ATWAKE—

Beam-Plasma Interaction Studies
and
Plasma Wakefield Acceleration
for
Application to Particle Physics

Patric Muggli AWAKE collaboration
Max Planck Institute for Physics
Munich

muggli@mpg. mpg. de _ MAX-PLANCK-INSTITUT 1/34
https://www.mpp.mpg.de/~muggli FUR PHYSIK
© P. Muggli

P. Muggli, JAI, 16/05/2024


mailto:muggli@mpp.mpg.de

AWAKE—

Ap-Dyz L

MAX-PLANCK-INSTITUT
FUR PHYSIK

AWAKE—

<-Advanced WAKefield Experiment
AWAKE collaboration: 22 institutes world-wide

CERN, Geneva, Switzerland
[ University of Manchester, Manchester, UK |
[ Cockcroft Institute, Daresbury. UK |
Lancaster University, Lancaster, UK
Oxford University, UK
Max Planck Institute for Physics, Munich, Germany
Max Planck Institute for Plasma Physics, Greifswald, Germany
[UCL. London, UK |

UNIST, Ulsan, Republic of Korea Vancouver

Philipps-Universitat Marburg, Marburg, Germany 0 Mg'”"

Heinrich-Heine-Universitéat of Disseldorf, Dusseldorf, Germany
[University of Liverpool, Liverpool, UK |

ISCTE - Instituto Universitéario de Lisboa, Lisbon, Portugal

Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia

Novosibirsk State University, Novosibirsk Russia

GoLP/Institutode Plasmas e Fusao Nuclear, Instituto Superior

Téchnico, Universidade de Lisboa, Lisbon, Portugal

TRIUMF, Vancouver, Canada

Ludwig-Maximilians-Universitat, Munich, Germany

University of Wisconsin, Madison, US

Uppsala University, Uppsala, Sweden

Wigner Institute, Budapest, Hungary

Swiss Plasma Center group of EPFL, Lausanne Switzerland 2/34

© P. Muggli P. Muggli, JAI, 16/05/2024



AWAKE

ATWAIEE

<A number of interesting (important?) experimental results

(many simulation results, but focus on ...)

<-Clear plan towards application to particle physics

<-Opportunities to contribute
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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
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<-Accelerating externally-injected electrons (e’) to GeV (SPS) to TeV (LHC) energy scale
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<-Driving wakefields in plasma with a proton (p*) bunch

<Relativistic proton (p*) bunches with tens to hundreds of kJ are available
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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
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D F +— Tpe — iy
3

<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening <n6062) 1/2
Wpe =
< Azimuthal Magnetic Field < Plasma Return Current ”

e

<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o)
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RELATIVISTIC PARTICLE BUNCH MEETS PLASMA "=
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g
5 D=driver
3
)]
<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening neoe?\ V2
Wpe =
& Azimuthal Magnetic Field < Plasma Return Current i (e()me)
<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o)
<-Screening < Plasma Wakefields (Langmuir Wave, E,) < Self-Modulation and Hosing Instabilities <> Accelerators
<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics
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Q .
<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening neoe?\ V2
Wpe =
& Azimuthal Magnetic Field < Plasma Return Current i (e()me)

<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o)

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

<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics
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RELATIVISTIC PARTICLE BUNCH MEETS PLASMA @

-— Tpe — T
Q .
<-Relativistic Bunch <~ Radial Space Charge Field < Plasma Screening neoe?\ V2
Wpe =
< Azimuthal Magnetic Field < Plasma Return Current i (e()me)

<-High Frequency Regime & Time ~1/o,, < Space ~C/wpe=1/Kpe, Ape=21/Kye, Vp~C, y>>1, (o)

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

<Return Current & Filamentation Instability (~Weibel Instability), Generation of Magnetic Fields & Astrophysics
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4 Gradient AWAKE +
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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) 4/34
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PASMA WAKEFIELDS
MAX-PLANCK-IFl\Ll]E'EL'I;lSJII
Short driver (), 6;=1/wpe, 0,~Clwpe, “resonant”
D F <« Tpe — T
D 4 A { )
wn
Gt e ". G S
Y
<-~Langmuir wave in 1D, on axis
Scaling:
-1/2 7
0, T < 1/wpe X Ngg
_1/2 . . . G [T ”
0r < ¢f/Wpe X Ngg - fit within the “structure”, “bubble
E meC 1/2
WB = Twpe & e

1/2

Tieg€

Wpe = ( ) Plasma e~ angular frequency
€9

¢/ Wpe Plasma skin depth
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Short dnver (€), o=/ wpe, 6,~Clwy,, “resonant”
-— T — O
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<-~Langmuir wave in 1D, on axis
Scaling:
-1/2 7
0, T < 1/wpe X Ngg
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0r < ¢f/Wpe X Ngg - fit within the “structure”, “bubble 2 = WB
Ewp = Mw oc n? . . -
wB e Pe e0 Favors small® driver, high density n,~n,,

Ewg(Nep=3X101"cm3)=53GV/m, c/w,= 10um
Ewg(Neo=7x10%cm3)=2.5GV/m, c/w,,=200um

1/2

Tieg€

Wpe = ( ) Plasma e~ angular frequency
€9

¢/ Wpe Plasma skin depth
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Short dnver (), o1y, o,~Clo,, “resonant”

pe’ pe’

4—T—h~

<-~Langmuir wave in 1D, on axis High-gradient acceleration
. >1GeV/m
Scaling:
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Tieg€

Wpe = ( ) Plasma e~ angular frequency
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¢/ Wpe Plasma skin depth
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Short drlver (), o1y, o,~Clo,, “resonant”

pes pes

4—T—h~

- . D -
D .
el e ©-
<-~Langmuir wave in 1D, on axis High-gradient acceleration
. >1GeV/m
Scaling:

ewse|d

o, T < 1/wpe x n—01/2
—1/2 cf egps ~ "0
0 < ¢/ wpe X Tigg - fit within the “structure”, “bubble” b, = oo LEwp
Ewp = wae x niéz ! ! !
e Favors small® driver, high density n,~n,,

Ewg(Nep=3X101"cm3)=53GV/m, c/w,= 10um
Ewg(Neo=7x10%cm3)=2.5GV/m, c/w,,=200um

1/2

Tieg€

Wpe = ( ) Plasma e~ angular frequency
€9

¢/ Wpe Plasma skin depth

<-Driver: laser pulse, laser wakefield accelerator (LWFA) T. Tajima, J. Dawson, Phys. Rev. Lett. 43, 267 (1979)

particle bunch, plasma wakefield accelerator (PWFA) P. Chen, et al., Phys. Rev. Lett. 54, 693 (1985) /34
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PWFA, short e bunch
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PLASMA WAKEFIELDS A2

Short driver: electron bunch, laser pulse
D

LWFA, short laser pulse
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Short driver: electron bunch, laser pulse
D

PWFA, short e- bunch LWFA, short laser pulse
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PLASMA WAKEFIELDS

Short driver: electron bunch, laser pulse
D

PWFA, short e- bunch LWFA, short laser pulse
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Note: RF-based accelerators <100MeV/m!
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D

PWFA, short e bunch
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LWFA, short laser pulse
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R Short driver: electron bunch, laser pulse
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PWFA, short e- bunch LWFA, short laser pulse

Experiment
150

F
Blumenfeld, Nature 445, 741 (2007) Gonsalves, PRL 122, 084801 (2019)
Ngo=2.7x107cm3 m M ne=3x10cm3 ’ sfnulanon
rrereee |
60fs e~ bunch

vy —40fs laser pulse

400
}:!200 —
2x10W¢", 42Ge PW ’

~42GeV energy gain oft ~1/o)pe ~8GeV energy gain
~52GeV/m, 85cm Ewg=50GV/m ~39GeV/m, 20cm Momentum (GeVic) Momentum (GeV/c)
p* bunches: SPS & 3x10Mp* & 400 Ge o
@ LHC & 1x10Y%p* <& 7 Te
—

<-Very large energy gain in a single plasma
B.E. Blue et al., Phys. Rev. Lett. 90, 214801 (2003).

- Wi - Dri e -Witness p*-Driver
E i-‘d?— ++_++ +T'+— + + -+ + + + ¥ 6/34
+ + +,|II + o+ Ill ++ + + ++ +
+ +H+ + e + + + + + + A+
Fos + +a-—-:g‘2-++ + + +

" + * 4+ e bunch :5+ s '-'F—tr ; relativistic
© P. Muggli T T e T
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PLASMA WAKEFIELDS

Short driver: electron bunch, laser pulse
D

PWFA, short e- bunch LWFA, short laser pulse

Experiment
150

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

~ 2 10
ERNY =30 s
% BERKELEY LAB ser pulse gioo
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ke il ~42GeV energy gain o ~lwp ~8GeV energy gain
Electron enerav (GeV} ~52GeV/m’ 85Cm EWB~50GV/m ~39GeV/m, 20Cm Momentum (GeV/c) Momentum (GeV/c)
Scaling:
o, T < 1/w ocn_ol/2
y L= pe
Yy p*bunches:  SPS @ 3x10Up* <& 400 GeV <> 19k] O
o < c/wpe X Mg @ LHC & 1x10%p* <& 7 TeV <112kJ
mMeC 1/2 7 .
Ewp = Twpe X neé = Scaling: Ngr=3.5x10%cm3 < E,g=5.7MV/m! 8
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PWFA, short e bunch

Dispersion (mm)

LWFA, short laser pulse

Experiment
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Blumenfeld, Nature 445, 741 (2007)
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Gonsalves, PRL 122, 084801 (2019)
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-1/2
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0r < ¢/ Wpe X Nigg @ LHC ¢ 1x10%p* < 7 TeV <112kJ
mMeC 1/2 7
Ewp = ——wpe ney >~ Scaling: ©= 300ps ® Neg=3.5x10%mM* & Eyg=5.7MVIm!  €Q
N
\ -
Self-Modulation! < Reach high energies (TeV) in a single, GV/m (accelerator)
plasma driven by a high-energy (kJ) SM’ed p* bunch 6/34
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Short driver (e), o,=1/0,., o,~Clo,., ‘resonant”

-— Tpe — mv
W@_, % Short and Narrow => Long and Narrow
B
K,e0,<1
Kpeo,~1
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SELF-MODULATION @

“resonant”

S T

Short driver (e7), o=1/0,., 6,~Cl®

pe’

pe’

Short and Narrow => Long and Narrow

K,e0,<1 Kpeo,>>1
kper~1 kpeGr~1
Neos C/Wpe
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et SELF-MODULATION
Long driver (p*), 5>>1/w,., 6,~Clo,., initially non-resonant Initial (transverse) wakefields
—r > -
Periodic focusing/defocusing (1)

2\ 1/2
Nep€
Wpe = (E o ) 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

7134

Relativistic particles do not (appreciably) dephase!

SM & transverse effect!
P. Muggli, JAI, 16/05/2024
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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

7134

Growth along the bunch and plasma!

P. Muggli, JAI, 16/05/2024
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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, JAI, 16/05/2024
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SELF-MODULATION

‘4 T T T T T T
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INE SRR R R
# b
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A.-M. Bachmann
4 | | ! | | 1 |
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time [ps|
mm  Ubunch train
—
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Plasma wakefields +

)

© P. Muggli
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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
. . . . 7/34
accelerating fields in ~104cm-3 density plasma
P. Muggli, JAI, 16/05/2024
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AWAKE EXPERIMENTAL SETUP @

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 ...

P. Muggli, JAI, 16/05/2024

<-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
ooy AV 8/34

P. Muggli, JAI, 16/05/2024

<-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
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|

B b

'X »

I Core + Halp i

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

junction

Electron beam line |

Plasma cell
(10m long)

Electron spectrometer

© P. Muggli

= VT TCOféHaI
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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 8/34

P. Muggli, JAI, 16/05/2024
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< Rubidium vapor source 0.5<n_,<10*10%*cm-

<-Laser-ionized

10m

Laser 1
o
p’. e

R

O

=

Viewports

N \
Expa’rision
Volume [ Rb Sources

r
)

<

Ne=Ngy

- m= e =

-—— = = ' w

W e

-

Aperture

Pz

~

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

<Very uniform density uniformity: An./n_ ,<0.5%

© P. Muggli
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<-Discharge plasma source

N

@ TECNICO - ‘-u( - \ /*
W

< Flexibility:
< Plasma length: 3.5, 6.5, 10m
< Density 0.1-20x10*cm3
< Gas-ion mass: He, Ar, Xe (o) 9134
<> Access to plasma light
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R

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

[l 0000 [
£

NRp=2.1x10%*cm3

<»No plasma
<»No density modulation
<~No centroid position oscillation
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© . muggi AWAKE, Phys. Rev. Lett. 122, 054802 (2019) M. Turner et al., Phys. Rev. Lett. 122, 054801 (2019)
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mod

300 |
250 |-

200 £
' 49

Streak: f__=an_* < Modulation frequency = f,,

150 L

100 L

] RIF
f _[GHz]=a(n_ [x10"*em™])"] L 5T9ps

Plasma <

50 |

T I I T .

~0,/c~200ps

Modulation Frequency, f

of ... os(0ZmeTeym)"-69.97 |
0o 2 4 6 8 10 12

Rubidium Vapor Density, Ny (x1014cm'3)
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E'SECTTO

50 -

y (mm)

10+

AWAKE

n.=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

\Y,

dQ/dx (fC mm™) o

: Q=(656=+14)pC

2F E=(80040)MeV
- AEpypy=(137£14)M
F eV

05
E (GeV)

1
07 10 1520 4.0

d?Q/dxdy (fC mm2)

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

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

© P. Muggli
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e
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F EEE ,
3| -
A-M Bachmann
-4 L . \ A X i i
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12/34
AWAKE, Nature 561, 363 (2018) P. Muggli, JAI, 16/05/2024
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E'SECTTO

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

a 100 300
- AWAKE r .
501 n,=1.8x104cm3 05 ook :Gmd'zzt_ " AWAKE +
- An/10m=5.3% 04 & - ¥ Nogradie
£ [ N=(2.5-3)x101 - 18F
€ 30 6,=200um “ e 16k
~ o,~(6-8)cm -0.2 g ~F +
| E,=(18.84%0.05)Me S 3 14F
10} VO : ) o1 g g - +
b [ Q=(656=14)pC 00 <12
PE: 10F ¢
€ 2F E=(800=£40)MeV g
% 1E AEpyun=(137£14)M 08F¢
eV L
g 0 =t p | 9'6'-. I I L 1 1
0.2 0.3 0.4 05 0.7 1.0 1520 4.0 2 3 4 5 & 7
E(GeV) n_ (10 cm3)
pe
< Injection test e at an angle (~1-3mrad)
< Finite AE/E 12/34
< Up to 2GeV energy gain (from ~19MeV)
op. Muggli<> Captured charge: ~pC AWAKE, Nature 561, 363 (2018) P. Muggli, JAI, 16/05/2024
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U-bunches
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(@)

10 events

Nee=10%4cm3
Np,=3x104

Event number
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@ varying times

10 events
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RIF

Plasma

SSM

Vapor

I

Wakefields
start
here!

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

13/34

F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, JAl, 16/05/2024
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Plasma RIF Plasma Vapor
SMI —=> Relativistic lonization Front SSM
(RIF)
_ Seeding
NSN” ‘IPS_E?:PI,I]W I u-bunches u-bunches .
@) EEEISNE S = =8 @ varying times |I»@ fixed times ®
- REPRODUCIBLE! 5
8
g 5 & __RIF 5
- Plasma : Vapor 2
2 2| 2
EE R R R R
>< Sl
A-M Bachmann
00 80 6 a0 20 0 20
t [ps]
<-Summed image confirms reproducibility
< Transition from SMI to SSM <-Wakefields start at the RIF

<-SSM, RIF seeding: A®/21<8%

13/34
© P. Muggi F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) P. Muggli, JAI, 16/05/2024
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Plasma RIF Plasma

RIF Vapor

SMI —> Relativistic lonization Front SSM
(RIF)
Seeding
u-bunches u-bunches ~“SSM - Control ™
@) @ varying times ||»@fixed times ® "‘5‘%‘-‘
=) PlasmaRvaapor
: E R R
g 4 A-M Bachmann g
= 100 80 60 40 20 0 -20 =
\ ¢ [ps] ey Sl
SMI —SSM transition: 10 e <
<>tR||:~2<5p+ 30

$2.8MV/M < E, (ooq S4MV/IM @ n,=10%cm-?

< Transition from SMI to SSM

<-SSM, RIF seeding: A®/21<8%

<-Essential for deterministic external injection of a e~ bunch in the accelerating and focusing phase of the 13/34
wakefields

© P. Muggli
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<RIF seeding of SM

Plasma
SSM

Vapor

Abrupt start of the plasma (<<1l/w,.) to seeds wakefields

Plasma  Vapor

Eoanmns

A-M Bachmann

S0 80 60 40 20 0 20
14/34

t [ps]

P. Muggli, JAI, 16/05/2024

© P. Muggli



A;.A,v}ft

MAX-PLANCK-INSTITUT
FUR PHYSIK

<-e-bunch seeding of SM

Plasma e, |RIF

SSM

Wakefields start here!

<RIF seeding of SM

Plasma Vapor

SSM

a) 4 - T T - -
Plasma  Vapor

éo»t;ﬁcd‘

A-M Bachmann

100 80 60 40 20 0 -20
t [ps]
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e- bunch wakefields to seed

Abrupt start of the plasma (<<1/w.) to seeds wakefields

14/34

P. Muggli, JAI, 16/05/2024
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<-e-bunch seeding of SM t [ps]
-250 -300 -350 -400
Plasma e, |RIF 1 . ' Plasma OFF (a) Front
0 ' s E3,
SSM N v A
—-11 g , Plasma+ e-seed (b)
A £ £ 35 Oy -
LEESR ¥ tb;;’y}rﬁum fe §hv
_ k. E=19MeV
Wakefields start here! Q=250pC
<RIF seeding of SM zféOSOpHSm
=3
Nge=10%4cm3
Plasma Vapor
SSM
a) 4 s s <-SM is reproducible (summed image)
21
E
"
2L
g IA-M Bachn‘wnn ‘ ‘ \ .
100 80 60 40 20 0 -20
14/34

t [ps]
L. Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
P. Muggli, JAI, 16/05/2024
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: . . s e <-SM is reproducible (summed image)
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L. Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
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<-e-bunch seeding of SM t [ps]

-250 -300 -350 -400
Plasma e, |RIF al ' _ Plasma OFF “(a) Front
s (1) - - . ST
=11, : , Plasma + e-seed (b)
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<-SM is reproducible (summed image)

a) 4p ; ; ' y .
Plasma : Vapor

2 <-SM is seeded by the (wakefields driven by the) e- bunch, e-SSM
NN eS - <-Control growth rate I' with Q,, e

B ee <-Control seed amplitude W, o with Q, % ?

Yo s w0 w2 0 {-Entire bunch self-modulates!. \m*

t [ps] - - ° 5 ozm® 14/34
<-Demonstrated seeding of SM with e-bunch L. Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

<-e-and p* aligned ...

A
e bunch
w
Py
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y N

<r... axi-symmetric SM
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...
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HOSING

<-e-and p* mis-aligned ...
di_M

A A A A A~
VVVVY VYV

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

e bunch
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

<-e-and p* aligned ...
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w
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<r... axi-symmetric SM
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM
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time (ps)
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<-e’/p* mis-aligned
<-Hosing
<-Centroid oscillation

<-e’/p* aligned
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<-Symmetric

T. Nechaeva
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e bunch

<-SM and HI together
<>fHI~1ESM~1:pe
<-Induced by wakefields

15/34
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

<-e-and p* aligned ...

A
e bunch
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<r... axi-symmetric SM
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AWAKE—

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

<-e’/p* aligned
<-Self-modulation
<-Symmetric

I T. Nechaeva

|

<-e’/p* mis-aligned
<-Hosing
<-Reversed!
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<-e-bunch seeding of SM " . :
o IRIF | <-e/p* mis-aligned
Plasma 4 Hosing
SSM

<>Centroid oscillation

<-e’/p* aligned
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15/34
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<-e-bunch seeding of SM
Plasma e, [RIF

SSM

<-e-and p* aligned ...

A
e bunch
w

<r... axi-symmetric SM
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Xc (mm)

position (mm)

data
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y v
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time (ps)
o 1/4 _ o
X, =8, ~—5;———5cos|m/12—k, & - N,/V3]
. p |

0. = f(e- parameters) — initial amplitude
N, = f(p* parameters) — growth rate

Fit (leastsq): x. coupes=x.[1+esin(k,€|] *

C. Schroeder, Phys. rev. E 86, 026402 (2012)
<-Observation “fits hosing model”....
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Plasma

Hosing of a Long Relativistic Particle Bunch in Plasma

T. Nechaeva et al (AWAKE Collaboration)
Phys. Rev. Lett. 132, 075001 — Published 13 February 2024

- + H
¢e and p allgned e Article References No Citing Articles Supplemental Material HTML

SSM

ABSTRACT -

Experimental results show that hosing of a long particle bunch in plasma can be induced by
wakefields driven by a short, misaligned preceding bunch. Hosing develops in the plane of
misalignment, self-modulation in the perpendicular plane, at frequencies close to the plasma electron
frequency, and are reproducible. Development of hosing depends on misalignment direction, its
growth on misalignment extent and on proton bunch charge. Results have the main characteristics of
a theoretical model, are relevant to other plasma-based accelerators and represent the first

<-... axi-symmetric SM characterization of hosing.
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<-Observation “fits hosing model”....
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< op<Cl/wye: optimum for wakefield generation ...

Return current outside the bunch

Only one mode, wakefields can develop

17/34
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< op<Cl/wye: optimum for wakefield generation ...
< op>>Clo,: filamentation instabilities can develop ...

<rEqual streams: current filamentation instability (CFI)

= ®
B 5
Dansity (27637 om-3]

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

V3 [ mom, " m A\ .
T ope=Tel =) k=ki+k

RpeMpyp

Shukla, J. Plasma Phys. 84(3) 905840302 (2018) 17/34
Allen, Phys. Rev. Lett. 109, 185007 (2012)
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< 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 WI.'[h r.elat|V|st|c particle bunch (p*) Shukla, J. Plasma Phys. 84(3) 905840302 (2018) 172
<-“Astrophysics in the lab” Allen, Phys. Rev. Lett. 109, 185007 (2012)
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Transverse Filamentation: ¢,,~200 => 550pum>>c/w,, AND c,>>C/m,,

18/34
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A
Transverse Filamentation: 6,,~200 => 550pm>>c/w,, AND c,>>C/wp, z_“:")‘(t
Entrance (c,=480pm, ,=520um) Exit: Plasma OFF (c,=810um, 5,=870um) t
~1ns
Back v
og;=1.0mm
c,=170ps
L — 7 L. Ver
X < 1.65mm >
<-Incoming bunch without transverse features (Gaussian) 18/34
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Transverse Filamentation: 6,,~550um~3.2¢/w,. AND ,>>C/wp,

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

y ; a L. Verra

1.65mm 3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features (Gaussian)
<-Filaments with plasma
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Transverse Filamentation: 6,,~550um~3.2¢/w,. AND ,>>C/wp,

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

FILAMENTATION INSTABILITY

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

y 7 ; " L. Verra

1.65mm 3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features
<-Filaments with plasma
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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]

AWAKE—

Plasma OF
Front +

~1ns

Back v
Plasma ON

ra

N
y

3.04mm

Discharge Plasma p*

<-Incoming bunch without transverse features
<-Filaments with plasma, late along the bunch, early stage?
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Front

Shukla, J. Plasma Phys. 84(3) 905840302 (2018)
P. San Miguel Claveria, Phys. rev. Res. 4, 023085 (2022)
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1ns

Filamentation of a relativistic proton bunch in plasma

Phys. Rev. E

L. Verra et al.

Accepted 25 March 2024

ABSTRACT

ABSTRACT

We show in experiments that a long, underdense, relativistic proton bunch propagating in plasma undergoes the
obligue instability, that we observe as filamentation. We determine a threshold value for the ratio between the
bunch transverse size and plasma skin depth for the instability to occur. At the threshold, the outcome of the
experiment alternates between filamentation and self-modulation instability (evidenced by longitudinal modulation
into microbunches). Time-resolved images of the bunch density distribution reveal that filamentation grows to an
observable level late along the bunch, confirming the spatio-temporal nature of the instability. We provide a rough
estimate of the amplitude of the magnetic field generated in the plasma by the instability and show that the
associated magnetic energy increases with plasma density.
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: : Filament?
<>Incoming bunch without transverse features Shukla, J. Plasma Phys. 84(3) 905840302 (2018) 18/34

<>Filaments with plasma, late along the bunch, early stage? P. San Miguel Claveria, Phys. rev. Res. 4, 023085 (2022)
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Discharge plasma source (DPS): i

<-Quick change of density o [
<>Reach high plasma densities >1015cm-3

<-Change ion species: He, Ar, Xe |
<-No alignment (r,~10mm) g
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ION MOTION

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

Qg1 [PC] ni[Npe)
¥ L@ e —
£ Turner at al. (AWAKE collaboration)
] To be submitted soon (PRL)
x_-4'oo —:«ioo-—z';:?_:;o;‘; é'j.‘fvl:c';t)\jﬁ;éo.-aéo 41')(; M. Turner M0 s

: § [ps]
Long, low density bunch: ’

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

F,= —
<More "“tail” with lighter ion (He), larger wakefield amplitude (N, ngo) (Ar) ;
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<-Numerical simulations confirm: ion motion because of ponderomotive force of the wakefields

J. Vieira, Phys. Rev. Lett. 109, 145005 (2012)
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<Ap=40 $Ar,=85 $A =131

b)

Discharge plasma source (DPS):
<-Quick c
<Reach
<-Change : —
<No alignment (r,~10mm) @

C. Amoedo et. al
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<-Wakefields < energy deposited into plasma e-
<-Energy must dissipate
<-Dissipation of wakefields produces “wakefield light” (atomic line radiation)
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E. Oz, AIP Conf. Proc. 737, 708 (2004)
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<-Wakefields <~ energy deposited into plasma e-
<-Energy must dissipate
<-Dissipation of wakefields produces “wakefield light” (atomic line radiation)
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e, e / Extraction
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Cherenkov Light
Plasma Light into Spectrograph into Cerenkov Camera Pu khOV, PR L107 145003 (2011)
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Energy Loss (GeV)
E. Oz, AIP Conf. Proc. 737, 708 (2004)
<-SM grows along the plasma

<-Can the growth be observed?
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<-Constant plasma density: wakefields decrease after saturation

F Caldwell, POP 18, 103101 (2011)
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PLASMA DENSITY STEP MRS

<-Constant plasma density: wakefields decrease after saturation
Caldwell, POP 18, 103101 (2011) G. Plyuschev , J. Phys. D: 51(2), 025203 (2017)
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DSMC simulations:
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Plasma density step
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Vapor/plasma density step: 0<Angg o/Ngg ,<10% S
@z=50, 100, ..., 350cm Rb| -

p.,.ﬁt. v

<-Vapor source allows for temperature / rubidium density / plasma density (ionization) step 25/34
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PLASMA DENSITY STEP MRS

<-Constant plasma density: wakefields decrease after saturation

. Caldwell, POP 18, 103101 (2011) G. Plyuschev , J. Phys. D: 51(2), 025203 (2017)
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Plasma light at 10 positions ...

<-Vapor source allows for temperature / rubidium density / plasma density (ionization) step 25/34
<-Plasma light allows for mapping of the amplitude of wakefields
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PLASMA DENSITY STEP

<-Constant plasma density: wakefields decrease after saturation
Caldwell, POP 18, 103101 (2011) G. Plyuschev , J. Phys. D: 51(2), 025203 (2017)
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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

—
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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)
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RUN 2c,d: ACCELERATE @ BUNCH, QUALITY

Laser beam
" <-Separate self-modulation and acceleration
|~ . RF structure
\/ - ..1 <-Two plasmas
_ = o, DiPOle - Electron beam Electron source system
\M‘ Dipole 10 m Plasma
Q - \ RF structure RFgun
Proton beam
' Electron beam
D\[JOKL 10m PI
™7™ Muggli (AWAKE Coll.), J. of Phys.: Conf. Series1596, 012008 (2020)
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<-Self-modulation T4 \ ’ OTR, CTR screens
|

Va por " - *’2///‘ ‘-\ Quadrupoles
. B = e é 1 i Dipole

Electron
spectrometer

Plasma
SSM

Laser beam

[ P
Laser

Imaging
station 2

27134

© P. Muggli P. Muggli, JAI, 16/05/2024



AWAKE—

Ap-Dyz L

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
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2 2 ——"'//‘ é‘ l Dipole
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~ \(.‘ "&
. | —
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e . Electron
<-On-axis injection spectrometer
s
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-
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 / 34
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RUN 2c,d: ACCELERATE @ BUNCH, QUALITY

Laser beam
’ o E} Regun <>Separate self-modulation and acceleration
— |l . RF structure )
e <-Two plasmas
= Dipole " Electron beam Electron source system A ; - ;
e o s g < External injection of e~ (on axis)
- = | A <-Bunch quality sufficient for applications
Proton beam -
- b - Electron beam
= N ipoie 10 m Plasma . .
\ = | Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)
J - Imaging station 1
<-Self-modulation N

\ OTR, CTR screens
Vapor T ol ‘-\ Quadrupoles

Y
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SSM

- pr'
Laser beam
e . Electron
<>On-axis injection spectrometer
<-Acceleration |
e-beam ) Laser
J. Farmer Plasma € RIF Vapor Imaging
d ion-point station 2
[ J <-Quality
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plasma cell-1 laser-beam dump plasma cell-2 27/ 34
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RUN 2¢: e-EXTERNAL INJECTION EXPERIMENT

Laser beam
‘ s E! RFgun <>Separate self-modulation and acceleration
~ oW RF structure
- <-Two plasmas
t Electron beam H : ;
- e <-External injection of e~ (on axis)

10 m Plasma
|

RF gun
RF strifftu

<-Bunch quality sufficient for applications
Proton beam

v

Electron beam

7
LAt |

T N e 10 m Plasma . .
Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)

Imaging station 1

\ \’ OTR, CTR screens
Established: |

<-Self-modulator (Runs 1,2a,b) =g / ‘-\,&_‘gil ’\l\
<-Accelerator (Run 1)

<~Injectors, linac, transport lines
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|
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RUN 2¢: e-EXTERNAL INJECTION EXPERIMENT

Laser beam
s E! RFgun <>Separate self-modulation and acceleration
e | RF structure
B <-Two plasmas
t Electron beam H : ;
- e <-External injection of e~ (on axis)

10 m Plasma
| RF strifftu

<-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

o \ \’ OTR, CTR screens
Established: - |

<-Self-modulator (Runs 1,2a,b) =g / ‘-\,&_‘gil ’\l\
<-Accelerator (Run 1)
Electron

<~Injectors, linac, transport lines
spectrometer

Challenge: | P
<-Injection region Laser

Laser beam

Imaging

<-integration station 2
<-alignment, p* and e- beams
<-diagnostics 28/34
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2" BUNC

Laser beam
20 Mev RFgun
o
- ! 0 —
¥ ) Electron beam RS0t
— 10m Plasma
- - e \L
ton beam S
Fa ™ Electron beam
~

<Energy:
<-Imaging magnetic spectrometer lO*GeV,"X‘E/E~%
<-Emittance (g,=2-30um)

<butterfly method 0 R
<-micro-lens array (optical pepper-pot)

<-Bunch length (c,=60um)
<OTR + streak camera (200fs)

<-electro-optical sampling (EOS)
<-time-deflecting cavity (TDC)
<-coherent emission (relative)

049 052 055 059 063 067 072 078 085 093
energy [GeV]

e-beam

<-Focal size, alignment, position&pointing

ATVARE=D

Typical e-bunch parameters
In:

<gy=2mm-mrad
<Q=100pC, N, ~6x10%"
<-150MeV

<6=200fs
<-Jitter<100fs

<en=(2-30)mm-mrad
<Q=100pC, N, ~6x10%"
<-AE/E=5-8%%
<E~4-10"GeV

J. Farmer
injection-point

<Imaging, YAG screen p»wbeamH H '
<-synchrotron radiation (relative) plawscalid oserbeomdump  plasma celt2 29/34
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Electron beam Electron source system
10 m Plasma

RFgun

¥_ Electron beam

; & Plasma
« Imaging station 1
\ y ‘ OTR, CTR screens

Quadrupoles
Lany oo

= o Ldp
- ‘ 0 %
<~Injection established in Run 2c |
Laser beam
<Scalable plasma source Electron
spectrometer
<-Dedicated laboratory at CERN
Imaging
station 2
Muggli (AWAKE Coll.), J. of Phys.: Conf. Series1596, 012008 (2020) 30/34
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<-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 Buttenschon, PPFC 60(7), 075

2
]
= = B
""‘:::::'cmm == =
field coils
Max-Planck-Institut 0 1(')(} 2[')0 3('}0 400
flr Plasmaphysik z,m
.(I)ﬂ. P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
ECOLE POLYTECHNIQUE 6 (C)
FEDERALE DE LAUSANNE
- > LHC
4 ]
@
, S
W TECNICO 2
LISBOA .
~TeV in km < ~GeV/m
Imperial College 11
London 0 T T T T T T T T
0 2 4 6 8 10 12 14 16
L, km
A. Caldwell, K. V. Lotov, Phys. Plasmas 18, 13101 (2011)
~7_~
v Challenge: plasma density uniformity! 31/34
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R B R
<-Observed three instabilities = e ™™

32/34

© P. Muggl P. Muggli, JAI, 16/05/2024



% AVARE=S
MAX: PLA#N?CJK INS SUMMARY >
- -INSTITUT .

FUR PHYSIK
<-AWAKE: SM | H F
Ceeeesmm AN . of o, |
<~Observed three instabilities = L I ™ +
E 14F +
i '
<-Seeded/controlled SM to accelerate e to GeV energy level oo

32/34
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<-AWAKE: SM _ H
. b am SO
<-Observed three instabilities = T Necheeva

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

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

© P. Muggli
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MAX_PLANCK_IF’[‘JEELE%I
<-AWAKE: SM H F _

| B Crreeesmm SRR . E-T :

<-Observed three instabilities =~ ihgeery _ Lyera  tof '
T .

<-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

2

= — ‘ - o
\ “’\::

— Muggli (AWAKE Coll.)
<-Scalability to very large ... < . \\‘:\: N J. of Phys.: Conf. Series1596, 012008 (2020).

<-Large energy gain

32/34
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SUMMARY
MAX-PLANCK-IF%E'ELELSJII
< AWAKE: SM H F .
_ o Crreeesmm SRR E 3 T, +
<-Observed three instabilities =~ ihgeery Lver e '
g }
S '
<-Seeded/controlled SM to accelerate e to GeV energy level oo

© P. Muggli

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

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

L

- =
v F

\ '4‘::
—__ Muggli (AWAKE Coll.)
<-Scalability to very large ... = "\\‘N*\? N J. of Phys.: Conf. Series1596, 012008 (2020).

<-Large energy gain

<-Development of scalable plasma sources

m=l/ =
helicon antenid

water-ced
feld el
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<-AWAKE: SM H F .

_ . CHE e e— '{.\\.m . l foae e }
<-Observed three instabilities =~ ihgeery Lver e '

g ¢

i 4

<-Seeded/controlled SM to accelerate e to GeV energy level o
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<-Developing a self-modulator for a long p* bunch

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

!, = 0
-

\ '4‘::
TN Muggli (AWAKE Coll.)
<~Scalability to very large ... x [ J. of Phys.: Conf. Series1596, 012008 (2020).

<-Large energy gain

<-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

32/34
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< AWAKE: SM | H 8
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<>0Observed three instahilities e T Necheeva . .

22
eveommm UAANNANISAA: * E =, - :

t
AWAKE collaboration: 22 institutes world-wide :
¢
¢Seededlcont + CERN, Geneva, Switzerland
« [University of Manchester, Manchester, UK , , . | A
Cockeroft Institute, Daresbury, UK 2 3 1 5 6

« [Lancaster University, Lancaster, UK
. « [Oxlord University, UK
<> DeVEIOplng 4 * Max Planck Institute for Physics, Munich, Germany

Max Planck Institute for Plasma Physics, Greifswald, Germany
« [UCLlondon UK ]
UNIST, Ulisan, Republic of Korea Vancouver
= Philipps-Universitat Marburg, Marburg, Germany Madioen
¢ Clear plans f1 + Heinrich-Heine-Universitat of Dusseldorf, Dilsseldorf, Germany
+ [University of Liverpool, Liverpool, UK ]
+ ISCTE - Instituto Universitéario de Lisboa, Lisbon, Portugal
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia
Novosibirsk State University, Novosibirsk Russia

¢ Large el”lel’g) * GolP/Institutode Plasmas e Fusao Nuclear, Instituto Superior
Téchnico, Universidade de Lisboa, Lisbon, Portugal
TRIUMF, Vancouver, Canada
Ludwig-Maximilians-Universitat, Munich, Germany

e * University of Wisconsin, Madison, US
¢ Scalabl I |ty tO « Uppsala University, Uppsala, Sweden
«  Wigner Institute, Budapest, Hungary
Swiss Plasma Center group of EPFL, Lausanne Switzerland

<+ Devoianmes s

AWAKE is a collaboration
Opportunities for contributions!

o1 s T | 32/34
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AWAKE

| ‘ - ; ™
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AWAKE

< AWAKE is a major component of roadmap implemented by the laboratory directors group (LDG) as an outcome
of the European Strategy for Particle Physics

Single-stage
accelerators
[proton-driven)

Single/multi-stage
accelerators
for light sources
[electron &
laser-driven)

Muilti-stage
accelerators
(Electron-driven
or laser-driven)

© P. Muggli

Timeline (approximate/aspirational)

0-10 years 10-20 years 20-30 vears
Demonstr ation of: Fixed-target experiment (AWAKE) [ |#RD {exp & theary]
Presenved beam quality, acceleration in very long plasmas, Dark-photon searh, strong-field QED experiment etc. [ HER facility
plasma unifiormity (longitudinal & tansverse) (50-200 GeV e-)
Demonstration of: Energy -frontier collider

Use of LHC beams, TeV acceleration, beam delivery

10 TeV c.o.m electron-proton collider

Desrrcnetr ation of :
uhtra-low emittances, high rep-rate/high efficency e-beam and
Laser drivens, Long-tenm cperation, potential itaging. potitrons
(WP RAN A

Pre-CDR (HALMF)

R&D on plasma-based light sources will de-risk HALHF and
other plasma-based collider concepts considerably

Timeline (approximate/aspirational)

[ | Fors ity sty
| RBD fexp & theavy]

: HEP [RONTY o/t
srant af snerumion

Simulation study
to determine

5- 10 years 10-15 years 15-25 years
Dimasnaty ation of: Multistage tech demonstrator
sealaba ataging, detver dhatribaion, stbiiestion Strong-fleld OED experiment ﬁ
(actwe and passta) (25-100 GeVe-) Facility upgrade
Demanstration of: MFM%
High wall-plug efficiencyfe- -drivers], preserved beam quality & spin polarization, high colider
rep.rate, plasma temporal uniformity & cell cooling [250-380 G c.oum)

self-consistent parameters

Facility upgradel

[demonstration goals)

Demonstration of:

Energy-efficient positron acceleration in plasma, high wall-plug efficiency [laser-drivers), ultra-low emittances,
energy recovery schemes, compact bearn delivery systems

33/34
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<A number of interesting (important?) experimental results

(many simulation results, but focus on ...)

<-Clear plan towards application to particle physics

<-Opportunities to contribute

34/34
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Thank you!

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

muggli@mpp.mpg.de
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