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Outline

Attosecond Physics
Strong field ioniation (Keldysh / ADK)
HHG

* Wavelength scaling

* Conversion efficiencies
Techniques

e Ultrashort pulses

* CEP

e PG

« DOG
X-ray optics in pump-probe setups
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Outline
= Motivation

= (Generation of Attosecond XUV Pulses
» Filtering from the HHG Cut Off
» Polarization Gating

» |on-Charge-State Chronoscopy
= |onisation of Neon
= Observation of inner-shell electron dynamics in Krypton

= Attosecond spectroscopy in condensed matter
= Application of the attosecond streak camera on a tungsten crystal

= Angular resolved photoemission with attosecond time resolution
= VMI (Velocity Map Imaging) technique applied in attosecond physics

= Summary and Future Prospects
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timestructure of atomic processes

time < energy : At ~ h/AE

valencen=1 ~1fs -
core <1fs

object of study:
dynamics
of inner-shell processes

but visible light: T~2fs

Rydbergn>1 fs...us
||- requires: attosecond XUV-pulse y 9 H
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Strong field ionization
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lonization in strong fields

Let us assume the case of the hydrogen atom:

The strength of the Coulomb potential experienced by an electron in the first
Bohr orbit of atomic hydrogen is defined by

e
E = — 5.14221 x 10°V
(470)a? : fem

and we determin the field strength of a laser electric field from the intensity with

I = %EDCEQ

thus the Coulomb pontential of the hydrogen atom corresponds to a laser
electric field intensity of ~3.51 - 10 W /cm?

Jun.-Prof. Dr. Thorsten Uphues Seite 6
Thorsten.Uphues@cfel.de 26.02.2014




UH C
.._ti
(2 Universitait Hamburg —

DER FORSCHUNG | DER LEHRE | DER BILDUNG

| T1
I

v
8)
m
=
0O
m

Interaction with a time varying electric field

The perturbation of a time varying electric field of the typical strength of a laser
interacting with an atom cannot be treated in terms of perturbation theory
anymore.

 the perturbation of the Coulomb potential is not weak!
 the strong time varying potential competes with the Coulomb binding potential

The dynamics of the ionization process of a bound electron inside the potential
is strongly determined by the instantaneous strength of the applied electric field.

The strength of the electric field can change by orders of magnitude within a
cycle of the laser electric field

The Keldysh approach (1965)

Jun.-Prof. Dr. Thorsten Uphues Seite 7
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The Keldysh approach (1965)

If we assume a classical partical with binding energy I, and a field strength that
sufficiently supresses the coulomb potential, we can define a ,barrier thickness*”

and a corresponding ,tunneling time" the electron needs to penetrate through
the rectangular barrier

2mli,
€ 5@

T =

Jun.-Prof. Dr. Thorsten Uphues Seite 8
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Keldysh parameter

Multiplying with the frequency of the laser field leads to the Keldysh parameter

2mli
ef,

Ip
2Up

=

Y=TW, = Wy

The Keldysh parameter y distinguishes between the ionization processes in the
limiting cases y> 1 for multi photon ionization (MPI) and y « 1 for tunneling
ionization (TI)

Jun.-Prof. Dr. Thorsten Uphues Seite 9
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Consequences for ultrashort laser pulses

« The value of 7 is determined by the frequency of the laser field. Regarding
high frequencies for the applied field there should appear a frequency
dependent tunneling probability.

 The ponderomotive potential U, (t) defines a time varying relation for either the
MPI or Tl regime to dominate the ionization process.

¥y should be interpreted in terms of the dominance
of one process in respect to the other.

Jun.-Prof. Dr. Thorsten Uphues Seite 10
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Towards High Harmonic Generation

The Keldysh interpretation allows calculation of ionization probabilities of
atomic bound states in strong laser fields including excitations and resonances
and even the dependence on the time evolution of the laser field in the
Quasi-Static-Approximation (QSA)

; 3/2 w2
Wﬁrzx/ﬁ?r&\/l_ oo [_E\/mep (1_m fp)]

4 h 3 eh& 5e288

Limitations

» low-frequency approximation for the applied electric field
 the final state of the electron is a free electron oscillating in the laser field,
which is known as a final nonperturbative Volkov state

« does not include any kind of species dependence in the ionization rate
calculation

Jun.-Prof. Dr. Thorsten Uphues Seite 11
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ADK Theory (Ammosov, Delone and Krainov)

Description of the ionization of complex atoms and atomic ions in arbitrary states

The ionization rate equation in atomic units is given by

WmADK — ‘On*i*‘g f!m Ip — ( ( I.'-') )

T E
2(2Ip)3/2
X exp (— 2 e
with £ (20 + 1)(1 + |m])!
™ oml|m| (1 — |m])!
Coore]? = .

n*['(n* + * + 1)I'(n* — I*)

Jun.-Prof. Dr. Thorsten Uphues Seite 12
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lonization Probability

T 5 (92l > mi
H‘(-mADK — ‘GH*E* : fIm Ip % ( ;‘
2(21,)32
X exp (— 3

n* effective principal quantum number
m magnetic quantum number

[ the angular momentum

L, is the atomic ionization potential

€ the electric field strength of the laser.

For ionization rate calculation the ground state values for n* and | are mainly
used, which leads to [* = n* - 1.

Jun.-Prof. Dr. Thorsten Uphues Seite 13
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lonization rate equation

Averaging over all magnetic quantum numbers gives the complete ionization rate

l
. 1 .
Wapk = N1 E Wm ADK

m=—1

for a gaussian laser pulse
21n 22

Tin

E(t) =&Evexp (— ) cos(wpt)

the total number of ions created within a subfraction of the laser pulse
starting to act on the atom at time t’

o0
Wirae = / Wapx (E(t))dt

L

Jun.-Prof. Dr. Thorsten Uphues Seite 14
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lonization rate in the quasistatic limit

(2Ip)°/*
0

[os(t) =4 2(211”)3'&]

X exp [— 32(1)

a critical laser intensity I. can be defined describing the intensity at which the
Coulomb barrier starts to be suppressed

Wgcegfg
27266
= 4- 1ng:§[EV]Z2

I[W/em?]

Jun.-Prof. Dr. Thorsten Uphues Seite 15
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Laser driven ionization

Coulomb barrier supression intensity

2 3714
?TEEIP

Ic [W/sz] — W
= 4-10°L)[eV]Z*

Multiphoton
1<10™ Wem™

Keldysh parameter

Ve
e&,
Ip
20U,

=T, = WL

Tunneling
1<10” Wem™

Over the barrier v = 1 for multi photon ionization (MPI)

1>10" Wem™ . i R
T e ~ < 1 for tunneling ionization (T1)

Jun.-Prof. Dr. Thorsten Uphues
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High Harmonic Generation
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propagation of a free electron in a laserelectric field

¥(t) = Epcoswt
E E
r(t) = F—U sin wt — f—ﬁ sin wig
E Fo . E
x(t) = ——3 coswt — (t — tg)—ﬂ sin wtg + —2 cos wiyp.
W W W

to time at which the electron was released from the atom assumed that the
electron is released with zero initial velocity.

Jun.-Prof. Dr. Thorsten Uphues Seite 18
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4,0

— 3,0-
g e
£
h= )
2 5
= £ 2,0-
o =
E 5
m E ] rO -

w

7 — ol
Most energetic trajectory 00 —_— recombination path
’ . 1 " I . I I I ¥ 1
Time 0,0 0,2 0,4 0,6 0.8 1,0

Electron ionisation time t,/ T
The position of the electron as function of time for different “ionization

times" t,. The “most energetic trajectory” refers to the solution where
the electron encounters the nucleus with the maximal kinetic energy

Jun.-Prof. Dr. Thorsten Uphues Seite 19
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three step model / Lewenstein 1994

i|\W(x,t)) = —%‘\72 +V(x) — Ecos(t)z| |V(x, 1))

The basic assumptions for this formulation of HHG are:

 the contribution to the evolution of the system of all bound states except the
ground state |0) can be neglected

- the depletion of the ground state can be neglected since U, < Ugy, Usqe being
the saturation energy that completely ionizes the atom in one optical period

* in the continuum the electron can be treated as a free particle moving in the
electric field with no effect of VV(x)

Jun.-Prof. Dr. Thorsten Uphues Seite 20
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The cut-off law within the Lewenstein model

As a result the maximum energy that can be extrated from an electron in the
ponderomotive potential of the laser electric field is given by

EX — [ +317-U,

As a result of the more accurate quantum mechanical calculations the cutoff law
has been corrected giving

E.’?fimff = 317U, + I, - F(1,,/Uy)
For I, < U, = F([,/U,) ~ 1.32.

Jun.-Prof. Dr. Thorsten Uphues Seite 21
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2. Electron acceleration
in laser electric field

/

e.d. Ne

1. Tunnel-lonisation
at > 1014 chm2 sine CEP

cosine CEP|

3. Return to parent ion
and recombination

Intensity (arb. units)

O VAVAL <

25 30 35 40 45 50 55

hvy =n*hv .., (n uneven) Photon energy (eV)
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Maximum Energy Gain

gl = 3170, + 1, - F(1,/U,)
I, <U,= F(I,/U,) ~1.32

U, ponderomotive potential
of the driving laser field
I, ionization potential

e2£§

—
4 mwy

UpleV] =

= 9.33 x 10" I|W/cm?] A?[um]
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harmonics are chirped!

S
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110
>
&’..100 ............
;- TL
-]
Lﬁ - IEF/ IE,f
70 1.8
60 | E 15
0‘ E 0‘ 1.2
120 50 %50 0.9
110 08 1o 10 -
S%100 10 120 130 %150 120 130 o
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transmission (%)

0,35
0,30
0,25
0,20
0,15

0,101 -

0,05
0,00

row no. row no.

row no.

HHG Generation

] combined filter transmission iy
1 400 nm Zr + 150 nm SiN o P '-___.

73 80 87 94 101 108

photon energy (eV)
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intensity (8bit color value)

Zr foil, 150 nm

on pellicle

neon filled
tube

—————— -

~10-2 mbarn
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(a)
P=Qy-1/2
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XUV-Mirror reflectivity

soft x-ray spectral intensity (arb. units)

unlocked

60

70

80 90
photon energy (eV)

100
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Careful adjustment of
the Carrier Envelope
Phase (CEP) necessary
to generate isolated
attosecond pulses
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o8k D 1 - g0

conversion efficiency n=0.0236
Iw:‘i'ﬂfzuu:.l‘l*:r2 cuml’f ] - Bd)N
g 100 W (@) X[1 + BI* kW[ E(theyor)].
107§ "”:¢h 1
Rl where
1.0[ Ar (b)] :
r o(Ak,L)=[e D) _ oL La)|/[1 +2i(Ak-L,y,)]
05
ERY . phase-mismatch form factor with a phase
E 18] Ne (c)] mismatch of Ak.
5 05} .
:n; I! 1 Falcgo-Filho, (2010). Appl. Phys. Lett. 97(6), 061107
0.0 —
€ 1of He (d) .
S| _ N is the number of cycles of
' M the driver pulse
R T R R R T RNCE B = |la(m/w)|? denoting the probability
Photon Energy (eV) to find the atom in the ground
FIG. 2. (Color online) HHG driven by 800 nm, 35 fs driver pulses: (a) State

conversion efficiencies for Ar (50 mbar, 0.6 mJI), Ne (300 mbar, 2.0 mlJ), and
He (2.0 bar, 2.0 mJ) using a nozzle positioned 1 cm before the focus for all
the gases; (b)-(d) HHG spectra, respectively, for Ar, Ne, and He.
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CEP:Stabilization
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CE Phase
a) Time domain (b) Frequency domain
E(t) - fo |~
¥ Im
g
1/ f, =7~
IEEE J. Sel. Top. Quant. Electron. 9,1002 (2003)
m Oscillator output
-1 Comb = modes Frequency domain
o f, = comb frequency offset representation

" Ap..= CE Offset (CEO)
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stabilization of the CEP phase
P
A1th) —fEoM— [ e
T ei:gfrggﬁ:s <+

(. M| .y

7 noro, 2na o,
(no+,) beat note m, . SM W12 Rak DG

"' B e L

1 [T .

Efuna(t) = o f V Ifund (@) expli(@pund (@) — wt + @)]dw + cc

— 0

[T .

Esu(t) = py. V Isg(w) expli(ysy(w) — w(t + 7) + 2¢)]|dw + cc

— i

S(w) = Ifna(w) + Isy(w)
+2/ Tuna(w) Isu (w) cos(psu(w) — Pruna(w) + wT + @)
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a) fundamental
m f-2f interferometer S g oo
O Spectral broadening ¢ prening N
m v andv, o ol
s CEP preserving? [ :: l g
1 Frequency doubling of “red” part Vn Van

Vo = Uiy T o = 2V, = 2(0f, T o)

— Beat note with “blue” part
2v s =g b Ly (211:};@ =1
@ Mach-ZehndPer interferometer
= Single point detection

Time delay adjust
J. Opt. Soc. Am. B 21, 1098 (2004)

O Self referencing: loss of absolute phase value
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m Broadening in PCF
o AM/PM in fiber oOpt. Lett. 27, 445 (2002)
1 QOctave spanning oscillators
= MZ stability == .
. il
= Michelson opt. Lett. 31, 1011 (2006) - e s320m  delay
= Still bulky L

- Common path interferometer J. Opt. Soc. Am. B 21, 1098 (2004)
= Small group delay compensation range

- Wollaston prisms Opt. Lett. 35, 1209 (2010)

1 Stabilization Opt. Express 14, 9758 (2006)

m 2stepsin
~1 Broadening + SHG in ZnO layers Opt. Lett. 27, 2127 (2002)

~1 Broadening + DFG in PPLN Opt. Lett. 30, 332 (2005)

= No fiber, no interferometer
m Useful spectrum
m </fs pulses
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alternative measurement method: stereo ATI

. Nieft — Nright
Focus with spherical mirror @ = arcsin (A N N.- + @0
(R=-300mm) data left + Nright

acquisition

acull

= |
=
==

e —
=]

=
=

|

ﬁ" |Ih| H.‘J
f
s ‘[ i i
Membra'ne pump E 0 1 w%ﬂhn&ﬂ AI.J(LLI “’lﬁl‘.l lIIH. JLJ q“\ U Iﬁl /}Il 3 Jiﬂ !ii NI.*_.I . ,f.'l“ﬂﬂf’ﬂlrﬂ.'h .l
R A B A ]ll uﬁwarﬂ vy 1r TN vul”w LRk i)
1 -—— \
Figure 2.8: Schematic of the mini stereo ATI apparatus. 5 m 3% 0 m 30 50
time (s)

red: f-to-2f black: Stereo ATI
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typical laser systems for sub-fs spectroscopy
400 W / <4fs
to Experlment
. £2]a
TiSapphire  RPNOWGI0d2  gyreqenar sF57 c
oscillator ] + dispersion =2
PP-MgO:LN |, dichroic | Somection £ -
mirror ¥ % 14
9-pass Auto- By =
ziu-r:mm:mrnﬁnn correlator | 29 2
@
ke — 'E _ j,-/‘\/\"ﬁ
D — - 200 400 800 800 1000 1200
prism compressor mirror 1 wavelength [nm]
e
7 b |
5 61
5 ]
i I hirped mi = 4]
isparsive || | chir mirror
PSD1 fnft:g:gf f=18m mirrors comprassor -'E\ ]
Dﬁﬁ I | 5 2
g i neon filled hollow core fiber i-.,L‘,“_____ ..} = ﬂ—_
] Pum2 f=-05m 2000 3000 4000 5000 6000

re-collimation

delay [arb. Units]
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Two-component
VISXUV
mirror-delay stage
{movable)
Turbomolecular pumps Filter & vacuum
— separation
Adjustable
HH-Meter iris XUV flat field grating
few cycle phase-stabilized b \ | i (movable)
laser pulse /’ 1 [ Target
HHG target 1, t
e —_— t
I
[
i i Differential | -~
autocorrelator pumping stages | f _
I |
| XUV filter I -
I I 1 o
I MCP+phasph I I
]I EGPIRIEREN | : f Focus diagnostics:
[ | Transient | Time-of-fight beam profiler &
1I | absorption : electron or ion spectrometer  POWeT Meter
I I spactrometer | (mounted from the lop)
I I I
Background pressure: | Background pressure: | Background press.: Background pressurs:
5x107 mbar [ <1x10" mbar I <5x10"mbar | <1x10" mbar
1 [ 1
Dpﬂ-:axm‘ mbar I Operating pressure: ) Operating pressure: | Operating pressure:
HHG lerget pressure: | <4x10" mbar | <Ixi0*mbar | < 1x10° mbar (electron and ion spectroscopy)
~350 mbar | I I 1x10” mbar (XUV absorption spectroscopy)
| L |
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bandwidth filter for cut-off hamonics

near- diffraction-limited

xuvisoft-x-ray beam “‘---..____‘_A
delayable XUVIR

@ double mirror
arrangement

150 nm Zr/ 2pm pellicle

__% \Heon
§; gas target

pulse duration T<5fs
pulse energy ~0.5 mJ
phase stabilized

intensity (arb. units)

80 90 100
photon energy (V)

= Co-Linear propagation

= high photon energy

= virtualy jitter-free setup

= XUV bandwidth determined by pulse duration
= cut-off very sensitive on pulse fluctuations

= minimum pulse duration determined by mirror

reflectivity

Jun.-Prof. Dr. Thorsten Uphues
Thorsten.Uphues@cfel.de

Polarization Gating

Ar cell

o Al filter
_ -w“mr

Si0, plate

Translation stage

sine CEP
cosine CEP

pulse duration T=5 fs;
phase stabilized
Gate width 6=6.2 fs

Intensity (arb. units)

ET R R
Photon energy (eV)

o

[
o

2 55

= interferometric setup

= high intensity losses due to the technique

= low photon energy

= XUV bandwidth determined by gate width

= pulse duration only limited by low pass filter
= sensitive on mechanical vibrations

UNIVERSITY




(@)
W
[Tl
||—

UH
..j-i
(2 Universitait Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

w
8)
m
Z
0O
m

xuv-filter
1000 | -

Intensity [counts]

o

60 70 80 90 100 110
Photon energy [eV]

Generation of isolated attosecond XUV pulses

Jun.-Prof. Dr. Thorsten Uphues
Thorsten.Uphues@cfel.de



_n
L
—

UH C
l.ii
(2 Universitait Hamburg —

DER FORSCHUNG | DER LEHRE | DER BILDUNG

w
8)
m
Z
0O
m

Multilayer mirror — principle of constructive interference

134nm\%/

Bragg:
A=2d cos a

d ~1/cos a

d ... optical thickness of period

a ...angle of incidence

Wavelength
100 nm 10 nm 1 nm 0.1 nm
§~1-0 1 1 1 1 g
& | |MgFAl Ik
é B Natural 7 2
o o crystals - 5
8 T i
€05k Multilayer mirrors (e) |E
[ o
T 4%
E L . ]o
g r Pt ' | } §
5 [ Au ., 1=
e Z 0 l l l L e
(WIC, T. Nguyen) 10 eV 100 eV 1 KeV 10 KeV

Photon energy

Jun.-Prof. Dr. Thorsten Uphues 6itd.261226.02.
Thorsten.Uphues@cfel.de 2014




UH
..j-i
(2 Universitait Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

(@)
T
[Tl
||—

w
8)
m
Z
0O
m

0,20 T - . . .
0,18 7
0,16 7
0,14 7
0,127
0,10 7
0,08 7
0,06 7
0,04 7
0027

60 70 80 90 100 11 0,007
Photon energy [eV] -0,02 7-0 éo 9-0 Y

energy (eV)

Tyuy= 290 as

1000 | /
%)

0'5/

L 4
reflectivity multilayer
mirror + 150nm Zr

Intensity [counts]
>

o

Jun.-Prof. Dr. Thorsten Uphues
Thorsten.Uphues@cfel.de




UH

iti
(2 Universitait Hamburg
DER FORSCHUNG | DER LEHRE | DER BILDUNG

Photoelectron energy { eV)

XUV intensity (arb.u.)

1 T T T T
-300 200 400 0O
Time (as)

Jun.-Prof. Dr. Thorsten Uphues

—_—
100 200 300

Photoelectron energy { aV)

e 2 92 =
R S s

(=]
-

IE'_.E'r:lrl'l:-r =

XUV spectral intensity (arb.u.)

T
o

$°=(1.5 = 02107 as?

(pes) aseyd

da

50 60 VO B0 o0 100 110
Photon energy (eV)

Thorsten.Uphues@cfel.de



UH

A CFEL
(2 Universitait Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG SCI ENCE

energy (V)

5 4 43 2 1 0 1 2 3 4 5 5 4 3 2 4 0 1 2 3 4 5§
delay (fs) delay (fs)
C 12
— reldeved specinum |
— measured speciam | 25
— special phase
z I
= 08 4
£ L5 3
: ]
-E r =
s -
£ 04 05 =
f
E -
E
L 05
ﬂﬂ T T T T T T T T
20 40 B0 B0 100 120

photo electron energy [eV]

Jun.-Prof. Dr. Thorsten Uphues

Thorsten.Uphues@cfel.de



UH
..j-i
(2 Universitait Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

bandwidth filter for cut-off hamonics

near- diffraction-limited

xuvisoft-x-ray beam “‘---..____‘_A

delayable XUVIR

@ double mirror
arrangement
] 150 nm Zr/ 2um pellicle

__% \Heon
§; gas target

pulse duration T<5fs
pulse energy ~0.5 mJ
phase stabilized

intensity (arb. units)

T0 a0 a0 100
photon energy (V)
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= interferometric setup

= high intensity losses due to the technique

= low photon energy

= XU bandwidth determined by gate width

= pulse duration only limited by low pass filter
= sensitive on mechanical vibrations
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emission of high harmonic radiation
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Fig. 2. experimental (left) and TDSE (right) results

Jun.-Prof. Dr. Thorsten Uphues Seite 49
Thorsten.Uphues@cfel.de 26.02.2014




(@)
T1
[Tl

||—

UH
l.ii
43 Universitdit Hamburg

DER FORSCHUNG | DER LEHRE | DER BILDUNG

W
8)
—
Z
0O
m

generalized double optical gating
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Comparison of different methods

Table 1| Relevant parameters of current attosecond sources based on HHG in gases.

Method Gas hw (eV) 7(as) E Type Efficiency Reference

AG MNeon 80 80 0.5nJ IAP 1.7x10% 22

PG Argon 35 130 70pJ IAP 35x107 26,27

PG MNeon 60 — 1pJ IAP 5x10-° 26

DOG Argon 38 — 6.5n) IAP 6x10% 31

DOG MNeon 45 107 170pJ IAP 15107 31,85

1G Xenon 27 155 9nl IAP 26x10° 50

IPG Aenon 50 <1,000 20n) IAP 2% 0+ 36

LF Xenon 20 320 10 ) APT 7x104 16

fiw s the central energy of the XUV spectrum, tis the measured pulse duration and E is the pulse energy at the source (inthe case of isolated pulses, Ecorresponds to the XUV energy in the spectral region
characterized by a continuous profile). The efficiency is defined as the ratio between the XUV pulse energy and the driving laser pulse energy. AG, amplitude gating; PG, polarization gating; DOG, double-optical
gating: IG, ionization gating: IPG, interferometric polarization gating: LF, loose-focusing; |AF, isolated attosecond pulses; and AFPT, attosecond pulse trains.
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Thank you!

EXCUSE ME = YOURE JIGGLING ACTUALLY, CAN YOU JUST SHIFT THE FREQUENCY
YOUR LEG UPAND DOWN. ITS UP BY I5%? I THINK YOU CAN GET RESONANCE

TRAVELING THROUGH THE FLOOR | | WITH STEVE'S DESK INSTEAD.
AND MAKING MY 4 \ (_VHHUH...

OH IDINT | | HERE ARE THE ChLcutaTions.

DESK RESONATE.

K EVEN REAUZE! | |  LETS cooroinaTE D TRY
T stop W ™ 5qu‘. His DRINK.

&
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