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‘E=1.5GeV

Ipeak =800A
‘FW=1ps

“€gice = 1 mMm mrad

.GE,incez 1 50 keV

Parameters FEL-1 FEL-2

HGHG stages 1 2 (fresh bunch in 2" stage)
A range (nm) 80 to 20 20 to 4 (1.4 at 371 harm.)
RMS pulse length (fs) < 100 20-100 (<10 future goal)
RMS Bandwidth (meV) 17 @40nm 100 @4.2nm

Polarization Fully variable Fully variable
Repetition rate (Hz) 50 50

Peak Power (GW) 1to >5 0.5-2

Harm. P ., (% of fund.) ~2% ~0.2% (@4.2nm)
Photons per pulse 1014 (@40nm) 2*1012 (@4.2nm)
Pulse-to-pulse stability <30% ~40%

Pointing stab (urad) A <20

Virtual waist size (um) 250 @40nm 120

Divergence (rms) urad 50 @40nm 10 @4.2nm
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B Civil Construction (ref. S. Noe’)
— ‘“Linac Building Extension” completed
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Phase 2: Feb-Mar ‘10, L e
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linac tunne

Phase 3: Jun-Jul ‘10
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LASER HEATER

ﬁ 100MeV

4 1,

FEL1 beamline 3%
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MILESTONE:
* Oct. 2006 caoll. U—L
* 03/19/08: Gun ar |
+ 03/08 - 04/09: HilH
+ 05/09: installatior

Keep out the chamber the
last UV mirror.
Wakefields effects studied:
negligible

~-a Advantage:
The twin windows are useful
for the laser pre-alignment

XXV LINEAR ACCELERATOR CONFERENCE

LINAC10

TSUKUBA, JAPAN
SEPTEMBERIZ-I?,ZOIO G- Penco

13



Ref: M.Trovo’

In Aug. 2009 Q.E. ~ 3e-5, which deteriorated
progressively after few weeks of operation.

After 3 months with 250uJ, a 200pC bunch
was extracted (@ -30deq)

Horizontal Plane (mm) ‘Wiertignl Elane-(m)

During the shut-down, a cleaning
procedure was performed: venting the RF
gun with Ozone gas for few hours and
baking out for 2 days

4

2

Horizontal Plane {(mm) Vertical Plane (mm)
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In order to have by Dec. 2010 the first Seeded-
FEL radiation at 60nm (without BC2 and X-band
cavity):

® Q=250pC
® Laser: 5ps (full width), Flat-top (diam=1.3mm)

® Bunch compressed a factor ~5, (full width~1ps)
at 1.2GeV,  gi<1.5 mm mrad, og ;<400
keV
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4 quads to
match

Matched beam in
the LH Chlcane rd_l0d.ele  lotlic
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» Measure Twiss parameters and
the projected emittance.

» Optimization by changing the gun
solenoid, RF phase, etc.

« Use ELEGANT to match the real
beam to the nominal machine
optics (Matlab tool): after few
iteration the matching procedure
converge

0.90 mm mrad

1.2-1.7 mm mrad

s (m)
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The FERMI@Elettra Bunch Compressor is a 4 dipoles, variable angle symmetric

chicane. Diagnostic devices and “trim” quadrupoles follow the chicane movement,
therefore they stay centered to the electron beam for any chicane angle.

Residual traj. distortion <
10pum

Courtesy of D. La Civita
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Based on the detection of the edge
radiation coming from the last dipole of
BC1 and detected by a pyrodetector,
and the diffraction radiation coming
from a ceramic gap, that is collected by
3 electromagnetic horns and detected
by 3 RF diodes (bw=30-100-300GHz )

x 10

>
n

=

w
o

w

n
o

Pyrodetector signal (a.u.)
o w

4
2

gyt
100 105 110 115
Linac phase (deg)

Excellent agreement
between meas. with
the_th_eory fo_r gap - e
radiation emission

signal vs. linear CF

Ref: R.Appio et al. Proc of FEL 2010
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Based on the detection of the edge
radiation coming from the last dipole of
BC1 and detected by a pyrodetector,
and the diffraction radiation coming
from a ceramic gap, that is collected by
3 electromagnetic horns and detected
by 3 RF diodes (bw=30-100-300GHz )

x 10

Pyrodetector signal (a.u.)
= n bl >
-~ & m m w & e &

4
2

$otrbg ot
100 105 110 115
Linac phase (deg)

Excellent agreement
between meas. with
the_th_eory fo_r gap - e
radiation emission

signal vs. linear CF

Ref: R.Appio et al. Proc of FEL 2010

Ref:
P.Craievich,
IPAC 2010

58.25 [mm)]

57.45[mm]
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1S Compression Factor (theor.j3

—e—BC1 off
—*— BC1 angle=85mrad

Residual dispersion and chromati
aberration when passing through L01

g

Evidence p‘ij-OTR

105
L1 phase (deg)
-Non linearized long. phase space at the entrance of BC1
leads to a 1 kA-current spike for CF>3.
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Spontaneous emission (783nm), produced when the bunch passes
through the chicane undulator, closed to the nominal gap, reflected by
OTR screen i

« [ L G4 [ 100 % | 4, G4 [ (FETEW) [ |5 &= |mscreed Ih.03.bend Acquisition running
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"‘m Cavity BPM signal when close BPMs
& read x=0, y=0:

Q=270pC, cross-talking ~ -40dB

Test on Electronics in lab on going

3 — reference

.
-
.....
et

ssssss
RRRRRRR

RF parameters: Freq=6.5GHz, Q=7000.
RF pulse signal (amplitude and length) in agreement with simulation.

10 cavity BPMs are installed in the FEL intra-undulators sections
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Dec. 2010: Beam at 1.2GeV, e<1.5 mm mrad:

URadiator tuned @60nm and tuning of the phase shifter to have SASE
OGeneration and optimization of (4" harmonic)

FEL pulse

FEL pulse 3nm.

A}

) ¢ ; y to e-beam dump
first dispersive delay line Second dispersive
section section

FEL pulse

HHG pulse
12n:n - 50nm
e ——
Electron bunch

HHG pulse

é 15nm - 3nm to e-beam dump
first dispersive Second dispersive

section section
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1.6 cells RF injector
UCLA/BNL/SLAC design
120 MV/m
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3 SLAC type S-band sections
Energy 100 — 200 MeV
Focalization solenoids
(velocity bunching)
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SRR TS s
Vet TN g0 Tee e
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5 0 5
Long. position (ps)
S TN

150 MeV
S-band

o\

3 SLAC type S-band sections
Energy 100 — 200 MeV
Focalization solenoids
(velocity bunching)
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6 undulator modules
(ACCEL Gmbh)

77 periods (A, = 500nm)
Period 2.8cm

K max ~2.3
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&
‘ HHG generatlan chamber
+. Ti:Sa Laser & harmonlgs

! Ref.: Marie Labat et al.,
* Proc. of the F.ELijQ,

Seed laser
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Laboratory for
UV and X-ray
Optical Research

CNR-INFM
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Electron Bunch from RF injector
Initial velocity By ~ 0.994 (4MeV)

If the beam injected in a long accelerating
structure at the 0 crossing field phase and it n
is slightly slower than the phase velocity of comresson” N/ phase o

the RF wave , it will slip back to phases A

where the field is accelerating, but at the sealu 1 i wave

same time it will be chirped and bt
compressed. B < i head

week ending

PRL 104, 054801 (2010) PHYSICAL REVIEW LETTERS 5 FEBRUARY 2010

Compression with
Experimental Demonstration of Emittance Compensation with Velocity Bunching “Ve I OClty B un Ch IN g ! fO §

M. Ferrario,! D. Alesini,! A. Bacci,® M. Bellaveglia,' R. Boni,! M. Boscolo,! M. Castellano,' E. Chiadroni,! A. Cianchi,? S PAR C:
L. Cultrera," G. Di Pirro," L. Ficcadenti,' D. Filippetto,’ V. Fusco,' A. Gallo,' G. Gatti,' L. Giannessi,* M. Labat,”
B. Marchetti,” C. Marrelli," M. Migliorati," A. Mostacci,' E. Pace,’ L. Palumbo," M. Quattromini,* C. Ronsivalle,*
A.R. Rossi,? J. Ros;enzweig.5 L. Seraﬁni,3 M. Serluca,ﬁ B. Spatam,] C. Vaccarezza,' and C. Vicario'

PRO:

—e—2.43 kG
—o—2.44 kG

Compression Factor
Bunch Length (ps})

Slice Current

CON:

H. slice Emittance (um)

I 2 P N
-80 -85 -80 -75 K 0 200 400 600 800 1000 1200 1400 1600
Phase (deg) Z position along the bunch (um)
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Compensation of the chirp with UM Taper:

Untapered

Beam Energy=117/MeV

Average over 100 spectra
Energy 8 uJ (max 38 ul)
Rel Linewidth 1.6% rms

0 TEE=—) =

Details in Proc of the | =

—~
c
o

=
()]
(@]
o
—_
(<)
>

(7

Spectr. slit

FEL 2010 '

Arange 45nm
: Average over 100 spectra:

Energy 140 u] (max 380 ul)

a Rel Linewidth 0.8% rms

Single cooperation length observed in
many spectra

Average energy per pulse 18 times
higher in a narrower bandwidth (~1/2)
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Ref. : “Generation of high harmonics” (Giannessi et al. JAP 98 043110 — 2005)

FEL Amplifier
Seed A Beam energy=177MeV
—— [T T T T T
(£
: &
Induced deep saturation p
. 4
i

GENESIS —

100060 1 0 Simulation -

- \ t | ‘ ‘
11h10h9h 8h  7h 6h 5h 4h 3h 2h
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Ref. : “Generation of high harmonics” (Giannessi et al. JAP 98 043110 — 2005)

Induced deep saturation

11Hh 10h 9h 8h  7h 6h 5h
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10006® 1 0
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G. Penco

GENESIS

Simulation -

AN

Beam energy=177MeV
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Seed A= 400nm A,= 200 nm

| | I I I s
Modulator Radiator

max ~ 100 nJ Spectrum averaged over 30 shots
average 30 nJ

Intensity (a.u.)

Wavelength (nm)
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Seed 266nm Ay Ay=133 nm
—— I I T s s
Modulator Radiator

'

<
>
<
2
2
o
<]
S
o

1100 15x10°

Energy (nJ)

Studied the cascade changing the number of fradiators

4 2
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SPARC - THz radiation
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Velocity bunching with compression factor 14

and emittance compensated

Ref. E. Chiadroni IPAC 2010

Q=260 pC
o, = 260 fs (after compression)
Beam Energy= 100 MeV

1.0
{ o :

0.8 Time (ps)

Current (A)
w

[%]

0.6

0.4

CTR Power (uW)

0.2

0.0

Golay cell detector
measurements Frequency (THz)

2
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FY’07
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FY’09
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Technology Transfer
Thermionic Gun,
injector, etc.
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Beamline

Nta Hutch\es
&D
12: Pur\‘np & Probe
3: Imaging
EH4: Open hutch

Laser bootg‘
- L i
o

-

Z
7

| mE R AR
S8 XFEL+SR
R 1

f\Ccelerator
installation Aug. ‘0¢
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T. Inagaki, "Construction of 8-GeV C- o
band Accelerator for XFEL/SPring-8", rlines (fnal)
Proc. of FEL 2010 conference

Nta Hutch\es
&D
12: Pur\‘np & Probe
3: Imaging
EH4: Open hutch

- Laser bootk"
o« o

| mEnmsn
S8 XFEL+SR
&2 |
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Electron Source  Main Accelerator Undulator SASE-FEL X-ray User
m— — VNV VN i'/l\/\"
-
Low-Emittance  High-Gradient C-band In-Vacuum Undulator ‘

I Short Period Undulator —> QRRQUEIG=EETRSlS(e)Y

SLAC-LCLS : A2 u=30 mm, K=3.7, Ax~1.5A > E=14 GeV

Euro-XFEL : Au=36 mm, K=3.3,Ax<1A > E=17.5GeV

B I RETEGE  WAAAC [SIF{o] Ml=dl Short Accelerator Length

SLAC-LCLS : S-band 19 MV/m = 740 m

I Thermionic Electron Source——> EleEI0g\ilolslX=1alelia
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Microwave Absorber Water Vessel
Cooling Water

Choke Filter

Trapped
Accelerating
Mode

5712 MHz

Choke Mode
Cavity

Electro-platedCopper*

T. Shintake, “Choke Mode Cavity”, g ol
Jpn. J. Appl. Phys. Vol. 31 pp. L1567-L1570, November 14

J 48y

Higher Order Mode Damping for Multi-bunch operation.
Maximum 50 bunches x 1 nC, at 4.2 nsec spacing

Sadao Miura, MITSURISHI Heavy Ind . April 2008
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Beam Energy (MeV)

INAC
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BC1 out
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Beam Energy (MeV)

0

Time (ps)
1 1 1 1
| Injector out

(%) auny

Time (ps)

(v) oLy

Beam Energy (MeV)
() Juaiun)
Beam energy (MeV)

- ~ ~
o w o
@ & =
- -1 =

T T T T T T
-200 ] 200 40 200 O 20 40 -20 0 20
Time (fs) Time (fs) Time: (fs)

Undulator
Beam Difignastics
S0MeY with Deflector Caviry
1

Velocity
Bunching

X 20

Proved at SCSS Test Accelerator x300

E-Y

T
40

Bl
haimp

o
w

Beam Energy (MeV)

o

Peak Current (A)

Peak Current

Beam Energy

x3000 times compression

No laser heater was prepared.
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Wavelength <0.1nm
Peak Power
X-ray Pulse
Length
g 40
X-ray Pulse Max 0.4 mJ )
Energy g 10
o
Photon Flux 2 x 10" p/pulse % 20
S
Peak Brightness 1 x 1033 r "
p/mm2/mrad?/0.1% BW
X-ray Pulse
Repetition 20 30
Time (fsec)
Bunch per Pulse 1~50
(4.2 nsec spacing)
e Beam 8 GeV x 0.3 nC
0.8 tmm.mrad, 3 KA
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Heated Cathode in Stem

Cathode Temperature
~'1 500C

Use Small Cathode ¢=3mm -> g, ~ 0.4 7 mm mrad

| Current

density=
14~30yA/cm2 ‘ (—‘ ’ ' ‘
Ref. K. Togawa
Cathode Phys. Rev ST-AB

mApplying 500 kV pulse. assembly 10, 020703 (2007)
B3 micro-sec pulse _ No HV
driven by klystron "% WElectro- -polished SQ\ reakdown at 50
o osats (R
B Gun sits inside HV

.--/

/r-\ measured emit
v\\\ t the gun exit:

Ceps cat e .6 mm mrad
Nlth graphl TN (900 electrons)

HV ceramic tube Wehnelt electrode SUS3167(Clean-Z)—

pulse tank, filled with oil.
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Injector C-band Main Acc. Undulator

X-ray
E = 500 kV Ipk
qg=1nC (200) A E = 250 MeV
50 MeV
lok =1 A 0.25 nC QSnj- q=0.25nC
At =1 nsec 250 A Ipk = 200 A
1 psec At = 1 psec.FWHM
€n = 2 mmm.mrad
238 MHiz < t
Sub-habrmonic psec
Buncher
3 476 MHz  S-band VUV Beam
Bulas:Gin ~700 kV A =15 mm, K=1.3
C-2 C-3 c-4 Two 4.5 m long.
- H HH N ] H ! @\
- ¢ S5 R Au=15mm ‘h
Chopper — m Kmax = 1.3
1 nsec =R v 1.8 m x 4/unit gap.min = 3.5 mm e-Beam
<Bxy>=10m Dump

L=45x2=9m
1 nsec (chopper)

1A, 3usec gun :> 1A, 1nsec | 300 ~800 A
200fs ~ 70 fs

Velocity Bunchingx-100-~x-300
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Undulator

SASE Pulse Energy vs A

E = 500 KV __ ID#1 + IE#Z _ E-beam Charge: 0.3 nC
<k e . ~ —pm= Emittance: 0.7 pm(normalized)
At=1nsec [ Saturation (measured at undulator)
~ Emax =37 MV/im
L] Energy = 250 MeV
238 MHiz -
Sub-harmonic ) Tlmejilter" 50fs
Buncher -
socag: T TUN 2 S The sl o In-Vacuum Undulators ~ *_V Beam
Pudun:Gin LLI ,/ Theslice norm. emit. is A =15 mm, K=1.3
@ # estimated to be 0.7 pm Two 4.5 m long.
= Gain Length short | i ] @\
K-value large Au =15 mm \]
Chopper i I Kmax = 1.3
1nsec narrow gap.min = 3.5 mm e-Beam
-4 <Bxy>=10m Dump
30 35 40 45 50 55 60 65 Sk s
Wavelength % (nm)
1A, 3usec gun :> 1A, 1nsec | 300 ~ 800 A

200 fs ~ 70 fs
\Velocitv hi .00~
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Bunch length was monitored by a CSR monitor and a streak camera at the SCSS
test accelerator. (ref. : H. Maesaka et al, Fel 2010)

Streak
Camera

C-band

Travelling Wave In-vacuum
Bunch Accelerator o Undulator.
Compressor 1.8 m x4 cavities Chicane | 5 mx 2 units EUV-FEL

Pre-buncher
476 MHz
Booster

238 MHz
S-band
Travelling Wave

Accelerator

i
@]
+—
o
v
o=
@
O
Q
2]
>
(a1

APS Cavity
S-band

250 MeV WCSR

300A, 300 fs D[P))é[(%ecltgtzrtric Dump

s]

« R56 =20 mm in bunch compressor at 45 MeV.
* Incoming bunch length = 2 psec (0.6 mm)

«  Max energy chirp 0.6 mm/20 mm = 3% at 45
MeV, 0.6% at 250 MeV

<«— Lasing |Point

FEL Intensity [arb. unit]

o
I ]
-30 -20 -10 0
S-band TWA Phase (from crest) [deg.]

Streak Camera Bunch Length (FWHM) [p:

Thermionic cathode & velocity bunching system can generate short bunch (<50fs
and in XFEL case <5fs) with small jitter (<50fs and in XFEL case <5fs+residual)
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1 No CSR instability was observed.

1 OTR, CSR radiations at chicane magnet are
stable, for wide range of bunch compression
change.

1 - conclusion: there is no density modulation on
Incoming bunch into chicane compressor

1>

1 Moreover, the CeB6 cathode has a long lifetime
(>10,000 hours ~ 2 years)
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Undulator Lines Elxperimental Stations

Electron Beam

i T
Bending Magnet R -

TN Z

Drift Section

* GV,PM,CT,BPM
* Focusing Q

» Phase Shifter

» Steering Coils

Undulator Type In-Vacuum Planer Undulator
Active Length
Undulator Period 1

Magnetic Circuit Hybrid
(NdFeB+Permendur)

Peak Field B
K 4
Nominal | : ~
Gap All undulators installed.
in August 2010 4

18 Undulator Segments

Maxinun Attraotive Force
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1 2010 Sept. Complete installation.

12010 Oct. ~ 2011 Feb. High power processing.

1 2011 March First beam to the undulator.

12011 April - July ..... Beam commissioning, and
the first FEL Lasing?
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