Elettra
Sincrotrone
Trieste

Beam Dynamics workshop
January 23 - 27, 2017

[@\.;c?_ 77

IPAM Beam Dynamics Workshop, January 23 - 27, 2017 Enrico Allaria 1



Outline

Elettra
Sincrotrone
Trieste

Free-Electron Laser and seeded FELs

FEL properties control with seeding
« Wavelength and spectral control

* Pulse properties control

« Coherent control

Impact of e-beam quality
* Microbunching instability

Conclusions
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q FEL basic ingredients

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

1) Relativistic electron beam

Energy (v)
Current (1)

Emittance (¢)
Energy spread (0y)
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

ep =" o Wavelength (\)
NIXATS, — s Power (P)
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q Free Electron Laser
Sipch[c;trone

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.
For short wavelength it is not possible R
to prepare the electron beam with a ‘ ’
coherent structure at the desired " § - 4 i i §
wavelengths. 1 § Q §
FELs are able to modify the electron AV VATV § BVAVAVAVAVAP |
beam distribution and to induce an | N\\)\/\\/\~ EVAVAVAVAYATSS
electron density modulation ERAVAVAVAVAVAY S BAVAVAVAVAVAVSa
(bunching) at the wavelength of i i §
interest. '
Bunching process requires a high IVVVW\F’ |
quality electron beam andalong ' } B AAAAS |
undulator where interaction between Incoherent emission: Coherent emission:
L electrons randomly phased electrons bunched at
radiation and electron occurs. radiation wavelength
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Collective effects of free electron laser
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FEL is the result of a collective effect
similar to other cases present in nature.

=

The interaction of an high density electron | |
beam with a common medium is at the ‘
origin of an instability. '

Oscillations start from the initial noise
The Resonant due to the granularity of the system.

Bridge

It is also possible to inject into the

by Bob Barrett o ]
Mu‘-‘l‘--l- Coliage systems specific frequencies by a
. 3OA T "
Grantham PA 17027 USA proper control of the initial conditions

(seeding).
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. SASE FEL
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In high gain FEL, Self Amplified Spontaneous Emission (SASE) is possible.

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.
“;:“ 08¢
(Y]
s.s.s.s.s.s.s-sn{-ﬁ £ o6l
AT AREA — S
NVAVAY 2
Ly "'%' . 04t
ns-sns-s.s-s-s.s L '
=T
¢l 0.2} !’ ]

F(_)r this FEL ’_[he electron beam has to bg extremely good | 0 405 43 435 44
with a very high peak current (kA), typical bunch length is
in the range 1-100 fs.

Pictures from: -
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Benefits of a Seeded FEL
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An external “seed” laser allows to control the distribution of electrons
within a bunch. FEL output pulses inherit properties from the seed.

Seeding allows improving:
« 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.

PO E LS
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yy ja

Seeding radiation

FEL radiation
e beam

PO L L
000000080000

The problem with seeding is that there are not sources available for direct
seeding at the very short wavelength range (<1nm).
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FERMI Free Electron Laser
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Sponsored by: Italian Minister of University and Research (MIUR), Regione Auton. Friuli Venezia Giulia,
European Investment Bank (EIB), European Research Council (ERC), European Commission (EC)
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... |FERMI layout
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- ~200 m

Linear accelerator:

>‘ Rep rate 50Hz
Beam charge 700pC
Beam energy up to

1.5GeV
Peak current ~700A.
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q ot FERMI FELs: FEL-1 & FEL-2

FEL-1: single stage HGHG seeded by a UV laser, covers the range 100 nm — 20 nm.

first dispersive

MOD1 §ection
1 RAD1

. Y FEL pulse
4.2nm

Seed pulse RAD2 |
210 nm M
D g
Electron bunch A A A A A
MOD1
. . . . . to e-beam dum
first dispersive delay line MOD2 Second dispersive P
section section

FEL-2: double cascade HGHG to reach the wavelength 20 nm — 4 nm.

FEL-1 (Nat. Photon. 6, 699 (2012)) FEL-2 (Nat. Photon. 7, 913 (2013), Journal of

TR 100-20 nm (12-60eV) Synchrotron Radiation 22 (2015))
: : Tuning range 20-4 nm (60-300eV)
Relative bandwidth 1x10-3 (FWHM)
Relative bandwidth 1x10-3 (FWHM)
Pulse length <100 fs
Pulse length ~50 fs
Pulse energy 20-100 wJ
Pulse energy 10-70ud

Both FELs have APPLE-II undulators in the final radiator allowing polarization control.
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FEL-1: High Gain Harmonic Generation
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| RAD

Seed pulse Y - \
. Moduator | T, s o o e g e e |

Electron bunch A

first dlsperswe to e-beam dump

section

» An external laser interacts with the electron beam in the
AL modulator inducing a periodic modulation of the electron

beam energy.

Energy spread (keV
N D O ®
o O O O
o O O O
1 | | |

In a dispersive region, energy modulation is converted
o oSt e into density modulation with significant harmonic content.

Beam current modulation inherits coherence properties
from the input laser.

Bunching
o O O O O
O O 0O O =
N A OO © O
| | 1 | 1

Electron beam energy (MeV)

T T T T T T
o 2 4 6 8 10 12
Electron phase @240 nm (rad

» Coherent bunching produces
coherent emission in the radiator
at the desired harmonic that is
then amplified.
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» Current spikes are not suitable for seeded FELs.

 Low energy spread and flat phase space are required for seeding.

FERMI electron beam

» Electron beam optimization is different than for a SASE FEL. Electron beam parameters

1045
1044.5

Charge 700 pC
§1Jf§;‘ Peak current ~700 A
%Jf:g Energy 1-1.5 GeV
3155142 Energy spread ~150 keV
101;;; Energy chirp ~3 MeV
. 20 ey Emittance 1 mm mrad
Size (rms) ~100 um

Only electrons interacting with the laser
participate to the FEL emission.

Phase space nonlinearities may counteract
the benefits of the seed.

40500 400  -420m
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FEL bandwidth control
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FEL pulses inherit the coherence from the external seed laser.
The use of seed pulses close to the Fourier limit, allows the production of FEL
pulses that are also close to the Fourier limit.

« Seed pulses of 120 fs long with 0.9 nm
spectral width produce FEL pulses
characterized by single mode spectra

with narrow linewidth
20 — T T

Events (%)

237 238 239 240 %ﬂﬂ

0.02 0.04 0.(I)6 O.I08 0.10
Wavelength (nm) Relative Linewidth (%)

« FEL spectra fit Gaussian curves and both wavelength and bandwidth are stable.

« Calculated Fourier-limited pulse length is close to theoretical predictions suggesting

a very high longitudinal coherence.
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Advanced (coherent) control schemes
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The use of an external laser can be efficiently used to match specific
requirements for the FEL.

Advanced configurations can be implemented

* Two pulses;

« Two color.

Schemes taking advantage of the high degree of longitudinal coherence
become available

» Chirped Pulsed Amplification;

* Phase locked pulses;

» Coherent control.
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q Chirped pulsed amplification (CPA)

A reduction of the FEL pulse length is possible through CPA.

A coherent light pulse characterized by a linear dependence of the wavelength
along the pulse (chirp) can be compressed with dispersive elements.

grating 2

—

—
N
N
o

diffracted order

FEL chirped \
\

beam VB

Output beam

Beam energy (MeV
N N
w w
o (&)

Timg (ps) 0.5

A chirped e-beam is used in combination with a chirped seed laser to create
FEL pulses with time-wavelength dependence.

Chirped FEL pulses are sent to a compressor based on double grating.
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CPA in FEL, first demonstration

The standard FERMI seed laser has been stretched to 290 fs (FWHM).
With the nominal seed laser bandwidth (0.9nmFWHM) this seed has a
significant chirp and is about a factor 3 far from the Fourier limit.

FEL pulse length has been measured for different settings of the optical

compressor.

NO
compression

Correlation curve (arb. units)

Cross-correlation curves
= = Deconvolved FEL pulse

1 1
-200 -100

T

0
Time (fs

T
100

T
200

Correlation curve (arb. units)

1.0+

0.8

0.6-

0.4 -

0.2-

0.0 LN, ... . S el
200 -100 0 100 200

——Cross-correlation curves
= = Deconvolved FEL pulse

Compression

The demonstrated compression of FEL pulses is an indication of the high degree
of coherence of the FERMI FEL pulses and open the way to new possibilities for very

short pulses.
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Coherent control: harmonic phase locking

E[ettra
Sincrotrone Phase locked
Seed pulse Undulator tuned at fundamental Phase FEL pulses
\» . Modulator s “ Mshifter
AM AA
/:’
Harmonic

Electron bunch Dispersive
section

Good longitudinal coherence of the pulse gives the possibility of producing pulses with a
controlled phase difference.

5 T T T T T T T

undulator
Beam dump

T
= fundamental
—2Nd harmonic |

——Fundamental (52nm)|
—2" (26nm)

FEL power (a.u.)

Amplitude

o
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o
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time
The simplest possibility relies on the generation of a second harmonic pulse phase
locked to the main pulse.
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Phase control experiment: physical
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The photoelectron distribution generated by two coherent
fields (A, A/2) shows an interference that may depend on

phenomena

the relative phase between A, and A,/2.

The experiment is done in Neon that can be ionized
with a two photon process (19.67 eV - 63 nm) or single
photon process (39.34 eV - 31.5 nm) showing different

electron distributions.

1 photon

lin_pol. 2 photons

IPAM Beam Dynamics Workshop, January 23 -
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K. Prince, et al. Nature Photon. 10, 176—179 (2016)
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Phase control : results
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010
o L P The experiment consist in characterizing the
" e L N asymmetry A, » of the electron distribution as a
DG function of the phase difference between the two
1(1) W fields.
BZ 0:9 Ii_lig}i_!_i!_..r,_rr!_
o8l * I 1 I . .
07b Clear oscillations are present, with a period 21
8-"13 B rad or 105 as.
By, Bs OZOW o) 82 .
01 © ar o o
-0.2- [ ‘g 00F é W :' ® ) ' o
03l ] Py 5 Do o Lepmg o Doges I - » e oo @
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At the maximum sensitivity position results 8 108
indicates a resolution of 3.1 as o
@ 104
L
Q
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A
K. Prince, et al. Nature Photon. 10, 176—179 (2016) IR
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Phase-locked FEL pulses
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Sincrotrone Tiyin eed pulses .
Laser pulse | <> DISPERSIVE Twin F EéLapulses

t MODULATO SECTION RADIATOR %

1 111 mmmm
-veen W AT R MMM

birefringent plate

Twin seed-e- beam
interaction

SpeC[/‘ Ome le/‘

Spectrum

Amplitude
) - T T T

T Aq)SEED

592.2 5225 523 5235 524 5245
Wavelength (nm)

52.45

With two seed lasers one can control and change the
relative time between two FEL pulses. For coherent o2
pulses, a fine tuning allows to control the relative
phase between the two FEL pulses.

m)

(
o
)
w
o

Wavelength (n
[4)]
N
w

Interference between two coherent and phase-
locked pulses is evident in the spectral domain.

52.25

52.2
D. Gauthier et al., Phys. Rev. Lett. 116, 024801 (2016) TZi?ne (32)5 084
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FEL phase-locking control

Elettra
Sincrotrone
Trieste

Relative phase between the seed pulses with changed with Ad .4 ~ 12°@260nm
corresponding to changes of the phase between FEL pulses by A¢gg ~ 60°@52nm

Interferogram

This correspond to a control
‘ | b il i with ~ 30 as resolution.
I Il ' i | |
il | | *‘ “\ ‘ \I\W |’1w y 'l
52.15 “ I "”"w JI W H “ 1 i M\‘( ‘L f” mll' Y

\ll, T Wil Y L W \M' w-52-1 ¥
| WM "\'I\l’ 1 ||1 ‘ i | | L Wlmmﬂ ” | Wy o2

Wavelength (nm)

<]
N
s
>

0 10 20 30 40 50 60

Adseep (a-u.)
Fringe instability is associated to wavelength jitter of
the spectral envelope and is correlated with electron ## 5
bunch compression monitor. Zoom of the central part

Wavelength (nm)

Higher resolution to ~ as requires a better control of the electron beam phase
space.
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q Coherence preservation

v' Most advanced schemes taking advantage of seeding use the high
degree of longitudinal coherence.

v' Coherence lengths >100 um can be generated because the seed
set a common phase for all electrons participating to the FEL
emission. 3 l w . . . . . .

2 .

—

Position

=~ ©

'
no

0 10 20 30 40 50 60 70 80 90 100
Time (arb. units)

v' Coherent emission requires that all electrons have same properties.

v' However e-beam properties varying over the seed pulse length can

deteriorate the coherence of the final FEL pulse.
IPAM Beam Dynamics Workshop, January 23 - 27, 2017 Enrico Allaria | 22



Microbunching deterioration
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v' Few um is the length at which the micro-
bunching instability has its maximum gain.

v' uB changes the e-beam phase space
creating modulations of the electron beam
energy and/or density.

v’ Large uB modulation is detrimental for SASE
since it increases the average energy spread L ongitudinal position ()
that can become comparable with the FEL p
parameter and suppress the gain.

v' Methods to control and suppress uB are
available.

v For SASE the reduction of the final dy is
sufficient to maximize the FEL power and
optimally operate the FEL.

Relative energy (MeV)

Relative energy (MeV)

-50 0 50
Longitudinal position (um)

YK D. Ratner et al. PhysRevSTAB 18 30704 (2015)
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Energy (arb. units)
Seed laser modulation at A, (ws) superposed to uB modulations (A )

Frequency mixing g = NH.U‘)S + M.wMB 1

I

0 140 160
IPAM Beam Dynamics Workshop, January 23 - 27, 2017
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q uB effects in seeded FEL

v In the case of a seeded FEL however, even
small residual modulations affect the FEL
interfering with the coherence created by the
seed.

v' The seed frequency is added to the already
existing uB modulation frequency. As a result a
frequency mixing signals are produced that
generate FEL pulses with several frequencies
components.

v" Since the uB modulation is stochastic, the
effect on the FEL is also stochastic.

IPAM Beam Dynamics Workshop, January 23 - 27, 2017

[==]
(=1

(=23
(=3
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Vertical dimension (arb. units)

100 150 200
Beam Energy (arb. units)

2 L L L L
17.55 17.6 17.65 17.7
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q uB and self seeding

v It is not only a problem of externally seeded FELSs, also in the case of

a self-seeding one has the same problem 5406V, 10 e- energy cut
g 4] ‘ k]
g U13 kick
0.4 5 — U14 kick
035 il | 208 —— U5 kick |
E sl As=8um || i 2 —— UtBlkick
5 A =013 ——3=90 ® 0.6} —U17kfck |
P AR | =104, 0 ™ — Ut kick
£ 02 | £ —— 19 kick
. | 2 —— U24 kick |
':; 0.15 5
2 0.1 A § ?9 |
2 P } A | g M
Q 4 s
%4 02 0 02 04 0 [ Ly
AE(eV) -1500 -1000 -500 0 500 1000 1500

Relative photon energy (meV)

The stochastic sidebands produced by the uB in combination with self seeding has
been recognized as the source of the pedestal that contaminates the final FEL

spectrum at LCLS*,

*Z. Zhang PRAB 19 050701 (2016)
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q Control of uB i

An external signal in LH can control the uB and
create pure periodic modulation in the e-beam.

1

0.25 0.5 0.75 1.0

without beating
Intensity (arb. units)

- with beating

=

} (b) '

0

LH intensity
(arb. units)
o
w

@) ' ' ' (d) ' ' '
' e-bunch -bunc
0 l - : ' - :

0 20 40 60 800 20 40 60 80
Time (ps)

3.365

Time (ps)

3.36

Y-axis (mm)
Undulator parameter K

3.355

3.35

Energy spectrum
intensity (arb. units)

3.345

270 272 274 276 278 270 272 274 276 278
Energy (MeV) Energy (MeV)

3.34

Periodic modulation with few um period interferes
with the seed and creates sidebands that are now

rYunem
under control. NNANRNR
*E. Roussel, PRL 115 214801 (2015) (wu) yibuajpaem
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q Removal of uB

« Short wavelength goal enhances requirements on uBI/CSR 3¢
growth and temporal smoothness of general e-beam envelope
properties at undulator entrance

« ~1to 10 ym wavelength energy modulations of greatest concern
» Pedestal content < 25% of fundamental output requires

{((AE ) < 25keVx (4;{?)( 3);1m) ( 1805124ev ) }

 Scaling is nasty ™ pedestal fraction scales as (AE?)

At short wavelength uB modulations of tens of keV can be detrimental
for coherence.

Such a level of smoothness may not be easy to achieve and measure.

Seeding methods have been proposed that are expected to be less
affected by uB

Y€ W. Fawley, FERMI MAC-SAC meeting Dec 2016
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Echo Enabled Harmonic Generation
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D. Xiang, G. Stupakov, PRST-AB, 2009

» Afirst laser generates energy modulation in electron beam.

« Astrong chicane creates stripes in the longitudinal phase space.

« Asecond laser imprints energy modulation.

« The second chicane converts energy modulation into harmonic density modulation.
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Courtesy of T. Raubenheimer
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q et NLCTA : EEHG experiments—— ===
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q Comparison of HGHG and EEHG

10|

+1.134e3

o
N

Time (ps)
<
=
S
k]
=5
8
£
-200 -100 0 100 200 300
time (fs)
4L S
221 1 £
8
oL 1 E
I L I 1 1 [
-200 -100 0 100 200 300 ©°
time (fs)
3
pel
k]
=]
©
o
=
| €
: : ‘ - : ] g
-300 -200 -100 0 100 200 300 S

—04 —o02 0.0 0.2 0.4

energy spread (d~)
o
N

time (fs)

1.0

-

« Start to end simulations of FERMI linac
* Focus on the longitudinal phase space
« Evidence of noisy energy modulation
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q Periodic modulation
Sincrotrone

For a quantitative comparison of HGHG and EEHG sensitivity on the energy
modulation a periodic modulation is used.

—elegant

. 0.6 - --50 keV modulated |
With used parameters HGHG and EEHG show
similar behavior on phase space distortion. 5 o
% 03
1.6 1 , %
ol 0s| ]| 5
(ol 08l i O.;
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Sidebands in EEHG are associated to the current modulation produced by the
beam passing through the large R56.
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Current modulation

Sincrotrone
Trieste

EEHG sensitivity on uB is due to the conversion
of energy modulation into density modulation
occurring in the large chicane.

<10"" A' ,}/

Current modulation is maximized by: R, =2
4 A)/mod

¢ R56 should be chosen to avoid maximum bunching.

0 10 20 30 40 50 60 70 80 90
time (fs)

« EEHG benefits in bandwidth control depend on uB wavelength.

* Prediction of amplitude and shape of uB at the position of FEL
undulator is essential.
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v' Seeding allows to generate FEL pulses with a high degree of
longitudinal coherence.

v Fully coherent pulses open the door to new coherent control
experiments in the x-ray.

v Success of seeding strongly relies on the quality of the electron beam.
v Control of the microbunching instability is crucial.

v Reliable predictions of uB are necessary for properly design FEL and
minimize the effect on the FEL quality.
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