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AWAKE Collaboration: 19 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

MPP - AWAKE, Future accelerator Group

Korea
> Philipps-Universitat Marburg, Marburg, Germany _ Lancaster 0
> Heinrich-Heine-University of Disseldorf, Diisseldorf, Germany Madison  Daresbury - ;
. . . ) O Manchester
» University of Liverpool, Liverpool, UK Liverpo?'
» ISCTE - Instituto Universitéario de Lisboa, Portugal Oli(foa
onao

» GoLP/Instituto de Plasmas e Fusdo Nuclear, Instituto Superior
Técnico, Universidade de Lisboa, Lisbon, Portugal

» Ludwig-Maximilians-Universitat, Munich, Germany

» University of Wisconsin, Madison, US

» Uppsala University, Sweden

» Wigner Institute, Budapest

» Swiss Plasma Center group of EPFL, Lausanne, Switzerland
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Acceleration of Charged Particles

Conventional accelerators:

RF accelerators have limited acceleration
gradient because of RF cavities maximum
field. The limit of the order of 100 MeV/m
due to electrical breakdown in resonant
cavities

AWAIE—
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Plasma wakefields accelerators:

Use of plasma (ionized) as an accelerating medium
overcomes the breakdown limits of the RF cavities and
gradients above 1 up to 100 GeV/m have been
demonstrated

MeC Npe €2

_ _ pe
EWB— - Wpe where Wpe =

€EgMe

scale
EWB XX 100« /Mpe

Npe ~ 1014 — 1018em =3
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Plasma Wakefield Acceleration

Defocusing

Decelerating
Accelerating

* Adriver can be
> ultra-short, high-intensity laser pulse,
> short relativistic bunch of - or +
charged particles

* The driver generates a radial transverse force

> Expel or
plasma electrons
> Attract
- Leads to a periodic e- oscillation Gl
- Wakefields Plasma Wave 7\pe Neutral Plasma
* To drive wakefields E >>1 GV/m ; Need the driver
> Longitudinal size 0; smaller than 7\pe plasma wavelength g¢ ~~ 4 ps (S )\pe — 27TC/wpe ~1—3 mm)

> Transverse size 0, smaller than K. 1/(plasma skin depth) C
r pe 1P g o, < — =~ 200 um

1
. - EWB X — % ",’,;’j-":’
O-t Qp-Dg= 4t .":lv J
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Plasma Wakefield Acceleration

e Witness Bunch Accelerating

The Driver travels in the plasma to induce a o M- - J Ja -] & ?

modulation of the plasma electron density that " " o > Dri

sustains longitudinal and transverse fields 7 Yl P ) r!\fer_

which are called wakefields -0 §- o~ (+) a

Plasma Wave Neutral Plasma
I—} >1 GV/m wakefield can be used to accelerate particles
. 1
I AWAKE: Ewpg o< —
* CERN SPS proton bunch as driver of wakefields Ot
e Accelerate externally injected electron witness bunch Ewp o 100\/ Mpe

~MeV to GeV

ATWAKE—
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AWAKE is a Plasma Wakefield Acceleration
experiment using a proton driver

Tlme resolved measurement
21,

CERN Synchrotron

Self-Modulation in plasma

laser pulse
V' ~200 gm P
— PPy L J \‘\fﬁ
SPS as Driver (400 GeV): E o £ ”I“ ”"” I‘
- vE .
1000 800 600 400 200 Sl fiin o
t (ps) 1

X 200 ps (6 cm)
%AWAKE (>> 4 .ps - mm)

. Long p+ bunch propagating in plasma is subject to Self-Modulation (SM) instability
> Transform driver bunch into a train of shorter bunches with a periodicity A,

- The micro-bunch train can then resonantly excite large amplitude wakefields

ATVARE— %
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AWAKE is a Plasma Wakefield Acceleration
experiment using a proton driver

Controlled Self Modulation (SM) — Seed

v Relative phase of the wakefields control
v Deterministic injection to accelerate a withess bunch

not reliable e~ acceleration

laser pulse

ATWAHEE— - gererens | e
> 09/12/2024 LR - AWAKE - MPP Project Review - 2024 MAX-PLANCK-IFhLl]g'ELELSll'E



11

AWAKE is a Plasma Wakefield Acceleration
experiment using a proton driver

Self-Modulation Instability (SMI) Seeded Self-Modulation (SSM)

Controlled Self Modulation (SM) — Seed

v Relative phase of the wakefields control
v Deterministic injection to accelerate a withess bunch

AWAKE has recently demonstrated [1] that the SM process
does indeed transform a long proton bunch (o; > 200 ps) into
a train of micro-bunches with period 21t/wpe (<10 pS)

Event number (arb. units)
Event number (arb. units)
()]
I . ) n‘ L] N
i
}
i
I*
i W)

DI -1

40 30 20 10 I 0 30 20 10

not reliable e~ acceleration possible e- acceleration

[1] AWAKE collaboration,
Acceleration of electrons in the plasma wakefield of a proton bunch,

Nature 561, 363—-367 (2018) laser pulse

————» vapor

..|l|l_l_|l|__ K

o RpRjZIE | Nur— s

laser pulse
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Acceleration Towards a (scalable) Accelerator

12

O » AWAKE Run 1 -» Demonstrate and study the seeded self-modulation

Seeded Self-Modulation (SSM)

Event number (arb. units)

possible e acceleration

R Y]

60 40
time [ps]
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frmod = fpe X /Tpe 19 MeV => 2 GeV

2.2

g?g == Fit with mode values E * Gradient AWAKE
250 Fit uncertainty 2.0 $ No gradient
§ Mean & Standard Deviation C

230 1.8F
N -

210 C
I 16F
O 190 o
> 1.4[F

170 @ N
g 0} g +
¢ 150 &2l
b+ C
@ 130 1.0 i
L L

110 0.8-¢

AR 06[*
90 . . e : L1 1 ! ! !
1 2 3 4 5 6 78 10 2 3 4 5 6 7
Rubidium vapor density (10%cm~3) Noe (101 om)

AWAKE collaboration,
Acceleration of electrons in the plasma wakefield of a proton bunch, Nature 561, 363-367 (2018)

Bachmann, A. M., & Muggli, P. (2020). JACoW: Beam Diagnostics in the Advanced Plasma Wakefield Experiment AWAKE.
ApDy= 4t
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Acceleration Towards a (scalable) Accelerator

0 » AWAKE Run 1 -» Demonstrate and study the seeded self-modulation

now > AWAKE Run 2: - Transition from proof-of-principle to applications

200 GeVin 200 m

2D numerical simulation results

Accelerator

Self-Modulator

Continuous p+ bunch Microbunch train

0 1 1 I
- 0 100 200 300 400
\_ Z, m
K. V. Lotov & P. V. Tuev, Plasma Phys. and Control. Fusion, 63, 125027 (2021)

* Possible first applications for particle physics experiments with 50-200 GeV electron bunches %

Ap-Byzit "’-w /
AWAKE—
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Acceleration Towards a (scalable) Accelerator

0 » AWAKE Run 1 -» Demonstrate and study the seeded self-modulation

now > AWAKE Run 2: - Transition from proof-of-principle to applications

Run 2 in 4 phases:

Q * Run 2a: Demonstrate the seeding of the self-modulation of the entire proton bunch with an electron bunch
Q * Run 2b: Maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma

density
Self-Modulator

2029 * Run 2c *: Demonstrate electron acceleration and emittance control of externally injected electrons

2032 + Run 2d *: Development of scalable plasma sources to 100s meters length with sub-% level plasma density
uniformity.

Self-Modulator Accelerator

AWAKE—
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15

Current Layout and Contributions of MPP

Electron source system

Accelerated electrons on the scintillator screen

Self-Modulator Accelerator -

Continuous p+ bunch Microbunch train

N - A

Acceleration using:
> 10 m long Rubidium vapor source

> lonized using TW-class Ti:Sapphire laser A o o Gecron | ol
> 19 MeV electon RF Gun B T I el N e 8
£ ol ; £ ol « ( dum .
. . :E‘,wz_ T %,g_' g - 1((4“ ;TF:_Q'"QZ
Diagnostics: <] = B [P S
*> Imaging screens ERE T ERETIE
> Transition Radiation (OTR / CTR) screens '
> Scintillators screen
> Streak cameras
> |nterferometers
>
AWAKE collaboration, %
ATVAICE Acceleration of electrons in the plasma wakefield of a proton bunch, Nature 561, 363-367 (2018) ApLys it
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Acceleration Towards a (scalable) Accelerator

* Run 2b: Maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma
density

AWAKE—
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Plasma Source Upgrade

Impose temperature/plasma density step
> Explore the effect of a plasma density on

* micro-bunch train
 bunch halo

» plasma light from dissipation of wakefields

* Energy gain

* Hosing

0.035
0.03
0.025
0.02
0.015

ATWAIKE—

——

Numerical simulation
* Amplitude of wakefields larger w/ plasma

density step

:D ,, thl
()

mum pgsition and amplitude of the step

n: 03 04 05

— %
density step

@

2000 4000 6000 8000 10000

09/12/2024

0.0 0.1

1.0

1j3 ‘2j[l ‘Zj-'p
K V Lotov, Physics of Plasmas 22, 103110 (2015)
K V Lotov and P V Tuev PPFC 63 125027 (2021)
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Eight electrical heaters
Temperature/density step
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Plasma Source Upgrade, Plungers Installation

Plungers installed and commissioned on schedule in June 2024

> Align e and p* beams inside plasma source for :
* Acceleration, side injection
* e Seeding of Self-Modulation (e-SSM)
* e Seeding of hosing
» Vary plasma length to perform:
* Acceleration gradient measurements
* Growth of the wakefields
* Growth of hosing

Alignment Vary Plasma Light
Plasma Length Measurement

o Thin

Mirror
screen
Campn s —

e, p’
L,=0.5, 1.5, ... 6.5m3.5m
L= L,=05,1.5, ... 9.5and 10.3m
09/12/2024 LR - AWAKE - MPP Project Review - 2024

€-, pt
Alignment T

Beams
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Eight electrical heaters
Temperature/density step

Ten “plungers”

Photos: F. Pannell

Ten plasma light ports

ApDy= 4t
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Plasma Density Step

Increases energy gain, constant acceleration gradient

Plasma density (up) step to make E, and acceleration constant past the SM saturation point

Ne=2x10"¥cm™3

1.0
= 14 -3 b density ste|
n.,=7x10"cm : :Zifgrm ;)tl)c;srt\'l: S380MeV
LT 0.8
1.50 .
195 /V/\wx 3 0.6 \”«\ IStep Up
125 kﬁmwa Lg A’LN\Q
=100 . — g 3\ 486MeV
& & 0.4
mﬂ(l.ﬂ')
0.50 0.2 1 ~63M€\//m
0.25 without density step
0.00 0.0 6 7 8 9 10
0.0 2.5 5.0 75 i{i[(}i} 12.5 15.0 175 20.0 20 Ne= 4 x 10—14 cm‘3
AWAKE status report 2024, https://cds.cern.ch/record/2917426/files/SPSC-SR-356.pdf Lol : zxfgfgsgi:::
' 1.73GeV
1.6
e Clear increase in final energy (L,.=10.3m): 1.04 - 1.73GeV 14l
p - Step-up
* Clear increase in accelerating gradient: ~211 -» 365MeV/m 312
g 1.0 1.04GeV
0.8 -
0.6 4
04 oe 7.0 7.5 8.0 8.5 9.0 9.5 100 %
- Plasma length [m]
ApDy= 4t
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Growth of the Wakefields

SM saturates in less than 10m
=> Self-modulator for Run 2c

1) SM uB formation - W
2) uB fully formed
3) SM vs W - Halo

Transverse
momentum

Halo of defocused
protons

ATWAIKE—

P 1, maxMeV/c|

500

LCODE Simulation

Constant
x:AAAAAAAAAAA
X
x x A Prmax |}
x Xwi,max
X x X Wz max
X X o |
x *Xox o
* %
8 XX x x x x
0 2 4 6 8 10

Microbunch

09/12/2024

Micro-bunch train
(Core)

r0.3

o
N
Wmax [Ewb]

o
'—I

o
o

Halo of defocused
protons

# Counts [a.u.]

Attenuating mask

rm [mm]
=
B

0 0515 25 35 45 55 63 75 85 95

Dependency of

saturation length on

plasma density

0 0515 25 35 45 55 65

Constant . .
: b o8 § F e
< 55F
&
&/t =50
Sttty E>
o } 7.4e14 Jas}
LI 3.9e14
- } 2.0e14 a0k
H } 1.0e14
1 1 1 1 Q:l .
2 4 6 8 10 W 1
\\
Ly [m] \:\\h
&

2 3 4 5 6 7

Npe [x10%4cm 3]

Halo radius shows Self-Modulation saturation length

EXPERIMENT

Plasma leggth [m)]

Plasma length [m]

LR - AWAKE - MPP Project Review - 2024

EXPERIJENT _c\M ()

b) SIMULATIONS

y [mm]

U@*?] 30384553 606875839098
v_ Plasma length [m]
N\

)

SIMULATIONS

y [mm]
o
-]

08152330384553 6068758309098
Plasma length [m]

5 85 95

Constant density plasma
N, =3x 1011
npe = 2 X 101 /cc
RIF +100ps

Plasma with density step
N, =3 x 1011
npe = 2 X 101 /cc
RIF +100ps
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Effect of Density Gradient on Seeded Self-Modulation

: : : Plasma Light M remen
SM can be detuned and suppressed by (linear) density gradients L asma Light Measurements
Theory predictions N,,= 2x10%cm2
aF 39=0%/m o preliminary A, — Nogradient | [[10
Gradientincreases @ 3%/m >0 =
=3l Growth decreases 1 : 05 R
= 6%/m " £
H ‘:é —O,S-g
Acceleration results (Run 1) it 1 60%/m H
2.2 Y -1.0
[ % Gradient AWAKE L = - .
2'0:_ *N:Ja:zzlem + - " O,J(k: 2 :0;6 - z=5.05m Distance [m)
1.8F
18F 4 | e W o elimi
S Jab 10 == \ , preliminary "
& 14t 4 E——) 3 s | 9
< 12p "{ (a) 67 X >§§R‘
F = 0.6 —k =k (142/L)"? i Xx
10f ¢ \g =k (1+2IL) “ *25 %
0sle —3 04} —— k=K (1 2 5 44 %W )%S(’K
06E* \ \ \ | | "0 + : N F
2 3 4 5 6 7 o0 0.6%/m : 21 x*
Ny, (101 cm9) -0 9 -_slzog(kﬂ/-?) lbg(ﬁ) 6;;0/‘”\ E 1+
T o 1 ;
C. B. Shroeder et al., Phys. Density gradient [%/ml
Plasmas 19, 010703 (2012)
* Clear observation of SM suppression: light, halo and time-resolved (not shown) diagnostics
* Asymmetry positive/negative gradients
* Higher fields with small positive gradient consistent with higher energy gain observation
A IVA j(E Ap-Dyz
09/12/2024 LR - AWAKE - MPP Project Review - 2024 MAX-PLANCK-INSTITUT

FUR PHYSIK



23

Contents

AWAKE Status Report

« Introduction to AWAKE |
> Achievements @

- Recent Results %
> Plasma source upgrade
. . &

> Physics studies

«  Summary & Outlook

https://cds.cern.ch/record/2917426/
files/SPSC-SR-356.pdf

ATWAKE %)ék
09/12/2024 LR - AWAKE - MPP Project Review - 2024 MAX-PLANCK-INSTITUT




Summary

* AWAKE
» Plasma wakefield driven by a Self-Modulated proton bunch
» Observed clear effect of density step
v Stabilization of accelerating gradient at higher level
v Energy gain
> Growth of self-modulation & wakefields along plasma studies
» Growth of hosing along plasma studies
* Successful data collection providing bases for publications
and studies for preparation of AWAKE future steps
e Clear Scientific program
> Run 2b: plasma density step (- 2023-25)
» Run 2c: external injection of e-bunch in second plasma, quality (2028-)
» Run 2d: operation with acceleration in scalable plasma source (2030 )

*  From acceleration to an accelerator - towards applications to particle physics in 2030's
» Dark photon searches

> Non-linear QED in electron-photon collisions
>

ATWAIKE—
09/12/2024 LR - AWAKE - MPP Project Review - 2024
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Beyond AWAKE — HEP + ALIVE

AWAKE approach will provide mid-term particle physics opportunities

Investigate:
* high repetition rate proton accelerator luminosity
* short proton bunches eases plasma requirements, more efficient use of protons

Longer-term:

» for collider applications, need scheme to reach interesting luminosity

« only fraction of protons in bunch contribute to generating useful wakefield - limiting energy
efficiency

* long proton bunches susceptible to hosing instability. May limit full use of proton bunch

« acceleration of electrons using many micro bunches requires very uniform plasma

J Farmer et al 2024, Preliminary investigation of a Higgs factory based on proton-
driven plasma wakefield acceleration, New J. Phys. 26 113011 (2024)

09/12/2024 LR - AWAKE - MPP Project Review - 2024
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All time
Top Publication:
* (1) Nature
* (2)PRE
* (9)PRL
* (11) PRAB

ATWAIKE—
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Latest Publications

D.A. Cooke et al. (AWAKE Collaboration), Measurement of the emittance of accelerated electron bunches at the AWAKE experiment,
arXiv:2411.08681 (2024)

M. Turner, et al. (AWAKE Collaboration), Experimental Observation of Motion of Ions in a Resonantly Driven Plasma Wakefield,
arXiv:2406.16361 (2024) —» PRL

L. Verra, et al. (AWAKE Collaboration), Filamentation of a relativistic proton bunch in plasma, Phys. Rev. E 109, 055203 (2024)

T. Nechaeva, et al. (AWAKE Collaboration), Hosing of a long relativistic particle bunch in plasma, Phys. Rev. Lett. 132, 075001 (2024)
C. Stollberg, et al., First Thomson scattering results from AWAKE's helicon plasma source, Plasma Phys. Control. Fusion 66 115011 (2024)
H. Saberi, et al., Elevating electron energy gain and betatron x-ray emission in proton-driven wakefield acceleration, Phys. Plasmas 31,
093104 (2024)

E. Walter, et al., Wakefield-driven filamentation of warm beams in plasma, Phys. Rev. E 110, 035208 (2024)

J. P. Farmer and G. Zevi Della Porta, Wakefield regeneration in a plasma accelerator, arXiv:2404.14175v1 (2024)

J Farmer et al 2024, Preliminary investigation of a Higgs factory based on proton-driven plasma wakefield acceleration, New J.
Phys. 26 113011 (2024)

K. Oguzhan, et al., A decomposition algorithm for streak camera data, JINST 19 P04005 (2024)

M. Martinez-Calderon, et al., Fabrication and rejuvenation of high quantum efficiency caesium telluride photocathodes for high
brightness and high average current photoinjectors, Phys. Rev. Accel. Beams 27, 023401 (2024)

E. Senes, et al., Selective electron beam sensing through coherent Cherenkov diffraction radiation, Phys. Rev. Research 6, 023278 (2024)

An updated list of AWAKE publications is maintained at:

https://twiki.cern.ch/twiki/bin/view/AWAKE/AwakePublic %
Ap-Dyz 4t
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Thank you for your attention
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