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» Background

U, is the cycle-averaged kinetic energy of a free
electron “wiggling” in the laser field.
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Laser intensity » 10%4-1015 Wcm-2

atom in strong laser field
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HHG beam-line at Imperial College Capillary HHG set-up at JILA

l Properties of High Harmonic Radiation
 high spatial coherence
 highly directional

 short wavelength (into 2-4nm “water
window”)

 ultrafast (shorter than laser pulse —
attosecond with few-cycle laser pulses )
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« HHG as a coherent source
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Experimental Set-up for Young’s Slit Measurement

pulsed XUV Spectrometer Interference
laser in ?S%Sbjet fringes
- ar .
I:)t :5§7p2m backing 5cm 180 cm Ny
pressure) spectral
information
1 /
focusing lens Soft X-Ray Detector ->
Slit pair Micro-channel plate
(27 10 100 mm (Csl coated)
separation) PRL 774756 (1996)
Fringes for Q15 (35 nm) Appl. Phys 65313 (1997)

Measurements show intrinsic

60 1 I =8x 1014 Wiem? spatial coherence of source, i.e.
40 4 actual source size ~ 4x effective
20 incoherent source size.
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Sandbergt al, PRL99, 098103 (2007).
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// =72nm, D ~10fs

Probing preformed plasma from Al target (1.2 ns aft  er 300
ps heating pulse)

ng~ 1022 — 2x10% cm3

No plasma With plasma position A With plasma position B

Merdji et al Laser & Part. Beams 18 495 (2000)

» HHG for attosecond pulse generation

Mode-locked
lasers

Single optical cycle
limit for NIR lasers
~3 fs @Il ~800nm

Fig. adapted from Corkum & Krausz Nature Physics 3, 381 (2007)
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Electron Orbits in Bohr Model
Tomit » 150 as for H ground state

Attosecond Science = study and
ultimately control of attosecond time-
scale electron dynamics in matter.

These dynamics determine how
physical and chemical changes occur
at a fundamental level.
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electron
detector

Photo-electron energy &
momentum modified by

4 photo-

i electrons

produced by
XUV pulse

B g target gas

Varying delay between laser and XUV pulse

Filter to block laser, pass Annular filter to pass
XUV block XUV

Drescher et al. Science 291 1923 (2001)

instantaneous laser E-field.
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» Another way of making attosecond pulses +| tunability
» Works for longer laser pulses (~10 fs)

Linear
(strong HHG)

Circular
. (no HHG)
recollision suppressed O

for elliptically polarised
laser field s i

B. Shan et al. Journal of Modern Optics 52, 277
(2005).
1. J. Sola et al., Nature Physics 2, 319 (2006).




¢ Isolated 130 as
pulses @ 36 eV

e Alfilter to
compensate
harmonic chirp

G. Sansone et al. Science 314 443 (2006)
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The CEP is an important parameter for many strong-field processes, e.qg.
attosecond pulse generation

mmmm)) Active stabilisation methods required.

+ measurement techniques, e.g. using HHG Haworth et al. Nature Physics 3 52 (2007)
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« CEP changing in steps of
/4 between frames

¢ Used to measure absolute
value of CEP.

C. Haworth et al. Nature Physics 3 54 (2007)
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Lambert et al Nature Physics 4 296 (2008) SPRING8




» Harnessing the electron recollision

High Intensity
Femtosecond laser
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.. XUV photon

Understanding electron recollision physics
allows attosecond time resolution and
Angstrom spatial resolution

Recollision

focusing
mirror

Electron
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Harmonic
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Chirped electron ™"

“plane’ wave I ~1A -
KE ~200eV sets spatial
resolution

Chirp allows w® t mapping
with attosec precision

Laser Parameters
| =800nm
| =105 Wcm2
Linearly Polarised
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| Tomographic Reconstruction from HHG

Y(A)

Accurate calculation of wavefunction

Y(A)

X(A)

Note: Thisisy ;and not | y ;|2

ltatani et al. Nature 432, 867 (2004)
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PACER technique
lonising pulse
»1fs
..qf « State of the art
CH, CH,*
tetrahedral Con
Technique is applicable to more complex molecules.
S. Baker et al. , Science 312 424 (2006)
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Attosecond Pulses by gas-phase HHG | Good Bad
“cheap” ~£0.5M incl. laser low conversion efficiency << 10 for XUV
efficiency and attoseconds
compact table-top limited intensity scaling process clamped by

ionisastion

well-understood

20 years of research

reabsorption problems

currently limited by rare-
gas transmission

Integrated Photon Flux Requirements in
Condensed Matter Experiments

* Time-resolved microscopy:
1016 photons (280-1200 eV, 4-1000 nm)
® ~300 hrs integration at 100eV
*Time-resolved spectroscopy
1019 photons (280-1200 eV, 4-1000 nm)
® ~1 sec integration at 100eV

R.Falcone, NLS Launch Presentation 11 Apiil 2008.

coherent high transverse coherence, | shot-to-shot stabiliity | | 5-8
low divergence issues q By
flexible drive fs to ps, UV to mid-IR limited tunablity for some solutions on horizon

requirements

high contrast not required

attosecond pulses

high rep-rate

100 kHZ (MHz soon)

broadll coverage

UV — soft X-ray (water
window)

tunable via laser tuning

OPA, OPCPA

proven attoseconds

pulse trains & isolated
pulses

attosec synch with laser
pulse

sub-cycle pump-probe

electron recollision
‘imaging’

PACER etc




» Future Challenges
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w + 1.5w orthogonal polarisation

Attosecond XUV pulse
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v W= W
Laser Harmonics
| = 800nm | = 21.6nm optimised
2.8mJ/30fs E=0.6m

Efficiency = 2x10

Relative phase
adjustment
6mm He jet
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Kim et al. APPLIED PHYSICS LETTERS 92, 021125 2008
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Saw-tooth with DC offset shown to be optimum wavefor
maximise recollision energy

Idealised case approximated by laser + few low orde
+w/2  2.5x higher energy harmonic photons

Chipperfield et al. Submitted to PRL (2008)
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Tosa et al. New Journal of Physics 10 025016 (2008)

Theoritcal prediction
Density modultaion via multiple jets
Wavelength tunability

Attosecond pulse selection for few-cycle
CEP drive

1 $ (
He (8 Tom) + Xe (03 Tom)  1nneling ionisation rate
(& hence HHG) in He
boosted by absorption of
harmonic photon
generated in Xe

/ He only (8 Torr)

. —  Xeonly (0.3 Tom)

4000x increase

Experimental
Parameters

| = 800nm, 30fs
f=5m, b=30cm

Gas cell 12cm long

Takahashi et al. PRL 99 053904 (2007)
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HHG is a powerful tool for ultrafast dynamic imaging.

HHG provides a spatially-coherent, attosecond XUV
source together with a precisely synchronised visible/near
IR pulse for pump-probe experiments.

Further, the recollision process at the heart of HHG
provides a route for imaging molecular structure if
molecular alignment is controlled.

The main future challenges are increasing the efficiency of
the process in the XUV and for attoseconds.




