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Transition rates of resonant X-ray Processes
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Transition rates of resonant X-ray Processes
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Measurement of resonant X-ray Processes

Elastic scattering
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FTH Recording FTH Reconstruction

STXM image

) 20 um pinhole
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mask and sample

L \Au mask

Magnetic film

Eisebitt, LUning, et al., Nature 432, 885 (2004).
Using holographic mask
exploiting XMCD to image magnetic domains
resolution < 50nm
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= Need a sufficient amount of photons
= Need them in a very short time

= Nonperturbative: Damage to the sample must occur after
snap shot
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Single shot image requires:
Full field microscopy
Coherent x-ray compatibility

Robust and unique image reconstruction
High photon efficient method

':1. A P'

Single shot imaging to study:
Non periodic structures in their “instant” state
High resolution imaging beyond 10nm
Fast dynamics on relevant length scales
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DESY-Bahrenfeld

Electron source

Linear accelerator
begins
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Osdorfer Born DESY-Bahrenfeld

Electron beam to Electron source

photon beamlines .
Linear accelerator

Undulator systems begins
begin
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Schenefeld Osdorfer Born DESY-Bahrenfeld

Electron beam to Electron source

Experiment hall _

Laboratories SO Il Linear accelerator
: Undulator systems begins

Offices begin
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Optical beam transport and instruments

Undulator Segment FEL radiation energy [keV] Wavelength [nm]
SASE 1 3 - over 24 0.4-0.05
SASE 2 3 - over 24 0.4-0.05
SASE 3 0.27 -3 46-04

Materials Imaging
MlD and Dynamics

s c|ectron tunnel € celectron switch

photon tunnel ® electron bend

High Energy

HED Density Science

Optional space for

I undulator B electron dump two undulators and

four instruments

/’.
\\“\“\\\“‘“‘ Single Particles, Clusters
SPB gnd_l?iilc;molteculés zénd ‘
SFX erlsaa gr‘r;aosecon
-le;mmmmuu_o e

Femtosecond
FXE X-ray Experiments

Small Quantum

SQS Systems

Spectroscopy &
SCS Coherent Scattering

SASE 1 SASE 3
0.05 nm -0.4 nm 0.4 nm -4.7 nm

linear accelerator SASE 2
for electrons (10.5, 14.0, 17.5 GeV) § 0.05 nm - 0.4 nm
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Hard X-rays

SPB/SFX: Single Particles, Clusters,
and Biomolecules and Serial
Femtosecond Crystallography

= Will determine the structure of single Will examine the quantum
particles, such as atomic clusters, mechanical properties of atoms

viruses, and biomolecules and molecules.

MID: Materials Imaging and Dynamics

= Will be able to image and analyze
nano-sized devices and materials

used in engineering Will determine the structure and
properties of complex materials
FXE: Femtosecond X-Ray Experiments and nano-sized structures.

m  Will investigate chemical reactions
at the atomic scale in short time

scales—molecular movies

HED: High Energy Density Physics

= Will look into some of the most
extreme states of matter in the
universe, such as the conditions at
the center of planets
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X-ray pulse
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close to transform limit
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curopean |2 CS X-ray beam delivery using monochromator
XFEL ffor time-resolved spectroscopy (100x100um2)

(PINK BEAM: up to 1074 photons per pulse up to 1018-102° W/cm2 )
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Degeneracy parameter

Number of photons in coherence volume

source photon energy o
Hg lamp 49 eV 3 %107
synchrotron undulator 6.4 keV 2 %107
He-Ne laser 196 eV 2 % 10’
XFEL 6.4 keV 2 % 10°
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“simultaneous” is defined by atomic decay clock ~ 1 fs

Storage ring:

1014 phot./eV/s > 107! phot./eV/fs “one photon at a time”
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“simultaneous” is defined by atomic decay clock ~ 1 fs

Storage ring:

1014 phot./eV/s > 107! phot./eV/fs “one photon at a time”

typical x-ray pulse: fio =778 eV, AE=1 eV
/

X-Ray lasers 10° phot./ fs

—

A\

S EEE—
E.«‘ TT\:E
i AN
~ 550 nm coherent
JJUU |I™— wave packet
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Single shot imaging of magnetic nanostructure
a . b

FEL pulses
-~
.......... ” — at778.8eV,

E colL3 edge
\
E

Monochromator: Co L3 edge (778.8eV) with 0.5eV bandwidth
Photons after the polarizer: | x10° photons/pulse

Focus at sample: 10x30um?

Shot-shot intensity jitter: Fluences from | to 30m}/cm?
Nominal pulse durations: 80fs and 360fs

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction
Andreas Scherz, European XFEL Wa ng, ZhU, Wu et al. PRL 108, 267403 (2012)
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0 =>4

|.5x10° photons detected in a 80fs x-ray pulse
Spatial multiplexing to improve image quality by up to a factor 4 (15 ref.)

Combination of resonant enhancement, phase recording and spatial multiplexing

Imaging threshold as low as 5m)/cm?

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interactio
Andreas Scherz, European XFEL "Wa ng, Zh u, Wu et al. PRL 108, 267403 (2012)
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Single Shot Holography
Using Fourier transform
holography, obtain real-space

: image of magnetic domains.
R ) Diffraction from a single x-ray
pulse (~5 ml/cm?).
~—  Sample We can combine this with pump-
. probe techniques to make time-
Co polarizer resolved movies!
6'(‘:,* <1_) FEL pulses Attain high resolution in single
=t ~  at778.8eV, <hot:
\: Co L3 edge
E Single shot imaging threshold ~ Ne atomic laser
Wang, Zhu, Wu et al. PRL 108, 267403 (2012) HIGH RESOLUTION Ne hollow atoms

! !
10" 10" 10 16”

W/cm?
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Critical time scale of stimulated x-ray processes

Ca Sp Ti V Cr Mn Fe Cp Ni Qu Zn

. 8 Ljedge 110t @

b - b : =
w
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R =

o spont. Auger £ =

excitation  x-rays electrons @ 3f 2

Z‘em tA % - g

S T

< kS

'

A v Y

20 22 24 26 28 30
Atomic number Z

Stimulated processes must be triggered before spontaneous excited state decays

“atomic clock” = total decay time = a few femtoseconds
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Amplified stimulated emission in a gas

LETTER

Atomic inner-shell X-ray laser at 1.46 nanometres

doi:10.1038/naturel0721

pumped by an X-ray free-electron laser

Nina Rohringer't, Duncan Ryan?, Richard A. London', Michael Purvis?, Felicie Albert', James Dunn', John D. Bozek®,
Christoph Bostedt®, Alexander Graf', Randal Hill', Stefan P. Hau-Riege' & Jorge J. Rocca’

Ne2+ (1s12522p°) b
Ne'* (1s'2s22pf)
Auger [jjLasing XFEL
XFEL pump decay [ transition (960 eF\)/l)Jmp
(960 eV) (849 eV) -
Ne?+ (1s22522p?)
Ne'+ (1s22s22p° Grating spectrometer
Ne (ground state) e (1s°2s72p7) g spe

Filter Slit
Gascell (0.2-um Al) =

(neon, 500 tor) @ — Grating | -
Pulse length 40-80 s @/ —o7m P
Pulse energy < 0.27 mJ — ) 0.
Power density < 210" W/cm2 | ygg |2 Hm focus | 4m
960 eV
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Andreas Scherz, European XFEL Rohringer et aI, Nature, 481 , 488 (201 2)
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Atomic inner-shell X-ray laser
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Amplified stimulated emission in a solid

LETTER

do0i:10.1038/naturel2449

Stimulated X-ray emission for materials science

M. Beye', S. Schreck? F. Sorgenfrei'-, C. Trabant"%#, N. Pontius’, C. Schiiffler-Langeheine', W. Wurth® & A. Fohlisch'?

Sample

A —
"

Electron

a
I
A) ’ Valence
0O band 6 W §’
: I=1x10"— §
= Cm2
bo .
~ Photon in Photon out
NNANNY. NN Detected signal (arbitrary units)
LS » w 0.4 ’90.6 OWE
N ' Atomic-
) . core level

Hole

Detected conversion is 10-11, stimulation enhancement by a factor ~2
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European

Grating spectrometer . : —_— 1 Kchmz %

r
Gascell (0-2-umAi)

(neon, 500 &M/ 1 == Gratin

. | m
XFEL1 2-um focus | 4

960 eV

4 1 Jiem?
<
1 single shot
magnetic
imaging

L 1 mJ/cm?

XFEL Jversus electronic structure

mic

30 mJ/cm?

atomic structure:
single shot pattern of
virus or crystal

magnetic structure:
Co/Pt domains
50 fs pulses
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Summary

Part 1 (Tuesday)
Spectroscopy and Microscopy
XFEL and SASE radiation
Stimulated emission

Part 2 (Wednesday)
Nonlinear absorption
Three-wave mixing
Four-wave mixing
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Charge pattern Recorded pattern|

.
7 PN
'3

>

—

7 778 eV, 50 fs
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Low Inten5|ty = 2 If diffraction scales linearly with
intensity:
High Intensity ~ Low Intensity Intensity
Pattern B Pattern X Ratio

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction
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Low Inten5|ty 2 |f diffraction scales linearly with
e intensity:
High Intensity ~ Low Intensity Intensity
Pattern B Pattern X Ratio

Increase intensity to ~300mJ/cm?

A 4
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Kramers-Heisenberg vs. Bloch-Rabi

Stimulated resonant process
(a) Two-photon picture (b) Single EM-wave picture
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Steady state response of the two level system
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Single pole approximation

Co metal L; edge magnetic dichroism spectra
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Onset of nonlinear contributions
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Saturable X-ray absorption

) L B ALt BRI
SO . 4
= i (b) -

. 2 0.8¢ I,[mJlcm7is] -
—T —r - — . — — - +— O » : — :

2 [ (a)Co metal ) ;, - 1ou0 .

2 | Ljresonance £ 0.6[|— 100 _

S 6! " PN R - N 3

S | | gt 0 lcm?fsl| | £ 04f '10 4

? — o0 — 0.05 . 18 ]

g 40| o — 10 |1 € o2f :

O L 50 }‘_E " |— 0.001 ]

o H - -

g 2 3 )1 ) | - N R———— - ——— -

| 0.2 1 T T T

;‘f [ | e - (c) q

w Q=== 1 NP PR 1 NP P L pa—m— {w 10 [mJ/ch/fs] q

775 777 779 781 & " [ — 0.001 i
Photon energy (eV) 3 - 3 -
|
l\O -
%
8
=
-
®)
5 I
0.0 P T | ]

0.1 1 10 100 1000
Sample thickness d (nm)

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction .
Andreas Scherz, European XFEL StOhr, SCherZ, PRL 115, 107402 (2015)



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

XFEL JExperiment vs Theory

x10°
. : . 4
High intensity 500 (a) High intensity
272 mJ/cm%pulse 5 270 mJ/cm7pulse
IS
g5
P 3
W =
5z :
- 9
O O
© <
3 8
©
: : O
Low |nten§|ty Low intensity
0.6 mJ/cm“/pulse 0 0.1 mJ/cm¥pulse .
b x10° | |
( )12 S LQW Intensijcy | (b) 1.0 sy
24 |- High Intensity o
7p) 9 0.8
S o
2 Magnetic IS
£ 81 " : S 0.6¢
scattering a | >
8 o @® Magnetic speckle % s
+~ = 0.4y ©
E < | © Theory magn. speckle o
o4 = & Theory XMCD 8
() 8 0.2f L
-IE *E | Airy rings
- . Q Theory XAS, charge speckle
o N O 0.0} %h_mm
0 | | %
0 0.01 0.02 O 03 0.04 0.1 1 10 100 1000
g (nm) Intensity (mJ/cm?pulse)
2::;222;22:\56’(:12,’ZIE()JriF;glr)]a)lgl;é/E University Centre, Stockholm, Nordita School on Photon-Matter Interaction WU et al. ’ PRL 117’ 027401 (2016)



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

XFEL

Optical theorem

Screen
R2 — 22 1 yz

exp [ik(z? + 32)/22] flq o 0)}

Z

ot (1 > z) = exp [tkoz| + . f(q) Vot 2 €xp |ikz] {1 +

in the forward direction we require  kR*/z > 2r and R/z < 1

=5 [ bl = 7R = im0 = 0)

Ooe = 47T(f/2 + f//2)
47

Otot = Osc T Oabs = Tex = ?Imf(O) Oubs = F_Az)\f//

I

O /5th, - [ ity C , S , Nordita School on Ph -M I
Arc}:;c;l;ggéglghfrz’ZIE()Jrinlr)]a)lgl;é/E University Centre, Stockholm, Nordita School on Photon-Matter In RG NeWton, Am J PhyS 44, 639 (1976)



Delete this text and put in here: The title of your talk

European

XFEL

Delete this text and put in here: Date of the Talk, location, ... (max: 1 line)
Put in here: Name of the speaker, function, affiliation, ... (max. 1 line)



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

XFEL [Wave mixing in response theory

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction
Andreas Scherz, European XFEL



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

XFEL [Wave mixing in response theory

absorption emission

A

Wi W1

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction
Andreas Scherz, European XFEL



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

XFEL

ave mixing in response theory

P(t) = & (X<1> + XD E@W) + YO E2(t) + - ) E®)

P(l) (CUQ) — 50)((1) (wz — ::wl)E(wl)

PP (ws) = eox® (w3, £wa, w1 ) E(ws) E(w:)

absorption emission 3-wave mixing ...
A
A w2
g Rpuift
Wi Wi W3
Wi
v v

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction
Andreas Scherz, European XFEL



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European

ave mixing in response theory

P(t) = & (X<1> + XD E@W) + YO E2(t) + - ) E®)

P(l) (CUQ) — 50)((1) (wz — ::wl)E(wl)

PP (ws) = eox® (w3, £wa, w1 ) E(ws) E(w:)

P(S) (w4) — EOX(S) (w4, W3, Woa, W1 ::)E(wg)E(wg)E(wl)

absorption emission 3-wave mixing ... 4-wave mixing ...
A A e e
Wo I 2
YN I T [ N e s B /
A e >
Wi W1 W3 s
W o,
1 (1)S

W1 Y

v v 1>
Q2

October 4th/5th, 2016 - AlbaNova University Centre, Stockholm, Nordita School on Photon-Matter Interaction ' |g>

Andreas Scherz, European XFEL



Nonlinear X-ray-Matter Interaction with X-ray Lasers

European [Three wave mixing:
XFEL Jsecond harmonic generation in diamond
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mixing scheme
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Transient grating spectroscopy
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Transient Grating Experiments on V- SiO,
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Two colour pulses schemes at XFEL'’s
Multicolor at FERMI
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Two-colour pump-probe experiments with a twin-
pulse-seed extreme ultraviolet free-electron laser
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CARS scheme using two-colour pulses from the
machine and a x-ray split & delay line
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FERMI based CARS
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Coherent X-ray Raman spectroscopy
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