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� Harmonics from relativistically oscillating mirrors – Background

� Experimental results
The relativistic limit – high conversion efficiencies
keV harmonics – coherent fs radiation
Angular distribution- beamed keV radiation

��� � Potential for very bright attosecond pulse generation
Orders of magnitude brighter than current attosecond sources

HARMONIC GENERATION

From Norreys, Zepf et al., PRL, 1832 (1996)



Shorter Pulses - Higher Frequencies 
The relativistic Doppler effect

Any wave reflected from moving mirror experiences the well known Doppler-shift.

In the relativistic case with v~c one observes an upshift (Einstein, Ann. Phys 1905) :
wwwwR/ wwwwI ~4gggg2.

Since the number of cycles is a Lorenz invariant we also have
tR/ tI ~1/ 4gggg2

v~c
w’=4g2w0

t ’= t 0/4g2



g=33

� Sounds  great, but how can we make a highly 
reflecting, flat relativistic mirror?

tttt =10fs, lll l =800nm

tttt =2.5as, lll l =2Å, 

P=1TW

P=4000TW=4PW



A sufficiently intense laser can be used to move electrons in a
target at relativistic velocities.

Illustration from George Tsakiris et al., New Journal of Physics, 8, 19, (2006)

� A sharp edged plasma will act as an oscillating, relativistic mirror.
with g= [1+(Il 2/1.3 1018 )2/2]1/2

� g>10 is possible with latest lasers



Simulations predict

Orders > 1000,
keV harmonics!Exact value of PREL is pulseshape dependent

Gordienko et al. PRL 93, 115001, 2004

1000s of harmonics
asymptotic efficiency  h~n-PREL (PREL=5/2…8/3) for g>>1
Harmonics up to nmax~81/2 gggg3333            ((((not 4gggg2222)



Plasma

Laser Driven Oscillation
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At these times high harmonics are generated!
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Dt ~T0/gmax

1)Upshifting is restricted to a short time Dt~T0/ gmax.
2)The upshifted pulse has a duration of O~ Dt/g2 ~ T0/ g3

3) From Fourier theory, the spectrum must extend to frequencies O~w0
3

Predicted pulse duration ~10-19s=100zeptoseconds for gggg=20



Reflected waveform contains attosecond bursts of harmonics every at 
every g-spike
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For a few cycle pulse the highest harmonics are only generate in one cycle
-> isolated attosecond pulse
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Theory Summary

• High power pulse tightly focused onto a solid target

• Critical surface oscillates with v approaching c
� Relativistically oscillating mirror

•Very high order process (thousands of harmonics)

•Process intrinsically phased locked for all harmonics.

•Attosecond radiation bursts
Zeptosecond pulses possible at keV photon energies
Single attosecond pulses using few cycle IR pulses

•Highly efficient process (h(n)~n-8/3 scaling)



Experimental Consequences
Relativistically 

Oscillating Mirror
Flat, sharply defined 

critical density surface

• Flatnessresults in specular

reflection of the harmonics

• Well defined mirror surface
gives high conversion 
efficiency 
Phase locked harmonics –
attosecond pulses possible

Surface deformation affects 
harmonics (Plasma Motion!)

Surface roughness important 
for Ångstrom radiation?

Harmonic efficiency depends 
strongly on plasma scale length, L

L/ lll l »»»» 0.1-0.2

Short, high contrastpulses appear ideal.

Single cycle pulses to generate atto pulses
Interact with ultra-flat solid target

Do NOT perturb surface (by laser, plasma motion)



The issue of pulse contrast
or  interacting with a perfect plasma surface
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Experimental Results
dramatic recent progress towards ultrabright X-rays
•Efficiency scaling (Relativistic Limit)

hhhh(n)~n-8/3

• Cut- off Scaling
ncrit=ggggmax

3

•Angular Distribution
near diffraction limited X-rays

•Attosecond Pulses

�

�

Future work, but some evidence…

Encouraging data�



Experimental data from 
Vulcan PW shows 
p=2.5±.2 for a=10

HIGH EFFICIENCY 
10-4@60 eV (17nm)
10-6@250eV (4nm)
(assuming 800nm laser)

Extremely high photon numbers
for Gemini type lasers:
3 1013 photons/pulse@63eV
2 1011 photons/pulse@250eV

Efficiency scales as a power law with pREL~2.5
Excellent agreement with Relativistic limit

(Data from Vulcan PetaWatt, Dromey et al., Nature Physics, 2, 456, 2006.)
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Roll-over measurements
Dromey et al, PRL 99, 085001 (2007)

Vulcan 1996
highest observed 

(6 1020Wcm-2mm2)

Roll over ~gggg3 ��� � 10 keV pulse @ a0~30 (1021Wcm-2mmmmm2)

nmax=3200 
hnmax =3.8keV



Beamed keV harmonic radiation
- demonstrates coherent keV radiation

X-ray emission above 1keV and 3w is beamed into 4° cone (laser also f/3) 
for nm rms roughness targets.
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What determines the angular distribution?

2) Why do keV harmonics beam at all?
Surface roughness should prevent beaming
(Wavelength<< initial surface roughness for keV harmonics)

� what reduces the surface roughness

1) What determines the angular distribution?
Diffraction limited peformance would suggest qharmonic~qLaser/n
� qharmonic~10-4 rad for keV harmonics.

This is about 80x less than measured experimentally

a) Electron trajectory smoothing
(amplitude parallel to surface ~l )

b) smoothing in the expansion phase?
c) Relativistic length contraction 
(highest harmonics are only generated at max. surface g)



Diffraction limited radiation

Changing surface roughness <<l Harmonic to >l Harmonic does not affect divergence.

� Near diffraction limited keV radiation may be possible.
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Why is the divergence constant with harmonic order?



Why the constant divergence?

Ponderomotive pressure can deform surface. 
(under the current conditions some deformation is unavoidable
Denting required to explain our results:~ 10-100nm

� This would lead to the same divergence for all harmonics.
� The model predicts difference between Astra and Vulcan data well

� Solution: use few cycle to prevent surface deformation.
� highly collimated, near diffraction limited keV harmonics
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Indirect evidence for attosecond pulses

Theory of g-spikes:
because radiation is emitted in pulses of t ~T0/g3

� highest orders nmax~g3 (not nmax=4g2)

� Experimental evidence of nmax~g3 is only consistent
with attosecond bunching.

Estimate pulse duration as:
t<3 10-18s=3 as
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• Pulse duration reduces 
with n:

t ~n-1

• Diffraction limited 
focus:

w0~n-2

NOTE: Theoretically the max. intensity 
increases with harmonic  order!

• Single harmonic 
efficiency:

~n-8/3

• Pulse efficiency (for ~n 
harmonics forming the 
as pulse)

~n-5/3
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Intensity increases:

� Opens up new regime of high intensity X-ray science!



• Harmonics from relativistically oscillating surfaces are 
predicted to be one of the most exciting new radiation sources.

•Extremely bright source of attosecond pulses

•Efficient source of coherent radiation at keV photon energies.

• nmax~g3 scaling observed

•supports theory of g-spikes.

•Implies few attosecond pulses already produced

• Potential for near DL X-ray beams (demonstrated at 30nm)

•Small scale surface roughness is smoothed by interaction

•Wavefront can be controlled by controlling laser wavefront
(adaptive optics)

•Ultrabright, attosecond X-ray source 

•High contrast, few cycle lasers appear ideal

Summary



High Efficiency

5 as~2*1012
400-1000 

eV
(Cu filter)

38 as~2*101480-200 eV
(Zr filter)

84 as~7 *101520-70 eV
(Al filter)

Pulse
duration

Number of 
photons

Spectral 
range

Assuming 1J,5fs
(projected ELI front end) 

Extremely powerful attosecond source
Ultrahigh brightness may be possible with DL performance

For full ELI (4.5 kJ)
14 mJ in 1% BW @ 10 keV



Non-linear XUV and X-ray interactions
High field physics - non-linear interactions in highly charged bound systems
Atomic Stabilisation

Towards the Schwinger limit 
-can we observe pair production from the vacuum?

OUTLOOK - HHG and coherent X-ray (FEL)

X-ray imaging

Attoscience

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

QuickTime™ and a
TIFF (Uncompressed) decompressor

are needed to see this picture.

Enhancement up to the Schwinger limit theoretically possible
(Gordienko et al. PRL,94, 103903 (2004)



Oscillator phase - intrinsic effects

Simple harmonic oscillator phase

P
ha

se p

wwres

Electron surface denting

An der Brugge an Pukhov (PHYSICS OF PLASMAS 14, 093104���� 2007))�� :
Oscillator phase depends on S-parameter  S=N/ (a0Ncrit):

Ion density

Electron
Density

Minimum divergence set by intensity distribution.
This can still correspond to a diffraction limited beam.

F S( )=
2.7
S

- 0.32

fSF =
S0ZR

2.7

For radial variation of a0 (e.g. Gaussian focus) this implies 
self focusing  with a focal length of :

(ZR: Rayleigh range)



OUTLOOK - HHG and coherent X-ray (FEL)

Laser source requirements for X-ray interactions at extreme intensities:

• HHG
– Few cycle pulse
– Ultra-high intensity 

(>1020 Wcm-2)
– Ultra-high contrast

>1010:1
– Perfect phase front
– High rep-rate
– REPRODUCIBILITY

• Laser driven FEL
– Few cycle pulse
– Ultra-high intensity 

(>1020 Wcm-2)

– Perfect phase front
– High rep-rate
– REPRODUCIBILITY

� PWFS is the ideal research tool

HHG and FEL are complementary high field X-ray sources
FEL can benefit from coherent seeding with HHG.



Electrons:

Table top FELs: nC  bunches approaching GeV energies?

Ultra-fast hard X-ray and g-ray productions
- probing of ultrafast material response
- secondary scatter free imaging?

OUTLOOK - Particle sources

Protons:
High Flux, High energy proton sources - novel accelerator concepts?

Medical applications

Ultrashort neutron bursts - elimination of secondary scatter?

Ultrashort pulses of exotic particles?



OUTLOOK - Particle sources
Laser source requirements for Laser Driven Proton beams:

• Proton Acceleration laser
– High energy, many cycle pulse
– Ultra-high intensity (>1021 Wcm-2)
– Ultra-high contrast

>1010:1
– Perfect phase front
– High rep-rate
– REPRODUCIBILITY

� PWFS style pump lasers are ideal
Option 1) Diode pumped final amp + commercial Ti:Sa laser
Option 2) PWS pumps + OPCPA laser



Imprinted phase aberration

Phase errors in fundamental beam are passed on to harmonics

Dfn~n DfLaser

Divergence of harmonics can be strongly affected (cf doubling 
of high power laser beams)



OUTLOOK - further possibilities

• QED tests with ultra intense lasers
– Subcritical pair production at I~1021 -1022Wcm
– Detection of Unruh radiation
– Vacuum polarisation  

• Other phenomena
– Exotic states of matter

Physics of planetary cores.
– Effects of GGauss magnetic fields on atoms
– Laser - nuclear physics

Excitation of low lying states with FELs
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Order, n1200 3200

2.5 � .5x1020 Wcm-2

1.5� .5x1020 Wcm-2

Harmonic efficiency µ n-2.55

� Relativistic limit

h~n-2������ �s����

Photon Energy1.414KeV 3.767KeV

Intensity dependent roll-over

Roll over visible for the first time in recent data.

Dromey et al, PRL 99, 085001 (2007)



Thank you for your attention.



Surface roughness

Surface roughness would impact on the highest orders only
-Unlikely to be a major factor in this experiment

Solution: highly polished targets.

Laser



Parameters of attosecond radiation pulses

Filters (~0.1µm thick) have negligible dispersion and are essential
to isolate as pulses

(G. D. Tsakiris et al.,New J. Phys. 8, 19(2006)



Attosecond pulses by spectral filtering

� Removing optical harmonics + fundamental changes wave 
from from saw-tooth to individual as-pulses
from (G. D. Tsakiriset al.,New J. Phys. 8, 19(2006) 
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Conversion efficiency into attosecond pulses

Conv eff at filter peak: hf|~(nf)-p

Bandwidth: Dn~(21/p-1)nF
Pulse efficiency: hpulse~(21/p-1)nF

-(p-1)~n-5/3

(for Prel=8/3)
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Typical spectra –
Conversion efficiency follows power law scaling

Conversion efficiency scales

hq~n-p

With p=5.5…3.3 for
I=5 1017…1019Wcm-2

(g=1.2 .. 2.5)

Very high orders become rapidly more efficient at high intensities
e.g. 100th harmonic~I3

From Norreys, Zepf et al., PRL, 1832 (1996)

What  happens for much higher intensities >>1020Wcm-2. (g>10)?
Is there a cut-off or can we generate arbitrarily high harmonics?



Plasma Mirror
- an ultra-fast optical switch

A low reflectivity surface (i.e. a piece of glass with AR coating can operate as
~100fs rise time optical switch:

- Illuminate with Imax> plasma formation threshold
- prepulse sees Rcold<10-2

-main pulse sees Rplasma~60-80%
- contrast enhancement: Rplasma/Rcold~ 100

Disadvantages: Energy loss, new PM required every shot. 

A

A

A

Plasma
Mirror

Advantage: Interaction with near-perfect plasmas surfaces is possible.



Experimental set-up
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Layered detector stacks give 2D energy resolved beam images

Detector Stack
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Distance from Target

Different contrast – different interaction

High Contrast

High contrast (>1010 intensity ratio from prepulse to peak in a few picoseconds!)
Almost discontinuous plasma density step.

Current lasers require a Plasma Mirror (ultrafast switch) to achieve such conditions
(B. Dromey, M. Zepf et al., Rev. Sci. Inst, 75, 645 (2004))

Density profile at peak of pulse

A

Low Contrast

Low contrast 
Plasma has time to expand
Laser interacts with a shallow plasma density ramp
� No Harmonics



R. Neutze et al, Nature, VOL 406, 
p752 (2000)

Exciting new science!

Molecular structure of single
molecules requires a single
ultra-bright X-ray flash

E. Goulielmakis et al, Science, 305,1267 (2004)

Attosecond dynamics in atoms and 
molecules.
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Surface instabilities

Vacuum

•At high intensity laser light pressure 
far exceeds plasma pressure

PLaser=I/c= 3.3 Gbar for I=1019 Wcm-2

PPlasma=NckT~ 10 Mbar

•Rapid motion of critical density 
surface

•Simulations show two phases:

•Denting phase.

•Rayleigh-Taylor like phase
bubble and spike type profile 
perturbations.

(Wilks et al. (PRL, 69, 1383, 1992)


