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Fig. adapted from Corkum & Krausz Nature Physics 3, 381 (2007)




Electron Orbits in Bohr Model
Tomit » 150 as for H ground state
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Attosecond Science = study and

scale electron dynamics in matter.

These dynamics determine how

at a fundamental level.

ultimately control of attosecond time-

physical and chemical changes occur
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» Attosecond science toolbox
— CEP stabilisation & measurement
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The CEP is an important parameter for many strong-f  ield processes, e.g.
attosecond pulse generation

=) Active stabilisation methods required.

+ measurement techniques, e.g. using HHG Haworth et al. Nature Physics 3 52 ( 2007)




» CEP changing in steps of
/4 between frames

» Used to measure absolute
value of CEP.

Divergence

C. Haworth et al. Nature Physics 3 54 (2007)
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» CEP of pulse changes as it propagates in dispersive
medium (v \=v,)

« Without active stabilisation, the CEP fluctuates
randomly from shot-to-shot.

« CEP locking can be achieved with commercially-
available technology (Baltuska Nature 2003)
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Amplified
Few-Cycle Laser

» Attosecond science toolbox

— Few-cycle pulse generation




self-phase
modulation
~1-2mJ, 30 fs
800nm
~0.5-1mJ, <6 fs
Ppeax > 100 GW

Focused | > 10 Wcm 2

M. Nisolietal. APL 68_, 2793 (1996)

Filamentation provides another route  C.P. Hauri et al. APB 79 673 (2004)
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CEP-stable

30 fs laser . .
“Chirped Mirrors”

Gas-Filled Hollow Fibre

» Attosecond science toolbox

— HHG
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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 )

High Order Harmonics Spectrum

» Attosecond science toolbox

— Attosecond streaking (“atomic streak camera”)
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. electrons

produced by
XUV pulse

| :_|J target gas

Varying delay between laser and XUV pulse

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

Drescher et al. Science 291 1923 (2001)

instantaneous laser E-field.

6 6" 6" 6
Timing the photoelectric effect.

Attosecond streaked photoele ctron spectra

100 as delay measured
between emission of
photoelectrons from localised
core states and delocalised
conduction band states.

~100 as
A.L. Cavalieri et al. Nature 449 1029 (2007)




Attosecond science toolbox

spectral comb
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pulse train
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intensity

— Attosecond pulse generation & measurement @
* Pulse trains
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Control of the timing of the attosecond pulse train relative to

Attosecond pulse train inferred the laser field allows new science

from measurement of relative
phases of 4 consecutive
harmonics (62,53,47 and 42nm).

intensity

Electron momentum maps for Ar ionisation

Paul etal. Science 292 1689 (2001) | J. Mauritsson PRL 100 073003 (2008)




» Attosecond science toolbox

— Attosecond pulse generation & measurement

* Isolated pulses

intensity
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single recollision of single pulse
maximum energy
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~108 photons/pulse @ 90eV

M. Schultze et al. NJP 9 243 (2007)
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» Another way of making attosecond pulses HI tunability
» Works for longer laser pulses (~10 fs)

Linear
(strong HHG)

for elliptically polarised
laser field

Circular
- (no HHG)
recollision suppressed et

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 » Attosecond science toolbox

» Alfilter to
compensate
harmonic chirp

— Chirped Electron Recollisions

G. Sansone et al. Science 314 443 (2006)

Harmonic
Ay Radiation -6 A
lih's \ - > Laser Parameters
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_ . ocusing | = 1015 Wcm2
High Intensity mirror Molecular lon -

Linearly Polarised

Femtosecond laser
Chirped electron

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

Chirp allows w® t mapping
with attosec precision

Gas Target

T Down to
~ k130 as

e Current density ~ 10 11 Acm 2 ~10x higher than conventional sources.

« Recaollision is highly coherent: produced from single electron orbital
and manipulated with coherent laser light.

« Harmonic radiation encodes dynamical structural inf ormation on

nderstanding electron recollision physi
Understanding electron recollision physics molecule...

allows attosecond time resolution and
Angstrom spatial resolution




Two centre interference is shown to
be responsible for amplitude and
phase modulation.

Harmonic dipole phase and amplitude

as a function of orientation, for 31st -
) + ) of the recolliding electron wave at the
harmonic from H,*. Calculated solving
two centres.

numerically TDSE. Depends on orbital symmetry.

It is determined by the relative phase

M. Lein et al. Phys. Rev. Lett. 88, 183903 (2002) and Phys. Rev. A 66, 023805 (2002)

Transition Dipole moment: Ihntensity of gth order
armonic:
dw)= y (r)er)alk(w)lexplik(wp)dr 1 (qm)u (aw)'ld(aw)”
~
Ground state molecular Recolliding electron plane wave
wavefunction of amplitude a(k)

« d(w) is equivalent to a spatial Fourier Transform of groundstate
wavefunction.

¢ Wavefunction can be reconstructed if HHG sampled over a range of
electron wave directions k.

k varied by changing
molecular alignment axis.
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ltatani et al. Nature 432, 867 (2004)

| Tomographic Reconstruction from HHG

Y(A)

Accurate calculation of wavefunction

Y(A)

X(A)

Note: Thisisy jand not | y 4|

ltatani et al. Nature 432, 867 (2004)
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PACER technique

lonising pulse

CH,

tetrahedral

CH,*

Technique is applicable to more complex molecules.

S. Baker et al. , Science 312 424 (2006)

o State-of-the-art

Attosecond Pulses by gas-phase HHG |

R.Falcone, NLS Launch Presentation 11 Apiil 2008.

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
1010 photons (280-1200 eV, 4-1000 nm)
® ~1 sec integration at 100eV

« New science prospects
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Applications

* Nanoscale information storage
» Nano-bio

Timescale for nanoplasmonic collective motion

Resolution: ~1 nm, ~100 as

Non-invasive

M.l. Stockman et al. Nature Photonics 1, 539 (2007)

» (resonance bandwidth) -1~ attoseconds

DE
(eV)

101

Attosecond + Angstrom-resolution

PACER

technique
m

CH, CH,*
tetrahedral Con

» New source technology prospects

sub-cycle
with other
fields

Adapted from R.Falcone, NLS Launch Presentation 11 April 2008.




Harmonics from surfaces
Dromey et al. Nature Physics 2 456 (2006)

Zepfetal. Plasma Phys. & Controlled
Fusion 49 B149 (2007)

XFELs
— Schemes for attosec pulses
Zholents & Fawley PRL 92 224801 (2004)

— HHG seeding
Lambert et al Nature Physics 4 296 (2008)
(SPRINGS)
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2600x
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* HCO correspond to sub-fs
pulses

« Isolate using spectral +
spatial filtering

¢ CEP used to tune their
wavelength
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Divergence

C. Haworth et al. Nature Physics 3 54 (2007)

Attosecond Science & Technology is a frontier field

A toolbox of techniques exists to allow dynamic imaging of
matter with atttosecond + Angstrom resolution.

Attosecond capability at a NLS is vital
Attosecond pulse trains from XFELs are possible...

But integration of ‘conventional’ attosecond beamline with XFEL
envisaged (requires synchronisation + CEP control!)

To access new science attosecond sources in future will need to
be

* brighter (more photons!)

* shorter wavelength (eg to access deeper electronic shells)




