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p*-DRIVEN PWFA

Focusing (E,)
Decelerating (E.)

<ILC, 0.5TeV bunch with 2x10%"
<-SLAC, 20GeV bunch with 2x10%%e
<-SLAC-like driver for staging (FACET= 1 stage, collider 10* stages)

~6.4kJ
~112k)

<~SPS, 400GeV bunch with 101p*
LHC, 7TeV bunch with 10*p*

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

<>Large average gradient! (21GeV/m, 100’s m)
<>Wakefields driven by e* bunch: Blue, PRL 90, 214801 (2003)
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p*-DRIVEN PWFA

p*-Driver

e -Witness

AWAKED

relativistic
proton
bunch
<*ILC-CLIC, 0.5TeV bunch with 2x10%%" ~1.6k)
<-SLAC, 20GeV bunch with 2x10%%" ~60J

~6.4kJ
~112kJ

<~SPS, 400GeV bunch with 10'1p*
LHC, 7TeV bunch with 10'1p*

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

<~Large average gradient! (21GeV/m, 100’s m)

myjﬁWakeﬁeIds driven by e* bunch: Blue, PRL 90, 214801 (2003)
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PROTON BEAMS @ CERN AV
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<-SPS beam: high energy, small 6,*, long p*
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—Use self-modulation instability (SMI)

ne~7x10%cm for k o,=1

—0,~12cm train with period ~1.2mm /\@ experimental area hpe~1.3MM<<0,

—n~7x10%cm3, (k..0~1), L,=10m : P it

—Eyg~1GV/m, f,,~237GHz <-SPS beam: high energy, small ¢,*, long #* .
<~Initial goal: ~GeV gain by externally injected e-, in 5-10m of plasm )

in self-modulated p* driven PWFA

NAX-PLANCK GESELLSCHAFT
I P wuggi P. Muggli, EuC 20/201

o . wuggl P. Muggl




SELF-MODULATION INSTABILITY (SMI) AR

<~Initial small transverse wakefields modulate the bunch density with period

<~Longitudinal wakefields reach large amplitude
through resonant excitation
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Grows along the bunch & along the plasma Kumar et al., PRL 104, 255003 (2010)
Pukhov et al., PRL 107, 145003 (2011)

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

J. Vieira et al., Phys. Plasmas 19, 063105 (2012) P Mugali. EaCard 03/2012017
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SELF-MODULATION INSTABILITY (SMI) />
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NOT longitudinal!

Time= 000[1/a,]
T

Radial!
[k NOT longitudinal!

F

o &

z=0,e  ko.= - 2 Vil Pys. lsas 19, 063105 (2012

F DAMMMW\W\DW R R I mmmhmm‘m

I:E)mf ,ImuE: 505 Growth T www Uuw H : o0 E

F= i
- Hs

00T [
240 ! ! e
2200 F
3
s | —
+ 160
120 F , e
0 30 60 %0 120
xlc/o)

lonizing
Final Laser
Focus Pulse

S DiAGNQ§TiCS

First experiments: 2016
7

p* dump
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p* from SPS SMi

Acceleration

Laser OTR/CTR, 2-screen
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Rb VAPOR/PLASMA SOURCE Ay

10
o 1 R. Kersevan (CERN)
Laser, p, & 1< | G. Plyushchev (CERN/MPRE
_— - . 7
Expansiort Orifice
volume

E. Oz & P. Muggli., NMA 740(11), 197 (2014).|

Rb anomalous dlsperslon at 780 and 794nm F. Batsch (MPP)

@
e o, o, E. Oz (MPP)
ERims spectrograph 1
b Laser Spectrograph 2
o T 55
10 poiiie Oz et al., NIMA 829, 321 (2016)

785 790
Wayelengh [rm]
Test relative accuracy

> Referencearms " St

=" T ;,M(Zn {.1 i .1 V2 5]}

A |4m(A-2) A4n(A-2,)

Spectrograph 2

Rb

<-Requirements: 10'4<ng,, .<10'5cm™3, Ang,, /gy, .<0.2%, few cm ng;, . ramp
<Impose temperature AT<0.3K @500K (aT/T=Ang,/ne,<0.2%) + free expansion at ends
<-Anomalous dispersion for ng, measurement: <0.3% accuracy!

<Meets all specs ...
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lonizing
Final Laser - V -
Focus Pulse A \ Rubidium Plasma
\

A\ A\ LN + dum
| T0m, 10710 om? | | i\ l\ i‘ praump
__________ Laser OTR/CTR, 2-screen
lonization Focusing Lenses ~45 meters H ’
fropPlasma Cell - p* from SPS SMI Acceleration Dump Diagnostics
! Cente’  \gpp2  LeDP3!
1 ! Propagation direction P
\ Plasnla cell | Noseed _Seed
I | 5 oozf ]
! Entrance Exit Long beam: >
! ! 0:~100 )y 5 omp ]
! MD2 yirtyal Line : o0l e
! Table ek J. Vieira ]
e ! TR T s TR
J. Moody, M. Huether, MPP, V. Fedosseeyv, F. Friebel, CERN Postion {0/ 0y}

<-No seed no SMI (over 10m)

<-Fiber/Ti-Sapphire laser: ~100fs, E,,,=450mJ
<Rb: ¢p=4.177eV, I, 0 p~—1 7x102Wem-2, “Sharp” (<<h,,) start of the beam/plasma
<Sro~1mm, Zg~5m, I,,>10x10'2Wcm2 interaction for SMI seeding

<~Field ionization => n =ng,, uniformity and ramps AWAKE: will seed with ionization front!
<Virtual plasma for alignment
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AWAKE EXPERIMENT @ CERN

‘1"* First experiments: 2016
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Rubidium Plasma
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lonizing
Final Laser -
Focus ¢, _Pulse A \
\

AN, AN * dum
[ 10m, 10‘410'5cm4]l fff f PP
- Laser OTR/CTR, 2-screen
p* from SPS SMI Acceleration ~ pump Diagnostics
= — - laser
ropagation direction Plasma Vapor

o] BN
02~100 Ap
<-Short laser pulse creates the plasma and seeds the SMI

<0,~12cm >> h .~1.2mm (n,~7x10"cm-3) => Self-modulation Instability (SMI)*
<04 jaser~30UM<<h,, => good seed

o P Mugai *Kumar, Phys. Rev. Lett. 104, 255003 (2010)
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Laser I [[11Hk L First experiments: 2016
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p* from SPS SMI Acceleration ~ pump Diagnostics

F— laser

Propagation direction Plasma Vapor

o + L
L

<> The long (0,~12cm ) p* bunch self-

modulates with period Ay.~1.2mm
M (ne~7x10"cm?)

‘ Ddoqnlng

< ~100M,, per o,

radius [mml
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SMI DIAGNOSTICS

First experiments: 2016
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TWO-SCREEN SAMPLE RESULT A

SMI DIAGNOSTICS A
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- Transverse proton’ beam profile with - Tr'ans've"rse prq'ton'be:é_'
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 <-Defocused p*
<-p* bunch modulation at A, (f;)
<>Emission of coherent transition SMI

<p* defocused by the transverse wakefield (SMI) form a halo /
radiation at Ay, (fe)

<p* focused form a tighter core

<-Estimate of the transverse wakefields amplitude (IWpe,dr) Y@;: \
. <Information about saturation length? U
e SO | ] = e cieiTiz707
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= Rieger et al., Rev. Sci. Instr. 88, 025110 (2017)
Not modulated Simulation by K. Lotov” - Schottky Diode Tunsbe Laser = Pulse generator
es—— S TR . Y : i
. o —_—N—> prerr— me ] T
14 Fully self-modulated, v,=v,, => injection l__l_ r| T— ‘i 400/ s 2
CTR - ~ns Pulse 3z B
Microwaves oot - =5 § los H
_ it 2300 es
bz W) | - e =
g e e 3 200, i
e Puise at 386 THz (780hm) - N s |
g e JL e suson sk o 02
=1/ eating o 100¢ J
Streak Camera Heterodyne el Beatng frequency 100 200 200 200 0
<1 ps resolution Measuremehr}t ﬂ—m Imposed frequency (GHz)
p*Bunch RF_/O» . . .
f.r:vL e | VIV Y <-Emulate OTR light from self-modulated p* bunch with beating lasers
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K. Rieger, MPP

98767472 2 4 6 8

Transverse Beam direction (mm)

<-Timing at the ps scale
<-Effect starts at laser timing J
<-Density modulation at the 10ps-scale visible
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SMI Acceleration ~ pump Diagnostics

M. Martyanov,

F. Braunmueller, MPP

p* dump

p* from SPS

Alldetectors are Installed on
motorized translators, only one
device can be used at a time.

f Wi, 120320 Gt
I .
15‘ I Maryanoy, MPP

‘ | ond 3rd

p* - YES, laser - NO

2 3 4 s 6 71 8 3 w0

$ng=1.3x10Mem => £, ~103GHzZ

<-Modulation is nonlinear
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M Injection experiments: 2017
& Oze->Mpe e spectrometer
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< Accelerate e~ to multi-GeV 0ot
energies with ~GeV/m gradient

o 200 400 600 800 1000 1200 1400 1600 1800
MeY &

Lotov/Petrenko
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<-No frequency measurement
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AWAKE

EXPERIMENTAL SETUP RUN I

" rf gun N\
Injection experiments: 2017 E 10-20MeV & | \§ "’Vi/;
7 06> Mpe cos e Spﬂeitzrosrg\e/ter - m m \!m&‘ e s;;eoc‘t(r;;n\w/eter Vs
inal aser MBS
27d goal of AWAKE (2017-18): Foqus l : ) “puw| o
Externally inject (~15MeV) electrons A ] [~io'm ]| N
/(—) OTR/CTR OTR/CTR

into the wakefields
and
reach ~GeV energy gain with narrow AE/E

Vapor| el

~

p*

N o 200 400 600 800 1000 1200 1400 1600 1800
<~ Accelerate e to multi-GeV MeV

_energies with ~GeV/m gradient

o e o

ATWAKE

: SUMMARY
(\f/l;\\; 1“
< AWAKE is a p*-driven PWFA experiment g

< AWAKE aims at ~1GeV/m gradient using the self-modulation
instability of a long p* bunches in a plasma (o,>>A,,)

<> AWAKE ran for 48h in Dec. 2016 and saw signs of SMI on all three
diagnostics

<> SMI and e acceleration demo experiments in 2017-18
< Run II: (2021-): quality of the accelerated e- bunch (AE/E, ¢)

<> AWAKE has a helicon plasma source development project with IPP/
SPC for 1-4-10-100s m source ... 12 ©

g |;
>
<> Application of p*-driven-PWFA: e-/p* collisions ..

£
E. Gschwendtner et al., Nucl. Instr. and Meth. in Phys. Res. A 829, 76 (2016). oy 04
E. Ozetal., Nucl. Instr. and Meth. in Phys. Res. A 829, 321 (2016). 027
E. Oz etal., Nucl. Instr. Meth. Phys. Res. A 740(11), 197 (2014). 0
A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463.

A. Caldwell et al., AWAKE Coll., Nucl. Instrum. A 829 (2016) 3

0 20 40 60 80 100
L,m

Caldwell PoP, 2011

o . wuggl

SMI
Seeding

p* from SPS

-

LaserD\agmosch

Acceleration
Discharge/Helicon

Diagnostics

)
=

) P Muggl

N. Lopes
004] Oze~3MM~1.5% Al FL € [ T
R 1]"ap~400/0 ‘ B i ‘I‘mperial College ASA—
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mean field co

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

<-~10m discharge or helicon source for acceleration only (scales to 100’s m)
<Inject short e~ bunch (0,<<h,,), quality of the bunch (AE/E, )

<-Density step to maintain accelerating gradient

<2021-LS3, RUN II

Thank you!

muggli@mpp.mpg.de
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F. Braunmueller, MPP
R. Speroni, CERN

Rb VAPOR/PLASMA SOURCE
Instrumentatlon

”|8 control
valves for loss

79 temperaiure

probes for
controlling of pressure
15 heater and

experiment

sections ; .
requirements

<-Somewhat complex control system
<Worked well

<-Produced expected Rb vapor density
<-No safety incident with Rb
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< Accelerate e to multi-GeV
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energies with ~GeV/m gradient

e spectrometer
0.1->2GeV
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