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AWAKE - Advanced Proton Driven
Plasma WAKefield Experiment

Drives wakefields in plasma with a proton bunch (p*)

» CERN SPS proton bunch (400 GeV): proton bunch length is ~6 cm

To effectively excite wakefields:
» Driver bunch length ~ plasma wavelength (~ 1.2 mm forn, ~ 7x10™ cm=3)
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AWAKE - Advanced Proton Driven
Plasma WAKEfield Experiment

Drives wakefields in plasma with a proton bunch (p*)

» CERN SPS proton bunch (400 GeV): proton bunch length is ~6 cm

To effectively excite wakefields:

\é Self-Modulation Instability (SMI): Initial (transverse) 'seed’ wakefields

Modulates the proton bunch into micro-bunches spaced ~ plasma wavelength

train of microbunches

plasma source

o0,=6 cm
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AWAKE -> Advanced Proton Driven
Plasma WAKEfield Experiment

Drives wakefields in plasma with a proton bunch (p-)
» CERN SPS proton bunch (400 GeV): proton bunch length is ~6 cm

To effectively excite wakefields:

\é Self-Modulation Instability (SMI): Initial (transverse) 'seed’ wakefields

Modulates the proton bunch into micro-bunches spaced ~ plasma wavelength

train of microbunches

plasma source
10 m Rb vapour source

o0,=6 cm
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Next in AWAKE

e” bunch
injected on axis ) .
modulated p* bunch f e” acceleration
IEIIIE IR
0,=6Cm plasma plasma source
>ource accelerator

modulator

Run 2¢ (2028) » two sources modulator + accelerator
to allow external e-bunch injection!?!

[2] Gschwendtner, E., et al., (AWAKE Collaboration), Symmetry 2022, 14, 1680.
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Next in AWAKE

e~ bunch
injected on axis ) .
modulated p* bunch f e” acceleration
AN NN AR RN
) 0,=6 cr;1 plasma scalable plasma
source source
modulator accelerator

Run 2c (2028) » two sources modulator + accelerator
to allow external e-bunch injection(?]

Run 2d (2030) » scalable plasma source to extend
acceleration length

\4

R&D scalable plasma sources for AWAKE

[2] Gschwendtner, E., et al., (AWAKE Collaboration), Symmetry 2022, 14, 1680.
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. Helicon Plasma Source (HPS)
NEXt N AWAKE - RF wave heated plasma

R&D scalable plasma source for AWAKE .,\"f T
e~ bunch g ‘1. v :K |
injected on axis , | :
modulated p* bunch ! e acceleration ’ :
e | e
0,=6cm plasmasource scalable plasma source
modulator accelerator
Requirements scalable plasma source for AWAKE ﬁ)ischarge Plasma Source (DPS) \

=  Density matching with modulator (1-10x10" cm~3)
=  Reproducibility and stability

= Longitudinal uniformity: 0.25% over 10 m

= Length-scalable: 10-100 m

—> pulsed-DC discharge

CERN

\
<7/

R v i TECNICO
S \r___n_'—'—_ LISBOA

Imperial College

London

o"m DPS in AWAKE tunnel,, . /
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Discharge plasma source (DPS)

» Double-pulse arc pulsed discharge [

1) high voltage ignition = jitter <20 ns in plasma ignition

2) 10 to 50 ps high current pulse = achieve plasma densities up to 2x10% c¢cm~3
» 1 to 10 m long plasmas (so far)
» Different gases: He/Ar/Xe at low pressure (1-100 Pa)

| : plasma

glass tubes D; =26 mm

Xe

Double Pulse W TECNICO
Generator LISBOA

Gas Injection System

Base pressure ~ 10 Pa

Ignition voltage < 50 kV
Operating range 1 - 100 Pa

Plasma current 0-500 A

[1] Torrado, N., et al., IEEE Trans. on Plasma Science 2023, 51, 12.
Pumping group Carolina Amoedo | AAC'24 Workshop



Discharge plasma source (DPS)

» Double-pulse arc pulsed discharge !
1) high voltage ignition - jitter <20 ns in plasma ignition
2) 10 to 50 ps high current pulse - achieve plasma densities up to 2x10" cm-3

» 1to 10 m long plasmas - scalability: series of discharges: common electrodes + current balancing magnetic circuits
» Different gases: He/Ar/Xe at low pressure (1-100 Pa)

| : plasma

glass tubes D; =26 mm

Cathode

Xe

Double Pulse W TECNICO
Generator LISBOA

Gas Injection System

Base pressure ~ 10 Pa

Ignition voltage < 50 kV
Operating range 1 - 100 Pa

Plasma current 0-500 A

[1] Torrado, N., et al., IEEE Trans. on Plasma Science 2023, 51, 12.
Pumping group Carolina Amoedo | AAC'24 Workshop






Plasma density diagnostic
Longitudinally integrated interferometry

reference arm

M1 1\/I2
) M3
BS .¢— |
PD  — : |
10 m G!\Lf-
D
He:Ne Plasma A
E
» Michelson interferometer >
» Measurement arm (plasma) adds a phase shift ¢; 5
proportional to the plasma density n,: £
— _Ne
¢i - Te AiL

where 7, is the classic electron radius (r, = 2.82 x1071°> m),
A; is the laser wavelength and L is 2x the length of the plasma.

Carolina Amoedo | AAC'24 Workshop

Parameters:

Gas: Ar

Pressure: 24 Pa

HV pulse: -17 kV

High current pulse: -6.32 kV,
500 A

Pulse duration: 25 ps
Plasma length: 10 m

le15 24 Pa Ar, 500 A peak current, 10 m plasma

600
1.0
- 500
0.8
400
0.6 interferogram (a.u) | S
—— plasma density - 300 :‘3‘
=
—— plasma current E
0.4 1
200
0.2 - 100
0.0 0

T T T T
0 20 40 60 80

» Time-evolution of the plasma density,
line integrated over the 10 m

11



DPS plasma density reproducibility  paameter

Gas: Ar
Pressure: 24 Pa
HV pulse: -17 kV
. . High current pulse: -6.32 kV, 500 A
» 200 consecutive dlscharges @ 0.1 H2z (similar to rep rate at AWAKE 2 extractions per SPS cycle) Pulse duration: 25 ps

Plasma length: 10 m

0.2% variation gas pressure 0.5% variation peak current

503

24.04 1

502

24.02 1

[%,]
o
=

24.00 4

500 4

Pressure (Pa)
Plasma current (A)

23.98 4

o
X+l
o

498
23.96 4

T T T T T T T T T 497 T T T T T T T T T
0 25 50 75 100 125 150 175 200 0 25 50 75 100 125 150 175 200
discharge # discharge #

» precise control of these parameters is key for reproducibility

Carolina Amoedo | AAC'24 Workshop 12



DPS plasma density reproducibility i

Pressure: 24 Pa
HV pulse: -17 kV
» Shot-to-shot plasma density variation was evaluated over 200 High current pulse: -6.32 kV, 500 A

consecutive discharges with longitudinal-integrated interferometry ANEACHICILE 2
Plasma length: 10 m

lel5 500 1.07 lel5
1_0 T &
500 1.06 -

_ 0.8 =
= I 1.05 4
. - 400 —
: g g
= = >,
2 061 £ 2 1041
£ 300 2 g -
= p ﬁ E
2 & £

0.4 4 o & _
[+

&
0.2 1 L 100 1.02 A
—— Plasma electron density
—— Plasma current
0.0 — T T T T T T T T 0 l.Ul T T T T T T T T T
~10 0 10 20 30 40 50 60 70 80 0 25 50 75 100 125 150 175 200

] discharge #
time (us)

» <2% plasma peak density variability
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Plasma density (cm~3)

DPS flexibility - 3 gases

1lel5

600
— Xe 16 Pa, interf —— 16 Pa Xe, curr
2007 —— Ar24Painterf  —— 24PaAr, curr » Reproducibility also studied for
—— He 45 Pa, interf —— 45 Pa He, curr | 500
1.75 - He (45 Pa) and Xe (16 Pa), 500 A
150 1 400 5 peak current
1.25 1 :15
L 300 3 .
1.00 - : » DPS wide range of parameters
e e (density/gas/length)
0.50 1
- 100
0.25 1 |:
0.00 | 0
0 25 50 75 100 125 150 175 200
time (us)

Carolina Amoedo | AAC'24 Workshop
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10 m DPS in AWAKE

- unique chance to test an alternative plasma source in AWAKE:

1. demonstration of operation of DPS source in AWAKE =  QOver 3 weeks of run with protons, very
smooth operation of the DPS

=  ~ 22000 discharges produced, with
current pulse ~ 20 ns maximum jitter and
current amplitude stability < 1%

Carolina Amoedo | AAC'24 Workshop
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10 m DPS in AWAKE

- unique chance to test an alternative plasma source in AWAKE:
1. demonstration of operation of DPS source in AWAKE
2. Self Modulation Instability (SMI) signature ?

3. Study the effect of plasma density/length/gas on SMI

Carolina Amoedo | AAC'24 Workshop
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Streak camera observation of modulation of the p+ bunch

10 m DPS OTR screen
— ] j._........._x,
SPS 400 GeV T self-modulated
p+ bunch proton bunch

73 ps streak camera image
24 Pa Ar, 500 A, event 357

» Proton bunch propagating through DPS plasma p+ bunch delay = 105 u s

.

» Non-seeded self-modulation

» Time-resolved images of the bunch density distribution

» usual Self Modulation Instability (SMI) signature with the DPS !

Carolina Amoedo | AAC'24 Workshop
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Streak camera observation of modulation of the p+ bunch

OTR screen
10 m DPS
—
-—p | -HHOH-% dump
| N
SPS 400 GeV seIf-moduIated
p+ bunch proton bunch
73 ps streak camera image
24 Pa Ar, 500 A, event 357
p+ bunch delay = 105 u s
_ _ 450 —— —
» Plasma density calculated from proton bunch self-modulation WY By TSR S 3
frequency o YE A Bt
fmod~fp
3007 g % + sum of coynts
Wp = 2T frnod 1.00¢ V  between red lines
2 nee’ w2 0.75
Wy = £S
Eomm 32 0,50
0.25
0 10 20 30 40 50 60 70

t (ps)
Carolina Amoedo | AAC'24 Workshop
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DPS at AWAKE

- Time delay between time the discharge and the p+ bunch - discrete measurement of density (in time)

w P un
o o o
o o (=

Plasma current (A)
N
o
o

100

24 Pa Ar, 500 A peak current, 10 m plasma

lels

—— Plasma current

proton
bunch™

delay

0 20

40
Time (us)

60

80

0.0

Carolina Amoedo | AAC'24 Workshop
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DPS at AWAKE

- Time delay between time the discharge and the p+ bunch - discrete measurement of density (in time)

24 Pa Ar, 500 A peak current, 10 m plasma 1e15

—— Plasma electron density
500 —— Plasma current r1.0
g 400 L 0.8 -
1= g
£ 300 proton [~z
=1 Z
(9] [:7]
5 bunch™ 8
& 200 04 B
8 g
@
0 0 20 40 60 80">°
Time (us)
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DPS at AWAKE

- Time delay between time the discharge and the p+ bunch - discrete measurement of density (in time)

24 Pa Ar, 500 A peak current, 10 m plasma 1e15

500 —— Plasma current 4.0 1e6
—— event 357, fog = 194.52 GHz
g400 35 = meahn DFT, fmog = (195.0 £ 2.0) GHz
8 300 proton
§ 3.0
: bunch™
E 200 —25
o e
o
100 delay 5.
L :
0 0 20 40 60 80> T 1.5
Time (us) f =
10 T Wa.-terfa” PIOt T mod 1.0
° ? :‘_' 03 ,"i:’_«;o?" R 3 EE >
8 : 0.5
10 4 0.0
v 100 200 300 400 500
events 2 o L GHz ]
perdelay z ,-
3k » n (t=70ps)=(4.73+0.09)x10"* cm3
- o . .
2L & ~ 4% spread in density
Oc')' 50 : 40 i “60 — Carolina Amoedo | AAC'24 Workshop



Plasma electron density calculated from
modulation frequency of p+ bunch

—> Time evolution of the DPS plasma density

for 3 gases: He, Ar, Xe

» easy way of changing density
(requirements of R&D for scalable
plasma sources)

Plasma density (cm~3)

2.00 A

L.75

1.50 ~

1.25

1.00 ~

0.75

0.50

0.25

0.00

1lels

§ Xe 16 Pa, SMIne
{1  Ar24Pa, SMine
¢ He 45 Pa, SMI ng

. -

T T T T
50 75 100 125 150 175 200
time (us)




Plasma density (cm™3)

Comparison n, from modulation frequency
and lab interferometry

le15 > Agree qualitatively
s . P
Xe 16 Pa,interf  J Xe 16 Pa, SMi ne with a systematic difference of 15-17% for Ar and Xe
2.001 —— Ar 24 Pa, interf T Ar24Pa, SMin.
—— He 45 Pa, interf T He 45 Pa, SMI n.
1.75 -
1.50 -
1.25 -
1.00 -
0.75 -
0.50 -
0.25 -
0.00 - — :
0 25 50 75 100 125 150 175 200
time (u s)

[4] Morales Guzman P.l., et al. (AWAKE Collaboration). PRAB, 2021
24
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Plasma density (cm™3)

Comparison n, from modulation frequency
and lab interferometry

lels

2.00 A

1.75 +

1.50 +

1.25

1.00 A

0.75

0.50

0.25

Xe 16 Pa, interf
Ar 24 Pa, interf
He 45 Pa, interf

§ Xe 16 Pa, SMI ne
{ Ar 24 Pa, SMine
{ He 45 Pa, SMI ne

I I
75 100 125

time (u s)

> Agree qualitatively
with a systematic difference of 15-17% for Ar and Xe

» Understanding discrepancies
» Two very different measurements

» best effort to match exact same lab/tunnel
experimental conditions (gas/current)
» in case of radial density profile: are
p+ bunch/laser probing the same point?
» fmoa Can differ from f, depending on the
longitudinal plasma density profilel4

» need of plasma uniformity
measurement

[4] Morales Guzman P.l., et al. (AWAKE Collaboration). PRAB, 2021

Carolina Amoedo | AAC'24 Workshop
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10 m DPS in AWAKE

- unique chance to test an alternative plasma source in AWAKE:
1. demonstration of operation of DPS source in AWAKE
2. Self Modulation Instability (SMI) signature

3. Physics Studies enabled by the DPS

ﬂ:ilamentationInstability\ / lon Motion \ / Plasma Light \

B 1 (ay R (b) E zﬂa) ng| = — cr:inon, densities :
£ ¢ ‘ _“_-":: ' & = s =) B° 20000{ — ne=7.6x101 cm™ Saturation
— B F ] =2 i K —— Ne=5.2x10"% cm™3
- o = - A ¥ T ’ b) Xe 08 _ —— Ne=2.5x10" cm™3 o
B i . (©) (@ 5§ %7: é élsooo- =l ’QS\ /‘ §
E 0 .N_‘_'""'.- 4 T i c) Ar A «i % 10000 A ®O$ / ;
> - e E, 9 X . ey < ? o v\
1| e 3 5 P L o ke ’ .
' -1 0 1-1 o 1L, [ Heommis == = 5000 ﬁ M “ =
Xy X [mm] - Eo :&l&?” e | | -
12 T T 5.0 2 x % 3 7772 ":‘::'\-v' ." :‘ _\ti'.s":r '7‘7'; g O_ﬂ_‘_'_d . . : . i
S g  © £ 900 800 700 600 500 400 300 200 100 O 3 4 5 6 7 8 9 10
_g 0 v ; 3 2.5 _g £ [ps) Distance [m]
> 21 (@)
%4 02 00 =02 —04 = > Elexibility i | ) . _ _ _
_ tinel exipility In plasma lon species —> Monitoring of plasma light allowed
~ Wide plasma allowed to study the allowed to study the effect of ion insight into wakefield growth due to

filamentation instability motion on wakefields SMI
L. Verra et al., PRE 109, 055203 (2024) M. Turner et al., submitted

> Next talk by L.Verra - Plenary talk, Thu 9:00, by M. Turner —~ Poster, Tuesday, by J. Mezger ”




Conclusion

» The DPS provides reproducible plasma density in different gases (He, Ar, Xe): system with
< 0.2% pressure variability and < 0.5 % current variability provides < 2% integrated peak density variability.

» Precision density measurements were performed using longitudinal integrated interferometry: plasma
electron densities ranging from 1- 20x10"* cm-3.

» Next step: local plasma density measurement with Thomson scattering (this fall)

» Self-modulation of a 400 GeV proton bunch was observed in DPS successfully.

» The DPS offers a large parameter flexibility (length/plasma density/gas) allowing studies on effect of
plasma ion mass on SMI, transverse filamentation instability and plasma wakefield light emission

Requirements scalable plasma source for AWAKE

v' Density matching with modulator (1-10x10"* cm-3)

v" Reproducibility and stability

=  Longitudinal uniformity: 0.25% over 10 m -> Next steps

. Length-scalable: 10-100 m - Preliminary test: plasmas 3.5 + 6.5 m ———» [1] Torrado, N, et al.,
submitted IOP Conference Series 2024
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Thank you for your attention

- Poster session Tuesday

Demonstration of proton bunch self-
modulation in a discharge plasma source

C. Amoeda’, . Lopes:, N. Tamodcd, F.S3vos, P. Muggii!, L Veral’, M. Tumes!,
i 1 X ,J. Mezged, F. Pannell,
Taborel, A Sublet! and the AWAKE Collaborafic

1 Puc
N.Van Gst, E. Gachwendiner!

e e

arge plasma sour Tastin AWAKE (M

Abstract

& 10matar dscharge plasma saurce [0PS) sppliabiley
e earhiess were assessad n the AWAKE srperment
by propagating 2 400 Ge' protan banch theough i
plasma and cbserving the development af the saf-
Frithéarion iszsblicy (SWIL. ThE tima-suolticn of the
Flama denaty and shotaahet repaccuokiy of the
Eource wil e presemed.

Thase resul amansirata the DR posancs for e in

Smrarrto = £at Mt bt (300

Prolon bunch self-modulafion

Conclusion

o 0 e g persmaner ity g s
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Max Current (A)

5

5

2

3

499

498

Sensitivity DPS to peak current

Parameters:

Gas: Ar

Pressure: 24 Pa

HV pulse: -17 kV

High current pulse: -6.32 kV, 500 A
Pulse duration: 25 ps

Plasma length: 10 m

W, mwv

2 % increase
density

QR
r

108 lels
»
K, enee o0 “o8 eoe --3--'3": 505 A
-5'8-8 o “ e % 1.07 A
® Gmnwes o % o
® ° o0
e o ok “ ; | ' I 1
° —~ 1.06 - e [P 2PN 4
|
1 % difference E
= 1.05 4
[
™ ® e o ® 5
o (1) 3' ° ﬂlaﬂi © 1044
° q& g- o o =
[15]
500 A 8 Pl %ee T 1034
®e %0
-
@ [ 1.02 +
™
™
T T T T T T T l_ﬂl T
23.97 23.98 23.99  24.00 24.01 24.02 24.03 0
Pressure (Pa)
<€ >

spread pressure (0.2 %)

T T T T T
25 50 75 100 125 150 175 200

discharge #
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Parameters:
Gas: Xe
Pressure: 16 Pa

Sensitivity DPS to density HU pulse: (primary) 3KV

High current pulse: -6.75 kV, 500 A
Pulse duration: 25 ps

2.5E+15 Plasma length: 10 m

Density diff= 0.7E14 cm-3 > 5%

Pressure diff = 0.6 Pa 2 3.75%
2E+15 Vh(15.99 Pa) = 6.78 kV — max plasma curr 500.7 A

Vh(15.3 Pa) = 6.75 kV — max plasma curr 500.2 A

7.004E+01, 1.500E+15 |

1.5E+15

7.066E+01, 1.424E+15 |

15.3 Pa

1E+15
——15.9Pa

5E+14

-20 30 80 130 180

-5E+14
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Next steps

10 m prototype: plasma light imaging = ps time-scan discharge

(1 ps exposure time)

image 10 m
2 combined il
24 Pa 500 A -
density 126415 600 peak density: mean of all pixels of the image
interferometry
IRt (100 discharges) - raw data (no correction)
1E+15 + 500 24.09 88.5
24.08 —@— pressure 188
8E+14 - 400 A2
24.07 - : fh:;].}._,.'. [ 1875
6E+14 | 300 . SR ey 187
186.5
24.05
4E+14 + 200 186
24.04 ; ’”' |
2E+14 + 100 ‘“ o l|||l|l||||‘ il 1850
24.03 185
1 L0 24.02 184.5
-20 30 80 130 180
24.01 184

15:18:43 15:21:36 15:24:29 15:27:22 15:30:14 15:33:07 15:36:00 15:38:53 15:41:46 31



Next steps

1. Thomson scattering on DPS: Fall 2024

- local plasma density measurement along the source (at a specific point in time)

—> time-scan: repeat scan at different laser-discharge delays

Thomson scattering spectrum

Nd:Yag Laser @ second harmonic
(0.4 J/pulse, 7 ns, 10 Hz)
; 1
s 1l
—
- . 1 s
Brewster Window 15/3 m DPS . Diaphragms Beam dump =
, - e =R gos
| o " | h .-C-
Focusing movable S °
optics collection Fil 0 L L .
optics along i 528 530 532 534 536
Wavelength (nm)

discharge

* Operating regime: 1x10%8 - 1x10%! m-3

E P F L 1CCD 200 mm f/2
Spectrometer e Uncertainties: 0.1 eV and ~ 10% in density

Courtesy Christine Stollberg, EPFL-SPC

Carolina Amoedo | AAC'24 Workshop
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DPS 1.6 m prototype

Double pulse discharge
= The ignition pulse (up to 40 kV) establishes a low-current plasma (~10 A)
= The heater pulser allows for a high current (up to 600 A) to achieve the plasma density target

Heater only
400 ' ' ] Ignition + heater
—9.4 Pa Ar, dynamic pressure 400 r Close
heater
. 300¢ i
g 300~ switch
—— < Plasma .
E 200 + = ignition Discharges
= CltJ 200 - perfectly
; ool g overlapping
g c 100
T G
o ol \‘_ o
0
_1 DD : : : : _1 OO | | | I I |
0 S 10 15 Carolinagrgoedo | AAC'24 W(kahop S 10 15 20 25 30

Time (us) Time (us) 33



May 2023 proton run

Operation range — Gases

60

ul
2

N
o

[
e

primary current [A]

Xe 16 Pa
Ar24Pa <
He 45 pg a0

10 m

—20 ~10 0 10 20 30

time [us]

The pulse generators reach the target currents in all three

gases

Gas affects mostly the ignition voltage required, leading to a

higher primary current for He

40 50 60

Nuno Torrado | VSC Seminar| October 31st 2023

CE/RW
\
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May 2023 proton run

Operation range — Length

50

N w &
o o o

primary current [A]

500

400

300

200

plasma current [A]

20

time [us]

The pulse generators reach the target currents in all three

gases and lengths

Gas affects mostly the ignition voltage required, leading to a

higher primary current for He

Plasma length affects the load impedance, thus causing

differences in the pulse shape

Nuno Torrado | VSC Seminar| October 31st 2023
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May 2023 proton run

Operation range — Double plasma

50 - L 500
[} l —_—

a0 11 -400 <C
| e | ° l
< 12 £
= 30 1 L30p O
O 5
- 24 Pa Ar o
O 20 - L0060 ©
> 3.5+46.5m =
- o
(0] —_
& 10 L 100 &
S

=20 -10 0 10 20 30

time [ps]

The double plasma current is equalized by a current
balancing module: a high-current and small leakage

inductance magnetic choke

The high-frequency impedance of each winding adjusts,

forcing current symmetry between both plasmas

Nuno Torrado | VSC Seminar| October 31st 2023

, 6.5 m

c@
\

NS

U

3.5m

Common Cathode

Tested in the AWAKE
tunnel delivering
symmetric currents,

\ NG

" ¢‘ ’ o
even with t‘;‘;'lgmtlon 2
asymmetric plasma .
lengths
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