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(atto — from Danish word for eighteen — atten)



Attophysics (Wikipedia)

« Attophysics is a branch of physics wherein
attosecond duration pulses of electrons or photons
are used to probe dynamic processes in matter with
unprecedented time resolution. This branch of
physics which involves studying some of the fastest
physical events is also known as attoscience.

* Electrons and photons have played a central role in the scientific and
technological revolution of the 20th century (discovery of transistor
and laser; electronics and photonics). During the last decade, the
advance of science and technology has enabled observation of
atomic-scale dynamics of electron motion, both in space and time.
As a “child” of the strong-field physics, a new area of science —
attoscience — has been born. The science i1s becoming able to
describe electronic motion 1n atoms, molecules and nanoscale
structures, and thus the borders between physics, chemistry and
biology tend to disappear. On the other hand, the electronic motion
1s responsible for emission of lights. Emission of coherent light in
the form of ultrashort soft x-ray pulses on the attosecond time scale
1s possible via high-order harmonic generation process.
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How “short” 1s an attosecond?

One attosecond 1s to 1 second as one second is to the age of the universe.

Imagine how different our universe 1s compared to the universe when it
was born. The world of attoseconds 1s equally different from our world.
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DNA Unfolding
The Nobel Prize in

Chemistry 1999

Ahmed H. Zewail, California Institute of Technology.
Timescale of chemical reactions — period of oscillations of
atoms in a molecule is 10-100 fs (1 fs = 10-1° s).

For physicists the electrons are more interesting.
For them the femtosecond scale is too slow.




From femtochemistry to attophysics

If we suppose that the Bohr model of atom 1s
valid then the electron in hydrogen atom
revolving around the nucleus for 152 as.
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Extreme Light Infrastructure (ELI)

is a European project with three

sites that will be completed in a
Several methods were few years.
developed for emitting
extremely powerful short :
laser pulses, but then E'o
10%9 development stopped - it ’
was not possible to amplify E
the light pulses further
without damaging the
amplifying material.
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Figure 6. The development of the highest intensity laser pulse. The CPA technique being rewarded
this year is the foundation for the explosive development of increasingly strong laser pulses.



Gérard Mourou Donna Strickland

Nobelova nagrada 1z fizike za 2018 (1/2):

"for their method of generating high-intensity, ultra-short optical pulses.”
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Figure 5. The standard CPA configuration. The chirp is illustrated with colours. Initially the
gain medium (amplifier) was Nd:glass, whereas today, another common gain medium is
Ti:sapphire. (Reproduced from Center for Ultrafast Optical Science, University of Michigan in
Ann Arbor.)
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ATOMIC PROCESSES IN
A STRONG LASER FIELD

Laser-assisted processes
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Above-threshold ionization (ATI)

(Agostini et al. 1979, high-order
ATI - Paulus et al. 1994)
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(L'Huillier et al. 1987)

08 -
(a)

0.6

0.4 -

0.2 |

AW

f ] 1 1
1 2 3 & S 6 7 8 9 10 E(eV)



ABOVE-THRESHOLD IONIZATION (ATI)
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High-order ATI (Paulus et al. 1994)
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W. Becker, S. Goreslavski, D. B. MiloSevi¢, and G. G. Paulus,
The plateau in above-threshold ionization: the keystone of rescattering physics
J. Phys. B 51, 162002 (2018) Topical Review



High-order harmonic generation (1987)
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Three-step model (1993)
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HHG, Corkum

W. Becker, S. Goreslavski, D. B. MiloSevi¢, and G. G. Paulus,
The plateau in above-threshold ionization: the keystone of rescattering physics
J. Phys. B 51, 162002 (2018) Topical Review



Three-step model (1993)

E...=0.538/+10.007U,

p,max

HATI
1 a.u.=24.2 as

- Recollision during small part of the optical cycle — Attoscience

- Linearly polarized laser field — linear trajectories (1D), high-harmonics lin. pol.



D. B. MiloSevi¢ and W. Becker,
"Attosecond pulse trains with unusual nonlinear polarization”,
Phys. Rev. A 62, 011403(R) (2000)



Bicircular field
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Field of the 2 components and the resulting bi-chromatic field
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O. Kifir et al., Nature Photonics 9, 99 (2015)



HHG by bicircular w-2w fleld
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Along these three segments, between ionization and
recombination the field is approximately linearly polarized
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Experiment: 3D atto
Theory: D. B. Milosevi¢ and W. Becker, metrology, Murnane et al

Phys. Rev. A 62, 011403(R) (2000) Science Advances 2,
e1501333 (2016)



Ey (a.u.)
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Tomographic reconstruction of circularly polarized high-harmonic fields: 3D
attosecond metrology, Murnane et al, Science Advances 2, e1501333 (2016)



Gd/Fe

Proc. Natl. Acad. Sci. U.S.A.
112, 14206 (2015)
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A. Crrcularly polarized soft X-ray beams are generated by focusing counter-rotating circularly polarized bi-
chromatic lasers at 0.79um and 1.3um imto a gas-filled wavegmde. This source 1s then used for XMCD
transnussion geometry. B. Circular HHG spectrum exhibits a peak-pair structure, with a separation within each pair
of @, — w,, while different pairs are separated by @, + @, C. HHG spectra transmutted through a Gd/Fe multilayer as

the magnetization direction 1s parallel (red) and antiparallel (blue) to HHG propagation direction.






Harmonic order n
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HHG spectra of BF; molecule exposed to bicircular field
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Odzak, E. Hasovi¢, D.B. MiloSevi¢, Phys. Rev. A 94, 033419 (2016)




Spin-polarized electrons

Fundamental property of elementary particles is the spin:

Electrons have spin 1/2, they are fermions and satisfy Pauli
exclusion principle. The spin governs behavior of the
matter: from the periodic table to magnetism

Stern-Gerlach experiment 1922:

Atoms were polarized and this method was not applicable
to select polarization of free electrons

Fano effect 1969:

Polarized electrons can be obtained by photoionization of
unpolarized atoms by circularly polarized light

Generalization to multiphoton ionization: Lambropoulos ...
For details see the book and the review:
J. Kessler, Polarized electrons, Springer, Berlin, 1985.

T.J. Gay, Physics and technology of polarized electron
scattering from atoms and molecules, Adv. At. Mol. Opt.
Phys. 57, 157 (2009).



Polarized electrons in
strong-field physics

* First theoretical prediction in SF ionization of
noble gases with circularly polarized light:

|. Barth and O. Smirnova, Spin-polarized
electrons produced by strong-field ionization,
Phys. Rev. A 88, 013401 (2013)

« Experiment: Hartung et al., Electron spin
polarization in strong-field ionization of xenon
atoms, Nature Photon. 10, 526 (2016)

« D. B. Milosevic¢, Possibility of introducing spin
Into attoscience with spin-polarized electrons
produced by a bichromatic circularly polarized
laser field, Phys. Rev. A 93, 051402(R) (2016)



ATI of inert gases having
large fine-structure splitting

* In photoionization of Xe there are two
continua corresponding to two ground
states of Xe* ion (?P;, and %P, ,)

+ 132=12.13 eV, |12=13.44 eV

(fine-structure splitting of 1.31 eV; I=1)

 Differential ionization rate for ATI of atoms
in initial state y; with emission of an
electron having momentum p is:

W, =21 Tp,-|2




Summed 1onization rate:
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Laser electric field in the xy plane =
only the T-matrix elements with m=+1 are different from

Zero
_ (11/2)(11/2)+ W
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No spin-orbit coupling =1, =1""= A =0
Rates equal form=+landm=-1 = A =0
Linear polarization: A; =0

Circular polarization: A) # 0, but no rescattering

Bicircular field: A) # 0 and rescattering = attospin



Differential ionization rates and spin asymmetry of Xe atoms
(counterrotating w-2w, direct electrons)
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Normalized asymmetry parameter for
forward scattered electrons

P, (a.u.)
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Shortest forward scattering orbits
Maxima near (p,,p,)=(0.6 a.u.,1 a.u.), as in the experiment



2 0.03
0.02

0.01

(a.u.)

~1

p
o

001

"' -0.02
0

Py (a.u)

lonization yield

Spin asymmetry in the backscattering
regime

spin asymmetry is maximal for
the shortest pair of rescattering
orbits [(a,B,m) = (£1,1,0)] where
the yield is maximal, too

The emission times of these
electrons are very precisely
defined on the attosecond scale

,=1,=10"* W/cm?
xenon, 800 nm
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Conclusions

Strong-field processes driven by bicircular field

1D (linear) — 2D (trajectories unfold in a plane)

Exploration of molecular symmetries using dynamical
symmetry of bicircular field

Circularly polarized high harmonics (selection rules, chiral
molecules, magnetic materials, etc.)

Spin polarized electrons — attospin

Direct ATI electrons — significant spin polarization
(fast oscillations in the momentum plane)

Backscattering HATI — high-energy spectrum:
spin polarization on the attosecond time scale



Physical Review

Kaleidoscope selections are based on aesthetic merit

Kaleidoscope for November 2015:
Bicircular-laser-field-assisted electron-ion radiative recombination
S. Odzak and D. B. MiloSevi¢, Phys. Rev. A 92, 053416 (2015)
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Kaleidoscope for May 2016:
Possibility of introducing spin into attoscience with spin-polarized
electrons produced by a bichromatic circularly polarized laser field
D. B. MiloSevi¢, Phys. Rev. A 93, 051402(R) (2016)
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Kaleidoscope for June 2016:
Improved strong-field approximation and quantum-orbit theory:
Application to ionization by a bicircular laser field
D. B. MiloSevi¢ and W. Becker, Phys. Rev. A 93, 063418 (2016)
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Kaleidoscope for March 2017:
Strong-field ionization of homonuclear diatomic molecules

by a bicircular laser field: Rotational and reflection

symmetries

M. Busuladzi¢, A. Gazibegovi¢-Busuladzi¢, and D. B. MiloSevic,
Phys. Rev. A 95, 033411 (2017)
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Kaleidoscope for September 2018:
Control of the helicity of high-order harmonics

generated by bicircular laser fields
D. B. Milo$evié, Phys. Rev. A 98, 033405 (2018)
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ATTOSCIENCE

Attoscience is an emerging field whose goal is to
probe and control matter on its natural time scale.

For electronic motion in atoms, molecules, and solids
this is measured in attoseconds (or one millionth of
one millionth of one millionth of a second).

Improvements in laser and optical technologies have
enabled experimentalists to produce pulses of light
whose durations are measured in attoseconds.

Such pulses have opened new avenues for studying
not only the time domain, but also spatial scales
smaller than molecular and even atomic dimensions.
They promise a revolution in our knowledge and
understanding of matter, and, in the near future, our
ability to control matter on the scale of atoms.



Thank you for your attention!





