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SPARC_LAB test-facility
:‘ ‘ -

Ferrario, M., et al. "SPARC_LAB present and future.” NIMB 309 (2013): 183-188.
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Low-current operation
30-170 MeV beam energy [
T 1-10 ps bunch duratlon

High brightness photo-injector

Thomson source
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THz radiation source - .

FEL (single spike + seeding)

Narrowband THz

High-current operation (VB)

80-120 MeV beam energy Multi-bunch trains

20 fs - 1 ps bunch duration

~> FEL (2 colors)

LWFA (external injection) PWFA (w/ resonant scheme)

Serafini L., Ferrario M. "Velocity bunching in photo-injectors.” AIP conference proceedings. 2001.
Anderson, S. G., et al. "Velocity bunching of high-brightness electron beams." PRSTAB 8.1 (2005): 014401.
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FLAME: a 130 TW Ti:Sa laser

FLAME @ SPARC_LAB

* LWFA (self-injection)

™ « LWFA (external injection)
Thomson scattering

1 =

Energy 4]
Duration 30fs
Wavelength 800 nm
Bandwidth 60 nm
Spot @ focus 10 pm
Peak Power 130 TW

Contrast Ratio 10°

FLAME final amplification st__:'
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Radiation source activities

FLAME laser gmms
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e

v
<RV

4 J (800 nm)

3-12 ps

0.2-1 nC
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Strong nonlinear terahertz response induced by
Dirac surface states in Bi,Ses topological insulator

Flavio Giorgiannﬂ, Enrica ChiadroniZ, Andrea Rovere', Mariangela Cestelli-Guidi2, Andrea Perucchi?,
Marco Bellavegliaz, Michele Castellano?, Domenico Di Giovenale?, Giampiero Di Pirro2, Massimo Ferrario?
Riccardo Pompiliz, Cristina Vaccarezza?, Fabio VillaZ, Alessandro Cianchi?, Andrea Mostacci®,

Massimo Petrarca®, Matthew Brahlek®, Nikesh Koirala®, Seongshik Oh® & Stefano Lupi’
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i « Several plasma-based schemes will be tested

- Beam-driven resonant scheme — 1-2 GV/m exp.
- n_~10" cm*, 1 mm diameter capillary, Hydrogen

- Laser-driven, external infection — 5-10 GV/m exp.
- n_~10" cm”, 100 um diameter capillary, Hydrogen

* Goal: high quality accelerated beams
- Maintain the high brightness of injected beams

Resonant PWFA

Focusm (E) Defocusmg (E) | |§"

Witness

000 °

Acceleratmg (E) Deceleratmg (E)

F. Massimo and A. Marocchino - Architect

bunch externally
injected
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Ultra-short electron beams

' « Current demands require high current beams

v PWFA-LWFA: high wakefield amplitude (i.e. high
driver density), low energy spread (i.e. short witness).

v Advanced radiation sources: high peak currents
(FEL), short beams (broadband THz radiation).

* Velocity bunching @ SPARC_LAB *

v RF structure embedded in solenoid fields for
emittance compensation

‘ -

Accelerating E .
Decelerating

RF Amplitude

2500

1.5

2000+

=y

1500}

Energy (Me\))

1000

Current (A)

500+

Normalized emittance (m rad)

z (m) x10*

z (m)

Ferrario, M.et al. "Experimental demonstration of emittance compensation with velocity bunching." PRL 104.5 2010.
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Laser-comb with velocity bunching

« Laser-comb: multiple bunches train produced directly at the cathode
¥ Pulses delayed by birefringent crystals, delay lines to take full control of distances
v Easy setup, half-wave plates for (un)balancing (charge ramps...)

At =4 ps At =2 ps

1 1

0.8 0.8
1)
= 0.6] =06

5
g
04 204

0.2) 0.2)

HWP o-BBO crystals

Ferrario, M., et al "Laser comb with velocity bunching: Preliminary results at SPARC." NIM 637.1 2011 S43-
S46.

168 MeV, on crest

» Velocity bunching for bunch compression
- Distance and duration tuning by moving S1 phase

- Different approach with respect to other multi-
bunches schemes, e.g. @ FACET.

Energy (MeV)

C. Ronsivalle et al. "Large-bandwidth two-color free-electron laser driven 5 0 5
by a comb-like electron beam." New Journal of Physics (2014): 033018. rength (ps)

Hogan, M. J., et al "Plasma wakefield acceleration experiments at FACET." New Journal of Physics 2010 055030.
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Tuning knobs

S2-S3 (gradient and phase)

v Energy spread tuning S1 (gradient and phase)
« Final energy ¥ Bunch compression
« Final bunch spacing
S3 \ v Emittance control

GUN (laser, solenoid)
¥ Charge

« Initial bunch spacing
v Emittance control

Chiadroni, E., et al. "Characterization of the THz radiation source at the Frascati linear accelerator." RSI 84.2 2013
Mostacci, A., et al. "Advanced beam manipulation techniques at SPARC."Proceedings of IPAC2011
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Measurement tools
5 bunches (charge ramp)

v Energy measurement
vLongitudinal Phase-Space

vMultiple-bunches QSCAN \
(energy separation) FLAG

0.2

0.15

5 10 15 2( 0.5 1 15

. 2
Time (bs) Freauencv (THz) D H I
e m e mmom moEEEEEEEEEEEEEEEE= = Ipoie
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o
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Quadrupoles

- . L i g i

RF Deflector /
\ v Emittance (QSCAN)

I + Longitudinal diagnostics v Multiple-bunches QSCAN
¥ Phase-Space characterization (time separation) with RFD

o THz flag

v CTR/CDR emission in THz range
v Longitudinal diagnostics

=
—_

=k
o

—

Time [ps]

9
8
T4

99 995 100 1005 101
Energy [MeV]

Cianchi, A. et al. Six-dimensional measurements of trains of high brightness electron bunches. PRSTAB 18 082804.
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Beam manipulation with
velocity bunching
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VB dynamics: 1 driver + witness

Laser profile on photo-cathode

Amplitude (a.u
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Experimental

results!

Driver + witness (20 pC)

Witness position
adjusted online
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LPS at linac exit
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VB dynamics: N driver + witness

Experimental Y drivers + 20 pC withess
results! resonant scheme @ n_= 10" cm™ - bunch distance = Ap ~1.1ps

| . |
» Laser profile on photo-cathode T —— Current profile .
I 5 ‘ ‘ L‘aser Temporal Profille ‘ I ‘ I
1 ’ --o--- ":::r:ﬁi?l\lHM:&se ps) 14 [ ]
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Witness - tuning and characterization

Single bunch emittance scan +1.67 ps Reference -1.67 ps
22 ' ' . Totalprojected & 12 : 12 12 :
ol . . Witness & __ | 1ol 10} 101
[ [ o Driver1 g :
=l b = Bl = Al
s - o Dri 2 . .
g1.8 } } ) river2 e g : . *
%1 6 { . %,
¢ =
: } 3 a4
E14 o
12 f [ - 1. i
: 1(5} B 7E 678

1 | | | |
172 174 176 178 180 1827184 186
Current (A)

Witness position tuning
with laser delay line!
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Ramped comb beams

Z-X view Longitudinal Phase Space

2, Energy Dist;

z, Energy

2, Ernergy
Erergy Diztance: 017 Met

. dE: 0.06 Me, dt: 037 ps
%, dE: 009 MeY, dt: 0,56 ps

%, dE: 010 Mel, di: 0045 ps

@ 39.0%, dE: 0.19 MeV, dt 0.40 ps

] G 10.6%, dE: 0.0 Mev. dv 0.27 ps
Witness ' ' ' e
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Free Electron Laser
exotic schemes
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Two colors FEL

Novel scheme for the generation of trains of ultra-short radiation pulses

v Based on FEL lasing from a two-level electron energy distribution

v The FEL amplification process takes place independently if

RARD
energy difference — Y Pl

~— Pierce parameter

A (arb. units)

Measurement
775 860 825
A (nm)
(b) N=2
Spectr. N=4
700 800 900
A (nm)

The total radiation bandwidth % exp. data
: 10°
IS set t_>y the bunch energy . 800
separation . (a)
v Short time structures (~1/N) £ ]
2 10! A=30 nm (b)
Double-peaked spectrum _
v Time separation between 10 4 A=0.15 nm (]
fringes (AT) is a function of ] @
the energy difference (AE) ' i r
AE (MeV)

0

100
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Petrillo, V., et al. "Observation of time-domain modulation of free-electron-laser pulses by multipeaked electron-energy spectrum.”
Physical review letters 111.11 (2013): 114802.
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Energy (MeV)

Energy (MeV)

91

90

89

94

93

92

Example of bunch train

Beam A

Length (ps)

Beam B

Length (ps)

Current (A)

: Beam A
o == = Whole beam
I, — First beam
— Second beam

[
5 Beam B
I

. — First beam
= Second beam

(b) 1

' = = = Whole beam

Quantity Beam A Beam B
Energy (MeV) 90.11 = 0.06 93.04 =0.10
Total charge (pC) 150 = 10 165 £ 10
Emittance x (mm mrad) 1.56 £ 0.10 1.68 + 0.18
Emittance y (mm mrad) 1.70 = 0.12 1.81 = 0.15
Energy spread (MeV) 0.62=0.01 0.59 £0.01
Energy spread single 0.30 =0.01 0.27 £0.01
beamlet (MeV)
Energy separation (MeV) 1.01 =0.11 1.07 £ 0.14
Time duration (ps) 0.63 =0.03 0.30 £0.01
Corrected FEL parameter single 5x107* 1.5 x 1073
beamlet
3D cooperation length single 36 12.5

beamlet (pm)

33

é 6.5 7
Length (ps)

L,<2xwL,

:Single-spike condition is satisfied |

Trends in Free Electron Laser Physics, Erice Workshop |
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Petrillo, V., et al. "Observation of time-domain modulation of free-electron-laser pulses by multipeaked electron-energy spectrum.”
Physical review letters 111.11 (2013): 114802.
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Resulting SASE FEL radiation

experimental retrieved simulated
Beam A Beam A (a) Beam A ) (b)
390 M i
2 -FROG M Z | -FROG s
= f - Spectr. |L S St ::, ! .‘i"‘:‘
= 400 — 22.8n e ;' __,‘i. l H
e < ]'H‘Rnn]J‘ E "f\ﬁ\"lf\\? |3
< ~ AT AN
‘ pl‘ I' H i Ve
410 [V ’:;‘" \\
0 1000 -1000 0 1000 - : s d ; -
750 800 850 -1000 0 1000
Beam B ' !
390 Beam B ) @) BeamB | (b)
‘ |
- = | -FROG I‘ @ | -FROG ﬂ
=) 400 i g - Spectr. ,5 Sim. 5 \ i“ 9l fs
Fa) b. .-1 p % |
410 < < M |\.‘ip‘
) < e A
750 800 850 -600 0 600
A (nm) t(fs)

FROG device used for single-shot measurements
Each snapshot contains both the spectral and temporal information

FEL radiation phase-space “mimics” the bunch longitudinal phase-space
Beam A AA=17.88nm, AT =112fs - Inagreement with AE = 1.03 MeV
Beam B AA =18.62nm, AT =91 fs - In agreement with AE = 1.1 MeV
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Seeded scheme
|

magnetic {iif- — - Undulator |
e-beam Gh'cai/ N
o

Interaction point,
laser focus
- o = \
\ \ / Periscope

H+v LSF  Focusing
H |l H+V H mirrors
- 95.5 -====~_.B1
Periscope U I b 0
HWP 1= *=HWP 2 [
* Single laser pulse (linearly chirped) used to S
seed simultaneously both bunches
- The wings of the laser spectrum actually act as seed
The (small) linear chirp ensures temporal overlap 1l -~ 0 B o
0 0.5 1 1.5
t (ps)

Two colors enhancement with respect to SASE
20/25

o
Petralia, A., et al. "Two-color radiation generated in a seeded free-electron laser with two electron beams.” PRL 115.1 (2015): 014801
Trends in Free Electron Laser Physics, Erice Workshop |
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Resulting seeded FEL radiation

Increasing of spectral stability ‘
2:10* — 75 y
© E,=15nJ () & (h)
Eo =125nJd SASE
i E =810nJ Seeded (a) (b)
0 0 0
’;3\ — 50—
g _ﬂ.é
. 4 |
g & 015 Mos
Dy o
B 25
> 0.3 1
I S 0 : |. T T -
760 800 840 770 830 770 800 830
A (nm) Mnm) FROG time distributions
Two colors stability increased with seed laser 1 amald]
- SASE: 66% (others with single-spike structure) A w‘“ el
- SEEDED:  99% 2 ol |
- Bandwidth = L]
- SASE (SEEDED) 1° spike: 7.2 (3.1) nm
- SASE (SEEDED) 2™ spike: 7.9 (2.7) nm 047 | |
0 20 40

shot number
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High quality ultra-short beams with VB

Single-spike FEL means high quality ultra-short beam!

LONGITUDINAL PHASE SPACE 1
7 6
*
i . 6.5 54 . %
— — 1 *
% 6 ““““““““““““““““““ ———— R \g/ 4 7 ) *
| . £ AL *
5 =2 3 £ 3-
< 55 % E
2
1 *
1?3.5 114 114.5 14
| Energy [MeV] |
0 T T T T v T T T > 1
727 728 729 730 731 732
lamda(nm)
Aefaacs T T T T |
700 720 740 760

lamda(nm)

Collected FEL light, 100 fs (rms), 40 pJ

Bunch parameters

\\R. Pompili

20 114 0.1 26 1.2 400

e
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Laser vs e beam time-jitter reduction

Photo-cathode
laser
Magnetic compressi‘M{m . o
(dogleg) 50 pC, 90 fs bunch
e\ EOS
N ] T | A% - - - - - == _ _ -
3 e st ¢ M o g o St ex AT o i o Siit o R ooy o Rt B o iy § R a ol 3 Rt T ol
R laser-e” time-jitter linkage
. . d by dogl
bunch mainly bunch mainly linked to RF (VB) recovered by dogied
linked to PC laser — Increase of laser - e’ jitter

EQOS - time of arrival measurement

Hybrid compression: bunch shortening by VB, relative ol
ATJ reduction by magnetic compression ol

o

15 115 350
® Dt=-100fs >
| ® Dt=0fs 1 7 2 30t
i e Dt =-+100fs 8
4+ Centroids CIC)
— — — Linear Fit £ 25
05 e 05 =
= 2 > g
° = e Dt =-100fs O 20
é ol = ot e Dt=0fs
u e e Dt =+100fs & 151
i W + Centroids 2
~05 _05) — — - Linear Fit ol
i //o; g i = oo = St
linac exit i dogleg exit
15 ; i i i . 15 : . " i ; O6
-2 -15 -1 -05 0 05 1 -2 -15 -1 05 0 05 1 o y ]
z(m) <10~ z(m) <107 Time of arrival (s) <10
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Conclusions

« Advanced electron beam configurations have been produced and tested at
the SPARC_LAB test-facility

« Low emittance and ultra-short beams consisting in multiple bunches for
- Plasma Wakefield Acceleration (PWFA)
- Advanced radiation source

« Several results obtained for Free Electron Laser applications by employing
exotic electron beams
- Two colors FEL, both in SASE and seeded schemes
I - Complete characterization of FEL radiation (temporal + spectral)
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Plasma Wakefield
Acceleration
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PWFA - Quasi-nonlinear regime

Condition for blowout: n,

—>1
np
— Bubble formation w/o wave-breaking, /\p Is constant — resonant scheme in blowout

- Linear focusing force — emittance preserved

A measure of nonlinearity is the normalized charge

N k <1 linear regime
Q=—-==4 J'Ck r,N, -
n, >1 blowout regime
| « Using low emittance, high brightness beams we have
~ n
Q<1 —>1
nP

These conditions define the quasi-nonlinear (QNL) regime
- n =10"cm? Q,=200pC, 0=180fs, 0 =5.5um ~ n ~5n and Q=N,k,/n,~0.8

Rosenzweig, J. B., et al. "Plasma Wakefields in the Quasi-Nonlinear Regime." (2010): 500-504.
Londrillo, P., et al. "Numerical investigation of beam-driven PWFA in quasi-nonlinear regime." NIM 740 (2014): 236
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Acceleration in plasma

10 10

gZ : : : : : A

—_— (W) -

8r g 4 -
i _28 —
! 7 1 8
l 55_ 12.6 £
| o —
i o @
o O
[TYP -
> 24 ©
L =
: 5

2.2

)
T

1 1 1 1 1 2
0.005 0.01 0.015 0.02 0025 0.03

150 ' ' 2
= Energy (W)
0 100 200 300 400 500 | =="Energy (D)
7 []-'—m] 140
= Energy spread (W) 1.5

* Hybrid kinetic-fluid simulation by Architect

S
=
- PIC (bunch), fluid (plasma), 3-5 hours for 3 cm =
&

~ Cross-checked with full PIC codes (ALaDyn) n =10 cm®

Energy Spread (%]

- E ~1.1GViIm
T QG0 ot oxem) ey = om) [T
Driver 200 180 5.5 116 4.5 TTm——
Withess 20 35 3 116 2.4 100 0.005 0.01 0.015 0.02 0.025 0.003

z(m)
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Single-shot and non-destructive tool

- Multi-bunches trains have been ~~ T a o=
measured with Electro-Optical Sampling \ ; =
v Single-shot, non-intercepting T § '*f
v 80 fs (rms) temporal resulution %/5
* Goal: monitor beam injection in plasma
Spatial decoding
. """ [

HN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN B .
w
a
o
S

) L L L L L ji
E BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN BN = =

= =
g 2500 g 200}
g 2000 e
1500
1000 |
50
22 ZnTe 400pm X GaP 100pm
0 02 04 06 08 1 12 14 16 18 0 05 ] s 2 25 s 35
Time (s) X 10 Time (s) 1072

R. Pompili, et al., NIM A: Accelerators. 740, 216 (2014).
R. Pompili
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Laser comb - optical setup

Incoming UV laser ‘

2x BBO crystals — 4 pulses Courtesy F. Villa

To photo-cathode
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Witness beam extraction

%10 Witness evolution

A second PMQ triplet is needed to catch the
witness at plasma exit

£
- First PMQ is 11 cm downstream the capillary g

Large emittance growth in the drift due to the high
beam divergence:

e=(py)’[s’opot+e)

32/25

z(m)
_ 8)(10
Leading term
7 ......................................................................................
« Tapering A.R. Rossi B B s s st
s
T £5 —— . -
© E
o
E=! £
E r
[T 3_. . .__..;;;;.;.;.;.;;.;.;.;;;.;.;;;;.: —— Enospread
————;——————;——————-j-——————j — _ _ _hospread
: : : e Eno spread
1 i ; i ; =
0 0.2 04 06 08 1
z(m)
Migliorati, M., et al. "Intrinsic normalized emittance growth in laser-driven electron accelerators." PRSTAB 16.1 (2013): 011302.
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Beam matching

* First attempt to accelerate a witness bunch
- Laser duration (rms) at cathode: 150 fs
- Laser pulse distance at cathode: 2.4 ps
- Driver-Witness distance at linac exit: 550 fs

Bunch 1 ||
Bunch 2
16F — ——Distance H

Driver 107.6
Witness 20 107.4 35 3 2.4 05

Duration (s)

Matching the beam injection in plasma
— Driver duration: kpaz ~ /\p/4

- Plasma oscillation requires a Twiss |@ n~10% cm®

Be :\/Y/aneno vBeq=1.1mm (D,W)
’ v 0 =2.5pum (W)

- Witness envelope oscillation

.oy . ke kc_)_f/gen
0X+70X+§0X— > 3+ GX— 7 k_

ny p

Beam @ plasma input

lon focusing Space-charge term
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Beam-driven Plasma
Wakefield Acceleration
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PWFA - Quasi-nonlinear regime

Condition for blowout: n,

—>1
np
— Bubble formation w/o wave-breaking, /\p Is constant — resonant scheme in blowout

- Linear focusing force — emittance preserved

A measure of nonlinearity is the normalized charge

N k <1 linear regime
Q=—-==4 J'Ck r,N, -
n, >1 blowout regime
| « Using low emittance, high brightness beams we have
~ n
Q<1 —>1
nP

These conditions define the quasi-nonlinear (QNL) regime
- n =10"cm? Q,=200pC, 0=180fs, 0 =5.5um ~ n ~5n and Q=N,k,/n,~0.8

Rosenzweig, J. B., et al. "Plasma Wakefields in the Quasi-Nonlinear Regime." (2010): 500-504.
Londrillo, P., et al. "Numerical investigation of beam-driven PWFA in quasi-nonlinear regime." NIM 740 (2014): 236
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Acceleration in plasma

5 - A. Marocchino, 5
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* Hybrid kinetic-fluid simulation by Architect E
- PIC (bunch), fluid (plasma), 3-5 hours for 3 cm =

5 n = 10'° cm?
- E ~11GVIm

- Cross-checked with full PIC codes (ALaDyn)
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Beam-driven PWFA at SPARC_LAB

Vacuum tests on the experimental chamber

Beam injection | 18 ‘~  ,
4 Longitudinal diagnostics (EOS) ’ |

& Transverse diagnostics (Ce:YAG screen) Hydrogen inlet
« PMQ (NdFeB, B>1.3T) ~ 520 T/m 4 50-100 mbar from source

& 10 mbar in capillary

Turbo pumps
& 3x400 l/sec

e o + PMQ, 520 T/m

to FEL...

SPARC linac
« 2 S-band TW sections (3 m)

& Last S-band section replaced - - .
with a C-band one (1.3 m) Acceleration + diagnostics

& 3 cm length capillary
4 1 mm hole diameter
« n, measure by Stark broadening

Beam diagnostics
& Transverse diagnostics (Ce:YAG screen)
& THz station (CTR/CDR)
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Laser-comb: optical setup

Energy partition
HWP PBS
CPA
Ti:Sapphire + - Periodic multibunch
harm. gen. drivers
aBBOs

Variable delay

withess

— HWP

Motorized stage A_ “ \ ' "

to the photocathode . i /
PBS

4
half drivers energy

Villa, F., et al. "Laser pulse shaping for multi-bunches photo-injectors.” NIM A 740 (2014): 188-192.
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