ATVASE—

proton bunch self-modulation
and
electrons acceleration

in plasma
Patric Muggli

Max Planck Institute for Physics

Munich
muggli@mpp.mpg.de g A7> ¢

©https://www.mpp.mpg.de/~mugg|i Planck-Institat fur Physik

(Wemer—Helsenberg-Inst ttttt




& PARTICLE ACCELERATORS e

Max-Planck-Institut fiir Physik
(Werner- -Heisenberg: -Institut)

“The 2.4-mile circumference RHIC ring is large enough
to be seen from space”
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e/e* 0-20GeV 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 radio frequency (RF) technology to accelerate particles ==
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ﬂ Can we make them smaller (and cheaper) and with a higher energy?%;;j
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“The

9% Hadron accelerators

accelerator

| CERN LHC ™ &l B,~8T for LHC (77ev, r~4.3km)

86km,53mi - |
R e o= B,~20T for FCC (1007ev, r~16km)

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

ﬂAII use radio frequency (RF) technology to accelerate particles

ﬂCan we make them smaller (and cheaper) and with a higher energy?'&, ¢
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LINEAR PARTICLE ACCELERATORS (e'/e*)
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ﬂ Particles’ energy determined by particle physics need (HEP, FEL, ...)
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G=17MV/m R

Sl

e/e* 0-50GeV in 3km SLC
e-/et 0-20GeV in 2km FACET |
“@=) e 0-14GeVin 1km LCLS

G=60-100MeV/m
50.1km for 3TeV CM
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ﬂ Particles’ energy determined by particle physics need (HEP, FEL, ...)

Accelerator length ~ Particles’ final energy

Accelerating gradient
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% LINEAR PARTICLE ACCELERATORS (e'/e*)
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G=17MeV/m

e >

e/e* 0-50GeV in 3km SLC
e-/et 0-20GeV in 2km FACET |
0-14GeV in 1km LCLS

50.1km for 3TeV CM
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Accelerator length ~ Particles’ final energy

Accelerating gradient
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ACCELERATING FiELD/GRADIENT LiMITATIONS

<-Gradient/field limit in (warm) RF structures: <200MV/m
<RF break down (plasmal!!) and pulsed heating fatigue

<-Accelerating field on axis, damage on the surface
<-Material limit, metals in the GHz freq. range (Cu, Mo, etc.)
<-Does not (seem to) increase with increasing frequency

© P. Muggli
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Pulsed heating fatigue
Pritzkau, PRSTAB 5, 112002 (2002)
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Braun, PRL 90, 224801 (2003)
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<Gradient/field limit in (warm) RF structures: <200MV/m

<-RF break down (plasmal!!) and pulsed he

<-Accelerating field on axis, damage on the surface

<-Material limit, metals in the GHz freq. ran

<-Does not (seem to) increase with increasing frequency
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RF-accelerators:

Accelerating field limited
to <100MVm
by metal damage:
-RF-breakdown
-pulsed heating

g

g

Surface Field (MV/m)
Maximum Surface Field (MV/m)

g

g

ating fatigue

ge (Cu, Mo, etc.)

Pulsed heating fatigue
Pritzkau, PRSTAB 5, 112002 (2002)

Practical limit ...

Braun, PRL 90, 224801 (2003)
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“The 2.4-mile circumference RHIC ring is large enough

to be seen from space”

-ﬁSearch four a new technology
to accelerate particles
at high-gradient (>1GeV/m)

and reduce the size and cost
of future linear e-/e*, yy, or ep colliders

or x-ray free electron lasers (FELs)

e/et 0-20GeV 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 radio frequency (RF) technology to accelerate particles

ﬂ Can we make them smaller (and cheaper) and with a higher energv?N“
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<>Relat|vistic Electron, Electrostatic Plasma Wave (E_//k, B=0):

e’k

Wikipedia Plasma: (from Greek TTAdopa, "anything formed”?) is one of
the four fundamental states of matter, the others being solid, liquid, and
gas. A plasma has properties unlike those of the other states.

Plasma: “Gas” of charged (ionized) particles (e, ions) that exhibits a
collective behavior (screening, waves, etc.)

Initially neutral: n_=n,

Acceleration of relativistic particles:
<Wave

S E /v, //k = Energy transfer
v, =Vv,=Cc = Stayin phase
» Relativistic, electro-static, plasma wave, wake

// y 7\
|{ -3‘ = |
1 a) the body, as fashioned by the Creator \

\“ /
b) of a story which is fictitious but possible O PN Ch oL L
©rwgq  C) Pretence
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<>Relativistic Electron, Electrostatic Plasma Wave (E,//k, B=0):

5 \1/2 W
o = € |Plasma k F =—2F = n.ce
pe Frequency| pe "z z
g m, C €

Cold Plasma

“Wavebreaking” Field
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<>Relativistic Electron, Electrostatic Plasma Wave (E,//k, B=0):

1/2
o, n e’ W ne
Cl)pe — | —«— |Plasma k E = e E =—7

F pe ™~z z
8Ome requency C 80

Cold Plasma
[ Ey, =mycw,, /e

“Wavebreaking” Field

2\1/2

mc -
LARGE E =|"¢ n? leOX/ne(cm 3)=1GV/m
Collective response! €, @n =10 cm-3
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<>Relativistic Electron, Electrostatic Plasma Wave (E,//k, B=0):

1/2
o, n e’ W ne
Cl)pe — | —«— |Plasma k E = e E =—7

F pe ™~z z
8Ome requency C 80

Cold Plasma
[ Ey, =mycw,, /e

“Wavebreaking” Field

2\1/2

mc -
LARGE E =|"¢ n? leOX/ne(cm 3)=1GV/m
Collective response! €, @n =10 cm-3

ATWVAKE : 104-10" cm3, E\g~GV/m
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<>Relativistic Electron, Electrostatic Plasma Wave (E,//k, B=0):

) \1/2
ﬁ o = n.€ |Plasma k E _wPeE nee
EOme

pe e z
Frequency] P¢ < C 80

Cold Plasma
[ Ey, =mycw,, /e

“Wavebreaking” Field

2\1/2
LARGE E =" | n”=100./n,(cm™)=1GV/m

ive r nsel —°
Collective response €, @n =10 cm-

<-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”
<-No fabrication, no damage
<-Plasma wave or wake can be driven by:

»Intense laser pulse

»Dense particle bunch I
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* Plasma Wakefield Accelerator (PWFA)
A high energy particle bunch (e, e, ...)

P. Chen et al., Phys. Rev. Lett. 54, 693 (1985)

- Laser Wakefield Accelerator (LWFA)®

A short laser pulse (photons, ponderomotive)

- Plasma Beat Wave Accelerator (PBWA)®

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

Raman forward scattering instability in a long pulse (LWFA of 20t century)

evolves into
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"Pioneered by J.M. Dawson, Phys. Rev. Lett. 43, 267 (1979) e
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< Introduction to plasma wakefield accelerator (PWFA)
< Seeded Self-Modulation (SSM)

< AWAKE experiment

ATWAIEE

< SSM experimental results
<> Demonstration
< Physics

< e~ acceleration

< Future and Summary
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<> Introduction to plasma wakefield accelerator (PWFA)
<>

¢

ATWAICE
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e | 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)
Bm) Plasma e- rush back on axis => acceleration, GV/m

ﬂ Ultra-relativistic driver => ultra-relativistic wake
=> no dephasing

ﬂ Particle bunches have long “Rayleigh length”
(beta function p*=0*?/e~cm, m)

ﬂAcceIeration physics identical PWFA, LWFA :

© P. Muggli
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) % . PLASMA WAKEFIELD ACCELERATOR (8") "=
e Focusing (E,)
Def: In
efocusing  , . eleratlzg/ Decelerating (E,)
-7 TR " ‘+‘+_ /
+ + + + + + -
.__ + + + + L+ + Relativistic
== t FF - electron

Very large
energy gain
possible with

short,
high-energy
relativistic

bunches!
Acceleration physi
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'cFA

bunch

g excited by a relativistic particle bunch

by space charge forWing (@
<7
k on axis =>_acceleration, GV/m >
er—=> ultra-relativistic wake
no dephasing

@ylelgh Iengths>
“[e~Cm, M)
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e 1, Focusing (E,)
Decelerating (E))

Neutral
Plasma

Relativistic
=— e- bunch

N/2x10"
<-Linear theory E,. =110(MV/m) / 7 =N/Oj
(n,<<n,) scaling: (0.10.6mm)
@ k,, 0~V2 (with k,,0, <<1) k,=w, lcxn)
<-Focusing strength: 5 = Lne (n,>n,)
ro 2¢C

<>N=2x10'°: ,=600 pym, n,=2x10'* cm=, 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

acc
<Frequency: 100GHz to >1THz, “structure” size 1mm to 100ym t
<-Conventional accelerators: MHz-GHz, E_..<150 MV/m, B /r<2 kT/m W)

acc

© P. Muggli




i . ATVAKE
%)ﬁa PWrA NUMBERS (€)

Max-Plar k I ut fiir Physik

e 1, Focusing (E,)
Decelerating (E))

Neutral
Plasma

Relativistic
=— e- bunch

N/2x10"
<-Linear theory E,  =110(MV/m) / ~ N/o ?
(n,<<n,) scaling: O, /O'6mm)
@ kpeazz\/Z (with k,,0, <<1) k,=w, lcxn)
<Focusing strength: By = Lne (n,>n,)
ro 2¢C

<>N=2x10'°: ,=600 pym, n,=2x10'* cm=, 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

acc
%Frequency: 100GHz to >1THz, “structure” size 1mm to 100ym t
<-Conventional accelerators: MHz-GHz, E,..<150 MV/m, By/r<2 kT/m & |

acc

© P. Muggli




~ e ATVAE
% PWFA NUMBERS (&)

Max-Plar k I ut fiir Physik

Focusing (E,)
Decelerating (E))

—E T Neutral
+ + En Plasma
ﬁ’. + +
___+_ o Relativistic
—— e- bunch
N/2x10"
<-Linear theory E,  =110(MV/m) / ~ N/o ?
(n,<<n,) scaling: g, /O'6mm)
@ kpeazz\/Z (with k,,0, <<1) k,=w, lcxn)
. B, 1
<Focusing strength: —¢ = = "¢ (n,>n,)
ro 2¢C

<>N=2x10'°: ,=600 pym, n,=2x10'* cm=, 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

acc

<-Frequency: 100GHz to >1THz, “structure” size 1mm to 100pm Z N
<-Conventional accelerators: MHz-GHz, E,.,<150 MV/m, B,/r<2 kT/m +r ,

acc
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Focusing (E))

Decelerating (E,)
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»

Relativistic
e- bunch

Blumenfeld, Nature 445, 741 (2007) Muggli, Phys. Rev. Lett. 93, 014802 (2004)

Dispersion [mm] Charge Hogan, Phys. Rev. Lett. 95, 054802 (2005)
-18 -16 -14 -12 -10 -8 densit ; ;
-4 P — T T [_e/umzl Muggli, Hogan, Comptes Rendus Physique, 10
>  0,~20um 240 (2-3), 116 (2009)
: Muggli, New J. Phys. 12, 045022 (2010)
Scalloping of the Beam 180
€
=
S 120
: 60
periment
35 40 1 50 60 70 eor 90 100 n.=2.3x10"cm™3 -
Electron Energy [GeV] e_ I
E oFE 0,=20um &7\
0 0 o,=10um
42 => 84GeV in 85cm! 50GeV/m N=2x10" -

MAX-PLANCK-CESELLSCHAFT
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nsti

(Werner-| Heisenberg-Institut] )
e Driver
e- bunch

11 . b))

quality

a 1 y‘"‘g’

Blumenfeld, Nature 445, 741 (2007) SLAC R
Dispersion [mm] Charge = a 250

-18 -16 -14 -12 -10 -8 densit o
4 Energy Gain n,=2.3x10"cm-3 [-:zlsl:’l%] FAC ET ’ Fino = 2025 A Rads | I

_ 3  0,~20um 240

Scalloping of the Beam

150

(mm)
o
T
.

(z-ww Od) Aysuep abieyo esiensuel)

180

X (mm)

100

120

Position [mm)]

1 T
[~ — Simulation

-
n
=]

| —— Data 50

60

= = = Core

Linear charge e
density (pC mm)
@

3

N
o

o

. L R
thosl ® 18 20 | 22 o

Energy, E (GeV)

periment

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

E, 2E, 515(6),92 AE/E~%

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

(2014) N~30%
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e” Witness e” Driver
e~ bunch

<*ILC, 0.5TeV bunch with 2x10%%-
<>SLAC, 20GeV bunch with 2x101%- ~60)J

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

J. Rosenzweig et al. [ Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532-543

1 Wltn ess Wake-field modules Gamma converter and Detector

e

M an y D riV ers Y (Brfealldn:: ]::l;rsst;'ibutwn network

Heavily Beam-loaded Electron Linac

Compressor

Rf photoinjector S

MAX-PLANCK-CESELLSCHAFT
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Same conclusion (staging) for LWFA:

PW laser pulses: 40J in 40fs

<ILC, 0.5TeV bunch with 2x10%%- ~1.6kJ
<SLAC, 20GeV bunch with 2x10%%- ~60)

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

J. Rosenzweig et al. [Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532543
1 WitneSS Wake-field modules Gamma converter and Detector 1 WitneSS
Many Drivers Y o B bution network

Heavily Beamn-loaded Electron Linac

Compressor

Rf pwnm MAX-PLANCK-CESELLSCHAFT
© P. Muggli P. Muggli, U. Uppsala 10/06/2019
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e -Witness p*-Driver

relativistic

profon
bunch

¢ I LC’ 0 . 5TeV b u n C h Wit h 2X 10 10e_ ~ 1 . 6 kJ J. Rosenzweig et al /Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532-543

Wake-field modules Gamma converter and Detector

+ +
II +4 7+
+ l
3 ++ I

<>SLAC, 20GeV bunch with 2x10%%" ~60J S
<>SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) mw? e
<>SPS, 400GeV bunch with 10p* ~6.4k]

LHC, 7TeV bunch with 10p* ~112k]J

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

3 Sln Ie PWFA stage! ““““““““““““““““““ Caldwell, Nat. Phys. 5, 363, (2009)
<~Large average gradient! (21GeV/m, 100’s m) [’//j]\,
oo Wakefields driven by e* bunch: Blue, PRL 90, 214801 (2003)
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eeeeeeeeeeeeee Caldwell, Nat. Phys. 5, 363, (2009)

1.0
: e p*:
- W p*-Driver <
€ -Witness E=10GeV E=1TeV 3
= 0,=100um = | ~0.5TeV
+ + += z 3 0sle
+ + + + N=1010 N=1011 5 S
4 4+ A+ ivisti : *
o relafivistic  Single mW,=16) W =16k} |§ |
. =T proton W.=1kJ ~300m
el bunch Stage = -
e_ p + (0] | |
Parameter Symbol Value Units
2 Protons in drive bunch Np 10" 61
Proton energy Ep 1 TeV 1
3 Initial proton momentum spread op/p 01 ~ 5F
3 Initial proton bunch longitudinal size o, 100 pm 'o
® @ Initial proton bunch angular spread e} 0.03 mrad — 4
’ra? Initial proton bunch transverse size Oxy 0.43 mm o
K Electrons injected in witness bunch Ne 1.5x10% = 3
Energy of electrons in witness bunch  Ee 10 GeV L|<J - A E/ E ~ 1 (yo
o Free electron density ny 6x10™ cm—3 2r
1 1 | Plasma wavelength Ap 1.35 mm
-4 -2 0 Magnetic field gradient 1,000 Tm™! Tr&€—
Z(mm) Magnet length 0.7 m I

<»Accelerate an e- bunch on the wakefields of a p* bunch
<-Single stage, no gradient dilution

<-Gradient ~1 GV/m over 100’'s m Vg
<-Operate at lower n, (6x10"cm), larger (A,.)%, easier life ... \ &%

MAX-PLANCK-CESELLSCHAFT




= PROTON-DRIVEN PWFA A=
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p— Caldwell, Nat. Phys. 5, 363, (2009)

e -Witness p*-Driver

ﬁ
+ relativistic

P+ + + o+ proton ~300m
bunch .

15x10%0 '
. AE/E~1%
6x10 cm—3 i
135 mm
j<

1,000 Tm™!
0.7 m

L (m)
slent dilution
over 100’s m
ower n, (6x10"4cm-3), larger (A,,)°, easier life .

*

<G
<-Ope
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o SELF-MODULATION INSTABILITY (SMI)
~ %CERN p* bunches (PS, SPS, LHC) ~6-12cm long

— e 112 % o~ 12 = - |7\ <<0O |
< Ewg~wye~ne "2 and o,~A,~N, > Eg~1/0, pe Z,§
PRL 104, 255003 (2010) PHYSICAL REVIEW LETTERS 29 JUNE 2050

Self-Modulation Instability of a Long Proton Bunch in Plasmas

Naveen Kumar™ and Alexander Pukhov
Institut fiir Theoretische Physik I, Heinrich-Heine-Universitdt, 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, 52.40Mj, 52.65.—y

<rIdea developed “thanks” to the non-availability of short p* bunches

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

evolves into w1/
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% SEEDED SELF-MODULATION (SSM) ™™=

: Kumar, Phys. Rev. Lett. 104, 255003 (2010) m
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<>Initial small transverse wakefields modulate the bunch density with period
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<-Associated longitudinal wakefields reach large amplitude

through resonant excitation
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<-SPS beam: high energy, small o,*, long #*
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Parameter

AWAKE

PS

E, (GeV) 24 | 400 400
N, (1010) 13 | 105 30
AE/E, (%) 0.05 | 0.03  0.03
o, (cm) 20 | 12 12

ey (MmM-mrad)
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p* (m)

1.6 9 5
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Parameter PS
0 —¢
LHC North Area EO (GeV) 24 400 400
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Mm m Ut

<SPS beam: hlgh energy, small o, long *

¢ ~ >> MAX-PLANCK-CESELLSCHAFT
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First experiments: 2016-7
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First experiments: 2016-7
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.........................

Source requirements: <-10"4<n_<10x10'4cm-3 N,=Ngy,
Laser
<0.29 ; ——
¥Ang/ne<0.2% Field-ionization> Same for ngy
<-Few cm n_ ramp rp>1mm
< 10m > F. Batsch (MPP)
] \ E. Oz (MPP)
pas:r ( ﬂO R. Kersevan (CERN)
| || \N\ G. Plyushchev (CERN/MPP/EPFL)
Viewports
Expansmn Aperture o*
Volume «—— Rb Sources ———
<Impose very uniform T: dng,/Ng,=0T/T<0.2%
< > $160<T<220°C for 10'<n,,<105cm
<Control ng, gradient with Rb source T
few few

cm
i <> Rb vapor expands into vacuum and
sticks to cold walls: short ramp

\L<> Scale length ~ diameter aperture: 1cm
>Z m/ 7

&
<ng, Measured at both end with <0.3% accuracy using white light interferometry \h e —
© P. Muggi P. Muggli, U. Uppsala 10/06/2019
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" Development of the ends ~ Installed in AWAKE!

Measured AT<0.5°C, 150-210°C
AT/T~0.1%

Source satisfies density uniformity requirements

E. Oz et al., Nucl. Instr. Meth. Phys. Res. A740(11), 197 (2014)
G. Plyushchev et al., Journal of Physics D: Applied Physics, 51(2), 025203 (2017)
F. Batsch et al., Nucl. Instr. and Meth. in Phys. Res. A, 909, 359 (2018)

Measurement of ng, with <0.3% accuracy
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J. Moody, M. Huether, MPP, V. Fedosseey, F. Friebel, CERN

< Fiber/Ti-Sapphire laser: E,,,=450mJ, ~120fs<<21m/w ,~ps
<Rb: ¢p=4.177eV, |,,,~1.7x1012Wecm-

$ro~1mm, Zg~5m, 1., >10x10"2Wem=>1, |

<-Field ionization => n_=ng,, uniformity and ramps

<Virtual plasma for alignment
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J. Moody, M. Huether, MPP, V. Fedosseey, F. Friebel, CERN
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Photo-Injector

Partial Plasma
laser

plasma vapor
p+

Preformed Plasma
[ ————————————————

laser
plasma vapor

<>Laser-ionization allows for seeding and pre-formed plasma
<Laser pulse produces synchronized e- for injection/acceleration

<Field-ionization (15t e°): n_=ng,




A AWAKE SEEDING
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Rb vapor, 10m
(1-10)x10%cm3

<-lonization front seeding

laser

Vapor

p+

AWAKE—

First experiments: 2016-7
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Screen 1

T

No Plasma Plasma
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-
—
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— e — ‘
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O

7 Screen 2

<Sharp (<<A,,, 1/m,,), relativistic vapor/plasma boundary propagating
within the p* bunch => relativistic ionization front seeding
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AWAKE EXPERIMENT @ CERN
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Long beam:
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-------------------------------------------------------------
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Propagation direction
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<Sharp (<<A,,, 1/m,,), relativistic vapor/plasma boundary propagating

within the p* bunch => relativistic ionization front seeding
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Rb vapor, 10m
(1-10)x10%cm3

Long beam:
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Position [cm]
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First experiments: 2016-7

Simulation by K. Lotov

< The long (0,~12cm ) p* bunch self-
modulates with period Aj,~1.2mm
(ng~7x10"4cm3)

2'g ~1 00 per o,

MAX-PLANCK-CESELLSCHAFT

P. Muggli, U. Uppsala 10/06/2019




AWAKE—

ApLyz 2t

AWAKE EXPERIMENT @ CERN

First experiments: 2016-7

Max-Planck-Institut fiir Physik
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First experiments: 2016-7

1st goal of AWAKE (2016-17):
demonstrate and study

the seeded self-modulation (SSM)
of a long p* bunch in a dense plasma
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First experiments: 2016-7

1st goal of AWAKE (2016-17):
demonstrate and study
the seeded self-modulation (SSM)
of a long p* bunch in a dense plasma
0,>>N,o~N 14

Three p* bunch observables
<> Defocused p*
< p* bunch modulation at A, (f,)

<> Emission of coherent transition S S |\/|
3 ﬂm

radiation at A, (f,e) _—

— "_-020
0.2 04 06 08 1.0 12

CK-CJSELLSCHAFT
0/06/2019
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< SSM experimental results
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< Physics
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M i T
Rb vapor, 10m N AE—
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) Plasma Off M. Turner, CERN 103 <
wakefield (SSM) form a halo 3
O 10% 4
10' 3
. O
1074 e) . = plasma on 103 €
------- interpolation Q0
== plasma off o 102 ;
. I=
10! 3
(&)
10°
0 500 1000 O 500 1000

-20 -15 -10 -5 0 5 10 15 20
y / mm

MAX-PLANCK-CESELLSCHAFT

© P. Muggl M. Turner, Phys. Rev. Lett. 122, 054801 (2019) P. Muggli, U. Uppsala 10/06/2019




ApLyz 2t

Max-Planck-Institut fiir Physik
(

Werner-Heisenberg-Institut)

N=3x10""p* "> )
Short, +60ps
107 - e) = plasma on

interpolation
== plasma off

-20 -15 -10 -5 0 5 10 15 20
y / mm

n=7x10%cm-3

E 300
>
S 200
é K __ kinetic LCODE (Lk)
100 — fluid LCODE (Lf)
") — QuickPIC (Q)
— VLPL (V)
00 3 4 6 & 1o

Z, m
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<-Wakefields grow ...
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< “Radius” of deflected p* increases along the b[/; ,,

along the bunch and along the plasma
M. Turner, Phys. Rev. Lett. 122, 054801 (2019)
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Rb vapor, 10m

(1-10)x10%cm3

Streak camera Images

vapor

No Plasma —
¢ Front OTR
Streak Camera

laser pulse
p

Time

<-Timing at the ps scale
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© P. Muggl AWAKE, Phys. Rev. Lett. 122, 054802 (2019) P. Muggli, U. Uppsala 10/06/2019




& SEEDED SM AR

M
Rb vapor, 10m A,
(1-10)x10cm?3 T %_’E T Dump

Streak camera Images

S No Plasma Plasma, Slow
g :
Nrp=3.7x10"cm-3
N=3x10"p*
GEJ Long
=
v .
: K. Rieger, MPP

< Timing at the ps scale
<>Effect starts at laser pulse timing — SM seeding

MAX-PLANCK-CESELLSCHAFT

© P. Muggl AWAKE, Phys. Rev. Lett. 122, 054802 (2019) P. Muggli, U. Uppsala 10/06/2019
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Rb vapor, 10m
(1-10)x10'4cm3

Streak camera Images

S No Plasma Plasma, Slow Plasma, Fast
">U = = ~ T
7
& o NRp=3.7x10"4cm3
2|/ = = N=3x101"p*
3 GEJ Z Long
= £ : f ~164GHz
= £
— n
E ©
£ ; o
- v .
K. Rieger, MPP

< Timing at the ps scale
<>Effect starts at laser pulse timing — SM seeding

<>Density modulation at the ps-scale visible
© P. Muggli AWAKE, Phys. Rev. Lett. 122, 054802 (2019) P. Muggli, U. Uppsala 10/06/2019
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Rb vapor, 10m
(1-10)x10'4cm3
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OTR
<>Is the py-bunches timing “repeatable™?
<-Streak camera trigger jitter
~20ps rms & I B
( P ) Seed ' ‘
Start of wakefields =—2>»-------- e -
()
— N
'-;F’.:;\/Iuggli v e'Injection c *mfm
=220 F Batseh . T § el
e T Phase/time R T
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aser

F
Rb vapor, 10m
(1-10)x10'4cm3

y
\ 4

A

ey

‘Hﬂ7

Nrp=2.1x10"cm-3
- %

OTR

<>Is the py-bunches timing “repeatable™?
<-Streak camera trigger jitter

(~20ps rms) Seod ' ! !

Start of wakefields ==—>»-------- e i
A o e
Phase! | — é x ‘g

Time

Reproducible!!!| - =—

5 “P. Muggli
3 __F. Batsch
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Rb vapor, 10m
(1-10)x10'4cm3

v
\ 4

oump

=l

Tl

Marker Laser Pulse (LP) Ngp=2.1x10"4cm-3

Synchronized w lonizing LP X
Delayed wrt lonizing LP OTR
<>Is the py-bunches timing “repeatable™?
<-Streak camera trigger jitter
(~20ps rms)
()
£
|_
DN
v H£57 )

=L ‘F". ‘Muggli
. F. Batsch
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v

Rb vapor, 10m ﬁ
(1-10)x10'4cm3

Marker Laser Pulse (LP) Ngp=2.1x10"4cm-3
Synchronized w lonizing LP
Delayed wrt lonizing LP

<>Is the py-bunches timing “repeatable™?
<-Streak camera trigger jitter
(~20ps rms)

Time

< Marker laser pulse
synchronized with
ionization laser pulse at Cnet
the sub-ps time scale Back

P. Muggli
F. Batsch
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\\Y
. ox‘l' OTR Nrp=2.1x10%cm-3
\\ X
gee
OTR Single event

Streak camera Images

Single event: pixel-ated image from streak camera o | lonizing
. | - Laser

#Pulse
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o Nrp=2.1x10"4cm-3
. “\\ —>X
grel

OTR 10 events

Streak camera Images
“lonizing”

10 events aligned to marker laser pulse P

Bunches add => modulation fixed wrt ionizing laser pulse T , Pulse

=> modulation fixed wrt to seed!!
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LAY OTR 2 sets

Streak camera Images 10 events each

f
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mod _ ‘ _
Pulse ," Pulse
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abs(FFT)
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Defocusmg/wakeflelds grow

Pl ON
S along the bunch”

E. M-Qggif | : ' e : fOZ/C"'ZOOpS

F. Batsch
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ATWAKE

Nrp=2.1x10"4cm-3

Defocused p*, grow_s along the bunqh .
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v

Rb vapor, 10m ﬁ
(1-10)x10'4cm3

Marker Laser Pulse (LP) Ngp=2.1x10"4cm-3
Synchronized w lonizing LP
Delayed wrt lonizing LP

“lonizing”
Laser
Pulse

~GZ

< Micro-bunches present over long time scale ~o,/c from seed point

< “Stitching” demonstrates reproducibility of the y-bunch process against bunch .
parameters variations (N=2.5x101'£10%, 0,=220+10ps, c,) {7 )

<> Phase stability essential for e~ external injection: SSM not SMI!!! e/

Wakefields “amplifier” S
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<~ Variation in bunch parameters (o,, o, N, ...) => phase variation? %
< Relative phase varies by <0.2) LT PLINCE CEELIChAT
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SSM FREQUENCY

AWAKE

‘ AWAKE, Phys. Rev. Lett. 122, 054802 (2019)
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<-CTR signal detected at harmonics (not calibrated) N

<>Modulation is nonlinear
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<Self-modulation (SMI, SSM) cylindrically symmetric (2D)

J. Vieira, Osiris

<-Hosing instability within frequency o,
<-Observed only with low n,

M. Huether

© P. Muggli

Work in progress!!

J. Vieira et al., Phys. Rev. Lett. 112, 205001 (2014);

ATWAKE
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eeeeeeeeeeeeeeeeeee S. Doebert, C. Bracco, F. Velotti, CERN, K. Pepitone, CERN,

G. Burt, CI F. Keeble, UCL

e spectro

Rb vapor, 10m
(1-10)x10'4cm3

< SSM & transverse wakefields

<Acceleration to sample longitudinal wakefields

<“long” e* bunch: T, ~1/f,, => reduced timing requirements
<-Inject at all phases, wakefields capture a fraction ...

laser pulse
vapor

MAX-PLANCK-CESELLSCHAFT
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AcceleraEion

—— Optimized SPS| —
— = SPS-LHC E

-
-
T ———
~ -
-~
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Injection experiments: 0,.>A,,

external e injection
laser pulse

vapor

Accelerating field, GV/m

Injection Point ]
. A. Pukhov

5 10
Distance, meters

(Vgn=c)/ ¢, x104 (b)

Pukhov, PRL107 145003 (2011)

8-
0 6 Electron bunch I_I protlc;r?rl‘:)gunch
4] mbam.. .
1 few few 27 >
ok N4 cm e es===———. cm g_g_
x
3+ ~10m 1 lonizing
< —61 H laser pulse
_8 1 I 1 1 I
-4 F 0 25 20 -15 -10 -5 0
.) >2Z & (mm)
10 . =
" oo E2m Plasma Density Ramp
Z,m 0 ; ]
< Side injection of “long” e~ bunch
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<> Injection at an angle (~1-3mrad)
<> Finite AE/E
MAX-PLANCK-CESELLSCHAFT
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AWAKE
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o ©
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I
04 05 07 1.0 1520 4.0

E (GeV)

0.3

<> Injection at an angle (~1-3mrad)
<> Finite AE/E

< Up to 2GeV energy gain

< Captured charge: ~pC
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-
\ Rb vapor, 10m S & S N _.S
N IS S

1-10x10"4cm3

a T T T T T 22

AWAKE 05 ¢ Gradient AWAKE

2nd goal of AWAKE (2018)
Externally inject (~15MeV) electrons

into the wakefields

and
reach ~GeV energy gain with finite AE/E
E (GeV) E°:z1ri':’|ni¥"a g 0,,=200pm
< Injection at an angle (~1-3mrad) . 2113"5‘:";(;1%: oo
4 Finite AE/E el T
4 Up to 2GeV energy gain -
<» Captured charge: ~pC R T R

AWAKE, Nature 561, 363 (2018) P. Muggli, U. Uppsala 1010612019
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< Future and Summary
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Laser

e- 10-20MeV e- || | ‘M‘}j?jil
ARRLRRA

muhiﬂ!@!

e” spectrometer
10*GeV

W‘ ==

lonizing
Final Laser ]
Focus & Pulse Plasma Plasma

p* dump

OTR/CTR, 2-screen
Diagnostics

/ D e OTR/CTR€

SM  Laser.. Acceleration

p* from SPS AT Seeding Pu|seD|agnOSt'CS Discharge/Helicon

pulse
ol N. Lopes o
TECNICO ey PUPLIN

LISBOA Uitz = & 71
é [% O. Grulke
Imperial College Max-Planck-Insttut :‘eTn::on antenna

g
L
)
fiir Plasmaphysik

~
i London .(I)ﬂ- @ watel”-cooled
}eczion £COLE POLYTECHN e d CO|IS

EEEEEEEEEEEEEEEE

< Laser ionization of a metal vapor (Rb), 3-4m plasma for p* SSM only, SEEDING NECESSARY!
<-~10m discharge or helicon source for acceleration only (scales to 100’'s m)
<Inject short e~ bunch (o,<<A,,), quality of the bunch: AE/E, ¢ => beam loading and blow-out

<Bunch rather than particle acceleration .... "'@;
MAX-PL \(:I\—j:_lf.‘hl-l LSCHAFT
© P. Muggl <2021-LS3, RUN Ii P. Muggli, . Upp;sala 1010612019
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rf gun
10-20MeV e

Laser
e” spectrometer

lonizing
Final Laser DBRRARECEER S
Pulse _ Plasma

AWAKE Run 2:

-demonstrate acceleration of an e- bunch
(blow-out, beam loading, matching, t, . ~1/f,, => AE/E, ¢)

-Scalability of plasma source and acceleration

"From Acceleration to Accelerator”
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Plasma ep

N, - N,

L=

4oy - 0y

D*-DRIVEN PWFA FOR @/p* COLLIDER

« Emphasis on using current infrastructure, i.e. LHC
beam with minimum modifications.

+ Overall layout works in powerpoint.

* Need high gradient magnets to bend protons into
the LHC ring.

* One proton beam used for electron acceleration to
then collider with other proton beam.

» High energies achievable and can vary electron
beam energy.

« What about luminosity ?

* Assume
+ ~3000 bunches every 30 mins, gives f~ 2 Hz.
* Ny ~4x 10", Ne~1x 10"
c0~4um

AWAKE

LHC

~ 5. 28 =2 =1 6 ] (c)
~5-10%em s simulation of existing LHC 5
bunch in plasma with trailing > 4]
electrons ... =y
R |
A. Caldwell, K. V. Lotov, Phys. Plasmas 18, 13101
(2011) 1
+ fixed target or beam dump experiments ... 0

A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463.

0 2 4 6 8 10 12 14 16

L, km 90
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< AWAKE aims at ~1GeV/m gradient using the seeded self-modulation (SSM) of a long
p* bunches in a plasma (0,>>A,.) => e acceleration

<> Important/interesting SSM results:
< SSM seeding

<> Modulation phase stability against p* bunch variations: Accelerator ™
key for e injection and acceleration, NO instability B Physics
<> Acceleration of externally injected e- possible
< 18MeV => ~2GeV, AE/E<<1 —~ _ HEP?
< Interesting beam-plasma interaction physics results B
< SSM growth _ Beam/Plasma
< Observe and control SSM-SMI-HI, Hi @ w,, ™ Physics
< fssmsmini=fro=Foe B
<> lonization front and e~ bunch seeding |

<> Run Il: (2021-): two plasmas, SSM, quality of the accelerated e~ bunch: AE/E, «, ...
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E. Gschwendtner et al., Nucl. Instr. and Meth. in Phys. Res. A 829, 76 (2016)

E. Oz et al., Nucl. Instr. and Meth. in Phys. Res. A 829, 321 (2016) /,"7\

E. Oz et al., Nucl. Instr. Meth. Phys. Res. A 740(11), 197 (2014) m -7

A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463 \1‘4” /

A. Caldwell et al., Nucl. Instrum. A 829 (2016) 3 Y PLANCE CESELLECHATT

P. Muggli et al., Plasma Physics and Controlled Fusion, 60(1) 014046 (2017)

© P. Muggli




Thank you to my collaborators!

|
4 .
m

Thank you!

muggli@mpp.mpg.de



