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Evolution of Laser Farametexs [1]
Timne (=} Imtensity (VW ntts cins) Y enx
Iano 10-% Crigm 10+ 1@&20
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SEERS
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1au: 24 x 10 ihn=23.5 <10
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Eepts 10-31 Eetta 1o+t zZ00g
oot 10-2% T atba 10t=Es T
107 - Schwinger Limit

The intensities discussed in the present article, 10 = F =101 /fom?® correspond
to fields approaching the internal Coulomb potentials of atorns and molecules Wao o equations
{1-30, thus inducing considerable distortions of intermalecular potentials. In the dressed state
representation these radiativelw induced distortions creating LITWVIEF s as discussed abowve lead
to Barnd saffeming wia laser-induced avoided crossing of molecular potentials [26-27]. At such
intensities, one needs to consider further 1onization and the remaining molecular 1on potentials
become LIEIP’ = in the presence of intense laser pulses. The molecular 1ons, bound or

dissociative can also underge Abowe Threshold Tissociation, AT, [20], [26-27].

Schwinger limit ~ 10**29 W/cm2)
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electric field E(t) / E; and its envelope

x> cos(mt)

time (cycles)

time (cycles)

1 cycle =2.66 fs
for A= 800 nm

E(t)=¢,(¢) cos(arx + P)

F Krausz, Science 305,1267(2004)



Experimental asymmetries (Garching).
F. Lindner, Ph.D. Thesis.
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Exciting electrons
Chemistry rarely grabs the limelight. But in 2011 it will try to

Mow 22nd 2010 | from PRINT EDITION ¥ Tweet 0 B 1aime
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Les lasers
traquent les
mouvements
des électrons

#3} Sciemoe en julr, parune dquipe inter-
nationale canduite par Martin Schultze
deTuniversité Ludwig Maximilians ef du
Miax Planchk Insttut d optique quantique,
4 Garching. ls ont observé, pour 1a pre-
mibére fois, un délai entre les différents
processus dérnissions de lurmiére provo-
quds parlexcitation d'unatome de néon.
Un délai de 21 attosecondes, mesurs 4
§ attusecondes pres [b], ~On observe 4
un phénarnéne gue personne ne peut
encove expliguer, insiste Anne FHuillier,
cest vraiment de lo nouvelle physigue, =

Manipulation & velonté. Tout aussi

enthousiaste, Elefthesios Goulielmalkis
déferit déja les prochainesétapes ; « Aprés

les premiéres études surdes atomes sim-
Ples. la physique attoseconde se tourme
vers (‘étude de molécules de plus en
plus complexes, de plus en plus grosses,
FProgressivement, les efforts se porteront
sur les macromolécules, par exermple les
peptides pour la bochimie, ou les molé-
cutles mises en jeu dans le processes da la
photosynthése, et enfin pour progrezser
en physique des solides, =

Pour le physicien, I'étape suivante
5e1a alors de manipuler les électrons
& l'aide des irmpulsions attosecondes:
~ Nous travaillons & metire 2u polnt wne
boite & outils en ce sens, par exemple en
seulptant la forme des impuisions pour
agir sur les électrons. » De quoi placer
la physique attoseconde sur la woie
dessinée, depuis les années 1980, par
la microscopie & effet tunnel et 4 force
atomique”. I'instruments imagines au
départ pour épier la matitre oes micros-
copes ant fini par devenir de véritables
coutezuxsuisses, permettant de mani-
puler atomes ¢t molécwles & valanté, &
Fechelle du nanométre. Les impulsions

Une moisson de prix

Signe du fort dynamisme de la
discipline, la physique attoseconde
8 &u lap honneurs de trois prix
Prestigioux Vautemne dernder, Anne
I'Huillier (photo), de I"aniversité de
Lund, en Snéde, est 'une des cing
lauréates du prix 2011 « Pous les
femmes et la sciance » remis par
I'linesen et la fondation L'Oréal, Le
jury était prégidé cette annde parle
Prix Nebel Ahmed Zewail, couronné

"- BN 1999 pour ees travaus en physique

* femtosscende. Détnt nevembre,

. André Bandraak, de 'aniversité de

# Shesbrooke, su Canada, 2 repu la

= prix Marie-Victorin, I'un des snza

% Prix du Québec remis rhague année

& parle gouvernement de la province

& canadienne, André Bandrauk est

§ un théoricien qui a notamment

« trawaillé sur Ie comportement

= des molécules dans des charmps

] J électromagnitiques intenses et la

5 Rénération d'harmeniques, Infin,

« ml-novembre, IAutrichien Reihnard

LT

56 = La Recherche | LMvime 200 - u= ain

mesure des Lmpulsions attosecondes
uniques, au Max Planck Institut
doptique quantique, i Garching, en
Allemagne. Towt camume Eleftherios
Goulielmalkis, récompensé

cétte année par le Prix du jeune
chercheur de I'IC0. 5i tout le monds
se refuse i Iévoquer, l'idéie qu'un
Nobel puisse récorpenser un jour
I' attophysique « est présents

dans toutes les tites,

. TLEMICROSCOPE A IFFET TUMNEL
utiliza un phincmine usntie, el
| nnel. pour détermine latopalogie de
i surfaces avec une résohation volsine du

nancmidra. Le miErascope 4 farce stomique |

§ e et un ddrivd
attosecondes en ferant-elles autant
avec des électrons, permettant par
exemple de cantriler l'efficacité de car-
taines réactions chimigues, comme Ia
phatosynthése ? « Naus verrans les pre-
miersrésultated'outils attosecandes dés
'an prochain » pronostique Eleftherios
Goulielmakis,

Attophysique. A quand aussi une
+attoélectronigue » capable de redon-
ner un coup de fouet a la physique des
semi-conducteurs qui s'approche de
ges limites ? Pour Arne CHuillier, onen
estencore loin : « Tout e monde y pense
bien éviderrment mais rien n'est encore
fait. Comme nous défrichons ur domeine
complitement vierge, de nouvelles ques-
Hloms surgissent & chague résultat expé-
rimental. Clest pour cette raison gue le
délizi entre les expériences et les publica-
tions est trés long. Tnous fauwt le temps de
comprendre ce gu'on observe,» D¢ longs
mois d'interprétation qui n'empéchent
paslavéritable moisson de publications
constatée cette annés, et qui augurent
déja une année 2011 au moins aussi
tiche. Bt notarmment en Burope, puis-
que les réseaux de coopération scien-
titque surla physique attoseconde qui
8'y succédent depuis 1992 - le dernier
endate, Attofel, vient de démarrer—ent
permis au Vieux Continent de prendre
Ia téte de la compétition internatio-
nile pourla maitrise de cette nouvells
physique. m

(1] Paical sadiiras, Tedry Buchan o Banand Card,
o Dien flashs toujeuns gl vouitsy, L= Desriarde &
Raskeche, p. 60, i 3010 ; Wmocreéi Limin,
«Filmes e mowwprrent des Hecranse. La Aediente
rareembre 2010, p 68

TRDOH, Ky atid, Rewe! Phys, doi 12063048, 2010
[3] 5 Hassler et al, Matuvn Fhypsies, , 200, 2010
[A] E Goadisimakisata!, Matore, £, 739, 2010
[5] G Sensone et ai, Mawe, 445 753, 2000,

6] 4. Malresse ot 0, iy R okt 104,

dei 12135600 2010

[7] H. Waenes o ai, Matwes, 48, 504, 2010,

[&] M.Schalizeat &, scenve, 728, 1450, 2070
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MAXWELL — SCHROEDINGER

Classical Quantum

MAKWELL E?"ZE _ I EEE o 41 5:};

gzt ot e’ & o

F=Medium Polarization = P{E)

(1" Order P = ok}

SCHROEDINGER

J‘ﬁ% = (ﬁn + ﬁ{f})!yf—‘

P=P(E)=n,(w|d|w)

wy=2c, ™| ,)
f

V,=-P,(e(zt)cos{kz-wt))



P. B. Corkum, PRL,
71, 1994 (1993).

T. Zuo and A. D. Bandrauk,
PRA, 52, R2511 (199)5).
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Paul B. Carkum

and molecules,

Recollision physics

A technigue that uses light to create particle collisions that create light is
poised to provide unprecedented access to the inner workings of atoms

Paul Corkum is a profossor of physacs at the Uniyersity of Ottawa and director of attosecand science at the Mational Research Coares

Canada, bath n Ontarin

In 1906 Ernest Kuotherford discovered that o particles
deflect as they pass through a mica (lm. “hat experimert,
which he]lJﬁd Rutherford idrn:'f}' the atomic roclkess, was a
deamatic demonstration that collision: between particles
eouald tell ns ahemit the sftrachare of matter. Moaw, a oembiTy
lzler, high-energy collisaons bebween subatcmic particles
have revealed the tundamental boilding blocks of our
world—guarks, muces, and so on—end lower-energy colli-
siong kave been central fo understanding ard amessing
mclear phyvsics.

Just aver Si years after Hutherford's esperiment. the
Lizar was demenstrated. Since then, optcal p]n_\,-s.cg, which
deals with imteractions hetweer light and matber, has devel-
oped powsrful metheds for exciting, probing and sontrcl-
|1'|1B,m..|l'h-f aned its d_-r'n:lmil:‘.:. Thi _Tvn\'ilcil:m |,1|:'||!'.|H|:'.:| expLT-
imonts has reached the poin: where some of the most
fundamental questions of particle phyvaics can be lested betler
aptically thar by collisions,

Although optical and collision phyeics are traditicnally
comsdered separate dinripl'inp:: shuirg Tittle, if AT, m-\:lr'la?.
the ermecging field of rmoollsion physics unites the tuo, Ina
recon lision, the oscillating ficld of a laser pulse causes anelec-
Lion Lo accelerale away [rom an alom or molecule and then,
npon reversal o the field, carven back inbe its parznt ion,
‘Whereas adittonal collison physics. relies on large acceleea-
tors and magnets o amange the olleion, ino el n
phisies it s e lazcr field that provides the seoelerabion ard
the atom it=alf that provides the electran with which it is

probed. Throagh recollision, optics gaing socess & e well-
developes capability to probe the stouctune af mattzr via colli-
sions {the: focus of this article) and collision phyesizs gaires access
ti thee capabiliby to escibe, probse, and conteal matler weith light.

Two coherence transfers

Comsider an atom illurizated by a pulse of coberent IR light.
1 the light is intense enough, roughly 17 Wism' or higher
(s bex 1), then al sach crest ol lhe ceollabing electro-
miggretic feld, the valence-electnm . vavefunation will par-
tially donize, so-called tunnel jontsation Etrictly speuking,
lunl'.a-'li-'\g iaa T pllunnmm1an. Howeever, Tennid Kold}uh
showend nearly half o contury ago that nultiphobon onezation
can approsirate tunneling in atoms and selids when 1 light
i used” Thus, Dwill speak of laser luneneling, o simply Lun-
neling, throughaut the papes. Through mnneling, the cober-
el |.'lg|.“: |JLIJEE 5P|]L=~ the electron wavefunchon b beo mm-
ru.xll_'_.- covherent parts the bpumd-stete wavefunction amd
the tunnekionized wavepacket, [See figuse 1.

Oree the electron has tunneled. the resulting
wavapacket — oo in the condinucm, (eeed from the pull of
its parent ion — is driven in a semickissical motion by the laser
field. The classical approximabion of subcycle electron mae-
tom has a Iur—g hir—fu.'_-, n r.\|:|r—m:s. ph}"ci-:'.:.: It i wseful when
many photons are mvolved.

What happens next depends on the polaricatioo wl L
Lighst padse. IF the polarzetion is circulie, then as soon as any
portion of the wavepacket cmerges fom the atom o maole-

Figure 1. The basics of recollision. 11 the
first step, a1 irterse pulse of coherent IR light
ko tha [mlnﬂiﬂwvﬂ Ibkack) nf an ateen or

molecw s electron. hat allows the kound-

sinte electon wiscfunction {Bue skeiched
a5 a Gausslan) te sunnel and split, creating a
wirvepacket in the continuurm, There, the

wavepacket Is driven by the osclllating lasar

flekd in a semiclassical trajectory [recl); It first acczlerates aveay from the atom anc than, upon
remisrial of the fisld accelerates back toward its seiging, recalfiding with its parent ion, Tha
pracess i conceptually similar to an optical intarfammeten The relasive wavelengths of thee
tnneling wavesacketand bound-state wavelunction are ilhstrated appradmately to scale.

36 March 2011 Prysice Today

3 2001 Amerizen Insline of Phazios, 300810281 106-010-8
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pensity of probability
lplp,z,t)|2at ¢ ==

Le sytéme moléculaire H™ (gauche) + H3 (droite) en présence d'un champ (électrique) laser

On voit la distribution ondulatoire de I'électron se déplacer de gauche 4 droite selon l'intensité du
champ (dont les valeurs sont données par les points de 1 4 6). Une partie de I'électron se dissipe

comme des ondes d'eau a cause de |'ionisation.

Re2.06u ; ReT 0au

CREI

Exemple de déplacement de I'onde d'électron dans H. en présence de I'impulsion laser
{a des distances internucléaires différentes)
On voit I'électron suivre plus ou moins le champ électrique (représenté par un point rouge), ce qui
permet d'envisager le contréle du mouvement d'un électron dans une molécule par laser en dépit
de la nature ondulatoire de 1'électron.

ADB,S.Barmaki,GKamta

PhysRevLett 98,013001
(2007)

KJ Yuan,ADB
PRA 80,053404
(2009)

BULLETIN CRM-13
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V(z,p)=—e%/[z%+p?]"?
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ADB et al,d Mod Opt 52,411(2005)
(Vo > 0)

Semi-classical model, by P. Corkum
(Vo =0) (1993).
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Step 1: get spectrum
a(t)=(w (1)|-6H /5r|y (1))

a(w)=— |a()e dt

Siupl : select frequency region between @ <0<
Sten3: come back to time domain

@ 3
— i
a(t) = Ja(m)e d @
i
Ao =w, - o, 1
T > attosecond =3 Angstroms(10**-8cm) / ¢(3x10**10cm/s-1))



Coupling of macroscopic Maxwell's equations with many TDSE's.
Lorin, Chelkowski, Bandrauk, Comput. Phys. Comm. vol. 177 (2007)

r L]

—V x E(r. t)
V x B(r, t) — 470.P(r, t)

0
0

n(r)>_i2; xa;(r) fRE. Vir' Yy

"ﬁ'r’ 3 ) / / f
S witr: E. v + Vi,
vVie{l,...,m}



The numerical model is the one presented in [19], where the gas domain is divided in small
cells of gas denoted by Aw (corresponding the ;’s of Section 2) and in which we solve 1
TDSE, representing the nAv molecules of the cell. In practice 3d Maxwell's equations are
solved in parallel with ~ 140,000 1d TDSE’s, see Fig. 5 and [17]. We then represent at

aalv malaculss
-~
T
-~ : il
r i : _.a"'
P &
1 ’ = = 7 ;
! PO e -~ -~
i ; - 3 j
i T ? 7 -
r| 1 - o .-
L i B+ — = -
1 ; 3
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i
: %
1 e
______._____ et R s b il .
- F - E I
i ;
z L >
. -
5| .. il ol )
ok e | =
¥
(as dhvided in small volumses -
=
i

Figure 5: Numerical geometry



Improvement of the model | - microscopic approach

Anﬂther apprﬂ'a(:h IS prESEntEd In Lorin, Bandrauk, Chelkowski, Num. Methods for Partial
Diff. Eq.. (2008). A method to transmit free electron from a molecule to
another. Based on a particular choice of boundary conditions

(Volkov)

" | [<o- WF m comaim &,
—_ WF in domain u;
_ _ Initial'WF Ina -
e Inkial WE I-m.__E

WOLKOW B.C. WHLEOW B.C

Figure: Free electron transmission




Results | - | ~ 2 x 101®W-cm—2, ng ~ 3 x 10®°mol-cm—3

Figure: |E,|? - 4.5um after the waist in vacuum and gas



Intensity

Transmitted electric field harmonic — Short propagation
T T
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Frequency-up conversion, 1st -->3rd harmonics
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Effect of Nuclear Motion on Molecular High-order Harmonics

and on Generation of Attosecond Pulses in Intense Laser Pulses

André D. Bandrauk, Szezepan Chelkowski, Shinnosuke Kawai, and Huizhong Lu
Département de Chimie, Université de Sherbrooke, Sherbrooke, Qec, JIK 2R1 Canada
Abstract

We calculate harmonic spectra and shapes of attosecond pulse trains using numerical solutions
of Non-Born Oppenheimer time-dependent Shrodinger equation for 1-D Hs molecules in an intense
laser pulse. A very strong signature of nuclear motion is seen in the time profiles of high order
harmonics. In general the miclear motion shortens the part of the attosecond pulse train originating
from the first electron contribution but it may enhance the second electron contribution for longer

pulses. The shape of time profiles of harmonics can thus be used for monitoring the nuclear motion.

PACS numbers: 42.65.Ky, 42.65.Re, 42.50.Hz, 32.80.Rm

Phys Rev Lett( 2008,)101,153901
J Phys B 42,075602 (2009)



p+p+e +e décrite par I’éq. de
Schrodinger solutionneé€ numé-
riquement

La dynamique de 4-particules: G
+

P

pour une molecule H,

éxposeée au champ laser intense decrit par : E(t)=¢(t) cos(w,t)

(polarisation linéaire)
al e=h=m,=1)

(=, 29, R, 1)
! -

= [He+ Hy + V{2, 20, t)]0( 21, 22, R, ).

ot
21 1 |
(
He = —Toa — — . — |+ Viepl 21, 72)
e ;[ g{_}ﬁf [(te‘l—.ﬁglz“_r]lz [[:f o R:’__.}:ll —I—r’]l-"'E] -EF'lu 1y =2
1 1 o 1
-E: r-::' , ~:| - : H‘.: = - . _|_ I
repl i) = VT oM ore T R

(2 — zg)2 ]2 7

Vizi, z0.t) = (21 + 22 )e(t) cos(wt)
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harmonic order

Analyse en temps-frequence =d;(t,w) = j dt' G(t,t") exp(-1wt) d(t)
de Gabor (ondelettes): e

n 2
G(t-t") = expl- (;_t )2 1, 0,=0.1fs

Oy

dg (L,w) =cte [da) ™ & dy(w)

|dg(t,0)l - profile temporaire des
impulsions atto dans un train , Aw~5-10 o

" static

— o4

1e-3

temps (periodes du laser T;) , T,.=2.67 fs Tv(H2) ~ 7 fs
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d? 1 oV 1 1

a, = R(t)= <—F5>-"<—>=<—5>-—<F, - F >
Haw = K00 (1) R’ OR R? 2
where

F_ZZ: z; TR /2
Y4 [(z,£R/2) +al"”?

Thus, very similar expressions determine electron and proton acceleration.
For electrons:

F +F = fz (Z1 Zz) is an odd function with respect to the inversion
— e ’

Zl — _Zl’ Z2 —> _Z2

F+ _F— — fprot(zl’z2)

Zl %_Zl’ Z2 %_Zz

leading to odd harmonics, whereas for protons

is an even function with respect to the inversion

leading to even harmonics.
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To exploit attosecond technology FP1

Measuring electron wave packets

1. Attosecond pulses are fast enough to observe
electron wave packets.

2. Electron wave packets are resolved
through changes to the photo-
electron spectrum as a function of
pump-probe time delay. @

8 6 4 -2 0 2 4 6 8
z(a.u.)

(
08 -06 -04 -02 00 02 04 06
(b) p, (a.u.)

3. The attosecond pulse projects the L
momentum distribution into the
continuum.

Yudin et al, Phys Rev A 72, 51401(R) (2005)

“Observing Electron Motion | lecu

les
SChelkowski,ADB J_ Phys. B39, S409 (2006)
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FIG. 33. (Color) Proposal for inducing attosecond electron
wave-packet dynamics by a 0.8-fs, 115-nm VUV pump pulse in
H," and probing it with a time-delayed 0.1-fs. 20-nm XUV
pulse (Bandrauk ef al , 2004). Both pulses are polarized parallel
to the molecular axis. (a) Contour plot of the electron prob-
ability distribution along the molecular axis for an internuclear
distance of eight atomic units vs pump-probe delay. (b) Asym-
metry factor (P_—P.)/(P_+P,) vs delay, where P, and P_ rep-
resent the probability of observing the electron liberated by
the XUV probe in the positive or negative direction (along the
molecular axis), respectively. Adapted from Bandrauk ef al,
2004.
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FIG. 54. (Color) Computed ultrafast positive charge (hole) mi-
gration in a tryplophane-terminated tetrapeptide (Remacle
and Levine, 2006a, 2007). (a) The hole density shown in red
indicates that the charge swings across the entire peptide from
the aromatic amino acid on the left to the N end on the right
within less than one femtosecond, following excitation of the
electronic wave packel on an attosecond time scale. This hy-
perfast charge migration is proposed to be probed by measur-
ing the kinetic energy distribution of photoelectrons released
by a time-delayed sub-fs XUV pulse. (b) A series of such
freeze-frame spectra calculated for a 250-as, 95-eV probe pulse
at different pump-probe delavs. From Remacle apd Levine

Rev Mod Phys, 81, 235 (2009)



Circular polarization Excitation at 800 nm  |=10**14 W/cm?2

Electron Whirlpool — Tourbillon Electronique —
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II. THEORETICAL MODELS

In linearly polarized recollision with parent ions, maximum
harmonic energies are given from the initial zero velocity
ionization model by 1, +3.17U, [3-6]. whereas collision
with neighboring ions gives harmonic energies up to [, + 8U,,
[9-12]. For circularly polarized laser pulses of maximum
amplitude Ej, corresponding to intensity fy = L‘EQE%,(Z and
frequency wy,

Ex(t) = Egcos(ent + @),  Ey(t) = Epsin(wot + ¢), (1)

the classical field equations of motion [£(t) = —E, (1), ¥#(t) =
—E,(t)] give the laser-induced velocities [we use atomic units
(a.u.) e =h =m, = | throughout]

Eo | . .
a(t) = —— [sin(ewgt + @) — sing],

;’” )
vit) = = [cos ¢ — cos(agt + @],

(2]

with initial velocity conditions i(0) = ¥(0) = 0, and displace-
ments,

E .
x(t) = ——? [cos ¢ — cos(wnt + @) — wnt sing],
o
o

(3
E . .
y(t) = —w—[_j [ent cos ¢ + sin ¢ — sinfawpt + ¢)].
0
Both the time-dependent energy from Eq. (2),
s 3
Ke[r):i[r[rl+j"[r)] 4)
s (@)_(1 SRt 5)
)

with maximum value 8U, at wyt, = (2n + Dim. where 1, 1s col-
lision time, the ponderomotive energy of electron in circularly
polarized laser fields U, = E&;’%ﬁ. and the corresponding
maximum electron displacement (transfer) to a neighboring
ion from Eq. (3),

= _ 2E / N
R, = /x2(t) + y3r) = 1+ |n+=] 7% (6)
wj \ 2

for integer n, are independent of the CEP, ¢. For x-aligned
molecules,

2

x(t) =R, = —ZEP [I + (n + l)_:rz:l cos ¢,
@ Z

(7
yit) =0,
where tangh = —(n + %)H,
With a two-color circularly polarized laser field,
E. (1) = Ej[cos(agt + ¢y) + cos(2ayt + ¢)]. ®

E\(t) = Eqg [sin(awot + ¢ ) + sin(2ant + ¢2)].

the CEPs ¢ and ¢ determine the optimal values of K.(1)
and R(t) for MHOHG. The corresponding laser-induced

PHYSICAL REVIEW A 81, 063412 (2010)

velocities are

Ey . : ;
i) = —a?[sm(wor + ) — sin g + coslagt + o) sinawyl].

it} = —ﬂ[cos 1 — coslewgt 4+ @) + sinleopt + gha) sin et ],
(1]

9)
and the displacements are
E
x(t) = —4—0,[4cos d1 — dant sing — 4cos(ant + ¢1)
wjy
— cos(2aqt + @) + cos ¢n — 2at singa], 10)

E
v =—=2
4}

— sin( et + 1) + singy + 2oyt cos g ].

Maximizing kinetic energy K, with respect to ¢ and ¢ gives
the net optimal CEP condition ¢ = ¢ — ¢ = nm + ayt/2.
Inserting this condition into K.. Eq. (4), and maximizing the
resulting K, with respect to ayt. gives the result for n =0,
wote = 2 /3, and ¢ = 7 /3, whereas forn = 1, ext, = 47/3,
and ¢p = —m /3.

For n =0 the choice of phases wnf, = 27/3 and ¢ =
¢ —g =m/3 (n=0) gives, respectively, the following
components of K., where U, = Eé{%ﬂ:

[4sin g + dept cos @y — dsinlent + )

Ko = li'z(f‘-) = i Eoy (vIcos gy + 3sing)?,
2 32 \an
xﬂ:l_\:ﬂ(r‘.):i e (3cos gy — ~Ising), (11)
s o 32 \en

1 .,
Ke= Kex + Koy = 5[5%(00) + ¥2(1)] = 13.50,,.

The second choice for n =1, ayt. =47/3 and ¢ = ¢ —
¢ = —m /3. corresponds to replace ¢2 by —g2 in Eq. (11).
Equation (11) shows that the total K, is independent of ¢»
for both optimal CEPs ¢ = £x/3. In Figs. 1(a) and 1(b) we
show K, as a function of ¢ and ¢. Maximum K, = 13.5U,
occurs for gy = /3 + ¢ as predicted by Eq. (11). However,
the different velocities and displacements are functions of ¢;
[Figs. 1{c)-1{f)]. We show an unusual symmetry in Figs. l(c)
and 1(d) for ¢ = +x/3 and —m /3. The corresponding x and
v components of K, alternate in phase.

At intensity fp = 2 x 10" W/cm? (Eg = 0.0735 a.u.) and
A =400 nm (ex = 0.114 au.), the electron displacements
(transfer distances) x(¢.) and y(i.) for eyt. = 27/3 and ¢ =
/3 (n =0) and for wpt. = 4w /3and ¢ = = /3 (n = 1) are
shown in Figs. 1(e) and 1(f), respectively. With ey, = 2m/3,
for example. for phases ¢ = m/3 and ¢, = 0, the electron
displacements are x(t.) = —0.35 a.u. and yi{t.) = —18.5 au.
and for ¢ =0 and @2 = —m/3, the electron displacements
are x(t.) = —16.2 au. and y(t.) = —8.9 a.u. from Eq. (10).
Maximum efficiency of the MHOHG process is obtained
for the smallest x(r.) or y(t.) which corresponds to near
direct (head-on) coellision with a neighboring nucleus. Thus
at 4 = 800 nm (ey = 0.057 a.u.), the corresponding electron
displacements are, respectively, x(f.) = —1.4a.u. and y(1.) =
—74 au. and x(t,) = —64.6 a.u. and y(t.) = —35.7 au. We
conclude hence that short wavelengths (e.g., & = 400 nm) and



HIGH-ORDER ELLIPTICALLY POLARIZED HARMONIC ...

FIG. 1. (Color online) Total kinetic K, as a function of phases ¢
and ¢; (radian) for the cases (a) n = 0 and wor, = 2x/3and (byn = 1
and wgt. = 47 /3. The CEPs ¢ = ¢y — ¢ = 7/3and ¢ = —z /3 give
the maximum K, = 13.50/,, respectively. The corresponding kinetic
energies K., and K., Eq. (11) (c—d), and displacements x(r.) and
yite ), Eq. (100 (ef), for the maximum X, with a bichromatic circularly
polarized laser pulse at fy = 2 x 10" Wjem? (£) = 0.0755 au),
A =400 nm (e = 0.114 a.w.), and A; = 200 nm (wy = 0.228 au.)
as a function of ¢;.

phases ¢ = 7 /3 and ¢, = 0 give the best collision conditions
with neighboring ions, thus increasing MHOHG efficiencies.

1. COMPUTATIONAL METHODS

We consider the H,™ molecular ion at a fixed internuclear
separation R (Born-Oppenheimer approximation) interacting
with a circularly polarized laser pulse Eit). The corresponding
2D iplane) TDSEs

a
fatl-'fr‘t) = Hir, i) ¥(r,1), (12)
H(r.t) = Hy(r) +r - E(1), (13)

Hy(r) = —1V2 4+ vip), (14)

where r = x and v, V(r) is the two-center Coulomb potential,
and the matter-field interaction is treated in the length gauge,
are solved numerically by a three-point difference combined
with higher-order split-operator methods [26,27]. A temporal
slowly varying envelope sin?(m¢/107), where one optical
cycle (o.c) T = 2m/ay, is adopted. The MHOHG power
spectrum P, (@) is obtained from the absolute square of the
Fourier transforms (FT) of the dipole acceleration {#(#)}:

Pw) = f exp(—iwn(F(0))dt| (15)
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with the laser-induced electron acceleration obtained
from the exact time-dependent electron wave function
d(r,t).

(F()) = (U(r.0)] — BH )/ r|W(r.0). (16)

For the ten-optical-cycles pulse used here, the HHG spectra
calculated from the FT of dipole moment, velocity, and
acceleration forms give nearly the same results [28].

To describe the polarization properties of the emitted
MHOHG [29], the relevant physical quantities are introduced
(see, for example, Fig. 1 in [22]). The complex integral
in Eq. (15) has two x and y components. thus allowing
us to extract the dependence of the phase difference 4§
between the polarized component of the emitted harmonics
on the angular frequency @ [30]. The ellipticity & and
the orientation angle @, the angle between the major axis
of the ellipse and the y axis, are defined, respectively,
as

£ =1tan x (17
and
tan(2¢) = tan(2y ) cos 4. (18)
where
sin(2y) = sin(2y) siné, (19)
tany = /Pi/Py. (20)

IV, NUMERICAL RESULTS AND DISCUSSIONS

The numerical results in Fig. 2 based on solutions of the
x-aligned Hyt TDSE, Egs. (12)—(14). with a single circularly
polarized laser pulse confirm our conclusion in Eq. (5)
where maximum harmonic energy [, + 80, is induced.
For wavelength 3 = 400 nm (w; = 0.114 a.u.) and intensity
=21 = 10" W,‘cm2 (Eg =0.077 au.), Fig. 2 shows the
corresponding MHOHG spectrum at the internuclear distance
R =22 a.u. corresponding to R, = 3.?2Eo{w§,_ Eq. (6) with
n = 0. The maximum harmonic order N, = (1, 4+ 8U,)/ey

0 5 10 15 0 25 30
Harmonic order N
FIG. 2. (Color online) The x (solid blue line) and y (dashed red
line) components of x-aligned H,* MHOHG at R = x(r.) = 22 a.u.
for 2 =400 nm, iy = 2.1 x 10" W/em®, and ¢ = tan~'(—x/2)
circularly polarized light. The cutoff order N, = (I, +8U,)/
[ 13.
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10 20 30 40 50

Harmonic order N

FIG. 3. (Color online) MHOHG spectra of y-aligned H,™
with a bichromatic circularly polarized laser pulse at Jy =2 x
10" Wiem?, &) =400 nm. 4, =200 nm, ¢ = /3. and ¢n =0
(a) at R =—ylt.) =19 au. and (b) at R, =2 au. The cutoff
order Np = (I, + 13.5U,)/wn = 18 for n =0, wpt. = 27/3, and
p=¢1—r=n/3.

occurs around Ny, = 13 in both x and v directions, with a
decrease in intensity for orders larger than N,,. We reempha-
size that for equilibrium Hy* (R, = 2 a.u.) no harmonics are
appreciably produced and observed numerically and none for
the H atom since the ionized electron never collides with the
parent ion.

Figure 3(a) illustrates the MHOHG spectrum obtained
for Hy* aligned with the y-axis such that y(1.) = —R =
—19 au. and x(t.) = —0.35 au at fp=2 x 10" W/em?
(Ey =0.07535 aw.), 4] =400 nm (ey =0.114 auw), Az =
200 nm (2ey = 0228 aw), and ¢ = /3 and ¢ =0 (¢ =
m/3). A platean is obtained between harmonic orders 10
and 20 with a cutoff (decrease) around the harmonic energy
I, +13.5U,. Figure 4(a) shows, with the same pulses but
phases ¢y = 0and ¢n = w/3 (¢ = —m/3), asimilar MHOHG
spectrum obtained but y(t.) = —R = =37 au. and x(t.) =
—0.35 au. at collision. In Fig. 5(a), at the same intensity
but longer wavelengths &) = 800 nm (e = 0.057 a.u.) and
A2 =400 nm (2ey = 0.114 a.v.) and phases ¢ = /3 and
¢ =0 (¢ = 7/3), the same maximum harmonic order is
obtained: Ny = (f, + 13.5U,)/wy but now ¥(1.)=—-R =
—T4au. and x(t.) = —1.4 au. at collision with the neighbor.
In Figs. 3(b), 4(b), and 5(b) we show the MHOHG spectrum
at the equilibrium distance R, = 2 a.u. We see the absence
of a long plateau with high efficiencies since now collision
with neighboring nuclei does not occur. but rather the Hy™
molecule at R, = 2 a.u. appears like a one-center atom to the
ionized electron at larger x and v. We reemphasize that at
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FIG. 4. (Color online) MHOHG spectra of y-aligned Hp*
with a bichromatic circularly polarized laser pulse at Iy =2 x
10 Wyem?, &) =400 nm, A, =200 nm, ¢ =0, and ¢» = x/3
(a) at R=—y(t.)=37 au. and (b) at R =2 au. The cutoff

order N, = (I, + 13.5U,) /e 22 18 for n = 1, ext. = 4x/3, and
$=d¢1—dr=—n/3.
(a) 2 T T T
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FIG. 5. (Color online) MHOHG spectra of y-aligned Hp*
with a bichromatic circularly polarized laser pulse at Iy =2 x
10" Wyem?, &) = 800 nm, A; = 400 nm, ¢, = /3, and ¢ =0
(a) at R=—y(t.) =74 au. and (b) at R, =2 au. The cutoff
order Ny = (1, + 135U, ) feg 2= 120 for n =0, wpt, = 2o /3, and
¢ = — ¢ =a/3.



% =10 nm,
(@) XTg (he=275aU.) Re=1675a.u. (b) Xxz (he=1.65a.u.)

1 { 1] \\ /,l
e N
AT A\

f

"F-
%%E‘ )
[itsa mtaa s e\
NS
@% 40 'd/

=

KJ Yuan & ADB..PRA 80.061403(2009) ..PRA 2011



o HWILE)

. InterScience’

ChemPhysChem, Volume 10, Issue 3 (p 493-494)
Abstract | References | Full Text: HTML, PDF (92k)

Save Article to My Profile

Y ‘116% -

DOI: 10.1002/cphc.200800770

The Molecular Cat

Maddalena Pedio™ and Majed Chergui*®

One of the often-claimed advantages of
core-shell spectroscopic techniques is
that they can probe valence orbitals—
which are responsible for bond forma-
tion and are therefore delocalized over
the entire  molecular edifice—from
atomic-like levels. The initial state of the
transition is a (core) orbital that is local-

ions. So, would symmetry be conserved
in this case?

To answer this question, the authors
used a subtle approach.” Core levels
decay in many cases by emission of an
Auger electron, while an electron from a
higher orbital fills the initially created
core hole. The lifetime of the latter is

HIGHLIGHTS

sion coincidence spectroscopy (APECS)
they used, and other caincidence tech-
niques (such as double photoemission™)
to “condensed matter” systems (i.e. clus-
ters, surfaces, and solids). In this context,
the localization or delocalization of the
core hole becomes an issue.

Most core-level spectroscopic studies




Attosecond photoionization of a coherent
superposition of bound and dissociative
molecular states: effect of nuclear motion

André D. Bandrauk,

with S.Chelkowski, G.L. Yudin,

P.B. Corkum (Ottawa),
J. Manz (Berlin)

J Phys B 42,134001 (2009)
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probabilities

Wave packet motion induced

v=0 on
: probabilities for H,* by the pump shown below:
1
3 fs
0.1 1 %
7 ; ; \ ; ;
20 25 3.0 35 40 45
00 05 10 15 20 25
V=O on probabilities f‘or T,' time (fs)
o) z z z z
-9 ‘ : : : . e . .
LR We show the initial v=0 vibrational
state and the dissociating packets
on G,
04 ] Conclusion: at t>3 fs (t,,, > 1.5fs
| we loose the overlap in H,* - This

20 25 30 35 40 45 agrees with the attenuation seen
R (a.u.) in the previous slide
Decoherence ?: see
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Fig.1. lllustration of the pump-probe scheme.

T Bredtmann,(FU Berlin),S Chelkowski,ADB
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Fig. 2. (a) nuclear wave packets on three surfaces.
(b)-(c) Harmonic spectra as function of the delay time t
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Nuclearfusionfromexplosions
of femtosecond laser-heated
deuterium clusters

L Qitmirel J, Zweiback, V. P. Yanovsky, T. E. Cowan, G. Hays
& K. B, Wharton

Laser Program, 1.-477, Lawrence Livermore National Taboratery, Livermore,
California 94550, USA

Asaformof matter intermediate between molecules and bulk solids,
atomicclustershave been much studied'. Light-induced processes in
clusters can lead to photo-fragmentation™ and Coulombic fission’
producing atom and ion fragments with a few electronvolts (eV) of
energy. However, recent studies of the photoionization of atomic

NATURE| VOL 398|8 APRIL 1999 |www.nature.cony
T T Ty

cluster) are ionized, clectrons undergo rapid collisional heating
{or the short time (<1 ps) before the cluster disassembles in the laser
field"”. Through various collective and nonlinear processes, the laser
rapidly heats the clectrons to a non-equilibrium state (with mean

Fusion events between
ions from nea:by clusters

gas jel

plasma (_\D)/
filamenl ===
\ v /

clusters

N

b |
7
: """" ocused laser\mJ

"™ focal spot =100 nim

; length ~2mm
-\ Exploding,

+ lase: healed

. cluslers

Laser focal diameter

Figure 1 Layout of the deuterium cluster fusion experiment,
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RECOLLISION OF d° WITH A nd ATOM INITIATED
BY A SUPER-INTENSE LASER

3 Up Recollision energy= 1.40 MeV

<€

0

XT =0.9 A

-
! o

ELECTRIC FIELD E(t) OF THE LASER

A =800 nm
THUS THE LASER CAN INITIATE

A NUCLEAR REACTION ,e.g: | -3 x 1022 W/cm?

d+d — n (2.45 MeV)+ He (0.82 Mev)
or

d+t — n (14.1 MeV)+*He (3.5 MeV)



d-u-d molecule dissociating in

deuterium returns back !

200 nm, 1=10?* W/cm? laser field g
probability for R<0.25 pun. (1 pun.= 0 0026 Anqstror;‘l) f
I '\ 1 v 1 | | 1 . I i
% 8.0x10° o = 460 asec-
g s o
£ 6.0x10°
8
kS 6
2 4.0x10°-
3=
o e
g 2.0x10°
t.g").: a
L 0.0 -
8
é -2.0x10° -
§ -4.0x10°
@ o
£ _g0x10° - Electric Field E(t)
)
3
Ol: —— 1 1 . I i I I 1 .
1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
time (fs) 1 cycle=T=0.66fs (1071°S)
PRL 93,083602(2004) ; ADB,G Paramonov,AlP Conf Proc,1209,7(2010

E~1/2 MeV

T At~10-18S

=attosecond



Dressed Potential Energies for H, molecule in static laser field

e=0.106299 a.u. e=0.168073 a.u.
I =1x10" Wem™

I =4x10" Wem™ 24

E (a.u.)
E (a.u.)

R (a.u.) R (a.u.)

J. Phys. Chem. A 111, 9340 (2007)
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ACS MEETING NEWS

Tracking Electrons

Attosecond science opens the door to real-time observation and control of electron

dynamics

Jyllian Kemsley

TEN YEARS AGO, Ahmed H. Zewail won the Nobel Prize for
using femtosecond spectroscopy to study atomic motions during

chemical reactions. Emerging now from Zewail's pioneering work
Is the abilty to use femtosecond laser pulses to monitor

attosecond-scale electron dynamics, which was the focus of a §

Divison of Physical Chemistry symposium on  attosecond
science at the American Chemical Society national meeting in
Salt Lake City last month.

"There's a whole class of processes associated with electron

dynamics that occur at a femtosecond timescale or less”
Daniel M. Neumark, a chemistry professor at the University of
California, Berkeley, said at the meeting. "These are electron
dynamics processes that don't require nuclear motion. To probe
them you need attosecond-scale pulses.”

| =remn

ULTRAFAST A cryostat contains a cooled
Ti:sapphire laser amplifier crystal that is used
to generate high-power femtosecond pulses
for attosecond experiments.
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Quantum Dynamic Imaging
Theoretical and Numerical Methods
Editors:

André D. Bandrauk, Université de Sherbrooke, QC, Canada
Misha wanov, Imperial College London, UK

Studying and using light or "photons” to image and then to control and
transmit molecular information is among the most challenging and
significant research fields to emerge in recent years. One of the fastest
growing areas involves research in the temporal imaging of quantum
phenomena, ranging from molecular dynamics in the femto (1077) time
regime for atomic motion to the atto ( lt}"gs} time scale of electron motion.
In fact, the attosecond "revolution” is now recognized as one of the most
important recent breakthroughs and innovations in the science of the 21st
century. A major participant in the development of ultrafast femto and
attosecond temporal imaging of molecular quantum phenomena has been
theory and numerical simulation of the nonlinear, non-perturbative
response of atoms and molecules to ultrashort laser pulses. Therefore,
imaging quantum dynamics is a new frontier of science requiring
advanced mathematical approaches for analyzing and solving spatial and
temporal multidimensional partial differential equations such as Time-
Dependent Schroedinger Equations (TDSE) and Time-Dependent Dirac
equations (TDDEs for relativistic phenomena). These equations are also
coupled to the photons in Maxwell's equations for collective propagation
effects. Inversion of the experimental imaging data of quantum dynamics
presents new mathematical challenges in the imaging of quantum wave
coherences on subatomic (subnanometer) spatial dimensions and multiple
timescakes from atto to femto and even nanoseconds.

In Quantum Dynamic Imaging: Theoretical and Numerical

Methods, leading researchers discuss these exciting state-of-the-art
developments and their implications for R&D in view of the promise of
quantum dynamic imaging science as the essential tool for controlling
matter at the molecular level.

Key Features:

¥ Presents the latest research results in ultrafast imaging of quantum
phenomena

¥ Demonstrates the wide-ranging potential of guantum dynamic imaging
for R&D in areas as diverse as optoelectronics, materials science, and
quantum information

¥ Edited and written by international leaders in the field
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High-Energy QED: Real and Virtual Pairs

AN
; mc

External field
Ww

F : -11.C

/ T /

Vacuum fluctuation , Pair creation
Dirac sea
Courtesy of logl'WF =< gty VE T T

15
CH Keitel(MPI,hdb)
10 10
El 5
S 5
8 g 5
S 0 5
IS S s
. . e z -
Dirac dynamics of ¢ -5 £
an electron with g 2.10
negative energy in -10
crossed Iaser; beams: -15
i 2 .5 :
pairs from 1G° W/cm — — —

propagation direction [a.u.] propagation direction [a.u.] propagation direction [a.u.]



any
S"ALICE IM

3

£ = 5. P#do

“_..m,mamw%m T

mmm.make ol go
W

=GO BE 558




oW l:'_m

International Journal of Quantum Chemistry ® Get Sample Copy

””1 [/ Volume 38 Issue 2, Pages 191 - 208 ® Recommend to Your Librarian
BN YA Fublished Online: 19 Oct 2004 ' Save joumnal to My Profile
RN Copyright © 2009 Wiley Periodicals, Inc., A Wiley © SelEMalAlen
Company CJ Email this page

' & Print this page

&l RSS web feed (What is RSS7)

Save Article to My Profile Download Citation Previous Abstract | MNext Abstract

Abstract | References | Full Text: EDE (Size: 948K) | Related Ardicles | Citafion Tracking

Article

Theoretical approach to reactions of polyatomic molecules

L. Zllicke, A Merkel

Akademie der Wissenschaften der DDR, Zentralinstitut fir physikalische Chemie, DDR-1189 Berlin, German Democratic Republic
ABSTRACT

A scheme for systematic reduction of the theoretical treatment of elementary reactions involving polyatomic molecules is described; it consists of (1) limitation to the
energetically relevant regions of the nuclear configuration space (the reaction path and its near environs) and (2) restriction to the dynamically relevant subspace of the
nuclear configuration space (the active modes). Starting from a generalized reaction path Hamiltonian of Mauts and Chapuisat allowing for the use of arbitrary curvilinear
coordinates and several large-amplitude modes, the realization of the above-sketched scheme is discussed. A compilation of recent work along these lines, mostly based
an the simplified Miller-Handy-Adams reaction path Hamiltonian, is given with particular emphasis on applications of a statistical adiabatic model.
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209 - Science Laser Ultrarapide-Femto-Atto-Zeptoseconde-FAZS

[Responsables

Andre BANDRAUK, Université de Sherbrooke
Francois LEGARE, INRS

informations sur le colloque

Catégorie : Colloque

Description du collogue :

La science laser moderne a subit une révolution par la génération d'impulsion ultracourte (quelques cycles
optiques) et intense (=10°15 W/cm™Z2). Ceci permet |'étude de linteraction laser-matiére dans un
nouveau régime hautement nonlingare et non-perturbatif. Le Québec est trés achif et dominant dans ce
domaine grace a des laboratoires comme ALLS (Advanced Laser Light Source) situgé a 'INRS-EMT, le
Centre d'Optigus, Photonigue et Laser (COPL) de I'Université Laval, et I'équipe Atto-Québec finance par le
FQRMT, etc. Un réseau de calcul de haute performance, RQHP, membre de Calocul Canada permet
d'exécuter des simulations de haut niveau pour guider les expérimentateurs. Ce collogue propose donc de
rassembler les acteurs principaux du Quebec en plus quelgues sommités intermationales (francaises) pour
adresser les questions importantes d'applications futures a de nouvelles technologies importantes pour la
societé de I'avenir.

[sessions

Lundi 9 mai 2011

[5cience Laser Ultrarapide-Femto-Atto-Zeptoseconde-FAZS

08:25 - 12:00
UdeS- Education-AZ-021
Type : orale
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