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<-Driving wakefields in plasma with a (SPS) proton (p*) bunch
<-Accelerating externally-injected electrons (e) to GeV (SPS) to TeV (LHC) energy scale
<-Applications to particle physics experiments:

<-Beam dump — solid target experiments
A. Caldwell, Eur Phys J C 76, 463 (2016)

e/ p+ collider (LHC) M. Wing, Phil Trans A Math Phys Eng Sci., 377(2151) (2019)
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<-Very successful Run 1
<-Clear plan/roadmap toward an accelerator for particle physics applications

<-Run 2 has started:

<First 5 weeks of Run 2a (2021-22) showed e-seeded self-modulation (e-SSM) at low plasma
density

<Run 2b (2023-24), maintaining large accelerating gradient with plasma density step
<Run 2c¢ (2027-..), external injection of e-bunch, acceleration to multi GeVs, bunch quality
<-Run 2d, scalability of acceleration, development of scalable plasma source

<-Application to particle physics following Run 2

AWAKE Run 2 Timeline

Proposed dates: 2021/22 2023/24 End 2024/2025 2025/2026 2027/2028/...
2a): electron seeded | | 2b): density step | | 2c) Clear out CNGS | | 2c) installation/ 2c) electron 2d) scalable . . ..
self-modulation plasma cell target area commissioning leration plasma source ::'rSt azpllcatlons to HEP 4/23
CERN LS3: 2025, 2026 eam dump experiments )
© P. Muggli —— > P. Muggli, SPSC 10/12/2021
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<-2013: experiment approved

<2016-18: Run 1, 7 PhDs, 1 Nature, 4 Phys. Rev. Lett. + ...
<Self-modulation
<€ acceleration J

<-2021-..: Run 2, e~ bunch for applications at the multi-GeV level

4-2021-22: 2a, e-bunch seeding of self-modulation ¢ +/

<-2023-24: 2b, new plasma source with density step to maintain high amplitude of ¢ —
wakefields

<-2027-...: 2c, external e-bunch bunch injection and acceleration, multi-GeV

<2019-...: 2d, development of scalable plasma source(s), scaling of energy gain

5/23
© P. Muggi P. Muggli, SPSC 10/12/2021
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relativistic
proton

bunch
<-Plasma: initially (globally) neutral: n,=n;

<Scaling:
) \1/2
n.e 1/2
@y = xn, Plasma angular frequency _
Eore Scaling favors
m cw Cold ol breaking field short, tight bunch
_ e “pe 1/2 old plasma wave breaking fie in hiah-densitv plasma
wB e *n, Maximum accelerating field 9 yp

Eyp =100/n,(cm™) =1GV /m @ n, =10“cm™* | (f,,~100GHz)

0,,0,<sclw,, * n;'"? | Bunch fits in a (plasma skin depth)? clw, =531lum @n, = 10“em™

<-SPS p* bunch:

0,=10cm
6,=200um = c/w,,=> n,=7x10"cm-3 o, >>clo =Self-modulation process 7/23
© P. Muggl Ewg=2.9GV/m © =hpe=2Tc/wp~Tmm P. Muggli, SPSC 10/12/2021



A
GG
0 Bgm 1t &

MAX-PLANCK-INSTITUT PLASMA WAKEFIELDS (p"’) @

UR PHYSIK p _Dnver

—=F
o
S+ % + +;$tﬁh+ ++

-“-=—’-' T —_—

relativistic
proton
bunch

<Why p*?

< p* bunches carry large amounts of energy per particle (400GeV SPS, 6.5TeV LHC)
and per bunch (19, 120kJ)

<-Short e- bunches (PWFA), laser pulses (LWFA) <100J
< p* bunch drives wakefields over long plasma length
<> Acceleration in a single plasma, avoid staging to reach high e- energies (TeV)

< ns-long p* bunch needs self-modulation to drive GV/m accelerating (wake)fields
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SEEDED SELF-MODULATION (SSM)

R PRYSIK Kumar, Phys. Rev. Lett. 104, 255003 (2010)
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AWAKE EXPERIMENTAL SETUP - RUN 1 (and 2a)

Electron source system Accelerated electrons on the scintillator screen

Laser beam !
20 Mev | e
G RF structure | 4
- { o —
B Electron beam
S le 10 m Rb Plasma

L3 )
Lo Imaging station
Proton beam -
OTR, CTR screens
.
8 s spect
| Electron bunch I] Long proton bunch 6 Proton microbunches ‘
o W i \ 4 \\
_ 2 . AA
E o# E ome Mo M o o w = =« (ﬁw—( Laser
-2 "2 dump Imagi
—4 -4 ‘ ) ~
: [I lonising laser pulse -6 Captured electrons swation
BT -20 -1s -10 - ) BT -20 -1s -10 - °
£ (mm) £ (mm)

9/23
AWAKE, Nature 561, 363 (2018)
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e spectro

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

(< 2@ 4
~£ny

s/
No Plasma Plasma

y nlo

Screen 2

No Plasma Plasma

y Core + Halp
I ® I .

® >
Screen 1
<Growth of wakefields OTR CTR

9/23
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SEEDED SELF-IMIODULATION (SSM) - RUN 1

MAX-PLANCK-IJ:IE'ELEEI e
RIF
a) 4 : z
Plasma ; Vapor
2 | -
ERIE e
v .
9L
A-M Bachmann
4 | ' ‘ ‘ ‘ — 1gy=2.1x10Mcm
Stre 100 80 60 40 20 0 -20

Plasma ON

Ra R RRBARIBARBRBOCET

~0,/c~200ps

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

50+ n,=1.8x10"cm-3
| An/10m=5.3%
. N=(2.5-3)x10"
30 0,=200pm

I 0,=(6-8)cm

- Ey=(18.84+0.05)MeV
10- Q=(656+14)pC

y (mm)

- E=(800+40)MeV
2E AEpnu=(137£14)
t MeV

E Q=(0.25+0.7)pC

dQ/dx (fC mm™) &
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E (GeV)

1
07 10 1520 4.0

e o
>

o
w

o o
S
d?Q/dxdy (fC mm?)

o
o

< Injection at an angle (~1-3mrad)

< Finite AE/E

Rb plasma, 10m
(0.5-10)x10¥cm-3

2.2

2.0
1.8
1.6
1.4
1.2

ug (Gev)

1.0

0.8F

0.6

< Up to 2GeV energy gain (from ~19MeV)

© P. Muggli

<> Captured charge: ~pC

AWAKE, Nature 561, 363 (2018)

ACCELERATION EXTERNALY-INJECTED @ - RUN 1

AWAKE—

e sectro

- ¢ Gradient AWAKE +
- # No gradient
5_ '
-
X
C 1 1 1 1
2 3 4 5 6 7
Ny, (1 0% cm9)

11/23
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laser
pulse

—anl

Alvn - Instability

T e - T v

b - R = - 2

- — .--:._" - - 3 = e
=7 -~ == e — T e

- TE e T i DA eI TS o e -

T -

Event number

<-Transition from SMI to SSM
<-SSM, RIF seeding: A®/2n<8%

Relativistic lonization Front
(RIF)
Seeding
M-bunches
@ varying times "#

M-bunches

SSM SMI

SMI| —SSM transition:
$2.8MVIm<E

z,seed

SEEDED SELF-MODULATION (SSM) - RUN 1

@ fixed times ®

Event number

<4MV/m @ n,=10"*cm=

AWAKE—

vapor

RIF
laser

SSM - Control

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

© P. Muggli

F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021)

12/23
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RUN 2

Electron source system

Laser beam | l
- . I R serac ;g“g‘m NEW: higher energy ¢IQun 2:

RF structure

: Electron source system ¢e-bu nCh qua“ty
— . Dipole " Electron beam <>Hiah
Dipole 10 m Rb Plasma ~150 MeV RF gun Ig energy
— < I NEW:densityStep pr scrucoure /El < Two plasma

Protonbeam T o onbeam <Self-modulator

—~3 Dipole 10 m Rb Plasmc
e r<~Accelerator

\“E - ——— NEW Imaging station 1

l OTR CTR screens

<Run 1: : ‘-\ Bn . o
| 7

<-Phase-reproducible, seeded, self-modulation e
<>Acce|erati0n NEW: back-propagating -
<-Single plasma spectrometer

I ﬁ)\

‘ .‘Hﬁ 2
Laser

dump  maging

station 2

13/23
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RUN 2 AR

_ M’or M?f ccor AW ‘
J ==

WD «irvZ
T o
/

v

|
p* e hv
]

Self-Modulator, Run 2a,b: e external injection, Runs 2 c.d: Accelerator: B
e bunch seeding ~> <{-On-axis injection <-Blow-out <Bunch
<-Plasma density step <-Bunch quality <Beam loading [~ quality
<-Plasma source for >>GeV scale <-Beam matching

400 7

300

L O 13/23
mw | Muggli, SPSC 10/12/2021

V. K. Berglyd Olsen, PR- AB 21, 011301 (2018)

10 15
& [mm]
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@-BUNCH SEEDED SELF-MODULATION (eSSM) @

Run 1: single, laser-ionized plasma, relativistic ionization

Relativistic |on|zat|on front seeding (RIF), SSM Instability, SMI | S
laser vapor _’asler \
pulse puise
=L SMI | vapor
./‘ J\J\' VVVVVVVV MU mI
Run 2 issue: two plasmas
1st plasma: RIF SSMI, self-modulator 2" plasma : preformed plasma, accelerator
aser vapor
pulse .
SSM s - Interference:
front SSM — back SMI?
Run 2 solution: e-bunch seeding
1st plasma: e-bunch SSM. self-modulator 2nd plasma: preformed plasma, accelerator
e bunc aser laser e bunch
pulse pulse
SSM
<-Whole bunch self-modulated <-No SMI

<-No seed, preformed plasma => SMI (phase not reproducible)

<-e-bunch seed (eSSM) => reproducible phase => entire bunch self-modulated 14/23

© P. Muggli P. Muggli, SPSC 10/12/2021
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UR PHYSIK Pre| | m | nary! Individual

No seed — pre-formed plasma
=i 0nizing laser pulse

Sum of
Events

Events

NO
L 3 Seeding

t [px]
=

At~620ps marker laser pulse

-

=
o

proton bunch

e-bunch seed
<= 0nizing laser pulse

L )

e-bunch
Seeding

-

a—
won

At~620ps

t [px]
=

marker Iaser pulse

proton bunch

o~
o

6.0
event #

20 30 40 50

<-No seed, preformed plasma => SMI (phase not reproducible)
<-e-bunch seed, => reproducible phase => eSSM => entire bunch self-modulated
<-RMS phase variation ~8% of 21, similar to RIF-SSM, measurement dominated 15/23
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<> Hosing Instability seeded by
misaligning e- bunch (eSSM)
<> eSSM in one plane Taal |
< eHl in the other Prellmlnary

Seed eSSM along the slit
.e-HI 1 to the slit

@ Seed HI along the slit Seed HI along the slit

= ce—Se—s )

p* and e aligned,
lPure eSSM

T. Nechaeva

© P. Muggli
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<> Hosing Instability seeded by
misaligning e- bunch (eSSM)
<> eSSM in one plane Taal |
< eHl in the other Prellmlnary

Seed eSSM along the slit
.e-HI 1 to the slit

@ Seed HI along the slit Seed HI along the slit

p+

<-Hosing Instability
<> May compete with self-modulation
<May grow over very long distance in plasma

< Important to study!

© P. Muggli ERRARE - T s I
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Self-Modulator, Run 2a.b: e- external injection, Runs 2 c.d: Accelerator:
<-e~ bunch seeding <-On-axis injection <-Blow-out

S Plasma density step> "} 51

<-Beam loading
<-Beam matching

«
dW,/dx [KT/m]

<-Plasma source for >>GeV scale

X LOE[mm] 15 .t
V. K. Berglyd Olsen, PR- AB 21, 011301 (2018) 17/23
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RUN 2o PREPARATION

< Plasma density step for wakefields to maintain large amplitude after saturation of SM

Calwell, POP 18, 103101 (2011)

Step <-Predicted effect Ang,(,AT),
molecular flow simulation
LHC K. Lotov V. Minakov, private communication G. Plyushchev , J. Phys. D: 51(2), 025203 (2017)
T .
o e ~10cm
al W/W\\ n. step E ] \
S
I ) | i E
No step - / o W‘M\’/\x Z AT=10K@473K
, 100 A(dngng)y~4 @ 10m g ANng,=2%
] C 98—
40 60 80 100 o7 S wb
L.m /[ / s F
0.50 L ‘ g =
. > e
np /1 [on, 0.25 q} T Without ddnsity Smpn — (‘St\ T X R T F BB Y S F
[ 1 0.00 \ n°=7xl 4cm3 e~ v Distance (m)
T 0 \_/ 4 6 8 10

< Impose temperature step AT
< Rb vapor density step: Ang,~AT, 0-10% @500K
<~ Laser ionization An,=Ang,~AT
<> New vapor source and new diagnostic for wakefields
17/23
© P. Muggl P. Muggli, SPSC 10/12/2021
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RUN 2b PREPARATION @

<> New vapor source: temperature step
< Short electrical heaters + fluid heat exchanger

—_— D>

Plasma density
perturbation diagnostics
THz shadowgraphy

T 0-£10%
NRp % = '
<
50, 100, 150, ..., 350cm Not to scale

< Impose temperature step AT
< Test simulation predictions

< Source for Run 2b = self-modulator source of Run 2¢ 18/23
© P. Muggi P. Muggli, SPSC 10/12/2021
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HUN 2b PREPARATION

<> New vapor source prototype: temperature step prototype (EHN1)
Heater 1 X _Heater 4

End Heating Heating Heating End oo ;//,,,
Zone(1) Zone(2) Zone(2) Zone(2) Zone(5) o T~5
€ >i< n€ >i< >

< >

°C
AL~2bcm
,\}//V Step width (201C to 204C) = 250mm

‘mperature (degC)

1000 750 500 250 ”Ismmlmvhv:vizguv o) 500 750 1000 1250 M . Berga maSChI
J. Pucek

52.0
50.0

48.0
6.0 314 Step - Control
44.0
20 ano —e— 314 Step - Beamline}
100 A ~

\4 e Sub ZOne 1

38.0
36.0 Sub Zone 2
340
320 Sub Zone 3
300

Temperature (°C)

——Sub Zone 4

{ | ~80Cl—ssm:

[ step width (201¢ to 249€) = ~800mm |

Temperature (degC)

200
2180
160
140
120
100
08.0
06.0
04.0
Jorn
000

< Impose temperature step 0<AT<50K or 0-10%@500K T T T S

< Step width AL increases with AT Position (mm)

< Effect of step on wakefields weakly dependent on step width/shape

< Design of the full vapor source started 19/23

p

© P. Muggli



Ap-Dy=4t

MAX-PLANCK- INSTITUT
UR PHYSIK

< Wakefields ultimately dissipate in the plasma

< Is Rb atomic light intensity proportional to the amplitude of the wakefields?
<> Wakefields sustained by plasma e- oscillations
< Collisions with ions/neutral produce light

Upstream Downstream

: ; Viewports : :

"/‘\ Flippe

C Ogtlcal illd Spectrograph

Flber coupler

r

Iaser
n ﬂ 1n l pulse

|
it I Bunch Profile

-400 200 0 200
Relativistic lonization Front Delay (ps)

Time-Integrated Plasma Light (arb. u. )
J /& -
oA

< Plasma light / wakefields’ amplitude correlation (seed wakefields, upstream)

< Further measurements needed
© P. Muggli

: mmw Insar posstien

Run 2a:
RIF scan

=

Upstream

Front

400

M. Bergamaschi, J. Pucek

P*—>jl1

Run 2b:
Wakefields
Diagnostic

PLASMA LiGHT - WAKEFIELDS

AWAKE—

Preliminary!
Step
’Ng;step
20/23
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RUN 2

Electron source system

Laser beam

RF n
— . I e, E = NEW: higher energy

— Electron source system
,x_._‘:iiff_; T o~ W clectron beam
N’e 10 m Rb Plasma ~150 MeV —
e =5 I NEW: density step RF ctructure EI

Proton beam ‘ i
\ / — Electron beam
Dipole 10 m Rb Plasmu
\\\

N S : ' NEW |Irnaglng station 1

= OTR, CTR screens

Run 2c preparation X&'
<> Numerical simulations = . -\t

—=)

L}

< Injection scheme Laser beam e N\
< Tolerances to misalignment e P ——
<> Optimization e .
< etc. Lase,[
<> 2" injector development, X-band linac, 150MeV e-, CLEAR GumP  Imaging
<> Vapor source and injection region
< lonizing laser, optics, diagnostics, etc.
Run 2d preparation
< Plasma source development in CERN lab: helicon, discharge
21/23
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SCALABLE PLASMA SOURCES

<>Laser ionization does not scale to long plasma lengths (100m-1km)
<-Plasma source development laboratory at CERN

<-Helicon source: magnetlzed RF d|scharge Buttenschon, PPFC 60(7), 075005 (2018) V\\
vacuum If-tugabelical antennas «@
pu$mp gas mIet

&)
SRS S\ ms&
Max-Planck-Institut

fiir Plasmaphysik quartz glass tube

' .(l)ﬂ. radial inte

ECOLE POLYTECHNIQUE .
FEDERALE DE LAUSANNE location

*******

elicon antenna
ter- cooled =~

field coils

5 magnetic field coils

1 m heliconBuRaE s <-Unit cell (2 B-coils + RF antenna) that can be stacked...
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R PHYSIK

<> Cost and Schedule review on Nov. 18, 2021

Run 2a:

< Request 15 weeks of p* beam (2-week periods), clear goals:
<> eSSM at high plasma density (7x10'4cm-3)
< eSSM — SMI competition or interference
< Hosing studies

< SSM characterization
<> Cherenkov e-BPMs

< SM in Rubidium plasma ionized non-resonantly
< Plasma light as diagnostic for wakefields

< Run 2b: new vapor/plasma source with density step installed during 2022-23 YETS
< Possible experiments with discharge source with (4+6)m plasmas
< Sustained simulation studies

< Complement experimental results

< Inform new experiments
< Design future experiments
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R PHYSIK

<-Very successful Run 1
<-Clear plan/roadmap toward an accelerator for particle physics applications

<-Run 2 has started:

<First 5 weeks of Run 2a (2021-22) showed e-seeded self-modulation (e-SSM) at low plasma
density

<Run 2b (2023-24), maintaining large accelerating gradient with plasma density step
<Run 2c¢ (2027-..), external injection of e-bunch, acceleration to multi GeVs, bunch quality
<-Run 2d, scalability of acceleration, development of scalable plasma source

<-Application to particle physics following Run 2

AWAKE Run 2 Timeline

Proposed dates: 2021/22 2023/24 End 2024/2025 2025/2026 2027/2028/...
2a): electron seeded | | 2b): density step | | 2c) Clear out CNGS | | 2c) installation/ 2c) electron 2d) scalable . . ..
self-modulation plasma cell target area commissioning leration plasma source ::'rSt azpllcatlons to HEP 4/23
CERN LS3: 2025, 2026 eam dump experiments )
© P. Muggli —— > P. Muggli, SPSC 10/12/2021




- Thank you to my collaborators!

Thank you!

muggli@mpp.mpg.de




