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Large electric field strengths
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ELI = Extreme Light Infrastructure. [ Bucharest ( Ro ), Prague ( Cz ), Szeged ( Hu ) ] 

Taken from T. Tajima’s presentation at ‘IZEST’ [ INTERNATIONAL ZETA-EXAWATT SCIENCE AND TECHNOLOGY.]
Launching Workshop, Ecole Polytechnique, 28-29 November, 2011. Paris, France.



D. Strickland and G. Mourou [ 1985 ]: ‘Chirped Pulse Amplification’ , ‘CPA’

D. Strickland and G. Mourou: Compression of amplified chirped optical puses. Opt. Comm. 56 (3), 219-221
(1985)# . [ Opt. Comm. 55 (6), 219-221 (1985) „where inadvertently a wrong figure was printed as fig.1.” ]



PeV

Fermi [ 1954 ]



G. A. Schott [ 1907 ]; Synchrotron radiation and ‘superradiance’. Loss !
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G. A. Schott, Über die Strahlung von Elektronengruppen. Annalen der Physik (4)  635-660 (1907)



Synchrotron radiation. ‘Search light’. Radiation loss, reaction.

Figures taken from: A. I. Sokolov and I. I. Ternov, Synchrotron radiation. (Springer, Berlin, 1966).                         
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The Importance of Radiation Loss.

Linear : Ploss ~ practically zero  ( however, very costly ).     Ring: Ploss ~ (E/Mc2)4

Taken from A. Caldwell’s presentation „Novel accelerators...” at ‘IZEST’ [ INTERNATIONAL ZETA-EXAWATT 
SCIENCE AND TECHNOLOGY. Launching Workshop, Ecole Polytechnique, 28-29 November, 2011. Paris, France. ]                  



‘Laser field’. Plane wave. ‘Nonrelativistic, relativistic intensities’
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Very distorted trajectories, ‘ponderomotive pushing’, ‘filamentation’
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( ) h i l fi ld( ± ) charge in a laser field
See for example : S. V., Intensity effects and absolute phase effects in nonliear 
laser-matter interactions.   In Laser Pulse Phenomena and Applications ( Ed. F. J. 
Duarte, InTech Publisher, 2010 )   Chapter 12, pp.  243-266.  



The first: K. SHIMODA [ 1962 ][ ]

‘An optical peak power of 10 kW/cm^2 was calculated to accelerate electrons by 10^9 eV/meter.’

K. Shimoda, Proposal for an electron accelerator using an optical maser. Applied Optics 1, 33-35 (1962)



K. Shimoda [ 1962 ], ‘Inverse Cherenkov–Effect’. 1 –  n cos  = 0 : the
phase of the does not change at the position of the electron, there is no 
oscillation, but a huge static accelerating ( or deccelerating ! ) field.



‘(Inverse) Free Electron Laser’ [ Palmer, 1972. Madey, 1971] . 

R. Palmer, Interaction of Relativistic Particles and Free Electromagnetic Waves in the Presence of a Static 
Helical Magnet. J. Applied Physics  43, 3014-3023 (1972) 

J. M. J. Madey, Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field. J. Applied Physics  
42  1906 1913 (1971) 42, 1906-1913 (1971) .

From the recent literature on FEL see e.g.: Varró S (editor), Free Electron Lasers. (Rijeka, InTech Publisher, 2012) 



Motion of an electron bunch in ‘phase space’

T k  f  J  L  B bi  Pl  i d i  f  l  l  I  R  B if i  L  D  S l  S  d Taken from: J. L. Bobin, Plasma assisted inverse free electron laser. In R. Bonifacio, L. De Salvo Souza and 
C. Pellegrini  (Eds.),  High gain, high power free electron laser: Physics and application to TeV particle 
acceleration (North-Holland, Amsterdam, 1989) pp. 197-210.



T. Tajima and J. M. Dawson [ 1979 ]: Collective Plasma Accelerator

T. Tajima and J. M. Dawson, Laser electron accelerator. Physical Review Lett. 43, 267-270 (1979)



‘LASER ACCELERATION OF PARTICLES’ [ Los Alamos, NM, USA, 1982 ]

‘Renaissance’



‘Renaissance’



Di iDispersion
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‘Near-field accelerating structures’. ‘GRATING LINAC’ 

Palmer et al., ‘Report of near field group’. Laser acceleration of particles pp234-252 (AIP, N. Y.,1985). Fig.1



‘Near field accelerating structures’  ‘GRATING LINAC’ [ example  in 2012 ]Near-field accelerating structures . GRATING LINAC [ example  in 2012 ]

Taken from the homepage: M P Q. Ultrafast Quantum Optics [ Head:  Peter Hommelhoff ]



Not only electrons: Acceleration of protons. [Possible medical applications. ‘Hadron therapy’ ]



Breakthrough. Generation of monoenergetic electron beams, ‘bubble regime’ [ 2004 - ]

‘Bubble’ accelerator: A secial wake-field, ‘scalable’ plasma accelerator, p

J. Faure et al., Nature (London) 431, 541 (2004); S. P. D. Mangles et al., Nature (London) 431, 535 J. Faure et al., Nature (London) 431, 541 (2004); S. P. D. Mangles et al., Nature (London) 431, 535 
(2004); C. G. R. Geddes et al., Nature (London) 431, 538 (2004); W. P. Leemans et al., Nat. Phys 2, 696 
(2006); J. Osterhoff et al., Physical Review Letters 101, 085002 (2008)



W. P. Leemans et al., GeV electron beams from s centimetre-scale accelerator. Nat. Phys 2, 696 (2006)



Picture taken from: Cs. Tóth, Longitudinal density tailoring of a tunable lase plasma accelerator. 
Presentation at ‘LEI-2011’ Szeged 2011. [ Curtesy Cs Tóth. ]



Picture taken from: W. P. Leemans, Laser plasma accelerators development and the BELLA Project at 
LBNL. Presentation at ‘LEI-2011’ Szeged 2011. [ Curtesy Cs Tóth. ]



Light Wave Synthesizer 20Light Wave Synthesizer 20
Properties :

fMost intense few-cycle laser system in the world!

• Optical parametric chirped pulse amplifier

• 80 mJ / pulse

• Spectrum: 580-1020nm

• Sub-5 fs FWHM pulse duration

• 16 TW power16 TW power

• 10 Hz repetition rate

• 1020 W/cm2 peak intensity with F#1 focusing• ~1020 W/cm2 peak intensity with F#1 focusing
László Veisz private communication [ MPQ Garching,  5. 12. 2012 ]



Density Density transition setuptransition setup [ MPQ, Garching ][ MPQ, Garching ]yy pp [ , g ][ , g ]

MPQ, Garching: L. Veisz private communication [ 05. 12. 2012 ]



Comparison of injection methods [ MPQ, Garching ]p j [ g ]

Self-injection Controlled injection

MPQ, Garching: L. Veisz private communication [ 05. 12. 2012 ]



SummarySummary
The main problem of laser acceleration of particles is the different dispersion  
[ energy – momentum relation ]  of light and the massive particles. The history of 
development  in this field is the history of ways how to get around this problem.

The mechanisms of acceleration of charged particles have been systematically 
studied from the 30ies of the last century (cyclotron, synchrotron, cosmic rays). 
The radiation loss have been always a chief obstacle.  Various techniques from the 
microwave (in particular, radar)  research have been adapted in laser physics [ see ( p , ) p p y [
e.g. mode-loking, picosecond pulses, chirped pulse amplification, attosecond 
generation by fourier synthesis of very high harmonics ]. These are all clear 
illustrations of the scale-invariance of the Maxwell equations.

There has been no conceptionally new scheeme introduced recently The basicThere has been no conceptionally new scheeme introduced recently. The basic 
acceleration mechanisms has already been proposed in the 70-80ies of the last 
century. Presently the most work is being put to various versions of the plasma 
wake-field accelerator, like the capillary systems.  By now they achieved 1 GeV. For 
moderate energies  and truly  table-top setups, the near-field  accelerators seem to g y
be the most promising, however they still do not function.

The synchronization of the particles and the accelerating light is a crucial issue. 
Only recently there has been developments  in this respect, and monoenergetic 
particle beams has been produced with laser light [ For larger energies quantumparticle beams has been produced with laser light. [ For larger energies, quantum 
statistical  and coherence properties and descriptions may be important. ]



Appendicesppe d ces



G. A. Schott [ 1907 ]; Synchrotron radiation, ‘superradiance’

G. A. Schott, Über die Strahlung von Elektronengruppen. Annalen der Physik (4)  635-660 (1907)



Cosmic rays. Acceleration by microwaves  [ E. M. McMillan 1945, 1950 ]

Fermi, Teller, Alfvén, McMillan,…The origin of cosmic rays. What kind of acceleration mechanism ?



‘RADIATION LABORATORY’  [ Cambridge, Mass., 1940–1945. ]



A ‘Nobel example’: The microwave technique and the  ‘Lamb shift’ [ 1947 ]



Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]



Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]



Undulator radiation, ‘Free electron laser’ [ H. Motz, 1951,1953]



A. Schawlow , C. Townes, ‘Optical Maser’ (1958), , p ( )



Th. Maiman, ‘Optical maser’: ‘Ruby laser’ (1960)



‘Free Electron Laser’ [Madey, 1971] . ( ‘Laser’ + ‘Large facility’ )  Physics’

J  M  J  M d  S i l d E i i  f B hl  i   P i di  M i  Fi ld  J  A li d Ph i   J. M. J. Madey, Stimulated Emission of Bremsstrahlung in a Periodic Magnetic Field. J. Applied Physics  
42, 1906-1913 (1971) 



The gain of the Free Electron Laser can be positive or negative   Inverse F.E.L.
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‘Inverse Free Electron Laser [Palmer, 1972] . 

R  P l  I i  f R l i i i  P i l  d F  El i  W  i  h  P  f  S i  R. Palmer, Interaction of Relativistic Particles and Free Electromagnetic Waves in the Presence of a Static 
Helical Magnet. J. Applied Physics  43, 3014-3023 (1972) 



LASER ACCELERATION OF PARTICLES  [ Malibu, CA, USA, 1985 ]



Plasma beat-wave accelerator. Trapping in strong quasi-static field.

E.g. Two nearby lines 
of the  CO2 laser.

Taken from: C. Joshi, The plasma beat wave accelerator. Pp. 28-43. T. Tajima and J. M. Dawson, Laser 
acceleration by plasma waves  In Paul J  Channel (Ed )  Laser Acceleration of Particles  (Los Alamos  18 23 acceleration by plasma waves. In Paul J. Channel (Ed.), Laser Acceleration of Particles. (Los Alamos, 18-23 
February1982) ( AIP Conference Proceedings No. 91, AIP, NY, 1982) pp.69-93. 



How to get around the problem of different dispersion properties ?g p p p p

P l L  C k  N  fi ld” l  l  I  P l J  Ch l (Ed )  L  A l i  f Paul L. Csonka, „Near field” laser accelerators. In Paul J. Channel (Ed.), Laser Acceleration of 
Particles. (Los Alamos, 18-23 February1982) ( AIP Conference Proceedings No. 91, AIP, NY, 1982) 
pp.213-236. AND: T. Weiland, Thin layer dielectric near field laser accelerator. Ibid. pp. 203-210.



Plasma wake – field accelerator. ‘BELLA Project’ 

Pi  k f  C  Tó h  L i di l d i  il i  f  bl  l  l  l  Picture taken from: Cs. Tóth, Longitudinal density tailoring of a tunable lase plasma accelerator. 
Presentation at ‘LEI-2011’ Szeged 2011.



Pi  k f  W P L  L  l  l  d l  d h  BELLA P j  Picture taken from: W. P. Leemans, Laser plasma accelerators development and the BELLA Project 
at LBNL. Presentation at ‘LEI-2011’ Szeged 2011.


