Advanced Acceleration at SPARC LLAB

Sources for Plasma Accelerators and Radiation Compton with Lasers And Beams
Massimo.Ferrario@ LNF.INFN.IT
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New installations

Thomson source Plasma acceleration







Thomson Interaction region (20-550 keV)

fascio laser ~ Camera di

scattering
fascio
X

Fascio e

(hv), =4 (hv),.... (T/ 0.511)2 deflesso
Impulso laser: 6 ps, 5 J

(MV)jaser = 1.2 €V pacchetto e : 1 nC, |: 2 mm (rms)
T =30.28 MeV Impulso X: 10 ps, 10° fotoni

(hv), = 20 keV mammografia o emissione: 12 mrad



SPARC-FLAME synchronization

e Optical reference distribution

FLAME AREA

* Fiber laser OMO (Optical
Master Oscillator) installed and

FLAME oscillator tested

. 79.33MHz _ . o
* Fiber links to distribute the
signal partially installed
| * High resolution optical phase
cmlm SPARC HALL monitor (cross-correlators) in
PC laser 20.33M1Hs house and ready to be tested
Oscillator J :
79.33MHz = * Sub-50fs;,,; relative jitter
RF reference synchronization
‘% 2856MHz






Laser Comb technique:

generation of a train of short bunches

(Parmela code)

Charge vs. Time

Energy vs. Time
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| aser Pulse Train Generation
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4 Pulses
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Resonant plasma excitation by a Train of Bunches

Focusing (E,)

Defocusing Kab elemlm"/ Decelerating (E.)

2y 5 1+

___uues yaits
+ "'_;"-[!""- +¢ ’“ electron
i . ' beam

e ) =

Accelerated Witness Bunch

« Weak blowout regime with resonant amplification of plasma wave by a
train of high Brightness electron bunches produced by Laser Comb
technique?

 Ramped bunch train configuration to enhance tranformer ratio?

« High quality bunch preservation during acceleration and transport?




no=0.75e16 1/cm”?3 Lambda_p=383 um,
Lacc=1ocm Ez=1.2GV/m

Charge (pC, each) 200

sigma_x (um) 6o

Sigma_z (um) 25



Ny = 8e15 1/cm3, Pos: =100 mm, o, DRIVER:369.91 pm, o, WITNESS:42.87 1 m
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energy (mean, MeV) go

energy spread 35

norm. emittance (um) 303

sigma_x (um) 370
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COMB plasma interaction chamber

Camera interazione e
Sistemi ancillari di
pompaggio e iniezione

Gruppo Pompe Vuoto

Sezione Banda C

'i Permanent magnet YAG/OTR/EOS crystal
actuator actuator

YAG/OTR actuator






NEW: TWO COLOURS SASE FEL

two bunches with
a two-level energy distribution %
and time overlap (Laser COMB tech.) .-
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Electron beam requiremetns

two bunches with
a two-level energy distribution
and time overlap (Laser COMB tech.) ..~
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Measured 2 bunches distance versus VB phase

—SIMULATIONS = {/ S alt

Q u. 9 i !
< o3 i ;
3 90.5
E:.’v 925 / H H 2 ienglh (:s) ¢ 10
® measurements i |
-
222222 *
LLLLLLLLLL
® 0.5

(sd) uonesedas sawi]

2 \/ .
915 - n "
s .2
=3 o ey G v ana s e (N T T T
3 0 Length (ps)
§ ggss
w -1 = N1
5 9 « | Ve da
2
- w i
2 > 0 > 925 £
Length (ps) :
0N
| I 2 4 6 T T J
Length (ps)

-94 -92 -90 -88 -86 -84 -82
Compression phase (deg)




Measuring single beam properties

DGLFLGO1

Ql Q2 Q3

UTLFLGO3

A. Cianchi Advanced Beam Dynamics Experiments and Applications at SPARC_LAB SIF — Trieste 2013



Emittance measurements comb beams
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2 /
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Achieved Electron Beam Performances

Whole beam

£ Peak current: 300 A (with 160 pC)

£ Bunch duration: 300 fs

£ Normalized emittance: 1.7 (0.1) mm mrad
£ Energy spread: 0.6%

£ Energy: 93.04 (0.03) MeV

Energy (MeV)

Single bunch

£ Energy spread: 0.2% /0.3 %

% Bunch duration: 100 fs / 250 fs 250f- - Y \‘ ------ st Beam
< 200y "=~ Whole beam
Energy separation: 1.07 (0.05) MeV B 500 f
3 100 f- TR R—
Time separation: 0.42 (0.03) ps SOF /N T
035 4 a5 5

FEL parameter p: 6.7x103 Length (ps)




FEL Photon Diagnostics

Period 2.8 cm
Undulator length 2.156.m
No of Periods 77

Gap (nom./min/max) 0.958/0.6/2.5cm
K (nom./max/min) 2.145/3.2/0.38
Remanent field 1.31T

Blocks per period 4

Block size (hx 1 x w) 2x0.7x5cm

< Fiber Spectrometer
* Resolution: 1.2 nm @ 800 nm

™ Window: 200-840 nm

Fiber
spectrometer

A
1
7%

< Joulemeter
* Minimum detected energy: 1 pJ
*+ Calibration: 5.96e8 V/J @ 1um
*+ Optical density filters

filters

£ FROG: NIR-Grenouille
*+ Time-bandwidth product: <~10
1 Spectral resolution: 0.7 nm @800nm
1+ Single shot sensitivity: 1 ud




FEL Experiments: Two-levels radiation spectra

Power Spectrum (Arb. units)

Power Spectrum (Arb. units)
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FEL Experiments: Time-modulated pulses

Energy | En.Spread | Length Charge Energy Separation (MeV) 1.07 (0.05)
(MeV) (%) (ps) (pC)
Time Separation (ps) 0.42 (0.03)
94 - 5
First Beam 92.515 0.174 0.147 82.15 250f ; =
(0.033) | (0.005) | (0.002) | (1.58) e e
> I s Whole beam
Second 93.588 0.317 0.283 77.85 = . .. y
Beam (0.033) (0.005) (0.003) (1.56) e |
O] 925 R S % “\\
Whole 93.038 0.631 0.305 160.00 éi "“\\\
Beam (0.032) (0.003) | (0.004) (3.10) % TRV W M , i,
2 4 6 8 ' 45 5
Length (ps) Length (ps)
FROG traces
Simulation by GENESIS
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o) = i
< = l
RMS Time Time ~ ~ l
BW . - < a4 A \
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week ending

PRL 111, 114802 (2013) PHYSICAL REVIEW LETTERS 13 SEPTEMBER 2013

Observation of Time-Domain Modulation of Free-Electron-Laser Pulses
by Multipeaked Electron-Energy Spectrum

V. Petrillo,' M. P. Anania,” M. Artioli,” A. Bacci,' M. Bellaveglia,” E. Chiadroni,”> A. Cianchi,* F. Ciocci,” G. Dattoli,”
D. Di Giovenale,” G. Di Pirro,” M. Ferrario,” G. Gatti,” L. Giannessi,” A. Mostacci,” P. Musumeci.® A. Petralia,’
R. Pompili,* M. Quattromini,” J. V. Rau,” C. Ronsivalle,” A.R. Rossi,' E. Sabia,” C. Vaccarezza,” and E Villa®

Dual color X-rays from Thomson/ Compton sources

V. Petrillo™2, A Baccil, C. Curatolo?, M. Ferrario®, G. Gatti®, C. Maroli?,
J.V. Rau?, C. Ronsivalle®, L. Serafini!, C. Vaccarezza®, and M. Venturelli®*
L INFN Milano ,Via Celoria, 16 20133 Milano, Italy
2 Universita degli Studi di Milano, Via Celoria, 16 20133 Milano, Italy
3LNF_, INFN Via E.Fermi, 40 Frascati (Roma), Italy
4ISM-CNR Via del Fosso del Cavaliere, 100 00133 Roma, Italy and
SENEA Via E.Fermi, 45 Frascati (Roma),Italy

We analyze the possibility of producing two color X or gamma radiation by Thomson/Compton
back-scattering between a high intensity laser pulse and a two-energy level electron beam, constituted
by a couple of beamlets separated in time and/or energy obtained by a photoinjector with comb laser
techniques and linac velocity bunching. The parameters of the Thomson source at SPARC LAB
have been simulated, proposing a realistic experiment.




Two-Color Schemes at LCLS

NATIONAL ACCELERATOR LABORATORY

A. Marinelli, A.A. Lutman, J. Wu, D. Ratner, S. Gilevich, F. J. Decker, J. Turner, H. Loos, Y. Ding,
J. Krzywinski, Y. Feng,H. D. Nuhn, J. Welch, T. Maxwell, C. Behrens, R. Coffee, Z. Huang, C. Pellegrini
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Double-Bunch Operation

at LCLS

Generate double pulse at cathode and compress.
Skmifar concept demnonstrated at SPARC In the Infrared [4)







New installations

Thomson source Plasma acceleration




The External Injection experiment (@ SPARC LAB

EXIN goals

» Produce a high brilliance e-beam, peak or global.
« Stability.
» Reproducibility.

» Everything above in the easiest way (leading philosophy).

Highest energy record in LWFA is NOT a goal!

A.R. Rossi. EAAC — LaBiedola 05/06/2013
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The External Injection experiment (@ SPARC LAB

S2E simulation: beam production and transport

Production has been simulated using ASTRA together with the genetic N
optimizer GIOTTO up to injector's end. ELEGANT has been used for the By A. Bacci
transport inside the dogleg. and

C. Vaccarezza

100 < 40 4

- " -20
40 -
-100 A
R T T L NN TR A A R B
X (um) 154,0
- 300
Final beam parameters: ox=oy=12.7 uym, ek 120
ex= 2.7 uym, ey= 0.4 ym, E= 78 MeV, — {200
oy/y=0.2%. 3, 1150
c 5
Total compression: cf= 16 (8 by VB and 2 Z s B
by dogleg).
Non particular optimization in dogleg. i
X emittance overestimated! 1°
1515 —rrT T T T T T T T

—r—r—y T ——— T T T
45 -40 35 -30 256 -20 15 10 5 0 5 10 15 20 2§

Z(um)

A_R. Rossi. EAAC — LaBiedola 05/06/2013



S2E simulation: plasma acceleration

No laser guiding: gas cell, very easy from the experimental point of view.

Laser
(on axis w,= 61 um)

Gas cell 3 cm

NS

e-beam




The External Injection experiment (@ SPARC LAB

S2E simulation: plasma acceleration

Sample beam with gas cell (VERY PRELIMINARY): At =157 fs, 0, = 3.8 um.

30

25 1
o, =95.4 um ol
20
15 -
10 - .
5
£§° . £ o]
> \; 1
-10 - 5]
E=120 MeV
-20 - ]
. 0 Charge loss = ™1 .
25 20 -5 -0 -5 0 5 10 15 20 25 o b o]
* 8%
= 260 - -
- . €, = 4.5 um
“ ' - - 250
240
‘ - 200
‘LE:O N _ =07 4 150 2
= <
- 100
200 A
N gt % | - 50
e ' _ .
1 o AY/Y_ 45 /0 180 1,
’ 20 ' 0 ' 20 ' o 0 " 10 20 30 40



The External Injection experiment (@ SPARC LAB

S2E simulation: plasma acceleration

Laser guided by a capillary tube: more performances but much harder to implement

/

< e

Choosen working point: R =60 ym, n = 10""ecm’

— N ~



The External Injection experiment (@ SPARC LAB

y (um)

p, (M,C)

S2E simulation: plasma acceleration

Best beam: At =182 fs, 0, = 3.8 um.

o, =2.0um

E =630 MeV

€, = 3.9 UM

AyIy=T7.7 %

X (um)

-4 -]
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-8 4
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700
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250

200

150

100

50
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The External Injection experiment (@ SPARC LAB

S2E simulation: plasma acceleration

Best beam transport and parameters

| 'f 50
i - 4.5
——AE1E2fa o= 38 um
- o= 2.5.m
sl e=51,m L 40
& il L35
o
30 - w/ i
25 . [P
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15 T T T T T T v b 3 1®
0 20000 40000 60000 80000 10
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5'5 i — =182 f 0= 38 um '—5.5
S 0 =26 n
p': 59um
50 - [
45
Y 40
(4]
35
304
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T T T T v ! ' h
0 20000 40000 60000 80000 100000
Z (pm)
A.R. Rossi.

1400 ~ ~ 1400
o =20pm ] 1
1000 - 1000

800 L 800

: 600 — 600

400 - L 400
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200 ~ 200
T T T T T 0
40000 60000 80000 100000
- 0,14
€ =35um i
- 0,10
E e srura e 0,08
s _:’__,.-»-*‘ — | 0,06
- 0,04
0,02 4 —— AF1821s o= 38um 0,02
| 25um
( 8751
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2&)00 40600 ' 60600 ) 80(;00 1001000
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Inverse Compton scattering of of self-injected, LWFA sub-GeV electrons’-2

Exp'ed: 2E8 photons/shot v e- bunch e
Montecarlo TSST: < 4 .
expected angular E PIC (Jasmine) ° | M
and speciral > self-injection I- li
distribution - ona4mm ’ .
g gas—jet = -
Photons at screen: image and spectrum y-photons A i
Y-rays e
e bunch
First measured (July Q Measured bunch I‘”‘“’“
2013) y-ray signal: low - fully established :
S/N ratio. m July 2013 run: glcIgence
. - P .
Higher shielding, e~ monoenergetic+ B
collision stability and % low emittance T T ]
laser beam energy E
needed -
v-photons Energy

;’;‘7"7 l‘"’é L.A. Gizzi et al., NIM B 309, 202-209 (2013);4T. Levato et al., NIMA A720, 95-99 (2013) 3P. Tomassini et al., Appl. Phys. B 80, \/_‘ «
‘»;45 419-436 (2005) (—J—‘ }



LILIA: Solid target

Collaboration:Milano, Milano Bicocca, Bologna, Pisa, Lecce, LNS, LNF.

Goal: Production of a proton beam suitable for
injection into (conventional) accelerating structures

TNSAiIntheregime 1E18 <|<1E20 W/cm?

-Metallic target of 1-10 microns

-GAFchromic and CR39 films have been used
Solid state detectors (PIN) in order to investigate
Noise baseline.

-Last run: Thomson parabola (ELIMED LNS)

-Detected protons < 4 MeV

Possible higher intensity
For the next run

OAP F=1 mt EEEEP OAP F= 0.5 mt







The SPARC _LAB THz beam lines

Linac-based source: Coherent Radiation from an aluminum-coated silicon screen (Coherent
Transition Radiation, CTR) and from a rectangular aperture in the metallic screen (Coherent
Diffraction Radiation, CDR). electron gun

T &1,
dwdQ — dwd

accelerating
sections

[N + N(N — 1)F(w)]‘

CTR and CDR
sources

YAG:Ce screen

Si-Al screen (CTR)

to beam
dump

5 mm slit (CDR)

3 mm slit (CDR)

» CTR source

20144 1H 31H enrica.chiadroni@Inf.infn.it 51




Broad-band THz radiation:
Measurements

CTR _—

radiator
- . * P 1 OO ' 1 M ) M ) M ' 1
b 4 90° off-axis ch . +
- rtz ) para}bolic 'E N N Frequenc cut
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E. Chiadroni et al., Appl. Phys. Lett. 102, 094101 (2013)
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Narrow-band THz radiation:
2-bunches train measurements

Measured Longitudinal Current profile as measured at
Phase Space (LPS) the end of the linac
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Achieved THz Performances

Electron beam Single bunch 4-bunches per train
parameters (VB mode: max (VB mode + laser comb)
compression)

Charge/bunch (pC) 300 50
Energy (MeV) 130 100
Bunch length (fs) 160 200
Rep. Rate (Hz) 10

parameters (single bunch) (4-bunches/train)
Energy per pulse (J) 40 10 0.6 106 (@ 1 THz)
Peak power (MW) > 100 3(@1THz2)
Average power (W) 1.8 104 6 10
Electric field (kV/cm) 500 > 10
Pulse duration (fs) 160 <100
Bandwidth (%) broadband <25
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