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FELs in Europe: present and (very near) future

“Lasing at 0.2nm (6.2keV), 1m.

“Divergence and

»hoton.2013.279
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Dichroism and resonances in
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radiation fields
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Dichroism and resonances in intense radiation fields
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OQutline

Probing the spectral structure of a collective r
nonlinear XUV spectroscopy

PN

esonance by

core hole relaxation dynamics control via optical fields

control of resonant excitation dichroism by optical fields

1 | European XFEL
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OQutline

Probing the spectral structure of a collective resonance by
nonlinear XUV spectroscopy

] | European XFEL
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Resonances in intense photon fields:
(one color, linearly polarized light) case 1

4 )
' -} ——————— Xe* 4d°%g, ed
£€
T G How the spectral structure
\ of a collective resonance
N continuum can be probed

xeade by non-linear XUV spectroscopy”
Xe 4d10

\_ J

I B 0 European XFEL
T. Mazza et al., Nature Comms. 6, 6799 (2015)
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Xe giant dipole resonance (GDR) ab initio theory R. Santra, A. Karamatskou, Y.-J. Chen, S. Pabst
: : PRA 91, 032503 (2015)
seen by an experimentalist J. Phys. B 50, 013002 (2017)
s .
%’ gg No electron
Shape resonance effect, due to the centrifugal barrier (I = 3) the = 40 \correlation effects
electron promoted to the continuum is trapped in a resonant state & 3/ ------------..e.?f_pe”c";f:‘etlatiOne':figgz
. ® 20 e g
before tunneling out; o 0L/
Only when electron correlation effects within the 4d shell are ooy T
|nCIUded we get quantltat|ve agreement Wlth experimental data Figure 11. One-photon absorption cross section of xenon calculated

within TDCIS using the two models. The experimental curve [68]
resembles the interchannel curve [69].

How to include electron correlation effects by TDCIS: A. Karamatskou, J. Phys. B: 50 (2017) 013002
R N ~2 7 . . *ﬁ &
A=) (% it “intrachannel coupling” (reduced): g
i V2[Rl . 0O . 60000
the outgoing electron couples only to the hole — eO——  eO——
| N it originates from e L
N E n J:’Z=: I If
n#an . 0 h
ol “interchannel coupling” (full): S—e— _—
=i Ho [ i=j Py -
the outgoing electron is coupled to all Wil 9 skl . S <<k

possible hole states 56 0
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Xe giant dipole resonance (GDR) ATI ab initio theory R Santra, A. Karamatskou, Y.-J. Chen, S. Pabst

: ] PRA 91, 032503 (2015)
Seen by an experimentalist J. Phys. B 50, 013002 (2017)
SES!
Consequences on the predicted physics of the interchannel coupling =2, (eV) T, (eV)
inclusion (full model): Intrachannel
Ad, 76.3 8.3
The Xe4d GDR is described as a superposition of particle-hole jﬂjﬂ ;;g ig-i
states, i.e. it is a truly collective effect; Il Cls N '
R, \ 743 24.6
Non-degenerate poles in the resonance structure are predicted R 107.2 39.9
—_— ﬁ *All SES values have an error bar of 0.1 eV. This is ca
N _x____ 0_(1) _ Z (Fl mt|1) Chen et al., PRA 91, 032503 (2015)
1-photon cross section:

T E —Ep +5Tr +

resonance final states are not resolved

e —~ 2-photon ATI cross section:.
_\_ (2) _ Z (F |H inthres)(M Interference between overlapping resonances arise,
----- o - [ whose relative phase can change the shape of the
Myes E—-E My aq + 3] cross section curve
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XUV non-linear Spectroscopy at FLASH:
Experimental apparatus

XUV multilayer spherical
mirror

MBES: 4r collection angle
Suited to highly dilute samples
Enabling single shot capability

Y

Sample

delivery

Block for unfocused
beam

T —

% TOF

X .

retardation

permanent
magnetB=0.5T
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~

@V source: FLASH
hv =105, 140 eV
BW ~< 1eV, SASE process

200

150-

8 e
a?

Narmalized spectral density
] &

50 Vil

W0 200 300 400 SO0 600 2 - o 1 2
t {¥s) AN (%)

Schneidmiller et al., J. Micro/Nanolith. MEMS MOEMS. 11(2), 021122

Pulse duration ~ 50-100 fs,
focus ~3-5 um, gaussian model

C> 10 uJ ~ 10™ - 105 W/cm?

MBES:
AKE / KE ~ 2% on ret. electrons
Single shot capability (41 acceptance)

Sample delivery:
Sample density can be tuned over ~2 o.m. in a

controlled way
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Above Threshold lonization of Xe4d at hv = 105eV
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] | European XFEL
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i
2 mmmguw =" i
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L & |
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FEL intensity (W/cmz)
T. Mazza et al., Nature Comms. 6, 6799 (2015)
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Above Threshold lonization of Xe4d at hv = 105eV, 140eV:
power law comparison between experiment and theory

Electron yield (a.u.)

107 i
10° |
10° ¢

10% }

103

102

Intrachannel coupling

1-photon
lonization

7 2-photon ATI

% (x1,000)
I2
o hv=105 eV
10%° 10" 1012 1012 1014

FEL intensity (W cm™)

Interchannel coupling

T. Mazza et al., Nature Comms. 6, 6799 (2015)
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TDCIS of the 1-photon

1N
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Xedd ionization

T T

Intrachannel coupling

1

70

90 110 130 150
photon energy (eV)

g0 [~ ' ' interchannel’ =

50 | intrachannel
experiment -

40+ :

30
20
10/

Cross section cm(m) (Mb)

o

70 80 90 100 110 120 130 140 150
Photon energy (eV)
Figure 11. One-photon absorption cross section of xenon calculated

within TDCIS using the two models. The experimental curve [68]
resembles the interchannel curve [6Y].

A. Karamatskou, J. Phys. B: 50 (2017) 013002

Interchannel vs. intra o(w)
blue-shift
broadening

T. Mazza et al., Nature Comms. 6, 6799 (2015)
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.. : Interchannel vs. intra o(w
TDCIS of the 1-photon and 2-photon Xe4d ionization - ()
blue-shift
5 broadening
; : : ; 5
Interchannel coupling
] 2 Intra o(w) vs. 0®(w)
The blue curveis the | 420} 10.04 g red-shift and
black (1I0ht)irfri]l(JafSV:1 7 sharpening
transition probability 7 ;_},[ﬂ, 2-factorization
% Inter o(w) vs. c@(w)

{0210} 0.02 = red-shift and

“ broadening
§
o >
=
&

- - —/0 o- l , - —0
70 90 110 130 150 70 90 110 130 150
photon energy (eV) photon energy (eV)

T. Mazza et al., Nature Comms. 6, 6799 (2015)
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Elnhtroduction

HlProbing the spectral Str*trctﬁr*e*éﬁa tollective resonanee by

nonlinear XUV spectroscopy

il ore hole relexation dynamics control via optiscal fields

Blcontrol of resonant e tical-fields

I B 0 European XFEL
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Resonances in intense photon fields: i
i ] ) Kr*5p is very close
(two-color, linearly polarized light) case 2 to the threshold

New channel introduced by

the MPI ionization of the Kr*5p Polarizability ~ 1/w?

_ _ 4 )
Rydberg state, competing with
the Auger decay AC Stark shift
sy G e Kr* 3d° 2D, ~
AC Stark shift introduced by = r~ 3d85p ponderomotive shift
: Up = eE?2/ 4mw?
the IR field
g 4
+ 4 101
Kr* 4p* 5p,6p g
___________ 510"
Kr* threshold L [ =83 meV
o Width of Kr*3d?5p resona
Kr: 3d1° 4s? 4p© % 10 === -2 -
=B
5 .
810
\ J 2
L. B. Madsen, et al., Phys. Rev. Lett. 85, 42 10 0" 10 e
S. E. Harris, Physics Today 50, 7, 36 (1997) IR laser intensity (W/cm?)

Glover, Santra, Young et al., Nature Physics 6, 69 - 74 (2010) T. Mazza et al, J. Phys. B 45 141001 (2012)
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XUV-IR Electron Spectroscopy at FLASH:
Experimental apparatus

photodiode / \
XUV source: FLASH

hv = 90-92 eV (Kr3d5p resonance)
BW ~< 1eV, ~50meV after mono

MBES: 4r collection angle
Suited to highly dilute samples
Enabling single shot capability

Y

Sample
delivery

T
11
|1
4 11
11
11
Ll
I

2

Normallzed spactral density

I

ol B el F B .

-2 -1 o 1 2
AN ()

Schneidmiller et al., J. Micro/Nanolith. MEMS MOEMS. 11(2), 021122

\ TOF — e T —
N Pulse duration ~ 50-100 fs,
' Intensity irrelevant
permanent IR:
magnetB=0.5T A =800 nm

Intensity ~ 10'2 W/cm?
No pump probe: time overlap

MBES:
AKE / KE ~ 2% on ret. electrons
Single shot capability (41 acceptance)

- /

OPTICAL LASER

Xuv
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Electron Spectroscopy:
Auger decay of resonantly excited Kr 3d-! 5p states

hv=91.2eV
£
XUV Only 4p'2 (1D) 5;} mmmm  pregentresult
1 —— Aksela et al.,
4 PRA 46,
Kr*3d2D;,,  —-ommmmmmo— - {iw a5 Nas ’Yzf}_ " 1345 (1992)
=
Kr* 3d°5p 5 4p=2(1S) 5p
————————— .é 31 LD Sp(epy e
5 U
£ '
> Lp  P(Tp)11f
XUV o 2 ”‘m :
wv 12 +
91.2 eV Kr* 4p* 5p o | P~ Op |
Kr+ 4p* 6p < § g
Kr: 3d10 452 4p® ; ‘3 .

58 60 62 64 66

Kinetic energy (eV)

] | European XFEL
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Electron Spectroscopy:

Auger decay suppressed by dressing IR field

XUV & NIR

{M, o N, N, .}
Kr3d°2D,,  -- ‘_ T RIS

* 9
Kr* 3d 5p T __L_-f '

XUV A “
91.2 eV Krt 4p* 5p '

Kr* 4p* 6p

Kr: 3d*0 4s2 4p®

] | European XFEL

intensity in arb. units
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hv=91.2 eV
7 4p2('D) 59
4 4
; 4p2(1S) 5p
4p2(3P) 5p
—
4s1

66

Kinetic energy (eV)
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hv-dependent electron yield:
influence of the dressing IR field

NIR laser OFF

Kinetic energy (eV)

The resonance lineshape is retrieved from the

. : ] integrated resonant Auger electron yield
o) 8 10

3
4.—\'

911 912 913 914 0 . ) )
Eliotnecensrey A e T o normalized over the 4p PE line yield
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hv-dependent electron yield:
influence of the dressing IR field

T i T
1

—
T

AE =15 £+ 5 meV

O
o

W

o
=

Resonant Auger vyield (a.u.)
o
(@)

o
N

91 012  91.4
Photon energy (eV)

91.6

I T
! g =2.3 - 10" W /cm?

laseron = 160 = 15 meV-

91.8
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T. Mazza et al, J. Phys. B 45 141001 (2012)



Dichroism and resonances in intense radiation fields

hv-dependent electron yield:
influence of the dressing IR field

£
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—
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T. Mazza et al, J. Phys. B 45 141001 (2012)
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hv-dependent electron yield:
influence of the dressing IR field

| b | | <120
1o g =8.9 - 10" W/ cm? g
g1 =100
1f l - £ 80
! AE =39 = 17 meV 2 60
1 &
I £ 40- }
0.8 | Wssron = 267 £ 54 meV. 0 , |
l % 05 1 15 2
0.6 : | laser intensity (W/cm?) 19%
<600
0.4+ i £
£ 400
0.2 } £ 200 : {
0 ; : ‘-" - ) % 0.5 1 1.5 2
91 91.2 91.4 91.6 91.8 IR laser intensity (W/cm?)  y 10"

Photon energy (eV) T. Mazza et al, J. Phys. B 45 141001 (2012)
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hv-dependent electron yield:
influence of the dressing IR field

g =1.9 - 102 W /cm?

—
T

AE =97 = 29 meV

O
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T. Mazza et al, J. Phys. B 45 141001 (2012)
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Dynamic Stark shift
controlling the relaxation dynamics

//
(1) G0, = —2IM(0,,) .
(2) 00ce = —(Te + Tion)Oce + 2Im(Q50.,) Aug
(3) afgt"g - [_1(A1 - Se) - I/Q(Fe + ]-—"r'on + f}':L)]Ueg
+ 1824 (0,9 — T
(4) afo-h — ]-—‘-':‘GTIJE’,B — ]-—‘.ho-h
(6) oy =Te0pe + oy = atcrj? + 8;032“1 o 4p4
V) = f
Yoo
Krt 4p | exp + theo. @ §
0.5t @ b <> " pond. + ioniz. -
J o g, "
Kr: 3d10 452 4p6 .. 4 O oo 0
n :;:;::%;EW: : : ot@’@?é&aol -4 I
90.9 91 9.1 91.2 91.3 914 91.5 91.6 91.7
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Approximation:

European Photon energy (eV)

=120 S = Up = e Polarizability ~ 1/w?

E 100 Exoeriment
£ gg _xpenmen AC Stark shift
wv
Y 60 =
é 40} 3 ponderomotive shift
o) {, > Up = 2 2
o p=eE,;2/4mw
L 20 _¥ '
00 0.5 1 1 C o |
laser |

600 Experiment

=
=
=4 -No influence of
5 400 intermediate resonances
= .
Q { -No spin-dependence of
& 200 ' polarizability
Q
|
0 i
0 0.5 1 1.5 2

IR laser intensity (W/cm?)  y 19"

T. Mazza et al, J. Phys. B 45 141001 (2012)
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Qutline
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Resonances in intense photon fields:
(two-color, circularly polarized light) case 3

Sample preparation
Dichroism in the He2* e N
photoionization: the magnetic 54.4eV
quantum state selectivity of 1/
the CIPO light affects R ua:- I
significantly the ionization ; 1.58eV
cross section 3p b R He* 3p,m= =1
AC stark shift of magnetic
quantum number selected FEL ©
electronic state 48.36eV
) 1 S He* 1s
He* 24.6ev
He \_ J

M W 0 European XFEL He*1s 5 He*3 S He2* + ¢l
e*1s e*3p e +¢ M. lichen et al, PRL 118, 013002 (2017)
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XUV-IR Electron Spectroscopy at LDM@FERMI:
Experimental apparatus
sCMOS camera

2007
a—
2
Phosphor layer =
wor 2 400
/Relectrons ]‘ _9
o=
0 , -’ XUV beam S 600t
0 -

electrodes NIR beam -

I

YAG screen \
+ cable antenna

200 400 600 800

H i t . e .
=8 X position (pixel)
4 )
XUV source: FERMI IR VMI:
hv = 48.36 eV (He+1s3p resonance) A =800 nm ~200meV energy resolution for KE<4eV
BW ~0.1%, seeded FEL Intensity < 1.5 1012 W/cm? Angular resolution
_ No pump probe: time overlap
Pulse duration ~ 50-100 fs,

Intensity irrelevan
\ tensity irrelevant y
I B 0 European XFEL
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Electron spectroscopy of the He+3p 2color MPI

2000

hv = 48.36 eV

100 1800

00 1600

41400
300
41200

400
41000

500 dann

600 4600

200 t
a - -
2000 I
10

700 400

a00

oo0 I —
)
S
- 1000 ng ~ |2
Qo
> TTL y
8
© 200 He
20 50 100 200
XUV pulse energy (uJ)
I B 0 European XFEL FEL

IR
He*1s - He*3p - He?* + ¢l
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Experimental Scheme — NIR Intensity = 0.7*1012 W*cm™ counter-rotating |
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M. lichen et al, PRL 118, 013002 (2017)



Ionization yield (arbitrary units)
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Photoelectron Circular Dichroism — Yield
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NIR Intensitv = 1.4*1012 W/cm?2

Evidence of 1 partial wave vs.
2 partial wave contribution in the PAD

Intensity increase x2 -
yield increase x24 = 16?7?

M. lichen et al, PRL 118, 013002 (2017)
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Photoelectron Circular Dichroism — Intensity Dependence
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Dichroic Stark shift
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Electron population of the He* 3p (m=+1) state is strongly NIR-intensity
dependent because of dichroich Stark shift

This effect partially is in competition with the co-rotating ionization cross
section (due to angular factors alone)

A combination of the population control and together with the expected
sign change of the CD points to unexpectedly low intensity for a sign
change (compared to e.g. Barth and Smirnova. (2011), Bauer et al.
(2014)).
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Delone and Krainov, Physics - Uspekhi 42 (7) 669 - 687 (1999)

In the case of circular polarization, the use of the Wigner —
Eckart theorem leads to the following explicit dependence of
the dynamic polarizability on the magnetic quantum number
M:

o oM 3M— (1)

M () = oY oV - — o JjU+1)

TR VTR =7
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Nonadiabatic tunneling in circularly polariz

Ingo Barth an
Max Born Institute, Max-Born-Si
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We consider selectivity of strong-field ionization il
rotation in the laser polarization plane in the initial s
of one-photon ionization and bound-state excitations '
in contrast to the well-studied ionization of Rydbers
electrons, optical tunneling selectively depletes states
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Conclusions

Probing the spectral structure of a collective resonance by nonlinear XUV
spectroscopy
Substructure in the Xe4d GDR unveiled by 2photon ATI spectroscopy

Core hole relaxation dynamics control via optical fields
Dynamic-Stark shift of core hole resonance, introducing a competition
between the optical ionization and the Auger decay

Control of resonant excitation dichroism by optical fields
Intensity dependent dichroism evidencing the influence of the magnetic
state on the optical modification of the excitation process

1 | European XFEL




