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HARMONIC GENERATION
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Harmonics from relativistically oscillating mirrorsBackground

Experimental results
The relativistic limit — high conversion efficiensie
keV harmonics — coherent fs radiation
Angular distribution- beamed keV radiation

Potential for very bright attosecond pulse generatin
Orders of magnitude brighter than current attosecom sources



Shorter Pulses - Higher Frequencies
The relativistic Doppler effect

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

In the relativistic case with v~c one observes pshift (Einstein, Ann. Phys 1905) :
W/ W, ~4gf

Since the number of cycles is a Lorenz invariangige have

tof t, ~1/ A



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



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

g>10 is possible with latest lasers

lllustration from George Tsakiris gt al., New Jaalraf Physics8, 19, (2006)



Simulations predict

1000s of harmonics
asymptotic efficiencyh~nPREL (P, =5/2...8/3) forg>>1
Harmonics up to p..~8"? gf

Order;\> 1000,
Exact value of B, is pulseshape dependent keV harmonics!
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At these times high harrhonics are generated!
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1)Upshifting is restricted to a short tirde~T,/ g,,..
2)The upshifted pulse has a duration of @it ~ T,/ &°
3) From Fourier theory, the spectrum must extendgquencies Ow,>

Predicted pulse duration ~1%=100zeptoseconds fgr20
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Many cycle interaction
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Reflected waveform contains attosecond bursts of harmonics every at

every g-spike



Few cycle interaction
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For a few cycle pulse the highest harmonics are only generate in one cycle
-> |solated attosecond pulse



« High power pulse tightly focused onto a solid &rg

e Critical surface oscillates with v approaching c
Relativistically oscillating mirror

*Very high order process (thousands of harmonics)
*Process intrinsically phased locked for all harmsn

eAttosecond radiation bursts

Zeptosecond pulses possible at keV photon energies
Single attosecond pulses using few cycle IR pulses

*Highly efficient processh((n)~n®3scaling)



Relativistically
Oscillatipg Mirror

N\
. Flatnessresuéin specular < Well defined mirror surface
reflection of the harmonics gives high conversion
| efficiency
Surface deformation affects Phase locked harmonics —
harmonics (Plasma Motion!) attOSGCOTd pulses possible

Surface roughness important Harmonic efficiency depends

. strongly on plasma scale length, L
for Angstrom radlatlohx Ly 2 0.1.0.9
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Perf. Gaussian
| Typical Real Pulse

e o I e o e - Recompression errors
‘ ‘ ‘ ‘ ‘ — ps timescale

Intensity

| —Prepulses
ns timescale

ASE contrast
ns timescale

Plasma formation threshold

If the contrast is not excellent (<1@ns, 1G@ps) a plasma will form early
and no steep gradient (mirror) will form.



Efficiency scaling (Relativistic Limit)

h(n)~n83

 Cut- off Scaling

— 3
ncrit _@nax

Angular Distribution Encouraging data
near diffraction limited X-rays

Future work, but some evidence...
*Attosecond Pulses



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

HIGH EFFICIENCY
104@60 eV (17nm)
10-°@250eV (4nm)
(assuming 800nm laser)

Extremely high photon numbers
for Gemini type lasers:

3 103 photons/pulse@63eV

2 10 photons/pulse @250eV

(Data from Vulcan PetaWatt, Dromey et al., Natungdics, 2, 456, 2006.)



Roll-over measurements
Dromey &t al, PRL 99, 085001 (2007)
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X-ray emission above 1keV anav3s beamed into 4° cone (laser also f/3)
for nm rms roughness targets.

No beaming observed for
-shots with micron rms targets
-shots without plasma mirrors



1) What determines the angular distribution?

2)

Diffraction limited peformance would sugge@gt, .onic-diase/N
=104 rad for keV harmonics.

qharmoni

This is about 80x less than measured experimentally

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

what reduces the surface roughness

a) Electron trajectory smoothing
(amplitude parallel to surface )
b) smoothing in the expansion phase?
c) Relativistic length contraction
(highest harmonics are only generated at max. Gigja



CWE orders

ROM orders

™ Diffraction limit

Angle g (mrad)

Wavelength (nm)

Changing surface roughness! £$monict0 >l does not affect divergence.

Harmonic

Near diffraction limited keV radiation may be pdssi

Why is the divergence constant with harmonic order?



100 fs

Laser
c/w
Vacuum rltlca Den5|ty PLASMA

i Surface
Ponderomotive pressure can deform surface.

(under the current conditions some deformatiomesvoidable
Denting required to explain our results:~ 10-100nm

y (c/w)
S
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This would lead to the same divergence for all ltamcs.
The model predicts difference between Astra and afuldata well

Solution: use few cycle to prevent surface deforomat
highly collimated, near diffraction limited keV maonics



Theory ofg-spikes:
U;MM;MMMM M\ because radiation is emitted in pulses-of/¢?
Tt highest ordersf,~@ (not n,,=4 &)

imental evidence of n~g* is only consistent
Htosecond bunching.
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Roll-over position (order n)
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» Pulse duration reducese Single harmonic

with n: efficiency:
t~n-l ~n—8/3
« Diffraction limited e Pulse efficiency (for ~n
focus: harmonics forming the
Wo~IT2 as pulse)
~n—5/3
_ 9
. . . E N é 4/3
Intensity Increases: |m — LL =N

OAT nin e

Opens up new regime of high intensity X-ray sciénce



* 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.

e n_..~¢ scaling observed

max
ssupports theory of g-spikes.

sImplies few attosecond pulses already produced

» Potential for near DL X-ray beams (demonstrated at 30nm)
«Small scale surface roughness is smoothed by interaction

*\WWavefront can be controlled by controlling laser wavefront
(adaptive optics)

Ultrabright, attosecond X-ray source

*High contrast, few cycle lasers appear ideal



Assuming 1J,5fs

(projected ELI front end)

Spectral | Number of Pulse
range photons | duration

20-70 eV o R1ALE
Alfiltery | ~7 710 84 as
80-200eV | 1A
zrfilter) | ~% 10 38as
400-1000

eV ~2*1012 5 as

(Cu filter)

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

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



OUTLOOK - HHG and coherent X-ray (FE

X-ray imaging

Attoscience

QuickTime™ and a QuickTi ™M and a
TIFF (Uncomp eeeee d) decomp rrrrrr TIFF (Uncomp eeeee d) decomp rrrrrr
d to see this pictur eed e this pictur

Enhancement up to the Schwinger limit theoreticptgsible
(Gordienko et al. PRL,94, 103903 (2004)
Non-linear XUV and X-ray interactions

High field physics - non-linear interactions in higlkcharged bound systems
Atomic Stabilisation

Towards the Schwinger limit
-can we observe pair production from the vacuum?
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Oscillator phase depends on S-parameter SN[{(& | (9)= 2.7
Q

- 0.32

For radial variation of g(e.g. Gaussian focus) this implies

self focusing with a focal length of : Q7
for=—— (Z,. Rayleigh range)
2.7 R’
G) A
Q P
Simple harmonic oscillator phase <
I >
Wres W
lon density
Electron surface dentin
Electron
Density

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



OUTLOOK - HHG and coherent X-ray (FE

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

Laser source requirements féiray interactions at extreme intensities

e HHG e Laser driven FEL

— Few cycle pulse — Few cycle pulse

— Ultra-high intensity — Ultra-high intensity
(>102° Wen?) (>1F°Wcm?)

— Ultra-high contrast
>1010:1

— Perfect phase front — Perfect phase front

— High rep-rate — High rep-rate

— REPRODUCIBILITY — REPRODUCIBILITY

PWFS is the ideal research tool



OUTLOOK - Particle sources

Electrons.
Table top FELs: nC bunches approaching GeV erg?gie
Ultra-fast hard X-ray angray productions

- probing of ultrafast material response
- secondary scatter free imaging?

Protons:

High Flux, High energy proton sources - novel aageg concepts?
Medical applications

Ultrashort neutron bursts - elimination of second=ugtter?

Ultrashort pulses of exotic particles?



OUTLOOK - Particle sources

Laser source requirements foaser Driven Proton beams

* Proton Acceleration laser
— High energy, many cycle pulse
— Ultra-high intensity (>18 Wcnt?)
— Ultra-high contrast
>1010:1
— Perfect phase front
— High rep-rate
— REPRODUCIBILITY

PWES style pump lasers are ideal

Option 1) Diode pumped final amp + commercial Tit&ser
Option 2) PWS pumps + OPCPA laser



Phase errors in fundamental beam are passed @mnrtamhics

Df ~n Df

Laser

Divergence of harmonics can be strongly affectédidabling
of high power laser beams)



OUTLOOK - further possibilities

 QED tests with ultra intense lasers
— Subcritical pair production at I~3010°ANcm
— Detection of Unruh radiation
— Vacuum polarisation

o Other phenomena

— EXxotic 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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Thank you for your attention.



A

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

Solution: highly polished targets.



(G. D. Tsakiriset al. New J. Phys8, 19(2006)

Filters (~0.1um thick) have negligible dispersiom are essential
to isolate as pulses



Removing optical harmonics + fundamental changeswa
from from saw-tooth to individual as-pulses
from (G. D. Tsakiriset al. New J. Phys8, 19(2006)



Extremely short pulses are possible

Dn=(2"P-1)n

<« Harmonic efficiency slope asPn

1000
fc'm; 100
S 10 Few as pulses
% possible <1keV
g 1 T T
3 10 100 1000N)OO
D o1 1
0.01 n Zeptosecond@
F a1 ~A\/
~1AKCV
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Conversion efficiency scales
h,~n7P
q

With p=5.5...3.3 for
|I=5 10%7...10®Wcm-
(=1.2 .. 2.5)

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

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

What happens for much higher intensities >>102°Wcm- 2 (g>10)?
Is there a cut-off or can we generate arbitrarily high harmonics?



Plasma Mirror
- an ultra-fast optical switch

Mirror

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

- llluminate with | > plasma formation threshold
- prepulse sees R<10?

-main pulse sees |,;-60-80%
- contrast enhancement, R /R~ 100

Disadvantages: Energy loss, new PM required evasi s

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



Proton energy loss
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Density profile at peak of pulse

Low Contrast
High Contra

Density

Distance from Target.

High contrast (>18 intensity ratio from prepulse to peak in a few gieconds!)

Almost discontinuous plasma density step.
Low contrast

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

Current lasers require a Plasma Mirror (ultrafastch) to achieve such conditions
(B. Dromey, M. Zepf et al., Rev. Sci. Inst, 75, 20504))



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

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

Attosecond dynamics in atoms and
molecules.

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



At high intensity laser light pressure
far exceeds plasma pressure

P, .sc7l/c= 3.3 Gbar for I=18 Wcn?
Poasm=N KT~ 10 Mbar

Plasma"

*Rapid motion of critical density
surface

«Simulations show two phases:
*Denting phase.
*Rayleigh-Taylor like phase
bubble and spike type profile
perturbations.

100 fs

30
= 20
S
> 10
/ A it
g |ca enS|y
Vacuum Surface PLASMA
30 \.
Z 20
)
> 10
450 fs
0

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



