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Options towards higher energiesy

Hadron (p) circular collider D=gR va\

; Increase bending field
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Beam Quality Requirements ¢

Future accelerators will require also high qualitybeams :
==> 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

Metallic accelerating structures =>
100 MV/m < E,..< 1 GV/m

Dielectrict structures, laser or particle driven =>
E...<10 GV/m *

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

T

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




X-band RF structures — State Ofrtl"le Art

Max accelerating field: 1,

Stored energy: i
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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).




The E.M. Spectrum of Accelerating Structures N
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Dielectric Wakefield Acceleration
DWA
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GV/m fields in DWA

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
simulations

Continuous operation of >28hours
(>100k shots at 10 Hz rep)

No signs of damage or
performance deterioration 100}

DWA structure:
* a/b=150/200 um
L=15cm
* Cylindrical, SiO,

200MeV

Shots
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Dielectric Laser Acceleration
DLA




Laser based dielectric accelerator
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Nature 503, 91-94 (2013).

Laser pulse energy (mJ)
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Dielectric Structures Applications

b A combination of DLA modules and
gptical undulator allows dreaming for a
compact table top FEL

electrons

DLA module can be built onto the end of
a fiber-optic catheter and attached to an
endoscope, allowing to deliver
controlled, high energy radiation
directly to organs, tumors, or Dblood
vessels within the body.

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
e Advantages of burgeoning field piaserpuises

, . 180 degrees ==
® design possibilities out of pgh
e Fabrication

® Dynamics concerns

® External coupling schemes

Schematic of GALAXI
onnoIithic



Laser-Structure Coupling: TW

GALAXIE Dual laser drive structure, large reservoir of power recycles

Laser pulses
(180 degrees
out of phase)
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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'® cm™? 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 3ygme? 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
0= Em.0X Ex = —0/€p = —endx/ep

Restoring force

o
—mM W, 0X

Plasma oscillations

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




Principle of plasma acceleration

o ‘J_< n,= 10°em™ = A= 300 um

Trailing pulse

Directionoftravel

==

J
&

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

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




Principle of plasma acceleration

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

E(r)= 4

3€,

The field is increasing inside the sphere

Let’s put some numbers

n=10'¢ cm
||» B 10 S
R=0.5 2,=150 pm




Horizon2020

PRA ,\6A Plasma Wake-Acceleration
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Plasma electrons

(plasma cell, ~10' cm?)
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Bubble (€, ~ 100 Gv/m)
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Horizon2020

Bubble (g, ~ 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

Non Linear Regime

i i Beam Loading

Break-Down Limit% -3
E ~1 \/
— Wave-Breaking field: w =100 [GeV / m] & [cm




Laser Driven
LWFA




Direct production of e-beam

Electron beam




Diffraction - Self injection - Dephasing — Depletion

N, [10%° 1/cm’]

30 40
Z [pm]

1

1
E, [10""/m]

Electrons/iiey

40 60 80
Energy [Me'V]




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)

loc 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

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
"‘%.‘m;.-m?..,l.' !E N S TA

loa 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

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

Trapped elect@'\s

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)

loc Ist 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

>
o 12
S Ey=203 MeV
s 101 | AE=00MeV
() 8 4 I O-)l=17d pC
@O (|
K Ly 'I |
44 i
w 24 ".
2 I N o N
Z 0 -+ T | E— |
50 100 200 400 T 5 100 150 200 250 300
E (MeV) E(MeV)
IO Ist European Advanced Accelerator Concepts Workshop, La Biodola, Isola d'Elba - Italy, June 2-7 (2013) I I
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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

» 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

- < BELLA laser
Single shot spectra 30 MeV - 11 GeV ' 3 \

Magnetic spectrometer

Calorimeter  \Wedge with hole IcT

CCD array ‘ N
' - )
Spectrometer - [ . B o
! . Capillary discharge waveguide
FROG [ :
s : l Hydrogen Hydrogen l

voceivsser [0 | ng
— Gas jet | | ll

Phosphor screen
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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.AACZOiO, proceedings of ICAP2012 |
30

Electron beam spectrum INE&RNO simulation®

nCISRI{MeVic) ’

Beam energy [GeV]
. b2 5 510
E [GeV]
- Measured) longitudinal profile (T, = 40 fs) . i 22
- Measured far field mode (w =53 um) 5 S 3.2%
» Plasma: parabolic plasma channel (length 9 cm, Charge ~20pC  23pC
noN6'7X1017 cm'3) Divergence 0.3 mrad 0.6 mrad

W.P. Leemans et al.,PRL 2014

=S U.8. DEPARTMENT OF _ | ()ffice of T Y
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BELLA, Berkeley Lab, US /W)

Laser Driven Plasma Wakefield Acceleration Facility: Today: PW laser! BERKELEY LAB

{

Petawatt laser guiding and electron beam
acceleration to 8 GeV in a laser-heated capillary

Multistage coupling of
independent laser-
plasmg accelerators

- diplole magnet
Stage 1) & K.

dS ‘ldrb?()m[
aser 2 Y Janex screen tt
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discharge waveguide .
stage I:
A.J.Gonsalves et al., Phys.Rev.Lett. 122, 084801 (2019%|ectron spectra, up to 6- 8 GeV

BELLA drver [\1‘,-‘:' ‘ H
, o '“ ' >2100c [N
ERE ‘
05

Plasmg fans

‘3/!’\39 ypeds U/Dd

b

lanex screen

o
=]

&
=]
SIARD ypEILyDd

=)

'Gn

-3
o
( //\e@b/pe.uu/gd

Laser heater added to capillary

- path to 10 GeV with continued

improvement of guiding in progress a S. Steinke, Nature 530, 190 (2016)
. Steinke, Nature 530,




Beam Driven
PWEFA




Focusing (E,)
Decelerating (E.)

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

Focusing (E,)

Defocusing Accelerating Decelerating (E.)

x%---/ﬂ_

Accelerated Witness Bunch

‘-_H“ "' >
electron
beam

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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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

M1 Hooom et ol Phye. Rev. Lert, 90 205002 (2003, 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 o 02

Energy gain of 5 GeV. Energy i 4
o
spread can be as low as 1.8%

S. Corde et al., Nature 524, 442 (2015) | e A
a

Witness Beam e* e=1 Drive Beam e*

GeV' mm™)

24 26
E (GeV)

e
&
c
@
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@
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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! - 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.




- unique FLASH facility features for PWFA

FLASHForward>>,

FEL-quality drive and witness beams
up to 1 MHz repetition rate

31 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.

— A. Aschikhin et al., NIM A 8086, 175 (2016)

pasmMon

065 070 075 080 085 090 095 100 105 L10 115

energy £ (GeV)

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

- 12.7% total energy loss to plasma wakefield




SPARC_LAB is the test and training facility at
LNF for Advanced Accelerator Developments
(since 26
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