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m What is strong/intense? Electric field due to the attraction of an
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world

m What is small? Bohr radius: 0.0529 nm (0.529 A), typical classical
excursion of an electron in an oscillating electron field: 1-10s nm (10-100s
A). Engineering metal/dielectrics nanostructures down to a few tenths of
nanometers is nowadays possible

For the first time we could combine attosecond time resolution with
engineering at a nanometric scale: the Atto-nano-physics stage
has just started!!!
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Typical HHG spectra in atoms (experiment)

Main theoretical assumption: the laser electric field is
spatially homogeneous
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Main theoretical assumption: the laser electric field is
spatially homogeneous

G. G. Paulus, et al. , Phys. Rev. Lett. 91, 253004 (2003); B. E. Schmidt, et al. , J. Phys. B. 45, 074008

(2012)
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(a) an atomic or molecular electron is laser-ionized via tunneling; (b) it is pulled
away from the atom; (c) it is driven back -when the laser electric field reverses
its direction; (d) it can 'recollide” during a small fraction of time (sub-fs) and
convert its kinetic energy into a high energy and 'ultrashort’ photon -or it can
rescatter, double ionize, etc.;
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(a) an atomic or molecular electron is laser-ionized via tunneling; (b) it is pulled
away from the atom; (c) it is driven back -when the laser electric field reverses
its direction; (d) it can 'recollide” during a small fraction of time (sub-fs) and
convert its kinetic energy into a high energy and 'ultrashort’ photon -or it can
rescatter, double ionize, etc.; (e) the quantum mechanical picture: split of the
wavefunction in a bound and a continuum part, overlap after.

P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993); M. Lewenstein, et al., Phys. Rev. A 49, 2117 (1994);
P. B. Corkum & F. Krausz, Nat. Phys. 3, 381 (2007)
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M. Lewenstein, et al., Phys. Rev. A 49, 2117 (1994); M.F. Ciappina, et al. Attosecond physics
at the nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
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The Strong Field Approximation (SFA) for ATI

® total probability amplitude

W

e direct electrons probability amplitude

® rescattered electrons probability amplitude

T, [e)
ME) = — / "t / dt’ / dk @) (p + A(r, )|V |k + A(r, t))
0 t

xSttt (e 4 A(r, t)|E(r, ) - rlto)

D. B. Milosevi¢, et al., J. Phys B 39, R203 (2006); M.F. Ciappina, et al. Attosecond physics at
the nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
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P. B. Corkum, Phys. Rev. Lett. 71, 1994 (1993); M.F. Ciappina, et al. Attosecond physics at
the nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
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M.F. Ciappina, et al., Phys. Rev. A 85, 033828 (2012); M.F. Ciappina, et al. Attosecond physics at the

nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
Marcelo Ciappina

Attosecond Physics gets Nano

16 / 28



Selected Results - Episode Il

Attacking the CEP determination

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

B caricature of the plasmonic-enhanced
field (linear dependence)

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)
m high-energy electron production

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination
Classical model

Rationale

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)
m high-energy electron production

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination

Rationale

Classical model

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Rationale

Attacking the CEP determination
Classical model

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

m tailoring electron trajectories

1D ATI for CEP #1

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination
Classical model

Rationale

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination
Classical model

Rationale

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination
Classical model

LAl
be oAb

m high-energy electron production S @ )

fal M L e m L.

Rationale

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m tailoring electron trajectories

Marcelo Ciappina Attosecond Physics gets Nano 17 / 28



Selected Results - Episode Il

Attacking the CEP determination
Classical model

Rationale

B caricature of the plasmonic-enhanced
field (linear dependence)

m strong CEP dependence (energy)

m high-energy electron production

m tailoring electron trajectories

1D ATI for CEP #1 1D ATI for CEP #2

10
It
'

w0

10 1' o,

gw ®

LR

) .
M.F. Ciappina, et al., Phys. Rev. A 86, 023413 (2012); M.F. Ciappina, et al. Attosecond physics at the
nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
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M.F. Ciappina, et al., Phys. Rev. A 87, 063833 (2012); M.F. Ciappina, et al. Attosecond physics at the
nanoscale, Rep. Prog. Phys. 80, 054401 (2017).
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J. A. Pérez-Hernandez, et al., Phys. Rev. Lett. 110, 053001 (2013); M.F. Ciappina, et al. Attosecond

physics at the nanoscale, Rep. Prog. Phys. 80, 054401 (2017).

Marcelo Ciappina

Attosecond Physics gets Nano

20 / 28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

m near-plasmonic-enhanced field
(streaking)

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

m near-plasmonic-enhanced field
(streaking)

m HHG cutoff extension

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

m near-plasmonic-enhanced field
(streaking)

m HHG cutoff extension

m high energetic electrons

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

m near-plasmonic-enhanced field
(streaking)

m HHG cutoff extension
m high energetic electrons

m tailoring trajectories

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Rationale

m near-plasmonic-enhanced field
(streaking)

HHG cutoff extension
high energetic electrons

tailoring trajectories

electron as a probe of plasmonic fields

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Rationale Proposed setup & near-field

m near-plasmonic-enhanced field
(streaking)

HHG cutoff extension
high energetic electrons

tailoring trajectories

electron as a probe of plasmonic fields

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Rationale
m near-plasmonic-enhanced field %

Proposed setup & near-field

(streaking)
HHG cutoff extension

high energetic electrons St
tailoring trajectories E /{\

electron as a probe of plasmonic fields

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Rationale Proposed setup & near-field
near-plasmonic-enhanced field

(streakmg)
HHG cutoff extension

high energetic electrons

tailoring trajectories

electron as a probe of plasmonic fields

<

Electrons

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Rationale Proposed setup & near-field
near-plasmonic-enhanced field

(streakmg)
HHG cutoff extension

high energetic electrons

tailoring trajectories

electron as a probe of plasmonic fields
v

Electrons

homogeneous 229

Photoelectron yield (arb. units)

e | gz

1 10 100 1000

Electron energy (cV)

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Proposed setup & near-field

near-plasmonic-enhanced field
(streaking)

HHG cutoff extension
high energetic electrons

tailoring trajectories

electron as a probe of plasmonic fields

Electrons

PBlectrons e

homogeneous 229

Photoelectron yield (arb. units)

Electron encrgy (V)

1000

NSy

Marcelo Ciappina

Attosecond Physics gets Nano

21/ 28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Proposed setup & near-field

near-plasmonic-enhanced field

(streakmg) - Z

HHG cutoff extension

high energetic electrons

tailoring trajectories E /{\

electron as a probe of plasmonic fields

homogeneous 229

Photoelectron yield (arb. units)

1000

Electron encrgy (V)

Marcelo Ciappina Attosecond Physics gets Nano 21 /28



Selected Results - Episode VI

The return of ATl and HHG driven by plasmonic near-fields

Proposed setup & near-field

near-plasmonic-enhanced field

(streakmg) - Z

HHG cutoff extension

high energetic electrons

tailoring trajectories E /{\

electron as a probe of plasmonic fields

102 \ @
10

" homogencous

%=29

cld (arb. units)

|

1 10 100 1000 07

Electron encrgy (V)

Harmonic oder
T. Shaaran, et al., Phys. Rev. A 87, 041402(R) (2013); M.F. Ciappina, et al., Las. Phys. Lett. 10,
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(2017).

Marcelo Ciappina Attosecond Physics gets Nano 21 /28




Selected Results - Episode VII

The high-energy structure (HES) awakens

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

m linear inhomogeneous field

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

m linear inhomogeneous field

m high-energy structure (HES)

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

m linear inhomogeneous field
m high-energy structure (HES)

m independent of the atom

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

linear inhomogeneous field
high-energy structure (HES)

independent of the atom

validated via CTMC simulations

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

Rationale

linear inhomogeneous field
high-energy structure (HES)
independent of the atom

validated via CTMC simulations

highly (temporally) localized electron
bunches

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

3D TDSE (H and He)

Rationale

linear inhomogeneous field
high-energy structure (HES)
independent of the atom

validated via CTMC simulations

highly (temporally) localized electron
bunches

Marcelo Ciappina Attosecond Physics gets Nano

22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens
SE (H and He

H_p=0005 CEP=n
H_B=0005 CEP-0
p-o

Rationale

linear inhomogeneous field )
high-energy structure (HES) —y
independent of the atom

validated via CTMC simulations

highly (temporally) localized electron
bunches

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens
SE (H and He)

Rationale

H_p=0005 CEP=n
H_B=0005 CEP-0

linear inhomogeneous field )
high-energy structure (HES) JE—— Y
independent of the atom

validated via CTMC simulations

highly (temporally) localized electron
bunches

CTMC simulations

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

Rationale

linear inhomogeneous field

high-energy structure (HES)

independent of the atom

log yield (au)

validated via CTMC simulations

highly (temporally) localized electron
bunches

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens
3D TDSE (H and He)

P 40005 CEPen

H_§=0005 CEP=0
H_p=0_CEP=0

Ho_§=0.005_CEP=r
Ho_8=0.005_CEP=0
Ho_=0_CEP=0

Rationale

linear inhomogeneous field

high-energy structure (HES)

log yield (au)

]
| ]

m independent of the atom

m validated via CTMC simulations
]

highly (temporally) localized electron
bunches

o 100

200 300 400 500
energy (eV)

lonization phase CTMC

. ()=0.005
= =0

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

Rationale

linear inhomogeneous field

high-energy structure (HES)

independent of the atom

log yield (au)

validated via CTMC simulations

highly (temporally) localized electron
bunches

200 300
energy (eV)
v

lonization phase C

.+ p=0.005

- =0
80
60 3
" j j W M
Y
0 7 U

600

E,inleV]

300 0 300 600
w-t, (ionization phase)

Marcelo Ciappina Attosecond Physics gets Nano 22 /28



Selected Results - Episode VII

The high-energy structure (HES) awakens

Rationale

linear inhomogeneous field
high-energy structure (HES)
independent of the atom

validated via CTMC simulations

highly (temporally) localized electron
bunches

DSE (H and He)

Ho_=0_CEP=0

40 60
EyinleV]

200 300
energy (eV)

.+ p=0.005

- =0
80 \

3 ® )

20 i w \

0 7 & v

600 600

300 0 300
w-t, (ionization phase)

onization phase CT
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Marcelo Ciappina

Attosecond Physics gets Nano

22 /28



Selected Results - Episode VIl

The last recombination site

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

m Wannier picture for the valence band
(sites)

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

m Wannier picture for the valence band
(sites)

m Bloch picture for the conduction band
(delocalized)

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids
m Wannier picture for the valence band
(sites)

m Bloch picture for the conduction band
(delocalized)

m atomic-like recombination picture
(different sites contribution)

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

HHG in solids

Wannier picture for the valence band
(sites)

Bloch picture for the conduction band
(delocalized)

atomic-like recombination picture
(different sites contribution)

other models comparison: advantages

Marcelo Ciappina

Attosecond Physics gets Nano

23/ 28



Selected Results - Episode VIl

The last recombination site

HHG in solids

Wannier picture for the valence band
(sites)

Bloch picture for the conduction band
(delocalized)

atomic-like recombination picture
(different sites contribution)

other models comparison: advantages

Marcelo Ciappina

Attosecond Physics gets Nano

23/ 28



Selected Results - Episode VIl

The last recombination site

HHG in solids

Wannier picture for the valence band
(sites)

Bloch picture for the conduction band
(delocalized)

atomic-like recombination picture
(different sites contribution)

other models comparison: advantages

Marcelo Ciappina

Attosecond Physics gets Nano

23/ 28



Selected Results - Episode VIl

The last recombination site

HHG in solids

Wannier picture for the valence band
(sites)

Bloch picture for the conduction band
(delocalized)

atomic-like recombination picture
(different sites contribution)

other models comparison: advantages

Yoot —AoN—0--

Comparison with Bloch-Bloch

Marcelo Ciappina

Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

m Wannier picture for the valence band
(sites)

m Bloch picture for the conduction band
(delocalized)

m atomic-like recombination picture
(different sites contribution)

m other models comparison: advantages

Comparison with Bloch-Bloch

(@) |= secnsioen |

classical cut off

Harmonic Yield (arb. units)
=
)

0 5 10 15 20 25 30 35
Harmonic order

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

=
m Wannier picture for the valence band _/\
9 t=0 @0 OO
(sites)
i i , A
m Bloch picture for the conduction band Z A
(delocalized) e Lo Sel o0
m atomic-like recombination picture Ly"'”:i
(different sites contribution) t, ,/.\_/\_/“\_/.\._4\

m other models comparison: advantages

Comparison with Bloch-Bloch Localization study

(@) |= secnsioen |

classical cut off

Harmonic Yield (arb. units)
=
)

0 5 10 15 20 25 30 35
Harmonic order

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

; A =
m Wannier picture for the valence band
9 t=0 ----e------ @@ @ o----
(sites)
. . | 1 A

m Bloch picture for the conduction band "=y A DN

(delocalized) e Lo Sel o0
m atomic-like recombination picture a 1=3

(different sites contribution) t, 4 Lo o

o2 el Jo Jotl  Jo+2

m other models comparison: advantages ’ 4

Comparison with Bloch-Bloch

(@) |= secnsioen |

classical cut off
classical cut off

Harmonic Yield (arb. units)
=
o

Harmonic Yield (arb. units)
=
)

0 5 10 15 20 25 30 35
Harmonic order

Harmonic order

Marcelo Ciappina Attosecond Physics gets Nano 23 /28



Selected Results - Episode VIl

The last recombination site

m HHG in solids

m Wannier picture for the valence band
(sites)

m Bloch picture for the conduction band
(delocalized)

m atomic-like recombination picture
(different sites contribution)

m other models comparison: advantages

Comparison with Bloch-Bloch

(@) |= secnsioen |

classical cut off

Harmonic Yield (arb. units)
=
)

A
0 5 10 15 20 25 30 35
Harmonic order

1=1 7 AN
oot —tet—oN—0--
li-'1=3
V2
t < ‘o o -0
o2 ol Joo ol ot2

classical cut off

Harmonic Yield (arb. units)
=
)

Harmonic order

V.
E. N. Osika, et al. Wannier-Bloch approach to localization in high harmonics generation in solids,

Phys. Rev. X 7, 027017 (2017).
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Thank You

Thank you
for your attention !
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Announcement

Attosecond Physics at the Nanoscale
International Workshop

Scientific Coordinators:

Dr. Marcelo Ciappina (ELI-Beamlines, Czech Republic)

Prof. Seungchul Kim (POSTECH and Busan University, South
Korea)

Prof. Young-Jin Kim (Nanyang Technological University,
Singapore)

When: October 22-26, 2018 (Save the date!!!)

Where: Center for Theoretical Physics of Complex Systems (PCS),
Daejeon, South Korea

Interested? Please write me: marcelo.ciappina@eli-beams.eu
Partial or total support provided

(Stay Tuned!!!]
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