The Abdus Salam

International Centre
(CTP for Theoretical Physics @)

2443-18

Winter College on Optics: Trends in Laser Development and Multidisciplinary
Applications to Science and Industry

4 - 15 February 2013

Free Electron Lasers (FEL)

E. Allaria

Llettra-Sincrotrone Trieste
lraly

Strada Costiera, 11 - 34151 - Trieste - Italy « Tel. +39 0402240111 « Fax. +39 040224163 « sci_info@ictp.it « www.ictp.it
ICTP is govemned by UNESCO, IAEA, and ltaly, and it is a UNESCO Category 1 Institute



"_ha- =

Elettra- S*’rf'rotrone Trleste "'ERCP'

@elettra

Elettra and FERMW@T&u‘rces

E. Allaria Winter College on Optics: Trends in Laser Development and Multidisciplinary Applications to Science and Industry




dletr Outline gl =

Why a free electron laser

Basic concepts of light-electron interaction in a Free-Electron Laser
 How it works

Different schemes for FEL

 FEL oscillator

« FEL amplifier

« Self Amplified Spontaneous Emission FEL (SASE)
« High Gain Harmonic Generation FEL (HGHG)

The FERMI free electron laser project at Elettra

Recent experimental results FERMI
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W The need for light sources %Ry

A significant part of our scientific gy = === . — . D

progress has been driven by the \/\/\NVWWNWWNN“

use of the electromagnetic radiation p,ugenms omas s Vi Ui
and light. Wawslongeh 0m) brrr v

Iunmqu
ADEroMmate Hosla
In order to characterize the matter "= m m % P@? ﬁ @

with always more accuracy it has been Bulings Humans Suterflas Needle JolntProbzosn: Molesulss  Aoms  Atoric Nudel
necessary to develop light sources  =woueny s;
that could satisfy the requirements: T 1 10 W w0
spectrum, brightens, coherence, ... .

Depending on the experiment requirements it is possible to use, lamps, lasers,
synchrotrons.

Each system has is own characteristics:
pulse duration, power, wavelength, coherence, ... .

Synchrotrons
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Light sources: lasers F@ER\,,,"?
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From the discovery of lasers their performances
constantly improved over the years.

Relativistic Optics

As a light sources lasers offer many possibilities
allowing:

Focused Intensity (W / cm’)
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Light sources: synchrotrons F@f""\m"?

Synchrotron radiation sources use the emission
produced by relativistic electron bunches.

These sources allow a full tunability of the radiation
over a very broad spectrum from IR to hard X-ray.

Synchrotrons can produce high average power
with a partial degree of coherence.

Their are limited in the peak power and the pulse length which can not be reduced below

some tens of ps. _ Wavelength{nm)
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W Light sources: Free Electron Lasers %‘F"\"?

Free Electron Lasers (FEL) can combine the
properties of lasers with those of synchrotron
sources.

FEL can produce radiation in the whole
spectral range from IR to hard X-ray with a
high degree of coherence, short pulses (~ fs)
and high peak power (~ TW).

Like synchrotrons, FELs use relativistic electron
beams to generate the electromagnetic radiation.
Electron beam has to satisfy very stringent
requirements in order to allow the FEL process to
occur.

Depending on the FEL characteristics, the whole
system including the accelerator can be very long
up to few kilometers.
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Existing and planned FEL facilities

E. Allaria

@(m FELs as next generation light source ?“y

et G O For their characteristics FELs have been recently recognized as

Grand Challenges in Science and Energy

the next generation light sources. First FEL user facilities start to

ADVISORY COMMITTEE | MAY 200

appear in the near future.

In terms of peak brilliance
FELs increase the

performance with respect
to synchrotrons by several -
order of magnitude

mm°® (.1% BW)]

2

FLASH, Germany

Linac Coherent Light Source (LCLS), USA
FERMI@Elettra, Italy

SACLA (SPring-8 Angstrom Compact Free Electron
Laser), Japan

European XFEL, Germany

PAL-XFEL, Korea

SwissFEL, Switzerland

SINAP XFEL, China

Next Generation Light Source (NGLS), USA
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be available around the world. More facilities are planned to
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%lm FEL basic ingredients FE'?Cp'

A Free-Electron Laser is a light source exploiting the induced coherent emission of a
relativistic electron beam “guided” by the periodic and static magnetic field
generated by an undulator.

1) Relativistic electron beam

Energy (v)
Current (1)

Emittance ()
Energy spread (dy)
Dimensions (o)

Magnetic period (A,,)
Magnetic strength (K)
Undulator length (L)

3) Electromagnetic field co-propagating with the electron beam and getting amplified
to the detriment of electrons’ kinetic energy

e ® o e Wavelength (1)
% e— ® Power (P)
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@(m Synchrotron radiation F(EI?CP'

Arelativistic electron beam passing in the periodic
magnetic field of an undulator oscillates transversally.

As a consequence of these oscillations the electrons
produce an electromagnetic field.

The wavelength of the radiation produced by electron
oscillations is function of the electron beam energy, and
period and strength of the magnetic field.

A 2
Electrons ;Lrad = 2;2 (1+ K 2) 1)
‘h‘ si;;;ﬁ:fn K=0.934 4,[cm] B, [T]; v is the electron beam energy; A, is the undulator
o period. —
) . . -l + U < 0 (deceleration)
The “resonance” condition given be the equation 1) imposes i by / t=t=Aa/tz

that the electron beam oscillation in the magnetic field has the  * Q b
same phase with respect to the produced electromagnetic YA |
radiation after each undulator period. /%% 'z

E,?'-T.-)
P —Y) — . -
Optical field -ef£ * v > () (acceleration) |

Other characteristic of synchrotron radiation from undulator are ] =
! e

Bandwidth: Ad ~ 1 ; Divergence g ~ —
A N y

per
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q(d% Coherent synchrotron radiation F(E'?\"fp'

r

v <y Electron bunches contains many electrons 3,.0“.\5{_.% AT

- that on the length scale of the radiation are T i«;Q\_,-H%__ﬁ% ”Hi;w-

e®e randomly distributed. BLE O S N

Because there is no correlation between the electron positions, the af” ‘;,fw ";}&W‘*Qf y’v‘ﬂﬁ
fields emitted by single electrons are also uncorrelated. A Ry

As a results the field produced by the entire bunch of electrons is

eTpressed by Erad oc /N, where n is the number of emitting ; S ]
electrons. Electric field proportional to sqrt(n) 1
Output power proportional to n
os )1' 5

N
3
P
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If we are able to control the electron beam in order to force each
electron to be in phase with the others we can significantly improve
the quality and intensity of the produced radiation.

Being all electrons in phase the fields produced by each electron
sum coherently, as a consequence the produced field can be

expressed by Era 4 ocn

M & & a yow e
P T

Typical electron bunches have a charge of about 100pC-1nC, n is of
the order of 10°. of

st Electric figld proportional to (n)
Output power proportional toﬁ%\

a o5 }\14 1.5
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Free Electron Laser Fé'%‘?

B.W.J. McNeil N.R. Thompson, Nature Photonics 4, 814—821 (2010

Free electron lasers are systems
that allow an electron beam to
emit coherent synchrotron
radiation.

------

-

to prepare the electron beam to have
a coherent structure at the desired
wavelengths.

T B gy

FELs are able to modify the electron | i AVAVAVAVAVAVRSSE
beam distribution and induce an ; VAT AVl
electron density modulation 5 ERVAVAVAVAYA Yo :
(bunching) at the wavelength of | §
interest. § |
This bunching process requires for a | i
high quality electron beam anda |
: : incoherent emission: Coherent enmission:
Iong undula_to_r where interaction electrons randomly phased electrons bunched at
between radiation and electron occurs. radiation wavelength

D
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elettri Bunching creation F(E'?:'P'

Bunching is created in the electron beam thanks to an instability.

At the undulator entrance the uniformly
distributed electrons interact (through the
magnetic field of the undulator) with a
weak electromagnetic field.

electrons bunching = 0

electromagnetic field
As a consequence of this interaction some

electrons gain energy and others lose energy.

Because in the undulator high energy electrons
move faster than low energy electron after some time :

) S bunching > 0
electrons become bunched with a periodicity

equal to the one of the electromagnetic field. /\M
he S

<~

Bunched electrons can emit coherently and amplify the electromagnetic field. This
instability induces an exponential growth of the radiation along the undulator.
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dgévi The origin of the co-propagating wave &&= S2

An initial “seed” is necessary for initiating the amplification process.

This can be provided by:
« The spontaneous emission

——> The spontaneous emission can be stored in an optical cavity and
amplified by means of several consecutive interactions with a “fresh”
or re-circulated electron beam (Oscillator configuration)

—— > The spontaneous emission is amplified during a single interaction
with the electron beam (Self Amplified Spontaneous Emission (SASE))

« An external signal (e.g. alaser)

——> The external coherent signal is amplified by the FEL (direct seeding)

—— > The external coherent signal is used to create harmonic bunching
and thus generate coherent radiation to a harmonic of the original
seeding wavelength (Coherent Harmonic Generation (CHG))

D
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4w FEL Types: Oscillator, Seeded FEL, rrm
@ SASE K

Oscillator FEL

The tunability toward short wavelengths
is limited by the availability of high
quality mirrors.

Very good spectral quality (mirrors act
as a filter).

Potentially completely tunable, FEL
wavelengths only depend on the
resonance condition.

Tighter requirements for the electron
beam parameters

Spectral properties are be affected by
the random startup

The tunability toward short wavelengths
is limited by the availability of the seed
wavelength.

Spectral quality limited by the quality of
the electron beam.

D
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eleth Oscillator FEL el =

The use of an optical cavity allows to trap the radiation. Radiation is then amplified as a
consequence of multiple interaction with the electron bunches

 The system is tunable with good 7_/)

spectral properties mirrar

 Therepetition rate can be high
allowing high average power

« The system require very good quality mirrors. This,
currently prevents the possibility of working at
wavelength shorter than 170nm.

Similarly to standard lasers oscillators, the system requires the gain to be larger than
cavity losses. High quality mirrors are needed to reduce the losses, and high quality
electron with high peak current is required to increase the gain.

Typical electron bunches that can support FEL oscillators are between 1 ps and few tens
of ps long. The repetition rate of the electron bunches has to match the cavity round
trip(~300 ns). The FEL is then naturally pulsed (~ps) and high repetition rate (~MHz).
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M’iﬁ FEL oscillators anrp,

fﬂﬂ‘n _r‘c‘:‘_f., ‘
Pt e . > o & Beam Direction
e . -‘:.r.:: ’«""-‘J“—T‘-- i _: - .
3 ~n

IR Light To Labs

P N 1
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e Y ..‘ \ ..-j— I L
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NimA 649, 9-11 (2011)
Fig. 1. Leyoui of the sndulstor (eptics! kiystron) and optical cayvity on ELETTRA.

Electron sources for an FEL oscillator can be - 0 o )
a storage ring like in the case of the SR- .
FEL at Elettra.

SR-FEL has been successfully operated
down to 170 nm and below 100 nm
using the harmonic emission.

SR-FEL require special oy
operation mode of the 7
storage ring. -’:’.ji ¥ W
@5 A A Asuperconducting Linear Accelerator is used
\_*__;“'T' ~__inthe case at J-Lab FEL that has been operated
Beam IDirection

at 1.6 um producing 14.4 kW of average power.
The same accelerator has been used for a UV
FEL.

D ]
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@m Extending to X-rays "F"“\’tp

Recently, schemes have been proposed to extend the capability of oscillators FEL to
hard x-rays.

These schemes uses very high quality electron beams in combination with cavities
based on Bragg diffracting crystals. Bragg crystals acts both as a filter and mirror.

el

TMATTEE
At the moment there are not N :.'
designed machines able to support \ pndsbasge [\ Ximis
this operational mode but people is ’ > "
working on possible solutions. L, ““:'f-'-"""..ﬂ

' =
“~ A

'..rﬁ' 1.,'
BCY e a 17

Phys. Rev. Lett. 100, 244802 (2008). NimA 618, 69-96 (2010).
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et SASE FEL G =

In the case of a high gain FEL, a possible scheme is the Self Amplified Spontaneous

Emission (SASE).

In this kind of FEL the gain is so high that the spontaneous emission produced by the
electron beam entering in the undulator can be amplified up to the saturation within
the single passage of the electron beam in the undulator.

There is no need of mirrors and external seed sources.

H-EH-E:-E-EH:-E:E:H

For this FEL the electron beam has to be extremely good with a very high peak current
(kA), typical bunch length is in the range 1-100 fs. Repetition rate is between 10 and

100 Hz with the possibility to have bursts.
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W SASE FEL properties %R:P'

Main limitation for SASE is related to the origin of the radiation that initiate the process.
Because the initial spontaneous emission is a stochastic process there is no control on
the spectral and temporal properties of this radiation.

Signal can be partially cleaned by the FEL process but the output FEL pulses can not be

completely coherent. 104
P y 150 ol FEL pulses
Electron beam phase space % 100 = 6
- E' 04—
L IR
: : ' n-ﬁ'hf:l‘hﬂl ! ! S I I L] I L] I I ﬂ L) 1 L ] LI ) L)
o I S A 4 3 2 1t 0 1 2 o 1 3
{1 o 9 _ L) L)
10
liso
_ 8
: 1
§:: § 0 gmm
Em = ﬁ
T 10 " s0
- 3 s FEL spectra
e 2 10 -
i -
e . 5
- ] w 10
.
s el ea 3 3 3,290 3.295 3.3003.3053.3103.315
) ..ID - 3, (nm)

1 i T ] ] T ]
VAT U{l J m 0 10 20 30 40
e lmgglgto[ |engtﬁ ;m
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et SASE FELs TSP

SASE has been used for existing hard
x-ray facilities indeed SASE is:

« completely tunable
« canreach very high peak power

The mechanism is simple but come
with some limitations.

The process is initiated by shot

noise:

« averylong undulator is required

* both temporal and spectral
properties are affected

* no control on the FEL pulse J/! : : —
Operation of SASE have been ] asf )

demonstrated below 1 A at SACLA, i QA//‘\\_%“ 1

several tens of GW are currently 2 A p

producedat LCLS inthe hard x-ray. £| .~ /' E f

Possible schemes to solve SASE [ ___,-./\“N\,,__E 1

limitations have been proposed and & &

experiments are ongoing. # Z_’_,J'j\hk_ J,‘J

*Opt Express 16, 19909 (2008) 0 28 20 2.8 s ‘"’j — - =

ifs i b
**FEL Spectral Measurements at LCLS, FEL2011 wavelength (hm) photon enengy [V}
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@M Benefits of a Seeded FEL "F"“j'p'

An external “seed” laser allow to control the distribution of electrons within a

bunch. FEL output pulses will inherit properties from the seed.
Seeding allow to improve:

— temporal coherence of the FEL output pulse;

— control of the time duration and bandwidth of the coherent FEL pulse;
— synchronization of the FEL pulse to a pump laser;

— reduction of undulator length needed to achieve saturation.

& beam

FEL radiation

The problem with seeding is that there are not sources available for direct
seeding in the very short wavelength range (<1nm).
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High Gain Harmonic Generation ———
@ (HGHG) =

HGHG scheme has been proposed as a way to partially solve the lack of
seeding sources at short wavelengths.
compressor

seed laser _ HGHG
50 modulator radiator 2
L EEEEEN  EEE NN
/ EIHIINN] NN NN] —~

planar APPLE 11 ',.g 1+ GENESIS x 47
Bunching at harmonic A e-beam g 08f — SASEx 10° -

= 06f — HGHG
Compared to SASE devices, generally more compact S 04f -
and nearly full temporally coherence output; many 5 ool 1

. =~

spectral parameters more easily controlled (e.g., pulse  *= !/ Ay

length, chirp). 262 264 266 268 270
Wavelength (nm)

L.H. Yu et al. PRL 91, 074801 (2003)

After the initial HGHG demonstration experiment done at Brookhaven — BNL, HGHG has
been demonstrated and explored in other test facilities (UVSOR-Illup), Elettra SR-FELT),
Max-Lab FEL (se), SPARC1), SDUV-FELccN), SLACusa)).

The design of FERMI FELs is based on HGHG.

B
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Seed pulse
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Energy spread (keV)
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HGHG mechanism

MoD

¥

o
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FEL pulsa
40nm.

A
first dispersive to e-beasm dump
paction
Dispersive section Radiator
0 nm 120 nm 240 nm 360 nm 480 nm 23
1143 — | 1 | 1 1
— M_
g 1142 %
& 1141+ g 157
e g
1140 = 1.0=
- 8
E 11394 0.5
T 1138~
E‘u GB._
1137 T T T T T T 1’3‘ N
] = 107
< 8000 =
I.ig 10
6000 % 107 -
400’0 - IE‘ -[Q" —
2000 16° -
107 L — . - - )
0 2 4 6 8 10 12 5 10 15 0 a5
Electron phase @240 nm (rad) FEL lengh {mj

Interaction with the seed laser in the modulator produces bunching
also at the harmonics. Bunching at the desired harmonic is enhanced
in the dispersive section. In the radiator the FEL process is initiated by
the coherent emission from the bunched electrons.

D ]
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w FERMI@QELETTRA "'@5'?\”"/"9'

SINCROTRONE TRIESTE is a nonprofit shareholder company of national interest, established in
1987 to construct and manage Italian synchrotron light sources as international facilities.

' ELETTRA Synchrotron Light Source:
up to 2.4 GeV, top-up mode,

= ~800 proposals from 40 countries every year

b e
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elett FERMI main features TGS

FERMI@Elettra is a single-pass FEL user-facility.

Two separate FEL amplifiers will cover the spectral range from 100 nm (12eV) to 4 nm (320 eV).
The two FEL’ s will provide users with ~100fs photon pulses with unique characteristics.

35

10
= 10 E'-‘;(";%i“" _ﬁ-mcu
. m '_ "f‘ 1
O high peak power 0.3—-GW’s range = B / B
L LCLE
. o 31
O short temporal structure sub-ps to 10 fs time scale “E 107 .
= B P ;F;Ham:ﬂcum 7
O tunable wavelength APPLE ll-type undulators “ 102 b : _
@
O variable polarization horizontal/circular/vertical E . B 7
3 107 | .
5 |
O seeded harmonic cascade  long. and transv. coherence &
a 10 [ PETRA I} — -
® — ESRF —
2
s 10°F -
s F -
§ 108 |
o B /e;sT\ B
1019 | i ‘il‘"‘ L llm 1 Illd 1 1L i 1313

1 2 3 4 5 (53

10 10 10 10 10 10
Eﬂe{'gy {e\f} Courtesy of C. Behrens P
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elet SCIENCE CASE

F. Parmigiani (Head of Scientific Programs)

@elertrq

Low Density Matter (coord. C. Callegari):

structure of nano-clusters brightness

high resolution spectroscopy

magnetism in nano-particles . circular polarization

catalysis in nano-materials ., fs pulse and stability

narrow bw, A-tunability

the nano-scale)
» Pump & Probe Spectroscopy (meta-stable

Elastic and Inelastic Scattering (coord. C. Masciovecchio):
Transient Grating Spectroscopy (collective dynamics at

bw Fourier Tansform Limit

states of matter) e

brightness, A-tunability

Transverse Coherent Diffraction Imaging
» morfology and internal structure at the nm scale

» Diffraction and Projection Imaging (coord. M. Kiskinova): Single-shot & Resonant

» chemical and magneticimaging .. brightness
B
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w FERMI layout F@E’I?tp'

Linear accelerator:
/ Rep rate 50Hz,
Beam charge 500pC,

Beam energy 1.5GeV,
Peak current 500A.

~100 m
|<b) RAD1 FEL pulse " The two undulator

lines uses APPLE-II
FEL pules UndUIatorS.
Both FELs are seeded
A by an UV laser.
A FEL pulss \m___.---—v----_.__«/

MOD1 RAD1 MOD2 RAD2 fo e-beam dump

daln;( line

~60 m
FEL-1 FEL pulses are
0 Gas Mirrors analyzed and

= delivered to the
three experimental
stations.
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W HGHG at FERMI: FEL-1 and FEL-2 F@?'?\ﬁ"/"pf

FERMI’ s two FELs will cover different spectral regions.

FEL-1, based on a single stage high gain harmonic generation scheme initialized by a UV laser will

cover the spectral range from ~100 nm down to 20nm.

first dlispersive
MOD!1 secton

RAD1

F=L pLisa
4.2

Raad pulan

210 nm

o —
v
Electron bunck A A

Woo1. ta e-haam d.am
firet disperaive delaylne  MOD2 #econd dispersive - P
saction wetdlon

FEL-2, in order to be able to reach the wavelength range from 20 to ~4 nm starting from a seed
laser in the UV, will be based on a double cascade of high gain harmonic generation. The nominal
layout uses a magnetic electron delay line in order to improve the FEL performance by using the
fresh bunch technique. Other FEL configurations are also possible in the future (e.g. EEHG).

D
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%lm FEL-2: HGHG cascade FCE’RCP’

A way to really extend the HGHG to higher harmonics (50t-100t) is to repeat several

times the process in various stages. FEL pulse
FEL pules 43nm
MOD1 21 nm MOD2
: RAD1 ' RAD2
Seed pulse A
—A ar= SE-I—I—H-I—I——‘
e
Erhnnn hur'e.h-/ A A A
firet dispersive dalay line fiacord CiRparaiva o -Leam dump
vection section

In a two stages HGHG cascade FEL, the first stage can allow to generate a FEL pulse
at about 20nm starting with a seed laser at 200nm.

The produced FEL pulse at 20nm is then used as a seed in a second HGHG stage
allowing to create bunching and have the FEL operating at about 4 nm.

The “fresh bunch” technique is used to have the seeding always occurring in a part of
the electron beam that has not been spoiled by previous FEL interaction.

The double stage HGHG cascade with “fresh bunch” has been recently demonstrated at
FERMI.

B ]
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et FEL1: seeding O

MQD

RAD
Seed pise x — J
ek —

fo e-beam dump

The FEL is optimized by adjusting the seeding on the electron beam. Time scans of the
delay between the electron beam and the seed lasers shows that only the seeded
electrons produce FEL radiation.

200 |-

The output spectral properties
of the FEL may depend on
which part of the beam is
producing FEL radiation.

FEL Injonalty (u .
B 2

" FEL spectra become worst
close to the head and tail of the

electron beam.

Wavelength (nm)

-1214.8 -1214.8 -1214.4 -1214.2 -1214 -1213.48

B
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FEL-1 results: spectral properties 55"“39

Direct benefit of starting the process from an external laser is that the bandiwdth of the
FEL is mainly determined by the one of the laser.

Measured relative bandwidth of the FEL is smaller than the one of the seed laser. In
the frequency the FEL spectrum is slightly larger than the one of the seed laser.

1.0

0.8

0.6+

Spectrum {au.}

0.4 -

0.2

— FEL 8" (32.5 nm)
— Seeding (260 i

0.0+

E. Allaria

L] 1 L L | | |
=50 40 =20 0 20 40 &80
Photon energy offset {me¥])

oo =4.7meV (0.098%)
oE- = 14meV (0.038%)

Since we expect the FEL pulse to be shorter than the
seed laser the spectrum broadening does not
necessary implies a degradation of the longitudinal
coherence of the FEL pulse.

Considering the pulse shortening predicted by theory
for the 8t harmonic we can estimate tat FERMI FEL
pulses are close to the Fourier limit and have a good
longitudinal coherence.
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Spectral stability and mode quality F@f'?\m"?

In addition to the narrow spectrum FERMI pulses are characterized by excellent spectral
stability. Both short and long term measurements show that the spectral peak can be

b e T fluctuations =1.1meV (RMS)
,--"’_\ *‘x fluctuations = 3e-5 (RMS)
§ / - b FEL bandwidth = 22 meV (RMS)
=, 12 4
> 5 "—;* 08 t.h
d - Vertical size {mm} Harizonta! size (mm) 5 | P
E E ﬁlﬁ N '*-»,__-
Ful R ® Lt '
g 05+ I = e
E | \l"”," ‘ ( a I\, H l”lh\\ || 02 J ] 5
L g -4 @ 2z 4 & a. 3838
Frng separation (mm) BE'EUH 75 e 500
The transverse spatial mode has been RS 200
measured to be very close to the TEMOO mode ", 22 o0 (e
2y AWAE g FRLS

and also coherence measurements indicate a
very high degree of transverse coherence.

“Highly coherent and stable pulses from the FERMI seeded free-electron laser in the extreme ultraviolet”, E. Allaria et al., Nature Photonics 6, (2012)
T
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%‘m FEL pulse control Fg'tp,

In HGHG only electrons that see optimal seed intensity
contribute to FEL

Seed laser intensity (a.u.)

For strong seeding, electrons in the central
region go in overbunching and do not
contribute to amplified FEL radiation®.

FEL wavelength (a.u.)

Seeding with a chirped laser allows to produce two FEL pulses .
separated in time and spectrum. Time and frequency separation can =
be controlled acting on the seed laser and on FEL parameters**,

Recently the combined spectral and temporal separation of the two

pulses has been experimentally demonstrated at FERMI. Seed laser t'mmg (fs)

Limitation for this scheme is the temporal separation that can not be
much longer than the seed pulse length.

A different approach is to seed the electron beam directly with two FEL
pulses. This has been successfully implemented at FERMI.

(*) “Pulse Splitting in Short Wavelength Seeded Free Electron Lasers”, M. Labat et al., Phys. Rev. Lett. 103, 264801 (2009).

2552 Z552.6
(**) “Chirped seeded free-electron lasers: self-standing light sources for two-colour pump-probe experiments” G.De Ninno et al. sub to Phys Rev. Lett.
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détt  Two FEL pulses: double seeding T2

TTBaid |||/ \2edlo In order to allow a wider
su IR temporal separation
- between the two pulse

suc2 DP PR THGZ required by one of the

FERMI user we also

S AVACCR
\ JUIMIRENRDY . implemented a scheme

SHGI DF PR THG! g e BT ey USIﬂg two seed pulses.
=3I nm E L E ‘
ﬁ-hrh“" 1o b Eeum Ty

Delay between two pulses can be easily
controlled and also the two wavelengths can be
slightly different.

Spectrum intensity (a.u.)

Pump laser at 37.3 nm, proble laser at 37.1. Relative FEL
intensities can be controlled by FEL tuning 1

0s

37 37.05 371 3715 37.2 37.25 373 37.35 374
FEL Wavelength (nm)

* M. Danailov D]
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w Fresh Bunch HGHG cascade: FEL-2 F@f'??

MOD1
Seed pulse ' 1) Seeding is done at 260 nm with an external
260 nm y laser interaction only with the tail of the electron
beam.
Electron bunch RAD1 oFEL pulse
32.6 nm

2) The seeded part of the e-beam
emits FEL radiation at 32.5 nm

electron beam MOD2

. . delayed 250 fe *  4)The FEL pulse is then
3) Using a magnetic used as a seed in the
chicane the electrons i _- head part of the

are delayed with electron beam

respect the FEL pulse delay line

RAD2 FEL pulse

10.8 nm*
*l

io e-beam dump

5) FEL at the final
wavelength is
produced by the head of the beam
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Exponential gain in second stage

o
@elettra

76 1078 108 1082 1084 1086 1088

10.9

108 1082 1084 1086 1088

108 1082 1084 1086 1086 109

108 1022 1084 108268 1088 109

108 1082 1084 10886 1088
FEL wavelength (px

FEL pulas FEL pulee 000
10.8 nm’ 4 pa3m IMonIlL? FILTER e
Speulromw
. .2000
fe e-beam dump "
The exponential growth of the power on the second radiator
has been measured both looking at a YAG after a filter that S e
stops the first stage radiation and at the spectrum intensity. e
g 4
§ 2
0% 1%)(7? jo.7e
Measured gain length can P 15
vary significantly
depending on the 3 b
optimization of the FEL 3 Z
configuration. £ :
E |
Gain Iength = 2.0m
U 2 ' B Usndulat:rlengt}j(m) ; 15 18 :
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First stage and second stage lasing mtp,

A

—
=

FEL pulaa

FEL pulss IPtens A R

u L . ?
108 nm 4 "3-3"“ Menor FIL'ER PFhetdiade

Spectomatar
B

o a-beam dumg

Using intensity monitor and the photodiode after the filter it is possible to measure
simultaneously the power from the first and the second stage.

By measuring the two signal as a function of the
delay we recognize features of the fresh bunch.

w

Firststage FEL { p [
= ~
o 1 — i1 oo owoa
™ LI B R
++

o

The delay scan show a large range for the first stage
while emission from the second stage is limited to a

narrower region.

E. Allaria

Second stage FEL (au)

. 0
M b
:

. . *
L .
H . . .t
: .
. .

i
3

b . | 1 ! ! ! ! i
553 25531 25532 25533 25534 25535 255368 25537 25538 255349
seed delay (f5)

n

MoWw R o @ - @
T T T T T 1T =

OO gy

7
25537 25538 25534

T o T el Al
53 25531 2553.2 2553.3 25534 25525 2552.8
seed delay (fs)

[
&

25531 25532 2553.3 25534 25535 25538 2553.7 25538 255349
seed delay (fs)
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: FEL-2 sta bl|lty FERMI .
@m @dy

Using the FEL diagnostic we can measure at the same time the radiation produced by
the first stage at 43 nm and the one produced by the second stage 10.8nm.

Data show a sort of linear correlation between the first and second stage FEL intensities.

Filtering out the worst 20% of the shots the correlation is more clear and also the
amount of jitter in the output power is similar for both the first and the second stage.

_ _ ‘ . _ , 100
~ 13
: 130
212 T S ) ‘] 80% of . . 3 ol rms |
r . .‘.i.\'. [ L) . . =
o o, = ! 0 = B0 1
B Ay 0 Sl ot 1z Shots At | B L 10%
-] 1 k ‘:~). .....‘.5'. "' ) ., Y 5' s g 1
Boalls A Yt Y ,,'\#‘ 3 . e s - 2 1
Eoola "L 5 L L il - —

L L L ! f ] - L .

100 200 o0 400 500 i ot '3":2 -":' * 07 08 0.8 1 11 1.2 13 14

Shot {# % 1 . yﬁ%. . ° First stage FEL (a.u.}
L)

— i . aaee
] = Bt t 30
e o = . w, St s . .
AL TR OTeAL TN TN B L SR 2 | MMs |
w A lui.h M . 2' . R o . 'y . 5
w L LY 2 -'ﬁ".‘ﬁ" " 9 in HE 'o’* .an . & o
] LI * . L ] . wu o oy ol g = 14/
T AL g Svgl o3 NN Y awE. £ a0 0 1
=3 H L -.*... st i nal L1, 5.7 . =
= *d = wa % * LY . ] - . =1
I e B Rt AT i, T AN LT . 2
R O AL TN PR e R P TR g 20 ]
E; ...,. L) . |o‘.'.ll‘:"..‘-. ... 07k I: ol'. .‘ I I I o D—- -__

100 200 300 400 500 08 09 7 T T2 T3 07 08 08 1 11 12 13 14

shot () First stage FEL (a.u) Second stage FEL {a.u.)

These data refer to the case of 260 - 43 =-10.8 nm. In this configuration the power

from the first stage is more than enough for seeding and it is generally needed to keep it
down to maximize the power from the second stage.

B
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260nm =221.7nm 210.8nm

@elettra

We have been able to operate the second stage at 10.8 nm also pushing the first stage
to very high harmonics (12).
In this configuration most of the harmonic conversion is done on the first stage that
become more critical.
The seed delay scan here show a stronger correlation indicating that it could be possible
to improve the second stage performance by having a longer radiator in the first stage.
Nevertheless we have measured signal at the level of tens of uJ also in this
configurations with a good spectra.

10 MORItOr (~ yu J}
[==] - ra o + wl
e

Second stage FEL (a.u..
[==] %) B [=:] o

E. Allaria
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Effect of fresh bunch delay e S

sostpue 00 RADY =| First stage signal does not depend on delay
280 nem ¥ oA 5, -
A ' d
“lechor u.nu"lJ Ié
first digpersive te e-beam dump a
sector E
800 500 u
= 700F - .
= 600 £ g’
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= 500 - E g
| £ ?
200 2 £,
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E 1086
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the bunch. g " 1
* For short delay the e beam is still affected by the process - ,
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w FEL-2 spectral stability F(g'??

Spectral stability of second stage can depend on the FEL setting. In good conditions we
have measured pulses with stable and good spectra. ..«

In these conditions the measured FWHM bandwidth
is about 150 meV at 10nm (1.5e-3). Fluctuations are |,
smaller than the bandwidth (6.4e-4).

Spectrum intensity (a.u.)

=
W

1074 10.76 10,78 10.8 10.82 10.84 10.86
FEL Wavelengih (nm)

Further improvements for the wavelength

' stabilization requires an improvement of the
longitudinal phase space of the electron
beam.

FEL wavelength (nm) 1075 0

FEL shot (#)

D
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100 — 350 MeV
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