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Nonlinear effects in atomic one- and two-color photoionization
European
XFEL ]| Outline

Introduction

= Nonlinear processes

One-color (XUV) experiments
= Two-photon resonant excitation in Kr

= Two-photon Above Threshold lonization in Xe

Two-color (XUV+NIR) experiments
= Photoionization in strong NIR dressing fields

= | aser-assisted sequential two-photon double ionization

Summary
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XFEL | Multi-photon processes

High intensity

FLASH: Optical Laser (800nm)
10 ud, 10 fs, 10 um Multi-photon lonization
~ 10" W/cm?

8 nm
U, =0.006 eV Y >>1
v =45
Multi-photon processes
Nonlinear: Signal ~IN Tunnel lonization
P
Keldysh parameter 7= U

p

U, = 9.3><10'14I(Wcm‘2) X(um) eV
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Nonlinear effects in atomic one- and two-color photoionization

European

XFEL | Photoionization in intense fields

One-color processes

XUV photons open access to
- inner-shell electrons (Auger decay)
- two-photon core resonances
- test theoretical models for MPI
in the short wavelength regime

M. Meyer, FLASH UM, January 27, 2011
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XFEL | Photoionization in intense fields

One-color processes Two-color processes

A*

. ..

A
XUV photons open access to Two-color excitations open access to
- inner-shell electrons (Auger decay) - photoionization of dressed atoms
- two-photon core resonances - two-color ATI (Above Threshold lonization)
- test theoretical models for MPI - two-photon core-resonances
in the short wavelength regime - coupling of core-resonances
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XFEL| FLASH (Free electron LASer in Hamburg)

BL2

hv = 46 eV
93 eV

A=26.9 nm
13.3 nm

rep. rate: 10 Hz
AT=10-30fs
E=10-30 ud

de = 5— 30 um
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XFEL | Photoelectron Spectroscopy

One-color set-up Two-color set-up

Magnetic bottle electron spectrometer

$//PD

Electron TOF : 65 ¢cm
Time-Of-Flight

Spectrometer

———= | Ph-Screen

FEL Beam ———»

Spherical '

. /= Al
éj I Mirror MCfP // / /‘_‘ ’,‘i /\)()7' T=05T
Magnet ’ Beam grids k '
- U(ret)

u - metal [

/ solenoid
/ Block T=6x104T
FEL Opt.Las.
- refocusing ML mirror for XUV - focusing mirror for optical laser
- aperture at MBES entrance - diagnostics for spatial and temporal overlap
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XFEL | Two-photon resonant excitation

FLASH: 26.9 nm, 15 uJ, 10-30 fs, 5 um
- 1015 W/cm?2

(i i Kret 3d?

Kr* 3d° 4d

I
Resonant
Auger Decay
46eV
Kr* 4p* 4d

46eV

Kr 3d!? 4s2 4p®
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XFEL | Two-photon resonant excitation

FLASH: 26.9 nm, 15 uJ, 10-30 fs, 5 um
- 1015 W/cm?2

One-photon ionization
(i Kret 3d®

| 4p hv = 46 eV
Kr* 3d° 4d 0
Resonant 2 os-
\Auger Decay -
46eV Krt 4p 4d ] 4s Two-photon
??
\ Kr* 4s! 4p® 00 o 10 o

46eV
¢ Kr+ 4s? 4p°

Kr 3d!? 4s2 4p®
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XFEL | Two-photon resonant excitation

FLASH: 26.9 nm, 15 uJ, 10-30 fs, 5 um
- 1015 W/cm?2

One-photon ionization
(i Kret 3d®

| 4p hv = 46 eV
Kr* 3d° 4d 08
T — Resonant £ o6 4p5
Auger Decay ;
46eV Kr+ 4p* 4d _ !  ds
\ Kr* 4s! 4p® oo % 4 & s o i
46eV
¢ Kr+ 4s? 4p°
Kr 3d10 4s2 4p$
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XFEL | Resonant Auger decay

Theory: S. Fritzsche, P. Lambropoulos, A. Mihelic,
Kr** 3d%4s24p%4d (J=0,2) ---> Kr* 3d'%4s?4p*4d + e

Krt : Two-photon processes:

30 4 | I I 4p
4p“4d - Resonant excitation

- 4p ATI from neutral Kr

- 4p ATI from ionic Kr

Intensity (arb.units)

J=2, hi
W J=2
-10 — / \ ), J=0 M. Meyer, D. Cubaynes, V. Richardson,

4 J. T. Costello, P. Radcliffe, W. B. Li,
4p 4d 4s 4p S. Dusterer, S. Fritzsche, A. Mihelic,
5'0 6'0 7'0 8'0 9'0 K. G. Papamihail, and P. Lambropoulos
kinetic energy (eV) PRL 104, 213001 (2010)
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XFEL | Two-photon excitation of Xe 4d

hv (FEL) 93 eV ; ~ 10> W/ cm?
Ug=-90 eV

Above
Threshold 0.008 - (a)
Ionization n / -\
S 0.006 | " \\0
'E- ‘/”/ ' \:\ '
< (b) 100 110 KE1(20V) 130
e
+4d° 2 0.004-
Xet 4d =
c
9
=
2D5/2 675 eV 0.002
(d) (c)
93EV 2D3/2 . 695 eV ]
100 120 140 160 180

V. Richardson, J. T. Costello, D. Cubaynes, Kinetic Energy (eV)

Xe 4d10 552 5p6 S. Dusterer, J. Feldhaus, H. W. van der Hart
P. Juranié, W. B. Li, M. Meyer, M. Richter, Two-photon ATI of Xe 4d

A. A. Sorokin, K. Tiedke 2xhv—-—118 eV =68 eV
PRL 105, 013001 (2010)
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XFEL | Two-photon excitation of Xe 4d

10

Two-photon process Resonant enhanced two-photon process
Experimental evidence Theory : H. van der Hardt
Signal ~ IV (N=2) Xe: 4d - ¢f (giant resonance) = ¢'g
= 047 i . ‘ ' ) N
% m=1.95+0.2 I r Xe2+:
s 8
% g 4(:1-1 4571 i

T T T T T T T T 1

0.6 0.7 0.8 0.9 1.0 60 100 140 180
log, (FEL Pulse Energy / pJ) Photon energy (eV)

101 W/cm? : 4d (two-photon) = 0.5% 4d (total)
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XFEL ] Two-color multi-photon processes

Above Threshold lonizati -
ove Threshold fonization Optical laser: > 10"* W/cm?

soo00 s s Xet

Xe

75 80 8 9 9 100 105
Photoelectron energy in eV

Toma et al. PRA 62, 0618015 (2000) Multi-photon processes
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XFEL|] ATI: Strong NIR Dressing Field (Ne)

FLASH: 26.9nm (46 €V)
Opt.Las.: 800nm, 1.8mJ, 100fs

l

— 77 7 7 7 7 7T 7 7 /"' 7
5 20 25 30 3 40 45 50
Photoelectron energy in eV

Single shot spectra for overlap

Optical laser: 2 x 1013 W/cm?

electron kinetic energy (eV)
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Ne 2p '
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Sorted single shot spectra
“Jitter-free” - Defined field strength
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XFEL|] ATI: Strong NIR Dressing Field (Ne)

FLASH: 26.9nm (46 eV) TDSE: Time-dependent Schrédinger Equation

Opt.Las.: 800nm, 1.8mJ, 120fs Maquet, Taieb, J. Mod. Opt. 54, 1847 (2007)
1 [ Nezp”  1x10™W/em? | Up=0eV Simulated theoretical spectrum
02] iy AE = 1.3eV
e \L\ﬂ A(FEL) = 0.9 eV 7 o Neep

’;828_ f'f: } .,12.2 :‘2\0.8— 46eV

& i Up=04eV S

= . 7x 107 Wiem pESASY 3 1x1013 W/cm?

(TR i /) AE = 1.0eV L 054

> '|‘J .U \'3,,'}\\‘ g .

6 o =

'c?)) 0.084— \w\‘\/\ : : L 47

— : O

® ol Al ) 15x 10 W/cm? |Up=09eVv £ ]
A TR TAVAVAY AE = 0.9eV .
002_ 5 \ A/V\Vh"\w/\ oo WWMMUMMUMNW | )
' \/\’\m% 20 30 40 50
o 20 2'5 30 35 40 45 50 Electron kinetic energy (eV)

electron kinetic energy (eV)

Experiment: bandwidth broadening and jitter (intensity) broadening
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FLASH: 13.5 nm (90.5 eV) FLASH: 26.9 nm (46 eV)
Opt.Las.;: 800nm, <1.8mJ, 120fs Opt.Las.: 800nm, < 1.8mJ, 120fs
3x10" W/cm? 10+ . A R
13 Ne2p' E
] FEL ~ 90.5eV Ne2p
el | .
£ NS - <1015
§ oo l 160eV ]
> ] l c 0.1 3 (&
5 \©
E 1E-3 3 @ *
W 0.01 -
1E-4 - | Wﬂﬂl i “”IH‘II | M Y <1012 |
!“ il T A - ' | P
60 80 100 120 140 160 180 200 100 200
electron kinetic energy (eV) electron kinetic energy (eV)
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Photoionization in a combined XUV —

Nonlinear effects in atomic one- and two-color photoionization

IR field

TDSE and "Simpleman Model"

10 T T T T T ‘
3-d m./p=095 . W/ 5
I m\ ] ) 1x10 cm
T
g 1-im. "'=-,: \‘ 1
7 10 W 13 2 .
¢ .‘ 1x10" W/cm N
£
S, - Simpleman Model (1 dim.)
2 ] — TDSE (1 dim.)
2
£ 10l 1x1012W/cm2
1x10" W/cm?2
1 L | | | |
0 20 40 60 80 100 120
energy [eV]

T. Fennel / M. Arbeiter
Uni Rostock, Germany

)

Schins et al. PRL 73, 2180 (1994)

electron yield (a.u.)

XFEL | Photoionization in strong NIR fields (Ne)

FLASH: 26.9 nm (46 eV)

Opt.Las.: 800nm, 1.8mJ, 100fs

105 T
Ne2p
14
<107
0.1 4 n
S
[
0.01—E
1 <1012 |
l I 1(I)OI ”200

electron kinetic energy (eV)

Differences with one-color MPI
Interferences between MPI processes
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One-color (XUV) two-photon processes

Resonant Auger decay of two-photon resonance (K)

= Excitation of core-electrons

= ATI of ions formed within the same pulse

Above Threshold lonization of core-electrons (Xe)

= Resonantly enhanced two-photon process

Two-color (XUV) two-photon processes
Photoionization in intense NIR dressing fields
= Above Threshold lonization

= High kinetic energy electrons

M. Meyer, FLASH UM, January 27, 2011
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Sequential Two-Photon Double-

FEL: 46 eV, 20 uJ, 30fs
lonization OL: 800nm, 1.8mJ, 3ps
Energy
(eV) N 2+.-E-P \
1 [ € \F..0) SB .,
69.5 So . | Ne'CP)
65.8 D2 Ne2+ 2p [ y A I\
[ | e l: D ‘_',-.] ’ |' | ||
62.6 | 46eV 3Po 1 | l IA) S || \
| | ]
i ' ’ |
- ' f |I
21.6 Ne* 2pS TR J‘ L
0 Ne 2pb

0 5 10 15 20 25 30 35
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XFEL | Polarization dependence of two-color ATI

Experiment Theory L. Nikolopoulos:

1D P D 3P TDSE calculation

9

60
30
0

30
60
-90

! 2 3 3 5 6 7 8

L)

Rel. Pol. Angle (deg)

I 2 3 R 5 6 7 b

KE {eV) | KE (eV)

~ A( )(e) cos? 0, +A( )(e) sin® 0,

Poer
®
Pyuv A and A, contain
dipol matrix elements forp 2> s /d (first step)
s>p/d->pl/f (second step)
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XFEL Strong NIR Dressing Field (Ne)

Photoionization in a combined XUV — IR field ] ' -
s .. U, I1=1e+013 Wicm2
1] H 1 1]
Simpleman's Model Ui,
Efin =2 Up f?(to) sin®(wto) + Ua + /8 Up Uy cos(f; 5 ) sin(wto) --- 2Up+Us> BUpU4
U, : excess energy U, : ponderomotive enrgy ' w 5
,i E : I= 16+014 W/cm?2
[ E E
« XUV + high laser field N
E P
photon 4 @ E aE
10° : : -2 -
10 10
,._-“"’é‘\\i | § E I= 1e+015W/chZ
SR e -
10° 5 m‘“‘*.. E
T. Fennel / M. Arbeiter e : . £ gL
10 10
Uni Rostock, Germany kinetic energy [eV]
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XFEL | Two-photon resonant excitation

FLASH: 26.9 nm, 15 uJ, 10-30 fs, 5 um
- 1015 W/cm?2

(i i Kret 3d?

r* 3d° 4d

Resonant
\Auger Decay
Krt 4p 4d

Kr 3d!? 4s2 4p®

46eV

Kr+ 4s! 4p®

46eV
© Kr+ 4s? 4p°

P. Lambropoulos, A. Mihelic et al.

Kr 3d"04s24p6 (J=0) + 2 hv(46eV)
> Kr** 3d%s24pb4d (J=0,2)

0.1f

lonisation
)

10}

T T TE R TV I

I(XUV) [W/cm2]
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XFEL | Two-photon resonant excitation

P. Lambropoulos, A. Mihelic et al.

Kr 3d104s24p6 (J=0) + 2 hv(46eV) ---> Kr** 3d%s24ps4d (J=0,2)
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FLASH: 13.7nm, 30 uJ, 50 um focus, 20 fs
Opt. Laser: 800 nm, <4 md, 50 um focus, 120 fs

@
=
)
Q
S
2
B
[
(O]
<
oo s Xt
Xe
Kinetic Energy (eV) 4 x 1013 W/cm?2
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XEEL| Strong XUV + NIR Fields
B Soft Photon Approx.

O’Keeffe et al. PRA 69, 051401(R) (2004)
I(SB) =1 - sin2@
- 910 5 + 2[?)
ol . asymmetry parameter for TPDI
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-900
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Sequential Two-Photon Double-

FEL: 46 eV, 20 uJ, 30fs
lonization OL: 800nm, 1.8mJ, 3ps
Energy
(eV)
69.5 'So | Ne'(P)
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XFEL| Strong XUV + NIR Fields

Sequential Two-Photon Double- 2-Photon Process
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