of ultraviolet light.  

The story is that when Franken published his paper describing this second 
harmonic production, the proof reader corrected the photo, suppressing the tiny 
spot of the second harmonic believing it was just a defect. You may see this on the 
photo below in which under the arrow you see…. nothing! 
 

 
Fig. 5 – Fig.1 of Franken paper in which the big spot of the ruby laser light is shown on the right side, 

with an arrow at the left side, pointing to the position where the tiny spot of the blue light of the 
produced second harmonic had to appear (from Franken et al., 1961). 

Multiphoton absorption was also first observed in 1961 by Werner Kaiser in a 
sample of CaF2;Eu2+ under strong illumination with a ruby laser pulse and is shown 
in Fig. 6 (Kaiser and Garrett, 1961). 

Immediately after these first results, in 1962, N. Bloembergen published his 
famous papers giving the sound basis for nonlinear optics (Bloembergen and 
Pershan, 1962; Armstrong et al., 1962). 
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Fig. 6 – From Kaiser and Garrett (1961). 

6. LASER RESEARCH IN ROMANIA 

1962 was also the year in which laser research started in Romania, with the 
construction of the first helium-neon laser shown in Fig.8, by I. Agarbiceanu (Fig. 7) 
and his collaborators in the Institute of Atomic Physics, Bucharest. 

 

 
Fig. 7 – I. Agarbiceanu (The National Institute for Laser,  

Plasma and Radiation Physics, Laser Departement). 
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Figure 9 shows an abstract of his presentation in Paris, 1963 (Agarbiceanu  
et al., 1963). He later, in 1967, led the team that constructed (Fig. 10) the first 
Romanian c.w. 100W CO2 laser (Agarbiceanu et al., 1968). 
 

 
Fig. 8 – The first He-Ne laser made by Agarbiceanu and his collaborators. 

In Romania, the research developed mainly in many kinds of lasers CO2 
lasers, solid-state lasers (Nemes and Vlad, 1969) and in the fields of laser 
spectroscopy, interferometry and holography and here we find the young Vlad 
working (Vlad, 1971), laser produced plasma and plasma diagnostics, nonlinear 
optics, thermal effects – especially the laser treatment of metals and CO2 laser 
produced plasma, in collaboration with the Lebedev Institute in Moscow (Ursu et 
al., 1976; 1984). The CO2 laser interaction with matter was especially studied in a 
strong collaboration with Lebedev Institute in Moscow and originated an important 
textbook (Ursu et al., 1986). 

 

 
Fig. 9 – A page of the manuscript of the work presented in Paris by Agarbiceanu et al. (1963). 
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Fig. 10 – L. Blanaru, V. Vasiliu and A. Agafitei at work at the CO2 laser constructed in Bucharest. 

 
Fig. 11 – V. Vlad’s experiments in holography in the Institute of Atomic Physics, Bucharest. 

7. ADVANCES IN NONLINEAR OPTICS 

Considering second harmonic production, a first solution to the problem of 
phase matching was indicated by Bloembergen (Armstrong, Bloembergen et al., 
1962; Armstrong, Bloembergen et al., 1963). These Bloembergen papers are also 
remarkable because, in discussing phase matching, they indicated the possibility of 
quasi-phase matching, by alternating the direction of the nonlinear regions along 
the laser propagation direction. They also predicted the existence of a second 
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harmonic beam locked in phase to the fundamental (Bloembergen and Pershan, 
1962), propagating with the same velocity of the fundamental which is now named 
second-harmonic locked beam which remained for several years unnoticed and 
whose existence was shown experimentally only recently (Centini et al., 2008, 
Fazio et al., 2009; Fazio et al., 2010).  

As it was appreciated immediately, since the first experiment of Franken, 
second harmonic is only possible in media which lack of symmetry. Calcite that is 
a highly symmetric crystal should therefore not allow second harmonic generation. 
However SHG was observed in calcite as a function of d-c electric field which 
removes the symmetry (Terhune et al., 1962). 

A solution to the problem of phase matching using uniaxial crystals was 
given by Maker, Terhune, et al. (Maker, Terhune et al., 1962) and Giordmaine 
(Giordmaine, 1962). The phase mismatch between the original light wave and the 
newly generated waves as a result of the different refractive indices for the 
different wavelengths can also be compensated by grating structures of the 
orientation of the nonlinearity of the material (Armstrong et al., 1962; Franken and 
Ward, 1963). 

A number of experiments were immediately done on second harmonic 
generation (Miller, 1964; Muzart et al., 1972). The periodic variation of intensity of 
the SH with respect to thickness obtained by rotating the sample was used to obtain 
a measure of the nonlinearity (Maker’s fringe method; Maker et al., 1962; Jerphagnon 
and Kurtz, 1970). 

The various kinds of nonlinear effects ensued. We mention them briefly:  
a – Optical rectification. The application of high electric light fields can 

produce a second order nonlinear effect with zero frequency (Bass et al., 1962a). 
b – Optical mixing of the emission of two ruby lasers with different 

frequencies was first observed by Franken (Bass, Franken et al., 1962b). 
c – Parametric oscillation and amplification. These processes, well known in 

the microwave range, were extended to optical frequencies by several researchers 
(Giordmaine and Milne, 1965; Akhmanov et al., 1965). 

d – Third order effects. When in Franken’s paper the second harmonic spot 
appeared cancelled, as a joke he prepared a quick letter to send Physical Review 
Letters showing the plate with an arrow pointing at 220 nm as evidence of the first 
unambiguous failure to observe third harmonics. 

Later third harmonic was obtained by Maker and Terhune (Maker and 
Terhune, 1965). 

Other third order phenomena are self-focusing and defocusing (Kelley, 1962), 
stimulated Brillouin effect (Chiao et al., 1964) and stimulated Raman effect. 

Stimulated Raman scattering was a serendipity discover made by E. Woodbury 
and W.K. Ng. They were using two different types of detectors to measure light 
from a Q-switched laser. When they operated the laser without Q-switching both 
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detectors gave the same result, but when they activated the Q-switching the 
detector readings were inconsistent. They looked at the nitrobenzene filled Kerr 
cell used to obtain the Q-switching and found it was the seat of several new 
radiations at lower frequency that exhibited the properties of laser light. The new 
lines were narrowly collimated, had sharp widths and only came into being when 
the ruby laser light reached a certain threshold output power (Woodbury and Ng, 1962). 

Gisela Eckhardt and Robert Hellwarth eventually succeeded in identifying 
the effect as a new species of laser emission “stimulated Raman scattering” 
(Eckhart et al., 1962; Hellwarth, 1963). 

A deliberate effort to produce stimulated Raman scattering had been initiated 
by H.J. Zeiger and P.E. Tannenwald at MIT but Hughes scientists were the first 
ones to discover it by accident. 

A theory of stimulated Brillouin and Raman scattering was done by 
Bloembergen (Shen and Bloembergen, 1965). 

e – Down-conversion and entanglement. A particular case of parametric 
interaction is the process of down conversion in which a pump photon is split into 
two photons obeying energy and momentum conservation laws. In such processes 
the interaction of a laser beam in a nonlinear crystal produces simultaneously two 
beams dubbed signal and idler (Fig. 12). In what is described as type II down-
conversion1, the signal and idler photons have orthogonal polarizations. In the 
process energy and momentum must be conserved, and birefringence effects cause 
the photons to be emitted along two intersecting cones, one of the ordinary (o) ray 
and the other of the extraordinary (e) ray (Fig.13). If one of the pair is detected at 
any time then its partner is known to be present. 
 

 
Fig. 12 – Scheme of spontaneous parameric downconversion  

and momentum and energy conservation. 

 
1 The down-conversion process is called type-I if the signal and idler photons have identical 

polarizations. With type-II phase matching, the signal and idler photons have orthogonal 
polarizations. If the angle between the optical axis of the crystal and the pump beam direction is 
different from zero, the two cones tilt towards the pump and intersect along two rays. 
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If we measure the polarization of a photon in a point of the extraordinary 
cone of Fig. 13a we always measure a vertical polarization and we know that in the 
corresponding point for which phase matching is fulfilled, the polarization of the 
incoming photon is horizontal, and if we repeat the experiment the two 
polarizations will always be vertical on the extraordinary cone and horizontal on 
the ordinary one.  

There are however two points clearly visible in the front of Fig. 13b, in which 
the two polarizations are contemporarily present. A measure in one of these points 
will yield vertical or horizontal polarization, indifferently. In these points if we 
measure a vertical polarization in one point we know that in the other point 
polarization will be horizontal; but we could also have measured a horizontal 
polarization instead (with a 50:50 probability) and in the other point polarization 
would have been vertical. The wave function of the total system of the two 
produced photons will collapse in one of the two situations just in virtue of the 
measurement and before it any of the two polarizations will equally be probable. 
  

 
Fig. 13 – From Kwiat et al., 1995. In ((a) the spontaneous down-conversion cones present  

with type-II phase matching.In (b) a photograph of the down-conversion photons, through an 
interference filter at 702 nm. 

The structure of Fig. 13b repeat itself at different colors as shown in Fig. 14. 
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Fig.14 - The intersecting beams at different colours from Scheel, 2007. 

In the case of the signal-idler pair of photons emitted in spontaneous 
parametric down-conversion the two photons may be entangled in wavelength, 
momentum, angular momentum and frequency, as well as polarization. 
Entanglement received precocious attention in a famous Einstein paper (Einstein, 
Podolsky, Rosen, 1935), in which the possibility that a measurement on a particle in 
some place at some time made another particle far away at the same time to 
collapse in some state was taken as an indication that quantum theory was not 
complete. This non-local property is now recognized as the most characteristics 
aspect of quantum mechanics. 

Entanglement was further discussed in Strekalov et al. (1999). 
In parametric interactions each time a pump photon creates an idler photon, it 

must also create a signal photon. Thus, if a photon is detected at the idler mode one 
can expect the presence of  a corresponding photon at the signal mode. This was 
verified experimentally in parametric fluorescence (Hong, C. K. and Mandel L, 
1986). In this way single photons are created and antibunching should occur. Such 
scheme of generating antibunched light was studied theoretically by Stoler and 
Yurke (1986).  

For these sources the creation of photon pairs is probabilistic, rather than 
deterministic. However because the photons are created in pairs, one photon (the 
heralding photon) can be used to herald the creation of the other photon. The 
second detector must be activated only whenever the first one has detected a 
photon and not whenever a pump pulse has been emitted, therefore circumventing 
the problem of empty pulses. Phase matching allows one to choose the wavelength 
and determine the bandwidth of the downconverted photons. The latter is in 
general rather large and varies from a few nanometers up to some tens of 
nanometers. For the nondegenerate case one typically gets a bandwidth of 5-10 nm 
whereas in the degenerate case (where the central frequency of both photons is 
equal) the bandwidth can be as large as 70 nm. 



 M. Bertolotti 16 634 

This photon-pair creation is very inefficient; typically it takes some 1010 
pump photons to create one pair in a given mode. The number of photon pairs per 
mode is thermally distributed within the coherence time of the photons and follows 
a Poissonian distribution for larger time windows (Walls and Milburn, 1995). 

With a pump power of 1mW about 106 pairs per second can be collected in 
single mode fibers. Accordingly, in a time window of roughly 1 ns, the conditional 
probability of finding a second pair, having already detected one, is 106×10-9 = 
= 0.1%. In the case of continuous pumping, this time window is given by the 
detector resolution. Accepting, for eg., 1% of these multi-pair events, one can 
generate 107 pairs per second using a realistic 10 mW pump. One must observe 
however that also in down-conversion there is a probability that two pairs be 
emitted contemporarily. 

First sources of high-intensity polarization entangled photons were produced 
by Kwiat et al. (1995, 1999).  

8. ULTRASHORT LASER PULSES 

The history of ultrashort pulse generation would need a book by itself (see 
e.g.  Brabec  and  Krausz,  2000).  We may focus just on a few points. The starting 
time of the production of short pulses may be considered the year 1966, when 
Schaefer et al. (1966) and Sorokin and Lankard (1966) obtained continuous-wave 
operation of an organic dye laser.  

The continuously pumped mode-locked dye lasers – developed in early 1970s 
– made possible for the first time the production of subpicosecond optical pulses in 
1974. 

With a clever disposition, in 1974, Shank and Ippen obtained pulses < 1ps. 
The stability criteria for pulse generation and the theory of the operation of the 
passively mode-locked dye laser was first described by G. H. C. New in 1974. In 
1978, Diels obtained 200 fs. 

Fork et al. (Fork et al., 1981) reported the first production of optical pulses 
shorter than 100 femtosecond with a newly developed colliding-pulse ring dye 
laser and in the same year Nakalnika et al. (1981) reported a new technique for the 
compression of picosecond light pulses in a single mode optical fibre. 

The colliding pulse passively mode-locked laser scheme was improved 
correcting for group velocity dispersion (Fork et al., 1984). 

A big advance was made when, in 1981, Peter Moulton built the Ti-sapphire 
laser which, with its very large band-width, allowed to obtain very short pulses in a 
very easy way. It was so that in the 1980s super-continuum exploded. 

Shank succeeded in bringing these two elements together and compressing the 
90 fs output of a colliding pulse laser by a factor of three, i.e. 30 fs at 620  nm 
(Shank et al., 1982). By 1987 the bandwidth of the shortest light pulses became of 
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the order of their central frequency (10-15 s)  and  the only way to create shorter 
pulses was to create a shorter wavelength source. 

It was so that high harmonic generation in gases was exploited and allowed 
to reach the attosecond region (Corkum, 1993; Corkum et al., 1994; Lewenstein  et 
al., 1994). 

Observation of a train of attosecond pulses from high harmonic generation 
was made by P.M. Paul (Paul et al., 2001). 

Isolated attosecond pulses were produced by selecting the high energy 
harmonics (90eV) generated in neon by few cycle (< 7fs) linearly polarized 
fundamental pulses with stabilized CEP (Hentschel et al., 2001; Kienberger et al., 
2002). The record up to now is 67 as (Zhao et al., 2012). 

The physics at attosecond regime is a new fascinating field, but this is 
another story. 
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