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Talk Outline

» Motivation and theoretical background

» Aim of the first CPA experiment at FERMI :
Scientific, Technical and Operational challenge

o Electron-beam, seed and FEL preparation
o0 The compressor

o0 Temporal duration measurement Set-up

» Results of the first CPA experiment at FERMI and next step

» Conclusions

> The FERMI CPA collaboration
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Ll Generate sub-femtosecond high peak
power XUV pulses

U Fully control the spectro-temporal
features of generated radiation

Extend towards very high photon energies (water wind

S 15 TTRA Synchrotzon Light Source:
| . ,. up to 2.4 GeV, tcp 1p mode,

FERMI FEL—I & FEL-2:
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ﬂ Chirped Pulse Amplification in e q

SOlId'State |aserS and In FELS - Elettra Sincrotrone Trieste

a solid-state laser..

Grating pair:
Pulse stretcher
SMn pulse
J l ~— . ]

Amplified Stmem pulu
stretched pulse

Similar Bandwidth and input/output dura

Amplified
. short pulse
Grating pair:
Pulse compressor
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CIrs' Chirped Pulse Amplification in
B ™

solid-state lasers and in FELs | Eletira Sincrotrane Treste

Yu, L.H. et al, Phys Rev. E, 49 (5), 4480 (1994)
G. Stupakov, SLAC-PUB-14639 (2011)
Ratner, D. et al.. Phys. Rev. STAB 15, 03070

ded FELSs relies on a similar principle...
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a For a generic chirped
y

pulse...

U

In general, the electric field of a chirped pulse reads

group delay dispersion (GDD)

E(w)~ exp(— ;:2 )exp(—% i ,Bcozj,

spectral width

In the time domain
chirp coefficient

2

E(t)~exp [— Ztaz )exp(—il“tz),

. temporal width -
I'=0
I'= ’48 - B<<2/c?
4 4]c +,B S 1
2_ 1 _|_1 2 2 small-chirp regime oy ~—— (SO
ot="y+ f0} i
_ O'a) 4 0]
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r 1 For a generic chirped r q
LIDYL -4
pu Ise e € . Elettra Sincrotrone Trieste

eneral, the electric field of a chirped pulse reads _ ,
group delay dispersion (GDL

% 2
E(w)~exp —20; exp( %I ,Ba)zj,
/ w

spectral width

> domain

/ chirp coefficient

E(t)~exp| - t _ exp(—ith),
O-t
voral width
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LiDYL- o ' q
K.
| Elettra Sincrotrone Trieste

gly-chirped seed - Strongly-chirped FEL

(O‘ ) n= ﬂ ~10 harmonic number
t) seed
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: 2 2 P 1 Bandwidth increase/pulse v q
E‘J Shortenlng In CPA FEL LIDLIJ&‘;; Eletira Sincrotrone Trieste

FEL bandwidth larger than seed bandwidth!

seed pulse duration (no cf
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Bandwidth increase/pulse i r
CoATNS >

nochirp
CPA (O-t) -
t)FEL A N«

Typically ¢ ~1/3
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rna Goal of the first CPA
__ L‘J experiment at FERMI

Check the validity of the scaling law

nochirp

CPA (Gt)

(Gt)FEL - nlsjj

Optimize every single stage of the experimental Setup
o Electron and Laser seed pulse
o The Compressor
0 Pulse Duration Measurement Tecnniques




LiDY Lo ' q
N,
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The compressor
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Elettra Sincrotrone Trieste

dispersive radiator
section

modulator ‘_- .
N

S
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E‘ Compressor design v q
UiDY Lo
L‘ (by L PO/ettO and F FrassettO) ¥ Elettra Sincrotrone Trieste

% /ﬁ //
//

Output beam

Mirror 2
grating 1

Spectral range 20-40 nm
Spectral bandwidth 0.02-0.015 nm
Temporal compensation 100-400 fs
Dimensions <1.5m
Measured efficiency = 5%
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N,
| Elettra Sincrotrone Trieste

lectron-beam, seed and FEL preparation
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r 1 The electron beam and seed _ q
L‘ preparation =

Elettra Sincrotrone Trieste

ntrol the Energy electrons Chirp ”“ffni; = Control the Seed stretching

Non-stretched seed pulse
}/ l\

Current (A)

' Seed parameters _
Electron-beam

parameters Wavelength 261 nm

Bunch duration : Pulse duration (before 170 fs
Peak current 400-600 A stretching) (FWHM)

Energy 1.18 GeV Pulse duration (after 290 fs
Energy spread (slice) 150-200 KeV stretching) (FWHM)

Emittance (projected) 2.7/1.1 mm mrad Pulse bandwidth 0.7 nm

i i 2
Quadratic energy chirp few Mev/ps Power 100-200 MW
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Elettra Sincrotrone Trieste

Measurement of FEL pulse duration:
method and analysis
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[ )
duration

o Pord Measurement of pulse q
C
CQZIL\ v/ |

Elettra Sincrotrone Trieste
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cealr r<\ Measurement of pulse B q
"4 duration i |

Elettra Sincrotrone Trieste

dispersive radiator
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1 Measuring FEL pulse P q

duratlon. method and analysis

Elettra Sincrotrone Trieste

Energy spectrum

Photo-electron distribution .
main band

first
sideband

0.6- ¥  second sideband

0.4 /third sideh

0.2

Intensity (arb. units)

0.0
0 50 100 150 200 250 300
Electron velocity (arb. units)

ross-correlation curve by varying the pump-probe delay

|Area under second sideband|

Sideband area (arb. units)

T T I I 1
100 200 300 400 500
Pump-probe delay (fs)
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LiDY Lo ' q
N,
. Elettra Sincrotrone Trieste

Results of the CPA experiment

D. GARZELLA on behalf of the o i th _ 29nd | PAGE 23
Sincrotrone Trieste SoclC N TEEE NOCE2017 Workshop— Arcidosso, 19t - 22nd September, 2017




I he Initial FEL pulse

E‘a (no seed Stretching’

n 0 FE L C O m p reSS I O n) ' | Elettra Sincrotrone Trieste

Single-shot spectra

Average spectral width: 0.0384

Spectrum (arb. units)

|
37.35 37.40
Wavelength (nm)

orrelation curves

FEL pulsec
0.8
0.6 4
0.4

0.2

Correlation curve (arb. units)

0.0

T T T 1
-150 -100 - 100 150
Time (fs)
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r The stretched FEL pulse
‘1 P LiDY Lo q
L J (no CompreSSIOn) ¥ . Elettra Sincrotrone Trieste

Single-shot spectra

Spectral width: 0.0446 nm

Fairly good agreement with the s
predicted by the CPA the

Spectrum (arb. units)

37.35 37.40 37.45
Wavelength (nm)

elation curves

Correlation curve (arb. units)

-100 0
Time (fs)
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>,  Compressed FEL pulse [

Spectrum (arb. units)

37.30 37.35 37.40 37.45 37.50
Wavelength (nm)

compression

A\ FEL pulse duration: 109

- 143 fs

0.6
0.4

0.2+

Correlation curve (arb. units)

0.0 |

Correlation curve (arb. units)

=/

Elettra Sincrotrone Trieste

FEL pulse duration:

T T T
-200 -100 0 100 200
Time (fs)
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CQa@a Compressed FEL pulse

Spectrum (arb. units)
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Compressor performance q

Elettra Sincrotrone Trieste

red FEL pulse duration as a function of the difference between the inci
on the two gratings.

—— Second sideband
—t+— Third sideband
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LiDY Lo ' q
34 . Elettra Sincrotrone Trieste

ext Step : CPA with FEL-2 @17 nr
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Eﬁﬁeraﬂon of few-fs pulses at 17 nm q

J and below:Compressor | |
Elettra Sincrotrone Trieste

Output beam

Courtesy L. Poletto
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The electron beam and seed q

preparation @17 nm | Fletra Sicrolrone Tresie

Laser Heater X-band

{£)=0.976 GeV, N =0.438 x10""
(z)=0.001 mm

y=11%2 +4.6%-01

+ datal
—— quadratic

N

Q=700pC

LO1: -28.5deg
T T o =97.146 gm (fwhm=236.890)
X: 15MeV 0.15 0.1 005 0 005 0.1 013 . e S R q;:]"al‘af .
«  BC1:R56=-41mm [ —  quadratic| |
«  L02: on-crest '
08t
LO3: -45deg % oel
LO4: k10-12 at -50deg, k13-k15 -90deg 0‘4
02¢
Lin chirp: 13.5 MeV/ps .
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Few-fs pulses @17 nm : v q
LIiDY Lo
Seed and Electron Beam N e

or the design of the experiment, we used both seed and electron-beam parameters alread

Beam and Laser Main
Parameters

Harmonic Number (n) FEL Wavelength

_ Pulse Duration
‘dw'dth (Fourier Limited)

Duration Streched Seed Chirp rate

Laser Energy in the
i Modulator

Electron Beam Energy Beam Current
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Forrs\  Few-fs pulses @17 nm :
‘ FEL Performances

Elettra Sincrotrone Trieste

Temporal profile Spectral profile

before compression spectrum

/

after compression

power (arb. unit)
power (arb. unit)
phase (rad)

1 2 3
time (s) : frequency (s)  x 10"

FEL Output Bandwidth FEL Output Duration 2.5*10* rad/s 100 fs

Duration after Compression
Estimated Peak Power vs. compressor Efficiency 1%=170 MW 5%= 850 MW
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71 Measuring F\lse duration : Ay q
AT vim 1o

R experlment

Elettra Sincrotrone Trieste
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71 Measurin q \JIse duration :
‘J Mini-TRANR experiment =~ q

Elettra Sincrotrone Trieste

Cross-correlation signal (transient reflectivity)

(intensity monitor
and feedback for
active trajectory
stabilization)

B5 00 05 10
At (ps)
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En@ A list of possible issues

| 4

> -High-order terms in the chirp carried by the seed and/or in the electron beam energy

distribution.

> Systematic errors, e.g., due to electron-beam phase-space curvature and/or non-

homogeneous optics, may be compensated using a system (e.g., a deformable mirror) for

active pulse shaping of the seed in a dispersive region.

> Stochastic errors, e.g., the ones due to the micro-bunching instability, will be more difficult

to compensate. In order to mitigate the problem, we are working on the improvement of
the quality of the photo-injector laser and will consider the possibility of operating the FEL

at lower current.

> For extreme compressions, also the jitter between the electrons and the seed may play a

role.



En@ Conclusions and

L‘J perspectives

\We demonstrated the possibility to carry out chirped pulse amplification in seeded FELS.
The technique, which can be extended to FELs based on self-amplified spontaneous
emission, allowed us to achieve an unprecedented reduction of the FEL pulse

duration, with respect to the input seed.

The relatively large seed pulse duration, as well as the quite low transmission efficiency
of the compressor, prevented the generation, after compression, of very powerful pulses.
However, by shortening the seed pulse and improving the compressor efficiency (e.g.,
by adopting an off-plane mount geometry of the gratings), the potential is there to
produce, with existing technology, coherent few-fs/sub-fs gigawatt laser pulses inside

the water window.

As an example, starting with a 10-fs seed pulse at 260 nm and tuning the FEL radiator at

4 nm (n=65), CPA would allow to generate a few-GW pulse of about 600 as.
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EThe CPA collaboration
LI

The FERMI CPA collaboration includes:

v' the following members of the FERMI team: E. Allaria, C. Callegari, C. Coreno, I.
Cudin, M.B. Danailov, A. Demidovich, G. De Ninno, S. Di Mitri, B. Diviacco, E.
Ferrari, P. Finetti, D. Gauthier, L. Giannessi, N. Mahne, G. Penco, L. Raimondi, P.
Rebernik, R. Richter, E. Roussel, L. Sturari, C. Svetina, M. Trovo, M. Zangrando

v" The CNR of Padova (ltaly): F. Frassetto, P. Miotti, L. Poletto

v" The LOA of Palaiseau (France): H. Dacasa, B. Mahieu, P. Zeitoun
v" The CEA of Saclay (France): D. Garzella

v The IPFN of Lisbon (Portugal): M. Fajardo, S. Kunzel

v" The European XFEL (Germany): M. Meyer, T. Mazza

I5ITI D Connection in progress with The CNRS-ISMO : A. Klisnick, A. Le Marec



