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High-orderharmonicgeneration

C The investigation of ultrafast mechanisms in Nature benefits from the use of laser pulses with two
characteristicsultrashort duration and high frequency.

C Such light pulses can lmeeatedvia non-linear optics.
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C The development of intense lasers reached enough intensity to A
observenigh-order harmonic generation (HHG). N

A. McPherson, et al.Journal of the Optical Societyof America B 4, 595 (1987)

M. Ferray, et al.Journal of PhysicsB: Atomic, Molecular and Optical Physics21, L31i L35 (1988)
P. M. Paul, et al. Science 292, 1689692 (2001)

M. Hentschel, et al.Nautre 414, 6863, 50%14 (2001)

Pierre Ferenc Anne
Agostini Krausz L'Huillier

“for experimental methods that generate
attosecond pulses of light for the stud



High-orderharmonicgeneration

C High-orderharmonicgenerations a highly nonlinearand
nonperturbative frequencyconversiorphenomenon
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High-orderharmonicgeneration

C High-orderharmonicgenerations a highly nonlinearand
nonperturbative frequencyconversiorphenomenon
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High-orderharmonicgeneration

C High-orderharmonicgenerations a highly nonlinearand
nonperturbative frequencyconversiorphenomenon

C Perturbative
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High-orderharmonicgeneration

C Microscopically HHG can balescribedisinga simple 3 stemodel

K. J. Schafer, et al Physical Review Letters 70, 1599602(1993)
P. B. Corkum, Physical Review Letters 71, 1994997(1993)

1. Tunnelionization 2.Acceleration 3. Recombination

atomic potential
+
(linearly polarised)
E-field of the laser pulse

emitted XUV photon

© C. Kern, et al. Nanophotonics4, 303 323 (2015)
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How canyou tailor light?
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The angulamomentunof light
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Theorbital angulamomentunof light

C Vortexbeamscarryorbital angulamomentum

L. Allen, et al. Physical Review A, 45, 8185 (1992)
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Theorbital angulamomentunof light

C Vortexbeamscarryorbital angulamomentum

C Theyaremathematicallydescribedy Laguerre Gaussiodes

C Theyexhibitvery promisingapplications

- A vortex beamcan transferits orbital angular
momentumto matter imprinting a rotationinto
micromachines

A micrometricparticle trappedin
a vortexbeamrotated

D.G. Grier, et al. Nature 424,21 (2006)

- Orbital angularmomentumis a new
degreeof freedomthat can be usedto
transfennformation

J. Wang, et al. Nature Photonic$, 488 (2012)

- Additionaly, vortex beams have
applicationsn fundamentaphysicsand
microscopy

A. Mair, et al. Nature 412, 313316 (2001)



Control over emitted light

C Extreme-ultraviolet / X-ray
— structured light

— C Newtypesof structured light:
selftorque of light
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Control over emittetg

C Extreme-ultraviolet / X-ray

— structured light
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Thegeneratiorof extremeultravioletvortexbeams

C Extremeultraviolet(XUV) vortexbeamsareemittedfrom HHG drivenby aninfrared(IR) vortexbeam

HHG

(Coherent) XUWortexbeams
IRvortexbeam s I5th harm.g lys =15

| 7th harm.

{ =ql
w 19th harm.

g: harmonicorder

21st harm.

M. Zirch, etal. Nature Physics8, 743(2012
C. Herndhdez Gar@, etal. PhysicalReviewLetters 111, 083602(2013

G. Gariepy, et al. PhysicalReviewLetters 113 153901(2014)
R. Géeaux, etal. Nature Communications7, 12583(2016



Thegeneratiorof extremeultravioletvortexbeams

C Extremeultraviolet(XUV) vortexbeamsareemittedfrom HHG drivenby aninfrared(IR) vortexbeam

(c:oHr:lcr;enlt) XUWortexbeams

The orbital angulamomentunof the
> P . . .
b ha""-g s harmonicsfollows a simpleconservationule:
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Combinationof vortexbeams

C Whencombiningseverainfraredvortexbeamsheresultingharmonicsexhibita broadorbital angular

momentunctontent
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Generatiorof light with time-dependenOAM

C Introducinga timedelaybetween
the 2 driving vortexbeams

Infrared driving beams
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Generatiorof light with time-dependenOAM

A Scheme for the generation of EUV beams
with self-torque
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Generatiorof light with time-dependenOAM

C Thedefinition of the self-torqueof light: §q

The selftorqueimprints an
C Themeasurement azimuthalfrequencychirp!
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Generatiorof light with time-dependenOAM

C Theexperimentatonfirmation

Theory Experiment
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Generatiorof light with time-dependenOAM

C Thecontrolovertheamountof selfttorqueby changinghetime delay.
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Control over emitted light

C Extreme-ultraviolet / X-ray
— structured light

— C Newtypesof structured light:
selftorque of light

High-order
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Control of the polarization of the attosecond pulses

C Theefficiency of HHG decreases greatly with the ellipticity of the driving field

K. S.Budil, et al. Physical Review A 48, R3437(R) (1993)
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H. Eichmann, et al. Physical Review A, 51, R341R3417 (1995)
S. Long, et al. Physical Review A, 52, 2262278 (1995)
D.B.Mi | o getal Physical Review A, 61, 063403 (2000)
A. Fleischer, et al. Nature Photonics, 8, 54549 (2014)

O. Kfir, et al. Nature Photonics, 9, 99105 (2015)



Control of the polarization of the attosecond pulses

C The bicircular field allows for the generation of
circularly polarized harmonics

HHG spectrumcircularly polarizedharmonics Polarizationof theattosecongbulses
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Control of the polarization of the attosecond pulses through OA

C Scheme of HHG driven by a-bircular vortex field
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Control of the polarization of the attosecond pulses through OA

C For certain OAM combinations, the harmonics with opposite helicity are spatially separated

Theory t==Q 6=10) Jrce QLer

Selectiorrulesfor the OAM of theharmonics
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Control of the polarization of the attosecond pulses through OA

C For certain OAM combinations, the harmonics with opposite helicity are spatially separated

Theory t==Q 6=10) Jrce QLer
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Control over emitted light

C Extreme-ultraviolet / X-ray
— structured light

— C Newtypesof structured light:
selftorque of light

High-order
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Control of the harmonic comb through OAM

C HHG driven by a necklace beam (combination of two vortex beams): only some harmonics interfere

constructively oraxis

Combined OAM HHG necklace
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Control of the harmonic comb through OAM

C Controlovertheline-spacingn the harmoniccombsthroughthed r i v OAMg 0 s
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Control of the harmonic comb through OAM

C The experimentalemonstration

of Colorado
Boulder
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Gaussian vs. OAM HHG: 800 nm in Ar
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Control over emitted light

C Extreme-ultraviolet / X-ray
— structured light

— C Newtypesof structured light:
selftorque of light

High-order
harmonic
generation C Control over other properties of the

M\N\w — extreme-ultraviolet /X-ray light:
polarization or spectral content
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Chiralityand CirculaiDichroism

C Chiral objects cannot be superimposed onto their mirror image.
C The two versions of a chiral molecule are called enantiomers.
C The distinction between enantiomers is vital in pharmaceutical industry.

The concept of chirality
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Ultrafast and topological chiral sensing with vector beam

. . . - EXCELENCIA
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Ultrafast and topological chiral sensing with vector beam
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Control over emitted light

C O n C I u S I O n S C Extreme-ultraviolet / X-ray

— structured light
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Control over emitted light

C O n C I u S I O n S C Extreme-ultraviolet / X-ray

— structured light

— C Newtypesof structured light:
selftorque of light
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Conclusions

High-order

Structured light + harmonic
generation

Control over emitted light
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Macroscopidheoreticaimodels

C Full Quantum Strong Field Approximation (SFA) + Propagation

-Full  Quantum SFA (no saddle point -Harmonic propagation electromagnetic field
approximation) for the computation of the propagatar
elementaryadiators 0
L El(rg, ] ilt—rq —15(0
Hamlltoryan (rq, t) = T r](O)ISd x{sq x aj[t —[rqg —1;(0)[/cl}
H() = £ 4 Ve(n) + Ve, 1) _‘ -
"
Evolutionof thewavefunction incident laser ‘.&
1 ! . ' | QT
61p(t)) = F/ Gr(t, t1) VE(t1)Go(t1, to) | o) dty J\]\W |
L/, TR g
. . ,"‘ i
Dipolaracceleration ¥ oo L — \Tempo,a.
, Geiet e e
a(P,t) = (1/m){(po(t)|(—=VVe)|P)dy(P, t) [ .-

J. A. Péez-Hern&dez, et al. Optics Express 17, 989(2009) C. Hernddez-Gard, et al., Physical Review A 82, 033432 (2010)



Macroscopidheoreticaimodels

. QGas jet
C Thin SlabModel o ;
* o ,;) Harmonics at . Harmonics at

. : i detection
Driving field: U(p, ¢, z;) generation

Harmonic field:

Z |U P (;b, |p iq®(p.¢.2t) m‘q|U(Pa¢5;Zt)|

Far field using Fraunhofer diffraction: Near-field plane Far-field plane

ckz tan %)

zkz z

2 o
U,(8,p,2) = — ] / Ay (p, p)e™ 3 artanBeose=a) pi g

- Fast calculations

- To distinguishtherole of the nonperturbativgparametergdipole phaseandamplitudescalingpower)

C. Hern&ndez-Gara, et al. New Journal of Physics 17, 093022015)



Theoreticamethods

1. Microscopic 2. Macroscopic
(atonepoint of spacewithin dipoleapproximatio) (spatially-dependenémission
C Singlemolecule response to the local electric C Near field: perturbative scaling of the
field: Time-Dependent Density Functional Theory light emission
(TDDFT) using the Octopus software to obtain the
dipolar acceleration O T < e O .« O .. O 853)

Marques, M. A. et alComput Phys. Commun. 151, 6@8 (2003)

C Orientational averaging (Lebedev quadrature +

rotations) C Far field: propagation of the near field using

Fraunhofer diffraction

C Spectrum of the light emission from the
dipolar acceleration (Larmor formula) 0 o 060 0o

Q0 )° |ax )




Electrontrajectoriesn HHG

Distance (nm)

Time {(cycles)

Quantum Simulations
Time-FrequencyAnalysis
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Measuremenbf the attosecondpulses

C The next requirement was to develop a metrology to measure the
duration of attosecond pulses and the use of suitable laser systems.

P. Antoine, A.L 6 H u i and M. leewenstein Phys. Rev.Lett. 77, 1234 (1996). NOb_el Prize
P. Saliges, A.L 6 Hu i, P. Antoime and M.Lewenstein arXiv quant-ph/9710060 (1997). winner
M. Bellini, C. Lynga, A. Tozzi, M.B. Gaarde, T.W. Hansch, A.L 6 H u i, dantl ©-@.Wabhlstrdn , Phys

Rev.Lett. 81, 297 (1998).

C Prof. Agostini and cworkers had been investigating strong field phenomena
and they discovered the Above Threshold lonization
P. Agostini, F. Fabre, G Mainfray, G. Petiteand N.K. Rahman,Phys Rev.Lett. 42, 1127 (1979).

C One important step was taken by Prof. Agostini et al in 1994 where they investigated
the principle of frequency modulation int&o-colourphoton field.

J.M. Schins P.Breger, P. Agostini, R.C.Constantinescy H.G. Muller, G. Grillon , A. Antonetti and A.
Mysyrowicz, Phys Rev.Lett. 73, 2180 (1994).

C This concept led the RABBIT (reconstruction of attosecond beating by interference of
two-photon transitions) technique




Measuremenbf the attosecondpulses

C In 2001, Prof. Agostini and -@eorkers measured a train of attosecond pulses for the first time
using the RABBIT technique
NobelPrize

Laser 800 nm Mask  Delay plat Argon winner
40 fs, 1 kHz : Lens Aperture 135 fs

wl N | A n

sideband

A I s ]
" ‘ ‘,. ,
---------- TOF electron J ' \
LLLLILLLELL /////////j/////// Z threshold spectrometer 0 M _ ’ \y I ﬂ . - - ,_I_I
/ 0 W1 ,é 3 \ 4 f-' 5
\
A i,
'» \ time [fs » ’
gl Ogl ’ ._o [ts] v

-
Mlaser

Prof. Pierre

— gomdsae  P.M. Paul, E.S. Toma, PBreger, G. Mullot, F. Augé, Ph. Balcou, Agostini
e L e H.G. Muller and P. Agostini,Science292, 1689 (2001).




Measuremenbf the attosecondpulses

C!id 0KS &alFryYS GAYSX UKSNB glishlatddKS |jdzSauAz2y 2F Kz

attosecond pulses

'\l\/\l" '\/V\I" ’\/VV" \/V\[\ Attosecondpulsetrain
'\/\N‘ '\M '\M '\M Isolatedattosecondpulse

C Prof. Krausz and emorkers developed more advanced technigues, including the use
of hollow-core fibers, to generate fewycle visible pulses to drive HHG and achieve
Isolated attosecond pulses

Ch. Spielmann, N.H. Burnett, S. Sartania, R. Koppitsch, M. Schnirer, C. Kan, M.
Lenzner, P. Wobrauschek and F. Krausz, Science 278, 661 (1997).

Onlythis semicycldas intenseenoughto generate
veryhigh-order harmonics

NobelPrize
winner




Measuremenbf the attosecondpulses

C In 2001, Prof. Krausz and-amrkers generated the first isolated attosecond pulses

High-harmonic Bandpass Delay and Kr target for
generation filter focusing cross-correlation

Visible ‘ ‘ ‘ '
light field

N
3 ]
’f \ | '|. ."( \

MR WA | RN | RN,
"VVVIVYYV [ VYV YAVAVAY
Soft X-ray llln

intensity

_i..
‘ WV " l—» Time

M. Hentschel, R. Kienberger, Ch. Spielmann, G.A. Reider, N. Milosevic, T. Brabec, P.
Corkum, U. Heinzmann, M. Drescher and F. Krausz, 414, 509 (2001).

C And they used therkinetic energy spectrum of photoelectrons ejected from krypton
atoms under simultaneous irradiation by softray and visible radiation (streaking)

NobelPrize
winner

Prof. Ferenc
Krausz



Theorbital angulamomentunof light

C \Vortex beamscarryorbital angulamomentum
C Theyaremathematicallydescribedy Laguerre Gaussodes
C Theyexhibitvery promisingapplications

C Theycan becreatedn the opticalandinfraredregimesusingopticselements




Generatiorof light with time-dependenOAM

. _ dfq(l‘) E35 OAM evolution of the 1
C Thedefinition of the self-torqueof light: §q: ERS] 17" harmonic 0s 3
w0 g
. . . = ; s 06 %
Thetime-varyingorbital angulamomentum Ep ?// T8 :
_ _ 2,4 '," 0.4%)
G(t) = q{[1—a)le +1(t)e) ' "
R A =47 T
n(t) = Uz (t)/Uo(t) ° e 1,
10 15 20 25 30
An approximatiorto theself-torque: LENE
hdly (t) dn(t)
hE&q = ——— =hq(ly — ¢ ~ hq(ly — ¢
&q Tt q(lx —€q) pm g2 —41)/Tqa

Thewidth of the orbital angulamomentundistribution
The self-torque

0ty = /(L3 (1)) = (L ()12 = [t — &4 |v/pATT —A(L)] s well-defined




Generatiorof light with time-dependenOAM

Self-torqued beam (11th harmonic, from HHG driven by time-delayed ¢; = 1 and 2 = 2)

Phase Intensity

Divergence (mrad)
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g Y ; 3 ; OAM
Combination of two delayed beams: {1 = 11 and {2 = 22

Phase Intensity

Divergence (mrad)
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OAM



Harmoniccombswith tunable linespacing

¢ HHG driven by a necklace beam: some harmonics exhibit stroagisiyield

Necklace Drivin . ] ]
Laser Beam 9 Necklace-Driven Needle HHG Intensity Far-Field
- 4 HHG Source
h=2 (L=-3 [H2s]

L

Phase
21[ .
n

37/2

/2
0

C Thenumberof harmonicburstspercycledetectedn-axis can benanipulated

Gaussian-driven =0
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