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What is ATTO?

1 attosecond=0.000 000 000 000 000 001 s

1s




The “Forth” Dimension

Reionized universe

B

P
s .
: B

Inflation » — = . —

.
-

&

Primordial 7 \ ¥

fluctuations N
/NG
SN

iy / Reionization —
Cosmic microwave

background




Ultimate space-time scales for the study of matter

2017 NOBEL PRIZE IN CHEMISTRY

Iﬁiﬁ EE)S lﬁﬁ?? l"‘
Stefan

Space

1lmm 100pm 10pm 1pm 100nm 10nm 1nm

l'
=

."'.lllll.l

Unknown
physics

Ins 100ps 10ps 1ps 100fs 10fs 1fs  100as 10as

<

< a
>



B R FENMRERSYIE
OUTLINE
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[I. Brief history of “time” (ultrafast studies)
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Stroboscopic photography ($fiANERH)

:% : )
\ -

Harold Edgerton (MIT, 1930s-19505s)




AOCHIEI, HERFE

A. Elnsteln T. H. Maiman

j ’@

kO BE 38 T AP a0,
MRV RERETFENHFR

£

EEY,




e [RipCHIERITIE

* 1928 |

AOEHIN
1ns First ML laser Tizsapphire M _
] Chirped mirror
M | | l I | l I l CE(ilcontrciI
[K 10 ps | II-:_HQ ;&%;3‘-_ { 1 ps1-360 197ODye ]aser1980 1990 2000
@ I 27 fs with =10 mW
E 100 s 1 Lo 4glfzaxrrv)ft)i:”ﬁIoaos e
il I 1001 \"
{ ‘
{:I:Ig ] ] \
:E: 1 fs ——————— - - 1 10 fS—: ‘;A“
{I,\Q I I o At / Z:&’f:é_A
I I Bﬂl*’}\** ! 1fs __| T T Comprlessed A T
10 as X : : 1960 1970 1980 1990 2000
1940 1960 1980 2000 2020
€ 1960, ZIFEA[RENEE ~1 ms
¢ 1961, FQIFEAR ~100 ns
& 1966, E£&5iftE <1 ns
#1976, TIEFNLEIRIEES <1 ps

¢ 1980s, XiERKMEER ~30 fs

¢ 1980s-1990s, RMBKPEDE. EREHMWE ~5 fs
¢ 1980s-1990s, FXi&BEMPIFLBKPBR~E <1 fs



1ns

=
o

o
wn

100 fs

E/BRE

[
il

1fs

kit

10 as

A aasseed o s sasass s s sasasd s ssaamm

e

= = S T
L uﬁ.rm'eﬁ;\

L L

1940

¢ 2001,
¢ 2002,
¢ 2012,
¢ 2013,
¢ 2019,

1960 1980 2000 2020

BRI E IR F=SEINZpJFDRKkH 650as
(ES O DN 1 o S B
Pl FLRK S 70as

E|NEHIX160as, IS 3EfE80as
EXSRELI-ALPSEB S ZE AL A\ 55 FH

Aftdséé&nd lasers come of age

New laser facilities will allow physicists to study events that last for just billionths of a billionth
of a second, such as the motion of electrons inside atoms. Alexander Hellemans reports

Taking a stll picture of a moving object
requires an exposure time that i short
enough to effectively freeze the motion of
that object. In the case of atoms moving
within molecules, this time is of the order of
afemtosecond (107%5), which therefore re-
quires the use of ultrashort laser pulses.
Although femtosecond pulses are now
common in physicsand chemistry, even they
are too slow  study the motion of elec-
trons, which takes place on the imescale of
attoseconds (107%s). But over the last two
years, separate groups of researchers based
in France, Austria, Sweden and the Neth-
erlands have managed to generate and ob=
serve light pulses that last for just several

§hkr thase created at the LOA - have been
£ confined to pulse trains.

% Krausz’s group isable toisolate individual
§ pulses because it uses a kaser that generates

3 very short optical pulses— lasting just 5 fem-
% (oseconds— whereas other groups use pulses

Xrayspectacle - physicists are generating ultrafast
Xeray pulses by irradiating rare-gas atoms with

£ of the optical laser light and therefore only

o

lasting 50 or 60 femtaseconds. The 5 femto-

second pulses contain only about two cycles

about four attwsecond pulses. Itis then pass-
ible to filter out the few extrancous pulses.
Krausz has also teamed up with Theodor
Hiinsch of the Max Planck Insttute of
Quantum Optics near Munich to control
the temporal structure of attosecond pulses.
To do this they developed so-called phase-

(OF 5 by D e o

AT =B RIS R TR
ZEE10012{2532— (10718) FOHY
BRNSEM, WERFRBEFASE)

--Physics World, FEBRUARY 2004

accelerators. As for studies of electrons in
atons, they could provide informaton
about the fundamental quantum-mechan-
ical behaviour of the hydrogen atom.

Proof of the pudding

The technique used to create attosecond
pulses was put forward in the early 1990s by
several researchers, notably Paul Corkum of
the National Research Council in Ottawa,
Canada. Known as high-order harmonics
generation, thistechniqueinvolves using the
electric field of femtosecond optical laser
pulses to ionize rare-gas atoms and then
accelerate the electrons away from the par-
ent ions. When the electric field changes
direction half a wavelength later, the elec-
trons are driven back to the parent ions.
Upon collision with the ions, the electrons

10

emitted uliraviolét beam and half of the
original optical beam intoa second f
: atoms and then altering the
phase of the two beams. Observing
mn the energy spectum of any electrons
ejected from the gas provided the infor-
mation they needed to work out the relative
phase of the different harmonics.
InNovember 2001 Ferenc Krausz of the
Vienna University of Technology and col-

leagues announced that they had used a
similar technique to observe pulses lasting
650attoseconds. But unlike Agostini, Bal-
cou, Muller and co-workers, the Vienna
team was ableto single out individual pulses,
and it remains the only research group able
1o do so. Although attosecond pulses have
since also been created at AMOLF and at
Lund University in Sweden, these pulses —

physicswen.org

Last November researchers at Saclay repor-
ted making trains with pulses just 130 atto-
seconds long. The aim is to get down to
10 attoseconds, which, says Agostini, is the
lower limit of harmonic generation because
the harmonics produced by the rare-gas tar-
e never completely in phase.

Krausz says that about a dozen inst-
tutions in Europe, the US and Japan will
shortly be equipping themselves with atto-
second lasers that use the technology devel-
oped at Vienna. These labs will take about
ayear to get the pulse-generation and diag-
nostic technology set up, and should then
start carrying out experiments. Altogether,
it can take two or three years to master the
gen
0

P

on of attosecond pulses, according
akking “Several labs are now trying
hard and are quite close.” he says.

Puvsics Worto Fesruagy 2004
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“How do electrons interact with each
other inside solid matter?
What is the ultimate time response
of electronic matter?”

Interaction strength

Cavity QED Exciton polaritons

Cavity

fractional QHE

Mott insulator
of light

Moiré
polaritons

qi L J: ] Nonlinear
- . optics
Paul Corkum Anne L' Huillier Ferenc Krausz
2022 Wolf Prize in Physics

Electron correlation

“for their pioneering contributions to the Photon number

Coherent

fields of ultrafast laser science and : Higgs modes
. . Floquet band
attosecond physics, and for demonstrating structures

time-resolved imaging of electron motion Driven

superconductivity

in atoms, molecules, and solids”

J. Bloch et al., Nature 606, 41-48 (2022).
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J. Phys. B: At. Mol. Opt. Phys. 21 (1988) L31-L35. Printed in the UK

LETTER TO THE EDITOR

Multiple-harmonic conversion of 1064 nm radiation
in rare gases

SePyIN :suoiessn)||

N L M Ferray, A L'Huillier, X FLi, L A Lompré, G Mainfray and C Manus
Anne I— HUl”ler Service de Physique des Atomes et des Surfaces, 91191 Gif sur Yvette, Cédex, France

payaw|

Received 2 November 1987

Abstract, We report the observation of very-high-order odd harmonics of Nd:vAaG laser
radiation in rare gases at an intensity of about 10'* Wem %, Harmonic light as high as
the 33rd harmonic in the XUV range (32.2 nm} is generated in argon. The key point is that
the harmonic intensity falls slowly beyond the fifth harmonic as the order increases. Finally,
a UV continuum, beginning at 350 nm and extending down towards the short wavelength
region is apparent in xenon.

s 5 s |
Pierre Ferenc Anne
AgOSﬁni KraUSZ L, H U”il Radiation Detection System 0 |

“for experimental methods that generate
attosecond pulses of light for the study SPHERICAL
of electron dynamics in matter”
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Leonid Keldysh

Multiphoton transition E
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Adiabatic tunneling

f¥EEEE B Keldyshi&EY (1965)

L. V. Keldysh, Sov. Phys. JETP 20, 1307 (1965).
S. Yu et al., Rev. Mod. Phys. 90, 021002 (2018).
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P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993).



Rescattering or Three-Step Model




Attosecond bursts
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Studies of multiphoton production of vacuum-ultraviolet

Relative Energy Conversion Efficiency

A

High harmonics reported earlier

radiation in the rare gases

A. McPherson, G. Gibson, H. Jara, U. Johann, T. S. Luk, I. A. McIntyre, K. Boyer, and C. K. Rhodes

Department of Physies, University of Illinois at Chicago, P.O. Box 4348, Chicago, Illinois 60680

Received November 1, 1988; accepted December 18, 1986

M of the ltraviolet (<80-nm) radiation produced by intense ultraviolet (248-nm) irradiation
(1015108 W/em?) of rare gases have revealed the copious presence of both harmonie radiation and fluorescence
from excited levels. The highest harmonic observed was the seventeenth {14.6 nm) in Ne, the shortest wavelength
ever produced by that means. Strong fluorescence was seen from ions of Ar, Kr, and Xe, with the shortest
wavelengths observed being below 12 nm. Furtl ore, radi from i hell excited fi i in Xe,
specifically the 4d°5s5p — 4d'%5s manifold ul' Xe™ at ~17.7 nm, was detected. These experimental Fndmgs in
alliance with other studies concerning multie on give evid, for a role of electron correlations in a
direct nonlinear process of inner-shell excitation.
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McPherson et al., J. Opt. Soc. Am. B 4, 595 (1987).

Harmonic generation in CO, laser target interaction

to Backscottered Fundamental

Backscattered Energy Relative

N. H. Burnett, H. A. Baldis, M. C. Richardson, and G. D. Enright

National Research Council of Canada, Division of Physics, Ottawa, K14 OR6, Canada
{Received 23 March 1977; accepted for publication 17 May 1977)

We report the observation of an extended series of integral harmonic lines in the spectrum of direct
backscatter of 10.6-wm radiation incident at intensities > 10'* W/cm? onto planar solid targets. We have
observed and spectrally resolved up to the eleventh harmonic (0,95 um) at intensities well above the
plasma continuum background.
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N.H. Burnett et al., Appl. Phys. Lett. 31, 172 (1977).



Theoretical explanations

Atomic antenna

M. Yu. Kuchiev
A. F. Ioffe Physicotechnical Institute, Academy of Sciences of the USSR, Leningrad

(Submitted 26 December 1986; resubmitted 2 March 1987)
Pis’'ma Zh. Eksp. Teor. Fiz. 45, No. 7, 319-321 (10 April 1987)

A new mechanism for the absorption of photons of a low-frequency field by an
atom is proposed: an “‘atomic antenna.”” This mechanism raises the intensity of
multiphoton processes by many orders of magnitude. This is true in particular of
multiple ionization and of ionization far from the threshold.
VOLUME 70, NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARCH 1993

Above Threshold Ionization Beyond the High Harmonic Cutoff

K. J. Schafer,(V) Baorui Yang,® L. F. DiMauro,® and K. C. Kulander(!)
1 Lawrence Livermore National Laboratory, Livermore, California 94550
@ Chemistry Department, Brookhaven National Laboratory, Upton, New York 11978
(Received 2 December 1992)

We present high sensitivity electron energy spectra for xenon in a strong 50 ps, 1.053 um laser
field. The above threshold ionization distribution is smoothly decreasing over the entire kinetic
energy range (0-30 eV), with no abrupt changes in the slope. This is in direct contrast to the sharp

| spectra. Calculations using the single active
th the observed electron distributions. These

VOLUME 71, NUMBER 13 PHYSICAL REVIEW LETTERS 27 SEPTEMBER 1993 stween the electron and photon emission from

Plasma Perspective on Strong-Field Multiphoton Ionization

P. B. Corkum

National Research Council of Canada, Ottawa, Ontario, Canada K1A OR6
(Received 9 February 1993)

During strong-field multiphoton ionization, a wave packet is formed each time the laser field passes its
maximum value. Within the first laser period after ionization there is a significant probability that the
electron will return to the vicinity of the ion with very high kinetic energy. High-harmonic generation,
multiphoton two-electron ejection, and very high energy above-threshold-ionization electrons are all
consequences of. this electron-ion. interaction. One important Para povolCAL REVIEW A VOLUME 49, NUMBER 3 MARCH 1994
of these effects is the rate at which the wave packet spreads in th
electric field; another is the laser polarization. These will be crucial

T Theory of high-harmonic generation by low-frequency laser fields

M. Lewenstein,’* Ph. Balcou,® M. Yu. Ivanov,>! Anne L’Huillier,2# and P. B. Corkum?

! Joint Institute for Laboratory Astrophysics, University of Colorado, Boulder, Colorado 80309-0440
2 Service des Photons, Atomes et Molécules, Centre d’Etudes de Saclay, 91191 Gif sur Yvette, France
3 National Research Council of Canada, M-23A, Ottawa, Ontario, Canade K1A OR6
*Lawrence Livermore National Laboratory, L-443, P.O. Boz 5508, Livermore, California 94550
(Received 19 August 1993)
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Observation of a Train of
Attosecond Pulses from High
Harmonic Generation

P. M. Paul,” E. . Toma,? P. Breger," G. Mullot,? F. Augé,?
Ph. Balcou,® H. G. Muller,?* P. Agostini’

In principle, the temporal beating of superposed high harmenics obtained by
focusing a femtosecond laser pulse in a gas jet can produce a train of very short
intensity spikes, depending on the relative phases of the harmonics. We present
a method to measure such phases through two-photon, two-color photoion-
ization. We found that the harmonics are locked in phase and form a train of
250-attosecond pulses in the time domain. Harmonic generation may be a
promising source for attosecond time-resolved measurements.
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Reconstruction of attosecond beating by interference of two-photon transitions (RABBITT)
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Attosecond metrology
= M. H hel* 1, R. Kient t, Ch. Spiel , 6. A. Reider*, N. Milosevic*, T. Brabec*, P. Corkum, U. Heinzmanns, M. Dreschers

&F. Krausz*

[ | * Institut fiir Photonik, Technische Universitit Wien, Gusshausstr. 27, A-1040 Wien, Austria
£ . - +Steacie Institute of Molecular Sciences, NRC Canada, Ottawa, Canada K1A OR6

‘ = - § Fakultdt fiir Physik, Universitiit Bielefeld, D-33615 Biclefeld, Germany
T These authors contributed equally 1o this work

N\

Ferenc Krausz

SEPIN :SuoHels

The generation of ultrashort pulses is a key to exploring the dynamic behaviour of matter on ever-shorter timescales. Recent
developments have pushed the durat:on of laser pulses close to its natural limit—the wave cycle, which lasts somewhat longer
than one femtosecond (1 fs = 107'° 5) in the visible spectral range. Time-resolved measurements with these pulses are able to trace
dynamics of molecular structure, but fail to capture g on an att d (1 as = 107" 5) timescale.
Here we trace d ics with a tlme. lution of = 15035 by using a suhfemtosecond soft-X-ray pulse and afew-cycle
visible light pulse. Our measurement i tes an att of the atomic system, a soft-X-ray pulse duration of
650 + 150 as and an attosecond synchmmsm of the soft-X-ray pulse with the light field. The demonstrated experimental tools and
techniques open the door to pe: py of bound el

o
@
o

‘\ TOF
. \ XUV pul
Pierre Ferenc . " i
Agostini Krausz L'Huil RS
“for experimental methods that generate .
attosecond pulses of light for the study
of electron dynamics in matter”
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Laser electric
field E (t)

Photoelectron energy (eV)
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Measuring single isolated attosecond pulse
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Z. Zhu et al. Sci. Rep. 10, 1-7 (2020)



“INSTITUT
NOPTIK

(]
e
Z
<
D
o
o
)
7




irect e domain e L
' s al-s
| Science 328, 1658~ Introduction to attose.cond sl‘]‘(‘)’tso":l‘]’]'i‘gsi (')':] ¢ om solids
1662 (2010). delays in photoionization e i e »
‘Attosecond-resolved photo
of chiral molecules .
Science 358, 1288—1294 (2017)

— jonizatio

. E = i s . r i = et
'JII{‘,",(V‘:'(,«".,)',.",’I;:”’,'{{J”]. / n -~ ,__@-—-.W—_’——‘

Ime anc ,'{x";,':'/lg":,'fj,-é‘ -
Zeptosecond birth time delay in molecular
photoionization

Grundmann et al., Science 370, 339 (2016)

onalr

1ence _555‘{_;‘{ 893-896

-
N

Courtesy: P. Agostini




phenylalanine

Ultrafast charge migration
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F. Calegari et al., Science 346, 336 (2014).
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Pulse width (attoseconds)

Developments in ultrafast techniques
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Simulating Black Hole and Hawking Radiation
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