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With a very long undulator the radiated fields become stronger and lead to microbunching, i.e.
transform the random positions and motions of electrons into correlated waves of electrons,
emitting radiation in phase.
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High Gain Harmonic ,me{f dis;
Generation (HGHG): at“’g hﬂ‘,’;‘ nf
seeding (modifying)

the emitting electron
bunch with an ' P
external laser pulse [BE . &K | The properties of the FEL
controlled in all the [ = S radiation are entangled
relevant photon with those of the see_d
parameter laser. Defined energy-time
profile.
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Synchrotron vs FEL Radiation

long pulses (sub-ns) max ~108 photons/pulse s pulses > 10" photons/pulse

Spontaneous Radiation Coherent Radiation

N-electrons Espt ~ /N Eq N-.electrons Econerent ~ N E1
random distribution Pspt ~ N Ps micro-bunched Pionsrsne~: NPy

i i

x 10°..10" times higher

Synchrotron radiation:

kol 5 h FEL (FLASH, LSLS, SACLA, FERMI):

’ pIn oc-ean Manoe rm:natc.)rs natural space coherence: each
for spatial and spectral filtering, = g || electron - spontaneous emission
DURREHISERRRTEERE Iters ~ N that overlap each other in phase

FEL pulse
//"
/.
/ions
. / \\\

(2] o

Ultra-short (fs) and ultra-bright coherent FEL pulses allow
imaging with single pulse before the radiation damage manifests
itself !
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LCLS I Eu-xXFEL FLASHII

Shortest
wavlength 15A 1A 05A 40A 1A

; In-
Undulator type . Variable
hard X-ray. Fixed gap A A a vacuum

gap var.gap

Undulater type Variable
soft X-ray. .a gap .a. Apple Il

L-band S-band
RF gun i RF gun

Injector

Cathode Cs;Te Cu Cu

Main linac . s.C. €. .C. £ n.c. n.c.
technalogy pulsed pulsed pulsed

RF frequency L-band S-band

RF Rep.rate 10Hz 10-50Hz

FEL pulses/RF
pulse

max. bunch
charge 1nC

2700

max. electron
energy

17.5GeV

No. RF stations 29

Approx. facilty
length

Startaperation
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The Physics of Free Electron Lasers

By Evgeny Saldin, Evgeny A. Schneidmiller, M.V. Yurkov
Springer, 2000

Classical Theory of Free-Electron Lasers
By Eric B. Szarmes

Morgan & Claypool Publishers, 2014

Insertion Devices for Synchrotron Radiation and Free Electron Laser
By F. Ciocci, G. Dattoli, A. Torre, A. Renieri
World Scientific, 2000



FLASH Parameters

XUV - Photons

Number of Bunches per second+

Pulse Repetition Rates (within
pulse train)+

Wavelength
Photon Energy
Pulse Duration (FWHM)

Average Pulse Energy (single
bunch)*

Average Pulse Energy (pulse
trains)”

DESY, Hamburg, Germany

1- 8000 (delivered up to 5000
to users)

40, 50, 100, 200, 250, 500,
1000

42-45

28 -295

30 - 300

1-500

1-200
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Pump-probe experiments

Detector
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a Isomerization

CH} rate (a.u.)

1 I 1 1 1 I 1 1 L
100 200

Delay (fs)

g et al., PRL 105, 263002 (2010)
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ev A

pump

i [HCCH]2+

[HCCH]*
9 ik isomerization
— Zg

-

HCCH(X'X]) + hv(pump)
— [HCCH]* (X2, A%S. ) + ¢,

migr:

—TH,CC]*(X?B,, A’B,) + ¢,, (1)

and
[H,CC]"(X?B,, A%B,) + hv(probe) — [H,CC]*" + e,
EIE.’(:I'I;- + C+ + €9,

(2)

[CCH,J?*

[CCH,J*
A’B,
XZBI —

CCH,
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TOF_ (us)
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Mean isomerization time:

52+ 15fs
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Photon Beam Symbol | hard soft short short unit
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 | 6.7-14.7 | 2.5-6.7 | 2.5-6.7 | 6.7-14.7 | 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°% 8
Average brightness (120 Hz) (B) 160 8 ? ? 10%°¢
SASE bandwidth (fiwhm) Aadeo | ~02-0.5 | ~0.2-1.0 ? ? %
Final pulse duration (fwhm) Aty 50-250 | 70-400 <10 <10 fs

LCLS

SLAC, Stanford, CA, USA
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800 eV, 2.4 md, 340 fs

O Experiment
M Theory

. L
1,050 eV 1,050 eV. 2.4mJ, 280 fs

1 Experiment
M Theory
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1s photoelectrons

Single-core-hole
Valence Auger

photoelectrons

Double-core-hole
Auger

Single-core-hole

Valence 2p
photoelectrons

Double-core-hole
Auger

300 350
Electron time-of-flight (ns)

6=0°
Vy=790V
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NIR (|| X-ray NI X-ray

e —eee—
delay time 0 delay time delay time

B.Erk et al., Science 345, 288
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[_]Projection of A
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A Calculated Internuclear Distance (A) B Calculated Internuclear Distance (A)
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ENERGY (eV)

DCH Two-Site

Substantially enhanc
chemical sensitivit

L.S.Cederbaum et al, J.
(1986) 6513
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Spectrometer

» MCP MCP

Gas \Iight detector electron

X, Y and Z L
motion  Magnet Il

:[-> N |
/

detector

Tor_oidal Mumetal
mirror screen Solenoid

Toroidal
grating
Nl
Slit

Pulsed lamp, SR or laser

1t source: He-lamp, SR, fs-lase
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Sum of photoelectrons energies (eV) N1s photoelectron energy (eV)
240 220 200 180 160 140 280 260 240 220 200

Counts (x10°) 3

o

920 940 400 420 440 460
Binding Energy of K “ state (eV) Binding Energy of K " state (eV)

Andric, P.Selles, S.Carniato, K.B
A le A i M.I
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Sum of photoelectrons Energies (gV)
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.§g Photon absorption

5} Electron
O Vacancy

C ssDCH_C
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DCH meas Jrements CO
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A.N.Piancastelli et a/., PNAS  Challenge remains:
) TS-DCH — CVWV/
and Auger from



2B uPMC

IRAi SORBONNE

UNIVERSITET
@) [ N, (0)1°007 40001 — o N,O (N 1s)
600 -~ i — Foc i Unfoc
> gnfoc ' | > == Foc-unfoc
% e FOC-UNfoOC I > 2000
€ 15001 \ c
400 : | 10007 8
| © A
& A 0
2 80 120 160 200 80 90 100 110 120
= Kinetic energy (eV) Kinetic energy (eV)
o
(&) DCH 500 - tsDCH
200 ssDCH PAP SDCH PAP 14 SDCH  SCHN
R t c N-lN-l 1
¢ ot SCH N,

80 100 120 140 160 180 200

80 90 100 110 120
Kinetic energy (eV) Kinetic energy (eV)

®P. Salén, P. van der Meulen, H.T. Schmidt, R.D. Thomas, M. Larsson, R. Feifel, M.N. Piancastelli, L.Fang, B

Murphy, T. Osipov, N. Berrah, E. Kukk, K. Ueda, ].D. Bozek, C. Bostedt, S. Wada, R. Richter, V. Feyer and K.C.
Prince, PRL 108, 153003 (2012)
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gh performances of the GALAXIES b
high flux and high resolution
Single-channel measurements

Immediate identification of states of the type

(a) Ar 1s~2p~ 'np(*S12)ep
(b) Ar 13_12p_1n3(2}31f2?3ﬁ)£3, ed.
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Double core hole (DCH) in Neon

E(eV)

,ﬁ /111117

ANN

-o—@-
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870.2eV T 1s

Ground state :
1522s22pb

E(eV)

ﬁ /117117

AN
T Ny
[EEN
w
=

870.2eV

Ground state :
15225%22p6

Ne2+

»‘

A ///////‘\

+ o—o

Intermediate state :
1502522p6

Ne*

=+ oe e"

Intermediate state :
1s02s22p®nlt

Ne3+

*e

First Auger decay :

1s12s22p*

Spectator
Auger decay :
1s12s22p*nlt

A L1100 0

A (/17777

or

Ne4+

.
*

S LLLL1LY

: 1522522p2

Participator
Auger decay :
1s22s22p°

> K2in Neon.

» Double lonization
Potential = 1863 eV.

» The two photoelectrons
share the energy

> First Auger electron =
Hypersatellite.

» Second Auger electron
= satellite.

> K2V in Neon.

» Photoelectrons
well separated and
easy to identify.

» Different type of
decays at different
energies.
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10+

neon_0004 : spectre de photoélectron KV
hv = 23008V, slits 400um, Ep 200eV

707.1 +/- 4.5 meV|

1s25s
15245 1573p

1s24p i

Chisq=8.25|

1523s

[neon_0018 : spectre de photoélectron K V.
hv = 4000 eV, slits = 500um, Ep = 200 eV

6000 —

Résolution totale = 543.0 +/- 6.2 meV|
|Band: =471.1 meV

4000

2000 —

hv = 4000 eV

"

2125 2130 2135

T
2140 2145
E

1000 —

Ineon_0016 : photolectron KV
hv = 3000 eV, slits = 500 ym, Ep = 200 eV/|

résolution totale = 427.6 +/- 17 meV/|
bande-passante = 343.1 meV

° Chisg=10.79)

5000

neon_0024 : photoélectron du KV
hv = 7000 eV, slits = 600 um, Ep = 500 eV/|

4000 —

Résolution totale = 1341 +/- 13 meV/|
Spectro = 870.7 meV

hv = 7000 e

mer. 19 nov. 2014 17:19:02

Chisg=20.01
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T

——[1s] - [2p7 ('D) 1 K1 Rydberg serie

300000 T

250000 -
[1s%] = [1s2p?] (°D)

200000 ﬂ =

150000

100000

50000

Kinetic energy (eV)
» K1 = 1000 times more intense than K2

h better resolution we were able to identif
vorth et al. PRA 67, 0627 ?
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Binding energy (gV)

= Direct path
= Conjugate path
= Full spectrum

FWHM=16eV

Cross-section (barn/eV)

0 / / 4 :
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Binding energy (eV)
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Elettra, Trieste, Italy

Aerial view

EIS- TIMEX
DiProl

LDM

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

harmonic| 1ststage

stagel¥ | wi(nm) 2nd stage wi (nm)

16.35 13.08 10.90 9.34
17.44 13.08 10.46 8.72 7.47
14.53 10.90 8.72 7.27 6.23

g;z T 7 First seede

10.90 8.18 6.54 5.45 4.67
7.27 5.81 4.84 4.15
4.36

9.69

132.70 Variable polarization

£218 Negligible photon energ

Negligible time jitte
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Switching mirror
(double coating

Low Density Matter (LDM)
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Ti:sapphire (same used to form the FEL pulse)

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

(autocorrelation)

Attenuation 0—100%
(energy meter avaialble)

Polarization Full control
Delay resolution 2.6fs

Beam Position resolution 10 prad (upgrade: piezo
tip-tilt)
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Probing keto-enol tautomeris

In acetylacetone

Keto Enol
Valence Photoelectron spectra are characteristic of the forms (Hush er al. Aust. J.Chem. 40, (1987) 559)




AA{ SORBONNE UNIVERSITES

Enol form

Electron counts

275°C

I Y Y [y (SO TS S SV [N VOO (NS N W TN U W S A N A S

8 10 12 14 16 18
Ionization energy/eV
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(b)

counts s—!

()

an, E.Lee and A. Morris
day Trans. 2 72, (1976) 1385
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Ultrafast Electron Diffraction: Structural Dynamics of the Elimination Reaction of
Acetylacetone

Shoujun Xu, Sang Tae Park, Jonathan S. Feenstra, Ramesh Srinivasan, and Ahmed H. Zewail*

Laboratory for Molecular Sciences, Arthur Ameos Noves Laboratory of Chemical Physics, California Institute of
Technology, Pasadena, California 91125




