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Options towards higher enefgies,»

Hadron (p) circular collider p=e: R Bv\

Increase bending field

/' ' SC bend magnet work (FCC-hh)

Increase radius = size (FCC-hh)

Lepton (e-e+) circular collider Increase supplied RF vol
plon {e-e+) pOCEO"‘p'UO"'/’(FCC-ee)

/’

Increase mass of acc. particle (muon) -

Increase radius = size (FCC-ee)

Lepton (e-,e+) linear collider p=LGe—0
ace Compact and Cost
/ Effective....

Increase length (ILC, CLIC)




Beam Quality Requirements ¢

Future accelerators will require also high quality beams :
==> High Luminosity & High Brightness,
==> High Energy & Low Energy Spread

-N of particles per pulse => 10°
—High rep. rate f.=> bunch trains

—Small spot size => low emittance

-Little spread™"In transverse
momentum and angle => low
emittance




High Gradient Options

=1 1 w/

Metallic accelerating structures => LN aa
¥ ‘f/ l o, o, l‘x "“l(l,
100 MV/m < E,..< 1 GV/m /%1 o e

R ‘“M ¥

DieIectrict,"_sfcructures, laser or particle driven =>
E...< 10 GV/m

Plasma accelerator, laser or particle driven®
E... <100 GV/m

Related Issues: Power Sources and Efficiency, Stability, Reliability, Staging,
Synchronization, Rep. Rate and short (fs) bunches with small (um) spot to match high
gradients




Lawson-Woodward Theor

(J.D. Lawson, IEEE Trans. Nucl. Seéi.

4217, 19

The net energy gain of a relativistic electron interacting
with an electromagnetic field in vacuum is zero.

The theorem assumes that
(i) the laser field is in vacuum with no walls or boundaries present,

(i) the electron is highly relativistic (v = c) along the acceleration path,
(iii) no static electric or magnetic fields are present,
(

Iv) the region of interaction is infinite,

S
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Reflection-ofplane waves.” .. =7,

- L




O =00

In the plane xz the field is given by the superposition of the incident and
reflected wave:

E(X,Z,t) = E+(x0,Z0,t0)€iwt_ikC +E_(x0,Zo,to)eiwt_ikC'

C=zcosO—-xsinb C'=zcosO +xsinf

And it has to fulfill the boundary conditions: (no tangential E-field on

the surface of the conducting plane)
8



Taking into account the boundary conditions the longitudinal
component of the field becomes:

| SR, | e
Ez(X,Z,t)=(E+ San)elwt k(2 cos0~xsin )—(E+ SmH)em k(2 cos0 +x5in0)

= 2iE, sin 0 sin(kx sin0)e"" ~ikz cosd
l‘ Guided wave

Standing Wave pattern (along z)
pattern (along x)




‘iv 7

From reflections to waveguides... =],
y .; R : g /

ey

Put a metallic boundary where the
fleld is zero at a given distance from

the wall.

Between the two walls there must
be an integer number of half
wavelengths (at least one).

For a given distance, there is a
maximum wavelength, i.e. there is
cut-off frequency.

40 00, C s
Vg, =——= = S c : 1I:t can rrtmlo’: be useld a? itis
kZ kcos@ cos0O or particle acceleration

10






Conventlonal RF acceleratlng structures




X-band RF structures — Sta,é ofrtl"le Art

Max accelerating field:  t,#/%

Stored energy: i

@ T18-CERN-SLAC 8 meas.
B T18-KEK-KEK @ E scaledto 180 ns
& m gE}EKS kﬁi X E, scaled to 180 ns & BDR = 3x10”
TD18-KEK-SLAC
T24-KEK-KEK
| @ T24-Tsinghua-KEK
| m TD24-KEKKEK
B TD24r05#4-KEK-KEK
@ TD26cc-CERN-CERN :
b R Typlcal breakdown and pulse heating

\ damage is standlng wave structure cell

E
[0}
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&
14
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o

40 60 80 100
Unloaded Accelerating Gradient [MV/m]

Kilpatrick, W. D., Rev. Sci. Inst. 28, 824 (1957).

A. Grudiev et al, PRST-AB 12, 102001 (2009)

S. V. Dolgashev, et al. Appl. Phys. Lett. 97, 171501 2010.
M. D. Forno, et al. PRAB. 19, 011301 (2016).
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The E.M. Spectru of Accelerating Structures N
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Dielectric Structures

Attoseconds X-ray Science Imaging and Spectroscopy

F.X. Kartner et al., NIM A 829, 24 (2016)

Inverse Coherent Diffraction Image

Compton + X-ray Spectroscopy col
Scattering ~_ Defector

Spectrometer

All laser driven => intrinsic attosecond synchr.,
1 Joule, 1 kHz Cryogenic Yb:YAG Laser
Laser-based THz generation
THz Linac, Optical undulator
Copper Inner Diameter = 940 um
Fused Silica Inner Diameter = 400 um
E. Nanni et al., Nat. Comm. 6, 8486 (2015)




Dielectric Wakefield Acceleration
DWA
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Dielectric Wakefield

ccelerato
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GV/m fields in DWA  FACET

High-fields with small ID structures
— Compressed beam (<25um)
— High charge (3nC)

Beam centroid data
— Measured Energy loss of 200 MeV
— 1.3 GeV/m deceleration

- 2.6 GeV/m peak field :
— Strong agreement with PIC DAY Samene; '
simulations * a/b=150/200 um ~ .
Continuous operation of >28hours L=15cm a_2 'Y
(>100k shots at 10 Hz rep) * GylindasdliSIo;
No signs of damage or T PSR -
performance deterioration 100 e

Shots

y
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Dielectric Laser Acceleration
DLA




Laser based dielectric accelerator

)00 %0 0 9000 00000 O
[




Nature 503, 91-94 (2013).
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Dielectric Structures Applications

DLA module can be built onto the end of

a fiber-optic catheter and attached to an
b A combination of DLA modules and endoscope, allowing to deliver

"‘o_lptioa,l undulator allows dreaming for a controlled, high energy radiation
compact table top FEL directly to organs, tumors, or blood
vessels within the body.

)
Q
2
S
Y
g
W

electrons

Electrons with 1-3MeV have a range of
about a centimeter, allowing for
irradiation wvolumes to be tightly
controlled.




Dielectric Photonic Structure

® Why photonic structures?
e Natural in dielectric
® Advantages of burgeoning field piaserpuises

_ T 180 degrees
® design possibilities out of pgh
® Fabrication

® Dynamics concerns

® External coupling schemes

Schematic of GALAXI
monolithic



Laser-Structure Coupling: TW

GALAXIE Dual laser drive structure, large reservoir of power recycles
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PHYSICAL REVIEW E 74, 046501 (2006)

Particle acceleration by stimulated emission of radiation: Theory and experiment

Samer Banna,* Valery Berezovsky, and Levi Schiichter
Department of Electrical Engineering, Technion, Israel Institute of Technology, Haifa 32000, Israel
(Received 28 June 2006; published 23 October 2006)

CO,; LASER
0.5GW - 0.2 nsec CO2 active . .
Wiggler medium Diagnostics

o K aw—{=) am—]-

Macrobunch Microbunches PASER Accelerated

cell microbunches
Accelerator

45 MeV - 5 psec




week endin
PRL 97, 134801 (2006) PHYSICAL REVIEW LETTERS 29 SEP’I‘E!\?!BERg2006

Experimental Observation of Direct Particle Acceleration by Stimulated Emission of Radiation

Samer Banna,* Valery Berezovsky, and Levi Schiichter

Department of Electrical Engineering, Technion-Israel Institute of Technology, Haifa 32000, Israel
(Received 4 June 2006; published 28 September 2006)

FIG. 3 (color). Raw video images from the electron energy
spectrometer. Energy dispersion is in the horizontal direction.
(a) Discharge is off in the PASER cell. (b) Discharge is on in the
PASER cell. In both cases, ~1.5% peak-to-peak energy modu-
lation was imparted.




Plasma \Wakefield Acceleration




VoLuME 43, NUMBER 4 PHYSICAL REVIEW LETTERS 23 Jury 1979

Laser Electron Accelerator

T. Tajima and J. M. Dawson
Department of Physics, University of California, Los Angeles, California 90024
(Received 9 March 1979)

An intense electromagnetic pulse can create a weak of plasma oscillations through the
action of the nonlinear ponderomotive force. Electrons trapped in the wake can be ac-
celerated to high energy. Existing glass lasers of power density 10'®W/cm? shone on plas-
mas of densities 10'® em™? can yield gigaelectronvolts of electron energy per centimeter
of acceleration distance. This acceleration mechanism is demonstrated through computer
simulation. Applications to accelerators and pulsers are examined.

VOLUME 54, NUMBER 7 PHYSICAL REVIEW LETTERS 18 FEBRUARY 1985

Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma

Pisin Chen‘®
Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas

Department of Physics, University of California, Los Angeles, California 90024
(Received 20 December 1984)

A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc? to 3yomc? before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4y§mc? are possible. A noncollinear injection scheme is suggested in

order that the driving electrons can be removed.




Surface charge density

Surface electric field

E, = —0/€p = —endx/e€g

Restoring force

1

—Mm W = 0X

Plasma oscillations

Ox = (dx)o cos (wy, t)




Looking for a plasma target

Ne Ar Kr




Principle of plasma, acceleration

> o= 10%cm™ = A =300 um

Trailing pulse

Directionoftravel

e

-
>

Laser Wakefield Accelerator
(LWFA):
Drive beam = laser beam

Plasma WakeField
Accelerator (PWFA):
Drive beam = high energy
electron or proton beam

Break-Down Limit?
= Wave-Breaking field:

i E, = OO[GeV / m]\/no [cm'3]




Principle of plasma, acceleration

From Maxwell’s equations, the electric field
in a (positively) charged sphere with uniform
density n; at location r is

— qn
E(r)= 1t
(r 3, 3

The field is increasing inside the sphere

Let’s put some numbers

n=10'°cm
g | k= 10 —




Horizon2020

PRA /‘6"\ Plasma Wake-Acceleration
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Plasma electrons

(plasma cell, ~10' cm?)
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PRA /‘6"\ Plasma Wake-Acceleration

Bubble
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Bubble (€~ 100 Gv/m)

Laser Pulse (E. ~ TV/m)
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PRA /‘6"\ Plasma Wake-Acceleration [

Horizon2020

Bubble (€, ~ 100 Gv/m)

Laser Pulse (E. ~ TV/m)
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~35 um Plasma electrons
(120 fs) (plasma cell, ~10" cm?)

This accelerator fits into a human hair!



Principle of plasma acceleration

Driven by Radiation Press
Linear Regime

VS
\ \\\bn/n”

9
=+
i




Linear Wakefields

(R. Ruth / P. Chen 1986)
Depends on Changes between accelerating
radial position r and decelerating as function of

\ longitudinal position z

/
2
&y = — A(1 — r_) cos(kpz — wpyt)

a2
M 7t/2 out of
r

2 phase
2A/— sin(kpz — wyt)

o
2

kpa \

Changes between
focusing and defo-
cusing as function of
longitudinal position z

Depends on radial
position r
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Regimes: Linear & Non-Linear

0.2 "

(a)

0.1 '

Linear
O [
—0.1¢
a0=0.5 | -
=15 =10 =3 0 5 FIG. 8. Time-averaged density variation én/n, (dashed curve)

and axial electric field E,/E; (solid curve) in an LWFA driven

; by a Gaussian laser pulse (pulse is moving to the right, cen-
(b) ] tered at k,{=0 with rms intensity length L,mS:kI;l) for (a) ag
] =0.5and (b) ay=2.0.

Non-Linear




Energy spread compensation with beam loading

Ny (arb. units)

-1t Flattened \\
Wakefield

C) ; D+W Bimch ' ]
] -2 .
Y y 0.003 0.004

z(m)

n, (arb. units)

0.(;02
z(m)

Fig. 5: Linear beam loading example: (a) drive bunch density profile (red line) and longitudinal wakefield F,
(green line), (b) same for the witness bunch, (c) same for the drive and witness bunches together. The field of the
drive bunch only is shown as the blue line in panel (c). A zoom around the witness bunch is shown in panel (d).
The bunches move to the left.




Laser Driven
LWFA




Direct production of e-beam

Electron beam




Chirped Pulse Amplification
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Diffraction - Self injection - Dephasing — Depletion

N, [10%° 1/cm]

30 40
Z [pm]

1
E_ [10""/m]

Electrons/hel

40 60 80 100 120
Energy [MeV]




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)
1O
“g{,,m,‘x‘,% lE NSTA

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

lundi 3 juin 13



Colliding Laser Pulses Scheme

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)
192
“,%f,mmﬁ,l.,‘t. 'E NSTA

loc I st 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

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)
AQ2
.- ENSTA

loC I st European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I I
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Stable Laser Plasma Accelerators

% 12
z | Ey=203MeV
< 101 | AE=00MeV
() 8 4 l O-)|.=17,4 pC
© ||
S 6 |
& 41 |
w 2 _ '~.
0 o Dugpicd s N
Z 0 4 T T T T
50 100 200 ) ° 50 100 150 200 250 300
E (MeV) E(MeV)

loc Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d’Elba - Italy, June 2-7 (2013) I I E
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Inverse Compton Scattering : New scheme

He gas jet

X rays
——~
S50TW /30 fs -
laser Foil, blade G
as

Back reflected laser pulse Plasma mirror

solid foil

A single laser pulse

A plasma mirror reflects the laser beam - MI

The back reflected laser collides with the
accelerated electrons High energy

X ray beam

No alignment : the laser and the electron
beams naturally overlap

Save the laser energy !

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

http://loa.ensta.fr UMR 7639 lﬁ E
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Betatron Radiation Source ¢

E Esarey PRE 65, 056505 (2002)
Kneip, Appl. Phys. Lett. 99, (2011).

intrinsically high
resolution, exhiDICSISE solution
Small divergence (~ 10 mRad)
Short pulse (T 10s fs), suitable for ultrafast
dynamics
Bright (>109 photons per shot), suitable for
single shot imaging




BELLA: BErkeley Lab Laser Accelerator

BELLA Facility: state-of-the-art 1.3 PW-laser for laser accelerator science:
>42 ) in <40 fs (> 1PW) at 1 Hz laser and supporting infrastructure at LBNL

Critical HEP experiments:
* 10 GeV electron beam from <1 m LPA

« Staging LPAs
= . . .
I L LA Positron acceleration




Experiments at LBNL use the BELLA laser focused by a 14 m focal length

off-axis paraboloid onto gas jet or capillary discharge targets

Single shot spectra 30 MeV - 11 GeV g e \

Magnetic spectrometer

Calorimeter  \wedge with hole

: 00 l—+

T I XXX Plsnbioracredi
Spectrometer - |

‘ | !
4  Capillary discharge waveguide
FROG Ly :
/ : l Hydrogen Hydrogenl

Mode Inssges A bunch It ~
S g R ..

Off-axis péraboloid

CCD array

...\?‘ ” @ =R E= D /Sy ‘ O'ﬁce of ACCELERAIOR IECHNOLOGY & : | E]
S e ENERGY Science APPLIED PHYSICS DIVISION A TA Pf/




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

30
Electron beam spectrum INE&RNO simulation®
nCISRI(MeVic)
1030;‘ 201 P
2
‘0 ik
&g 10|
1 2 3 =
Beam energy [GeV]
0 L . .
Do o4 3 5 10
E [GeV]
- Measured) longitudinal profile (T = 40 fs) Lt g 2T
- Measured far field mode (w, =53 pm) AE/E 2% 3.2%
* Plasma: parabolic plasma channel (length 9 cm, Charge ~20pC  23pC
n0~6'7X1017 cm?) Divergence 0.3mrad 0.6 mrad

W.P. Leemans et al.,PRL 2014

"-”‘}”"‘I @u.o.nsunmsmos ’ Office of T @
BERKELEY LAB ENERGY Science APP IU PHYSICS !II N ATAP/



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!, J. Daniels"?, K. K. Swanson"?, A. J. Gonsalves',
K. Nakamura!, N. H. Matlis!, B. H. Shaw!2, E. Esarey' & W. P. Leemans'?

Stage |: Plasma

gas jet lens  Plasma-mirror
tape

Magnetic
spectrometer

N

(removable) ;
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-
-
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o
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o

Spot size (mm)
o
&

Lanex screen
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Active Plasma Lens

Magnetic Field (B ) vs Force on electrons (F)

‘/C”C”C‘“C”

n
]
L]
L
L]
L]
L
.
\J
.
.
.
.
*
.
*
’0
0




v

v

v

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

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

fo

Not sensitive to longitudinal/fransverse charge

profile as in passive plasma lenses

Plasma-filled capillary
Electron

4 + Electron
beam

Electrode Electrode

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



Beam Manipulation




B
# Laser-Plasma-Accelerator LC

Leemans & Esarev. Phvsics Todav (Marvch 2009)

Injector
Plasma Channel




Parameter Set for LPWA LC

JE
.

05050205

)a s

|

X2+FF

Case: CoM Energy 1 TeV 1 TeV ’/10 TeV 10 TeV —
(Plasma density) (107 em™) | 2x10% em™) || (107 em™) | (2x10" em™)

Energy per beam (TeV) 0.5 0.5 B h
Luminosity (10" ¢m s ™") 2 2 200 200
Electrons per bunch (x10'") 04 R 0.4 28
Bunch repetition rate (kHz) 15 0.3 15 0.3
Horizontal emittance ye, (nm-rad) 100 100 50 50
Vertical emittance ye, (nm-rad) 100 100 50 50
B* (mm) I 1 0.2 0.2
Horizontal beam size at IP o, (nm) 10 10 | |
Vertical beam size at IP 6", (nm) 10 10 l I
Disruption parameter 0.12 2.6 1.2 56
Bunch length a. (um) | 7 | 7
Beamstrahlung parameter Y 180 180 18,000 18,000
Beamstrahlung photons per e, #, 1.4 10 3.2 22
Beamstrahlung energy loss o (%) 42 100 95 100
Accelerating gradient (GV/m) 10 1.4 10 1.4
Average beam power (MW) 5 0.7 50 7
Wall plug to beam efficiency (%) 6 6 \ 10 10
One linac length (km) 0.1 0.5 \\ 1.0 5 A
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ICAN (European Project):': i

-

G. Mourou, W. Brocklesby, J. Limpert, T. Tajima, Nature Photonics April 2013
« The future of Acceletaor is Fiber »




Beam Driven
PWEA




Dispersion [mm] Charge

Focusing (E,) » 12108 densiy
Defocusin i ' -efym’]
€ €  Accelerati Decelerating (E.) 240

{=F+ ¥
ml_”
+4TE At M+ + electron
____=-_ T - - - beam

Blumenfeld, |. et al. Energy doubling of 42 GeV
electrons in a metre-scale plasma wakefield
accelerator. Nature 445, 741-744 (2007).

Position [mm)]

-

Experiment |
— Simulation |

Charge Density [-e/mm] o

-3-10° e/GeV
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o
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Focusing (E,)
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(=) ——>  En =225
]
electron
beam
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Linear charge &
density (pC mnt?)

Litos, M. et al. High-efficiency acceleration of an

electron beam in a plasma wakefield accelerator.
Nature 515, 92-95 (2014).




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 separator
Dnve beam distnbution

Beam Dehvery and IR

Fig. 1: Concept for a multi-stage PWFEFA Linear Collider.




Table 1: Key Parameters of the Conceptual Multi-Stage PWFA-based Linear Collider

Main beam: bunch population, bunches per train, rate

1x10", 125. 100 Hz

Total power of two main beams

20 MW

Drive beam: energy, peak current and active pulse length

25GeV,2.3A,10 pus

Average power of the drive beam

58 MW

Plasma density, accelerating gradient and plasma cell length

1x10Yem™. 25 GV/m. 1 m

Power transfer efficiency drive beam=>plasma =>main beam

35%

Efficiency: Wall plug=>RF=>drive beam

50% x 0% = 45%

Overall efficiency and wall plug power for acceleration

15.7%,127 MW

Site power estimate (with 40MW for other subsystems)

170 MW

Main beam emittances, X, y

2.0.05 mm-mrad

Main beam sizes at Interaction Point, X, y, z

0.14,0.0032, 10 um

Luminosity

3.5x10* cm™s™

Luminosity in 1% of energy

1.3x10* cm™s™

RF gun Drive beam accelerator

7 RF
bunch compressor

Fig. 1: Concept for a multi-stage PWFA Linear Collider.




Positron Acceleration, FACET

Positrons for high energy linear colliders: high energy, high charge, low emittance.

First demonstration of positron acceleration in plasma (FFTB) HO ow p asma cnanneil: pOSItron
51 g P, ke i 2 RO A propagation, wake excitation,
acceleration in 30 cm channel.

S. Gessner et. al. Nat. Comm. 7, 11785 .(2016)._ -,
-1 0.8 0.6 0.4 0.2 0 02

Energy gain of 5 GeV. Energy
spread can be as low as 1.8%

S. Corde et al., Nature 524, 442 (2015) d %64
a 10 00|

26 2
E (GeV)

>
L4
]
2
1]
€
&
°
P
e
o
F=
Q

Measurement of transverse wakefields in a hollow plasma
channel due to off-axis drive bunch propagation.

High-density, compressed positron beam for non-linear PWFA C. A. Lindstrgm et. al. Phys. Rev. Lett. 120 124802 (2018).

experiments. Energy transfer from the front to the back part of

the bunch.

(b) No channel Aligned channel Misaligned channel

Two-bunch positron beam: First demonstration of
controlled beam in positron-driven wake
S. Doche et al., Nat. Sci. Rep. 7, 14180 (2017)

=» Emittance blow-up is an issue! 2 Use hollow-channel, so no plasma on-axis, no
complicated forces from plasma electrons streaming through the plasma = but
then strong transverse wakefields when beams are misaligned.




FLASHForward>>,

- unique FLASH facility features for PWFA
FEL-quality drive and witness beams

up to 1 MHz repetition rate

> A
J‘% 1.2 GEV BEAMS
FROM FLASH

p—

319 harmonic cavity for phase-space linearization
— tailoring of beam current profile

differentially pumped, windowless plasma sources

2019: X-band deflector of 1 fs resolution post-plasma
(collaboration with FALSH 2, SINBAD, CERN & PSI)

Future: up to 800 bunches (~MHz spacing) at 10 Hz
macro-pulse rate, few 10 kW average power.

\}.,i‘.

na source
ssible)

— A. Aschikhin et al., NIM A 806, 175 (2016)

pasiion o (arb. unrs)
'

065 070 0.75 080 085 090 095 Lo 105 L0 115

energy E(GeV)

- (12.3 £ 1.7) GV/m wakefield generated in 30
mm plasma cell

- 12.7% total energy loss to plasma wakefield




SPARC_LAB, Frascati,

SPARC LAB is the test and training facility for
EuPRAXIA@SPARC_LAB

Active Plasma Lens Experiments:

Magnetic Field (B ) vs Force on electrons (F)

0%%%%0

R. Pompili et al., PRL 121 (2018), 174801

BELLA, LBNL: J. van Tilborg et al., PRL 115 (2015), 184802
CLEAR, CERN: C.A. Lindstrom et al., PRL 121 (2018), 194801

Italy

=» Main challenges addressed
in this facility: béam quality,
beam transport

y

150 MeV drive/witness beam

FEL experiments
Resonant LWFA with 200 TW laser

PWFA

Plasma dechirper:

Longitudinal phase-space manipulation with the wakefield
induced in plasma by the beam itself.

|n \ N N~ — out
{ Plasma density profile
Y4

g —_—

T T

by W

From 0.6% to 0.1% energy spread

V. Shpakov et al., PRL 122 (2019), 114801

FLASHForward, DESY: R. D’Arcy et al., PRL 122 (2019), 034801




European Network
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P. Muggli, 06/04/2013, EAAC 2103

Proton-driven
Plasma Wakefield Acceleration

Collaboration:
Accelerating e on the wake of a p* bunch %

© P. Mugqli



Reasons for proton bunch driver

Available proton bunches carry large amounts of energy:
* CERN SPS proton bunch: 3-10% ppb at 400 GeV/c = 19.2 kJ
* CERN LHC proton bunch: 1-10* ppb at 7 TeV/c = 112 kJ

= Overcome the need of staging! == accelerating for e

1.0

decelerating for e-

. Witness bunch energy

_ along the plasma ‘ focusing for e 1 defocusing for e-
Parameters:

single proton bunch
o, =100 um,
E=1TeV,
population: 1-1012 ppb A. Caldwell et al., Nature Phys. 5, 363—367 (2009)

Energy (TeV)

|
200 400

L(m)
21.09.2021 L. Verra, for the AWAKE collaboration




Discharge configuration |l

preliminary tests with the AWAKE 3 meter test tube at IC - 2016

very promising results

... reliable, low jitter plasma formation

scalability of electric circuit for plasmas > 10 m seem achievable...




Self-modulation in plasma

CERN SPS Proton bunch Growth mechanism Self-Modulation instability (SMI)
-> resonant wakefield excitation

o =~ 200 um - n,, = 7 - 1014cm=3 - phase of the micro-bunch train
and of the wakefields VARIES from
0z =7 cm > Ape event to event

—— S HEH

max. ~20 MV/m Initial transverse wakefields

Periodic focusing/defocusing fields

-

Radial bunch and plasma density
modulation

Stronge-r wakefields (M. Turner, EAAC 2019)
Full modulation 0 2 20 E,f:w 10 ; g

. Kumar et al., Phys. Rev. Lett. 104 (25), 255003 (2010)

. Pukhov et al., Phys. Rev. Lett. 107 (14), 1450403 (20112)

amplitude / a.u.
amplitude / a.u

21.09.2021 L. Verra, for the AWAKE collaboration




AWAKE Run 1 (2016-2018)

X (mm)

plasma off plasma on r 390 5?0 790

counts / pixel

d?Q/dxdy #C mm2)

Time (ps)
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~
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e
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e
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]
©

AWAKE 2 03 04 05 07 1.0 1520 40
E (GeV)

M. Turner et al., Phys Rev. Lett. 122, 054801 (2019) AWAKE Coll.. Nature 561. 363-367 (2018)

pn
Space (mm) time-integrated, transverse imaging: v :
AWAKE Coll., Phys. Rev. Lett. 122, 054802 (2019) « defocusing phase= large halo 19 M?V electrons can be injected into th_e
wakefields and accelerated to GeV-energies

time-resolved imaging: * wakefields grow along the plasma PROOE OF PRINCIPLE!

* the proton bunch self-modulates in plasma
» focusing phase = micro-bunches
* frequency of the modulation= w,,

21.09.2021 L. Verra, for the AWAKE collaboration




AWAKE Run 2 (2021-> ) setup &final goal

Electron source system

Laser beam

20 MeV
RF structure

“

|

RF gun
k‘_‘ 1% plasma cell:
self-modulator

—___Electron beam

Proton beam

AT

Self-Modulatio

P. Muggli, J. Phys.: Conf. Se

21.09.2021

10 m Rb Plasma

NEW: density step

hv

-
-

n

Injection
r. 1596 012008 (2020)

NEW: higher energy
Electron source system

~150 MeV

RF gun
RF structure li 3
o 2™ plasma cell:

Electron beam accelerator
10 m Rb Plasma

AUV WUUL

Laser beam

NEW: back-propagating

L. Verra, for the AWAKE collaboration

Acceleration of externally injected
electron bunch to GeV-energies
while preserving the initial quality

Aiming for HEP application!

.
Laser
dump




LEP/LHC
Positron Electron
L L

Plasma Plasma

Figure 1: Schematic layout of a 2 TeV CoM electron-positron linear collider
based on a modulated proton-driven plasma wakefield acceleration.




The near future




Relative Energy Spread [%)]

PRA A

Quality: Example Energy Spread

Horizon 2020

100 g L LI Illl L L 1 LI llll L 1 L LI llll Ll L L LI IIIE
Lourtesy 1 Compact FELs? Lower quality
10 HZDR B TEXAS 3
E L UX B BELLA .
m LBNL 2006 o, ﬁkz ,
L NeTA = y 277
i B LAC
i W WAGES g LINAC-I w ng, o dv
01 b  ATEBN-sparc wC 3 -0,
: = s =
E Eu-XFEL
0.01 f . SwissFEL ™ -
g FEL Territory | ;
i igher quality
0-001 i 1 Ll llll 1 1 1 (| llll 1 1 1 Lo llll 1 A 1 L1 1.1
0.1 1 10 10
Energy [GeV]
v.
2 2 2
€, rms —\/<)/ >(O’ 0,0, +€ )

M. Migliorati et al, Physical Review Special Topics,Accelerators and Beams 16, 011302 (2013)

K. Floettmann, PRSTAB,6, 034202 (2003)
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PLASMA RESEARCH
ACCELERATOR WITH Eu PRA) ( A
EXCELLENCE IN
APPLICATIONS

-

EuPRAXIA Design Study started on Novemebr 2015
Approved as HORIZON 2020 INFRADEYV, 4 years, 3 M€
Coordinator: Ralph Assmann (DESY)

-IJEIE Ble H—
_.--L_;

This project has received funding from the European Union’s Horizon 2020 http://eupraXiaprOject.eu

rrrrrrr h and innovatlon programme under grant agreement No 653782.




PRA /‘GA Motivations

Horizon2020

PRESENT EXPERIMENTS

Demonstrating EuPRAXIA INFRASTRUCTURE
100 GV/m routinely

Demonstrating GeV
electron beams

Engineering a high PRODUCTION FACILITIES
quality, compact
plasma accelerator

Plasma-based linear

5 GeV electron beam | collider in 2040°s
for the 2020’s Plasma-based FEL in

Demonstrating user 2030
readiness Medical, industrial
applications soon

Demonstrating basic
quality

Pilot users from FEL,
HEP, medicine, ...




PRA /‘dA The EuPRAXIA Project http://www.eupraxia-project.eu/

HorizZOZO
sical Journal volume 229 - number 24 - December 2020
Challenges addressed by EuPRAXIA since 2015: @S

* How can plasma accelerators produce usable electron beams? Special Topics

First ever international design of a plasma accelerator facility. "™

* For what can we use those beams while we increase the beam i
. EuPRAXIA Conceptual Design Report
energy towards HEP and collider usages? Bl A sere o

CDR for a distributed research infrastructure funded by EU
Horizon2020 program. Completed by 16+25 institutes.

Next phase consortium with 40 partners, 10 observers.

* Applied to ESFRI roadmap update 2021 with government

Support In Sep 2020' e&r)sciences @Springer

* Successful and and placed on ESFRI roadma. 653 page CDR, 240 scientists contributed




Great News 30.6.2021

Login ESFRI MOS 6

ABOUT ESFRI ROADMAP EVENTS NEWS WORLD OF RIS LIB

ESFRI

HOME

ESFRI announces new RIs for Roadmap 2021

NEWS > LATEST ESFRI NEWS

30.06.2021
PRESS RELEASE
ESFRI announces the 11 new Research Infrastructures to be

New RIs for Roadmap included in its Roadmap 2021

2021 announced
€4.1 billion investment in excellent science contributing to address

European challenges

After two years of hard work, following a thorough evaluation and
selection procedure, ESFRI proudly announces the 11 proposals that
have been scored high for their science case and maturity for
implementation and will be included as new Projects in the ESFRI
2021 Roadmap Update.

DESY. New Particle Acceleration Methods for High Energy Physics | Ralph Assmann | RWTH Seminar 07/2021

About the ESFRI Roadmap
ESFRI has established a European
Roadmap for Research
Infrastructures (new and major
upgrades, pan-European interest)
for the next 10-20 years, stimulates
the implementation of these
facilities, and updates the roadmap
as needed. The ESFRI Roadmap
arguably contains the best
European science facilities based
on a thorough evaluation and
selection procedure. It combines
ESFRI Projects, which are new
Research Infrastructures in
progress towards implementation,
and ESFRI Landmarks successfully
implemented Research
Infrastructures enabling excellent
science.

Page 12
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PRA IA

PRA ,{IAMEMBERS o

Institute of Applied Physics,
Lund University Russian Acad Sci

y of

University of Strathclyde

University of York \
Forschungszentrum ’

Joint Institute for High Temperatures,
AR R of Sci

Ferdinand-Braun-

Jiilich Institut

The Queen’s N\ \ /
University Belfast \ \ Fraunhofer Institute Helmholtz-Zentrum
S e | | for Laser Technology Dresden-Rossendorf
[ Lodz University .

(&}
University of Manchester of Technology

Institute of Plasma Physics
and Laser Microfusion

University of Liverpool l

University of Oxford | P
Science and Facilities
Technology Council (UKRI)

Warsaw University
of Technology

Military University
of Technology

National Centre for
Imperial College London J — Nuclear Research (NCBJ)
0

| ELIBeamlines

——— £ A Wigner Research
Centre for Physics

U/ J Ludwig-Maximilians-
~ Universitat Miinchen

24| Elettra Sincrotrone
Trieste

| Universita degli Studi di
. | Roma ‘Tor Vergata’

CNRS |
CEA N

Synchrotron —
SOLEIL -

Karlsruhe Institute
of Technology

‘ Instituto Superior

Técnico Ecole Polytechnique ‘

‘ Fédérale de Lausanne

| s : { sapienza Universita di
Swiss Federal Laboratories for INFN l Roma
Materials Science and

Technology ([ cnRr ‘ "ENEA ‘ Hewbrew University of
Y Jerusalem

University of California,
Los Angeles

The Consortium Members for the Next Phase
(from 16 to 40)

* *
* 5k

Horizon 2020

40 Member institutions in:

. Italy (INFN, CNR, Elettra, ENEA, Sapienza Universita di
Roma, Universita degli Studi di Roma “Tor Vergata”)

= France (CEA, SOLEIL, CNRS)

= Switzerland (EMPA, Ecole Polytechnique Fédérale de
Lausanne)

= Germany (DESY, Ferdinand-Braun-Institut, Fraunhofer

Institute for Laser Technology, Forschungszentrum Jilich,
HZDR, KIT, LMU Miinchen)

= United Kingdom (Imperial College London, Queen’s
University of Belfast, STFC, University of Liverpool,
University of Manchester, University of Oxford, University
of Strathclyde, University of York)

= Poland (institute of Plasma Physics and Laser
Microfusion, Lodz University of Technology, Military
University of Technology, NCBJ, Warsaw University of
Technology)

= Portugal (IsT)

® Hungary (Wigner Research Centre for Physics)
= Sweden (Lund University)

= |Israel (Hebrew University of Jerusalem)

= Russia (Institute of Applied Physics, Joint Institute for
High Temperatures)
= United States (UCLA)

= CERN
= ELI Beamlines




PRA/\GA The Consortium Observers for the Next Phase

(from 25 to 10, Consortium Agreement signed) Horizon 2020

Helmholtz University of ‘
Institute Jena Warsaw !

| RIKEN SPring-8 ‘
| Center

| Institute for
| Molecular Science

\

Amplitude |
Technologies |
y | 9
Lawrence Berkeley / »»"// w“c Stiaennsca; ﬁ\l‘::::l:e
National Laboratory Thales LAS 5 |

France 1

Shanghai Jiao : :
Tong University Osaka University

10 Observer institutions in:

®* France (Amplitude Technologies, Thales LAS France SAS)
= Germany (Helmholtz-Institut Jena) o L
= Poland (University of Warsaw) S

= United States (LBNL) .
= China (Shanghai Jiao Tong University) = >

= Japan (Institute for Molecular Science, Osaka University, Kansai

pRA/\dA OBSERVERS Photon Science Institute, RIKEN SPring-8 Center)

New Particle Acceleration Methods for Hiah Enerav Phvsics | Ralnh Assmann | RWTH Seminar 07/2021




Horizon 2020

EGPRA})@A Location of possible sites within EU -

EuPRAXIA site studies:

* Design study is site
independent

* Five possible sites have
been discussed so far

* We invite the
suggestions of
additional sites

v Hamburg

| Didcot

Eli Beamlines
Prague, Czech Republic

Central Laser Facility
Didcot, United Kingdom

Lumiére Extréme

SINBAD

Aoty o Ut Bt Sy amg  * Vo -
I3 o DO iy * o o B ATHENA, o, ¥

s
Centre Interdisciplinaire s ®
o ®
[}

R. ABmann (DESY) - EAAC 2017 58



EuPRAXIA@SPARC_LAB

 1GeVLINAC: -~

Plasma module /-
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http://www.Inf.infn.it/sis/preprint/pdf/getfile php?filename=INFN-18-03-LNF.pdf




A Free Electron Laser is a device that converts a fraction of
the electron Kinetic energy into coherent radiation via a
collective instability in a long undulator

(Tunability - Harmonics)




FEL is a well established techrio'logy

(But a, widespread use of FEL is partially limited by its size and costs)

First proposal to build an
XFEL at SLAC (USA)

FLASH (Germany) — first FEL
operating in the XUV and soft
X-ray region — begins user
operation

LCLS (USA)— first hard XFEL
— begins user operation

SACLA (Japan) begins

FERMI@Elettra (Italy) seroparation
begins user operation

European XFEL (Germany)

PAL-XFEL (South Korea)
begins user operation
begins user operation
Completion of the DCLS
VUV FEL (China) SwissFEL (Switzerland)
begins user operation

SXFEL (China)expected
to begin user operation

LCLS-II (USA) expected
to begin operation

Photon energy

4 SHINE (China) expected
O Soft X-ray
0O Hard X-ray

New facilities are expected to begin is considering the scientific case
operation in the next 5 years in for an XFEL.
the USA and China, and the UK Iulia Georgescu




Expected SASE FEL performances

54 Chapter 2. Free Electron Laser design principles

In the Energy region ¥etween Oxygen and
Units Full RF case Plasma case Carbon K-edge 2.34 nm§- 4.4 nm (530 eV -280
Electron Energy GeV ! eV) water is almost tf@hsparent to radiation

Bunch Charge pC 200 - while nitrogen and carB®n are absorbing (and
Peak Current kA scattering)

~
RMS Energy Spread % 0l
RMS Bunch Length fs 40
M
1

——Carbon cross-section
— Oxygen cross-section

RMS matched Bunch Spot
RMS norm. Emittance
Slice length 05
Slice Energy Spread
Slice norm. Emittance 0.5
Undulator Period 15
Undulator Strength X
Undulator Length 12
Gain Length 0.46
Pierce Parameterp LS

cross section (au)
Y T

Radiation Wavelength 3

Undulator matching g, m 45

Saturation Active Length m 10
Saturation Power oW 4 5.89

Energy per pulse w | 1.7 protein clusters, VIRUSES and cells
Photons per pulse x 10" 1 1.5 living in their native state

Table 2.1: Beam parameters for the EUPRAXIA @SPARC_LAB FEL dniven by X-band linac or Possibility to study dynamics
Plasma acceleration ~10 1 photons/pulse needed




First Lasing with LWFA at SIOM
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Conclusions

Accelerator-based High Energy Physics will at some point become practically limited By the size and cost
of the proposed e*e- colliders for the energy frontier.

Novel Acceleration Techniques and Plasma-based, high gradient accelerators§open the realistic
vision of very compact accelerators for scientific, commercial and medical appli€ations.

The R&D now concentrates on beam quality, stability, staging and continuous operation. These are
necessary steps towards various technological applications.

The progress i,n“édvanced accelerators benefits from strong synergy with general advances in technology,
for example in the laser and/or high gradient RF structures industry.

A major milestone is an operational, 1 GeV compact accelerator. Challenges in repetition rate and
stability must be addressed. This unit could become asstage in a high-energy accelerator..

= PILOT USER FACILITIES Under Constraction




