Increasing the perturbative field we go directly
from perturbationto)control

-

~

Perturbing the tunneling barrier and the

4 )

N———

Perturbing theecollisionprobability

trajectory length

\

AfiShapeo

energy
A Control the chirp rate,
A Control the cutoff frequency

AN
Increasing theerturbativdield l

Control over tunneling probability /

N>

A Switch off therecollision

A Control the angle of ionization
A Control the angle afecollision




What is the motivation for control?
4 N\ 7/ )

The HHG as a source
AShapeo the harmonic spectru

A Parallel configuration: Control the spectral intensity and phase

A Perpendicular configuration: Control the spectral polarization

HHG spectroscopy

Decouple ionization anakcollision

Probe systems that cannot be aligned in the lab frame

Control the contribution of multiple orbitals




Shapingattosecondpulses

Shaping femtosecond puls

E. (/)

ks

qﬁom(/)

gratin grating

Pulse shaping enables us to directly manipulate the spectral amplitude, phase and pol

Shaping the IR field does not lead to direct shaping of the HHG spectrum
A there are numerous quantum paths that contribute to the process
A all photons are involved

Can we control?
We can control;

A Cut of f A Can we control narrow features?
A CEt STERREney A Can we compress the energy to a sing
b Tate frequency component?




Spedairal CausitissiinAltesecont Scienace

O. Raz, OPedazuB. D. Bruner andN. Dudovich,Nature Photonic6 170(2012



What can we lleafin ffrom the imappinghetween
time and energy?
lonization recollision
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Energy (harmonic number)
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lonization time (attosecond)

Stationary phase approximation provides a simple link between the ioniz

time to the emitte@nergy

M. Lewensteiret al.,PhysRev A49, 2117 1994



There are singularitiesiin stationary IPhase

approximation
( The mapping: ) W
1@y 0@y 0 |
~)
The spectral density:
. . . e (DY,
/ ) .
tO
However, at some unique poirts- =0 , the mapping is singular
I the spectral densityliverges > L
N\ | &
Stationary Phase approximation: _ B
W s ] | 5 10°
E()awe B 8 (g hoel M) av| 2
) J &
How do we deal with singularities? Po s w1

Electron Energy (eV)




This is a universaljphenoemena

Such singularities are common in nature

In Optics they are occur when the ray model fail to describe the
coalescences of several ray®r example at the focus of a lens

Caustic: Focusing of light due to refraction from curved surface

Berry, M. & Upstill, C. Catastrophe Optics: Morphologies of Caustics
andtheir DiffractionPatterns (Elseviel,980.




Singularities

Mapping objects can lead to singularitie

Think of how the density of
0KS F2f RSR &7
mapped to the plane!




Catastrophe Theory

A Singularities are classified according to Catastrophe theory

A This classification tells us about tekeape intensity, width

anddiffraction pattern of the caustic

A Classification of the caustic according to numbecaftrol

andstatevariables.
Mapping

State K \ Control

5

il
'/ | it Surface of the coffee

\ -\
A\ ~ A
N
N\

Reflection angle




Catastrophe Theory

Name Symbol K o(s; C) B

fold A 1 s3/3+cs :

cusp As 2 st/4+ 8% /2 + 18 i

swallowtail A, 3 s°/5+ c38%/3 + c28%/2 + ¢;15 <
elliptic umbilic ~ Dy 3 s3—3s158—ca(si+s3)—casa—c151 3 %
hyperbolic umbilic D} 3 $3 4 85 — 351892 — €282 — €15 3 =3
butterfly As 4 /64 cast/A+ 3?3+ cs? 2+ as 3 a

parabolic umbilic  Ds 4 87+ 5185 + 485 + c381% + 282 + €151 %

v

Berry, M. V. Focusing and twinkling: critical exponents from catastrophes-Gaussiamandom short waves. J. Phys1@, 2061 2081(1977).



Examples: Fold

Name

Symbol

K

é(s; C)

fold

Az

1

s°/3 +cs

Fold

/C

o . - ——
- .y r—
a b-.. - . o )
- e - S+~ PP

Fig. 3.2. (a) Graph of the fold diffraction catastrophe intensity (square of Airy function); (b)
observation of diffraction intensity at a fold caustic
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Examples: Cusp

Name Symbol K ¢(s; C)

cusp As 2 s[4 + 8% [2 + ¢;8

B ——

(b)




Examples: Swallowtall

Name Symbol K ¢(s; C)

swallowtail Ay 3 $° /54 ¢38° /3 + 8% /2 + ¢;18




Catastrophesiin IHHG

At the cutoff the mapping is singular! Two trajectories coalesces

We havel state variabletandl control variablew

—

It is a fold Catastrophe
W L
!"'r-
rr"#:z': -
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Catastrophesiin HHG

Can we focus all trajectories in HHG?

Xf‘:i\

A Catastrophe theory:

I number of experimental degrees of freed®mmumber of
coalescing trajectories

I Number ofcoalescingtrajectories”A enhancement.

I Classification of caustics dictate: geometry, width,
Il ntensi ty, é

energy

The perfect HHG lens % J, \\




Catastrophesiin HHGT two colors

A High order caustics give larger enhancement..

A Increase the dimensionality in HHG experiments!
O 6 0 OfT o+0 OEqQ o -

A4

A Control variablesty —wh O OK

A E x p eswallowfailo



The mapping between time:aneénergry in the

swallowtails caustics

inflection point is

a cusp: it is the
merging of2 folds

3 separate folds i ——
different energies The_ swallowtall point:
derivatives up t@"

order vanish




Catastrophesiin IHHGIT- two colors

A High order caustics give larger enhancement..

A Increase the dimensionality in HHG experiments!
O 6 O OfT o+0 OEq o -

A4

A Control variablesty —wh O OK

A E x p eswallowfailo




Catastrophesiin HHGT two colors

Notice:

e Curvature
changing

e Narrow
enhancement

e Tunability

(rad)

(1 1]

d

(rad)

i (rad)

20 30 40 50 20 30 40 50
Harmonic number Harmonic number

O. Raz, OPedazuB. D. Bruner andN. Dudovich,Nature Photonicé 170(2012



We can observehighenornder caustics

hyperbolicumbillic

3 controlparameterso O 'Ok ,kvector Kx andKy) and
2 state variablesionizationtimet,,, and the spatial coordinate of the IR beam).

The causticdos A3dBb3d d index (0 i n Eq.

Measured Harmonics

Frequency




Catastrophesiin IHHG

A Causticoffer a simple complementary picture for the
semiclassicainodelthat describes HHG.

A Othercaustics arexpected t@ccur when additional control
parameters anatroduced, extendinthe controllability over
the spectrum.

A Causticsare at the heart @f broadange of strong field
Interactions that hav@nalogousemiclassicanodels.

A They can serve as spectroscopic labels.




What is the motivation for control?
4 N\ 7/ )

The HHG as a source
AShapeo the harmonic spectru

A Parallel configuration: Control the spectral intensity and phase

A Perpendicular configuration: Control the spectral polarization

HHG spectroscopy

Decouple ionization anakcollision

Probe systems that cannot be aligned in the lab frame

Control the contribution of multiple orbitals




The recolliding electron probesithe:sspatial
properties of the ground state

| ~1-10A
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T. Kanai,etal., Nature(2005.
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J.Itatani, et al., Nature432 867 (2004).

H. J. W° gcremce?20)t al . ,

Theattosecongbulses contains the spatial information of the

ground and the free electroravefunctions




Fundamental challenges

In principle we can combine Angstrom resolution
attosecon@ccuracy

A Can we probe the structure of complex molecular
structures?

A Can we resolve several orbitals?

A Can we follow an electroniwavefunctioras it is
modified in time?

A Can we resolve coupling between different channél




Basic requirements

The probing mechanism is given by the following dipole mome

d(t)’ @g‘x\yc> ‘

A direct application of the dipole moment as a spatial probe is based op the
following assumptions :

We can fix the ground state in the lab fram We can model the probe

We can manipulate the ground state in the lab fr:

We contribution of excited states is negligible

The ground state is static

The probe is decoupled from the ground sta



In practice these'basic:assumptionsrare
commonly invalid

dt)” (v, Xy e)

The continuum state
depends on the Coulom

There are many systems that cannot be ea
aligned in the lab frame

potential
Strong contribution of excited states

Resonances in the
continuum
Coupling between states

Both the structure as well as the amplitude of th

probe depends on the ground state

Controlling the probe increases the dimensionality of the measurement and
enable us to decouple degrees of freedom




Controlling Ethe 2D frde rleeten’ savavefienttiond n
¥ laarblelfcia’l A ki cko
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Controlling: the 2D frde rlceten’savavefienctiond- n
K | laartlelicia’l A Kki c ko
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In theperturbativeregime:l,,, /1,,~0.01

2w’ tw

F%)o 9.75. 0.85

G e
VOy — i ’ Ey
_____________ t -t
Increasind ,,, by an order of magnitude:
Gmin _ e(- Vo, (t; to.t ) /VOZ) o e(- 10V P70y (t, to.t )? /VOZ) — e(—V Peloy (t, 1t t )? /voz)]10 <0.1

maX |nonper

Therecollisionprocess is significantly suppressed



Controlling the 2D frde rlceten’savavefienttiond- n
recollision and ionization angle




fe rlceten’savavefignttiond- n
ind ionization angle

In theperturbativeegime:l,,,/1,,~0.01

harmonic order
(%) [ =] [
(=] (=] [=1]

(¥
[=F]
T

Increasingd ,,, by a factor of30- 50 :
. . ) 0 02 0.4 0.6
requires a noperturbativecalculation delay ffs]

30% conversion He




