,ca (carrier envelope phase) Ha
/ reHepau,vuo aTTOCEKYHOHbIX

Cepren PbikoBaHOB
CkonkoBckun VIHCTUTYT Haykmn n TexHonormn



Our natural curiosity requires faster and shorter scales

Can we see the motion of electrons?

Hydrogen atom
Bohr radius ~ 1.5 Angstrom

Bohr orbit period ~ 150 attoseconds

\—/ 1as=101s

las/1s ~ 1s/ageof Universe

"One of the primary goals of attosecond science is to provide more insights into the
dynamics of atomic electrons.”
P. Agostini, L.F. DiMauro, Reports on Progress in Physics, 67, 813 (2004)
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Pump-probe technique



Quest for more intense laser pulses

Intensity = Energy / Unit Surface / Unit time

Sun Intensity on Earth surface ~ 0.1 W cm™

, e 1985 CPA (Chirped Pulse Amplification)
Non-linear QED A2 D) | e Petawatt laser systems (1015 Watt)
- e World power production ~10!3 Watt
Ultrashort pulses (femtosecond)

Relativistic lons e 1 femtosecond = 1015 seconds

10°° H HERCULES

<€ >

1015 ~10 um

Focused Intensity / Wem
2
o

«— Mode-locking
0l / «<— Q-switching

e 10 times smaller than human hair

B

1960 1970 1980 1990 2000 2010
Picture credit: CUOS, University of Michigan skaIteCh



Harmonics and attosecond physics

Heisenberg uncertainty:

AWAT = 21

If we want short pulses — we need a broad spectrum

B —————

:xﬂmklﬂ(lwz)“74w PHYSICS LETTERS A

Proposal for attosecond light pulse generation using laser induced
multiple-harmonic conversion processes in rare gases

Gy. Farkas and Cs. Téth
Research Institute for Solid State Physics, Central Research Institute for Physics, P.O. Box 49, H-1525 Budapest, Hungary

Received 11 June 1992; accepted for publication 13 July 1992
Communicated by V.M. Agranovich

attosecond ‘train’ (first produced in 2001)
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Attosecond beamline

Few-femtosecond,

few-cycle
laser pulse
A, ~ 750 nm
T, ~5fs
W, ~ 03mJ

Time-of-flight

electron
~ spectrometer ! '3
XUV pulse
knocks electron/ ﬁ
free in the |
presence of the ] | \

feW'C%:Slg laser Near—dlffractlon limited
| Atomic  xyv/soft-X- ray beam

gas

7}

= 1
-
ﬁ £
S,
Ne. =
€ gas ‘»
’ 5

2o

50 60 70 80 90 100 110
Photon energy [eV]

Picture from F. Krausz and M. Ilvanov, RMP, 81, 163 (2009) Skoltech



Plasma medium for high peak number of UV photons

from Tsakiris et al,
filter NJP, 8, 19 (2006)

Atomic medium: Plasma medium:
* high average photon number * |ow average photon number
* |ow peak photon number * high peak photon number
* IR pump — UV probe e UV pump — UV probe
 hard to reach water window  water window within/each
i ot
] HelmholtzInstitut Jena




Mechanisms of surface harmonics generation

& 1 simLﬁti c Trajectory mapped emission
n,
} L R Position (nm) Position (nm.) .
Coherent Wake Emission? Coherent Synchrotron Emission?
A
" Pictures from:
£ 1. Nomura, et al, Nat. Phys., 5, 124 (2009)
a 2. Dromey, et al, Nat. Phys., 8, 804 (2012)
3. Rykovanoy, et al, NJP, 10, 025025 (2008)
Space p
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Oscillating mirror model
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Oscillating mirror model
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Oscillating mirror model
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Spatial and temporal coherence

namire
physics

LETTERS
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Attosecond phase locking of harmonics emitted
from laser-produced plasmas

Y. Nerwea * B Hirle o™, B Teallin', A. Ceomey’, S Rylevarov', 7o Mae', | Ddwta'l’,
S, Karsch', L vekz', M. Zeat', DL Craraambiis™, F Kraume' 2ed G, O, Tseking'!

temporal structure

ramrc

physics
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Diffraction-limited performance and focusing of
high harmanics from relativistic plasmas

B.Dremey', B. Adems', R Hadeia™d, V. Norural, £, G. Rybevanov?®, D. & CareclP. 2.8, Faster®,
S Kar', K. Markey', P. Mcerna®, D. Nesdy®, M. Ge ssler', G D Tsakirls® and M. Zeof'*
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Gating of single attosecond pulses

Intensity gating Polarization gating

|

NN \ |
NV |

+ other techniques (i.e. attosecond lighthouse)

13 Skoltech



BrnaHue doasbl HecyLlen (carrier envelope
phase) Ha reHepauunio aTTOCEKYHOHbIX
MMMYJIbCOB
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[ paHW4YHbIE YCNOBUS
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[ paHW4YHbIE YCNOBUS

HenpepbIBHOCTb 3N1E€KTPUYECKOro nons

ag cos(t + o) + a, cos(t + ¢,.) = a; cos(t + ;) £(0)

HenpepblBHOCTb MarHUTHOIO NOJIA

ag cos(t +¢g) — a, cos(t +p,) = —ay sin(t + ¢¢) f'(0)

2 Ao

Ae = \//H-w(%'

Ot = Yo — arctan (f’(())>
T f(0)
(0)

/

g :"’“‘)“““’@(0))
£0x) WJ bonvislro  yp-

od = & - —n(=)V

Bce nons n3BecTtHbl, MOXXeM CMOTpPEeTb Ha (crnabopensaTUBUCTCKYI0) ANHAMUKY



[ paHW4YHbIE YCNOBUS

HenpepbIBHOCTb 3N1E€KTPUYECKOro nons

ag cos(t + o) + a,. cos(t + ¢,.) = a; cos(t + ;) f(0)
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IlnHammnka nia3mbl -
OCUMIIIMPYIOLLLEE 3epKaslo

12.0

11.5 j — : : 210
| [q180
g11.0 - -‘“_. - 150
'8 10.5 — 1 11120
2.10.0 5 1 11o0
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9.0 - 30
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X [wavelengths]

FIG. 1. Spatio-temporal electron density distribution from
ID PIC simulation using the code PICWIG, zoomed on the
plasma surface. The surfaces oscillates, as the laser is inter-
acting with the plasma. Analytic solution (solid white line)
and numeric solution (solid red line) for a single particle are
shown for comparison. The parameters were n = 81, ag = 5
and a laser pulse with a sin®-envelope and duration of 4 opti-
cal cycles and linear polarization has been used.



BnnaHune doa3bl HeCcyLLEeN U
napameTpoB nja3mbl

CTyneHbKa

Y = Po + arctan (\/wl-f — w(;)
dasa BbIHY)XAAIoLWero nons, 3asmcslias oT
JIvHenHas npennasma napameTpoB nNaasmbl

(A (e ()
Yt = Po+arctan A (_' P (m)_ >/:;>
{ “i I

Intensity gating for single attosecond pulses
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BnnaHune doa3bl HeCcyLLEeN U
napameTpoB nja3mbl

CTyneHbKa No,rel =

e = 17 ook 108 ;42
“t — ¥0 + arctan (\/Wp - w'())

3aBucumocTb ha3bl OTPaAXKEHHOro cBeTa OT NIOTHOCTU NJ1a3mbl

n
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-
L 31/4 -
°
o
E; /2
-
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BnnaHune doa3bl HeCcyLLEeN U
napameTpoB nja3mbl

JinHenHas npenna3ma ng
no 1/‘ -I W 2 ( . n(l,rel
( L) ( (T) ) , l + ao
Yt = Potarctan ‘ 73 \,
Ai (—w“’ (32) ° )

3aBucumocTb ha3bl OTPaAXKEHHOro cBeTa OT NIOTHOCTU NMJ1a3Mbl
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BnnaHune doa3bl HeCcyLLEeN U
napameTpoB nja3mbl

Heobxoanmo 3a6otutbes He TonibkKo 0 CEP (carrier envelope phase)
nasepa, Ho u noaobupaTtb a3y npaBuJIbHO B COOTBETCTBUE C NapamMmeTpamMmu

nna3mbl. [pymepsbl AN CTYNEeHbKW;

1.0
a) FIG. 8. Attosecond XUV pulses generated by a 3-cycle in-
0.8 [ ) cident pulse with ap = 20 normally incident on a step-like
BEEIB target with n., = 80n.. The incident (green) and reflected
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nna3mbl. MpuMmepbl ANS CTyneHbKU

N

BnnaHune doa3bl HeCcyLLEeN U
napameTpoB nja3mbl

Heobxoanmo 3a6otutbes He TonibkKo 0 CEP (carrier envelope phase)
nasepa, Ho u noaobupaTtb a3y npaBuJIbHO B COOTBETCTBUE C NapamMmeTpamMmu
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FIG. 8. Attosecond XUV pulses generated by a 3-cycle in-

cident pulse with ap = 20 normally incident on a step-like
target with n., = 80n.. The incident (green) and reflected
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HacTb 3. 11oBO/IbHO NPOCTad MoaesIbHasA
NOCTAaHOBKa 3a4a4

SUHWTEUH 1905:
Ecmb udeasibHoe 3epKaso, dBuXXyuweecsa ¢ NOCMOAHHOU cKopocmbto 61u3Kou K
cKkopocmu csema c. Ymo bydem npu ompaxxkeHuu?

Ocumnnupyrowiee 3epkano:
A umo bydem ecsiu 3epKasio ocyusiaupyem, npudem cKopocms 8 nuke 6J1Uu3Ka K
CKopocmu csema c?

Einc = Sl th ion layer

>|_ ........
|
|
Eref = sm(th +2kLX(t )' >I
‘S .

X(t)
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[ lepenaya opbuTtasb

OO YrJioBOro MOMEeHTa

OBmxeHne 3epkana npu oonyvyeHum Jlarepp-rayccosbim nyykom ¢ OYM

10

20 1

Figure 4.2: Evolution of the target motion after interaction with the incident LG beam pulse
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3akKJiroyeHuve

* [lpencrasBneHa npocTenas ocunInaTopHas Moaenb ans
ONHaMKUKN NOBEPXHOCTN TBEPAOTENbHON NNa3Mbl

* [lokasaHo Hann4yne cosura asbl 3aBUCALLEro OT rnapameTpoB
NnJaa3Mbl

* [lokasaHo BnngaHME a3bl HECYLLEN N NAapaMETPOB NJiasmbl Ha
reHepauno OANHOYHbIX aTTOCEKYHOHbIX MMMNY/1bCOB

* B npouecce: npuMmeHeHne HeNMHENHON TNOPOoLaNHAMNYECKOW
Moaenn asmxeHus nosepxHocTn (with Arnaud Debayle) —
NoJlydeHbl MOX0XXne pesynbTaThl

Self-consistent theory of high-order harmonic generation by
relativistic plasma mirrer

A. Debavle, J. Sanz, and L. Gremillet
Phys. Rev. £ 92, 053108 - Published 1/ November 2015

* llccnegoBaHne 3XMepPHbIX 3a0a4 — reHepaumsi UMnynbcoB C
OAM






