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PLASMA WAKEFIELDS (€")
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ﬂ Plasma wave/wake excited by a relativistic particle bunch
ﬂ Plasma e expelled by space charge force => deceleration + focusing (MT/m)
ﬂ Plasma e" rush back on axis => acceleration ~n,'2, 1/0,, GV/m

ﬂ Ultra-relativistic driver => Ultra-relativistic wake
=> no dephasing (...)

‘ Particle bunches have long “Rayleigh lengths

(beta function p*=0%/e~cm, m)
ﬂAcceIeration physics identical PWFA, LWFA Ar%;m

© P. Muggli P. Muggli, 21/04/2012, IPAC 12



&m/’ PLASMA WAKEFIELDS (€")

. Focusing (E))
Defocusing Accelerati Decelerating (E.)

electron
beam

Very large

energy ga_m a relativistic particle bunch
possible with

high-energy <rTaf99f0r09 => de ! ocusing (MT/m
bunches! \@eleration ~ne'2, 1/c,, GV/m

ﬂUItra-reIativistic diiver =Sultrz lvistic wake
no dephasing (...

long Rayleigh lengths”
(beta function p*=0?/e~cm,

B Particle bunches hav

)
ﬂAcceIeration physics identical PWFA, LWFA h

© P. Muggli P. Muggli, 21/04/2012, IPAC 12



PLASMA WAKEFIELDS (€°)

MAX-PLANCK-CESELLSCHAFT
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PLASMA WAKEFIELDS (€")

MAX-PLANCK-CESELLSCHAFT
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(") PROTON-DRIVEN PLASMA WAKEFIELDS (p*+€7)

p* Driver

‘SLAC, 20GeV bunch with 2x101%- ~60J
ILC, 0.5TeV bunch with 2x10%%- ~1.6kJ

‘SLAC-Iike driver for staging (FACET= 1 stage, collider 50* stages)

m) SPS, 450GeV bunch with 10"'p* ~7.2kJ
LHC, 7TeV bunch with 10'p* ~112kJ

A single SPS or LHC bunch could produce an ILC bunch in

a single PWFA stage!
ﬂLarge average gradient! (~1GeV/m, 100’s m) h
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PROTON-DRIVEN PWFA

Caldwell, Nat. Phys 5, 363, (2009)
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Parameter Symbol  Value Units -
Protons in drive bunch Np 10" 2 SF
Proton energy Ep 1 TeV 1
Initial proton momentum spread op/p 01 f‘ 5t
Initial proton bunch longitudinal size o, 100 pm I -
Initial proton bunch angular spread ) 0.03 mrad % 0 'g 44
Initial proton bunch transverse size Oxy 0.43 mm ) J o
N h
iRt thwi 10 W g2 3
Electrons injected |r1 W|tr1ess bunch Ne 1.5x10 2 _ 0
Energy of electrons in witness bunch  Ee 10 GeV 0
2 —
Free electron density ny 6x10" cm—3 i
Plasma wavelength Ap 135 mm et 1L
Magnetic field gradient 1,000 Tm™' -3 -2 =1 0 <
Magnet length 0.7 m Z (mm) i | |
0 200 400 600

L(m)

1 Use “pancake” p* bunch to drive wakefields (cylinder for e driver)
1 Loaded gradient ~1.5GV/m, efficiency ~ 10% (recycling?)

1 ILC-like e bunch from a single p*-driven PWFA
1 6,100um do not exist!
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SELF-MODULATION INSTABILITY (SMI)

MAX-PLANCK-CESELLSCHAFT

1 CERN p* bunches (PS, SPS, LHC) ~12cm long

week ending

PRL 104, 255003 (2010) PHYSICAL REVIEW LETTERS 25 JUNE 2010

Self-Modulation Instability of a Long Proton Bunch in Plasmas

Naveen Kumar™ and Alexander Pukhov
Institut fiir Theoretische Physik I, Heinrich-Heine-Universitat, Disseldorf D-40225 Germany

Konstantin Lotov

Budker Institute of Nuclear Physics and Novosibirsk State University, 630090 Novosibirsk, Russia
(Received 16 April 2010; published 25 June 2010)

An analytical model for the self-modulation instability of a long relativistic proton bunch propagating
in uniform plasmas is developed. The self-modulated proton bunch resonantly excites a large amplitude
plasma wave (wakefield), which can be used for acceleration of plasma electrons. Analytical expressions
for the linear growth rates and the number of exponentiations are given. We use full three-dimensional
particle-in-cell (PIC) simulations to study the beam self-modulation and transition to the nonlinear stage.
It is shown that the self-modulation of the proton bunch competes with the hosing instability which tends
to destroy the plasma wave. A method is proposed and studied through PIC simulations to circumvent this
problem, which relies on the seeding of the self-modulation instability in the bunch.

DOI: 10.1103/PhysRevLett. 104.255003 PACS numbers: 52.35.—g, 52.40.Mj, 52.65.—y

1 Idea developed “thanks” to the non-availability of short p* bunches

1 Very similar to Raman self-modulation of long laser pulses
(LWFA of the 20t century)

LpDyzit
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MAX-PLANCK-CESELLSCHAFT
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Grows a!ong the pgnch & along the plasma Pukov et al., PRL 107, 145003 (2011)
Convective instability Schroeder et al., PRL 107, 145002 (2011)

1 Initial small transverse wakefields modulate the bunch density

1 Associated longitudinal wakefields reach large amplitude through resonant
excitation: ~Eyg=mcw,./e~46GV/m @ n,=2.3x10'cm"

LpDyzit

1 Acceleration of an injected witness bunch
P. Muggli, 21/04/2012, IPAC 12
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MAX-PLANCK-CESELLSCHAFT

CERN Industrial Beam Complex

CMS

'y Nqﬁh Area

ALICE

SPS
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2005 [78 m)

—— / ton conversion L

PROTON BEAMS @ CERN

Parameter PS SPS Opt
E, (GeV) 24 450 450
N, (107) 13 10.5 30

AE/E, (%)

0.05 | 0.03 0.03

o, (cm)

20 12 12

gy (MM-mrad)

24 3.6 3.6

o* (Um) 400 | 200 200
B* (M) 16 | 5 5
Lp~5-1 Om

TT61, West area, ~600m tunnel + experimental area

1 Choose SPS beam
1 Higher energy, lower ¢,*, longer p*

n,~7x10"cm=3 (ko1

Me~1.3mm<<g,
fre~240GHz

[ Goal: ~GeV energy gain by externally injected e, in 5-10m of plasmak

ormg 1N S€lf-modulated p* driven PWFA

P. Muggli, 21/04/2012, IPAC 12



&0 PROTON-DRIVEN PWFA SIMULATIONS

MAX-PLANCK-CESELLSCHAFT

OSIRIS 2.0

osiris framework

osiris
v2.0 - | Massivelly Parallel, Fully Relativistic

Particle-in-Cell (PIC) Code

Visualization and Data Analysis Infrastructure

Developed by the osiris.consortium
= UCLA +IST

New Features in v2.0
D
- | Bessel Beams
- | Binary Collision Module

Tunnel (ADK) and Impact lonization

Dynamic Load Balancing
PML absorbing BC

=

TR Ricardo Fonseca: ricardo.fonseca@ist.utl.pt - | Optimized higher order splines
TeeNico Frank Tsung: tsung@physics.ucla.edu - | Parallel /O (HDF5)
UCLA http://cfp.ist.utl.pt/golp/epp/ - | Boosted frame in 1/2/3D

http://exodus.physics.ucla.edu/ Patric Muggli | May 23rd 2012 | IPAC - New Orleans Louisiana, USA

1 VLPL A. Pukhov, J. Plasma Phys. 61, 425 (1999)
71 LCODE, K. V. Lotov, Phys. Rev. ST Accel. Beams 6, 061301 (2003)

LpDyzit
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PROTON-DRIVEN PWFA @ CERN

MAX-PLANCK-CESELLSCHAFT

1 Self-modulation of long (~12cm~1004,,), 450GeV SPS bunch
1 OSIRIS 2D simulations

I 10.014
G”f;gocmm ;= 100 mm (very long) I I To P o2
O-L__ ! 10 10 o.= 200 IJm ma
N = 11.5x10'9(30.0x10"9) no/no = 1.32x107 “0.010
no/no = 0.00217 (linear PWFA)

v =20 (10 MeV)

y=479.6 Simulations: o0g T
J. Vieira o g
| 0.004
= 14 -3
?\,0= 17)2(1n(')]mim0- /100 n. =425 cells o
Upnifolrm density|| ny = 18000 cells | 006,
[ I
Immobile ions 4 particles per ce -

quadratic splines - e

Length = up to15 meters

1 Simulations include seeding of the instability (cut p* bunch, short
ionizing laser pulse)

1 Long, test-particle e witness bunch %
LpDyzit
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L1 PROTON-DRIVEN PWFA @ CERN

MAX-PLANCK-CESELLSCHAFT

El SMI of long (~12cm), 450GeV SPS bunch @ Ap.=1.2mm

............................................................

Large amplitude 1
wakefields: B

0.1-1 GeV/m

Simulations:

Long beam:

oz~100 Ap J. Vieira

T ] 480

w
e

Eaccel [MeV/m]

Radius [mm]
>N

Il :LnuuAanAAnnuJ 7]
Defocusing .
regions \j11 meters 10 o= bl
Eo EX
LE Pl I |
';' 2‘ 3 10 E ol
S [rE¢z - il
S TrAdiiidds g
X o SIS A | ol :
%0 10.6 21.2 318 8% 10.6 21.2 31.8
Position [cm )
[cm] Inject & Position |cm]
1 Drives large amplitude (0.1-1GV/m) accelerating fields %
1 E, (acceleration) sampled by injecting (~10MeV) e~ bunch opby>tt
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MAX-PLANCK-CESELLSCHAFT

] SI\/II of long (~12cm), 450GeV SPS bunch @ A,

Maximum accelerating gradients Test electron beam spectra using 3x10'' p*

PROTON-DRIVEN PWFA @ CERN

0 2 4 6 8 10 12 14
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» Maximum fields achieved at 5 m of
propagation

» GeV/m wakefields can be excited

» Wake phase velocity on the order of
driver velocity (large dephasing lengths)

-y I 17T 1T 71T L | L | T T 7T I UL I T3
15 11.5x10'° protons .
30.0x10'? protons

£ 10l ——
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E the instability
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@ 5 meters
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= - -
[ o i
o C ]
0.5 - -
0.0 - | 1 | | -
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.0 .
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» Acceleration of external electrons to high
energies

» High energies can be achieved (once the
instability saturates lengths)

1 Growth of instability / p* density modulation / E,

1 Injected e gain ~1-2GeV in 5-7m plasma

1 Injected of short e~ bunch would produce narrow AE/E
1 Preserve large E, by changing n, (K. Lotov)

© P. Muggli

Simulations:
J. Vieira

Electron bunch

» 0= 100 mm

» 0.=200 um
» nv/no= 1.32x107

LpDyzit
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e SIDE INJECTION

Lotov, J. Plasma Phys. (2012)

1 Low energy test e- injected sideways are trapped and bunched

0.5
Trapped — —
Accelerated % Ee'_SMeV Side injection
LR I IS I I I I 20.4- 0'r0=200“m
¢ 101 1.5 __ ‘,.V\“"WL 11.5x10'° protons ~_ 3 § ZO=6m
O\\\V . 105 / \ e g 037 L=4m
-~ o — \_\ | . p—
g | / \\\ ] g 0 n,=7x10%cm-3
r‘t gt ‘// b i
@ 0.5 C /, MM 1 o
z r / ] )
; // ] 2 01
(a) ' Ty Dé - % ']' ST S On-axis injection L
istance |[m 00 I : I I ] I
v v 1 200 300 400 500 600 700 800
¢~ Ve - Electron energy (MeV)
Ay ~ ~-— ~mrad for E_=5-20MeV
C 2y

1 Inject in saturated SMI, V=V

1 Generates narrow final energy spectrum

1 Trapping efficiency <60%, test particles %
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Ner/ CHALLENGES WITH PROTON-DRIVEN PWFA
7 Hosing instability (o,>>2,): PNl
1 Seeding favors SMI over hosing ol
1 Computational challenge, need 3D ol -5:.,' Vi

1 Plasma density uniformity:
1 6,>>\,, => resonant excitation, dw~w,/N

1 Dephasing of low energy side injected electrons

1 Require dn./n_,~0.1%

1 In-ring compression of p* bunch (x4, A. Petrenko)

71 Reach nonlinear PWFA regime?

LpDyzit

140} Low .
emittance + Ij L k f Id
120 L sps- bunch arger wakertie
optimum + rotation
100} L bunch
rotation
80 SPS-optimum
= I [ (single bunch)]
~ eol
40| L 4
20l SPS-LHC | I |
oA
L 1 1 1 1 1 1 1 1 1 1 1
-20 0 20 -20 0 20 -20 0 20 -20 0 20
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e/ BASE-LINE EXPERIMENTAL SETUP
rf gun e spectrometer
Final  10-20MeV e EOS 0.1-2GeV
Focus Diagnostic

lonizi
(I)_nlzmg A '1‘ > Plasm3’7-10m 101% cm™3 I p* dump
aser ‘1’ ;
Collimator
<€ >€ > Laserdump  OTR/CTR
. . Diagnostics ' '
p* from SPS SMI Acceleration J Diagnostics

laser

1 Laser ionization of a metal vapor (Li, Rb, etc.), vapor

7-10m plasma, n,=10"4-10"°cm-? o*

1 Injection of 10-20MeV test e- at the 3m point (SMI saturated, v,=v,,)

1 ISM-acceleration separated
1 0.1-2GeV electron spectrometer

1 OTR + streak camera, electro-optic sampling for p*-bunch modulation diag.
1 Additional optical diagnostics A

© P. Muggli P. Muggli, 21/04/2012, IPAC 12



&) PROTON-DRIVEN PWFA @ CERN

MAX-PLANCK-CESELLSCHAFT

Surface installations
Novel Aceelerator g g
\ TW laser | LoserPlasma ther tests
(< R b R
RES . siaivl dvtoiubinlalulninlatatoin

| ebeam | PI:)PWA collaboration

L inj. (10-20mev) !
! I

Beam dump

Spectrometer

N
>

TT4 (70 m) Plasma TT5 (50 m)
. | cell(5-20 m
Switch... 50m) ! RS ( )
p bea ] , Example: Proton driven plasma structure

TT61 tunnel i E,, GeV/m n,, 10 cm?
6-7 % slope > [B)

a)
1 .
' 0. « “ "
HiRadMat (Completion Sep 2011) :

-0.7 -3

(LHC injection type,
400 - 450 GeV)

0.7

X. mm

(=]

[SEmm— ¥

TCC6

~ 600 m total footprint

71 Conceptual design report due end of 2012

1 Experiments 2015-... for ~GeV energy gain in SMI regime

1 Program for TeV class e- from p*-driven PWFA, driven by MPP %

1 International collaboration: CERN, Germany, UK, Russia, Portugal, USA, ...
© P. Muggli P. Muggli, 21/04/2012, IPAC 12



SUMMARY

1 High-energy (eV, J) p* interesting as PWFA drivers (for e acceleration)
1 New approach: few stages (17?), driver recycling, ...

1 Maintain large average gradient (~1GV/m), operate at low n, ...

1 Very large energy gains possible in simulations (Caldwell, Phys. Plasma, 2011)
1 Require short p* bunches, very long plasmas

1 Propose p-o-p experiments with long CERN-SPS bunches

1 Operate in self-modulated regime to accelerate e to ~GeV in 5-10m

1 SMI in linear PWFA regime, good for e* acceleration ...

1 Experiments in 2015, forming collaboration, defining setup, ...

1 CERN building a facility for p*-driven PWFA and more ... %
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