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SwissFEL (2016): soft(lin/circ polarization) & hard x-rays: 100! 20 fs I
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Apple Il undulators (seededjand measured & calculated Stokes parameters [J. Bahrdt et al., NIM A 467 (2001)]/

FEMTO
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‘ Sub-ps X-Ray Source FEMTO at SLS) SwissFEL 2016) I

Electron phase space manipulation: energy modulation & digersion

Resonant laser-electron interaction in a static undulatomagnetic eld:

Only the laser electric eld ( 10%° V/m) couples to the electrons

Highly relativistic electrons: laser magnetic eld (30 T) does not affect the electron trajectory /

FEMTO
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‘ FEMTO: Scienti ¢ Activity I

(I) Femtochemistry: fs & ps Absorption

I time-resolved XAS on molecular systems in solution (Cherguroup, EPFL & PSI)
[Highlight publication, femtosecond XAS, Science 323 (2®)]

(I) Condensed Matter: fs & ps Diffraction
I Coherent phonons in semiconductors and semimetals (Pei&rsystems)
I Solid-solid phase transitions (Feidenhans'l Group, Uni Cpenhagen & PSI)

I Correlated electronic and structural dynamics in complex gstems
metal-to-insulator phase transitions
ferromagnetic phase transitions

(111 Time resolved optical spectroscopy (FEMTO Laser Lab). (I) and (lI)

FEMTO
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‘ Correlated Structural and Electronic Dynamics in Complex Materials.

Goal: Resolve correlated dynamics: lattice, charge, orbital andpin order
real time & atomic resolution
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/ 2 Mn" \ Mt 47 Son
b
D Chermical Unit Cell
¢ La,Sr ® Mn s
s o i1 Chorge Order Unit Cell
\ Mn Spin ‘ Mn Octnhedrs r'; JahnTeler / Orbital Crder Unit Cell

Lattice dynamics: (time domain & atomic resolution): 100 fs (vibrational period)
Electron dynamics: (charge-, orbital-, spin-order): ¢ pn ' 1 ps (e-phonon);

e e 10fs (e-e scattering); e corr 0.1 fs (e-correlation)

FEMTO

\
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‘ Manganites: Insulator-Metal Phase Control - Pry.-7Cag.3MnO 3 I
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[Y. Tokura, Rep. Prog. Phys. 69 (2006) 797]

MIT control by "photo doping”: possible on the femtosecond time scale ?

\ FEMTO /
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‘ Effective One-Particle Approach, Electronic Correlations I

Dynamics is becoming accessible by DMFT theories

time averaged
electron density

|': Coulomb WW
= correlations

TI lattice pot.

delocalizing effects : localizing effects
Kinetic energy: T Coulomb repulsion: U
FM metal : AFM CO-OO0 insulator

Tuning between these two phases: chemical substitution (dong), lattice strain,
magnetic eld, electrical eld, . . .

~

FEMTO
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fs-laser

Diffracted intensity: |

‘ Laser-Pump/X-Ray-Probe: Photoinduced Lattice Motion & X-ray Diffraction I
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[, :resonant scattering: sensitive to charge and orbital digtbution]

J
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‘ FEMTO Slicing Source: Laser-Pump/X-Ray-Probe Experimens (200 fs).

-

Modulator

Storage Ring

Dr'.llgawshn-‘g
Slice Pulse |

Amplifier 11

Femtosecond
Laser System

Dhipgnostics
e-BPM:

Oscillator <--ASynchronization ¢

Amplifier |

."'-‘ Digtinstics

Dimgmosctics |
e e-lew Interaction

Prmp Pulse

= (THz-Radiation)
Frequency IJXA.S [ |
Conversion Beamllne I JMO!II} D;@;?‘?‘Trt
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y

\ Experimental Chamber
\ ) Sample (foil, liquid jet)
! " Gated Detector (APD, MCP, Pixel)

Laser-synchronization: cavity feedback Electron orbit: position feedback & top operation
P11 D12 BPM-1 BPM-2 P21 D22 XBPM-1 XBTM4
i 0 |
TN D

\ Feedback systems, Spatiotemporal stability [G. Ingold, AIP Conf. Proc. 879 (2007)]/
FEMTO
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FEMTO: Sub-ps Laser/X-Ray Pump-Probe Experiment
- Instrinsic Synchronization -

fs-laser system:oscillator !  Ampli er-lI (pump)
I Ampli er-ll (slicing/probe)

fs laser system hv/e overlap - :
IThz \ Qable delay
FE-slits
o w (A?DeDti?éﬁ:-p]
N Modulator Radiator \ Moho M‘“’n“ ,
(optional) KB ML-pair smple

(optional) (otional)  (InSb,Bi)
Slicing spectrometer:modulator - dispersion - refocussing - radiator
Beamline: mirror - mono (Si 111) - KB-optics (refocussing) - mono (mulilayer ML)
Diagnostics:laser/e-beam timing & overlap (CSR)
Detectors (gated):APD, [)  Strip-, Pixel-detector (PSI detector group]
Measured sliced ux: 4 10° (1 10°) ph/s/0.1% bw at 5 (8) keV(rep rate 2 kHz)
Background suppression:1000:1 (core beam) and 50:1 (‘halo’)

, Proposed FEMTO upgrade: x 30 higher ux [close to SPPS at SLAC, prior to LCLS]

FEMTO
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Femtosecond Grazing Incidence X-Ray Diffraction (7 keV.

Bismuth unit cell Pump-probe setup (2-pulse excitation) Pobe depth dependence
(Peierls distorted) ' match optical (pump) depth
E
laser: 100fs, 800nm, 1kHz ) %mo g
— y 4 ) &
7Y h :
= _ ‘dl I;'T" APC 2 10
rays: 140fs, 7.1keV, 2 . . 1 elay £
x-rays: 140fs, 7.1keV, 2kHz . N ii ’ 5
Focusing mimor Multi-Layer L - ne_ 1 1 1 1 ]
0 0.5 1 15 2

\‘ FEMTO ’/
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‘ New Station: FEMTO Cryo UHV-Diffractometer T = 20 - 500 K I

ML Mono - KB Refocussing Optics - Diffractometer PSI Detector Group

Isolated L

PILATUS 100 P|Iatus pixel detector

487 x 195 pixels = 94965 pixels

+ Active Area 83.8 x 33.6 mm?
+ Pixel size: 0.172x0.172 mm?
+ Dynamic range/pixel: 20bits
+ Readouttime: 4 ms

— Longer than FEMTO bunch period

g R e B

Gate Readout Cete
”unpumped ” _ |-_ g _n_ | | ,,,,,,
T aa N
Unpumped FPumped
counter counter
Installation at XAS/FEMTO beamline (funded) PILATUS ! new EIGER 2D pixel detector

(fast readout: 10 kHz, available 2010)

FEMTO

\
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‘ FEMTO: Sub-ps Pulse Length Measurement of Electrons and X-Iaysl

Intensity [a.u.]

Electrons: Interferometry

3,

N
oL

N

=
ol

=

0 10
Delay Time [ps]

FEMTO

Diffraction efficiency

X-rays (7.1 keV: laser uence: 2 mJ/cn?):

1.1

1.0

0.9

0.8

0.7

X-Rays: Optical Phonon Oscillations

_ Bi (111)
:iu h
S
_ § i PTI.
; v' i ¢ 3 ‘ .
|l‘ £ 2 ’<n P Ll
_ 273 S
l‘ﬁr z
05 00 05 10 15 20
Time (ps)

Oscillation frequency: 2.60 0.05 THz
Fitted x-ray pulse width: 140 30 fs[FWHM]
Time resolution: 195 25 fs [FWHM]

Electrons: autocorrelation spectra 200 fs FWHM (assuming Gaussian sliced bunches)

\
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Grazing Incidence Diffraction & 2-Pulse Excitation $ Spatiotemporal Stability

Normalized diffraction efficiency
(wd) wsweoe|dsip owuoN

Time delay (ps)

Double pulse experiment: coherent control of optical phonaos in bismuth at 2.6 THz.
Longterm temporal stabiliy: 30 fs (rms), spatial stability on sample: 5 m

Data accumulation possible over millions of shots. FEMTO eperiments take advantage of
the excellent stability of the SLS storage ring

J

FEMTO
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‘ Double Pulse Excitation - Coherent Control: Phonon-PhonorCoupling in Bi ? I

-11

-121

-13F

Efoi [ m RY]

0.23 0.24 0.25
z(c)

1.00 e At=382fs
%ﬁ}%% A At=575fs
0.95]
] %ﬁ@éﬁftﬁﬁ A
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g 0.851 -
S 1005
\ 8 f‘ﬁ%
% 0.95F i é;;‘
g ot
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% i 1H§1hlxﬁ;§ 11 #i
0.80f ;
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55 05 0.0 05 10 15 2.0
Time (ps)

Potential energy surface: A & E g mode coupling predicted by DFT theory/zijstra PrRB 74 2006]

Optical measurement provide evidence at low temperaturesischko, J. Phys. Cond. Matter 19 2007]

No change of g (1-21) diffraction signal by coherent control of Ay (111) motion

FEMTO
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Femtosecond X-Ray Diffraction: Mapping the Int eratomic Pdential
- Laser/X-Ray Pump-Probe: Comparison of Different Timing Methods -

SPPS/Linac: Arrival Time Stamping FEMTO/SLS: Inherent Synchronization

pulse compression pulse slicing
28 Gev, data acquisition: 0.3 h 2.4 GeV, data acquisition: 2-h
[D.M. Fritz et al., Science 315 (2007)] [S. Johnson et al., PRL 100 (2008)]

Arrival time of electron bunches measured with EO-sampling [A.L. Cavalieri et al., PRL 94, (2005)]

FEMTO

J
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Femtosecond Diffraction: Nanoscale Depth-Resolved Latte Dynamic

Alg optical phonon Zeq = 0.2334 (in units ¢ = 1.18 nm)
1.00 ' ' ' 0.235F '
0951 0.234 }
0.90 f
0.85 | 0233 | T < 7.5 nm
0.80 E 0.235 |
1.00 0.234
095 F
0.90 b 0.233 |

Atomic position parameter =

Normalized diffracted intensity

1.00 0.234 f
0.90 f 0.234 ]
085 : 1 T
0.233 f J
1.00 .25 nm <z < 55 nm
0-95 T 0.234 }
0.90 f
1.00 ) s J
0.0 0233 I 5 nm < z < 82.5 nm
.95 0.234 F + + + t + -
I Tt !
100 0.233 1
0.95 ’ ) . 82.5 nm < r < 155 nm
-1 0 1 2 3
Time (ps) Time (ps)

[S.L. Johnson et al., PRL 100 (2008)]

\ FEMTO /
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‘ Femtosecond Diffraction: Nanoscale Depth-Resolved Latte Dynamicj

- FEMTO /
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Femtosecond Diffraction: Time-Dependent Mean Square Didacement
- Directly Observing Squeezed Phonon Number States -

Time-dependent mean square displacement via the Debye- Wait factor for [ 101] and [11 2]
re ections in bismuth at 300 K & 170 K compared to DFT calculations

[S. Johnson et al., Phys. Rev. Lett. 102 (2008)]

FEMTO

J
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Femtosecond Diffraction: Unit Cell Reconstraction of Lase-Excited Tellurium

Femtosecond diffraction data taken at grazing incidence agle of 0.45
Measured diffraction planes selected to form a linearly inégépendent set

[S. Johnson et al., PRL 103 (2009)]

k FEMTO j

Ingold / XFEL Int Workshop / Ryn, Poland / Feb 14-17, 2010 22




Phonon mode and mean-square displacement dynamics of phatcited tellurium
Unit cell dynamics without a priori assumptions on the symméry of the excited state motion

[S. Johnson et al., PRL 103 (2009)]

Femtosecond Diffraction: Unit Cell Reconstruction of Lase-Excited Tellurium

J

k FEMTO
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Manganite La; yxCayMnO3; (x=0.58) : Femtosecond Diffractioj

[Rodriguez 2005] [Cheong & Hwang 1999] [Giovannetti 2009]

20 K: monoclinic structure, CE-type antiferromagnetic (AFM) order
Cell-doubling from orthorombic (295 K) ) monoclinic (20 K) along b-axis at T< Tco 170 K
caused by Jahn-Teller (JT) distortion of O-octahedra at Mr?*  sites

Coupling & time scales: structural & hard x-rays (FEMTO) electronic & soft x-rays (FLASH, LCLS)
[G. Ingold et al., Z. Krist. 223 (2008)]

FEMTO

\

J
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‘ Orbital-lattice coupling: Jahn-Teller (J-T) distortion of MnO ¢ octahedron I

Crystal- eld splitting of the ve-fold degenerate 3d levels: 10 Dg  4-5 meV
J-T distortion ( 1-2 meV)lifts to4 and gy degeneracy causing Mn@ deformation

Local structure of Lag:-5 Cag:5 MNO 3 [E.E. Rodriquez et al., PRB 71 (2005)]

FEMTO j
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‘ | CMO: Photoinduced J-T Release at Mr#** Site) Change of Crystal Symmetrﬂ

20 K : cell doubling laser excitation: 1.55 eV 300 K

[J.H. Jung et al., PRB 57 (1998)]
Mn 3d - O 2p hybridization allows (dipole forbidden) intra-a tomic transition e (Mn>* )1 e (Mn®")

k FEMTO j
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Electron Pump - Lattice Probe: Control of the structural symmetry
by electronic excitation

20 K : cell doubling (552) superlattice re ection 300 K

[P. Beaud et al., Phys. Rev. Lett. 103 (2009)]
Structural phase transition within 200 fs (time resolution) due to orbital & charge order melting

,  Con rmation by fs resonant diffraction at Mn L-edge (640 eV) or O K-edge (530 eV) at FELs (proposed)
\ Time scale of OO-CO melting<< 200 fs ? /

FEMTO
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Lattice Pump - Electron Probe: Control of the electronic phas
by far-IR structural excitation

[M. Rini et al., Nature 449, 72 (2007)]

Manganite PCMO: mode selective excitation of optical phonon at 71 meV (17 TH50 fs)
Large amplitude Mn-O distortion induces non-equilibrium insulator ) metal phase transition
(within the 300 fs experimental resolution) withresistivity drop by 10°

, Repeat FEMTO experiment at LCLS with time resolution 50 fs to measure coherent optical
\ phonons related to O-octahedra motion

FEMTO
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‘ La; «Ca,MnO3: Short And Long Time Scale (Ground State Recovery'

(522) 7.1 mJdicnf

Short time scale: SL peak drops 80% after 200 fs (= time resolion) and  100% after 1 ps

Long time scale: ground state completely recovers after 100s allowing stroboscopic measurements
Measured with 85 ps resolution using ‘unsliced' monocromat x-ray pulses

Further drop from 70% (200 fs) ! 50% (50 ps) at 1 mJ/cn? indicates ‘thermal’ formation of coexisting
ordered and disordered domains on a picosecond time scale

Recovery dominated by diffuse cooling via the substrate

k FEMTO j
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Resonant X-Ray Diffraction: Charge-, Orbital- & Magnetic O rder I

Energy tuned to absorption edge: coherent sum over intermddte states) high scattered intensity
Polarisation analysis: multipole decomposition of supertsucture Bragg re ections

\

J

FEMTO
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‘ Soft X-Ray Resonant Diffraction: Charge & Orbital Order La o.5Sr;:sMnO 4 I

[U. Staub et al., Europhys. Lett. 76 (2006) 926]
PSI RESOXS Group endstation

Temperature dependence of the orbital (1/4 1/4 0O) re ectiorat three distinct energies in the
vicinity of the Mn L 1 and L, edges

2 order parametersare present for the (C,F) and (A,B,D,E) temperature dependece:
Jahn-Teller distortion (structural) or orbital ordering (electronic)

k FEMTO
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X-ray measurement

Lag:42 Cag:58 MnO3
FEMTO: structural dynamics:

200 fs

Optical measurem
Gdp:55 Srp:45 MnO3
TRMOKE: charge dynamics

spin dynamics

ent

200 fs

1ps

o

[M. Matsubara et al., PRL 99 (2007)]

Optical measurementgely on the modi cation of the electronic & magnetic suscepibility ( indirect method)

Time-resolvedresonant x-ray diffraction candirectly measure the charge-, orbital- and spin dynamics

FEMTO

\

\ Metal-to-Insulator Phase Transition: Structural vs. Electronic Time Scale'

J
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‘ Proposal Femtosecond RSXD: sFLASH (DESY) & RESOXS-Chambe(rPSI)I

) SASE: Measurement of photoinduced charge- and orbital-ordr melting in manganites

Oxygen K-edge (530 eV),"8 harmonic & 7 nm, PG2-beamline( E 1eV)
Future (?): HHG-seeded FLASH (sFLASH) will produce 30 fs FWHM,

timing jitter given by pump- and seed-laser synchronizatian [a. Azima et al., proceedings FEL0S (2008)] /

FEMTO
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Proposal for SwissFEL [V. Strocov, J. Synchr. Rad 17 (2010)]

‘ Pump-Probe RIXS: Single Shot Doubly Dispersive RIXS Spectmeter I

Incoherent sum over nal states: low scattered intensity
Challenge: energy & momentum resolved measurement

K FEMTO
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‘ADRESS Beamline at SLS: RIXS Spectrometej

FEMTO

[G. Ghiringhelli et al., Rev. Sci. Instrum. 77 (2006)]
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Collective Magnetic Excitations in the Spin Ladder Sk4Cu4041 I

RIXS (ADRESS Spectrometer)

Inelastic Neutron Scattering

measured calculated

[J. Schlappa et al., PRL 103 (2009)] [S. Notbohm et al., PRL 9@007)]

High resolution momentum & energy resolved probe of the disprsion of collective excitations
Cu L3 edge RIXS: two-triplet excitation energy gap 100 30 meV at q=0
Flux on sample: 13® ph/sec/0.01% bwin 6x 80 m? (, incident ux 10" ph/s: challenge at XFELS)

) Pump-Probe RIXS: Excite coherent phonond pnonitor coherent spin wave excitation

FEMTO

exchange coupling H = " J(rij) SiS;

\
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‘ Coherent Optical Phonons and Parametrically Coupled Magnas I

FEMTO

[A. Melnikov et al., PRL 91 (2003)]

Finite transfer time between lattice and spin system belowite resolution

Optical phonons as driving mechanism to coherently excitehe spin system in Gd at 3 THz

Even (odd) re ected SH intensity measures the pump-induceelectron (magnetization) dynamics

100 fs

\
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‘ Ultimate View of Femtomagnetism: Spin-Lattice Interaction & XMCD in Ni I

[C. Stamm et al., Nature Materials 6 (2007), and C. Stamm et al submitted]
Quenching of XMCD signal / S+3/2Lyields transfer of original spin momentum to lattice within 120 70 fs
Sum-rules map time evolution of spin & orbital momentum $ S is transferred to the lattice and not to L

FEMTO
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‘ Lag.5 Cag.5s MNO 3. Magnetically Induced Electronic Ferroelectricity I

Strong multiferroic coupling predicted in halfdoped manganiteSG. Giovannetti et al., PRL 103 (2009)]
MnO, planes: charge-orbital ordering spin dimerization break inversion symmetry

Dynamics in multiferroics: can we excite spin-wave packetsith an electrical eld ?

How polarization emerges in a spin waveP i X[SixS;] [Qx €]
(Q: spiral wave vector,e: spin rotation axis [D. Khomskii, Physics 2 (2009))

k FEMTO j
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o

Generation of single-cycle THz transients with high electic eld amplitudes

Femtosecond Dynamics in Multiferroics: THz-pump/X-ray-probe

[T. Bartel et al., Opt. Lett. 30 (2005) 2805 ]

Electric eld: 300 fs FWHM & 400 kV/cm generated by four-wave mixing in air.
Polarization: parallel to polarization of second laser hamonic.
Ti:sapphire: 25 fs, 0.5 mJ, 1 kHz.
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‘ Orbital Waves: Collective Elementary Excitations in Pry.7Cag.:3sMnO 3 I

[D. Palli et al., Nature Materials 6 (2007)]

Optical pump-probe: photoinduced coherent wave-like excation of the orbitally-ordered state ("orbiton™)
with oscillation period 25 fs

(  Time-resolved resonant diffraction: study fast short-ramge CO/OQO uctuations at the nanoscale

k FEMTO j
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‘ Speckle: Nanoscale Evolution of Charge & Orbital Ordered Pfases.

CO/O0O-melting: pump-probe coherent RXD CO/O0O-formation: XPCS split pulse technique
100 fs - 100 ns 1ps-10ns
[J. Turner et al., New J. of Physics 10 (2008)] [C. Guitt et al.Qptics Express 17 (2009)]
k Compare two speckle pattern before and after pump pulse Twogual-intensity pulses separated in time along the same path
FEMTO
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‘ Nanoscale Phase Separation in LgssCag-45sMNO 3 I

[J. Tao et al., PRL 103 (2009)]

Scanning-electron-nanodiffraction images 12 x 12 nf of nanoclusters with scanning step size 1 nm
CO-formation at PM-insulator/FM-metal phase transition (253 K)

m

Can XPCS/Speckle reach 1 nm resolution ?

[O.G. Shpyrko et al., Nature 447 (2007)]
Time sequence of CDW speckle pattern evolution (1000 s aparieach image is 10 2 A

FEMTO
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Diagnostics at Exp Station:Complete Polarization Analysis Applied to Resonant X-Ray &attering '

[C. Mazzoli et al., Phys. Rev. B76, 195118 (2007)]

(1) Hard x-rays: goniometer mounted diamond phase plate to modify polarizabn of incoming light

[(111) Bragg re ection in symmetric Laue geometry]

(2) Calculated and measured Stokes parameters demonstraty 100% linear-to-circular polarization

conversion at Cr pre-K-edge (5.994 keV) in K CrO 4

FEMTO

\

J

Ingold / XFEL Int Workshop / Ryn, Poland / Feb 14-17, 2010

44



o

Diagnostics at Exp Station:Laser/X-Ray Pump-Probe Beam Arrival Monitoring: 30 fs Time Resolution

Single shot measurement of superstructure Bragg re ectiorat MIT phase transition
Beamsplitter

&

|. Pump-Probe Diffraction Experiment . fs X-Ray Arrival M easurement

FEMTO
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FEMTO ) XFEL: Dynamics in Strongly Correlated Systems.

To resolve the correlated dynamics between lattice, chargerbital and spin in complex
materials in real time with femtosecond x-ray diffraction, we need: : :

:::10- 100 fs FWHM soft  hard x-rays & ux on sample  10° ph/pulse/0.1% bw
(focus 10 x 10 m?) &lin  circ polarization & pump-probe timing jitter 10 fs FWHM

FEMTO
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