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e -Witness p*-Driver

proton

bunch
ILC, 0.5TeV bunch with 2x10™% ~1.6kJ U
N
<~SLAC, 20GeV bunch with 2x10%%- ~60) e s

Rf photoinjector

<~SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) ? e

<SPS, 400GeV bunch with 10'p* ~6.4kJ
LHC, 7TeV bunch with 10p* ~112kJ

<A single SPS or LHC bunch could produce an ILC bunchmispm
a single PWFA stage!

Caldwell, Nat. Phys. 5, 363, (2009)

<>Large average gradient! (21GeV/m, 100’s m) ff;:\]
\E

<>Wakefields driven by e* bunch: Blue, PRL 90, 214801 (2003) AT FLINCE GERTLIICHATT
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PROTON-DRIVEN PWFA

Caldwell, Nat. Phys. 5, 363, (2009)

0,=100pm
N=1010 N=1011

Single gmm W =16) W,=16k]
Stage W=1k!

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 pum

Initial proton bunch angular spread oy 0.03 mrad

Initial proton bunch transverse size Oxy 043 mm

Electrons injected in witness bunch Ne 1.5x10'°

Energy of electrons in witness bunch  Ee 10 GeV

Free electron density n, 6x10™ cm3

Plasma wavelength Ap 1.35 mm

Magnetic field gradient 1,000 Tm™!

Magnet length 0.7 m

<>Accelerate an e bunch on the wakefields of a p* bunch
<-Single stage, no gradient dilution
<>Gradient ~1 GV/m over 100’s m

<Operate at lower n,, larger (A .)°, easier life ...

ATWAKE
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% PROTON-DRIVEN PWFA

Ml ik Caldwell, Nat. Phys. 5, 363, (2009)
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Kumar, PRL 104, 255003 (2010)
7=0, & 20 z=5cm, e’ J. Vieira, IST
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Grows a!ong the k?gnch & along the plasma pukhov et al,, PRL 107, 145003 (2011)
Convective instability Schroeder et al., PRL 107, 145002 (2011)
<>Radial focusing/defocusing with longitudinal period! =
<~Initial small transverse wakefields modulate the bunch density )/

J. Vieira et al., Phys. Plasmas 19, 063105 (2012)
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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

i

INSTITUTO Ricardo Fonseca: ricardo.fonseca@ist.utl.pt - | Optimized higher order splines
Teenico Frank Tsung: tsung@physics.ucla.edu - | Parallel I/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

Benchmarking with (for AWAKE only!):
<>OSIRIS: R. A. Fonseca et al., Lect. Notes Comput. Sci. 2331, 342 (2002)

<-VLPL A: Pukhov, J. Plasma Phys. 61, 425 (1999) ()
<-LCODE: K. V. Lotov, Phys. Rev. ST Accel. Beams 6, 061301 (2003) e/

MAX-PLANCK-CESELLSCHAFT




A~ PROTON BEAMS @ CERN

Max-Planck-Institut fiir Physik
(Werner-| Heisen! berg-Institut)

CERN Industrial Beam Complex

CMS

oy Nqﬁh Area

ALICE

\/ T80
1
/{/. AD
1-r2
/

ATLAS

Lon conversion

CNGS experimental area

<>SPS beam: high energy, low o.*, long B*

Lo N0, (em)
)

AVWAICE

Parameter PS SPS Opt
E, (GeV) 24 400 400
N, (10%9) 13 10.5 30
AE/E, (%) 0.05 0.03 0.03

20 12 12
ey (mm-mrad) 2.4 3.6 3.6
o.* (um) 400 200 200
p* (m) 1.6 5 5

n,~7x10%cm? for k0,1
Aye~1.3mm<<o,
f,~240GHz

L,~10m~23*

<Initial goal: ~GeV gain by externally injected e, in 5-10m of plasma

in self-modulated p* driven PWFA

WO /
e 1/

MAX-PLANCK-CESELLSCHAFT
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A AWAKE EXPERIMENT @ CERN
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*Kumar, Phys Rev. Lett. 104, 255003 (2010) P. Muggli, NA-PAC’13 09/30/2013
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lonizing ‘ EOS '
Final Laser Diagnostic
Focus Pulse I
p* dump
€—><€ > Laser dump  OTR/CTR
’ . Diagnostics D ti
p* from SPS SMI  Acceleration lagnostics

laser

vvvvvvvvv LS L B B L L L N L

g Propagation direction ]

Gz~100 Ap \;

<-Short laser pulse creates the plasma and seeds the SMI
<0,~12cm >> A ~1.2mm (n,~10%cm3) => Self-modulation Instability (SMI)*

Vapor

MAX-PLANCK-CESELLSCHAFT

*Kumar, Phys Rev. Lett. 104, 255003 (2010) P. Muggli, NA-PAC’13 09/30/2013
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lonizing ‘ EOS ‘
Final Laser Diagnostic
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<>The wakefields grow ...

, GV/m
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oo AWAKE EXPERIMENT @ CERN @
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SMI DIAGNOSTICS
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il
lonizing EOS -ﬂ il ﬂﬂ
Final Laser Diagnostic oottt T
Focus Pulse I
e a5 > Laser dump  OTR/CTR
. ) Diagnostics  Diagnostics
p* from SPS SMI  Acceleration ¢
2 L=0m . . a) . Light
Eﬂl Not modulated Simulation by K. Lotov E|ectr0-0pt‘IC -
27 L=4m FuIIy self-modulated, v¢z=njecon ® Sa m p I I ng Optial Fber (SHFZ2)

in Frequency Domain
(O. Reimann, MPP)
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. % AWAKE EXPERIMENT @ CERN @
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<-e” side-Injection
Lotov, J. Plas. Phys. 78(04), 455 (2012).

e’ spectrometer
10-20MeV e- EOS 0.1->2GeV

lonizing _ _
Final Laser <> Diagnostic
Focus Pulse
p* dump
< >€ > Laserdump  OTR/CTR
p* from SPS | Acceleratjon SMI  Acceleration Diagnostics  Diagnostics
il _
g;i 270
g > 250
§ 240
3001k 1150 1200 1250 1300
7 Injection Point ] a1 .
(;’ — 1-0 600} [— Measured
T 3 500} Eg=13MeV
e injection ) 2 B
J laser S ol On=9mrad
2" n =7x10"cm3
Vapor S 800} 1),,,.~5%
8 ol AE/Ey=2%rms
+ zIﬂj:4m
P 100} 2.=10m
- ~ M ~ 0 * * : *
<-Accelerate e to ~GeVs with ~“GeV/m oie de R 2

gradient ek - C ESELLSCHAFT
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e’ spectrometer
EOS 0.1->2GeV

10-20MeV e

lonizing - .
Final Laser > Diagnostic
Focus Pulse
p* dump
€ >€ > Laserdump  OTR/CTR
’ . Diagnostics D ti
p* from SPS SMI  Acceleration lagnostics

Laser power
supplies

iiiﬁiiﬁﬁiﬁ'fﬁf&'fX%‘v‘fiii‘é"éiif?éimks ¢CERN team already tra nslated our
dreams into CAD drawings

Access gallery

Items in : existing CNGS equipment (cable trays, pipes,...)

<>Next step: make it real!

10m

Laser & proton beam
junction

Plasma cell
(10m long)

| O e
el || CIEEE
_ ‘ | ' 071 | l‘ =
p - LT
Future A_\%j&/&gxpérlmental area ;-d*/l
(will be empti Ly
’éd.)\ n A-CESELLSCHAFT

’ Electron spectrometer

Experimental

Diagnostics
CNGS target area
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rf gun | ‘4“3‘.*‘.J
10-20MeV e |

e  spectrometer

EOS 10*GeV

Diagnostic

lonizing
Laser

Final

Focus Pulse I
p* dump
(H(RLHa €—>  omr/cR € > OTR/CTR
p* from SPS o SMI I‘aserDiagnos’dcs Acceleration Diagnostics
.. Seeded Discharge/Helicon
Ifi
o TS Argon discharge
<>Laser ionization of a metal vapor (Rb), plasma source

3-4m plasma for p* self-modulation only, SEEDING NECESSARY!
<>~10m discharge or helicon source for acceleration only

<>Helicon plasma source scales well to very long plasmas (>100m)

<>Maybe able to tune plasma densities to maintain accelerating gradient e/

MAX-PLANCK-CESELLSCHAFT
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ATWAKE

<>First p*-driven PWFA experiment

<>Take advantage of large energy (J) of p* bunches; lower gradient, larger size
structure approach

<Initially use self-modulation of long (~12cm) of p* bunches in dense plasma (A,.~1,2mm)
<-Study physics of p* bunch SMI (growth seeding, parametric dependencies, etc.)

<-Sample wakefields with externally “side-injected” e: GeV energy gain

.........

(o))
o
o

leasure
E,=13MeV
0,,=9mrad
n,=7x10"cm3
3001 15 ~5%
AE/Ey=2%rms

<>Accelerator experiments with on axis injection, beam loading, etc

<>Many challenges (plasma, stability, injection, etc.)

Electrons per pixel

<>Long term project: short p* bunches, long plasma sources, etc. 2"53'«:
<>Collaboration formed ... oo
<>Experiment “corridor-approved” at CERN

<-Experiments planned for 2016 ... p: _)\

\|\
\Dw /

MAX-PLANCK-CESELLSCHAFT



WAKefield Experiment A TVASECTE—

Proton-driven Plasma Wakefield Accelerator at CERN

*  Proof-of-principle experiment:
accelerate in a short distance
charged particles

* Candidate for future high energy
accelerators

* Toward single-stage TeV lepton

accelerator
%ét

Max-Planck-Institut fiir Physik

(Werner-Heisenberg-Institut)
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MOPACO02, Muggli

MOPAC49, Fang
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S B LR BN BN BRI B BB IS
1.5:— 11.5x10'"? protons —:
- 30.0x10'” protons

E 10l —

20 Saturation of

5 the instability
L'.r;‘g 0.5 — __
Ul el e T B | i BRI B

0 2 4 6 8 10 12 14
Distance [m]
@) 1.22 stepped-u (®)
§ 1_0E pp p
p /~ |on, O 0.8-
% 0.6
| N 0.4{
0.2 uniform
z 0 20 40 60 80 100
Z, m
<> Peak gradient can be maintained over long distances with a plasma
density step!

<> Possibility for ~100GeV in ~100m?

Lotov, Phys. Plasmas 18, 103101 (2011)

MAX-PLANCK-CESELLSCHAFT
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% PLASMA DENSITY REQUIREMENTS ANWVAKE

O B
e, z=1m n,=6x10'6cm-3

<-SMI-PWFA: instability + resonantly driven

<>Requirements for SMI growth rate oo
( ) Schroeder, Phys. Plasmas 19, 010703 (2012)
n.z < AT T T T T T T T MNEEEN ]
For a linear gradient: ; =1+— | Uniform @
e0 5 3 30%/10m
2yn m | S 60%/10
o . e ¥Q i (o] m
Instability suppressed if: L <(#) oL &7
n,..m o |
voTe < 588%/10m
[ (d
<>Requirements witness bunch acceleration 1%

If A, changes locally injected electron will be defocused

A A
=2n§lc§ne PN on, o Mo g 9se
)»peo 2n,, 2 n, 4§ 4o,

<Tight requirement!

Lotov, Phys. Plasmas 20, 013102 (2013). A PLANCR CESELLSGHATT
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SMI SEEDING AR

Seeding of SMI is NECESSARY

L e A A |

0.04 - -

No-seed  Seed 1

@ 0.02 C N

R ]
oo R

W 902} ]

004 | | | | | | | g

11400 11600 11800 12000 12200 12400 12600 1280

¢

<>Need to keep laser-ionized source for seeding

Position [c/ w,]

No seed no SMI (over 10m)

SLAC e beam case, Vieira et al., PoP (2012)

200
r R

16410

14107

Density [n,]

4 107

<-Hosing mitigation
Vapor

p+

<>Deterministic e- injection

MAX-PLANCK-CESELLSCHAFT

P. Muggli, NA-PAC’13 09/30/2013
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<>SM Instability, grows from noise, “random”

<*Instabilities can be seeded by a larger-than-noise signal

Preceding e-bunch “Cut” bunch or plasma
=g Energy
0.8 ‘ ATF Beam Line 2 ‘ Spectrometerk
i E
E,(MV/Im)  n——— Soe oy s /A
300 0 300 Ny
t 0 beam—). & E
) - - - - e N
- - - - oL/ ‘
E; (MV/m) . .. .. " No HESsIng o
?"""'”’T"l"'""'"""'l'"""""""r"‘"""""""l S — T — e L S t
SGEd (a) -un -inac e- beam
100 E_ -_— R:/IG li, PRL. l(l;l 054801 (2008 Quadrup()le
b - - PRUS§I§AI;3 13, 052803 (2010() ) Dipole
- .‘.’.‘E

10 ot

1k ~ |
01t o7 . - HOSINgG |
P No seed 1

0 2 4 6 8 10
z(m)

Lotov, PRST-AB 16, 041301 (2013)

Experiment

Transverse Size (pixel)

583 588
Energy (MeV)

Y. Fang, WG1 talk

Fang, to be published

<~Shortens length to saturation <~Generates periodic wakeﬁelqi:;‘_ﬁ:;g- )
<-Suppresses hosing e/

MAX-PLANCK-CESELLSCHAFT
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<-Single, long plasma

<-Low energy test e  injected sideways are trapped and bunched
in a few wake buckets

Trapped 5 E,=13MeV
Accelerated o _
L N LR LA LELEL LR LR LR IS 0<}<e a 5 ®inj_9mr1a4d 3
1.5 } ,\J‘Lﬁ 11.5x10'° protons 5 o\‘\ V é 1 ne=7X1 0 Cm-
. [ e"’ /\ 30.0x10'° protons ] d:—:’ T] trap~5 %
Sl e : S | AE/Ey=2%rms
g [ K8 VoV C r qu =4
& 05 - — —
: JW z é Zf_1 Om
0VT| [N PRI ETRTr B 1 |_ (a) E T ¥ T T T
o oz 4 6 B, 0 12 u 1.8 1.9 2.0 2.1 2.2

Energy, GeV
-V 1 gy

a ~ ¢ ~ ~ ~ m}’ad for Ee_=5-20MeV Wakefields E,

Trapped e

c 272

<Inject in saturated SMI, v,=v,=c

. Pukhov, Phys. Rev. Lett. 107, 145003 (2011)
<>Generates narrow final energy spectrum

<Trapping efficiency <60%, test particles (7 )

%0 '
VOR /
e 1/
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<>Comparison positively/negatively charged bunches after SMI saturation

: T T T T e 1.0
= - 16~m-3
o =6x10'0cm - - !ﬁ
g é _
= - 06 Simulations:
10 E - J. Vieira
i ] 04 £
5 =
i g 0.2
0F e ! 5 0.0
0.00 0.65 1.30
Distance [mm]
1 0.0 0.20
- 1-04
3 ] = &
é = 108 % i 0.10 §
k o - &
| “l | 12
[ . A -
IR nr .
R ENEE Ry NS ; 0.00

Distance in beam (z)

<>Phase difference, as expected from simple physics

MAX-PLANCK-CESELLSCHAFT
P. Muggli, NA-PAC’13 09/30/2013



