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Ultrafast laser pulses: the light synthesizer! 
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Ultra-Intense LASERs – The CPA scheme 

D. Strickland and G. Mourou, “Compression of amplified chirped 
optical pulses”, Opt. Commun. 56, 219 (1985) 
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Peak Power~1014 W (×10 000 the power of a 
fusion plant) 

 
Peak Intensity ~1020 W/cm2 ( for comparison 
Sun light intensity in earth ~0.1 W/cm2 ) 

 
Electric Field  (RMS ~1013 V/m (50× Coulomb 
field in hydrogen) 

 
Acceleration gain of a single electron ~1023 g 
(close to that in a black hole!) 
 

~50 TW LASER at CPPL / Crete 
The highest intensity in Greece 



Ultra-Intense laser secondary sources 
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Ultrafast & Coherent  
X-rays 
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Evolution of X-ray imaging  
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Computed Tomography (CT) 

Radiography 
Wilhelm Röntgen 



The goal 

Build a cost-effective and reasonably sized X-ray laser that could 
provide ultra high-resolution imaging: 

Generate a ultrashort laser-like beam that contains a broad range of 
X-ray wavelengths coherently summed all at once focused both in time 
and space 

This source of coherent light spans a huge region of the 
electromagnetic spectrum be able to make the highest resolution 
light-based tabletop microscope in existence that could capture high 
resolution images in 3-D 
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The goal practically 

The X-rays in the hospital now are limited. They can't 
detect really sub-mm cancers because the X-ray source 
in your doctor's office is more like a light bulb than a 
laser.  

The goal practically is:  

To improve X-ray imaging resolution at your doctor's 
practice by a thousand times.  
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Needs/Solutions  in X-ray Imaging 

Needs in X-ray imaging 

Increase of resolution→ real 3D imaging with sub-mm resolution 

 Increase the photon flux in table-top systems 

 Decrease the radiation dose 

Suggested Solutions with new X-ray coherent sources: 

 Generation of coherent X-rays: High Harmonic Generation (HHG) from 
ultrafast and ultra-Intense laser systems or X-ray point sources (X-pinch 
devices). 

 Betatron type coherent light source from ultra-Intense laser accelerated 
relativistic electrons. 
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Semi-classical theory for Laser HHG 
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Noble gas Jet 

Ti:Sa laser harmonics 



The re-scattering Model 

pPcutoff UIE 17.3



The electron recombination physics 
(Image taken from  Benoît MAHIEU,CEA) 
 

 

Positive chirp of output LASER beam 
on attosecond timescale: 

the atto-chirp 
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Mairesse et al. Science 302, 1540 (2003) 
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Only odd harmonics 

481 Hz 

Harmonics are produced twice per laser cycle: 

Since a gas is centrosymmetric (inversion symmetry!) any  induced polarization of 
the gas must be an odd function of the Electric field only odd harmonics! 



Example of table-top KHz XUV Source 

N. A. Papadogiannis et. al., Applied Physics B 73, 687 (2001)  



Attosecond duration of HH 



The first proof for atto pulses 
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N. A. Papadogiannis. et al. Physical Review Letters 83, 4289 (1999) 



The publicity 



The non-linear optics in soft X-rays 

 The non-linear optics in XUV 
opens the road of HH pulse 
duration measurements 



The direct measurement of HH duration 

Split-Mirror Volume autocorrelator 



HHG in Hard X-ray Region 
Serres et al, Nature 433, 596 (2005) 

Laser Pulse 

Duration : 5 fs 

Laser Intensity: 

1.4 x 1016 W/cm2 

Target Gas: 

Helium 
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Coherence of HH 

340 Hz 



The phase matching problem 

916 Hz 

Constructive interference of harmonics generated in different parts of the non-linear medium 

0 qo kqkk

Phase matching condition 
k0= laser wavenumber 
kq= qth harmonic wavenumber 



Quasi Phase Matching in CPPL labs 
DESY, Queens Univ. Belfast, CPPL/TEI of Crete collaboration 

A. Willner, F. Tavella, M. Yeung, T. Dzelzainis, C. Kamperidis, M. Bakarezos, D. Adams, M. Schulz, R. 
Riedel, M.C. Hoffmann, W. Hu, J. Rossbach, M. Drescher, V.S. Yakovlev , N.A. Papadogiannis, M. 
Tatarakis, B. Dromey, M. Zepf 
Coherent control of high harmonic generation via dual-gas multijet arrays 
Physical Review Letters 107, 175002 (2011) 



Coherent wake emission harmonics 

a) The pulse enters the plasma density (created by pre-pulses) under oblique incidence. 
b) The E-field of the pulse pulls electrons out from the plasma into vacuum and then drives them back.  

         This way a plasma density wave is generated. 
        c)  Plasma oscillation in the wake of the density wave generates a pulse back into the vacuum  
 with harmonic frequencies! 



The new road: Relativistic coherent harmonics 

• The target surface is highly ionised by the leading edge of the 
pulse – becomes rapidly over dense (reflecting to incident 
radiation) 

• The collective electron motion created by the incident E/M wave 
can be considered as an oscillating mirror 

Relativistically oscillating plasma mirrors Relativistic spiking 

Mechanisms for 
relativistically oscillating 
plasma mirrors 

Normalized vector potential 
α0=((Ιλ2)/(1.37x1018))12 

 

Intensity I in which (Wcm-2) 
And laser λ in μm 



Relativistic Harmonics (experiment) 
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Order, n 1200 3200 

2.5  0.5 x1020 Wcm-2 

1.5  0.5 x1020 Wcm-2 

Harmonic efficiency n-2.55 

  Relativistic limit 

h~n-2.55 ±.2 

Intensity dependent roll-over 

B. Dromey, M. Zepf et. al. (2007) 



X-ray tubes vs. Laser High Harmonics 
X-ray tube Laser HH 

 Electrons are boiled off a filament. 
 Then accelerated in an electric field 

before hitting the anode, where the 
kinetic energy of the electron is 
converted into incoherent X-rays. 

 These incoherent X-rays are like the 
incoherent light from a light bulb or 
flashlight (chaotic light).  

 A very intense laser pulse plucks part of the 
quantum wave function of an electron from 
an atom. 

 Then accelerated and slammed back into the 
ion, releasing its energy as an X-ray photon. 

 Since the laser field controls the motion of 
the electron, the emitted  X-rays can retain 
the coherence properties of a laser 
(coherent light). 



New road with coherent ultrafast X-rays 

 Phase contrast imaging 

 Fresnel and Fraunhofer diffraction 

 Speckle interferometry 

 Phase retrieval interferometry 

 Diffractive imaging 

 X-ray photon correlation spectroscopy 

 Dynamic imaging 



Absorption vs Phase imaging 
Incoherent X-rays  only absorption contrast Coherent X-rays  absorption and phase contrast 

Prof. Dr. Marco Stampanoni Group, Synchrotron Radiation 
Paul Scherrer Institut, Switzerland  



Speckle Imaging 



Diffraction Imaging 



Cancer cell classification with HH 



Material microscopy diagnosis with HH 
 @ JILA Colorado, Murnane/Kapteyn  Group 



Progress in coherent X-rays and Imaging 

J. Miao et al, Science Review article, 1 May 
2015, vol. 348, issue 6234, p.530 

(A) Plane-wave CDI 
(B) Bragg CDI 
(C) Ptychographic CDI ( 
(D) Fresnel CDI  
(E) Reflection CDI  
(F) Phase retrieval algorithms 



Laser-generated X-ray sources 



Laser relativistic 
electrons generate 
betatron type X-rays 

38 



Laser-plasma electron acceleration 

Quasi-monoenergetic 225 
MeV electron beam with a 
width of 17 MeV generated 
in a 4mm long gas jet when 
irradiated with a 27 TW 
laser pulse (N.Hafz et al  
2009)  



Betatron type radiation (LWFA) 



Laser relativistic ion 
acceleration 

41 



Laser Plasma Proton Acceleration (TNSA) 
Target Normal Sheath Acceleration (TNSA) scheme  

K.W.D. Ledingham et al Review Article “Towards Laser Driven 
Hadron Cancer Radiotherapy:  A Review of Progress “ 

Proton spectra from the LANL 
Trident laser with 80J, 600fs 
pulses, r < 2μ spot size, target 
thickness 300, 400nm with CH2 
targets  



Laser Plasma Proton Acceleration (CO2 laser) 

Haberberger et al  and Palmer et al  
used an infrared  CO2 laser with a 
10μ wavelength to investigate the 
collisionless shock-wave acceleration 
mechanism in a hydrogen plasma.  

A 60 J macropulse (which included a 
number of 3 ps micropulses) 
produced almost monoenergetic 20 
MeV proton bunches (~ 1 % energy 
spread) with very low emittance.  

 Simulations indicate that ~200 MeV 
protons could be produced with the 
current CO2 laser technology!  



Laser Plasma Hardon acceleration future 

Accurate delivery and easy optics 
 Protons – and other heavier ions such as carbon – show great promise for radiation therapy because when fired 

into living tissue, they deposit most of their energy at a very specific depth that depends on their initial energy. 
This is unlike X-rays and electrons, which tend to deposit energy over much larger regions of tissue.  

 The basic idea is to fire short, intense laser pulses at a thin target, which liberates protons or other ions and 
accelerates them over distances as small as a few microns.  

 The laser can be drive exactly at the point of interaction and there produces and accelerates the ions (versatile 
system) 

 

Biological effectiveness of ultrafast proton pulses 
 Scientists must compare the effectiveness of ultrashort-pulsed ion beams with that of continuous beams from 

conventional accelerators. 
 

  Ultrafast studies  
 
 



CPPL selected publication on the field of laser secondary sources for imaging (last 5 years) 

• S. M. Hassan, E.L. Clark, C. Petridis, G. C. Androulakis, J. Chatzakis, P. Lee, N. A. Papadogiannis, M. Tatarakis 
 Filamentary structure of current sheath in miniature plasma focus 
 IEEE Transactions on Plasma Science 39, 2432 (2011) 
• A. Willner, F. Tavella, M. Yeung, T. Dzelzainis, C. Kamperidis, M. Bakarezos, D. Adams, R. Riedel, M. Schulz, M.C. Hoffmann, W. Hu, J. Rossbach, 

M. Drescher, V.S. Yakovlev , N.A. Papadogiannis, M. Tatarakis, B. Dromey, M. Zepf 
 Efficient control of quantum paths via dual-gas high harmonic generation 
 New Journal of Physics 13, 113001 (2011) 
• A. Willner, F. Tavella, M. Yeung, T. Dzelzainis, C. Kamperidis, M. Bakarezos, D. Adams, M. Schulz, R. Riedel, M.C. Hoffmann, W. Hu, J. Rossbach, 

M. Drescher, V.S. Yakovlev , N.A. Papadogiannis, M. Tatarakis, B. Dromey, M. Zepf 
 Coherent control of high harmonic generation via dual-gas multijet arrays 
 Physical Review Letters 107, 175002 (2011) 
• Y. Orphanos, V. Dimitriou, E. Kaselouris, E. Bakarezos, N. Vainos, M. Tatarakis, and N.A. Papadogiannis 
 An integrated method for material properties characterization based on pulsed laser generated surface acoustic waves 
 Microelectronic Engineering 112, 249 (2013) 
• V. Dimitriou, E. Kaselouris, Y. Orphanos, M. Bakarezos, N. Vainos, M. Tatarakis, and N.A. Papadogiannis 
 Three dimensional transient behavior of thin films surface under pulsed laser excitation 
 Applied Physics Letters 103, 114104 (2013) 
• V. Dimitriou, E. Kaselouris, Y. Orphanos, M. Bakarezos, N. Vainos, I.K. Nikolos, M. Tatarakis, and N.A. Papadogiannis 
 The thermo-mechanical behavior of thin metal films under nanosecond laser pulse excitation above the thermoelastic regime 
 Applied Physics A: Materials Science & Processing 118, 739 (2015) 
• Ε. Tzianaki, M. Bakarezos, G.D. Tsibidis, Y. Orphanos, P.A. Loukakos, C. Kosmidis, P. Patsalas, M. Tatarakis, and N.A. Papadogiannis 
 High acoustic strains in Si through ultrafast laser excitation of Ti thin-film transducers 
 Optics Express 23, 17191 (2015) 
• E. Tzianaki, M. Bakarezos, G. D. Tsibidis, S. Petrakis, P. A. Loukakos, C. Kosmidis, M. Tatarakis and N. A. Papadogiannis 
 Controlling nanoscale acoustic strains in silicon using chirped femtosecond laser pulses 
 Applied Physics Letters 108, 254102 (2016) 



The CPPL/TEI of Crete 
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CPPL is an internationally renowned centre 
pursuing cutting edge research on: 
 
 High Intensity Laser Plasma Interactions Physics and 

Technology of Ultrashort Laser Generated Secondary Sources 
 Development and Applications of State of the Art Pulsed 

Plasma Power Devices 
 Laser Based Diagnostics Development for Plasmas 

and Materials 
 Medical Application of Laser Secondary Sources 

CPPL profile 



New building facilities for CPPL @ Rethymnon 

CPPL is hosted in a new state of the art 2500 square meters building, addressing the 
new engineering design needs for hosting sub femtosecond lasers and relevant 
applications 

Special care has been taken for anti-vibrational laboratory floor, completely isolated by 
the side walls and the rest of the building structure 

Electro-mechanical devices ensure stable temperature and humidity conditions 
throughout the year, as well high indoor pressure for the achievement of dust free 
environment 

The new building  infrastructure includes autonomous support facilities for the 
Academic and Administration personnel, like Conference room, Meeting room, Library, 
Accommodate office stations (35), Restaurant. Details of the inner facilities may be 
shown by browsing with the mouse cursor the following picture with the Levels of the 
CPPL 

CPPL is located in a magnificent area to the center of the Crete Island at the city of 
Rethymnon, viewing the deep blue Aegean sea 



Several high power ultrafast sources 

Main Laser Systems 
 
 45TW Ti:Sapph-based, 25fs, 1J, up to 10Hz (& 15mJ, 25fs 

probe) 
 2mJ, 7fs, Ti:Sapph-based, 1kHz Carrier-Envelope-Phase 

(CEP) stabilised 
 4 harmonics Nd:YAG, 150ps, 250mJ, up to 10Hz 
 2 harmonics single longitudinal mode Nd:YAG, 6ns, 800 mJ, 

up to 10Hz  



Laser Sources 



1.5 m interaction chamber 



CPPL peripherals 



International Master studies @ CPPL 



CPPL Funding I 

National research infrastructure for HiPER (MIS 376841) 

2012 – 2015, Funding through the European Regional Development Fund (ERDF) and National Funds through the Operational 

Programme “Competitiveness and Entrepreneurship”. 

Total budget: €2.281.000 

Innovative optoacoustic arrangement for the three-dimensional spatiotemporal micro-characterisation of composite materials 

based on ultrafast laser pulses (Sub-action 19) 

2012 – 2015, “Archimedes ΙΙΙ – Strengthening the Research Groups of the T.E.I. of Crete” (MIS 380353). 

Total budget: €80.000 

Design and development of a neutron source for the detection of explosive materials (Sub-action 16) 

2012 – 2015, “Archimedes ΙΙΙ – Strengthening the Research Groups of the T.E.I. of Crete” (MIS 380353). 

Total budget: €80.000 

Building research infrastructure for CPPL – TEI of Crete 

2009 – 2015, Funding through the Hellenic Structural Funds. 

Total budget: €4.000.000 

Multilateral Erasmus programmes (HIPOLIN, APPEPLA, OLA) 

2006 – 2015, Funding through the European Union under the Erasmus Lifelong learning. 

Total budget: €530.000 



CPPL Funding II 

HiPER – European HIgh Power laser Energy Research facility – preparatory phase study 

2010 – 2011, Funding through the European Union. 

Total budget: €400.000 

HiPER-GR – Hellenic Network for the European Research Infrastructure HiPER (MIS 303839) 

2010 – 2011, Funding through the European Regional Development Fund (ERDF) and National. 

Total budget: €110.000 

 DAIX – Development of An Innovative X-ray source (FP6-014423) 

2005 – 2009, Centre of excellence, Funded by the “Marie Curie ToK”. 

 Total budget: €940.000 

 Acoustic microscopy using ultra-high frequency, laser-generated ultrasounds (Sub-action 4) 

2005 – 2007, “Archimedes ΙΙ – Strengthening the Research Groups of the T.E.I. of Crete” (MIS 99954). 

Total budget: €70.000 

Quality control of traditional musical instruments using laser interferometric techniques (Sub-action 13) 

2004 – 2006, “Archimedes ΙΙ – Strengthening the Research Groups of the T.E.I. of Crete” (MIS 86384). 

Total budget: €80.000 

 



CPPL group member + collaborators 
  Faculty Members 
 Prof. Michael Tatarakis, Laser Plasma Physics (Director) 
 Prof. Nektarios Papadogiannis, Ultrafast laser Physics (Vice-Director) 
 Prof. Makis Bakarezos, Non-linear Optics 
 Prof. John Chatzakis, Electronic Engineering 
 Prof. Vasilios Dimitriou, Models and Simulations 
 Dr. Yannis Orphanos, Mechanical and Optical Engineering 
 Mr Stylianos Piotogiannakis, Electronic Engineering 

 Collaborators 
 Prof. J. Collier, Rutherford Appleton Laboratory, UK 
 Prof. Z. Najmundin, Imperial College, London, UK 
 Prof. M. Zepf, Queen’s University Belfast, UK 
 Prof. D. Batani, University of Bordeaux, France 
 Prof. V. Tikhonchuk, University of Bordeaux, France 
 Prof. L. Volpe, University of Salamanca, Spain 
 Prof. F. Beg, University of Californnia, San Diego, USA 
 Prof. A. Rivera, Technical University Madrid, Spain 
 Prof. M. Kalal, Technical Univ. Prague, Czech Republic 
 Prof. N. Vainos, University of Patras, Greece 
 Prof. K. Kosmidis, University of Ioannina, Greece 
 Prof. I. Nikolos, Technical University of Crete, Greece 
 Prof. Ε. Benis, University of Ioannina, Greece 
 Prof. P. Patsalas, Aristotelian Univ. Thessaloniki, Greece 
 Dr. P. A. Loukakos, IESL FoRTH, Heraklion, Greece 
 Dr. G. Tsimbidis, IESL FoRTH, Heraklion, Greece 

Researchers and Postgraduate Students 
 Dr. Eugene Clark, Senior Researcher 
 Dr John Fytilis, Senior Researcher 
 Dr Kiki Kosma, Post Doc 
 Dr. Evagelos Kaselouris, Post Doc 
 Dr Irene Tzianaki 
 Mr Stelios Petrakis,  MSc, PhD candidate 
 Mr George Koundourakis MSc, PhD candidate 
 Mr Alexandros Skoulakis, BEng 
 Mr Theodore Papadoulis, BEng 
 Mr Anastasios Grigoriadis, BSc 
 Mr George Tazes, BSc 
+ 11 Postgraduate Students 



CPPL collaborators 
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