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RELATIVISTIC PARTICLE BUNCH MEETS PLASMA

T

D F -—i—-

<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening

D=driver
W=witness

ewse|d

2y 1/2
Nep€
) > Wpi

< Azimuthal Magnetic Field < Plasma Return Current (
W, —
V,~C, y>>1, ((,)pi) e €M

<High Frequency Regime & Time ~1/o,, < Space ~Clwpe=1/Kpe, Ape=2m/Kpe,
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g
Q) D=driver
':3“ W=witness
o
<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening
< Azimuthal Magnetic Field < Plasma Return Current (neﬂez)llﬂ
Wpe = > Wpi
<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o) oM "
<-Screening < Plasma Wakefields (Langmuir Wave, E,) < Self-Modulation and Hosing Instabilities <> Accelerators
<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics
4/30
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g
ﬁ D=driver
W=witness
3
<Relativistic Bunch < Radial Space Charge Field <> Plasma Screening
< Azimuthal Magnetic Field < Plasma Return Current (nwez)lﬂ
= > w
<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o) oM "
<-Screening < Plasma Wakefields (Langmuir Wave, E,) < Self-Modulation and Hosing Instabilities <> Accelerators
<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics
SM H a
SN — .
o il L. Verrg
4/30

© P. Muggli P. Muggli, ECLIM, 16/09/2024



Ap-Dyz L

MAX-PLANCK- INSTITUT
UR PHYSIK

RELATIVISTIC PARTICLE BUNCH MEETS PLASMA @

S66-

<Relativistic Bunch < Radial Space Charge Field <> Plasma Screening

Y,
) D=driver
n
3

W=witness

< Azimuthal Magnetic Field < Plasma Return Current (nwez)lﬁ
= > wpi
Ape=21/Kpe,

n €M,
<-Screening < Plasma Wakefields (Langmuir Wave, E,) < Self-Modulation and Hosing Instabilities <> Accelerators

<-High Frequency Regime & Time ~1/o,, & Space ~C/wy=1/Kp,, Vp~C, v>>1, ()

<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics

22

4 Gradient AWAKE

SM H FI fz: # No gradient +

1.6F +
a d E 14f +
Thase ' " o
» & @ ;
A-M. Bachmann : 08F¢

L. Verrg

0.6

-

Main motivation: 1 105 )

<-Produce high-energy e- bunches (200GeV, 5TeV), in a high-gradient (1GeV/m) plasma-based accelerator (PWFA)
driven by a p* bunch, for particle physics applications (dark photon searches, very-high-energy ep collider) 4/30
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<-Drive wakefields in plasma with a proton (p*) bunch
<-Accelerate externally-injected electrons (e") to GeV (SPS) to TeV (LHC) energy scale

< Relativistic proton (p*) bunches with tens to hundreds of kJ are available

3/30
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AWAKE—

<-Accelerating externally-injected electrons (e’) to GeV (SPS) to TeV (LHC) energy scale

ATVAIE—

<-Driving wakefields in plasma with a proton (p*) bunch

< Relativistic proton (p*) bunches with tens to hundreds of kJ are available

ows m{ =i —. == | SPSdriver (19kJ):

% ¢ = bt / R
& 150 ~200GeV in ~200m
5 | SPS | T ~109 o-
Z %7 10K — 10%e

50 i /

U T T

0 100 zz,OI(l]'l 500 400 2D numerical simulation results

P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
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<-Accelerating externally-injected electrons (e’) to GeV (SPS) to TeV (LHC) energy scale

ATVAIE—

<-Driving wakefields in plasma with a proton (p*) bunch

< Relativistic proton (p*) bunches with tens to hundreds of kJ are available

oms ] —5 i //: SPS driver (19kJ):
Sl ~200GeV in ~200m
LHC e 2 100 1 | ! ~10°% e

LHCb

Tz

0 100 200 300 400

z, m 2D numerical simulation results
P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
BOOSTER 6 (C) .
-+ ISOLDE 5 LHC driver (119kJ):
’ ot ves, LHC -
_____ 1 > 4 112kJ ~5TeV in ~7km
’_‘7??3 § 3 ~10% e
2 -
) ~TeV in km <& ~GeV/m 1GeV/m!
00345 8 10 12 14 16 3/30
L, km
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Short drlver (e), o=1w,., o,~Clo,,, ‘resonant’

Db F «— Tpe — Y,
_‘_ { E‘& } I _@ @_’ D Short and Narrow
KpeO,= \2 Kpeo,~1
<-~Langmuir wave in 1D, on axis \ ' J
Scaling: _ Neos Koer ClO5e
o, T < 1/wpe x n_01/2
_1/2 . . . I [ T ”
0r < C/Wpe X N - fit within the “structure”, “bubble
meC 1/2
Ewp = ?wpe o M

1/2

Tieg€

Wpe = ( ) Plasma e~ angular frequency
€9

¢/ Wpe Plasma skin depth

7130
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Short driver (e), 0,=1/w,., 0,~Clo,,, ‘resonant”

4—1:'—!-

SO0

<-~Langmuir wave in 1D, on axis
PWFA, short e bunch

BWSE|d

PLASMA WAKEFIELDS

AWAKE—

Short and Narrow

KpeO,= \2

Kk

0e0r~1

LWFA, short laser pulse

Scal I n g : o Experiment
00
—1/2
Jt,frgl/wpeocno/ @
150
< c/w n_1/2 Blumenfeld, Nature 445, 741 (2007) ] %8“
Or > pe X = Neo=2.7x10"7cm-3 T /:\‘ ,ﬁi Neg=3x1017cm™3 S:?n“mo“ 70 75 80 &8s
H — — - @ frrerrers
E e cw 0.6 n1/2 7 60fs e bunch el ey 40fs laser pulse !:2 = !
WB — e pe el 2x10"%-, 42GeV, ~50J ~40J, 1PW ot &
= ~8GeV energy gain

~52GeV/m, 85cm

e [ ~42GeV energy gain

Momentum (GeV/c)

~39GeV/m, 20cm

Momentum (GeV/c)

~0 s
] San Francisco

2) 1/2

Tieg€
P €0Te

¢/Wpe

High energy gain & gradient!!
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Long driver (p*), 6:>>1/wp,, o,~Clwy,, initially non-resonant
< tpe >

N. Kumar et al., Phys. Rev. Lett. 104, 255003 (2010)

Short and Narrow — Long and Narrow

Blumenfeld, Nature 445, 741 (2007) Gonsalves, PRL 122, 084801 (2019)

>> k c~1
n.,=3x10'7cm3 kpeGZ 1 pe~r

n.=2.7x10"7cm3 "T>| A
eBunch T\

ey L-40fs jJaser pulse
2x101%-, 42GeV By '

~42GeV energy gain : L ce=  ~8GeV energy gain neo, kpe’ C/ (Dpe
NNNNNN 5 Jve=S g
~52GeV/m, 85cm ”77?-"°}L ; /0’2’..’;{ ~39GeV/m, 20cm
San Francisco. “""""i\\s\
b W

7\

10-100J — 10-100kJ!

p* bunch, CERN:
SPS: 400GeV, 3x10% — 19kJ
LHC: 7TeV, 1x10Y — 119kJ

mec /2 2 7/30

~200ps Ewp = e o X Teo
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Long driver (p*), 6>>1/aye, 6,~Clw,e, initially non-resonant Initial (transverse) wakefields
< T > ‘
Periodic focusing/defocusing (1)

2\ 1/2
Neo€
Wpe = (E . ) Plasma e angular frequency

07e Pukhov, PRL107 145003 (2011)
e 107
>
(V)
o 102}

L/
103 (1) ........
0 5 Z,m 10

<-E,-field along the plasma

7130

Relativistic particles do not (appreciably) dephase!

SM & transverse effect!
P. Muggli, ECLIM, 16/09/2024
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MAX-PLANCK- IFDLI]STITUT
Initial (transverse) wakefields

R PHYSIK
o,~Clw,, initially non-resonant
P

Long driver (p*), 6>>1/wy,, pes
¥ E . Periodic focusing/defocusing

.

Density modulation (2)

.

Wakefields

Self-modulation -

2

E,GV/m
N

7130

Growth along the bunch and plasma!

P. Muggli, ECLIM, 16/09/2024
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Initial (transverse) wakefields

Long driver (p*), dense plasma, 6>>1/w,e, 6;~Clwpe
< T3 > ) ) '
£ Periodic focusing/defocusing
<« OO - -
Density modulation
Self-modulation g Wakefields

- .
Full modulation - bunch train  (3)
Pukhov, PRL107 145003 (2011)

Self-modulated bunch

pnbunch train

oo e ®-

Plasma wakefields +

3)  Train period ~t,.=21/wp,

< ubunch length <
m <~Resonantly drives wakefields to large amplitude
<-Self-modulation necessary to drive ~GV/m 7

accelerating fields in ~104cm-3 density plasma
© P. Muggli P. Muggli, ECLIM, 16/09/2024
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SELF-MODULATION

'4| T T T T T T

9L
INE SRR R R
" ¥
26
A.-M. Bachmann
4 | | Il 1 ! ; |
100 80 60 40 20 0 -20
_ time [ps|
Sell-rnouulateu puricnl = ubunch train

o o e e

Plasma wakefields +

)

© P. Muggli

AWAKE—

Growth mechanism:
Initial (transverse) wakefields

.

Periodic focusing/defocusing

Density modulation

(o)
7]

Wakefie

Full modulation - bunch train  (3)
Pukhov, PRL107 145003 (2011)

3) < Train period ~t,,=2n/w,,
< ubunch length <
<~Resonantly drives wakefields to large amplitude

<-Self-modulation necessary to drive ~GV/m
o . . 7130
accelerating fields in ~104cm-3 density plasma
P. Muggli, ECLIM, 16/09/2024
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Rb plasma, 10m
gd Dump

(0.5-10)x10%cm-
No Plasma Plasma

No Plasma Plasma i _:;
VT ICore + Halp —_— VT TcOre + Hal
A

=4

'X »
Screen 2

Screen 1 —

E=400GeV N=(1-3)x10%p*
c,=6cml! c,=200pm

et 8 i
Long NaITow SM regime ...

= OSOSOS 8130

P. Muggli, ECLIM, 16/09/2024

<-Plasma density from o,
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laser RF-gun ' ‘ m |'|| ' e spectro

Rb plasma, 10m
(0.5-10)x10%cm-

~£5y

No Plasma Plasma

No Plasma Plasma i _:;
VT ICore + Halp —_— VT TcOre + Hal
A

=4

» >
Screen 1 M, Screen 2

E=400GeV N=(1-3)x101p*

c,=6cml! c,=200pm

Clope=c, & N ~7x10cm3
Ape~1.3mm<<gc, ‘ SM ~ 1GeV/m
f o ~240GHz

pe
" omope AAKE 8/30

P. Muggli, ECLIM, 16/09/2024

<-Plasma density from o,
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Rb plasma, 10m
(0.5-10)x10%*cm-3

AWAKE EXPERIMENTAL SETUP @

= dop

[l 0000 [
~£5y

No Plasma Plasma

No Plasma Plasma

=4

|

B b

'X »

I Core + Halp i

E=400GeV
c,=6cml!
Clwye=c, &

Plasma cell
(10m long)

© P. Muggli

= VT TCOféHaI
g!

Screen 2

Screen 1 —

N=(1-3)x101p*
c,=200pum

ne ~7x10%cm3
Ape~1.3mm<<c, ‘ SM ~ 1GeV/m
f e ~240GHz

pe
" omope AAKE 8/30
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<-Plasma density from o,
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AWAKE EXPERIMENTAL SETUP @

Streak Camera

e spectro

Rb plasma, 10m
(0.5-10)x10%*cm-3

No Plasma Plasma No Plasma Plasma

y Core + Halp
lel®

B b

'X »
Screen 1

8/30
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PLASMA SOURCES

< Rubidium vapor source 0.5<n_,<10*10%*cm- <>Discharge plasma source
<-Laser-ionized

10m
P S——
aser
ph e O'\ ( }'O
o \
> Viewports
Expansion Aperture
Volume [ Rb Sources ]
Ne=Ng, € >

-—— o = 'n
i —— N

@ TECNICO - ‘-u( - \ /*
W

W o

—+ fla—~cm =TT T Em==.. i
e 1m —— ||
| z

~

Oz, Nucl. Instr. Meth. Phys. Res. A 740(11), 197 (2014)
Plyushchev, J. Phys. D: Applied Physics, 51(2), 025203 (2017)

Plasma ﬂm ’R”: Plasma nm TERIF Vapor

< Flexibility:
< Plasma length: 3.5, 6.5, 10m
_ <> Density 0.1-20x10%4cm-3 9/30
<Very uniform density uniformity: An./n_ ,<0.5%  Gas-lon mass. He,.Ar, Xe ()
© P. Mugg <> Access to plasma light



Ap-Dyz L

MAX-PLANCK-INSTITUT
FUR PHYSIK

SEEDED SELF-MODULATION (SSM) @
R

Rb vapor, 10m
(1-10)x10%*cm3

[l 0000 [
£

NRp=2.1x10%*cm3

<»No plasma
<»No density modulation
<~No centroid position oscillation

10/30
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A 4

Rb vapor, 10m 9
(1-10)x10%*cm3 g

Nrp=2.1x10%*cm3
Streak camera Images

Plasma OFF

: e |
IS 1 T -

~0,/c~200ps

© . muggi AWAKE, Phys. Rev. Lett. 122, 054802 (2019) M. Turner et al., Phys. Rev. Lett. 122, 054801 (2019)



% Crrencen S A WfHéE%f‘”
.. SEEDED SELF-MODULATION (SSM)
MAX-PLANCK-IENEELT/LQJI
RIF
a) 4 ; ;
b Plasma : Vapor
\4 . 2t : l
! = |
I : P Py S
. ERUE
| b :
\ A -2+ 1
A-M Bachmann :
-4 b : N ' ‘ : ~— Ngp=2.1x10%cm3
Stre 100 80 60 40 20 0 -20

Plasma ON

lager “ 7
[ plse ONIRE TR
spm P ’
: v R

~01/c"‘200ps

© . muggi AWAKE, Phys. Rev. Lett. 122, 054802 (2019) M. Turner et al., Phys. Rev. Lett. 122, 054801 (2019)
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(GHz)

mod

Modulation Frequency, f

400

SEEDED SELF-MODULATION (SSM) @

) e

350
300
250
200
150
100

50 |

0 [

nd, - 0.50 ]
CTR2™: fmod—Zaan ]

. _ 0.49 1
Streak: frnod an_ ]

- 14 -3 1(2;
f CHZI=a(n, [x10 "em™]) ™

a=(10/27)(e%e m )'?=80.97

0
Rubidium Vapor Density, Ny (x1014cm'3)

2

4 6 8 10 12

o r.muggi AWAKE, Phys. Rev. Lett. 122, 054802 (2019)

Ngp=2.1x10%cm-3

OTR

< Modulation frequency = f,,

RIF
Plasma <

<Te~7:9P8

11 »{Humuu -

~0,/c~200ps

11/30
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ACCELERATION EXTERNALY-INJECTED & @

E'SECTTO

Rb plasma, 10m
(0.5-10)x10%cm2

100 300 500 700 900
a " T T T T T

RIF

- Ng=1.8x10%cm-3
" An./10m=5.3%
| N=(2.5-3)x10%%
30+ ¢,=200pm ‘
" o,=(6-8)cm
- E,=(18.84+0.05)Me
10F v
[ O=(656=+14)pC
- E=(800%40)MeV
3 AEpyum=(137x14)M
- eV -2
Q ©. 25+0 7)pC ) A-M Bachmann

0f v e ity Py
0.2 0.3 0.4 05 07 1.0 1520 4.0 _4 L L i ' '

E(GeV) 100 80 60 40 20 0 -20

5

o

Plasma Vapor

y (mm)

d?Q/dxdy (fC mm2)
| N

X [mm]|
o

N

dQ/dx (fC mm™) o

beassssssasnnsnsnnnnan

< Injection test e at an angle (~1-3mrad)
< Finite AE/E
12/30
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R PHYSIK
e’ SEC'trO

Rb plasma, 10m
(0.5-10)x10%cm2

100 300 500 700 900
a o T T T T T 292 r
sol r?vqugxlomcm_s 0.5 20 # Gradient AWAKE +
~ An./10m=5.3% 04 € e # No gradient
£ | N=(2.5-3)x10 £ 18F
\E 30+ 5,=200pum . o2 e 1.6F
" 6,=(6-8)cm 0.2 g ~E +
| E,=(18.84=0.05)Me % 14
10} VO : ) o1 g O +
- o= 0.0 & 12F
b [ Q=(656+14)pC -
A 1.0F ¢
€ 2F E=(800x40)MeV 5
% 1E AEpyun=(137£14)M 08F¢
t eV C
3 ok e , 06"
02 ° ' 03 04 05 07 1.0 1520 40 é :'; 4I 5' é >
E(GeV) e (10" cm—3)
< Injection test e at an angle (~1-3mrad)
< Finite AE/E 12/30
< Up to 2GeV energy gain (from ~19MeV)
op. Mugg“<> Captured charge: ~pC AWAKE, Nature 561, 363 (2018) P. Muggli, ECLIM, 16/09/2024
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Plasma RIF

SMi

U-bunches
@ varying times

(@)

10 events

Nee=10%4cm3
Np,=3x104

Event number

13/30
© P. Muggi F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, ECLIM, 16/09/2024
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Plasma

SMi

SEEDED SELF-MODULATION (SSM) @

RIF

(@)

U-bunches
@ varying times

10 events

Event number

© P. Muggli

RIF

Plasma

SSM

Vapor

Wakefields
start
here!

<Relativistic ionization front (RIF)
<Abrupt (<<l/w,,) start beam/plasma interaction
<-Seed wakefields

13/30

F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, ECLIM, 16/09/2024
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SEEDED SELF-MODULATION (SSM) @

Plasma RIF Plasma Vapor
SMI —=> Relativistic lonization Front SSM
(RIF)
_ Seeding
< SMI - Instability —__ u-bunches p-bunches . SSM-Control -
® T Lo e n @ varying times |I»@ fixed times ® I e et
- REPRODUCIBLE! .
8 8
g 5 & __RIF 5
= Plasma : Vapor 2
L =3 S
@ g i ? : K
EE R R R R
>< Sl
A-M Bachmann
Y0 80 60 a0 20 0 20
t (ps) t [ps]
<Transition from SMI to SSM <-Summed image confirms reproducibility

<~SSM, RIF seeding: A®/21<8% <-Wakefields start at the RIF
<-SMI —SSM transition:
S lie=20p, 13/30
$>2.8MVIm £ E, sooq <4MV/IMm @ n=10%%cm-3
© P. Muggi F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, ECLIM, 16/09/2024
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Plasma RIF Plasma

SSM

RIF Vapor

SMI Relativistic lonization Front
(RIF)

Seeding
U-bunches u-bunches _SSM F:_O'lthI i
@ varying times |I»@ fixed times ® de - e gc—

REPRODUCIBLE!

5) i
£ E
z RIF =
= a) 4r : . : z
=] Plasma : Vapor =
2 27 le. inj 3)
> . ¥ s 41 o
= = 2 S - =
Y R
b ¥ i
2} e
A-M Bachmann
4L . . i A i
100 80 60 40 20 0 -20

t [ps]

<-Reproducibility essential for deterministic injection/acceleration
<t fixed!

e-, inj

13/30
F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, ECLIM, 16/09/2024
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Plasma RIF

SEEDED SELF-MODULATION (SSM)

AWAKE—

Plasma Vapor
—> Relativistic lonization Front
SMI elativistic Ionization Fron SSM
(RIF)
seeding WAV
SMI - Instability
SSM - Control
Plasma e, |RIF
L. Verra et al., Phys. Rev. Lett. 129, 024802 (2022) e-bunch
Seeding SSM
PHYSICAL REVIEW LETTERS
Highlights Recent Accepted Collections Authors Referees Search Press About /\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\/\)
5o JI S w00
Controlled Growth of the Self-Modulation of a Relativistic Proton B St ) :
Bunch in Plasma ‘1’ :
L. Verra et al. (AWAKE Co\laboration) =1 Plasma + e-seed (b)
Phys. Rir. Lett. 129, 024802 — Published 6 July 2022 EO pe ‘ ﬁ a ’ ‘_”;, F, i ; ' :! .e- . hV
PhyéTcs See synopsis: Cantralling Instabilities in a Plasma Particle Accelerator 1 E=19MeV
. Q=250pC
<-SSM seeded by wakefields of e-bunch grfg‘?;sm
ey g . | R
<-Same reproducibility as RIF-seeding Ne=10cm
<>SSM of entire bunch 13/30

<~Independent control of seed (e’) and growth (p*, n,,) parameters

© P. Muggli

P. Muggli, ECLIM, 16/09/2024
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

MAAAMARARM

<-e-and p* aligned ...

A
e bunch
w
P
R &) & s
y \

<r... axi-symmetric SM

© P. Muggli

HOSING

AWAKE—

15/30
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

MAAAMARARM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM

© P. Muggli

HOSING @
<-e-and p* mis-aligned ...
4_#4
VVVVYVYVY

<r... non-axi-symmetric hosing (mis-alignment plane)
<-... and SM in the perpendicular plane (“no misalignment” plane)

e bunch

T. Nechaeva et al., AWAKE Collaboration, Phys. Rev. Lett. 132, 075001 (2024) 15/30
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

MAAAMARARM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM

© P. Muggli

AWAKE—

HOSING

o : Front
- 1ol - <-e’/p* aligned
E 05 .
§ oo —.E' <-Self-modulation
% -05 .
“-100 <-Symmetric
-1.5{"
“207260 180 160 140 o 100 ) 60
time (ps)
T. Nechaeva
Nge=10%cm-3
N,,=3x10"
T. Nechaeva et al., AWAKE Collaboration, Phys. Rev. Lett. 132, 075001 (2024) 15/30
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

MAAAMARARM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM

HOSING @

<-e’/p* mis-aligned
<-Hosing
<-Centroid oscillation

200 130 1o 140 120 100 8o 60
time (ps)

o : Front
. <-e’/p* aligned
<-Self-modulation

position (mm)
s
w

10/ 4 <-Symmetric
-1.5
“2073260 180 160 li'ioe(w w0 % 50
T. Nechaeva
1 e bunch
.— <-SM and HI together
<>fHI~1ESM~1:pe

<-Induced by wakefields

15/30

© P. Muggli T. Nechaeva et al.,, AWAKE Collaboration, Phys. Rev. Lett. 132, 075001 (2024) P. Muggli, ECLIM, 16/09/2024
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

MAAAMARARM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM

© P. Muggli

AWAKE—

HOSING

<-e’/p* mis-aligned
<-Hosing
<-Centroid oscillation

<-e’/p* aligned
<-Self-modulation

<-Symmetric
20—t 16 Jd 1% 10 8% &
Ime(ps]
I T. Nechaeva

|

g <-e’/p* mis-aligned
5 <-Hosing
: <-Reversed!
200 180 160 E:?e & 120 100 80 60
T. Nechaeva et al., AWAKE Collaboration, Phys. Rev. Lett. 132, 075001 (2024) 15/30
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& G HOSING
MAX-PLANCK- IFNSTITUT

UR PHYSIK

AWAKE—

<e-bunch seeding of SM ) . '
o : <-e’/p* mis-aligned
Plasma e |RIF £’ -
§ © - <-Hosing
SSM g:»: - | B <-Centroid oscillation
-1.51 I
N\MW\/\/VVW\/\/WW\/ 200 130 1o im (e5) 120 100 8o 60
28 s : Front
- + 1 15
<-e-and p* aligned ... ol | +elp* aligned
‘e bunch ;;.: 0:0.T i 1 f <>Se|f'mOdU|at|On
! ‘ #‘ ‘ \ R o % <-Symmetric

N .l e el I S ST SHE TS o |
. . . . . I T. Nechaeva

<... axi-symmetric SM <-e’/p* mis-aligned

position (mm)

<-Hosing
<-Reversed!
0 L2 ol l;l:?E (ps) = e ® -
T. Nechaeva et al., AWAKE Collaboration, Phys. Rev. Lett. 132, 075001 (2024) 15/30
© P Mugg <-Hosing could deteriorate, limit the acceleration process... P. Muggli, ECLIM, 16/09/2024
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R PHYSIK

<V 0p<Clmpe’ (KyeOro <1) optimum for wakefield generation ...

Return current outside the bunch
Wakefields can develop

17/30
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FILAMENTATION INSTABILITY

<V 0p<Clmpe’ (KyeOro <1) optimum for wakefield generation ...
< o>>Cloye: (Kpeoro >>1) filamentation instabilities can develop ...

<rEqual streams: current filamentation instability (CFI)

B 5
Dansity (27637 om-3]

<-Unequal streams: oblique modes, wakefields, ...

_’ » — L
Vpe>> Ve k=ky+k

Shukla, J. Plasma Phys. 84(3) 905840302 (2018)
Allen, Phys. Rev. Lett. 109, 185007 (2012)

17/30

© P. Muggli P. Muggli, ECLIM, 16/09/2024



% FiILAMENTATION INSTABILITY @

FUR PHYSIK

<V 0p<Clmpe’ (KyeOro <1) optimum for wakefield generation ...

< o>>Cloye: (Kyeoro >>1) filamentation instabilities can develop ...
<rEqual streams: current filamentation instability (CFI)

<-Unequal streams: oblique modes, wakefields, ...

_’ » — » »
Vpe>> Ve k 1L+ k)

<-Astrophysics: generation of magnetic fields in the universe?
<-Collision: neutral, expanding supernova plasma — interstellar plasma

<CFl :

<-Generates magnetic fields
<-Converts kinetic energy of the expanding plasma into B-field energy and plasma kinetic energy
<-Evolution: filaments -> coalescence -> shock formation

<-Study FI with relativistic particle bunch (p*) or “fireball” (e- e*) beam

17/30

<-“Astrophysics in the lab” Shukla, J. Plasma Phys. 84(3) 905840302 (2018)
C.D. Arrowsmith, Nat. Comm. 15, 5029 (2024)

© P. Muggli
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FUR PHYSIK

Transverse Filamentation: 6,,~200 => 550pm>>c/w,, AND c,>>C/wp,

18/30
L. Verra et al., AWAKE Collaboration, Phys. Rev. E 109, 055203 (2024)
© P. Muggli
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s ‘ . . ATVARE—
FILAMENTATION INSTABILITY
MAX-PLANCK-INSTITUT Plasma O
Transverse Filamentation: 6,,~200 => 550pm>>c/w,, AND c,>>C/wp, z_“:")‘(t 1
Entrance (c,=480pm, ,=520um) Exit: Plasma OFF (c,=810um, 5,=870um) i
~1ns
Back v
og;=1.0mm
c,=170ps
L ot 7 L. Ver
X < 1.65mm >
> p*
<-Incoming bunch without transverse features (Gaussian) 18/30

L. Verra et al., AWAKE Collaboration, Phys. Rev. E 109, 055203 (2024)
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FILAMENTATION INSTABILITY

Transverse Filamentation: 6,,~550um~3.2¢/w,. AND ,>>C/wp,

Exit: Plasma ON, n,=9x10%cm-3

Entrance

Clmpe

y ; . L. Verra

1.65mm 3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features (Gaussian)
<-Filaments with plasma

© P. Muggli

Plasma O

Front,

P

Back

AWAKE—

~1ns

18/30

L. Verra et al., AWAKE Collaboration, Phys. Rev. E 109, 055203 (2024)
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FILAMENTATION INSTABILITY

Transverse Filamentation: 6,,~550um~3.2¢/w,. AND ,>>C/wp,

Entrance

Exit: Plasma ON, n,=9x10%cm-3

. Ver

0 10 20 30 40 50 60 70
x [mm]

ra

N
y

3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features (Gaussian)

<-Filaments with plasma

© P. Muggli

Plasma OF

Front,

Back

A

AWAKE—

A

~1ns

18/30

L. Verra et al., AWAKE Collaboration, Phys. Rev. E 109, 055203 (2024)
P. Muggli, ECLIM, 16/09/2024
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FILAMENTATION INSTABILITY

Transverse Filamentation: 6,,~550um~3.2¢/w,. AND ,>>C/wp,

Entrance

Exit: Plasma ON, n,=9x10%cm-3

. Ver

0 10 20 30 40 50 60 70
x [mm]

ra

AWAKE—

Plasma OF
Front +

¢—>X

~1ns

Back v
Plasma ON

N
y

3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features (Gaussian)
<>Fi|aments Wlth p|asma, |ate a|0ng the bUﬂCh, ear|y stage? L. Verra et al., AWAKE Collaboration, Phys. Rev. E 109, 055203 (2024)

© P. Muggli

Front

A S

Filament?
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<>./\F1e::zl <>'/\/\r::z1()

Discharge plasma source (DPS):

<-Quick change of density

<-Reach high plasma densities >10cm-3
<-Change ion species: He, Ar, Xe

<No alignment (r,~10mm)

© P. Muggli

Plasma density (cm~3)

2.00 A

1.75 A

1.50 A

1.25 A1

1.00 A

0.75 A

0.50

DiSCHARGE PLASMA SOURCE

$Ar,=85 $A =131
1lel5 600
—— Xe 16 Pa, interf ~—— 16 Pa Xe, curr
—— Ar 24 Pa, interf —— 24 Pa Ar, curr
—— He 45 Pa, interf —— 45 Pa He, curr 500
C. Amoedo et. al | 4,

S

T f ¥ 7 f T
25 50 75 100 125 150 175 200
time (us)

w
&
o
Plasma current (A)

N
o
o

100

AWAKE—

19/30
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MAX-PLANCK-IFIIJJSTITUT lON MOTlON -

R PHYSIK

Effect of ion motion on:

<-Accelerated bunch quality /0/‘
<-Acceleration process Qé‘
_Back __Front . Z

, : ’.J‘:F 5000 @a

4000

Plasma:
<-Light, mobile electrons
<Heavy (m= 1832m,) immobile ions
¥ Wpe>>0y
<ps & ns
<Large force, ions move at w,, scale?
<-Not seeded: SMI

u.]

3000 g

counts [arb

2000

1000

& lps]

_ M. Turner
Long, low density bunch:

20/30
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ION MOTION?

Effect of ion motion on:
<-Accelerated bunch quality foﬁ
<-Acceleration process Qé‘

x [mm]
o

4000

x [mm]
o

u.]

3000 g

counts [arb

2000

x [mm]
o

1000

M. Turner

ES

Long, low density bunch:
< Typical SMI (Xe, Ar)

Event number
oo (=)

—
S)

20/30

© P. Muggli P. Muggli, ECLIM, 16/09/2024



R PHYSIK

% o AVARE=
MAX-PLANCK-IFIIJJSTITUT lON MOT|ON -

Effect of ion motion on:

<-Accelerated bunch quality ’o,a
<>Acceleration process Qé‘
2
t 5000 &a
E 0
-g 4000
T
E o -
% 5 3000 g '
2 = No!
E
E 0 2000 &
i -2
2
"E'* 1000
g P YES!

4 o ~200 —1;-6(') ] 6- .1.1;0 ;2'667 300 400
& [ps]
Long, low density bunch:

< Typical SMI (Xe, Ar)
<-“Tail” appear in the back of the bunch (He)

20/30
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Effect of ion motion on:

% AWAKE—
ION MOTION >
MAX-PLANCK-INSTITUT l

FUR PHYSIK

<-Accelerated bunch quality
<>Acceleration process ’

( Npe. Np+) M. Turner

v
No Plasma a
Xenon

1.0 1

Counts [arb. u.]
o o o
=Y [+)] e

©
[N}

0.0 ¥ - . . -
-400  -200 0 200 400
& [ps]

< “Tail” with He, not with Ar, Xe

Long, low density bunch: '\(\QN
<Typical SMI (Xe, Ar) G\\((\
<-“Tail” appear in the back of the bunch (He) ?(

20/30
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MAX-PLANCK-INST 'ON MOTlON

FUR PHYSIK

Effect of ion motion on: .
<Accelerated bunch quality
<>Acceleration process ’

-
( Npe. NP*) "p®

| v V
12/ = No Plasma a | === No Plasma b
s Xenon ; e Xenon
1.0 o — o [l s Helium

o
©

Counts [arb. u.]
o
()]

M. Turner

0.4
0.2
0.0 : : : : : : : -
-400 -200 0 200 400 -400 -200 0 200 400
£ [ps] & [ps]
< “Tail” with He, not with Ar, Xe <-Lower wakefield amplitude, less (\J
tail
Long, low density bunch: '\(\9
<Typical SMI (Xe, Ar) G\\((\
<-“Tail” appear in the back of the bunch (He) ?(
© P. Muggli

AWAKE—
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FUR PHYSIK

Effect of ion motion on: .
<Accelerated bunch quality
<>Acceleration process ’

( Npe, Np*)

AWAKE—

3000

1000

2 1
2N, Npel 2 Np+ M. Turner
‘ e g N’
12 = No Plasma a | === No Plasma b | === No Plasma C
— Xenon ; e Xenon s Xenon
1.0- et d et

Helium { e Helium

Counts [arb. u.]
o © o
=Y [+)] @

o
N)

LN

0.0—400 200 6 260 460 -400 —2IOO ('J 260 00 —-400 —2IOO 0 200 400
& [ps] & ps] & lps]
< “Tail” with He, not with Ar, Xe <-Lower wakefield amplitude, less <-Even less \J
tail
Long, low density bunch: ‘\(\6(
<Typical SMI (Xe, Ar) G\\((\
<-“Tail” appear in the back of the bunch (He) ?(

20/30
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ION MOTION
MAX-PLANCK- IFlIJJSTITUT

AWAKE—

R PHYSIK

Effect of ion motion on: g
<-Accelerated bunch quality
<>Acceleration process .

( Npe, Np*)
S ——

3000

1000

FNp+ noe3Np) M. Turner @Nw

N N —— e Plasmav
1.2 === No Plasma a | === No Plasma b | === No Plasma C o == Argon d
m—— Xenon e Xenon m—— Xenon e Xenon
1,0 o s { s Helium q s Helium

Counts [arb. u.]
=}
[=2]

0.4 4
" A
0‘0—400 200 fIJ 260 460 =400 —2|00 flJl 260 400 —-400 —2|00 fIJ 260 400 —400 —2|00 6 260 460
£ [ps] & [ps] & [ps] & [ps]
< “Tail” with He, not with Ar, Xe <-Lower wakefield amplitude, less <-Even less <-Higher wakefield amplitude, tail
_ tail (\J with Ar, but not with Xe
Long, low density bunch: ‘\(\6
<>Typical SMI (Xe, Ar) G\\((\
<-“Tail” appear in the back of the bunch (He) ?(

<-More “tail” with lighter ion (He), larger wakefield amplitude (N,., n.,) (Ar) 20/30
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Effect of ion motion on:
<-Accelerated bunch quality
<-Acceleration process

P p 5000
= a
£ of
x
-2 ==
2 b 4000
t
£ o
x 3000
-2 =
2
T C
E 0 2000
x
=2
“Td
g 19 1000
-2 i ISP Rl T, e
-400 ~ -200 =100 0 100 200 300 400
& [ps)

Long, low density bunch:
< Typical SMI (Xe, Ar)
<-“Tail” appear in the back of the bunch (He)

<More "“tail” with lighter ion (He), larger wakefield amplitude (N, ngo) (Ar) dme,

ION MOTION

u.]

counts [arb

M. Turner

AWAKE—

2 "
V| U

21/30

<-Numerical simulations confirm: ion motion because of ponderomotive force of the wakefields

© P. Muggli

J. Vieira, Phys. Rev. Lett. 109, 145005 (2012)

P. Muggli, ECLIM, 16/09/2024



%)é

MAX-PLANCK-INSTITUT
FUR PHYSIK

DISCHARGE PLASMA SOURCE @

<A,=40 $>Ar,=85

le15
= 600

Discharge plasma source (DPS):

<-Quick c

<Reach

<-Change : =

<No alignment (r,~10mm) u 00
g

22/30

. - : : :
0 25 50 75 100 125 150 175 200
© P. Muggli time (us)
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Ap-Dyz L

MAX-PLANCK- INSTITUT

WAKEFIELD LiGHT

<-Wakefields < energy deposited into plasma e-
<-Energy must dissipate
<-Dissipation of wakefields produces “wakefield light” (atomic line radiation)

PO Plasma Light 1P2
e, et // Extraction y
cTR ok LI Plasma / Foll [ z(
”E“LJNW‘ c':‘/' Quadrupolos Bending Magnet Z
N=1.8 10% I I
o712 pm Opm:al Ylmsmon “““““““ CherefikoV
E=28.5 GoV Raleavs . Radi
To CTR Pyrometer 25m !
Cherenkov Light
Plasma Light into Spectrograph into Cerenkov Camera
14

E. Oz, AIP Conf. Proc. 737, 708 (2004) ]

—_
N
T

—_
<
T

Lithium Line 610.4 Intensity [a.u.]
o o

%

0 01 02 03 04 05 06 07 08 09
Energy Loss (GeV)

<-Light from wakefields
proportional to energy deposited 23/30
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MAX-PLANCK-INSTITUT
FUR PHYSIK

<-Energy must dissipate

WAKEFIELD LiGHT

<-Wakefields <~ energy deposited into plasma e-

AWAKE—

<Dissipation of wakefields produces “wakefield light” (atomic line radiation)

IPO Plasma Light 1P2
e, ¢ ‘ / Extraction y
e LI Plasma i Foll
\ ”=:“L“w"" ©m” Quadrupoles Bending Magnet B z
\ Hoem ) mmm e e m D
LN O s
N=1.8 10" . # i i
=12 pm Spiion) Teaishion. = S TPImSms SEm—— Cherel
E=28.5 GeV Radlators < Radiafor
To CTR Pyrometer 25m |
Cherenkov Light
Plasma Light into Spectrograph into Cerenkov Camera
14

E. Oz, AIP Conf. Proc. 737, 708 (2004) ]

—_
N
T

—_
=4
T

Lithium Line 610.4 Intensity [a.u.]
o
oSy

@c’@@
6
@O
o8
4+ @@@
m
0 01 02 03 04 05 06 07 08 09

Energy Loss (GeV)

<-Light from wakefields
proportional to energy deposited

© P. Muggli

Pukhov, PRL107 145003 (2011)

0 ‘ 5 7m0
<-SM grows along the plasma
<-Can the growth be observed?

SETUP S
Oscilloscope ™= Plasma exit
Plasma entrance pe =—-—-'Collfmators= 3.85m i

Plasma
£
J. Mezger < Cameras —___“g&— — _ _

23/30
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WAKEFIELD LiGHT @

<-Wakefields < energy deposited into plasma e-
<-Energy must dissipate
<Dissipation of wakefields produces “wakefield light” (atomic line radiation)

Pukhov, PRL107 145003 (2011)

25000{ —— Npe = 2.5 x 1014 cm‘3
—_ =52 %10 cm~
200001 —— p,. = 9.8 x 10 cm3

Counts

—— Discharge only )
15000 A f 0 ! L : L 5-; ! : z' . 10
10000 - f m ‘ , M
— //’,JU ,J—-« <-SM grows along the plasma
<-Can the growth be observed?
6

o it =

. . . . . . . SETUP
3 4 5 7 8 9 10 Osclllogoope P4 Goilimators =—— Plasma exit
Distance [m] Plasma entrance i i 11 3.85m :
. . £
<-Growth of SM along the plasma visible J. Mezger 3. Mezger S
<Measurement for growth rate? ’ 23/30
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MAX-PLANCK-INSTTT WAKEFiELD LiGHT

R PHYSIK

AWAKE—

<-Wakefields <~ energy deposited into plasma e-
<-Energy must dissipate

<Dissipation of wakefields produces “wakefield light” (atomic line radiation)

Growth rates, N, = 1.5 x 10*! protons

1/3 1751 x average
vmp(C,r = O)C) 3 o

1 @ growth rate

E = Eye®’T r

o (s

4 \ n.myy

125
i
£
1/3 1/6 =
~o -
r~ny's// Npe g 100
£
—— Npe =2.5x10% cm™3 3 0.751
10° —— npe = 5.2 x 10% cm™3 S

—— nNpe = 9.8 x 10 cm™3

0.25 1
0.00 T T T T T T
i} 1044 0 2 4 6 8 10 12
= Npe x 101 [cm™]
S Growth rates, np. = 2.5 x 1014 cm~3
¥ average
1s{ g
103 1504 #  dataset

"%;1.25-
T EIUU
10 £
Distance [m] 5075
S
. . 0.50 4
<-Growth of SM along the plasma visible J. Mezger s
?
<Measurement for growth rat:e. | M T O 5w 23/30
<-Measured growth rate consistent with n., and N,,, dependencies o x 107 [protons]
© P. Muggli
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<-Theory prediction: plasma density gradient suppressed SM

Theory: bunch radial modulation Experiment: wakefield light along the plasma
FT v T T T 3 —_ 64 1
) (a) g=0%/m .| No gradient, g=0: L0
g3 4.8 05 fg
,'\:; " 4.0 ‘E
2 -] 2
o} 3321 °0 §
= (W] o
g 2.4 >
Ir 161 05
/ (=]
g _ 08 J. Mezger |ji _,,
0.0 0.2 04 0.6 0.8 1.0 6( 0.0 3 P 4 3
(k212y)" 2 z=2.5m ‘\(\ Distance [m] Neo= 2x10%cm-3
C. B. Schroeder, et al., Ph \ ((\ Np.= 0.5x10%
. B. , ., Phys. Plasmas 19, 010703 (2012) \ p

Gradient: g[%/m]=100(n¢(L=10m)-ngy)/Ngq

Ne=Ngy, < >
- Ot
iy ig=0
—» ||+—~CIMm -- - ig
10m
Loz

~
>

<-Can apply positive/negative, linear plasma density gradients

24/30
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<-Theory prediction: plasma density gradient suppressed SM

Theory: bunch radial modulation Experiment: wakefield light along the plasma
4F T T T T 4 g=0%/m 641 —— No gradient 1.0
Gradient increases @ 3%/m 5.6 1
= 3| Growth decreases as €
= 6%/m ' >
>§ g 4.0 5
= 2r 3 3.2 0o B
= () o
g 2.4 >
1 1 60%/m 1.61 s g
4 [a]
0.8 1 S
L ; ; ; ; = (\J 0.0 Soisianonnan -0
0.0 0.2 0.4 0.6 0.8 1.0 '
(kz22y)? z 7z=2.5m '\(\6 Distance [m] Neo= 2x1011cm-3
| ((\ N_,= 0.5x101L
C. B. Schroeder, et al., Phys. Plasmas 19, 010703 (2012) \\ 1e5 p
?(e 6.4 —— No gradient 1.0
5.6 — T
4.8 0.5 §
. . : . 8 401 5
<-Positive and negative gradient suppression of SM S 32 00 3
O o
<-Consistent with predictions ... 241 s
. . 1.6 °§
<-Observe also for negative gradients ... 0. °
-1.0
o0 ; 3 ; ;

Distance [m]
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MAX-PLANCK-INSTTT SSM SUPPRESSiON

UR PHYSIK

AWAKE—

<Theory prediction: more modulation of small positive gradient

Theory: bunch radial modulation Experiment: sum of wakefield light

— leb
N\ -7 T i)
5 v 3.54
1 1.0 : \‘f X s%
g . { 3.0 A x
o8 : : =
F 5 g 5 251 % e
S 06} —k =k (1+z/L)" : g 5,0l e
% per o o ) g - R<X xx
g = 23 o . Q ! o
‘:é 0.4 k.h k[ﬁl}[lm(k[.r}z) ] S\g %: \l'l g 1.5 X"S(x wie
= I 3 © U(b) 1.0 *
0.2 5(5;) . x *x
: 0.51 X)S«
0.0 1 . (\J 0.0 Np.= 0.5x1011 Bwoc ¢
B [ — R 7 6 3 3 3 6 . . ] .
-log (k L) , log () ’ ('\ -1.0 -0.5 0.0 0.5 1.0 1.5
. ((\\ Density gradient [%/m]
C. B. Schroeder, et al., Phys. Plasmas 19, 010703 (2012) 6\\ Neo= 2x10%cm-3
P! .
’ kS
<In general: less light — “less wakefields” 6- e
x
23] x{gc
5.,
341 g L
34 xX}{xx
2 e
11 Np,=3x10™
0 . . : :
-2 -1 0 1 2

Density gradient [%/m] .J Mezger 24/30
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(e

MAX-PLANCK-INSTITUT
FUR PHYSIK

SSM SUPPRESSION

<Theory prediction: more modulation of small positive gradient

Theory: bunch radial modulation
N

Experiment: sum of wakefield light

— leb
g 10 - \‘,é(") 3.5
£ | 3.01 * X
f08 , ' b
S : 9257 K %
::_2 0.6f —k =k (1+z/L)"* § 2.0 xx”* %
£ o s X *
:§ 04f ——k=k 14k "] :\3 :31.5- x& i
= 02 I %) 1'04:" e
: 0.5 x
0.0 . - | 0.01 Np+: 0.5x10% M0 303 3¢
0 9 =3 7 6 3 | 3 ' : . : :
-log (kL) log (n) -1.0 -0.5 0.0 0.5 1.0 1.5
Density gradient [%/m]
C. B. Schroeder, et al., Phys. Plasmas 19, 010703 (2012) Neo= 2x10%cm-3
o
.
<In general: less light — “less wakefields” 6-
<“More wakefields” with small gradient (g~0.5%/m)! 2% s
=2 4_
. . ] " o
<-Consistent with predictions ... - x,”f,&x
# # Gradient AWAKE / xm,,{(”:(
20 4 No gradient 2 v »
] 11 N,,= 3x10%
3 1a4f 0 T T ! !
g t -2 -1 0 1 2
1:0_ ' Density gradient [%/m] .J MeZ er
9€r 24/30
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MAX-PLANCK—INSTITT RUN 2c'd: ACCELERATE e‘ BUNCH, QUALiTY

IR PHVQIK
Laser beam

AWAKE—

RFgun <-Separate self-modulation and acceleration
E’\f 20 MeV
.

RF structure

<-Two plasmas

< Electron beam Electron source system

10 m Plasma

RFgun
RF structure

- Electron beam

) w, T, Muggli (AWAKE Coll.), J. of Phys.: Conf. Series1596, 012008 (2020)
5
- 5
= Imaging station 1

-

<4

T4 \ ‘OTR, CTR screens
/////" ‘.\ Quadrupoles

= S

- il

Laser beam

Electron
spectrometer

)

Laser

Imaging
station 2

27130

© P. Muggli P. Muggli, ECLIM, 16/09/2024



AWAKE—

Ap-Dyz L

MAX-PLANCK-INSTITUT

FIIR PHVQIK

RUN 2c,d: ACCELERATE @ BUNCH, QUALITY

Laser beam
20 v E! g <-Separate self-modulation and acceleration
L~ \[OW al RF structure
\/ L , <Two plasmas
_ < —~ DiPOl€ “ Flectron beam Electron source system
\E_’\‘ Dipole 10 m Plasma
I . | RF structure RF e

Proton beam

/ ®" Electron beam

D‘”‘”L 10 m Plasma

Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)
L -!

Imaging station 1

¢Se|f'mOdU|ati0n 4 \ OTR, CTR screens
Va por - *:2/7/‘ “-\ Quadrupoles
| = /7“/,_/"// é‘ Dipole

Plasma
SSM

- \fk £ l
- ) "&“ —_—
Laser beam
<-Results presented Electron
“ ” Spectrome[er
<Self-modulator “developed : P
Laser
Imaging
station 2
27/30
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MAX-PLANCK-INSTITUT

FIIR PHVQIK

RUN 2c,d: ACCELERATE @ BUNCH, QUALITY

Laser beam
20 Mev E! RFgun <-Separate self-modulation and acceleration
— (. RF structure
/\/ - <-Two plasmas
; . , DiPole Electron beam Electron source system <>External injection of e (On aXiS)
\E«'\ 10 m Plasma
Q RF strysfitu; REgun

Proton beam
Electron beam

=23 \/D""“‘ 10 m Plasma . .
Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)

Imaging station 1

¢Se|f'mOdU|ati0n 4 \ OTR, CTR screens
Vapor el = “-\ Quadrupoles
2 2 ——"'//‘ é‘ l Dipole

Plasma
SSM

~ \(.‘ "&
. | —
Laser beam
e . Electron
<-On-axis injection spectrometer
s
e-beam .
-
J. Farmer ase _
Imaging
- injection-point station 2
p*-beam " A laser beam
plasma cell-1 laser-beam dump p}asma cell-2 2 7 / 30
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MAX-PLANCK-INSTITUT

FIIR PHVQIK

RUN 2¢,d: ACCELERATE @ BUNCH, QUALITY

Laser beam
Eﬂ RF gun <-Separate self-modulation and acceleration
. RF structure )
R <-Two plasmas
2 Dipole " Electron beam Electron source system ini i - i
- W (0 m Placr 7 < External injection of e~ (on axis)
- o ‘ <-Bunch quality sufficient for applications

Proton beam

ra
/ Electron beam
Dipole

& 10 m Plasma . .
\E = | Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)

oy | ’
¥
Imaging station 1

< Self-modulation ’\ OTR, CTR screens
Vapor ST ‘-\ QuRpOIE

| (o

17 &)
e J

Plasma
SSM

. +
Laser beam
e . Electron
<>On-axis injection spectrometer
2 <»Acceleration | P
J. Farmer Plasma el RIF Vapor e Imaging
i ion-point station 2
- H j <-Quality
p*-beam laser beam
<-Particle Physics!
plasma cell-1 laser-beam dump plasma cell-2 y 2 7 / 3 O
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MAX-PLANCK-INS;T SCALABLE PLASMA SOURCE AWAKE—

FUR PHYSIK

<-Laser ionization does not scale to long plasma lengths (100m-1km): laser pulse energy depletion!
<-Plasma source development laboratory at CERN

<-Helicon source: magnetized RF discharge Buttenschén, PPFC 60(7), 075005 (2018)

" 4
Photo © Julien Ordan / CERN

MO »n\f/

Gy

-i fﬁviﬁ

2 =
A

water¢
field coils

H/vn'j ax. GeV

Max-Planck-Institut

& 3 flr Plasmaphysik | ] |
- 0 100 200 300 400
{ Lt M
E ECOLE POLYTECHNIQUE P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
FEDERALE DE LAUSANNE
1 ©
1 m helicon plasma cell fri P-Greifswald
5
LH
<-Pulsed discharge  Torrado, IEEE-TPS 51(12) (2023) > 4] ¢
W TECNICO =
/ﬂ/ LISBOA g 3
Imperial College 2]
London L ~TeV in km & ~GeV/m
@ 0 2 4 6 8 10 12 14 16
~7_/ L,
A. Caldwell, K. V. Lotov, Phys. Plasmas 18, 13101 (2011)
: . 31/30
< Challenge: plasma density uniformity!

© P. Muggli

Ane/neo<<1/Nub, Nub¢~1 OO => Ane/ne0<02%
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R PHYSIK

<-AWAKE:

© P. Muggli

<-Observed three instabilities, etc., etc.

SUMMARY

T. Nechaeva

Fl

L. Verra

AWAKE—

32/30
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Ap-Dyz L

SUMMARY
MAX-PLANCK- IFl\Ll]E'EL‘I;lSJII
< AWAKE: SM | H
. R B
<-Observed three instabilities, etc., etc. - _ T Nechacva

<-Seeded/controlled SM to accelerate e- to GeV energy level

© P. Muggli

AWAKE—

Fl
% Gradient W
20F 4 No gradient +
L. Verra e 4
3 1af
8 t
#12F
10F +
BE®
Ee
2 3 3 5 6
1, (10" o)



(e

AWAEE—
SUMMARY
MAX-PLANCK-IFIIJJE'ELELSJII
<-AWAKE: SM | H Fl
_ N e a— AN . ;32: o | wa !
<-Observed three instabllities, etc., etc. - _ T Nechaeva S +
g t
o] '
<-Seeded/controlled SM to accelerate e- to GeV energy level et

<-Developing a self-modulator for a long p* bunch

32/30
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AWAKE—
SUMMARY
MAX-PLANCK-IFl\Lllg'EL'l;LSJII
<-AWAKE: - | ’ B
. - Crrseemmmn SN ‘ ;33: N ;
<-Observed three instabilities, etc., etc. - . F oo |
g }
oo !
<-Seeded/controlled SM to accelerate e- to GeV energy level o

<-Developing a self-modulator for a long p* bunch

<-Clear plans for an accelerator: self-modulation, injection, acceleration

s 7 y g,

<-Large ener ain
g ayg S 0
—~— Muggli (AWAKE Coll.)
<>Scalablllty tO very |arge N - \\:;? -S\‘ J. of Phys.: Conf. Series1596, 012008 (2020).

32/30
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AWVAKE—
SUMMARY
MAX-PLANCK-IF"LJJE-IP-LELSﬂI
<-AWAKE: - | . 0

' iliti Ielea o o AN ‘ o Wik ;
<-Observed three instabilities, etc., etc. it B |

| Wiy +

‘

<-Seeded/controlled SM to accelerate e to GeV energy level -

© P. Muggli

<-Developing a self-modulator for a long p* bunch

<-Clear plans for an accelerator: self-modulation, injection, acceleration

<-Large ener ain =5 ~A
—~— Muggli (AWAKE Coll.)
<>Sca|abi|ity tO very Iarge N - \\*-\N\\? '\‘ J. of Phys.: Conf. Series1596, 012008 (2020).

<-Development of scalable plasma sources

m=l/ =
helicon antenid

water-ced
feld el

32/30
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Ap-Dyz 4t

SUMMARY

MAX-PLANCK-INSTITUT

FUR PHYSIK

<-AWAKE: SM | H

© P. Muggli

LA e — ’:‘X&W

<-Observed three instabilities, etc., etc. T Nochacva
<-Seeded/controlled SM to accelerate e- to GeV energy level
<-Developing a self-modulator for a long p* bunch

<-Clear plans for an accelerator: self-modulation, injection, acceleration

<-Large energy gain e -

Fl

L. Verra

— | Muggli (AWAKE Coll.)
+Scalability to very large .. - Y J. of Phys.: Conf. Series1596, 012008 (2020).

<-Development of scalable plasma sources
<-Propose particle physics experiments in the 2030’s

<-Dark photon search

m=l/ T
helicon antenid

er-coo
field coils

i <
lod |

AWAKE—

16F

#12F
1.0F
0.8

06F

% Gradient

E 4 No gradient
1.8

AWAKE +




Thank you!

http://www.mpp.mpqg.de/~muqqgli

muggli@mpp.mpg.de
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AWAKE—

Ap-Dyz L

RUN 2¢: e-EXTERNAL INJECTION EXPERIMENT

MAX-PLANCK-INSTITUT

FIIR PHVQIK

Laser beam
s Rgun <-Separate self-modulation and acceleration
\‘(.\ ! RF structure E
<-Two plasmas
il S .
ectronbeam Electzon source system <>External injection of e~ (on axis)
, v glall " <-Bunch quality sufficient for applications

Proton beam
Electron beam
10 m Plasma

Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)

Imaging station 1

OTR, CTR screens

Quadrupoles
é‘ Dipole

—

———

Established:

<-Self-modulator (Runs 1,2a,b)
<-Accelerator (Run 1)
<~Injectors, linac, transport lines

-

Laser beam

Electron
spectrometer

Challenge: Typical e-bunch parameters < P
<-Injection region In: Out: Laser
<-integration *ey=2mm-mrad “ey=(2-30)mm-mrad ool
) . ) <-Q=100pC, N, ~6x10%" <-Q=100pC, N,~6x10%"
<-alignment, p* and e- beams +150MeV SAE/E=5-8%
<-diagnostics 46,=200fs +E~4-10*GeV 28/30
<-Jitter<100fs
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Ap By 1t

RUN 2d: CHALLENGE

MAX-PLANCK-INSTITUT

FIIR PHVQIK

Electron beam Electron source system
10 m Plasma

RFgun

¥_ Electron beam
10 m Plasma

Imaging station 1

‘ OTR, CTR screens

Quadrupoles

é‘ ‘ Dipole

<~Injection established in Run 2c

Laser beam

<Scalable plasma source Electron

spectrometer

<-Scalable energy gain ...
<-Dedicated laboratory at CERN

Imaging
station 2

Muggli (AWAKE Coll.), J. of Phys.: Conf. Series1596, 012008 (2020) 30/30
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a AWAKE—
MAX-PLANCK-INSTITUT RUN 1’2a'b‘ SELF'MODULATOR FOR RUN ZC.d
Lasel Geam Based on Run 1-2b results:
G ’ ol : o <-Self-modulator demonstrated
—-— ' e Electron source system _
‘ v — <-Self-modulation
.~ Dipole * ectron beam
—.\\\)—'\[\ 10 m Rb Plasma <>Seedin91 RIF*, e’
- > \ Imaging station 1 ¢DenS|ty Step
Proton beam <

’ OTR, CTR screens

N

Electron

< Self-modulator with seeding <~ Accelerator with exquisite ApSRtiomcte ‘
and density step (Run 2b) density uniformity (Run 1,2a) | b

—

26/30

© P. Muggl *RIF: Relativistic lonization Front P. Muggli, ECLIM, 16/09/2024



% FILAMENTATION INSTABILITY @

FUR PHYSIK

< op<Cl/wye: optimum for wakefield generation ...
< op>>Clo,: filamentation instabilities can develop ...
<rEqual streams: current filamentation instability (CFI)

<-Unequal streams: oblique modes, wakefields, ...

ﬁ npom 13 my\'/? - — -
I'= 24/3 ( ¢ ) Cz)pg = Fe (—e) A’, — A,L —+— I\'”

RpeMpyp

<-Astrophysics: generation of magnetic fields in the universe?
<-Collision: neutral, expanding supernova plasma — interstellar plasma
<-CFl :
<-Generates magnetic fields ‘ —
<-Converts kinetic energy of the expanding plasma into B-field energy and plasma kinetic energy
<-Evolution: filaments -> coalescence -> shock formation

. L . .
<-Study FI with r.elat|V|st|c particle bunch (p*) Shukla, J. Plasma Phys. 84(3) 905840302 (2018) 17730
<-“Astrophysics in the lab” Allen, Phys. Rev. Lett. 109, 185007 (2012)
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