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\ Y PARTICLE ACCELERATORS AR

MAX-PLANCK-CESELLSCHAFT

“The 2.4-mile circumference RHIC ring is large enough
_to be seen from space”

e/et 0-50GeV in 3km SLC
e/et 0-23GeV in 2km FACET
e 0-14GeV in 1km LCLS

ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use rf technology to accelerate particles %
‘Can we make them smaller (and cheaper) and with a higher energy?  #s.a.5:¢
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PARTICLE ACCELERATORS AR

Could plasmas be used to accelerate particles
at high-gradient (>100MeV/m)
and reduce the size and cost
of a future linear e’/e* collider

or of an x-ray FEL’? |

-

e/et 0-50GeV in 3km SLC
e/et 0-23GeV in 2km FACET
e 0-14GeV in 1km LCLS

ﬂ Some of the largest and most complex (and most expensive) scientific
instruments ever built!

ﬂAII use rf technology to accelerate particles %
Lp-Byzit

‘Can we make them smaller (and cheaper) and with a higher energy?
© P. Muggli P. Muggli, JAI 21/02/2013
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& WHAT ABOUT PLASMAS? AVAIE

=) Relativistic Electron Electrostatic Plasma Wave (Electrostatic, E,):
OeA/\__/\__/\—C

g,m, | Frequency

e P a)pe n.e ne’ 1/2Plasma A N/ \/
£, C

c &

o \1/2 <—)LE> —_—
nm,c _ < P <«
EZ=( ¢ ) ni/zsIOOMne(cm 3)=1GV/m = i
- €, Ez
—1014 ~cm-3
Cold Plasma “Wavebreaking” Field ne=10"" cm LARGE

Collective response!
=) Plasmas can sustain very large (collective) E_-field, acceleration

=) Wave, wake phase velocity = driver velocity (~c when relativistic)
=) Plasma is already (partially) ionized, difficult to “break-down”

=) Plasmas wave or wake can be driven by:

> Intense laser pulses (LWFA) %
» Short particle bunch (PWFA) -
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4 PLASMA ACCELERATORS' AN

» Plasma Wakefield Accelerator (PWFA) <—_/\/\/
A high energy particle bunch (e-, e*, ...) azz)Lpe/4
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

- Laser Wakefield Accelerator (LWFA) ;UWW/\/
A short laser pulse (photons, ponderomotive)

* Plasma Beat Wave Accelerator (PBWA)

Two frequencies laser pulse, i.e., a train of pulses

» Self-Modulated Laser Wakefield Accelerator (SMLWFA)

Raman forward scattering instability in a long pulse

# evolves into %
"Pioneered by J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979) dr%m‘f
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PLASMA WAKEFIELDS (€") ATVAKE

Focusing (E))
Decelerating (E,)

Relativistic

electron
bunch

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, GV/m

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

‘ Particle bunches have long “Rayleigh length”

(beta function p*=0*?/e~cm, m)
ﬂAcceIeration physics identical PWFA, LWFA h
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&) PLASMA WAKEFIELDS (€") AVARE=
e Focusing (E) -
Detocusing Acceleratly Decelerating (E,)
x "+'+__+ __
+ + Relativistic
" _E"EZ* electron
- bunch

Plasma wave/wake excited by a relativistic particle bunch

Very Iarge by space charge fow (@
energy gain

_ _ k on axis —=>_acceleration ~ne”®

possible with o
high er—=> ultra-relz c wake

19 '_er_jer_'gy no dephasing (...

relativistic long Rayleigh lengths”

Ave long Raylelg g
bunches!  PAwoe s
=) Acceleration physicFA h




PWFA NUMBERS (€") AV
SCAATT . Focusing (E))
Defocusing Accelerati y Decelerating (E,)

- —
- Relativistic
- electron
bunch
N/2x10"
B Linear theory E,  =110(MV/m) / ; =N/o}?
(n,<<n,) scaling: (0,/0.6mm)
@ k,, 0~V?2 (with k,,0, <<I)
B 1
B8 Focusing strength: —% = S 3T Y mx n (10%cm™)  (n>n,)
ro 2¢g.c

B N=2x10'0: 5,=600 pm, n,=2x10" cm-3, E, ~100 MV/m, B,/r=6 KT/m
o,= 20 ym, n,.=2x10"" cm=3, E_,..~ 10 GV/m, B, /r=6 MT/m

‘ Frequency: 100GHz to >1THz, “structure” size 1mm to 100um %
‘Conventional accelerators: MHz-GHz, E_ <150 MV/m, B,/r<2 KT/m apby>it
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PLASMA WAKEFIELDS (€")

AVWAICE
MAX-PLANCK 7» SELLSCHAFT . Focusing (Er)
Defocusing Accelerati Decelerating (E,)
ﬁ
electron

beam
P. Muggli and M.J. Hogan, Comptes Rendus Physique, 10(2-3), 116 (2009).
Blumenfeld, Nature 445, 2007 '

Dispersion [mm]
4—18 -16 -14 -12 -10 -8

Charge
density
Energy Gain  Experiment |G

N 240

Scalloping of the Beam

180

120

Position [mm]

60

35 40 1 50 60 70 sot 90 100
Electron Energy [GeV]

E, 2E,
42 => 84GeV in 85cm! 50GeV/m

r
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#) PLASMA WAKEFIELDS (€) AVVARE

e Witness e Driver
ﬁ
Electron bunch
(11 - b}
quality
| Blumenfeld, Nature 445, 2007 | SLAC Simulation
Dispersion [mm] Charge "4 Witness
v -18 -16 -14 -12 -10 -8 density
‘ 4 Energy Gain Experiment [-e/um?] FAC ET s
> 240 8
‘ _ Scalloping of the Beam 180 g
£ @
E, c
| S 120 w
60
Hogan, 0 40 20 0 20 40
35 40 1EI t 52 [Gec:/] 70 8(190100 NJP 12/ 2010 X [um]
ectron Energy [Ge
Eo 2Eo W S |
0 20 40 60 80 100
42 => 84GeV in 85cm! 50GeV/m Spec. Den. [a.u.]

r
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PROTON-DRIVEN PLASMA WAKEFIELDS 1.7
(p*+€)

N\
. r-_A' W\ A‘y
& -',.JJ ] J

Ve

G/
p* Driver

The “Driver Issue”’
€~ Witness

proton
bunch

~60J Driver

SLAC, 20GeV bunch with 2x101%e-
~1.6kd Withess

ILC, 0.5TeV bunch with 2x10%%-
‘SLAC-Iike driver for staging (FACET= 1 stage, collider 10* stages)
~22kdJ Driver

SPS, 450GeV bunch with 3x10"p*
~336kdJ Driver

7TeV bunch with 3x10"p*

LHC,
‘A single SPS or LHC p* bunch could produce an ILC bunch in
a single (or a few) PWFA stage(s)! %

ﬂLarge average gradient! (~GeV/m, 100’s m)

© P. Muggli
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p+:

E,=1TeV

l'{’(;’/'/;‘///;:?i};}\'
‘. [\ '.::_ ¥ 3‘ 4/7' - |]

ANCK-CESELLSCHAFT

Caldwell,

e

0.7

I

3

i

PROTON-DRIVEN PWFA
Nat. Phys. 5, 363, (2009)
p

(g-W2) 5,01 °u

— m
6,=100pm o
£ [
—_— ®
N=10" p* E of ‘ ) ®
> 3
e . <
E,=1GeV \
N_1011 _ -0.71 I | -3 I 1 | 0
= e -4 -2 0 -4 -2 0
Z (mm) Z (mm)
Parameter Symbol  Value Units
Protons in drive bunch Np 10" 2
Proton energy Ep 1 TeV
Initial proton momentum spread op/p 01 -’I—"
Initial proton bunch longitudinal size o, 100 pm P
Initial proton bunch angular spread ) 0.03 mrad % 0
Initial proton bunch transverse size Oxy 0.43 mm O
Electrons injected in witness bunch Ne 1.5x10' '““
Energy of electrons in witness bunch  E. 10 GeV -2
Free electron density ny 6x10™ cm—3
Plasma wavelength Ap 135 mm [
Magnetic field gradient 1,000 Tm™' -3 -2 -1 0
Magnet length 0.7 m Z (mm)

ATWAKE

€™ Witness

p* Driver

Phase difference!

e Witness e Driver
= F
£ Y Ty + +

+

+
=t o+ y Electron bunch

71 Use “pancake” p* bunch to drive non-linear wake

(cylinder for e~ driver)
1 Gradient ~1.5GV/m (av.)

© P. Muggli
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\ PROTON-DRIVEN PWFA s
Caldwell, Nat. Phys. 5, 363, (2009) |
. e p

10
+: —
pT: 0.7 3 2
E,=1TeV _
— =) |
0,=100pm : Z ~0.6TeV
() - o L -
— o [ >
N=10"" £ o 2 , 5 $ 05 S
< 3 3 % 05
e = 4 2
E,=1GeV \ 00
~
N_1011 -0.7k.1 I I -3 I 1 | 0 5 m
= -4 -2 0 -4 -2 0
Z (mm) Z (mm) I \V4
0 | | L
Parameter Symbol  Value Units -
Protons in drive bunch Np 10" 2 6F
Proton energy Ep 1 TeV 1
Initial proton momentum spread op/p 01 .’I—" S5
Initial proton bunch longitudinal size o, 100 pm P -
Initial proton bunch angular spread ) 0.03 mrad % 0 '70' 44
Initial proton bunch transverse size Oxy 043 mm O o
o &
Electrons injected in witness bunch Ne 1.5x10'° L“ <3 0
Energy of electrons in witness bunch  Ee 10 GeV -2 , [ A E/ E —~ 1 A)
Free electron density ny 6x10™ cm3
Plasma wavelength Ap 135 mm [ 1Le
Magnetic field gradient 1,000 Tm™' -3 -2 -1 0 S
Magnet length 0.7 m Z (mm) i | ‘ . |
0 200 400 600
L(m)

1 Energy gain ~600GeV in ~500m plasma
"1 Reasonable energy spread

1 Dephasing of (not so) relativistic p*

© P. Muggli
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MAX-PLANCK-CESELLSCHAFT

0.7F

3
~~
£
E of
>
-0.7t ! ! -3
-4 -2 0
Z (mm)
Parameter Symbol  Value Units
Protons in drive bunch Np 10"
Proton energy Ep 1 TeV
Initial proton momentum spread op/p 01
Initial proton bunch longitudinal size o, 100 pm
Initial proton bunch angular spread ) 0.03 mrad
Initial proton bunch transverse size Oxy 0.43

Electrons injected in witness bunch Ne 1.5 x10%

Energy of electrons in witness bunch  Ee 10

Free electron density np
Plasma wavelength Ap
Magnetic field gradient

Magnet length

© P. Muggli

Driver recycling?

(-W A9D) 3

Caldwell, Nat.

e p

2

(g-w2) oL "u

PROTON-DRIVEN PWFA
Phys. 5, 363, (2009)

1.0

Energy (TeV)

v
| 1 | I
;
|
o
3 .
I AE/E~1%
1:<
0 ' 2(|)O I 4(I)O I 600

L(m)
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SELF-MODULATION INSTABILITY (SMI) 4"t

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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SELF-MODULATION INSTABILITY (SMI) A1t

02208  koe=ds Lo, AR S Yie,if?",STo
IR A8 2 sawrion || TAAARAT
AR RS \)\}UM\/\/ il e
g s 1. %: £a) 05 Exponential Growth g 18 010 %c;

: ] 10
0.15
—
-0.20
T T
UJ:S* | A—>\/\/\/ Lf'w ‘ E
0.0 0.2 0.4 go[r?]m] 0.8 1.0 1.2 0.0 0.2 0.4 Eo[gm] 0.8 1.0 1.2

Grows a!ong the pgnch & along the plasma Pukhov et al., PRL 107, 145003 (2011)
Convective instability Schroeder et al., PRL 107, 145002 (2011)

1 Initial small transverse wakefields modulate the bunch density

excitation: ~E, g=mcw,./e~46GV/m @ n,=2.3x10'cm"
J. Vieira et al., Phys. Plasmas 19, 063105 (2012)

1 Associated longitudinal wakefields reach large amplitude through resonant

© P. Muggli




SCHAFT

SM-PWFA PARAMETERS ATVAKRE

"1 Experimental parameters determined by beam parameters

1 CERN AWAKE ..
* p*-driven

» SMI saturates in ~5m
 Study SMI or p*-bunches

* Remain in ~linear PWFA
regime

* ~GV/m over 10* m
» Externally inject e

 Accelerator experiments

1.5 - 11.5x10'° protons —

30.0x10'" protons

1.0 —
Saturation of

the instab]lity

Eaccel [GeV/m]

0.5 - //“ —A\ ‘\L"\/\‘__m —
/ =
L. .~5-6m
0 2 4 6 8 10 12 14

Distance [m]

© P. Muggli

Parameter PDPWFA PWFA
nefem ™3 6 x 104 2.3 x 107
fre| GHZ] 220 4'300

o, [pm] 200 10
or[c/wpe] 0.9 0.9
o¢[cm] 12 5 x 1072
o¢(c/wpe] 553 45

e/ Mpe 88 7
Eo[GeV] 400 20.5

Yo 426 40’000
Npart 30 x 1010 2 x 100
ny/no 2x 1072 107!
e ) 10 1
LPasma(e /ey ] 46056 90173
Iplasmafy  7/330 14'352
en[mm - mrad] 3.83 50

"1 SLAC E209
* e’/et-driven

» SMI saturates in ~5¢cm
» Compare SMI of e’/e* bunches

 Reaches nonlinear PWFA
regime

*>10GV/m

» Multi GeV energy gain (drive
particles) in ~1m
» SMI diagnostic

40: L | rrrrJrrrrprrr

. =20 ]
L =~ ]
: 5 ]
30 F ¥ E
. - =05 ]

0 10 7
Distance (z) [cm] _

20 —

1[GV /m]

E:\.(

10 £

Distance (z) [cm] 8pDgzit
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SCHAFT

SMI-PWFA SIMULATIONS

OSIRIS 2.0

AWAKE—

osiris
v2.0

i

INSTITUTO
SUPERIOR
TECNICO

UCLA

osiris framework

Massivelly Parallel, Fully Relativistic
Particle-in-Cell (PIC) Code

Visualization and Data Analysis Infrastructure

Developed by the osiris.consortium
= UCLA +IST

Ricardo Fonseca: ricardo.fonseca@ist.utl.pt
Frank Tsung: tsung@physics.ucla.edu

http://cfp.ist.utl.pt/golp/epp/
http://exodus.physics.ucla.edu/

New Features in v2.0 ‘
@

Tunnel (ADK) and Impact lonization

Bessel Beams
Binary Collision Module

Dynamic Load Balancing

PML absorbing BC

Optimized higher order splines
Parallel I/O (HDF5)

Boosted frame in 1/2/3D

Patric Muggli | May 23rd 2012 | IPAC - New Orleans Louisiana, USA

Benchmarking with (for AWAKE only!):
71 OSIRIS: R. A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002).
1 VLPL A: Pukhov, J. Plasma Phys. 61, 425 (1999)
71 LCODE: K. V. Lotov, Phys. Rev. ST Accel. Beams 6, 061301 (2003) o5+
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SEEDING OF SMI e

MAX-PLANCK-CESELLSCHAFT /\v

Full e Bunch z=10cm Half-cut e Bunch
200 [ T T T T | T T T T | T T T T | T T T T | T T T T T T T \ | T T | T T T T
—> —>
\ | E 10_1
150 : ‘ ",‘ ““,“"‘ H““\" “’N“ 0 | "‘ ‘ ‘| ‘ "I ' — ]
A .. I\ ' “‘I.” “I 'll
|l “|| “- —
100 1’” " ] =
— | — —
g ] 3 B
% L Q 'r‘l“"_’! 3 10 %
IR T ” { "‘”” m 1 A
50 = VIIPEY Ll m 1 ;
] b
| I(a)l ] 1 | 1 1 1 1 1 1 I( I) ] 10—5

3D simulations N;,;=1x10"0 e-

Position (§) [mm]

1 Long bunches in plasmas are subject a two-stream instability or hosing-
like instability  \yiithym, Phys. Fluids B 4, 730 (1992).

1 Seeding SM with shaped bunch decreases hosing (preformed plasma%

1 Use 2D simulations with shaped bunches <=> no hosing

© P. Muggli




MAX-PLANCK-CESELLSCHAFT

COMPARISON e /e*

_z=2cm

z=1m _

e Fa

@ E__~0.6E,5

1t )

ATWAKE

Position (&) [mm]

1 SMI of e~ and e* identical only in linear regime (
71 SMI leads to the resonant excitation of wakefields
1 Less e* remain to drive wakefields in the non-linear regime

© P. Muggli
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- . FOCUSING NONLINEAR REGIME Al
E-cB, @ r=o /}

Focusing e_ } 2 5cm Half-cut e- Bunch e+

LILILL rriri LI LI LI LI LILELEL I rrri I LILELEL I LI I LI L] I LI
e I I REN 2 | y ol ] 10
E i
= 22.5F -4 05
S ' S
° ey
A -22.5¢ L 1l | M ¥ i
;le* - | I — (00 i T it 0.0 8

L SMI Bunches i _ i ]

N 71 Focusing | |

- (a) — > ] 22,5 q-0.5

_45.0-I L1 1 I L1 11 I L1 11 I L1 11 I L1 11 I L1 1 I-_l.O : 11 1 1 I 11 1 1 I L1 11 I L1 11 I L1 11 I | I . | :
0.6 0.7 0.8 0.6 0.8
Position (§) [mm] Position (é‘) [mm]

1 Focusing structure in the nonlinear, blowout regime more favorable for e-
than for e*

1 More e to drive wakefields to larger amplitudes
1 Focusing and bunch profiles evolve along z %
Lp-Dyzit
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WEAKLY NONLINEAR REGIME it

MAX-PLANCK-CESELLSCHAFT

yd

Half-cut e: Bunch Plasma Beam
20 T T | I T T T T T T | T | T I I I | [ [ [ | - 2.0 1,0
e, z=1m n,=6x10'6cm-3 -

_5 0.8
115
- Pl = 06
- £, =
= [ ]1.0 ] —
-1 £ FHo04 =
2 1% Loz
= Lloo L1 0.0

Distance [mm]

Injection of a withess bunch

1 Evolves into n,>n,, fields add, reach weakly non-linear regime

1 “Bubbles”, pure ion column generated, but fields add rg ., c=beam XA’;

© P. Muggli




MAX-PLANCK-CESELLSCHAFT

WAKEFIELDS & ENERGY CHANGE ATVAKRE

(by drive particles)
z=1m, 72 cut E
40 -ttt 0 TTTTTTTT[TTTTTT 17T J TT IOI lllllllllllll
s ] 10 REDARA ' 3
20 ] n e €
- = ] 2 |
30 f = E 5 \ :
— : e- 0.5 ] 2 ]
X ] 71 3
é - 0 10 1 < 10 \ E
- 20 E \ Distance (z) [cm] A % | ] ﬂ
S 5 S ]
% C e+ 3 @ +7 3 Half-cut e Bunch
S : = ]
0\ : 210 GeV V’-
L . o ]
: . -15GeV ]
: : :H: llllllllllllllY llllllll l lllllllll
O L PR T S N ST TN TN NN TN TN TN N WA WO SN A S T 0 10 20 30 40
0 40 0 Energy [GeV]

Distance (z) [cm]

1 Peak SMI wakefield (~35GV/m ) ~ single bunch peak field (~50GV/m)
Es=46GV/m @ n_=2.3x10""cm"3

1 Large energy loss >10GeV (e @1%/GeV level)
1 Energy gain >5GeV (e, e* @1%/GeV level) %

1 No externally injected particles

© P. Muggli
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MAX-PLANCK-CESELLSCHAFT

%«v ) SMI PHASE VELOCITY

Schroeder et al., PRL 107, 145002 (2011)

/ W/I KE

Pukhov et al., PRL 107, 145003 (2011) Half-cut & Bunch
I 1 I 1 I 1 1 'ﬂl I‘ 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
L i — :(b) +-—— — -’ B
UL | 1F c - —=1k
— 10 ' 1 b 0 RN b
E B “ 1L d i il
S . 1L v i
g 30 N [ * Ditance () o) [
=] B ‘ 4 L J
_fg - : 4 L Al
A 20p ol 1
Accelerator [ 1 [ 1
T 10- i L —:

O | |y ). | Teye— ’I |- I o). -y

M\&»ﬁ‘#ﬁ%

f

0.6 0.7
Position (§)[mm)]

o
o0

Buncher

1 Wakefield slips “backwards” for z<5cm

Wakefield ~v,~c for z>5cm

"1 Better structure with e~ than with e*
1 Observable effect? Not so important since no external injection %
LpDyzit
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Eocca[GeV /m]




E209 @ SLAC VAR

1 SMI physics with e~ and e*

[ Seeding SMI with shaped bunch in pre-formed plasma
1 SMI — hosing instability competition
1 No externally injected e

1 Multi-GeV energy gain/loss in m plasma

Lp-Byzit
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1 Summary
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MAX-PLANCK-CESELLSCHAFT

PROTON BEAMS @ CERN ATVAIE
CERN Industrial Beam Complex

CMS
Y — Parameter PS

E, (GeV) 24 | 450 450

N, (1070) 13 | 105 30

SPS

AE/E, (%) 0.05 | 0.03 0.03

o, (cm) 20 | 12 12

gy (MM-mrad) 2.4 3.6 3.6

............ | o (um) 400 | 200 200

p* (m) 16 | 5 5

Leir

L,~5-10m
n,~7x10"4cm3 (k o~1)
CNGS experimental area Ape~1.3mm<<c,=12cm
fs~240GHz
1 Choose SPS beam: Higher energy, low ¢,*, long p*

1 Goal: ~GeV energy gain by externally injected e, in 5-10m of plasma %
in self-modulated p* driven PWFA Oyt

© P. Muggli




PROTON-DRIVEN PWFA @ CERN 14>

MAX-PLANCK-CESELLSCHAFT

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

I 10.014
on= ;gocmm 1= 10 cm (very long) I I To P o2
O-L__ ! 10 10 o.= 200 IJm ma
N = 11.5x101° (30.0x107) L | oong
no/no = 0.00217 (linear PWFA)

v =20 (10 MeV)

e Simulations: 0005 &

J. Vieira o0y S
‘. 0.004
- 14 om-3
no = 7x10™ cm n. =425 cells
A=1.2 mm ~ g /100 - "
P _ n = 18000 cells
Uniform density 4 particles per cell
Immobile ions -

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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71 SMI of long (~12cm), 450GeV SPS bunch @ Ae=1.2mm

Large amplitude

et Wi

Long beam:

Simulations:

© P. Muggli

0z~100 A\p J. Vieira
480
o 2F =
= 8
g 1F uf
Defocusing , o
regio“s \j 11 meters 10 0 Lo
E' 3\ b EQBU
£, ‘ 72 2 M
240 3 )}“
S unun . 8
(n'd RARPIALY PRI | AITAORIAIR 3 R N ARAM 1111 01 5 Lum ]
Oo 106 21.2 318 980, 06 515 318
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 oosie
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1 SMI of long (~12cm), 450GeV SPS bunch @ A,

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

ATWVAKE—

= S L L L L I L L L L L B

P T T Ll

15 11.5x10'° protons
30.0x10'? protons
£ 10l .
3 Saturation
3 the instabt
& 05
—_J_,//Q, L ,~9-6m
0 " Ll l 1 %al Ll l |- I |- L

0 2 4 6 8 10 12
Distance [m]

» 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)

@ 5 meters

T S
25 B
g GeV-class | |
5 20p electrons @ |
<, C ]
3 15 [0 meters | -
g - .
[ L 4
S 1.0 .
= - -
[ o i
o C ]
0.5 - -
0.0 _l PRI SR SN NN TR TR SR NN SO ST ST S ST S S S R BN —:

0.0 0.5 1.0 1.5 2.0

Energy [GeV]

» Acceleration of external electrons to high
energies

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

Simulations:
J. Vieira

o1= 10 cm (very long)
0,=200 pm

/o= 1.32x107

y =20 (10 MeV)

Test e

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
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e SIDE INJECTION

Corerre Lotov, J. Plasma Phys. (2012)

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

Reflected
Accelerated
€ 4 \
N )’Z ’}' /

(b)

Trapped
Accelerated

== - 0
LU

-V 1
a,, ~——=~—~mrad for E,_=5-20MeV
C 2y

L,
)

(a

1 Generates narrow final energy spectrum
1 Trapping efficiency <60%, test particles

1 Must inject in saturated SMI, where Vo=V

© P. Muggli
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— HEINRICH HEINE
MAX-PLANCK-CESELLSCHAFT

Phase velocity of the wake

HQ-VLPL3D simulation Pukhov et al., Phys Rev Lett (2011)

The wake is slowed down. Its
minimum gamma-factor is

(Voh—C )/ ¢, x10 (b)

Ymin™ 40

This is order of magnitude
below that of the beam

0

0 00

<O'Olf , . TT
zm 2 5 200

Distance, meters

pukhov@tp1.uni-duesseldorf.de %
%6

P. Muggli, JAI 21/02/2013
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MAX-PLANCK-CESELLSCHAFT

Table 1: Proton beam parameter at upstream entrance of the plasma cell.

Parameter Nominal Value
Energy 400GeV

Bunch Intensity 3x10" p*

Energy per Bunch 19.2kJ
Repetition Rate 0.03Hz

Energy Spread 0.34% (rms)
Transverse Normalized Emittance ex= 3.5mm-mrad
Focused Transverse Size (at f*=5m) o*=0.2mm
Bunch Length o~ 12cm

Angle Accuracy <0.05mrad
Pointing Accuracy <0.5mm

Focal Position Plasma Cell Entrance
Number of Run Periods/Year 4

Length of Run Period 2 weeks

Total Number of Protons/Year 4.86x10'

Not modulated

© P. Muggli

107

cm -10.6 -10.5

“)  SIDE INJECTION SIMULATION RESULTS

e/

(a)

ATWAKE

3 | E;=13MeV

% | ©,=5mrad

2 { N=7x10"cm=

% ”r]trap“'Scy0

S | AE/Ey=2%rms

5 | Zip=4m

g | z=10m

£

=]

Z ——r ey

18 19 20 21 22
Energy, GeV

"1 Results from LCODE, K. Lotov
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lonization front

E @S

Laser Long p* bunch

» Laser pulse creates ionization
front

» lonization front acts as if long
proton bunch is sharply cut

» Laser pulse excites wakes to
directly seed the instability

D. Gordon et al, PRE, 64 046404 (2001).

=

» wo/wpe ~ 1000 - 4000
» 1000-4000x smaller Axy
» 1000-4000x more CPUh

» ~10 million CPUhours using standard
full-PIC for 5 m

Equation for laser pulse envelope:

1 1 0 5
(’94;— 2iwo [(1+ 1wy O +VTL>] ¢

=T jaser g=x-ct Iaserl
frequency envelope

© P. Muggli

/
D. Gordon, et al., IEEE-TPS, 28 1135-1143 (2000).
LpDyzit




=

SPS Proton SPS proton

bunch zoom bunch

a, = 0.1
Wo = 2 C/(Dpe

plasma (10"4/cc)

Immobile ions are considered
to avoid plasma ion motion
J. Vieira et al, Phys. Rev. Lett. 109 145005 (2012) '14,..A,>H-

© P. Muggli P. Muggli, JAI 21/02/2013




SMI SEEDING AV

ST R EeEa T SLAC e beam case, Vieira et al., PoP (2012)

71 Seeding of SMI is NECESSARY

L L | 7 100
- — =
004r No-seed  Seed ] "
L 50
o) 0.02 C b
3 o] UHHH\H\HMM‘w\HHHHHM ‘H‘H‘Hmh L B X 05
: ot AT : r
w002 . ‘ 1H 0
-0'04:_ ! ! ! ! ! ! ! _r £
17400 11600 11800 12000 12200 12400 12600 1280 1, =
Position [c / o] 1 z
A
1 No seed no SMI (over 10m) mill

laser 1 Hosing mitigation
Vapor

p+

71 Deterministic e- injection

1 Need to keep laser-ionized source for seeding %
LpDyzit

P. Muggli, JAI 21/02/2013
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rf gun

10-20MeV e e” spectrometer

lonizing o EOS ) 0.1-2GeV
Final Laser lagnostic
Focus Pulse .
p* dump

M € >€ > Lsser Dutmp OTR/CTR

+ : ilagnostics ' i
p* from SPS ) SMI Acceleration g Diagnostics

’ laser
Vapor

1 Laser ionization of a Rb metal vapor,

7-10m plasma, n,=10"4-10"°cm-? o*

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

1 SMI-acceleration “separated”
1 0.1-5GeV electron spectrometer

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

© P. Muggli




) CNGS EXPERIMENTAL AREA S
07m*07m*07m W?n -

Primary pump laser spexeforhanding

P——
from SPS
m —— 05m*05m*1m , Gamera 1.2m*3.6m*1.5m
Tisapphie - 0.7m*0.7m*0.7m 05m*03m*im —
26m*12m*15m Smtmm PlasmaCel degostispr)
10m*1m*05m Quadripde
Power supply kser P = 05m*05m*05m
— andproton < >
ntimim 0.5m*0.5m*0.5m Oom Qe *22m ~1 Om
C&W Edda Gschwendtner CERN Project Manager %
\ .
w9 Chiara Braco, Ans Pardon, ... A
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MAX-PLANCK-CESELLSCHAFT

1 Two possible options:

e GUN PHOTO INECTOR

1 New gun from ASTeC Daresbury Laboratory

AWAKE - INJECTOR MODULE

RF Gun

Support
Pedestal

S

Booster Linac

Quadrupole
Magnet

........

‘‘‘‘‘‘‘

kkkkkkk

Synthetic
Granite Girder

lon Pump

Horizontal and YAG

Vertical Corrector
it . Magnet \ i
18 =i
2 g w

Susan Smith
Tim Noakes

1 PHIN gun from CERN-CLIC

ATWAKE

Table 3: Design parameters for the electron bunch to be injected in the plasma wakefields.

Parameter Nominal Value
Beam Energy 5-20MeV
Energy Spread (rms) <1%

Bunch Length 0.3-5ps
Laser/RF Synchronization 0.1ps
Synchronization to Experiment 0.1ps
Repetition Rate 10Hz
Focused Transverse Size <250pm
Angular Divergence <3 mrad
Normalized Emittance 0.5 mm-mrad
Charge 1-100pC

71 Must provide long (side injection, 1 plasma) and short (on axis, 2-plasma) bunches

1 lonization laser will also be used for the pho-injector (synchronization!) %

© P. Muggli
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MAX-PLANCK-CESELLSCHAFT

rf gun R
‘Hll“:: P

| e- 10-20MeV e-
gun

Plasma

e” spectrometer

EOS " 40'Gev
Diagnostic

Laser

lonizing
Final Laser

Pulse Plasma I

Focus

p* dump

VI <—>Laser0TR/CTR< > OTR/CTR
p* from SPS | SMI D'ag”OS“CSAcceIeration Diagnostics
. Seeded Discharge/Helicon

1 Laser ionization of a metal vapor (Rb),
3-4m plasma for p* self-modulation only, SEEDING NECESSARY!

1 ~10m discharge or helicon source for acceleration only

1 Helicon plasma source scales well to very long plasmas (>100m) %
LpDyzit

1 Maybe able to tune plasma densities to maintain accelerating gradient

© P. Muggli
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1 Metal vapor source (Li, Cs) ~ SLAC experiments

1 Very uniform, very well known
1 lonization? Scaling to long length?

1 Long gas discharge

1 Simple, scalable
1 Density?

"1 Helicon source

71 Scalable
1 Density? Uniformity?

"1 Others?
"1 Choice to be made

© P. Muggli

&) PLASMA SOURCE FOR PWFA @ CERN

ATWAKE

P. Muggli et al., IEEE Trans. on Plasma Sci. 27, 791 (1999).

+ Lithium vapor in a heat-pipe oven* Flasma Light

Heater Wick Diaggostic
ol Ll e —
o ] Fpe e e EE——r————— —
Be
Window) aser Cooling Jackets

/Boundary Layers

[m:g'fs{elv]Pli’ls _ N _ _ _  nz0535x107 cm?3
el 2 T=700-1050°C
He—|[|—— Li —|}]|«— He [=10-120 cm
. N Po~1-40T
z

—

Press

Particle E1 E2 Particle
beams beams
— | 1 1 [ ] -
—_— ——
_— LILT L[] [f aﬂ LI —

® ®
Vacuum - 4 4 4 Vacuum
chamber 1 Pulsed gas injection chamber 2
1 | r gasiny 1 | r
Vacuum Vacuum !ﬁ
Pump Pum;f\I
. Lopes

neutral gas
capillary

pumping
unit

magnetic field coils

\ laser interferometer /

electric probes

quarz vacuum tube

matching network /
rf source

.. Max-Planck-Institut
O. Grilke W fiir Plasmaphysik
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71 SMI-PWFA: instability + resonantly driven *-

1 Requirements for SMI growth rate

n,=6x10'6cm-3

0.65 1.30
Distance [mm]

Schroeder, Phys. Plasmas 19, 010703 (2012)

For a linear gradient: 1+ 7

e0

1/3
. : 2yn ,,m
Instability suppressed if; L<(—n ;’n”) o."L)’
b0 " "e

n(2) |z .

S
21 60%/10m
g

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

Uniform (a)

30%/10m

588%/10m

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

1 Requirements witness bunch acceleration 00
If A, changes locally injected electron will be defocused

A A
=2—m;:16ne <£ = on, <20 70 0259
)»peo 2n,, 2 n, 4§ 4o,

1 Tight requirement!
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Rubidium vapor pressure curve

Rubidium vapor source sketch Rb
—10" -Cs :
£
Rb Vapor, 0.07 mbar, 10*°> cm3 = /
'§1014 / /
o
8 '
/ T<200°C
E. Oz, MPP .
10 : :
R 100 120 140 160 180 200 220

Temperature (°C)

1/ AT

1 Statistical temperature variations in a gas:((a7)’) - 1/ o107
1 Tunnel lonization, threshold process: Typ'ca"y Cv‘1000J/k9K

Plasma density contour with absorption 1 ¢ Elo
lre™(Pro/Prie)*lHe=1.7x1072Wem-2 ” neural - [ I
l,,,=1.54x10"%Wem2, ¢g,=4.2eV, ¢,,,=24.6eV ) i /

|l Laser _
S. Augst et al., Phys. Rev. Lett. 63, 2212 (1989) E lonized 1.2mm E |

BieTRA 5'30_- / x—";’?'A

laser 22 i '//'/:/*/ '
T Rusnack, Bachelor Thesis, UM © & & & & %

Plasma length [m]

1 Uniform neutral density (T) + threshold ionization + co-propagation %

LpDyzit
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OQUTLINE

 Introduction to Plasma Wakefield Accelerator (PWFA)

A Introduction to the self-modulation instability (SMI)

[ SMI experiments at SLAC E209 with e/e*

[ SMI PWFA experiments at CERN with p*: AWAKE

1 Summary

© P. Muggli
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* Plasma Wakefield Accelerator (PWFA) W
A high energy particle bunch (e, e*, ...) ,% /4
P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

 Laser Wakefield Accelerator (LWFA)

A short laser pulse (photons)

* Plasma Beat Wave Accelerator (PBWA) q‘w

Two frequencies laser pulse, i.e., a train of pulses

» Self-Modulated Laser Wakefield Accelerator (SMLWFA)

Raman forward scattering instability

in a long laser pulse
evolves into

» Self-Modulated

PWFA (SMPPwrFA) ‘—
evolves into
"Pioneered by J.M. Dawson, Phys. Rev. Lett 43, 267 (1979) Ap-Byz it
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SUMMARY ATWAIKE

1 p+ bunches are the only drivers with enough energy for PWFA to the energy
frontier

1 Observe self-modulation instability (SMI) of long particle bunches in plasma

1 Signs of SMI seeding in ATF experiments

1 SLAC E209 SMI physics experiment with e’/e* (2013)
*Transverse modulation
-Large wakefields (~10GV/m)
*Seeding (cut bunch)
*SMI/hosing competition
*e/e* differences

3 SMI PWFA experiments at CERN with p* (2015)
*PWFA driven by p* bunch

*SMI of p* bunch

Seeding (laser ionization) A VWASEE
~GV/m over 10m

External injection of electrons

*Beginning of a long term program at CERN for p*-driven PWFA %
1 Other SMI experiments (DESY, UK, ...) (.
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