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Hawking: the Solartron
Towards the Planck scale: 1.22x10!° GeV

Without further novel technology, we will eventually need an accelerator
as large as Hawking expected.

“The Universe in a Nutshell”, by Stephen William Hawking, Bantam, 2001



HIGH GRADIENT AAC ROAD MAP

(1D Miniaturization of the accelerating
structures (-resonant) and beam
manipulation components

(2 Wake Field Acceleration (-transient)
(LWFA, PWFA, DWFA)

« Power sources
« Accelerating structures
 High quality beams



High field ->Short wavelength->ultra-short bunches-> low charge
J.F.Delahaye
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& Performance summary at CLIC specifications

® T18-CERN-SLAC | ‘ '@ meas.
W T18-KEK-KEK @ E, scaled to 180 ns
® T18-KEK-SLAC d
=g Kyl X E_ scaled to 180 ns & BDR = 3x107 |
' TD18-KEK-SLAC o
T24-KEK-KEK y
B T24-Tsinghua-KEK /
W TD24-KEK-KEK I I SO
= ® TD24r05#4-KEK-KEK | /
< ® TD26cc-CERN-CERN ... ... | @
: fo
= =@ * /
m — 30 5. 2 : i / *’
/ { i /i
/ / i/
i
30-.07-CLIC BDR Criteria
£
~>
=
=
0 20 40 60 80 100 120 140

Unloaded Accelerating Gradient [MV/m]

LINAC16, East Lansing, 27 September 2016

Walter Wuensch, CERN



Plasma, Accelerator

J—Electron
-

Trailingpulse —

7

Directionoftravel

Drive pulse

positrons

Plasma

| J
tElectron bubble

Breakdown Limit?

mcao, GeV 3
—L ~100[ . ]~\/l70[10186‘l‘}7 7]
e m




European Network
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#— World Leader
BELLA LPWA facility:

3cm 1 GeV 40 TW laser ~1Hz FE— )
10-30 cm 5-10 GeV PW laser, ~1 Hz s, i 26
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Experiments at LBNL use the BELLA laser focused by a 14 m focal length

off-axis paraboloid onto gas jet or capillary discharge targets
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4.25 GeV beams have been obtained from 9 cm plasma channel powered

by 310 TW laser pulses (15 J)

*C. Benedetti et al., proceedings of AAC2010, proceedings of ICAP2012
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Laser-Plasma-Accelerator LC

ILeemans & Esarev. Phvsics Todav (Mavch 2009)

Injector
Plasma Channel




LETTER

doi:10.1038/nature16525

Multistage coupling of independent laser-plasma
accelerators

S. Steinke!, J. van Tilborg’, C. Benedetti!, C. G. R. Geddes', C. B. Schroeder!, I. Daniels"?, K. K. Swanson'?, A. I. Gonsalves',
K. Nakamura'!, N. H. Matlis!, B. H. Shaw!?, E. Esarey' & W. P. Leemans’-?
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Colliding Laser Pulses Scheme =

Injection
beam

Wakefield

Theory : E. Esarey et al,, PRL 79, 2682 (1997), H. Kotaki et al,, PoP 11 (2004)
Experiments :]. Faure et al, Nature 444, 737 (2006)
AQ2
“relecmmque ENSTA

Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I I

lundi 3 juin 13



Colliding Laser Pulses Scheme o

The first laser creates the accelerating structure, a second laser beam is used to heat electrons

Beatwave

Injection phase

Theory : E. Esarey et al, PRL 79, 2682 (1997), H. Kotaki et al., PoP 11 (2004)
Experiments : ). Faure et al,, Nature 444, 737 (2006)
AQR

Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I I
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Colliding Laser Pulses Scheme =

Acceleration phase

Theory : E. Esarey et al., PRL 79, 2682 (1997), H. Kotaki et al, PoP 11 (2004)
Experiments : . Faure et al, Nature 444, 737 (2006)

Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I l

lundi 3 juin 13



Beam Driven Plasma

Focusing (E))
Defocusing : e e sy
€ Accelerating / Decelerating (E.)
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electron
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Blumenfeld, I. et al. Energy doubling of 42 GeV electrons
in a metre-scale plasma wakefield accelerator. Nature
445, 741-744 (2007).

Focusing (£))
Decelerating (E.)

I
electron
beam

Accelerated Witness Bunch

Litos, M. et al. High-efficiency acceleration of an electron
beam in a plasma wakefield accelerator. Nature 515, 92—
95 (2014).
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CONCEPTUAL DESIGN OF THE DRIVE BEAM FOR A PWFA-LC*

S. Pei#, M.J. Hogan, T. O. Raubenheimer, A. Seryi, SLAC, CA 94025, U.S A.
H. H. Braun, R. Corsini, J. P. Delahaye, CERN, Geneva

RF gun Dnve beam accelerator

/
bunch compressor

Beam Dehvery and IR

Fig. 1: Concept for a multi-stage PWFA Linear Collider.
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- PRA A draft of facility layout

Horizon 2020

Free-Electron
Laser Science
Hall (FEL)

entrance hall

Pilot application
of Electron Plasma
Accelerators Hall
(PAEPA)

undulators

3cube laser

injector

laser
RF injector \ 3D layout by Darek Kocon

and Andreas Walker
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Horizon 2020
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SPARC_LAB

Ferrario, M., et al. "SPARC_LAB present and future." NIMB 309 (2013): 183-188.
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Velocity bunching concept (RF Compressor)

Electron Bunch from RI injector
Initial velocity By ~ 0.994 (4MeV)

Stip Back ‘\‘
& .

~ . b
Compression

Phase -90°

i / RF (Traveling Wave)® "
B> Po (tﬂll}»’ / Phase velocity Son ~ 1

B=Ho
p< ﬁo (head)

».If the beam injected in a long accelerating

~structure at the crossing field phase and it i1s
slightly slower than the phase velocity of the
RF wave , it will slip back to phases where
the field is accelerating, but at the same time
it will be chirped and compressed.

Serafini L., Ferrario M. "Velocity bunching in photo-injectors." AIP conference proceedings. 2001.

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



Thz source

. ARTICLE
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Strong nonlinear terahertz response mduced by
Dirac surface states in Bi,Ses topological insulator

Flavio Giorgianni', Enrica Chiadroni?, Andrea Rovere', Mariangela Cestelli-Guidi?, Andrea Perucchi?,

Marco Bcllavegliaz, Michele Castellano?, Domenico Di Giovenale?, Giampiero Di Pirro?, Massimo Ferrario?,
Riccardo Pompiliz, Cristina Vaccarezzaz, Fabio Villaz, Alessandro Cianchi?, Andrea Mostacci®,

Massimo Petrarca®, Matthew Brahlek®, Nikesh Koirala®, Seongshik Oh® & Stefano Lupi'

Frequency (11z) 7.7 mm
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Ti:Sa FLAME laser
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Energy 6J
Duration 23 fs
Wavelength 800 nm
Bandwidth 60/80 nm

: F Spot @ focus 10 pm
Peak Power 300 TW

Contrast Ratio 10"




Plasma-based acceleration techniques

resonant-PWFA

\\'nnc\“\ ' ' l)'n\ ¢
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*A train of three electron
bunches (driver bunches) is sent
through a capillary discharge

*A resonant plasma wave is then
excited in plasma

*A fourth electron beam (witness

beam) uses this
b n, = 2x10%® cm3
wave to be A, = 300pm

accelerated Capillary Imm
Hydrogen

external injection LWFA
e-
bunch

laser
beam

*A laser beam excites
plasma waves in a capillary
filled with gas

*A high brightness electron
beam uses this wave to be
accelerated

n, = 1x10 cm3
A, =100um
Capillary 100 um
Hydrogen




Laser Comb technique:

generation of a train of short bunches

(Parmela COde) a Cathode b End of Drift 1000 Cc Accelerator Exit
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- P.O.Shea et al., Proc. of 2001 IEEE PAC, Chicago, USA (2001) p.704. (Low charge regime only)
- M. Ferrario. M. Boscolo et al., Int. J. of Mod. Phys. B, 2006 (High charge, Beam Echo)



Driving and witness bunches generation

J\ Energy partition
HWP PBS
CPA i
Ti:Sapphire + Periodic multibunch
harm. gen. drivers
aBBOs
Variable delay
witness \ HWP
4
Motorized stage j\ JUUU\—

to the photocathode . i /
- PBS

v
<> half drivers energy

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



VB dynamics: 1 driver + witness

LPS at linac exit
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VB dynamics: N driver + witness
50 pC drivers + 20 pC witness

Experimental
results! resonant scheme @n_ =1 0" ¢cm” — bunch distance = A, ~1.1ps
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Witness — tuning and characterization

Single bunch emittance scan Reference -1.67 ps
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Witness position tuning
with laser delay line!



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

Charge (pC, each) 200

sigma_x (um) 6o

Sigma_z (um) 25

Ng = 8e15 1/cm3_. Pos: 0 mm, o, DRIVER:59.34 um, o, WITNESS:4.97 pum




n, = 8e15 1/cm?®, Pos: -100 mm, o, DRIVER:369.91 pm, o, WITNESS:42.87 um
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& MULTIBUNCH PWFA USC

MAN-PLANCK . GESELLSCHAFT

Transformer Ratio: R=E,/E_  Energy Gain: <RE,

0,=125 pm, n,=1.8x10"6 cm3, 2,=250 ym E,: incoming energy
Q=30 pC/bunch, Az=250 pm=h,, Az=375 pm=~1.5),
Bunch Train Ramped Bunch Train’
200 - 200

Wakefield [MV/m]
=)
Wakefield [MV/m]
o

-100 " Drive Beam -100 7 Drive Beam u

P Witness I Witness
- Wakefield E L - Wakefield
W 1 2 3 4 5 6 7 =M 1 2 3 4 5 6 17
Time [ps] Time [ps]
Kallos, PAC’07 Proceedings "Tsakanov, NIMA, 1999

=) Linear (2D) theory for n,<<n,! I! .
OpDgmit

ﬁ R=7.9 => multiply energy by ~8 in a single PWFA stage!

P. Muggli, 06/07/2010, INFN Frascati



Ramped comb beams

Z-X View Longitudinal Phase Space

Time Distance: 0.91 ps, Energy Distance; 0,02 MeY¥
Time Distance: 0.73 ps, Energy Distance: 0.02 MeV
Time Distance: 1.30 ps, Energy Distance: 0.02 MeV
Time Distance: 1.60 ps, Energy Distance: 0.11 MeV

Q:6.2%, dE: 0.06 MeV, dt: 0.37 ps
0: 16.3%, dE: 0.09 MeV, dt: 0.56 ps
0: 27.9%, dE: 0.10 MeV, dt: 0.48 ps

0: 39.0%,dE: 0.13 MeV, dt: 0.40 ps

(: 10.6%, dE: 0.08 MeV, dt: 0.27 ps

v Witness




C-Band accelerating structure and PWFA chamber




PWFA - Particle Wake Field Accelerator

i

hlﬂli “ B’

Focusing PWFA Capture
PMQ module PMQ



Plasma capillary
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Plasma Source

H>-filled capillary discharge

C | R L
I I VWV
High voltage
Power supply High voltage

semiconductor
switch

¢

e —
(S ——

Valve controller

d

Delay generator

P,;, = 10 mbar
Total discharge duration: 800 ns

Voltage: 20 kV
Peak current: 200 A

Capacitor: 6 nF

Capillary plasma

Gas valve Measured current

Current (A)

200

150}

g

g

05 0 05 1 1.5
Time (us)

Courtesy of M. P. Anania, A. Biagioni, D. Di Giovenale, F. Filippi, S. Pella



Capillary Discharge at SPARC LAB




Stark broadening diagnostics

Ba-a Pa-a Br-a
l | l
 —|
1000

Pfa Hu-a

|

visible

100 om nm 10 000 om

410 434 656

Hydrogen emission spectrum lines in the Balmer series

« Based on the light emitted by plasmas — measure of electron plasma density

» Plasma density can be determined by means of Stark broadening effect

- Spectral lines of Hydrogen are broadened as a result of the emitter interaction with the
electric field produced by nearby ions.

- The line-width is directly related to the plasma density — | Ahoco (T ) g

~ For Hydrogen, the HB line (486 nm) is usually used — a is less temperature dependent.



Plasma characterization in capillary

Plasma density measurement from HB Stark broadening
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The plasma density is controlled through the delay after the discharge



Beam Manipulation
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Active plasma lens

Focusing field produced by electric

discharge in a plasma-filled capillary
according

Focusing field produced,
Ampere's law, by the discharge current

1 o
- ,p(r):EquJ(r )dr
0

Radial focusing

X/Y planes are not dependent as in quads

Weak chromaticity

Focusing force scales linearly with energy

Compactness

Higher integrated field than quad triplets
Independent from beam distribution

to

Not sensitive to longitudinal/transverse charge

profile as in passive plasma lenses

Plasma-filled capillary
Electron
beam

1
y 10

Electrode Electrode

Van Tilborg, J., et al. "Active plasma
lensing for relativistic laser-plasma-
accelerated electron beams.” Physical
review letters 115.18 (2015): 184802.



Experimental layout

e

bunch

Capillary

s 0/,0 V=20 kV

I1=100 A
1ps R =500 um
130 um 0

120 MeV 6 L=3cm

1 mm mrad Sapphire

* Discharge circuit




Preliminary results

50 Discharge OFF Discharge current profile
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Current (A)

APPLIED PHYSICS LETTERS 110, 104101 (2017) @ o

Experimental characterization of active plasma lensing for electron beams

R. Pomplll’a’M P. Anania,’ M Bellaveglia, A. Biagioni, $. Bini,' F. Blsesto

E Brenteganl G. Castorlna
M. Ferrano F. Filippi," A Glnbono V Lollo," A Marocchlno M. Maronglu A. Mostaom

G. Di Pirro,’ S. Romeo," A. R. Rossi,” J. Scifo," V. Shpakov,' C. Vaccarezza,' F. Villa,'

2E. Chladrom A. Cianchi,®

M Croia,' D. Di Glovenale

and A. Zigler®
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Results vs simulations

Spherical aberrations
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Nonlinear focusing field
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Preliminary results

- Preliminary results @ max
focusing strength (140 A)
- Min spot size: 19-20 um
- Normalized emittance: 1.5 um
- First results show that the
emittance after active lensing
Is still not preserved but much

lower than before

- It indicates that the magnetlc
field felt by the beam is “more”
linear

»  We will continue with tests on
such setup and then move to
the last configuration

- 3 cm-long capillary

- 2 mm hole diameter to increase
the linear region of the B field




Plasma Driven FEL under investigation
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WG O - Project Management
0.1 Executive summary

WG 1 - Electron beam design and optimization
1.1 Advanced High Brightness Photo-injector
1.2 HB Linac technology,
1.3 Linac design and parameters
WG 2 - Laser design and optimization
2.1 FLAME upgrade
2.2 Advanced Laser systems
WG 3 - Plasma, Accelerator
3.1 PWFA beam line
3.2 LWFA beam line
3.3 Plasma and Beam Diagnostics
WG 4 - FEL pilot applications
4.1 Conventional and Plasma driven FEL
4.2 Advanced FEL schemes
4.3 Photon beam lines
4.4 FEL user applications

WG 5 - Radiation sources and user beam lines
5.1 Advanced (dielectric) THz source
5.2 Compton source
5.3 Secondary Particle Sources
5.4 Laser-driven neutron source
5.4 User beam lines
WG 6 - Low Energy Particle Physics
6.1 Advanced positron sources
6.2 Fundamental physics experiments , LabAstro
6.3 Plasma driven photon collider

WG 7 - Infrastructure
7.1 Civil Engineering and conventional plants
7.8 Control system
7.3 Radiation Safety
7.4 Machine layout
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