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

ATVWAIKE—

<>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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<>Driving wakefields in plasma with a proton (p*) bunch
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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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APPLICATIONS TO PARTICLE PHYSICS

. M. Wing, Phil. Trans. Royal Soc 377,20180185 (2019)
<-20-200Gev e, SPS p* bunch as driver: AWAKE collaboration, Symmetry 2022, 14(8), 1680

<-Fixed target, beam-dump experiments: search for dark photons
<-Nonlinear QED: e-/photon collisions

10 B KIOF|
<-ep or eA collisions, QCD, structure of matter -
1073
<.
104‘;
Electromagnetic E
Target Vacuum tube Trackers calorimeter . E
. + V 10_5 E -
Electron beam e B 'ﬁ i __%: f
100 &
107 L NOMAD ]
E & PS191 i CHARM §
IIIIII 1 IIIIIIII 1 1 IIIIII_
102 107! 1
<TeV e, LHC p* bunch as driver: my (GeV)
<-High energy ep or eA collider A. Caldwell and M. Wing, The European Physical Journal C76, (2016)

<-Luminosity of collider applications limited by single use of low rep-rate p* bunch production
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2021] 2022 2023 2024] 2025|2026 2027/ 2028] 2029 2030 2031
CERN Longshutdown 3
Run 2a |e-seeding
Run 2b e density step
Install area extension, installation
Ru n 1 + Run 2c Tod external injection
Run 2d oday scalable plasma accel.
design, prototyping of S/X-band electron source, beam line, laser system
ste scalable plasma source development
t . HEP
4 L; Y NEW: higher energy Application
" \ L — Electron SOurce syste
- e - Run 2
-~ ¥ g NEW: densit P . .
Electron beam
10 rm Rt Plasmy,
O NEW
self-madulation =
- -’~ A,
. e N
NEW: back propagating & L. Verra et al. (AWAKE
- Collaboration), Phys. Rev. Lett.
Milestones for AWAKE Run 2

129, 024802 (2022)

Run 2a: demonstrate the seeding of the self-modulation of the entire proton bunch with an electron bunch

Run 2b: maintain large wakefield amplitudes over long plasma distances by introducing a step in the plasma density
Run 2c: demonstrate electron acceleration and emittance preservation of externally injected electrons.

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

= Propose first applications for particle physics experiments with 50-200 GeV electron bunches

© P. Muggli
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QUTLINE

<-Introduction to AWAKE and to the self-modulated plasma wakefield accelerator (PWFA)
< Topics addressed in 2022 in the experiment (Run 2a):

<-Seeding of self-modulation (SM) with an electron bunch

<>Hosing studies Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
Preliminary

<-Plasma light studies

AWAKE status report

<-Plasma density ramp

<-Propagation in very-low-density plasma 7

<-SM of a wide proton bunch W)

<SMI/RIF-SSM transition
<-Run plan for 2023-4 (Run 2 b)

<-Beam time request

<-Summary

© P. Muggli
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SELF-MODULATION @

Growth mechanism:

Long driver (p*), dense plasma, o>>1/w,,, 6;~C/w,,

Initial (transverse) wakefields
. (1)

Periodic focusing/defocusing

1/2

neoe /

Wpe = Plasma e~ angular frequency
€oMMe

Pukhov, PRL107 145003 (2011)
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SELF-MODULATION @

Growth mechanism:

Long driver (p*), dense plasma, 0t>>1/oope, Gt"C/(Dpe
. . Initial (transverse) wakefields

pe
(1)
(2)

_ DenS|ty modulation
Self-modulation P

2

1122
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Long driver (p*), dense plasma, 0t>>1/00

SELF-MODULATION @

Growth mechanism:

pe, O't C/u)

Initial (transverse) wakefields

(1)
(2)

DenS|ty modulation
Self-modulation

Full modulatlon bunch train  (3)

2

Self-modulated bunch

Mbunch train

o e e ®-

Plasma wakefields +

3) < Train period ~t,.=2m/w,,

< pbunch length <<,
m <»Resonantly drives wakefields to large amplitude
<-Self-modulation necessary to drive ~GV/m 7192

accelerating fields in ~10'*cm-2 density plasma
© P. Muggli P. Muggli, CERN SPSC 11/22/2022
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Growth mechanism:

SELF-MODULATION @

Initial (transverse) wakefields

- i . o Periodic focusing/defocusing
RARLLL C >
: ‘ ’ . . e S T, Density modulation

-

Full modulation - bunch train  (3)

.

.

x ‘mm]|

A.-M. Bachmann

4 Pukhov, PRL107 145003 (2011)

100 80 60 40 20 0 -20
time [ps|

mm  pbunch train

|

o o e e

Plasma wakefields +

oe€elr-moauiatead puncn

(3)  Train period ~t,,=2m/w,,

< pbunch length <<,
m <»Resonantly drives wakefields to large amplitude
<-Self-modulation necessary to drive ~GV/m 7192

accelerating fields in ~10'*cm-2 density plasma
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<-Single, 10m-long,
rubidium plasma
>Ny=(0.5-10)x10%cm-3

© P. Muggli

AWAKE—

SUCCESSFUL RuN 1

e’ sectro
Rb plasma, 10m e : S _ :
(0.5-10)x10%4¢cm3 ' :
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SUCCESSFUL Run 1

e spectro
<-Single, 10m-long, i
Rb plasma, 10m N . 3 ,
: (0.5-10)x10%cm-3 ' » \

rubidium plasma
>Ny=(0.5-10)x10%cm-3

<-Long bunch: SM of the long p* bunch
10 series of >1Q eyents tR.'F

(R
by B
'
1

500 400 300 200 100

AWAKE, PRL 122, 054802 (2019) t(s)
Turner, (AWAKE coll.), PRL 122, 054801 (2019)
Braunmueller, (AWAKE coll.), PRL 125, 264801 (2020)

- H q n ‘ :I::Iesre vapor
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e spectro
<-Single, 10m-long, i

idi \ Rb plasma, 10m 1 o . \ \ "
rubidium plasma - Oetragome  hami _ ﬁ

4Nyy=(0.5-10)x10cm-?

<-Long bunch: SM of the long p* bunch

10 series of >10 events tRIF
(a)_4.. AR T s . T TR T o - +—
—_ 2
g
E o
»
2 oo
500 400 300 200 100 0

AWAKE, PRL 122, 054802 (2019) t(s)
Turner, (AWAKE coll.), PRL 122, 054801 (2019)
Braunmueller, (AWAKE coll.), PRL 125, 264801 (2020))

<-RIF seeding of SM e

laser vapor
SSM pulse
8

Batsch, (AWAKE coll.), PRL126, 164802 (2021} |5

Event number
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e spectro
<-Single, 10m-long, i

idi \ Rb plasma, 10m 1 o . \ \ "
rubidium plasma - Oetragome  hami _ ﬁ

4N4,=(0.5-10)x10"cm-?

<-Long bunch: SM of the long p* bunch

10 series of >10 events tRIF
(a)_4.. 7 AT R DT = T TR T o - -
—_ 2
g
E o
»
2 oo
500 400 300 200 100 0

AWAKE, PRL 122, 054802 (2019) t(s) Deterministic
Turner, (AWAKE coll.), PRL 122, 054801 (2019) External
Braunmueller, (AWAKE coll.), PRL 125, 264801 (202)) Injection e

<RIF seeding of SM S .

laser vapor
SSM n “ '] n | pulse

Batsch, (AWAKE coll.), PRL126, 164802 (2021} |5
© P. Muggli =S o

s

Event number
(=)
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<-Single, 10m-long,
rubidium plasma
>Ny=(0.5-10)x10%cm-3

SUCCESSFUL RuN 1

<-Long bunch: SM of the long p* bunch

10 series of >10 events

Rb plasma, 10m
(0.5-10)x10%4cm-3

@ 4F+ T R T
—_ 2
g
E o
* !
2 2%
4F - i ,5
0 500 400 300 200 100 Q
AWAKE, PRL 122, 054802 (2019) t®9 Deterministic
Turner, (AWAKE coll.), PRL 122, 054801 (2019) External -
Braunmueller, (AWAKE coll.), PRL 125, 264801 (2020) | Injection e- 3
<-RIF seeding of SM e % S o un =
laser vapor P’ 4
SSM pulse g ]
_AAAAMML : g g

Batsch, (AWAKE coll.), PRL126, 164802 (2021} | g
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2 sectro

<-Acceleration of externally-injected e
< 19MeV -> 2GeV (test €7, L goq<Ly)

221
- ¢ Gradient AWAKE +

20 - ¢ No gradient
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Ny (101 cm9) 8/22
AWAKE, Nature 561, 363 (2018)
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e spectro

<-Single, 10m-long,
rubidium plasma

<>Very Successful
s <-Demonstration of seeded self-modulation
) <-Acceleration of externally injected e- 19MeV to 2GeV

AWAKE, PR , Uo4aoU 019) P 1.6
Turner, (AWAKE coll.), PRL 122, 054801 (2019) External o ¢
Braunmueller, (AWAKE coll.), PRL 125, 264801 (2020)  Injection e g 14 }
<-RIF seeding of SM R e = :'2 .
laser vapc 5
SSM pulse 'g
5 2 3 7 5 6 7
Mg (107 om-9) 8/22
Batsch, (AWAKE coll.), PRL126, 164802 (2021} |55 AWAKE, Nature 561, 363 (2018)
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RUN 2 A
Spectrometer
Experiment
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v

Je A

Py kb T\l
'/k‘ <_EF il

Based on Run 1 results:
<-Separate self-modulation and acceleration

<-Two plasmas
<-Bunch quality sufficient for applications

NEN
'L

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

v

Spectrometer
\ Experiment

LN )

I
‘ s W e
@ IS ] " T MBI

Self-Modulator, Run 2a.b: e external injection, Runs 2 c.d: Accelerator: m
<-e~ bunch seeding of SM <-On-axis injection <Blow-out, quasi-linear
<>Plasma density step <>Bunch quality <~Beam loading —<>Bunch
<-Plasma source for >>GeV scale  <-Beam matching quality
Before LS3 After LS3 :
. 10/22
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% RUN 2a: e-BUNCH SEEDING OF SM

UR PHYSIK

k t[ps]
-250 -300 -350 -400 . .
o ) \ rometr Y e S “Plasma OFF (3) <~SM is reproducible
k k 0 \ '_ ' smzn=.3 < SMis seeded by the e bunch
e A’ /\J UU‘Uuu i {UUU/ mI 1{= - g - - : g = ] - <>e'SSM
T g (b)
<-e-bunch seeding of SM (2021-2) Eol #5353 @ t;;;@ »w ”M .e-
-1 asma+ e'see
Run 1: Relativistic ionization front (RIF) seeding ! —& ‘_AT“7PS ' (™ [—AT=-7ps
of P AEER # ttffm ’ |
Y- @ | !
A HP wuwwwwwu‘ :
F. Batsch, PRL126, 164802 (2021) 50 ’ Z 5 I
t o
Run 2a: e-bunch seeding
e'b""cn:::e L. Verra, PhD 2022
SSM
<Whole bunch self-modulated
<-Demonstrated seeding of SM with e-bunch 11/22
Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
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RUN 2a: e-BUNCH SEEDING OF SM AVHEEZ
MAX-PLANCK-INSTITUT )
UR PHYSIK
= -250 -300 P 350 -400 SSM i ducibl
e ) \ ey alie e e L T Plasma OFF (g) IS reproducibie
I k = W— 0 - == s.3.| <SMis seeded by the e bunch
P 0 hv - \M\Tr . £
@ k’ 7/\;_& UU““U ‘MUUJ‘UMM mI 1 - B ¢e_SSM
. i’ -t (b)
<%-e-bunch seeding of SM (2021-2) Eof *XE 2R EN ;;Q B E B et e .e‘
> 1 ' Plasma+ eseed
Run 1: Relativistic ionization front (RIF) seeding ! —¥ ‘_AT“7PS ' (™ [—AT=-7ps
laser O?féi‘it’}‘ﬁ‘ft#m |
st " ( ) 1]
e ) MM M\IVWM o) |
F. Batsch, PRL126, 164802 (2021) 59 "U"“U\ 25 & L R ~200ps scale
t o]
Run 2a: e-bunch seeding 0.4 03 0.2 At S APPSR P
e buncr'as'er i Plasma OFF (a)- / ~1 nS Scale
pulse . --- eSS - T 2
SSM Y
1 -
<-Whole bunch self-modulated =1 =
£ of SMI Growth, Defocusin
> 11-- - o
414
0 e-SSM Growth, defocusing . e’
11- = s
] ] 1.5 1.0 0.5 0 -0.5 -1.0 -1.5
<-Demonstrated seeding of SM with e-bunch tlod 11/22

Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)
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RUN 2a: @-BUNCH SEEDING OF SM

4.5

k
N N ectrometer
e Linac ; S N xperiment
k k wles A
g i -
@ i */\m /uu'w.(UlbﬁdU'u'm,, ,-..hMU\UU‘Jw mI
7

<-e-bunch seeding of SM (2021-2)

Run 1: Relativistic ionization front (RIF) seeding

laser vapor

F. Batsch, PRL126, 164802 (2021)

Run 2a: e-bunch seeding

e buncr]aser

pulse
SSM

<Whole bunch self-modulated

4.0
35
3.0
2.5
2.0
15

w [mm]

w [mm]
NWw S

0 200 400 600
Qe [pC]

0.4 0.3 0.2 0.1 0 -0.1

25 30 35 40 45

-0.2 -0.3 -0.4

|

___Plasma OFF (2)

===

y [mm]
o

'SMI Growth, Defoctising

e-SSM Growth, defocusing :

11-~

1.5 1.0 0.5 0 -0.5
t[oel

<-Demonstrated seeding of SM with e-bunch

<-Understanding/control of SM process
© P. Muggli

-1.0 -1.5

Verra, (AWAKE Coll.), Phys. Rev. Lett. 129, 024802 (2022)

AWAKE—

<-Control of growth

SW~Wer0( Qe )xeXp(I(Qp.))
<-Can tune amplitude of
wakefields?

Ve
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k

A \
k e Wi e

@ " 7/&;1{1‘/ il el m\[
<-e-bunch seeding of SM (2021-2)

Run 2a: e-bunch seeding

€ buncnaser

pulse
SSM

<Whole bunch self-modulated

<-e and p* aligned ...

e bunch
v

<r... axi-symmetric SM

© P. Muggli

RUN 2a: HOSING RS

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

A
e bunch

"I’A

<~... non-axi-symmetric hosing (mis-alignment plane)
<-and SM in the perpendicular plane

T. Nechaeva, PhD 20237
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k

m ° A \
I ) —\§ " g

@ A, i/\aﬁv M'JJJU”JULAJLv, A/me_/\m I

<-e-bunch seeding of SM (2021-2)

Run 2a: e-bunch seeding

e bunctlaser
pulse

SSM

<Whole bunch self-modulated

<-e and p* aligned ...

<r... axi-symmetric SM

© P. Muggli

RUN 2a: HOSING

2.0
15

10|
05{ "

0.0

position (mm)

-1.5
-2.0

-0.5{ "
-1.0 5 - »

AWAKE—

<-e’/p* aligned

' -.e' <-Self modulation

<-Symmetric
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I
m I A \
k k L
e A’ /\J UU ‘Uuu Al {UUU/ mI

<-e-bunch seeding of SM (2021-2)

Run 2a: e-bunch seeding

€ buncnaser

pulse
SSM

<Whole bunch self-modulated

<-e and p* aligned ...

e bunch

<r... axi-symmetric SM

© P. Muggli

AWAKE—

RUN 2a: HOSING

<-e/p* mis-aligned
<-Hosing

<Centroid oscillation

200 180 160 140 120 100 80 60
time (ps)

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

-0.5{ "+

position (mm)

|
=
=

=159
-2.0

A
e bunch

VYWYV VYV
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k

A \
k e e

(). /\J cll e, m\[

<-e-bunch seeding of SM (2021-2)

Run 2a: e-bunch seeding

e buncl’]aser

pulse
SSM

<Whole bunch self-modulated

<-e and p* aligned ...

e bunch
v

<r... axi-symmetric SM

© P. Muggli

AWAKE—

RUN 2a: HOSING

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

200 180 160 140 120 100 80 60
'me(ps)

20 i

1.5 .
o 1o <-e’/p* aligned
g 05 .
' 00 <-Self modulation
g ,
- <-Symmetric

£ <-e/p* mis-aligned
E
g <-Hosing
4
<Reversed!
200 180 160 ;40 120 100 80 60
time (ps)
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k

F \
Jd k I

() e /\J cll e, m\[
<-e-bunch seeding of SM (2021-2)

Run 2a: e-bunch seeding

AWAKE—

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

e'buncl'] =15 |
aser 200 180 160 140 120 100 80 60
pulse 'me(ps)
SSM vo I
1.5
. - + .
<Whole bunch self-modulated E ;: e /p a“gned
. § 00 <-Self modulation

<-e and p* aligned ... §-o 4+ Symmetric

e bunch
v

£ <-e/p* mis-aligned

E

g <-Hosing

-- L] S
<r... axi-symmetric SM SReversed!
200 180 160 ;40 120 100 80 60
time (ps)
12/22
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(). /\j Mw‘ m\[
<-e-bunch seeding of SM (2021-2)

e Witness e Driver

1T++4-+ _+ +
+ + il

+

+4 +I|,

I
|++
|

L++
ot +.+:*.+++ e bunch

E. Oz et al, AIP Conference proceedings 737, 708 (2004)

14X10° ) i ) : i i i )
10g-
., 28GeV, 2x10™% P
%IO }
z
e
g o8
=, @@@

0 0.1 0.2 0.3 04 05 06 07 08 0.9
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deposited in wakefields!
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RUN 2a: PLASMA LiGHT

Upstream

AWAKE—

— Viewports zxnwwl’)’e\’/vnstream

Laser Pulse,

Y
E—

pe Rubidium Vapor Source

!
C\ T Flipper
PMT ~_ PP

\ / \\\ Fiber coupler
osaioxcove [N GG

Pukhov, PRL107 145003 (2011)

<-Fields/energy evolve along the plasma
<-Plasma light signal evolves along the plasma

13/22

P. Muggli, CERN SPSC 11/22/2022



AWAKE—

ApDyztt

MAX-PLANCK-INSTITUT
UR PHYSIK

RUN 2a: PLASMA LiGHT
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x10° 1.5

14

Wakefields Dissipation ~ps

[~

10g-
28GeV, 2x10"% &Q_

PMT Signal (V)
-
o

% Wakefields Excitation ~30ns
E 10 0.51—

g° 0.0

36 5 1 Prelimina

£ 5° —0.5 v . ; .

3 P | 0 500 1000 1500 2000

%

time [ns]

r

0 0.1 0.2 0.3 04 05 06 07 08 0.9
Energy Loss (GeV)

<-Amount of plasma light ~ energy
deposited in wakefields!
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<-Amount of plasma light ~ energy
deposited in wakefields!

<rPlasma light can show fundamental SM/wakefield parameters:
<-Reproducible/irreproducible amplitude of SSM/SMI (essential)
<Transition SMI/SSM along the p* bunch
<-Effect of plasma density gradient
<-Optimization of wakefields
> 13/22
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e
@ ‘ p* hv ‘b
i jt. <\

Self-Modulator, Run 2a,b: e- external injection, Runs 2 c.d: Accelerator: ]
<-e- bunch seeding of SM <-On-axis injection <-Blow-out, quasi-linear
<>Plasma density step <>Bunch quality <~Beam loading —<-Bunch
<-Plasma source for >>GeV scale <-Beam matching quality
Before LS3 After LS3 .
. 14/22
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RUN 2b: DENSITY STEP

<-Constant plasma density: wakefields decrease after saturation

E Caldwell, POP 18, 103101 (2011)
wi'
T Step
D
£
v -
[
O
. No-step
np /1 |on,
PU—
il o &
L

e SECtI'O

Rb plasma, 10m
(0.5-10)x10%cm-3
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RUN 2b: DENSITY STEP

<-Constant plasma density: wakefields decrease after saturation

Caldwell, POP 18, 103101 (2011) G. Plyuschev , J. Phys. D: 51(2), 025203 (2017)
;.’\ 708 . .
£ ° DSMC simulations:
O 706
N — -
L o 74
L Step X - AT=10K@473K | lemperature step
Em E 700: Aan~2%
S £ ol Vapor density step
O [} E
e 696/
_No-step 3 Plasma density step
. . I
z O T o s e o o
"y fa i Distance (m)
= 10 -
L
| | 8 Electrical Heaters | Fluid Heater l |

Vapor/plasma density step: 0<Angg o/Ngg ,<10%
@z=50, 100, ..., 350cm Rb|

<-Vapor source allows for temperature / rubidium density / plasma density (ionization) step 15/22
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RUN 2b: DENSITY STEP

AWAKE—

<-Constant plasma density: wakefields decrease after saturation

Caldwell, POP 18, 103101 (2011)

N
LQJ E Step
o
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©
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G. Plyuschev , J. Phys. D: 51(2), 025203 (2017)
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o o
Plasma light at 10 positions ...

<-Vapor source allows for temperature / rubidium density / plasma density (ionization) step 15/22
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<-Plasma light allows for mapping of the amplitude of wakefields
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Galden Plasma
Chamber (GPC)

IF stub & flowpath

<-Design complete
<-In fabrication
<-Plasma density step program
<-Installation completion: end July 2023
<-Plasma light
<-e-acceleration
<-Optimize density step effect

: 2023-24

dn/n, ~E,

Electric Plasma
Chamber (EPC)

Caldwell, POP 18, 103101 (2011)

IF stub & flowpath

US expansion volume

RUN 2b: NEw VAPOR SOURCE

Expansion Volume

Heat pige prototype

ofb o o o)\o'ooo coo

S

AWAKE—

|

Electrical heaters

<

Expansion Volume

AT=5°@~500K (~1%)
AL~25¢cm

ug GeV)

$ Gradient
O 4No gradient

t
t

AT=50°@~500K (~10%)
AL~80cm

<-Effect of the “step” very weakly dependent on AL
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Why?
<-Much simpler
<-Stack to reach very long plasma length
<-Candidate accelerator source for Run 2 c,d?

b . @ A b =~ = & ) e ) /”V'/H(‘E'—‘
HUN 20: DISCHARGE PLASMA SOURCE (DFPS) >

Plan:
<-Replace vapor source by DPS
<>Installed for April 2023 p* run

LISBOA | London

W TECNICO Imp((ejrial College
(o]

6.5m 3.5m
4-pins cathode
anode 1 cage (4x CuBe wire) l anode 2 cage
— - -crage
G plasma 1 [al plasma2 h
—_—
lasma }

Physics plan for 2-3 weeks run: ﬁl
<-SMI versus plasma lengths: 3.5, 6.5, 10m

<-Detectable effect of plasma ion motion? Xe(131), Ar(40), He(4)
<-Focusing at low/high plasma densities

<>Hosing at very low plasma densities? (<0.5x10'4cm-3)

<-Vary plasma density over a very wide range (<1x10'3cm-3 to 2x10'5cm-3)

© P. Muggli

Anode 2
GND

Pulsed DC 2
power supplies
(ignition+
heating)

Pulsed DC 1
power supplies
(ignition +
heating)

Double discharge system 17/22
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<-Machine learning for new e-beamline design

Run 2c e- Beamline Design ==~ =

« Optimization, Part 2: sextupoles and octupoles

« Address chromatic effects Design parameters at injectic a_t injection
Parameter Specification
« Position and strength optimized numerically (Powell algorithm) e 487
awy
« Estimated effect of misalignments of all optical elements, and developed 1 pm Dew 5;’5""““
level alignment procedure to avoid ox, growth I g 0um

« —> Achieved the challenging experimental requirements for Run 2¢c <—

INPUT (from e- source simulation) Optics, beta, dispersion along the line

0, = 277,09 0. = 60.10

OUTPUT (from MAP-X)

0= 597 ym . = 5957

8000,

) 1: ; i 5 ’ ; 0.50 S ;5 ; \ 10 ;
0TI i L e e
= fum)] = ] 0000 /\ /\ 025 Z 2 ] = m]
0, = 272.43 jm N\ w <l 0y = 611 ym
) o) 3 ! 5 »
% % booo 0259 L jﬁ =
0 J \ / )}>( - £
S

AE/pe [107]
pe/po 1077

5, m]

B,

¥ um]

—-0.50

Po/m [1077]

0
. - 1] . - 0 B 0 5
T T N ST T
o lam) @ ] s [m] o [m] x ]
Glovanni Zevi Della Porta, CERN R. Ramjiawan et al., submitted for publication (2022). arXiv:2203.01605 w

R. Ramjiawan et al., arXiv:2203.01605
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<-Machine learning for new e-beamline design <-Parameters and tolerance studies for external injection

(\5 1 800
) _ . . iy e, R, . = s
' Run 2c e- Beamline Design —— = . £ . s oo 30
* Optimization, Part 2: sextupoles and octupol -1 0
ptimization, Part 2 sextupoles and octupoles 1400 1200 1000 800 600 400 200 0
* Address chromatic effects £ (ps)

« Position and strength optimized numerically (Powell algorithm)

« Estimated effect of misalignments of all optical elements, and developed 1 pm
level alignment procedure to avoid ox, growth

* —> Achieved the challenging experimental requirements for Run 2¢c <—

Fig. 11: In regimes where the proton charge density is much greater than that of the plasma, plasma
electrons are pulled towards the beam axis, forming a filament.

25
INPUT (from e- source simulation) Optics, beta, dispersion along the line o 2b 2
0, = 277.09 pm . = 60.10 pm &
T T T © 15 <
; 0 T T T oaf z
R 8000 0.50 4 -0 w 05| 3
T T S . T TR I . _
il < ol Ez,nnn A 5 7 @[] = [ ‘_’200 00 o 100 500
0, = 27243 ym < S| 9, = 6.11 g Positon (um)
= 02| 1000] i 5 = 9 i
& = oo 025 = . . . . . .
Z ES £ Fig. 12: Plots showing the current and slice emittance of witness bunch, as well as the on-axis plasma
£ B 0.5 - . . X L . .
202 " i - = 4 . density, after 10m acceleration. a) A bunch with a 2 um initial emittance rapidly expels the plasma
™ TR s m] S F by electrons (blue line), allowing emittance preservation (purple line) for most of the beam. b) For an initial
Glovanni Zevi Della Porta, CERN R. Ramjiawan e al., submitted for publication (2022). arXiv:2203.01605 19 emittance of 8 um, the plasma electrons are expelled more slowly, resulting in an increase in emittance.
. . ¢) This effect can be avoided by increasing the initial bunch radius.
R. Ramjiawan et al., arXiv:2203.01605

J. P. Farmer et al., arXiv:2203.11622
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<-Machine learning for new e-beamline design <-Parameters and tolerance studies for external injection

. 1 800

Run 2c e- Beamline Design ER . e SO P
« Optimization, Part 2: sextupoles and octupoles - 1400 1200 1000 800 600 400 200 0 0
* Address chromatic effects £ (ps)

« Position and strength optimized numerically (Powell algorithm)

« Estimated effect of misalignments of all optical elements, and developed 1 pm
level alignment procedure to avoid ox, growth

Fig. 11: In regimes where the proton charge density is much greater than that of the plasma, plasma
electrons are pulled towards the beam axis, forming a filament.

« —> Achieved the challenging experimental requirements for Run 2¢c <—

25
INPUT (from e- source simulation) Optics, beta, dispersion along the line OUTPUT (from MAD-X) @
77. 0, =597 pm ;= 59.87 pm

2k
0, = 277,09 .= 60.10 g

n/ng

15 |

AE/pe 107

1k
8000,

R Er ] 6000 . D 0 PR . e ) . e X .
& [pm] 2 [pm] 025 3 o [pm] = (| 0 0
- -200 -100 o 100 200

0, = 27243 ym ’\ S| o, =611 ym
= 02 100 4 P 2 Positon (um)
s L2000 25 = . . . . . .
B % E % % H u% Fig. 12: Plots showing the current and slice emittance of witness bunch, as well as the on-axis plasma
300 - 0 5 S =

02 1000 | = o = » density, after 10 m acceleration. a) A bunch with a 2 gm initial emittance rapidly expels the plasma
", G‘.,..\ " g ™ s [m] 5 o T o electrons (blue line), allowing emittance preservation (purple line) for most of the beam. b) For an initial
19 emittance of 8 um, the plasma electrons are expelled more slowly, resulting in an increase in emittance.

R Ra mJ |awan et aI arX|v 2203 O 1 605 ¢) This effect can be avoided by increasing the initial bunch radius.

AE/pe 1077

€ /€
.
=
5
8
Current (A)

Sey ]

y [pm)

o

R. Ramjiawan ef al., submitted for publication (2022). arXiv:2203.01605

J. P. Farmer et al., arXiv:2203.11622
<-e-gun for new 150MeV linac injector
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<-Machine learning for new e-beamline design

Run 2c e- Beamline Design

* Optimization, Part 2: sextupoles and octupoles

* Address chromatic effects
« Position and strength optimized numerically (Powell algorithm)

« Estimated effect of misalignments of all optical elements, and developed 1 pm
level alignment procedure to avoid ox, growth

« —> Achieved the challenging experimental requirements for Run 2¢ <—

INPUT (from e- source snmulatlon) Optics, beta, dispersion along the line

0, = 277,00y 0. = 6010y

OUTPUT (from MAD-X)
0, = 5.97 jm 0= 5057 ym

8000,

e 050 I, B .Hj §

5 T TR TR
6000, % = ’ R ?

= [ e (\ 0.5 @ [pm| = [

, = 27243 ym < w &) =611 um

— 02 1000 G - [ 2

2 A booo 02591 L -

S R . N

3 = 0 050 =

02 0 =
10 [ 3 0 5
o 0 iom o 0 1o s m
o [um] x [pom

pelpo [107]

AE/pe [10

v

P/ 110

TR SER ]
o ] x fum]
R. Ramjiawan et al., submitted for publication (2022). arXiv:2203.01605 "

R. Ramjlawan et al., arXiv:2203.01605

<-e-gun for new 150MeV linac |njector

© p. \v Fig. 8: Picture of the Photo Injector test stand for AWAKE in the CTF2 tunnel.

(GENERAL

HUN 2 PREPARATION

AWAKE—

<-Parameters and tolerance studies for external injection

1 800
E 0 — 30 %
= s i o
s S
-1 0
1400 1200 1000 800 600 400 200 0
¢ (ps)

Fig. 11: In regimes where the proton charge density is much greater than that of the plasma, plasma
electrons are pulled towards the beam axis, forming a filament.

25 - - - - - - - - - 250
a <
c 2t - 200
15 b M L N 4150 =
T o1f - X F M 4100 %
W 05t . S 1t o 1k e . R T
0 PR Sl L N, ¥ = L L PR, I P L I I 0

-200 -100 o 100 200
Positon (um)
Fig. 12: Plots showing the current and slice emittance of witness bunch, as well as the on-axis plasma
density, after 10 m acceleration. a) A bunch with a 2 gm initial emittance rapidly expels the plasma
electrons (blue line), allowing emittance preservation (purple line) for most of the beam. b) For an initial
emittance of 8 um, the plasma electrons are expelled more slowly, resulting in an increase in emittance.
¢) This effect can be avoided by increasing the initial bunch radius.

J. P. Farmer et al.,

<-Scalable plasma source for Run 2c, d

Helicon Source

Photo © Julien Ordan / CERN

arXiv:2203.11622

1.5 m discharge plasma source @ Imperial College

1 m helicon plasma cell fg-Grelfswald

Discharge Source

18/22



ATWAKE

MAX-PLANCK-INSTITUT
FUR PHYSIK

Publications/Submission 2022:
<~ E. Gschwendtner et al. (AWAKE Collaboration), The AWAKE Run 2 programme and beyond, Symmetry 2022, 14(8), 1680

< L. Verra et al. (AWAKE Collaboration), Controlled Growth of the Self-Modulation of a Relativistic Proton Bunch in Plasma, Phys. Rev. Lett.
129, 024802 (2022)

<~ L. Liang et al., Acceleration of an electron bunch with a non-Gaussian transverse profile in a quasilinear plasma wakefield, arXiv:2208.04585
< M. Moreira et al., Mitigation of the onset of hosing in the linear regime through plasma frequency detuning, arXiv:2207.14763

<~ L. Liang et al., Simulation study of betatron radiation in AWAKE Run 2 experiment, arXiv:2204.13199

<~ J. P. Farmer et al., Injection tolerances and self-matching in a quasilinear wakefield accelerator, arXiv:2203.11622

r

SCIENTIFIC QUTPUT

<> R. Ramjiawan et al., Design of the AWAKE Run 2c transfer lines using numerical optimizers, arXiv:2203.01605
< V. Khudiakov and A. Pukhov, Optimized laser-assisted electron injection into a quasi-inear plasma wakefield, Phys. Rev. E 105, 035201 (2022)

< M.A. Baistrukov and K.V. Lotov, Evolution of equilibrium particle beams under external wake-fields, Plasma Phys. Control. Fusion 64 075003
(2022)

<> A.A. Gorn and K.V. Lotov, Generation of plasma electron halo by a charged particle beam in a low density plasma, Phys. Plasmas 29, 023104
(2022)

Past Experimental PhDs: PhDs Experimental to come:

<> Marlene Turner (2018) i < Pablo Guzman (2023)

< Fearghus Keeble (2019) < Jan Pucek (2023) Run 2a

< Barney Williamson (2020) < Tatiana Nechaeva (2023)

< James Chappell (2021) - Run 1 <% Karl Rieger (2023)

< Anna-Maria Bachman (2021)

< Mathias Huetther (2021) < + many theoretical, simulation, bachelor and master theses

< Fabian Batsch (2022) _

% Vasyl Hafych (2022) 19/22
or < Livio Verra (2022) ]‘ Run 2a
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<-CERN MTP:
<-The timeline of AWAKE has been extended to 2030, following the recommendations from the ESPP.

<- CERN staff position for a plasma-based acceleration scientist was approved. New staff will start Jan. 1,
2023.

<-The CNGS dismantling to prepare the required space for AWAKE Run 2c¢ has been added in the MTP in
the AWAKE budget (+11MCHF!)

<-CNGS dismantling will be its own project inside the AWAKE project.

- —— - AWAKE
AWAKE ORGANIZATIONAL UPDATE "

<-Ans Pardons is nominated as project leader. e Lin: L
<-Details of the project now to be organized. ccor M \
Jid J’k’ - = :m "" \
<-Additional budget required for AWAKE Run 2c not yet fully available s - 7

<~ Efforts to receive additional budget from AWAKE collaborating institutes

<-E.g. Good news! STFC approved UK funding!!

<-Discussions on how to save additional money without descoping the experiment. (e.g. retreat beginning of
2023).

<~ CERN budget secured to prepare Run 2c in next 2 years - have another Cost and Schedule review in
2023/24. 20/29

© P. Muggli E. Gschwendtner, CERN
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<2023 measurement program:
<-First run with the discharge plasma source
< Following runs with the density step Rb vapor source

<-Tight constraints due to de-installation/installation/commissioning procedures

<»Adapting to the reduced beam-time in 2023, AWAKE requests 11 weeks of proton run:
< 3-week run starting in week 17 (discharge plasma source not ready earlier)
<»No beam for 10 — 11 weeks between the end of the 15t run and the start of the 2" run for the discharge
plasma source de-installation and the installation/commissioning of the density step Rb vapor source
<»2-3 week blocks of proton run, separated by at least 2 weeks

<-For the physics program we need ~8 hours stable conditions per day, i.e. continuous AWAKE cycle in the super-
cycle, with no interruptions

Sl Run #1 o IEE  Run #2 Run #3 Run #4 Run #5
P 3 weeks =) 2 weeks 2 weeks 2 weeks 2 weeks

2 weeks

10-11 weeks

April July 21/22

© P. Muggli E. Gschwendtner, CERN
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<-Successful Run 2a (2021-22)
<-Demonstration of e-bunch seeding of self-modulation

<-Number of significant scientific results: hosing, plasma ramp, bunch focusing, plasma light, etc.
<5 PhDs and a number of publications

<-Preparation for Run 2b (2023-24), experiments with
<-Discharge plasma source for p* in April
<-Vapor source with density step for p* in July >2024

<-Continue clear plan for applications to particle physics in 2030’s
<» CERN long term commitment, new PWFA staff position
<~ Clear scientific program
<-Run 2 b: plasma density step
<~Run 2c: external injection of e-bunch in second plasma, quality

m=l /=y
<~Run 2d: scalable plasma source hebecn T
: ater-
<~ Continue development of scalable plasma sources at CERN ‘ﬁ’ew coils

<-Beam request for 2023 driven by fabrication/installation of new plasma sources

Run #1 Run #2 Run #3 Run #4 Run #5
3 weeks ; ! =T 2 weeks 2 weeks 2 weeks

22/22

10-11 weeks 2 weeks

© P. Muggli W17



Thank you to my collaborators

Thank you!
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