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• Relativistic harmonics and attosecond pulses 
from overdense plasmas, spectrum n-8/3 

 
• Highly efficient regime  

of electron nanobunching, spectrum n-6/5 
 

• Spectral modulations  
and the femtosecond plasma surface dynamics 
 

• 2D dynamics and surface wave excitation 
 

Outline 



High harmonics 

observer 

Relativistic High Harmonics 
from solid state target surfaces 
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Intense laser pulse 

Surface electrons rotate  

at relativistic orbits 

observer 



Relativistic Harmonics 
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Parameters: 

Ne = 250 Nc 

step profile 

a0=60 

Harmonic emission 



Oblique incidence in 1D geometry 
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Lab 
frame 

R-
frame 

p0=mctan

v0=sin



Analytic description of HHG 
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The ROM boundary condition 
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Baeva, Gordienko, Pukhov, Phys. Rev. E74, 046404 (2006) 



Analytical derivation  
of the BGP spectrum 
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Stationary points  
and the -spikes 
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The stationary phase points correspond to the instants when the 

apparent reflection point (ARP) moves towards the observer 

with maximum velocity.   

The corresponding ARP gamma factor 
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General form of the spectrum 
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The spectrum can be calculated for an arbitrary order n of the 

surface velocity maximum  
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General form of the spectrum 
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The spectrum shape 

 for orders n=1,2,10  

of the surface  

velocity maximum. 

=1, =8 have been used 



The BGP Spectrum 

9/19/2012 pukhov@tp1.uni-duesseldorf.de 12 

log In 

log n 
0 

In/I0 ~ n-8/3 

4 max
2 4 max

3 

Exponential 
roll-over 

Baeva, Gordienko, Pukhov, Phys. Rev. E74, 046404 (2006) 



(Sub-)Attosecond Pulses 
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• After proper filtering of RHHG one obtains 
 a train of (sub-)attosecond pulses 

c 

Baeva, Gordienko, Pukhov, Phys. Rev. E74, 046404 (2006) 



How universal is the -8/3 spectrum? 
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BGP case:  

pure phase modulation 

of the laser field 

Clear violation of  

the boundary condition 

oblique incidence 

finite density gradient 



Violation of the boundary condition. 
Much flatter spectrum, isolated pulse 
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Nanobunching in electron density 
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Coherent synchrotron emission from the density peak 

DadB, Pukhov, Phys. Plasmas 17, 033110 (2010) 
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1D Coherent Synchrotron 
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DadB, Pukhov, Phys. Plasmas 17, 033110 (2010) 
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Two relativistic regimes  
of HHG 
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1. BGP case:  
plasma boundary stays “conjunct”  
the skin layer emits as a whole  
 the universal n-8/3 spectrum 

 

2. Nanobunching of plasma electrons,  
Coherent Synchrotron Emission (CSE)  
 much flatter spectra,  n-4/3 or n-6/5 



BGP vs CSE case 
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Boundary condition violation 
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Normal incidence Oblique incidence 



Boundary condition violation 
parameter study, normal incidence 
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Boundary condition violation 
parameter study, oblique incidence 
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Boundary condition violation 
influence on spectra oblique incidence 
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a0=6 a0=66 

Hardly any influence on the spectra. 

BGP spectra energetically dominate over nanobunching 



Forward harmonic emission 
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Nanobunches? 



HHG experiment on D’Arcturus 
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M. Behmke et al., Phys. Rev. Lett., 106, 185002 (2011) 

The harmonic spectrum  

contains information  

on the femtosecond dynamics  

of relativistic plasma 



Spectral modulations  
and surface dynamics 
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M. Behmke et al., Phys. Rev. Lett., 106, 185002 (2011) 



Violation of ROM boundary condition 
in the D‘Arcturus experiment 
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M. Behmke et al., Phys. Rev. Lett., 106, 185002 (2011) 



2D surface dynamics 
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D. an der Bruegge et al., Phys. Rev. Lett., 108, 125002 (2012) 
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Summary 

9/19/2012 pukhov@tp1.uni-duesseldorf.de 30 

 The HHG spectrum is a power.  
The exponent is  
p=8/3 for BGP spectrum 
p=6/5 for CSE spectrum 
 

 Spectral modulations encode the femtosecond plasma 
surface dynamics 
 

 2D surface dynamics may lead to sideband emissions  
at selected angles 


