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Apology

There are many people here who know a lot more about the ILC and
CLIC Technology than | do, so | will focus more on the Plasma Wakefield
Acceleration ...

But, | have ‘borrowed’ some material from nice lectures by Nick Walker
at last year’s school, and from ICHEP as well as material from Steinar
Stapnes from a DESY seminar.



The Livingston plot shows a saturation ...
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Practical limit for accelerators at the energy frontier: Project cost

increases as the energy must increase! New technology needed...

A. Caldwell



Future Lepton Collider

P P Leptons preferred:
' Collide point
a particles rather
* Quark * Antiquark . Qe g Anticuark than complex

objects

But, charged particles radiate
energy when accelerated.

Power a (E/m)?

Need linear electron accelerator !
Muon Collider can be circular.

A. Caldwell



INTERNATIONAL LINEAR COLLIDER

ssssssss - 200-500 GeV cm (extendable to 1 TeV)
L ~ 1.8x10% cm?s" (@ 500GeV)
7.8 Billion ILCU + 23 Million p-hrs

>20 years R&D worldwide

A truly global effort i
Over 2,000 man years A

ey

>300 M$ globally

- Cost driver: SRF technology
- 17,000 1.3 GHz Nb cavities
- 1,800 cryomodules

- Mature SRF technology
From N.Walker 6



1 3 GHz Superconductmg RF Cavity

e solid niobium
e standing wave

 9cells
e operated at 2K (LHe)

e 35 MV/m
¢ Q,2101%°

A. Caldwell
arewe From N. Walker



Why SCRF

 High RF - Beam-power efficiency

— low-loss cavities

« Ease of RF power generation
— low frequency (1.3 GHz)
— Long pulse / fill time

* Emittance preservation

— Large cavity iris
— low transverse and longitudinal wakefields

From N. Walker



- RF Power Generation

R4000
_ WAVEGUIDE I ) )
I 1
CRYOMODULE S -” !! KLYSTRON
L : 8 . / ‘
| 3 W
= e02s | R i 196045 |
$ s A

M A Ep—
I

3800 ! 3500 3700

11000

accelerator cryomodules )

location of

shield wall upgrade klystron

From N. Walker




AC Power (Linac)

Proim =V e leeam_ RF Power Generation Wall Plug

(Modulator, klystron,
N et omoar = _ oeam 60% Waveguide distribution) Cryogenic
tbeam + tfill - o Power
n=44% 33 MW v
Pre = 32 MW Pacie) %76 MW > 132 MW
to beam dump A
V
L 0‘1— —> 56 MW to remove!
e 24 MW water(CF)
A. Caldwell

From N. Walker



Compact Linear Collider (CLIC)

326 klystrons AT = 326 Klystrons
33 MW, 139 s ol 33 MW, 139 us
A3ps ||| CR1 144.8m [ e

CR2 4343 m

4 2_ | OOA ' drive beam accelerator 2.38 GeV, 1.0 GHz

1 km a 1 km a
Drive Beam delay loop » 4 delay loop
Generatlon complex @ decelerator, 24 sectors of 876 m

b mm R 0 0T
7~ hrvyry Pronon WS s 34 VIV M
5T 2.75 km .75 km auadrupole
(T;ﬁs_— 120m & main linac, 12 GHz, 100 MV/m, 21.02 km d T rad'“:i\;:m %’j&mmb
a

drive beam accelerator 2.38 GeV, 1.0 GHz

eower Xtraction apq
ansfer Structure (PETS)

e* main linac
- N\ [

48,3k m a wl-
3 TeV cm layout Main Beam

CR  combiner ring >/ | booster linac, 9 GeV Generatlon Complex

TA  turmaround

DR damping ring

PDR predamping ring

BC  bunch compressor e injector, 2.4 GeV
BDS beam delivery system

P interaction point

.? Legend
e’ injector, 2.4 GeV === CERN existing LHC

Potential underground siting :

ssse CLIC 500 Gev
* seses CLIC1.5TeV
essses CLIC 3 TeV

e+e- 500 - 3000 GeV

x-band accelerator technology

2-beam acceleration

@~ 2-6x105%

0.5 Te\/ 8,300 MCHF (Q | 4>< IO34)
From N.Walker 17



Compact Linear Collider - CLIC

5.6 m diameter

e High acceleration gradient: > 100 MV/m
e Compact collider: total length < 50 km at 3 TeV

* Normal conducting acceleration structures at high
RF frequency (12 GHz)

e Novel Two-Beam Acceleration Scheme
* Cost effective, reliable, efficient
e Single tunnel, no active power components
 Modular, staged energy upgrade

Compact rf pulses: by e- compression

Accelerating Structures

‘few’ Klystrons M
High Frequency — High field

qu frequ.encv - short pul Drive beam - 100 A, 240 ns
High efficiency ~> SOft pu'ses from 2.4 GeV to 240 MeV

‘ ‘ ” (-

Long RF Pulses Electron beam S!ort RF Pu|ses

Py, to manipulation : P,=P,x N
Power compression, ty =t,/N
Frequency multiplication

CLIC TUNNEL CROSS-SECTION

Main beam — 1 A, 200 ns

A. Caldwell from 9 GeV to 1.5 TeV
From S. Stapnes By



Possible
CLIC stages
studied

drive beam

I detector
mm BDS
== accelerator 100 MV/m

main beam

“L=2.75km
unused arcs

Fig. 3.6: Simplified upgrade scheme for CLIC staging scenario B.

Key features:

» High gradient (energy/length)

* Small beams (luminosity)

* Repetition rates and bunch
spacing (experimental
conditions)

From S. Stapnes

Table 1: Parameters for the CLIC energy stages of scenario A.

Parameter Symbol Unit Stage 1 | Stage 2 | Stage 3
Centre-of-mass energy NG GeV 500 1400 3000
Repetition frequency Jrep Hz 50 50 50
Number of bunches per train np 354 312 312
Bunch separation At ns 0.5 0.5 0.5
Accelerating gradient G MV/m 80 80/100 100
Total luminosity £ 10%em 271 | 23 3.2 5.9
Luminosity above 99% of /5 Lot 10¥cem=32s—1) 14 1.3 2
Main tunnel length km 13.2 27.2 48.3
Charge per bunch N 10° 6.8 37 37
Bunch length o um 72 44 44
IP beam size o./c, nm 200/2.6 | ~60/1.5 | ~40/1
Normalised emittance (end of linac) &,/&, nm 2350/20 | 660/20 660/20
Normalised emittance (IP) £ /&, nm 2400/25 | — —
Estimated power consumption Pyall MW 272 364 589
Table 2: Parameters for the CLIC energy stages of scenario B.
Parameter Symbol Unit Stage 1 Stage 2 | Stage 3
Centre-of-mass energy NG GeV 500 1500 3000
Repetition frequency Jrep Hz 50 50 50
Number of bunches per train ng 312 312 312
Bunch separation At ns 0.5 0.5 0.5
Accelerating gradient G MV/m 100 100 100
Total luminosity £ 1% em—2s—! 1.3 3.7 5.9
Luminosity above 99% of /5 Zoot 10 em—2s—! 0.7 1.4 2
Main tunnel length km 114 27.2 48.3
Charge per bunch N 10° 3.7 3.7 3.7
Bunch length C: um 44 44 44
IP beam size o /Oy nm 100/2.6 ~ 60/1.5) ~40/1
Nommalised emittance (end of linac) & /&, nm — 660/20 660/20
Normalised emi &/e nm 660/125 — —
Estimated w\?é:%%?:\’l\llrenlbtion Pyan MW 235 364 589




Compact Linear Collider (CLIC)

>20 years of R&D
T E CDR published in 2012
\ “ Currently undergoing rebaselining (= 2018)
High-gradient structure tests
3
7 I Currently the
gm Eﬁ” - | oot ' onIy option to
2 o2 =/ Mmulti-TeV e*e-
1e-07 | (? ﬁ v Seam
ATF2 (KEK) 2012-2018 programme: _
- nanobeams, stabilisation ‘ Leuﬁ?ﬁ::'ﬂ:gﬁ_gi‘;zt{e'rtvl\g &EDcm staging)
FACET (SLAC) - Systems testing (CTF3,ATF2,FACET)

- emittance preservation /tuning . Tech. systems development (CLIC module)

- Physics studies...
Synergy with ILC ysics studies

From S. Stapnes



Figure from
J. Faure et al,,
Nature 43

z ()

z(1)

Plasma Wakefield Acceleration
Original Proposal: T. Tajima and J. W. Dawson, Phys. Rev. Lett. 43 (1979) 267.

80 m a

4x101°

—
z-Wo M

Plasma frequency depends only on density:

,  4mn,e?
W, =

m

A

p =
C
27T 1-101% ecm—3
p Np

Produce an accelerator with mm (or less) scale ‘cavities’

100 GeV/m acceleration demonstrated !

A. Caldwell



But — Acceleration is DEPLETION-LIMITED
i.e., the lasers do not have enough energy to accelerate a bunch of
particles to very high energies

e.g.,
109 electrons - 10? eV - 1.6 - 107 J/eV = kJ

This is orders of magnitude larger than what can be done today.

If use several lasers — need to have relative timing in the 10’s of fs range



~

Strawman Design of a TeV LPA Collider

Multiple 10 GeV LPA stages

Electrons

Injector
Plasma Channel

Leemans & Esarey, Physics Today, March 2009
A. Caldwell



There are very interesting
developments ongoing in the
Laser community that could
have great impact on a future
Laser Driven PWA.

IZEST/ICAN

' ican
LASER'S SECCOND WIND

INTCRNATIONAL COHCRCNT AMPLIFYING NCTWORK

April 28, 29, 2014
amphy Pierre Faurre

Moving from Afomic to Subatomic Physics and Applico’rio.ns

Dark Matter Neutron Beam Space Applications
. Fission Based reactof Nonlinear QED Thorium cycle
Free Electron Laser Novel Laser Architecture Transmutation
Heuristic Digital Laser Nuclear Pharmdcology Nuclear Waste
Higgs Factory Nuclear Physics X-R@y Applications
High Energyg Physics, * Proton Generation 9
Lithography Proton Therapy

- Speakers:
. R. Aleksan
~ R. Assman
J. Biot
A. Brignon
W. Brocklesby

A & -
Southampton -~ Fraunhofer % i)

IOF




Beam driven PWA

Space charge of drive
beam displaces
olasma electrons. ===

driving force:

Plasma ions exert
restoring force

restoring force:

Space charge oscillations
(Harmonic oscillator)

é
electron
beam

Electric fields can accelerate, decelerate, focus, defocus

Plasma also provides super-strong focusing force !

(many thousand T/m in frame of accelerated particles)

A. Caldwell




Stanford

Linear
Accelerator
enter

Experimental Layout (E-157)

Located in the FFTB

North Damplng Aing

Positron Retum Line

Paositron Source

PEP I SSRHL PEP I
Low Energy SPEAR IR-2
Ring (LER) Detactor

- gun
200 MeV
injector
South Damping Ring
D
lonizing
| € Or €' aser Pulse Li Plasma

(193 M) n_~2-10"4 cm3

L~1.4 m

ol ? L,F.___é:“j'

Streak Camera

(1ps resolution) JCdt

Beam

S

(BSY) S‘[%"S%A

“u
-——— Final Focus * SLD
! Test Beam
- 'nL'--- (FFTB)
PEPII ~ NLCTA
High Energy
Ring (HER)
> [ |

X-Ray

Bendin o SR
0 Cerenkov i

A\
N=2-1010 “x P
0,=0.6 mm Opti s
- ptical Transition =~ Magnet :
E=30 Gev Radiators 12 m Raglator

__________________________________________________________________

A. Caldwell




Highlight: latest SLAC/UCLA/USC results
(Nature 2007)

Spectrameter
magnet Plana 1 Plane 2

Plasma
_A b €
Electron . a Dispersion (mm)
Pulse -18 -16 -14 -12 -10 -3
" 8jcm  218em  86cm  100cm
SLAC beam g
* 42 GeV g
+3nC @ 10 Hz -
» focused to 10 um spot size
» compressed to 50 fs
b
¥ " I
= A 240 180 420 80
g 10° | /) | \ Charge density i-e um?) ]
. § =1 \
» Some electrons double their energy: z | | T~
from 42 to > 80 GeV gt YT
« E=50 GV/m over 0.8 meters E et 2100 Gt i
. . R !
35 40 50 60 70 80 50100

Electron enargy (Gav)

l. Blumenfeld et al., Nature 445, 741 (2007)

A. Caldwell



Are electrons the obvious drivers ???
There is a limit to the energy gain of a trailing bunch in the plasma:

ATWitness
R = A drive < 2 T is the kinetic energy

(for longitudinally symmetric bunches).

See e.g. SLAC-PUB-3374, R.D.
Ruth et al.

This means many stages required to produce a 1TeV electron beam
from known electron beams (SLAC has 45 GeV)

A. Caldwell



A Concept for a
Plasma Wakefield Accelerator Based Linear Collider

—_——

« TeV CM Energy
* 10's MW Beam Power for Luminosity om0 29E10 e-/bunch mini-train 20!
» Positron Acceleration iy ! i
* Conventional technology for particle S .
generation & focusing ;o I ( " [ |
RF gun Drive beam accelerator A |00ms _ Msuain
;o Fbunches  Kickergap T -

/RF separator, __.__.---e-—e-mm T

bunch compressor

;o
[

Drive beam distribution

Beam Delivery and IR
PWFA cells @ " PWFA cells

FACET Program will demonstrate most of a single stage

main beam
¢- injector

main beam DR e
¢t injector

DR e-

Chan Joshi Presentation at SLAC
Annual Program Review 2008

A. Caldwell



Proton Drivers for PWFA

Assuming Gaussian beams:

k202 k202
_ 2 p-z p-r 2 2

Linear regime (n,<n,):

2
E. max ~ 2 GeV/m - ( il ) - (100 ”m>

1019 o,

Need very short proton bunches for strong gradients. Today’s proton
beams have

o, ~ 10 — 30 cm

Compression of proton bunch needs«ta be solved for PDPWA |



Issues with a Proton Driven PWA:

. Small beam dimensions required
N Y 06 )
= 240(MeV/m)( 10) :
4-107 )\ o ,(mm)

o, =100um N =1 10" yields 21 GeV/m

ek

linear

Can such small beams be achieved with protons ? Typical proton bunches in high energy
accelerators have rms length >20 cm

. Phase slippage because protons heavy (move more slowly than electrons)

| 1

ViiVip  VaiVoy

A’P

~.77:L
A

P

0

E

driver,i™— driver,f

M;c* ]

=1TeV.E .., =0.5TeV A =1mm

driver,i

L < l|: drlver,12 cirlver,f :|)\«p ~ 300 m f()r E
2 M,c

Few hundred meters possible but depends on plasma wavelength



Issues with a Proton Driven PWA continued:

Longitudinal growth of driving bunch due to energy spread

5[ AE) M;c*

d=Av-tzA/3°L=(yf2—y52)Lz \E) E?

L

Ford =100um, L=100m, E =1.TeV,

Large momentum spread is allowed !

AE

0.5



Issues - continued

Proton interactions

A= ! < _i 5 n=1-10"cm™> = A=1000km
no n(0™ cm”)

Only small fraction of protons will interact in plasma cell
Biggest issue identified so far is proton bunch length.
Need large energies to avoid phase slippage because protons are heavy.

Large momentum spread is allowed.



Bunch Compression

Producing a short proton bunch is critical. Different ideas are under investigation.

Short proton bunch production

A

i o

1

! bunch

< >

1 —_—

1

i pulse fast

i shape of quadrupoles

! linear rf to change

! bucket momentum 47’ N
e ittt > compaction, and

Z quickly raise RF voltage
Schematics of fast bunch rotation in storage ring \

acceleration?

can the plasma
T wave excited by
crabbed beam be
oy - - jf:'"> used for e- Nanochopper gets the microbunch
ri

transverse deflecting cavity bending
system?

Emittance exchange
bunch!

6/23/09 LPWAOQ9 W,ergngpelKardamili 13
Greece, June 22-26, 2009



Magnetic bunch compression (BC)

0 Beam compression can be achieved:
(1) by introducing an energy-position correlation along the bunch with
an RF section at zero-crossing of voltage
(2) and passing beam through a region where path length is energy dependent:
this is generated by bending magnets to create dispersive regions.

. 0
--------------------------------------------------------
. . .
““““““““
““““““““““““
nnnnnnnnn

.

o
) "Wale
“\\ f,,'..'

Tail || lower energy trajectory
(advance)

center energy trajectory

Head (delay)

"""""""" higher energy trajectory
0 To compress a bunch longitudinally, trajectory in dispersive region must be

shorter for tail of the bunch than it is for the head.

6/23/09 LPWAQ9 Workshop, Kardamili
Greece, Jung,22-26, 2009



Phase space of beam

0 03 | | i | |
0,02 RF phase: -102 degree 7
i 2600 cavities 1
final energy is 986.487 GeV
0,01 total length of BC 4131 m -
L 0,00 mm =mm
S
O X
-0,01
-0,02}
L ' -
]
_0703 1 | 1 | 1 | 1 | 1 | 1
-0,03 -0,02 -0,01 0,00 0,01 0,02 0,03
z/m

See A. Caldwell, G. Xia et al., Preliminary study of proton driven plasma wakefield acceleration, Proceedings of
PACO09, May 3-8, 2009, Vancouver, Canada

6/23/09 LPWAOQ9 Workshop, Kardamili 17
Greece, Junei22+26, 2009



Simulation study

Assume proton bunch compression
solved !

Quadrupoles used
to guide head of

driving bunch\

________________________________

A. Caldwell, K. Lotov, A. Pukhov, F. Simon
Nature Physics 5, 363 - 367 (2009)

_________________________________

A. Caldwell



Simulation

Table 1: Table of parameters for the simulation.

Parameter | Symbol Value Units
Protons in Drive Bunch Np 1011
Proton energy Ep 1 TeV
Initial Proton momentum spread | o,/p 0.1
Initial Proton longitudinal spread Oy 100 pm
Initial Proton bunch angular spread o 0.03 mrad
Initial Proton bunch transverse size OXY 0.4 mm
Electrons injected in witness bunch Ne 1.5-10'
Energy of electrons in witness bunch Fe 10 GeV
free electron density Ny 6-10' | cm™?
Plasma wavelength Ap 1.35 mm
Magnetic field gradient 1000 T/m
Magnet length 0.7 m




A. Caldwell




X, mm

0.7

0.0

-0.7
0.7

0.0

Densities & Fields

n,, 101 cm?3

b) H
0
d) 2
!
| ! .
1
0
-4 -2 0
Z, mm

A. Caldwell

e) E, GeV/m,

loaded vs unloaded

Z, mm



PWA via Modulated Proton Beam

Producing short proton bunches not possible today w/o major
investment. Not an option for the short term ...

Instead, we investigated modulating a long bunch to produce a series of
‘micro’-bunches in a plasma.

The microbunches are generated by a transverse modulation of the
bunch density (transverse two-stream instability). The microbunches
are naturally spaced at the plasma wavelength, and act constructively to
generate a strong plasma wake. Investigated both numerically and
theoretically (N. Kumar, A. Pukhov, and K. V. Lotov, Phys. Rev. Lett. 104, 255003 (2010)).
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A. Caldwell
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Hal-cu bunch prop.direction >

Half cut
bunch

" 0 meters

p” focusing/
defocusing

radius [mm]

0 10.6 21.2 31.8
Position [cm]

Fields > GV/m also
possible with
modulated long
beam !

Courtesy: Jorge Vieira
IST, Lisbon



Outlook

Long term prospects for modulated proton bunch intriguing:

simulation of existing LHC bunch in

plasma with trailing electrons ...

A. Caldwell, K. V. Lotov, Phys. Plasmas 18, 13101 (2011)

W, TeV
(\O} W AN D @)\

Electron energy gain

(c)

LHC

0O 2 4 6 8 10 12 14 16
L, km

Miracle: no guiding magnetic fields necessary !

But — luminosity will be big issue !

A. Caldwell



2" spectrometer

10m Plasma
p* dump

OTR/CTR
p* from SPS SMI  Acceleration

I
Future AWE expétrimental area

(will be emptié‘d)\

A. Caldwell




CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN Access shaft
PCC SPS/ECA4

U Excavated
B Concreted
I Decay tube

(2nd contract)

,06 /2003
CERN-AC-DI-MM




Laser power
supplies

Lasers

Proton beam line

Items in

Access gauery Items in dark blue: ventilation ducts
Items in light blue: AWAKE electronic racks
: existing CNGS equipment (cable trays, pipes,...)

Electron gun

Klystron system

junction

Laser & proton beam

2m /
2m

: ;'a,ll':’l.el o

2
Electron beam line
Plasma cell
(10m long)
Electron spectrometer
Experimental
Diagnostics
A. Caldwell CNGS target area

10m




— length L ~ 10m. (a)
- radius R, larger than approximately three proton bunch rms radii or & 1 mm. t valve
— density n,, within the 10 - 10% cm ™ range. as

~ density uniformity dn, /n, on the order of 0.2% or better.
- reproducible density.

— gas/vapor easy to ionize.

- allow for seeding of the SML.

. . o Bed
- high-Z gases to avoid background plasma ion motion [25].

Few 50 mJ, few TW laser required to ionize
the vapor

Intensity (W/m?)

A. Caldwell



Time-scale for AWAKE

2013

2014

2015

2016

2017

2018

Proton beam-
line

Experimental
area

Electron
source and
beam-line

Science Program (first three years after start of data taking):
Benchmark experiments — first ever proton-driven plasma wakefields
Detailed comparison of experimental measurements with simulations
Demonstration of high-gradient acceleration of electrons

Develop long, scalable & uniform plasma cells; test in AWAKE experiment
Develop scheme for production and acceleration of short proton bunches

Lnhwn e

Installation

Modification, Civil Engineering and installation

guluoissiwwo)

Fabrication

Installation

Suiu
0ISSIWWOo)

Goal: Design high quality & high energy electron accelerator based on acquired

knowledge.

A. Caldwell




A possible future

electron-positron collider based on proton driven plasma wakefield
acceleration

and/or
Electron-proton collider based in PDPWA

Following based on

Collider design issues based on proton-driven plasma wakefield
acceleration G. Xiaet al,,

http://dx.doi.org/10.1016/j.nima.2013.11.006




An electron-positron collider

HIGH ENERGY PROTON BUNCH FROM LHC

et source e source
- 2 km 2 km 2 km 2 km -
( Proton e’ € Proton )
Plasma IP Plasma

Layout is not to scale.

Oznur Mete ClI/UoM



An electron-positron collider

Table 1: Parameters of particle beams in present and planned facilities.

FACET ILC CLIC SPS  Tevatron LHC
Beam energy (GeV) 25 250 1500 450 1000 7000
Luminosity (10** em™%s7") - 2 6 - 0.04 1
Bunch intensity (10'%) 2.0 2.0 0.372 13 27 11.5
Bunches per beam 1 2625 312 288 36 2808
IP bunch length (um) 30 300 30 1.2ES 350 7.5E4
IP beam sizes 0} /o (nm)  1.4E4/6.0E3 474/59  40/1 200 3.3E4 1.6E4
Rep rate (Hz) ' 1 5 50 - 1 1
Stored bunch energy (kJ) 0.08 0.8 0.89 9.4 43 129
Beam power (W) 80 1.05E7 1.39E7 - 549E7 3.62E8

Assuming CLIC beam sizes at the IP, 10% drive/witness intensity ratio,

...and 20 mins LHC ramping time, half of LHC bunches, 1 Hz witness bunch repetition rate.

Luminosity of an e*/e collider based on PDPWA " 3 x 103 cm2 5!

Oznur

Mete ClI/UoM



Are there fundamental particle physics topics for high energy but low
luminosity ?

Important discussion — power requirements of future colliders critical ...

Some examples here:
* growth of QCD scattering cross section with energy: sensitivity via
energy dependence to physics at very high energy scales ?

* could a similar effect also happen in electroweak scattering ?
Classicalization and the black hole — particle duality



Conclusions

Accelerator based particle physics has had a tremendous impact on our
knowledge and has been the key to the development of the Standard
Model of particle physics.

But, we are in need of novel ideas ...
Plasma Wakefield Acceleration has been proposed many years ago —
steady progress in developing the technology, but there is still a long

way to go. Investigate new option — proton-driven PWA.

Expect interesting results within the next 5 years - stay tuned



The Luminosity Issue

Collider luminosity (cm™s™!) is
approximately given by

where:

N, =bunches / train

N = particles per bunch

Jrep = repetition frequency

A = beam cross-section at [P

H,, = beam-beam enhancement factor

For Gaussian beam distribution:

n N°
L= b frep HD
A
nszﬁe
L = *H
dro. o



