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*Extremely high number of photons per pulse (102-10 ph/shot)

Multiphoton non-linear processes

*Very short pulses (few to hundreds of femtoseconds, 10 sec)

Time-resolved spectroscopies

=

DeEaiIed insight on electron and nuclear dynamics on a “real” timescale
Photoexcitation-deexcitation-fragmentation processes
2 >

Formation and breaking of chemical bonds

“Molecular movie”
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FLASH1

mil

FLASH2

Electron beam energy

0.35-1.25 GeV

0.4-1.25GeV

Normalised emittance at 1 nC (rms)

1.4 mm mrad

1.4 mm mrad

Energy spread 200 keV 500 keV
Electron bunch charge 0.1-1.2nC 0.02-1nC
Peak current 1-25KA 1-25KA
Electron bunches per second (typ./max) 300/ 5000 300 /5000
Photon energy (fundamental) 24 -295eV 14-310eV
Photon wavelength (fundamental) 51-4.2nm 90-4nm
Photon pulse duration (FWHM) <30-200fs <10-200fs
Peak Power (from av.) 1-5GW 1-5GW
Single photon pulse energy (average) 1-500 pJ 1-1000 pd
Spectral Width (FWHM) 07-2% 05-2%
Photons per Pulse 101 - 104 10" - 104
Peak Brilliance 10%-10%' B 102 -10%' B
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Fixed Gap
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Peak Irradiance (W/cm?)
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HCCH(X'X]) + hv(pump)
— [HCCH]* (X?I1,, AS.) + ¢,

migr:

—=H,CC]* (X2B,, A2B,) + ¢, (1)

and

[H,CC]*(X2B,, A%B,) + hv(probe) — [H,CC]*" + e,

di
=SCHf +C* + e,

2)

IPMC
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ev A
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32 [HCCH]?* [CCH,]>
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earrangement Dynamics in Dissociating |,"*
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Photon Beam Symbol | hard soft short short
Parameters X-rays | X-rays pulse pulse
soft hard

Fundamental wavelength A 6.2-1.3 | 43.7-6.2 | 43.7-6.2 6.2-1.3 A
Photon energy 7 2000- 285- 285- 2000- eV

9600 2000 2000 9600
Final linac e energy et | 6.7-147 | 25-6.7 | 2567 | 6.7-147 | GeV
FEL 3-D gain length Lg 33 1.5 ~1.5 ~3.3 m
Photons per pulse N, 2 20 0.5 0.2 10
Peak brightness By 20 0.3 ? ? 10°23
Average brightness (120 Hz) (B) 160 8 ? ? 107 e R )
SASE bandwidth (fivhm) Ao | ~02-05 | ~0.2-1.0 ? ? <
Final pulse duration (fwhm) Aty 50-250 | 70-400 <10

S

SLAC, Stanford, CA, USA y
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mtosecond electronic response of
to ultra-intense X-rays

lonization

~ LYoung et al., Nature 466, 56 (2010)
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Ethyl trifluoroacetate
C1s XPS

Travnikova ef al. J.E|.Spec. 2012
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Eland et al., Phys. Rev. Lett. 90, 0530
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Sum of photoelectrons energies (eV) N1s photoelectron energy (eV)

240 220 200 180 160 140 280 260 240 220 200
1 1 | | | ] | I |

a) | ™ A b)

400 —

N, (K”) N, (K™
200 —

-
) g
|

=
E—g
5 Counts (x1 O“?'

Coincidence counts

O-E“#'W'). ‘I" 1 | I T l |

900 920 940 960 380 400 420 440 460

Binding Energy of K state (eV) Binding Energy of K Tt te (eV)

audoux, L.Andric, P.Selles, S.Carniato, K.Bucar, M.
ma, Y.Hikosaka, I.H.Suzuki, M.Nakano and



0

150

Coincidence counts per channel

M1B A1 SORBONNE UNIVERSITES

|
|.|||,|||||||||||||I|“|,|||““||| Iy

CH,

|’|| | !
” R
i) |l'u"'l“"'| (il “ll"||"||||||\|I||I||||I|’l il

600

(b)

| Lo g |||I
|I|||'I|"'|I|'I,1',,' |I"“u,”l.l.,.|,|l'mll|I,H,|||||||| I'”'\I',n'||I,”|||||'||||III”||I||'|||||||||||||i|||||||,|.|'||l|'|'|| ol

620 680

NH,

640 660 700

850

890 910
lonization energy (eV)

870 930 950

nusson, M.Ehara, K.Ueda and R. Feif




Coincidence count
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Molecule  IP(S7!) (eV) DIP(S72) (eV) DIPS;L S (eV) AE(S7?) (eV) AEy(S;1S;") (eV) IRC (eV)
N, (N7h (N72) (NTINTH (N72) (NTINTH) (NTINTT)
Exp. 409.9 = 0.3 [29] 903.2 = 1.1 836.2 = 1.6 834 +1.1 16,4 = 1.6 —3.29 + 1.6
Theory [6] 411.0 901.2 836.4 79.2 14.3 —0.65

N,O (N,) (N1 (N7 (NZ'N7D (N2 (NZ'N;H (NZINSD)
Exp. 409.0 = 0.5 8342 = 2.1 12.7 = 2.1 0.09 =21
Theory [6] 408.6 893.9 833.2 76.7 12.1 1.11

N,O (N,)  (N7h (N2 (NJINZD (N72) (NJINZY (NJINZD)
Exp. 412.5 = 0.5 [29] 834.2 = 1.6 12.7 = 1.6 0.09 = 1.6
Theory [6] 4125 902.3 833.2 77.3 12.1 1.11
CO,(01s) (O7hH (072 (072) O~ 'o ' +c o™

Exp. 540.6 = 0.5 [30] 1173.2 %= 1.6 02.0x1.5 128 = 1.6

Theory [6] 5429 11719 86.2 0.1

CO,(Cls) (C7hH (C™?) O~'ch (C™2) O~'ch (O0~'c™)
Exp. 206.8 = 0.5 [30] 848.6 = 1.6 11.2 1.6 1.21 = 1.6
Theory [6] 297.6 664.6 851.2 69.3 10.6 1.79
CO(Cls) (C™H (C™Y O~'c™h (C™?) O~ 'c™ (0~'c™
Exp. [8] 206.5 = 0.5 667.9 = 3.6 855.3 1.2 749 = 4.0 16.3 = 1.2 —353+1.2
Theory [6] 2964 664.4 855.2 71.7 15.9 —2.8

ukk, K. Ueda, J.D. Bozek, C. Bostedt, S. Wada,
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NIR M X-ray

—
0 delaytime 0 delay time

Erk et al., Science 345, 288 (2014)
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cond response of polyatom
ultra-intense hard X-rays
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0 et al, Nature Comm. 546, (
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a E lodine fragment charge (experiment)
—— |odine fragment charge (theory)
—4— CH,l total charge (theory)
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®  Experiment
§i Theory, Gaussian pulse
¢ Theory, measured pulse
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FERMI

Elettra, Trieste, Italy

Aerial view

EiS- TIMEX

DiProl

Beam transport and beamlines
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Aseed  261.60 (£0.5)nm 4.7394 eV

harmonic | 1ststage
stagel¥ | wl(nm)
4 65.40 16.35 13.08 10.90 9.34

52.32 17.44 13.08 10.46 8.72 7.47
43.60 14.53 10.90 8.72 7.27 6.23

2 37.37 12.46 9.34 7.47 6.23 5.34 F i rSt S e e d ¢ \

2nd stage wl (nm)

32.70 10.90 8.18 6.54 5.45 4.67
29.07 9.69 5.81 4.84 4.15

10 26.16 8.72 5.23 4.36
11 23.78 7.93 4.76
12 21.80 7.27 4.36

20.12 6.71

9479 | 11375 | 13270 Variable polarization

iRl 26541 Negligible photon ene

260.67 Negligible time jitter

284.37
308.06

i
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Switching mirror
(double coating

Low Density Matter (LDM)
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ontrol with a short-wavelength free-electron la

Phase-locked
FEL pulses

Undulator tuned at the fundamental Phase

Maodulator /—\—A—/—\ shifter

Seed pulse

Harmonic
undulator

Electron bunch Dispersive

section

Beam dup

C.Prince et al, Nature Photon. 10, (2016) 176
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Higher intensity on left

Camera

Detector: channel plate
plus phosphor screen

VMI
spectrometer
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e Magnetic bottle, J.H.D.
Eland et al., PRL 90,
053003 (2003)

e Fast-timing MCP
detector combined
with signal digitizer

e High
collection+detection
efficiency

e E/AE = 50-100

e Successfully used for
several runs at LCLS
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Pump-probe experiments

Two-color experiments are available to users at LDM

The seeded FEL provides high-power,
coherent pulses with 100 femtosecond or less duration,
with a high level of shot-to-shot stability

FEL-1 provides EUV photons in
the range from 65 to 20 nm,
while the 780 nm optical pulses are provided from the same
Ti:sapphire laser used to form the FEL seed pulse
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Ti:sapphire (same used to form the FEL pulse)

A=780 nm
Energy/pulse: 1m)J
Pulse width 140 fs

(autocorrelation)

Attenuation 0-100%
(energy meter avaialble)

Polarization Full control

Delay resolution 2.6 <

Beam Position resolution 10 prad (upgrade: piezo
tip-tilt)
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Acetylacetone femtodynamics
by pump-probe experiments at

FERMI-LDM

R. Squibb,.... and M.N.Piancastelli, Nature Comm. 9, 63 (2018)
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robing keto-enol tautome

In acetylacetone

o) 0 o’ 'H\‘o
¢"‘" |
H3C CH; H4C = CHj
H\\\\\ H .
Keto Enol
Valence Photoelectron spectra are characteristic of the forms (Hush er al. Aust. J.Chem. 40, (1987) 559)
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LDM beam time

Photon energy pump: 261 nm

Photon energy probe: 19.24 eV

Delay range 0-200 ps

Detection of valence electrons as a function of delay

Detection of ions as a function of delay
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