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O Drive wakefields in plasma with a long proton (p*) bunch
O Accelerate externally-injected electrons (e”) to GeV (SPS) or TeV (LHC) energy scale

ORel ati vi stic (*buhdhessvith@asuq hurdeeds)of kpare available
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P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
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ATVAIE—

O Drive wakefields in plasma with a long proton (p*) bunch

O Accelerate externally-injected electrons (e°) to GeV (SPS) or TeV (LHC) energy scale

ORel ati vi stic (*buhdhessvith@asuq hurdeeds)of kpare available
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P. Tuev, K. V. Lotov, PPFC 63, 125027 (2021)
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LHC
112kJ

~TeVinkme ~GeV/m
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SPS driver (400GeV, 19kJ):

~200GeV in ~200m
~10% e

2D numerical simulation results

LHC driver (7TeV, 119kJ):
~5TeV in ~7km
~10% e

~1GeV/m!

200m — 7km!
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RUNS 1, 2a,b: SELF-MODULATOR

Electron source system

O Self-modulation necessary to drive ~GV/m with an SPS/LHC p* bunch
20 MeV .
RF structure

Electron beam
10 m Rb Plasma

Imaging station 1

OTR, CTR screens

Electron
spectrometer

Laser
dump

Imaging
station 2
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RUNS 1, 2a,b: SELF-MODULATOR AVARES

Electron source system

Laser beam

&‘ O Self-modulation necessary to drive ~GV/m with an SPS/LHC p* bunch
20 MeV
(s RF stry e ‘
- y
] — < g - Electron beam
/[ 10 m Rb Plasma
-_—

Proton beam
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SELF-MODULATION @
Long driver (p*), s>>1/W,,, S,~C/W,

her INitially non-resonant

S Y

SPS p* bunch, long s,~5cm and narrow s,~200mm

Wakefields amplitude scaling: E,..~1/s, or 1/s, in n,~1/s,? or 1/s,?
Choose : E,~1/s, in Ng~1/s,? - §,~C/W,,

S, >>clw,, & Self-modulation (SM) regime

Ne=7Xx10%cm=32 E_. ~n,Y?~2.5GV/m

Plasma electron density: Ngg, Wye=(Ne0€2/€M)2, t 1. =2p/W,e
Wakefields: period and transverse size ~ plasma skin depth c/w,e~ng,%/2

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

B mec® /2 ~ 123 MeV 5/22
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SELF-MODULATION
Long driver (p*), s>>1/W,,, S,~C/W,, initially non-resonant
S Initial (transverse) wakefields
- (1)
(1) Periodic focusing/defocusing

Pukhov, PRL107 145003 (2011)

---------

E,GV/m

- Neo=7x10%cm-3

O E,-field along the plasma

5/22

Relativistic particles do not (appreciably) dephase!
AWAKE, SPSC, 25/11/2025
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SELF-MODULATION

Long driver (p*), s>>1/W,,, S,~C/w,, initially non-resonant
S—

Self-modulation ’,

d

5 @

ew

1/2
Fmod = wye /2 o< 0}

Growth along the bunch and plasma!

AWAKE—

Growth mechanism:

Initial (transverse) wakefields

-

Periodic focusing/defocusing
C - )(2)

Density modulation

E,GV/m

Pukhov, PRL107 145003 (2011)

---------

Ngo=7x10%cm3

.........
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SELF-MODULATION @

Long driver (p*), dense plasma, s >>1/w,,, S{~C/Wy, Growth mechanism:
S Initial (transverse) wakefields
-

CPeriodic focusing/defocusing)
Self-modulation - Density modulation

Full modulation — Bunch train (3)
m Pukhov, PRL107 145003 (2011)

Self-modulated bunch

.

.

mm  bunch train
|

o o e He-

Plasma wakefields + O Train period ~t ,,=2p/W,

Ngo=7x10%cm3

3) -
O pbunch length <t

O Resonantly drives wakefields to large amplitude
O Self-modulation necessary to drive ~GV/m accelerating

fields in ~10%4cm-2 density plasma 5/22
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SELF-MODULATION

Long driver (p*), dense plasma, s >>1/w,,, S{~C/Wy,

S Y

Self-modulation

o

Self-modulated bunch

pnbunch train

o o e He-

4

9080808C-

Plasma wakefields

3)

Growth mechanism:
Initial (transverse) wakefields

ATWAKE—
-
CPeriodic focusing/defocusing)
Density modulation

Full modulation — Bunch train (3)

'

Larger
amplitude
self-modulated,
than
long bunch!

Pukhov, PRL107 145003 (2011)

Ngo=7x10%cm3

O Train period ~t ,=2p/W,
O pbunch length <t
O Resonantly drives wakefields to large amplitude

O Self-modulation necessary to drive ~GV/m accelerating

fields in ~1014cm-3 density plasma 5/22
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RUNS 1, 2a,b: SELF-MODULATOR

s Tty

SOBOPOS: — o o o o

O SM occurs, and can be seeded (made reproducible)

Pldsma OFF

Plasma ON
< T’ g b o)

xw&a&&&té&&#b‘"

~0,/c~200ps

n 0—2x10100m 22

AWAKE Collaboration, Phys. Rev. Lett. 122, 054802 (2019)
M. Turner et al., AWAKE Coll., Phys. Rev. Lett. 122, 054801 (2019) JE RN ‘M
F. Batsch et al., AWAKE Coll., Phys. Rev. Lett. 126, 164802 (2021) T i

L. Verra et al., AWAKE Coll., Phys. Rev. Lett. 129, 024802 (2022) B T T

O Evidence for transverse wakefields

O All publications at: https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic
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RUNS 1, 2a,b: SELF-MODULATOR AVARES

s Tty

SOBOPOS: — o o o o

O SM occurs, and can be seeded (made reproducible) O Acceleration of externally-injected test electrons (19MeV)
OEnergy gain to 2GeV

O Larger gain with tailored plasma density

2.2
Plasma OFF R ] T i o ; _ 4 Gradient AWAKE +
e ? : ; J A < 2.0 _ ¢ No gradient
18F
1.6F
Plasma ON 3 2 By ~7.9ps C +
n O_2x10l cm® w 3 14F i
T T T T s eammeon &
Al S G T L 01 i = lhe[
~0. /C 200ps 1‘0:_ + Plasma 1 RIF Vapor
AWAKE Collaboration, Phys. Rev. Lett. 122, 054802 (2019) ' 0.8 _4. =M
M. Turner et al., AWAKE Coll., Phys. Rev. Lett. 122, 054801 (2019) JES R “""""7 0sE® WWWWWWW
F. Batsch et al., AWAKE Coll., Phys. Rev. Lett. 126, 164802 (2021) 2/, — 5 + 2 4 7
L. Verra et al., AWAKE Coll., Phys. Rev. Lett. 129, 024802 (2022) RO ‘ ‘_‘I’ 0 0w n, (10% cmd)

AWAKE Coll. , Nature 561, 363 (2018), Phil. Trans. R. Soc. A.37720180418 (2019)

O Evidence for transverse wakefields O Evidence for longitudinal wakefields

O All publications at: https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic



UPGRADE OF THE EXPERIMENT (2023-4) @

OPlasma?2 laser ionization of a rubidium (Rb) vapor
OElectrical heaters over the first 4.5m of the source
O Apply step in temperature @ vapor density 2 plasma density
O Optical viewports: light from plasma/wakefields
O Plungers with screens

O Align e- and p* trajectories inside the source

OBlock ionizing laser pulse @ vary plasma length

Block
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SM* REPRODUCIBILITY AWHES

OSeeding - timing/phase reproducibility
Seed

Plasma RIF Plasma RIF

Vapor
SSM

A

__ SSM—Cor_mtroI el

(b)

Event number
o

Event number
(=}

te ini 1@ Lo injt®®

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

O Seeding makes timing/phase more reproducible 9/22

*SM: self-modulation AWAKE, SPSC, 25/11/2025



SM* REPRODUCIBILITY AWHEZ

Viewports

Plasma

(@}

OSeeding - timing/phase reproducibility
Seed

Plasma Plasma RIF

Amplitude reproducibility?
Seed

7%

SMI Instablllty o ke <

1.5 K

t‘ ¢ . At
X P

1.0 1 by o

+*‘$H ‘{1‘ £

054 04’ A‘ Aa A

Lase = 4 I')p';

Event number

0.0

1 L] 1 T
0 50 100 150 200
Event number [arb.u.]

te ini 1@ Lo injt®®

Light Signal ~ Wakefield Amplitude (arb. Units)

F. Batsch et al., AWAKE Coll., Phys. Rev. Lett. 126, 164802 (2021) ~ ©Lightsignal ~amplitude of wakefields
O Small(er) RMS variations of light signal
(i.e., wakefield amplitude) when seeded
(SSM) than
O Seeding makes timing/phase and amplitude of the wakefields more reproducible 9/22

*SM: self-modulation AWAKE, SPSC, 25/11/2025



SM* REPRODUCIBILITY @

O Amplitude reproducibility?
Viewports

OSeeding - timing/phase reprodUC|b|I|ty Plasma
No Seed - RIF ) Seed
t Plasma Vapor
- ini d
4 =1L > \
LR
er | ¥
o
A-M Bachmann ‘“ R
100 80 60 40 20 0 -20 T
150 200
te i 109 t [ps] rb.u.]

F. Batsch et al., AWAKE B
Phase AND amplltude reprodUC|b|I|ty ESSENTIAL for an acc:elerator|

(i.e., wakefield amplitude) when seeded
(SSM) than not seeded (SMI)

O Seeding makes timing/phase and amplitude of the wakefields more reproducible 9/22

*SM: self-modulation AWAKE, SPSC, 25/11/2025
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SM* GROWTH / SATURATION

OWakefields 2 energy deposited in plasma 307

Viewports

OEnergy dissipation 2 light emission 25 inaded

—%

Plasma

N Plasma RIF

Numerical Simulations:

Pukhov, PRL107 145003 (2011)
L [ 0.5
e ————— : el e, e / 1

N, =10.5x 10"
00 n,, = 3.85 x 10" cm?
2 4 6 8

E 10'1 Distance [m]

~

>

9 -2

o« 10

Neo=7Xx10%cm-3
103 s

O Light signal and halo radius show:
O Saturation of SM
O Saturation length varies with n,
O Differences SSM (seeded) and SMI (not seeded, instability) o

O 10m self -modulator length sufficient for Run 2¢ (<5m with n 00=7x10%cm3)

*SM: self-modulation AWAKE, SPSC, 25/11/2025
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SM* GROWTH / SATURATION

OWakefields 2 energy deposited in plasma
Viewports

seeded

OEnergy dissipation 2 light emission 25

SR
—m

Plasma

&,&”6 Plasma RIF
Numerical Simulations:
Pukhov, PRL107 145003 (2011)

— B - ’1
5 =i - s
raeng e ')’
1 ;
J,’
!’J
i 0.5

TN TTTL L L s . N, =§.5x 10"
bons e np =385 xfl0" om

R

o

Neo=7Xx10%cm-3

0 5 zm 10

[wuwi) 1
00

O Light signal and halo radius show:

Plasma RIF

2/01 X1

4
~ G SMI
O Saturation of SM i :
3
O Saturation length varies with n, i
(=]

O Differences SSM (seeded) and SMI (not seeded, instability) o

O 10m self -modulator length sufficient for Run 2¢ (<5m with n 00=7x10%cm3)
*SM: self-modulation AWAKE, SPSC, 25/11/2025



ACCELERATION: DENSITY STEP

O Numerical simulation results:
O Uniform density plasma: wakefields
saturate, reach low constant amplitude

E; max, GV/m

O Step in density: wakefields maintain larger

=
n

=
=]

0.5

0.0

amplitude after saturation

I’1927.0X1014CI’TT3 = step, no gap

no step, no gap
=== step, 1 m gap === no step, 1l m gap
[n.=7.2x10%cm|3
’-W
ﬂ/ Step
No step
T T T
0 5 10 15 20
Z, m

O Clearly observe expected effect of step in density: larger energy gain, larger gradient

Energy Gain (GeV)

O Experiment:
O Measure energy gain versus plasma length, side-injection, 19MeV e-

1.8

-
ES

-
=

-
1Y)

-
EY

e
@

o
o

=
=

e
ra

e
o

@® EXP-3.8e14:23%®@1.25m

1 & EXP-3.8el4: Uniform %\QQ
(3
[ ]
| Step
i No !
Pt =
] i ®
No capture observed i 2
4—
5 6 7 8 9 10

Plasma Length (m)

N9D9'T~

AWAKE—

Ongy=4x10%cm3
O Larger energy gain w step:
01GeV - 1.6GeV
O Charge capture <10pC
(800pc injected)
OTeste

11/22
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ACCELERATION: DENSITY STEP

O Experiment:
O Measure energy gain versus plasma length, side-injection, 19MeV e-

O Numerical simulation results:

E; max, GV/m

O Uniform density plasma: wakefields
saturate, reach low constant amplitude
O Step in density: wakefields maintain larger
amplitude after saturation
n9:7.0x1014cm'3 = step, no gap = no step, no gap
1 i . === step, 1 m gap === no step, 1l m gap
J n,=7.2x10%*cm[?
|
Lo _/ Step |
0.5 \
|
No step |
0.0 . .
0 5 10

O Similar observation with other n,

Energy Gain (GeV)

Capture Position (m)

18

16

14

12

1.0

0.8

0.6

04

0.2

® EXP-3.8el4:23% @1.25m
® EXP-3.8el4: Uniform

= SIM - 3.8e14: 2.3% @ 1.25 m 2;=4.69 m
= SIM - 3.8e14: Uniform: zo=4.48 m

NSO T~

X (ps)
O Clearly observe expected effect of step in density: larger energy gain, larger gradient
O Agreement: experiment 2 numerical simulations

O Optimization with long accelerator, injection on-axis - Run 2c

Energy gain (GeV)

AWAKE—

Ongy=4x10%cm3
O Larger energy gain w step:
01GeV - 1.6GeV
O Charge capture <10pC
(800pc injected)
OTeste

O Energy gain from
integral of wakefields

O Matches maximum gain

O Matches gain versus
plasma length

O Capture e at z=4 to 5m
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6 Publications and presentations
6.1 Publications by AWAKE and AWAKE Collaboration members on AWAKE-related topics

6.2 Conference presentations and posters

OFocus on accelerator development

Important for the accelerator:

s x Timing/phase and amplitude of wakefields: reproducible
x Wakefields saturate over <10m

x Plasma density step increases energy gain

Physical Review Letters

2 .

Highlights Recent Accepted Collections Authors Referees Press About Editorial Team RS

L O Clear/strong Experimental Observation of the Motion of Ions in a
plan for Run 2c Resonantly Driven Plasma Wakefield Accelerator
and beyond M. Turner ®1, E. Walter?3, C. Amoedo', N. Torrado'#, N. Lopes?, A. Sublet', M. Bergamaschi®, ). Pucek5, J.
Mezger? et al. (AWAKE Collaboration”)

Phys. Rev. Lett. 134, 155001 - Published 17 April, 2025

DOI: https://doi.org/10.1103/PhysRevLett.134.155001
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RUN 2¢,d: ACCELERATE @ BUNCH, QUALITY
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O Separate self-modulation and acceleration
O Two plasmas

Muggli (AWAKE Caoll.), J. of Phys.: Conf. Series1596, 012008 (2020)
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RUN 2¢,d: ACCELERATE @ BUNCH, QUALITY ANHEZ
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RUN 2¢,d: ACCELERATE & BUNCH, QUALITY ANES
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RUN 2¢,d: ACCELERATE @ BUNCH, QUALITY ANHEZ
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RUN 2¢,d: ACCELERATE @ BUNCH, QUALITY

O Separate self-modulation and acceleration

Lasci wediil

O Two plasmas
i Electzn source system O External injection of e~ (on axis)

10 m Plasma L
Ay n
RF strysitu; ‘ i

<)e O Bunch quality sufficient for applications
: 0Q,e,DE/ E,

Proton beam

’ - Electron beam

Clear plans towards/for Runs 2c and 2d:
x  Extension of the AWAKE facility (CNGS target area dismantling (CTD))

x  Development of the 2c/2d experimental setup

X Reeuse plasma sources Runs 1 & 2, 20MeV i nject
X - 2c:injection experiments in 10m plasma: bunch quality, Q, e, DE/ E ,
x - 2d: scalability of acceleration in 20m scalable (in length) plasma source: discharge or helicon source

x  Development of scalable plasma source(s)

AWAKE, SPSC, 25/11/2025




TOWARDS RUN 2¢ ANATES

20 Mev E" BrgUR
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“‘ RF gun
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o Imaging it
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~ i Laser beam
O Important steps for the experiment: HRCIO
2024 2025 2026 2027 2028 2029 P
Q3(Q4/Q1/Q2|Q3|Q4|{Q1|{Q2[(Q3[(Q4|Q1|/Q2|Q3|Q4|{Q1[|{0Q2|(Q3|Q4|Q1|Q2|Q3|Q4 Laser
Injector schedule (SPS) YETS “““[‘H”v >
B.697 SCE works \
B.697 services installation [ ; |
L earrsl | Equipment Install |
Awake decabling
CTD - set-up of the area
CTD - main works * beam!
CTD - decontamination & cleaning P )
Handover to AWAKE Stop experiments
Run 2¢ - Installation services, cables CNGS target area L
Run 2¢ - Equipment installation dismantling
Run 2c - Hardware commissioning
Run 2¢ - Beam commissioning
Run 2c - 150MeV Beam commissioning V 12/2 2
ODet ailed plan not shown AWAKE, SPSC, 25/11/2025



AWAKE FACILITY EXTENSION AVAREZ

Slide: Ans Pardon, for EN and ACE annual meeting input from EN-ACE-OSS 2024 2025

CTD Prepa ration (cro: cnes target area dismantiing) St s

AWAKE 2b removal
AWAKE decabling

AWAKE removal and decablmg

E-s -\

e-and p+ |
beamlines A\

Storage

Buffer zon
* Storage foll

+ ~300m?fl( I S 5
* Insulated, HVACU system, Overhead crane 10
* Shielded with 80 cm thick concrete blocks

* Shielded storage & shielded TREC area inside

Next: Nuclear dismantling CNGS: Q1-Q4 2026 & s

O Dismantling of CNGS target area advancing well! =

AWAKE, SPSC, 25/11/2025
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AWAKE FACILITY EXTENSION

Slide: Ans Pardon, for EN and ACE annual meeting input from EN-ACE-OSS 2024 2025

Q3|Q4|Q1|Q2|/Q3|Q4

Building construction

CTD Prepa ration (CTD: CNGS target area dismantling) e

AWAKE decabling

AWAKE removal and decabling
E).(p. Area. &

Before | E-source & Klystron | After

E-;_ource &

-
=

e- and p+
beamlines I Plasma Cell || Shielding |

Storage building (B.697)

+ Buffer zone for waste items
» Storage for reusable blocks
» ~300m?floor surface, ~200m? surface under crane
* Insulated, HVAC system, Overhead crane 10t

* Shielded with 80 cm thick concrete blocks

* Shielded storage & shielded TREC area inside

Next: Nuclear dismantling CNGS: Q1-Q4 2026

O Dismantling of CNGS target area advancing well! =

AWAKE, SPSC, 25/11/2025



RUN 2¢ LAYOQUT - INTEGRATION
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RUN 2¢ LAYOUT - INTEGRATION
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RUN 2¢ LAYOUT - INTEGRATION

1 RF
20 Mev |2 e
RF structure
‘ ! /
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RF GUN - 150MeV e BEAMLINE

O S-band RF gun (ARTI) under test @ CTF2 O X-band RF structure under test

OBeamline

150 MeV
{ witness e-line

Plasm =

ptsel =5000f

) O Development of S-band gun, X-band
linac advancing well!
O 150MeV e- bunch for injection:
O Transverse size matched to plasma
focusing force: s 4icheg=2-75MM!
OBunch duration: S 4. =200fs

Oe capture: g, @94@g@27

Laser Beam

Dump
Self-Modulator

Plasma

- D, [m]
Dy [m]

Accelerator

10.00 m | L H
! 1 -] —
S 400GeV p* 400GeVip
0 2 1 ( ; [.:] 10 12 14 ,6%
OProduces desired beam/bunch parameters e Po—

OFits the experimental layout

Pulse Plasma Plasma

Pulse 15/22

b+
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O Tolerance studies under way AWAKE, SPSC, 25/11/2025



INJECTION REGION AVARE
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¥ 0.5 = =h
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o~ - - n
OInclude diagnostics 00 — |
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LASERS: IONIZATION & e

AWAKE—

Snetieas . O Laser system more complex:
20 MeV ~ . . .
SIS || s E]l OForward and backward ionization of the
Nﬁ “ Blectron beam Electron source system ~rUb|dlum vapor
: ) 10 Dl . Rpgun OIndependent (synchronized) laser for
h - photocathode of RF guns
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- / Electron beam O Development of laser system advancing well!
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DIAGNOSTICS @

ORuns 1 and 2a,b diagnostics: streak cameras, OTR and screens, etc.

O New magnetic spectrometer for higher e- bunch energies: - >10GeV
O Single/multi/shot emittance measurements

ONew diagnostics:

O Opiical Synchrotron Radiation: 150MeV e~ beam size, position; accelerated e- bunch emittance
O Electro Optical Samping: 150MeV e~ bunch duration : s,=200fs!
OWire Scanner: 150MeV e” beam size: S, cheq=5-75MM!

Quad 2 Quad 3

150I\/IeV Wire \

OSR Scanner EOS
OTR

/@" AWAKE, SPSC, 25/11/2025



TOWARDS RUN 2d: SCALABILITY ATARED
O Laser ionization does not scale to long plasma lengths (20-100m-1km): laser pulse energy depletion!
O Scalability: plasma source 2 energy gain
O Plasma source development laboratory at CERN

OHelicon plasma source (HPS): magnetized RF discharge

Buttenschon, PPFC 60(7), 075005 (2018)
Zepp, Phys. Plasmas 31, 070704 (2024)

m=l / =
helicon antan?

Torrado, IEEE-TPS 51(12) (2023)

O Diagnostic challenge: demonstration of plasma density uniformity!
A /Ngo<1/AN 5, N,;,;~100 - A 1/ng(<0.25%
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: —— 2. O —— AVARED
| OWARDS RUN 2d: SCALABILITY e

e

O Laser ionization does not scale to long plasma lengths (20-100m-1km): laser pulse energy depletion!

O Scalability: plasma source 2 energy gain
O Plasma source development laboratory at CERN

OHelicon plasma source (HPS) magne’uzed RF discharge

Buttenschon, PPFC 60(7), 075005 (2018)
Zepp, Phys. Plasmas 31, 070704 (2024)

O 10m DPS tested with
p* beam in 2023

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

—t
m=l / ’
helicon antan?

water- -cooled
field coils

M. Turner at al., AWAKE collaboration ,
Phys. Rev. Lett. 134, 155001(2025)

C. Amoedo at al., AWAKE collaboration,
to be submitted

Torrado, IEEE-TPS 51(12) (2023)

O Diagnostic challenge: demonstration of plasma density uniformity!
A /Ngo<1/AN 5, N,;,;~100 - A 1/ng(<0.25%
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OFocus on accelerator development
O Expect:
O Ten publications

O Five PhD and one Master theses

bﬁgs omnals All Journals Physics Magazine L

Physical Review Letters

Highlights Recent Accepted Collections Authors Referees Press About Editorial Team RS

L O Clear/strong Experimental Observation of the Motion of Ions in a
plan for Run 2c Resonantly Driven Plasma Wakefield Accelerator
and beyond M. Turner ®1, E. Walter?3, C. Amoedo', N. Torrado'#, N. Lopes?, A. Sublet', M. Bergamaschi®, ). Pucek5, J.
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NUMERICAL SIMULATIONS EXAMPLES A=

O Injection tolerance studies

100
.
.

£ 8o *.
-3 ..
3 o
S 6o R
v e
4 ¥
T 400
¢ 40+ -?' 5 16
: | & : :
£ o <
E 20 :i‘ 100 2"
w oo 0 20

0+ T T T T

0.00 0.05 0.10 0.15 0.20 0.25

/({0 + Ax)o,0z) [pC pm~3]

O Misalignment Dx,y~ tens of nm @ accelerator entrance

O Tight tolerances!

Injection Point

Lase
Pulse|

Self-Modulator
Plasma

Laser
Pulse

Accelerator
Plasma

p+
ninp—

20/22

AWAKE, SPSC, 25/11/2025
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O Injection tolerance studies
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REQUEST FOR 2026 @

Proposed plan for p* bunch compression:
Phase 1:
O LN4-PSB-PS: beginning 2026

ORecover longitudinal emittances  similarto 2024
measurements

O Explore minimum stable longitudinal emittance for
4x 10 particles per bunch

O Demonstrate long -term reproducibility (3 -4, 6-hour slots)

Phase 2:
Ofs window OLN4-PSB-PS-SPS: mid 2026

ORecover 90ps rms bunch length at the SPS extraction

O Studies with bunch lengths below 90ps are beyond the
capabilities of present acquisition systems

O Demonstrate long -term reproducibility (2 -3, 6-hour slots)

O AWAKE cycles need to be commissioned in 2026, although
they are not required for operation

21/22
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1 Executive summary

2 Run 2b experimental results
2.1 Light measurements
2.2 Saturation of SM
2.3 SM amplitude reproduai
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eren measurement of "plasma” radius
2.9 SM suppression
2.10 SM in discharge plasma source
3 Run 2c preparation
3.1 CNGS target area dis
0

6 Publications and presentations

—J

SUMMARY

O Quite some progress

OFocus on accelerator development

— OExpect:

O Ten publications

OFive PhD and one Master theses

AWAKE—

Alljournals  Physics Magazine

CAPS |

Physical Review Letters

Highlights  Recent Accepted  Collections Authors Referees Press About EditorialTeam RS

Experimental Observation of the Motion of Ions in a
Resonantly Driven Plasma Wakefield Accelerator

Doctoral Thesis Prize,

Workshop, Sept. 2025

O Clear/strong
plan for Run 2c
and beyond

O Mariana Moreira, John Dawson

O Laser Plasma Accelerator

O C. Amoedo, Poster Prize

O European Advanced
Accelerators Conference,
Sept. 2025

6.1 Publications by AWAKE and AWAKE Collaboration members on AWAKE-related topics

6.2 Conference presentations and posters

22/22
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Thank you!

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

muggli@mpp.mpg.de


http://www.mpp.mpg.de/~muggli
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1 Executive summary {
2 Run 2b experimental results MBI il R e

2.1 Light measurements

22 Saturation of SM O Quite some progress

OFocus on accelerator development

Physical Review Letters

Highlights  Recent  Accepted Collections  Authors Referees Press About Editorial Team RS

Experimental Observation of the Motion of Ions in a

2026
MD beam time request for short p* bunch production

plan for Run 2c
and beyond

6 Publications and presentations
6.1 Publications by AWAKE and AWAKE Collaboration members on AWAKE-related topics
6.2 Conference presentations and posters 22[22
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AWAKE—

OQUTLINE

O Accelerate, e, p*, ions, etc.

3/22
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(@

First application: SPS driver

Requirements on emittance are moderate for fixed target experiments

Search for dark photons

A 50-100GeV e bunch

A Decay of dark photon into visible particles (e.g. e*e’)

A 1016 e- on target with AWAKE-like beam (1000 more than NA64)

Deep inelastic scattering
Strong field QED

Collider Applications: LHC driver

C Collision of TeV -range e - with an LHC p *bunch:
measurements in e /p* or e /ion collisions

50 GeY  —
5x10° electron bunch

Experimental conditions modeled on NA64 experiment.

lower luminosity

C Proton -driven Higgs factory ( ALIVE): e*/e” collider 250 GeV CoM

C Strong field QED

CFrom

exploratory

decay volume ~ 10m

first experiments in not

MM1 MM2  MM3

W,, TeV

POSSIBLE APPLICATIONS

1072

1073

1074
\ w

1073
1076
ECAL f

107

AWAKE—

-too far future!

Fo. KLOE SINDRUM 1 aDES Bu17?§
F rs E
; ll) \‘"\‘{-ﬁ ' _:
E E774 SN E
F : E
i 100 ]
EEML -2 0
E=**
[ — — 5
E: el E
P E
el (p-Brems) ]
E- Orsay E
[ NOMAD N
E &PSI191
: E137 : CHARM 3
1072 107! 1
my [GeV]

A Extension of kinematic coverage for 50
GeV electrons and even more for 1 TeV
electrons

6 (c)

; LHC

4

3

2

| ~TeVin km & ~GeV/m
0

0 2 4 6 8 1012 14 16
L, km
A Caldwell, Phys. Plasmas 18, 13101 (2011)

stu d] FF\rmé ets'll 2024éewm\;mPhys. 26 113011
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SM REPRODUCIBILITY AWHES

O Amplitude reproducibility?

_Seed Seed
OSeeding - timing/phase reproducibility 3 a’i‘"“ ol — ter =350 e :
Seed g2s] '/ : o [T — s F
‘: Ly = 25053 . £ /
Plasma RIF Plasma RIF Vapor gl Bl
sMmI ™ SSM o 15 s y $13 E | ..
. % TP : fes o 8
—> w 1.0 ‘.’ . o o 12 ‘ *id-ﬁ%A M%
— 5 sl ¢ g FAa ui
SMI - Instability SSM Control 3 T A S Y
(@ = = = (b) = : B a) / : b st 11 p) / i A
Laze hop: ¢ sihp
0.0 | I T
100 150 200 100 150 200
. _EEn number [arb.u.] _Em NUMDEr [arp.u. |
2 2
& z 74
& - i l—40
_' 6 T . - ; 15 +
—_ 54 -30 — %“ + +*++
3‘3 ’ o\o T‘ 13 + H *
b 00 te injt®® S 44 -5 o iu aw T
_'I‘l‘ 34 Seed $ -20 | "'3 i: +¢j R
F. Batsch et al., Phys. Rev. Lett. 126, 164802 (2021) NS ~1590n Lo %"
2 3 +4 4
. -10 g 08 +++ +
11 . -5 114 116 118 120 122 124 126 128
v Ocore | z=20m [MmM]
°THo__ 0 | #0 s &0 °

trir [ps]
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SM* GROWTH / SATURATION

OWakefields 2 energy deposited in plasma
~ L . - Viewports
O Energy dissipation 2 light emission 251 inaded
== Plasma
s@&”d Plasma RIF
Numerical Simulations: o sMi I
Pukhov, PRL107 145003 (2011)
oo PR 051
R S TT T e e _ N, =5 x 101
. ool y n,, = 3.85£10™ cm?
E 101 3 . : ! Distance [m] :
£ _Saturation SSM/SMI
© 102 = Saturation length vs plasma density
™ i g 5.0
T i Halo Radius Exp. ::_' s "°%%
10.3 ' ne?=7)‘<10. CrT‘I' : / T :h np_-;o%
/ 4.0 4 'h, sims, 90
Zm 10 . ) X 74 Halo Radius Sims
A s, —_ 3.5 1 '
38 X = 504
b 5
: g \o',i: ~ 25
. . . 3 K 20 1
OLight signal and halo radius show: o
. IE 51 b) Transverse Wakefields Sims
i &
O Saturation of SM n 1o~ . : r . - -

O Saturation length varies with n,
O Differences SSM (seeded) and SMI (instability)

O 10m self -modulator length sufficient for Run 2¢ (<5m with n 00=7x10%cm3)

Npe [x101%/ cm~—3]

*SM: self-modulation

AWAKE—




NUMERICAL SiMULATIONS EXAMPLES

O Injection tolerance studies

100
—_— . °
& 80 .o e
b L ‘e -
: E
3 60 GRS
n L
4 ¥
& ao{ B S 16
c o (] £
£ & 5 3
£ §
E 20 ,‘. 100 2
w o 0 20
» ax [um]
0+ . - . "
0.00 0.05 0.10 0.15 0.20 0.25

Qfl(oy + bx)o,0z) [pC um ]

ODx,y~ tens of nm @ accelerator entrance

O Tight tolerances!

7.
&y

0,

& "

Injection Point

Laser
Pulse

Self-Modulator
Plasma

Laser
Pulse

Accelerator
Plasma

or
ainp—

— L=10m — L=02m

1.5 1 —L-0im —L-00m | <
@]
B ©
= =1
% 1.0 o -
5 o
g Py
& 0.5 , 2
Gap |n plasma o)
&

0.0 .

0 5 10

O Injection: backward propagating

laser/pulse/boundary
0.5
400
0.4
300
0.3 ES
0 b
& #
<200
0.2 R
PAA 74 '.' (©
100 ) ...,;.b- 0.1
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280400

O No significant issue at accelerator entrance

O Wakefield energy

AWAKE—

[E3)
0.025;
Nb=3.0x10%! / L+
Nb=1.5x10%! ow° :
0.020 - Nb=0.5x10! o
—— Linear theory ,*
%50.015/
u:" 10000 10000 10000
>
o
é 0.010' 8000 8000 5000
6000 _ [leooo _ 6000 _
£ £ H
0.005' ao00 " Maooo a0
2000 2000 2000
4 o o o
0008% 01 02 03 04 05
Kplasma
O Energy gain optimization
W,, GeV
7.5
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4
3
2

3.5 4.0 45 5.0 5.5 6.0 6.5 7.0 7.5
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O Two plasma densities?



SELF-MODULATION @

Long driver (p*), s>>1/W,,, S,~C/W,, initially non-resonant
S—

SPS p* bunch, long s,~5cm and narrow s,~200mm Pukhov, PRL107 145003 (2011)

Initial (transverse) wakefields

o (1)

.-
Q (1) L : :

g Periodic focusing/defocusing
Q

Plasma electron density: Ngg, w=(nee2/e;mo)t2, t.=2p/w,. |
Wakefields: period and transverse size ~c/wloe~neo'1’2
g 107
Choose: ny, such that c/w,.~s, 3
s, >>c/w,, & Self-modulation (SM) regime u' 102 q)
Neo=7x10%%cm=32 E_ . ~n,Y?~GV/m o Neg=7x10%cm
0 5 7m0

N. Kumar, Phys. Rev. Lett. 104, 255003 (2010)
OE,-field along the plasma

Relativistic particles do not (appreciably) dephase! 5/22

SM e transverse effect!
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RUN 2¢,d: ACCELERATE € BUNCH, QUALITY @

O Separate self-modulation and acceleration

Lasci wediil

- RF

‘ 20 Mev ¥ g
c RF structure 14

e

O Two plasmas
L . Dipolé” % Electron beam Electron source system ~ ini i - i
= W 10m Plasma ) o CN)ExternaI injection of e~ (on axis)
- e B ¢’ O Bunch quality sufficient for applications
/ Electron beam OQ’ eNl DE / E ’

& Dipole 10 m Plasma

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

OTR, CTR screens

..,\“-\}1;::‘K o

Electron
spectrometer

O Quality ek
O Application!
OHIGH ENERGY e

050-100GeV
AWAKE, SPSC, 25/11/2025
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