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driver parameters:
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Self-modulation instability

bunch duration : @¢ >> Ty, : plasma period grr—
170ps > 4 — 11ps - (a)
ﬁ e 101¢
s ey ) o G
defocusing SMsawrates N 102

Pukhov, PRL 107 145003 (2011)

10-3 F - g
Wakefield 0

-

amplitude 5 Z, m 10
increase

N/ N/ )

PAN AN Y,

Advanced Accelerator Concepts, UCLA, 28/07/26

Arthur Clairembaud (AWAKE Collaboration)

4/26



ATVEAdeE—

bunch duration : @¢ >> Ty, : plasma period
170ps > 4 — 11ps

o)

Initial Periodically Bunch density Bunch fully
: focusing/ modulation modulated,
wakefields defocusing SM saturates
\Wakefield l

amplitude
increase

Y4 )

AN Y,

Self-modulation instability

Pukhov, PRL 107 145003 (2011)

| NPPrrre, Nreswer. | ]

Advanced Accelerator Concepts, UCLA, 28/07/26

Arthur Clairembaud (AWAKE Collaboration)

4/26



@ Self-modulation instability

bunch duration : 0 > Tpe : Plasma period S
170ps > 4 — 11ps

o)

Initial Periodically Bunch density Bunch fully
: focusing/ modulation modulated,
wakefields defocusing SM saturates
I Pukhov, PRL 107 145003 (2011)
) 10'3 . | TOPPRTRTTL VPRI 1 L [PRTRTR.) § [
Wakefield 0 5 10
amplitude Z, m
increase
\
J

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 4/26



@ Self-modulation instability

bunch duration : ;3 >> T, : plasma period e
t pe - P P 3 Saturation ;
170ps > 4 — 11ps

o)

Initial Periodically Bunch density Bunch fully
: focusing/ modulation modulated,
wakefields defocusing SM saturates
I Pukhov, PRL 107 145003 (2011)
) 10'3 X B b § L f R i [P

Wake_:fleld 0 5 10
amplitude Z, m
increase

4 N

_ J\_ )

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 4/26



S
e
e,
e

g Self-modulation instability

bunch duration : 0 >> Tp, : plasma period
170ps > 4 — 11ps

o)

. Periodically
Initial ‘ focusing/
wakefields defocusing

\Wakefield l

amplitude
Increase

Bunch fully

Bunch density
o iion” EEEE)  modulated,
SM saturates

4 N

&

e FOIR__

J

&

AATIAAAL

“71 Bunch density

— Vg

Pukhov, PRL 107 145003 (2011)

10-3h..,,.,,,.

0 5 7 m 10

* Acceleration must occur after saturation of SM
- Large wakefields after saturation

- Event-to-event variations are typically smaller
after saturation than during exponential growth
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plasma on:
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~G,/c~200ps plasma j vapor

* Bunch is self-modulated after 10m of plasma
« Train of microbunches separated by defocused protons

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 5/26



plasma on:

R

~o,/C~200ps

Bunch is self-modulated after 10m of plasma
Train of microbunches separated by defocused protons

Advanced Accelerator Concepts, UCLA, 28/07/26

halo

y [mm]

core
-10 -5 0 5 10

X [mm]

Arthur Clairembaud (AWAKE Collaboration)

5/26



halo
~G,/c~200ps plasma j vapor
core
. X [mm]
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Self-modulation
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Bunch is self-modulated after 10m of plasma
Train of microbunches separated by defocused protons

fmoa = fpe = resonant excitation
Growth of transverse wakefields along bunch and plasma
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« SMis an instability — process must be
reproducible for accelerator

 SM can be seeded
« Generating plasma along bunch creates
beam-plasma density onset
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- Reproducible amplitude of the wakefields ?
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Amplitude reproducibility
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« Wakefield amplitudes are difficult to measure directly
« Light diagnostic:

« 10 cameras recording the light emitted by the plasma
—> energy deposited by the bunch
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Amplitude reproducibility

Pukhov, PRL 107 145003 (2011)
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Event number
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Light emission

Proton bunch :

« Np=05x10"
. E =400 GeV

e o,=180um

* o,=170ps

« SMis not seeded

- when it grows from noise

- when timing of microbunches vary
randomly from event to event
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Event number

E,GV/m
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Light emission

« SMis not seeded

- when it grows from noise

- when timing of microbunches vary
randomly from event to event

« 10 cameras along plasma
« ~ 50 consecutive events

« Light signal
—> Starts from low level
- Increases along plasma

« Consistent with growth of SM along
plasma

« Large event-to-event variations
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Proton bunch :
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* Phase reproducible (SM is seeded)
- SM grows from controlled initial conditions
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Light emission
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« Random phase (SM is unseeded) Proton bunch : « Phase reproducible (SM is seeded)
- SM grows from noise or features in the bunch « N, =05x10" - SM grows from controlled initial conditions
- Initial conditions vary from event to event » E=400GeV

e op=180pum
« 0,=170ps
« Late growth

»  SM does not saturate within 210m

« Earlier growth
» SM saturates at z~8m

Event number
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* Random phase (SM is unseeded)
- SM grows from noise or features in the bunch

-> Initial conditions vary from event to event

« Late growth

»  SM does not saturate within 210m

« Large variations from event to event
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* Phase reproducible (SM is seeded)
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- SM grows from controlled initial conditions

« Earlier growth

e SM saturates at z~8m

 Smaller variations from event to event
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* Random phase (SM is unseeded)
- SM grows from noise or features in the bunch

-> Initial conditions vary from event to event

« Late growth

»  SM does not saturate within 210m

« Large variations from event to event
« at same signal level
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* Phase reproducible (SM is seeded)
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- SM grows from controlled initial conditions

« Earlier growth

e SM saturates at z~8m

 Smaller variations from event to event
« at same signal level
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Late growth
SM does not saturate within 10m

Large variations from event to event
« at same signal level
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- SM grows from controlled initial conditions
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 Smaller variations from event to event

« at same signal level
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3.0

Light emission

1
3.0 - : wz
- i
S, | x
© ) :
o Unseeded . Seeded
? 2.0 - .
N |
J— 1
© 1.5- + :
— ++++ ++ 1
X 4+ g |
! - + # 't 1
= 1.0 +y +
E ot
% 0.5 +
1
|
| | | | |
0 50 100 150 200

Event number [arb.u.]

« Sum of signal from 10 cameras

—> total energy deposited by the

bunch

* More light when seeded
—> Higher initial wakefields
—> Earlier growth

* Controlled initial conditions
- absolute variations are smaller
when seeded than when not
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Light emission

|
|
1.0 :
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>25% | < 5%
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|
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Unseeded : Seeded
0 50 75 100 125 150 175

Event number [arb.units]

 Clear difference in relative variations

e Unseeded =2 % > 25%
. Seeded > % < 5%

« Contribution of fluctuation of input
parameters on remaining seeded
variations, e.g.,

> Ny, 0y, 0, Zwaists -
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Amplitude reproducibility
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» Light measurement is non-destructive

« Larger transverse wakefields
- More defocusing
—> Larger transverse size at screen

« Transverse bunch profile can be observed for the same events

« SMis a transverse process Proton bunch
- Shows cumulative effect of transverse wakefields over 10m of plasma « Np,=05x 1011
z e E =400 GeV
rop; ocf W, (z)dz © or=180um
0

* oy=170ps
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@ Effect of transverse wakefields

Wi o xXn,(t=tgr)

I
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tRIF = 550 pS tRIF = 4’50 pS I tR[F' = 350 pS tRIF = 250 pS
- Waterfall plot of corresponding transverse bunch profiles .
« Shows cumulative effect of transverse wakefields on the = :
bunch over 10m of plasma =N -
» More reproducible when seeded s
X [mm]
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Effect of transverse wakefields
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Two Independent diagnostics
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— 104 Seeded ’gﬁ‘ « Clear correlation between light and
g transverse size
5 s |
-  Larger wakefields
2 6l - More energy deposited
X - More defocusing
)
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o o . « Two independent diagnostic show
% 2 e consistent event to event information
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Relative variations along z

* Relative variations decrease along plasma

trip =350 ps 3% tar = 250 ps « Larger during growth than at saturation

T 2-0

g
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H* 054

tRIF = 250 pS
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> Relative variations along z

* Relative variations decrease along plasma

______
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frip =350 ps 3% tar = 250 ps ‘ « Larger during growth than at saturation
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tRIF = 250 pS

z[m]

Relative variations along z

Relative variations decrease along plasma

Larger during growth than at saturation

_:_ l T T T l T T T l T T T ] T T T ]  § T T I T T
2o§— M. Moreira and al, Sm— czb
: PRAB, 2019
g 10;— = Crb
A E T e insiee
4 oF , E Nb
w é P > INLA b s //,1»' g
-10F e —— +5%/+15ps 3 rp
: iy ----5%/-15ps i —— At
.20:‘_1 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 I 1 1 1 l 1 |—f
0 > 4 6 8 10
z (m)

Influence of fluctuations of input parameters
decreases after saturation

Acceleration of withess bunch must occur after
saturation of SM
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Relative variations along z

e

* Relative variations decrease along plasma

14 - - == _ _
TN Gur =350 ps 3% trup = 250 ps « Larger during growth than at saturation
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tR[FZZSO pS
* Influence of fluctuations of input parameters
0 )
: ! ! ! : : decrease after saturation
z[m]

* Acceleration of withess bunch must occur after
saturation of SM
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High bunch population
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At high bunch population

» Signal along z doesn't look like

expected growth and
saturation

- Energy flows along plasma

- Need another diagnostic for
saturation length of SM for

high bunch population
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- Sum of signal still shows
transition in reproduciblity
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AV Outline

* |ntroduction to the AWAKE Experiment at CERN

* Demonstration of Amplitude-Reproducible Self-
Modulation by Seeding

* Measurement of the Saturation Length of the Self-
Modulation Instability

* Moving forward...

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 17/26



AWAKE—

10 3 B Pukhov, PRL 107 145003 (2011)
= X LT

1 L (]

iaast

0 5

Modulation
—
Defocusing

X [mm]
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y [mm]

Modulation of bunch leads to growth of
wakefields

—> Zeroth order expectation: wakefields saturates
when modulation stops

Modulation = transverse process

- Stops when halo is fully formed and defocused
protons drift ballistically
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Saturation length of SM

Pukhov, PRL 107 145003 (2011)

L] 1 L 1 st 1]

X [mm]

5 7 m\10

Modulation
—
Defocusing
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y [mm]

Modulation of bunch leads to growth of
wakefields

—> Zeroth order expectation: wakefields saturates
when modulation stops

Modulation = transverse process

- Stops when halo is fully formed and defocused
protons drift ballistically

Halo stops forming along z at Lg,; ?

Arthur Clairembaud (AWAKE Collaboration) 18/26
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- Halo formation along the plasma

Camera

«» Mask

( - E
- | 2o / >
Screen wr 10'2

Proton bunch :
° Nb =3 X 1011

10° RO R W S——
1.0 « E =400 GeV 0 5 7 m 10
10.0 e o, =180 pum '
- e o,=170ps . .

—_ > _ Goal: Determine location along the plasma
£ * tgirp =100 ps :
€ 0.0 where halo stops forming
>

« Plasma is a "black box", we see:
- what goes in

"euisejd oNt
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- Halo formation along the plasma
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Halo formation along the plasma
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Halo formation along the plasma

Camera
ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ;Mask « Plasma generated by ionizing laser
- { ]”"“'4 . . f)/zlrileplasma length (L,) by blocking

Proton bunch laser pulse at different locations

° Nb:3X1011

+ E =400 GeV - L, =1[05,15,25,..,9.5] m
e o =180 um
* 0y =170ps « SM develops over different distances

® tRIF =100 PS

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event
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g Halo formation along the plasma
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e o,=170ps
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» Plasma generated by ionizing laser
pulse
* Vary plasma length (L,) by blocking

laser pulse at different locations
+ L, =[051525,..,9.5] m
« SM develops over different distances

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event
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Halo formation along the plasma

» Plasma generated by ionizing laser

pulse
* Vary plasma length (L,) by blocking

laser pulse at different locations
+ L, =[051525,..,9.5] m
« SM develops over different distances

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event
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Halo formation along the plasma

Camera
Laser blockers l
ﬁ ﬁ T ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ﬁ ;MaSk « Plasma generated by ionizing laser
Rb Wi pulse
vapor ] 4&1 * Vary plasma length (L,) by blocking
Proton bunch - laser pulse at different locations
° Nb =3 X 1011
+ E =400 GeV - L, =1[05,15,25,..,9.5] m
e o =180 um
* oy =170ps « SM develops over different distances
p— ° tRIF = 100 pS
,;_ » Process is seeded (reproducible)

— varying L, < observing state of bunch
at different z on single event

2
(o}
=3
Q
n
=
9

oo o
= 15
y [mm]

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 19/26



g Halo formation along the plasma
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g Halo formation along the plasma
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« SM develops over different distances

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event

Advanced Accelerator Concepts, UCLA, 28/07/26

Arthur Clairembaud (AWAKE Collaboration) 19/26



T —

ATVARE—D

eSS

Halo formation along the plasma

Camera
Laser blockers l
ﬁ ﬁ ﬁ ﬁ ﬁ T ﬁ ﬁ ﬁ ﬁ ;MaSk « Plasma generated by ionizing laser
T Jhie s _
Screen y plasma length (L) by blocking

Proton bunch - laser pulse at different locations

° Nb:3X1011

+ E =400 GeV - L, =1[05,15,25,..,9.5] m
e o =180 um
* 0y =170ps « SM develops over different distances

® tRIF =100 PS

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event

2
(o}
=3
Q
n
=
9

oo o
= 15
y [mm]

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 19/26



T —

ATVARE—D

eSS

Camera

Laser blockers l

«» Mask

>
J..m» /
Screen

Proton bunch :
o Nb = 3 X 1011
 E =400 GeV
e o =180 um
e o,=170ps
 tprp =100 ps

2
(o}
=3
Q
n
=
9

oo o
= 15
y [mm]

Halo formation along the plasma

» Plasma generated by ionizing laser
pulse
* Vary plasma length (L,) by blocking
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» Process is seeded (reproducible)
— varying L, < observing state of bunch
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Halo formation along the plasma
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Halo formation along the plasma

» Plasma generated by ionizing laser
pulse
* Vary plasma length (L,) by blocking

laser pulse at different locations
+ L, =[051525,..,9.5] m
« SM develops over different distances

» Process is seeded (reproducible)
— varying L, < observing state of bunch

at different z on single event
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@ Halo formation along the plasma

10 events
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W) Halo formation along the plasma

10 events
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Halo formation along the plasma

10 events Evolution in three phases:
npe = 1 x 10*/cc f_l_\
e e i B Rl [ [ i B Rl e 1) L,=0to=1.5m:
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Halo formation along the plasma

10 events Evolution in three phases:
npe = 1 x 10*/cc ‘_l_\
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- Halo formation along the plasma

10 events Evolution in three phases:
npe = 1 x 10*/cc ‘_l_\
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g nw ooy, «  Halo radius stops increasing

) . . . .

& 102 01L) «  Distribution essentially unchanged
20 ) Sighature expected from SM saturation
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Halo formation along the plasma

Proton bunch :

Apdyz it

« Forall ny,, « Np=3x10
Camera Screen « Similar development ©  E=400GeV
- « Larger n,, = halo forms earlier " or=180um
g pe _ * o0y=170ps
« Saturates earlier (90% 7 max) «  tpp =100 ps
npe = 2 X 10 /cc =3.9 x 1014/cc Npe = 7.4 X 10M* /cc

10°

10.3 m

Laser blockers
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Halo formation along the plasma

ApDyz 4t
Proton bunch :
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Halo formation along the plasma

Proton bunch :
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Halo formation along the plasma

ApDyz 4t
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Comparison with simulation results

(a) Ezo « Saturation length of halo radius
m « Zeroth order expectation = Saturation of the
> 715 - wakefields
)  Need to show it...
E 4 4 ,;10 T T T T T 1
— 1 234567
s
-~
3 -
2 -
| | | | | | 1
1 2 3 4 5 6 7

Npe [X1014cm 3]
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Comparison with simulation results

£ 20 « Saturation length of halo radius
N X « Zeroth order expectation = Saturation of the
REE VI wakefields
) X  Need to show it...
£10 ——7—7—1—1—
123 4567 » Good agreement between exp. and sim. results
« LCODE (2D axisymmetric)
'--..’_ __________ _-’
| | | | | | 1
1 2 3 4 5 6 7

Npe [X101*cm™3]
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@' Comparison

€ 20
(a) £
2 7
> ] 15 o =
o S
E 4 = < 10 T | T T T | T g
- 1 2 3 45 6 7 =
a 17}
- | 3
3 -
1 1 Lkl . Bttt
2 7 -
| | [ Te— .
I [ [ [ I I |
1 2 3 4 5 6 7
14 ~ =3 . _ .
Npe [X10*"cm™"] * Normalized transverse field amplitude along z

 Maximum field along the bunch (t;jf > & > —oy)
* Grows, saturate and decay

* Lggt= 90% maximum
 Saturates earlier for larger n,,
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Comparison with simulation results

't 20 1.0 H
(a) E
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o 0.8 -
& Tl ox X E
Q x 3
* -~
. \ < € 0.6 -
E 4 - %\ '\ Th,sims Elo T T T T T T T 8
o A 12 3 456 7 = 0.4 -
L T
~ N -..,.Z 5
Mao T z 027
" “"74 e —
. R —
2 | --__-.-- ......... )< 0 O -
Wz,sims -""'"--....__ | | | | T |
X 0 2 4 6 8 10
| | | | | | 1
z[m
1 2 3 4 5 6 7 [m]
Npe [X101*cm™3] « Normalized transverse field amplitude along z

 Maximum field along the bunch (t;jf > & > —oy)

* Fields saturate earlier than halo » Crows, saturate and decay

* Good estimate for the saturation of the fields (ALg,: < 1m) .
Lgqe= 90% maximum

 Saturates earlier for larger n,,
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Seeded vs Unseeded

ATVVAIE—D
20 events
15.0 =
7.5 » Reproducible
» Earlier saturation
£
C 0.0 -SRI S TN L N ™ 0 o o o o o e o o i
» Not reproducible
T8 » Later saturation
-15.0

Seeded W, , > Unseeded W, ,
- L, decreases with initial wakefield amplitude

Consistent with light measurements !

Arthur Clairembaud (AWAKE Collaboration)
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AV Outline

* |ntroduction to the AWAKE Experiment at CERN

* Demonstration of Amplitude-Reproducible Self-
Modulation by Seeding

* Measurement of the Saturation Length of the Self-
Modulation Instability

* Moving forward...
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> Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE 5 |
« Modulation ; t

* Growth of wakefields

\\-)'\ 10 m Rb Plasma
s — %

Proton beam
OTR, CTR screens

Laser
dump
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> Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE 5 |
 Modulation t

* Growth of wakefields

» Control of the process: reproducible in
timing

\\)'\ 10 m Rb Plasma

Proton beam
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> Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE |
 Modulation ‘s\ |
. Growth of wakefields gy

Proton beam

» Control of the process: reproducible in
timing

- Reproducible in amplitude
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/ Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE 15
 Modulation .‘

Tl 7‘\\)’\ 10 m Rb Plasma

s
~

 Growth of wakefields
« Control of the process: reproducible in et | |
timing g
[_ \
- Reproducible in amplitude / el

‘w R, CTR scre
|
—> Saturates within 10m - ready for
acceleration of witness after that
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Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE . e \ gggfj““’f\ ‘éa Electron source system
* MOdU|a'[I0n —_—  onor 5 S cieciron beain

* Growth of wakefields

\\)\ 10 m Rb Plasma
- S \

Proton beam

« Control of the process: reproducible in OTR, CTR screens
timing O o

. . . zs _ [ Gradlen'f AWAKE @
- Reproducible in amplitude (o $eomn
3 13 . +
- Saturates within 10m - ready for '
acceleration of witness after that ke

N, (10 cm=?)
AWAKE Collab. Nature 561, 363-367 (2018)

- Acceleration of witness (side injection,

not optimal) Energy gain of 2 GeV

Up to 2.8 GeV now with a density step !

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration)

25/26



ATVAKE >

= Moving forward

« Demonstration of SM of proton bunch at Laser beam
AWAKE . ‘ ‘ A éghfv‘ & ‘Ld Electron source system
o MOdU|a'[I0n _,\‘ ) /;Electronbeam
10 m Rb Plasma

\

* Growth of wakefields
Proton beam

 Control of the process: reproducible in OTR, CTR screens
timing 4 .

. . . zs_ +Graduanf AWAKE @
- Reproducible in amplitude (o $eomn
3 13 . +
- Saturates within 10m - ready for '
acceleration of witness after that ke

N, (10 cm=?)
AWAKE Collab. Nature 561, 363-367 (2018)

- Acceleration of witness (side injection,

not optimal) Energy gain of 2 GeV

Up to 2.8 GeV now with a density step !

Next step ?
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Moving forward

« Demonstration of SM of proton bunch at

Laser beam
AWAKE o
. . : RE ‘/m.“_;‘
* MOdUIatlon . \\) 4' El beam Electron source s ystem
~ 10 m Ple

* Growth of wakefields |- ~- gl
« Control of the process: reproducible in \ b romrisma
- Reproducible in amplitude - ~— N
Laser beam Q 7.

I /\
- Saturates within 10m - ready for /
acceleration of witness after that
- Acceleration of witness (side injection, /
not optimal)
Next step ? Beam quality and scalability !

Advanced Accelerator Concepts, UCLA, 28/07/26 Arthur Clairembaud (AWAKE Collaboration) 25/26



ATVAKE—D

Moving forward

Injection of electrons after saturation of SM

- Demonstration of SM of proton bunch at
AWAKE e
i MOdUIatlon » l‘ 2l ; Electron beam Electron source system

10 m Plasma

- Growth of wakefields | -
 Control of the process: reproducible in \ W ompam
i

- Reproducible in amplitude / i e

-> Saturates within 10m - ready for 1 plasma for self-modulation (10m>Lg,;)
acceleration of witness after that +1 for acceleration

+ on-axis injection

: : . + beam loading
- Acceleration of witness (side injection,
not optimal)

Next step ? Beam quality and scalability !
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ATWVHITE— .
> Moving forward

« Demonstration of SM of proton bunch at

AWAKE &~
Modulati o A,
L4 - g Dif s Electron beam El éj:bé@.
O u atlon . ‘__‘L‘\\)\c/;\ g ectron SOVUTICGRFS:Zitem
« Growth of wakefields B /%.
» Control of the process: reproducible in \
timing -

- Reproducible in amplitude /
—> Saturates within 10m - ready for
acceleration of witness after that

- Acceleration of witness (side injection, /
not optimal)

Next step ? Beam quality and scalability !

C. Amoedo, A.Sublet and al.
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Conclusion

AWAKE :

« AWAKE aims to be a proton-driven PWFA for particle physics applications
* SPS bunches allow for GV/m-amplitude wakefields for 10s to 100s of meters

in a single plasma
 SPS bunches are long, first need to be self-modulated

Previous results :
» Seeding SM makes phase of wakefields more reproducible

New results:

« Seeding SM makes the amplitude of the wakefields more reproducible
« Variations decrease at saturation

« SM saturates in less than 10m

Next:
« On-axis, external injection of witness bunch in second plasma
« After saturation, with reproducible wakefields both in phase and
amplitude

» Scalable plasma for the accelerator, 10s to 100s of meters

Wmax, GeV

2D numerical simulation results

d

e

1 1 1
100 200 300 400

Z, 1m

K. V. Lotov & P. V. Tuev, Plasma Phys. and Control.
Fusion, 63, 125027 (2021)
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Backup: reproducibility

Unseeded

Seeded
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@ Backup: density step

(OF
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density step
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@ Backup: effect of the step

b
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' y ' ' \ Pl it 8 x 10Mem™? 8 x 10Mem™3
0 2000 4000 6000 8000 10000 posma GeSIY 38 % 0 e
A roton RIF +200ps +200ps
Electron delay -400ps -400ps
Injection z 1.5m 1.5m
Step height - 2.3%

Step z - 1.25m




= Backup: witness bunch params.

Parameter Nominal Value  Tolerance Adjustment Range
Energy 150 MeV n.a. n.a.
Energy spread 0.2% < 1% n.a.
Charge per bunch 100pC +5pC 100-400pC
Normalised emittance 2mm mrad +0.2 mm mrad n.a.
Bunch length 200fs +10fs +100fs
Beam arrival time?! t=0 +50fs +1ns
Beam H/V position 0/0 +10 um +1lcm
Beam waist location z=0 +0.5mm +1lcm
Beam radius @waist? 5.76 pum +1pum 5-10 um
Beam angle 0 prad +10 prad +10 mrad

Table 4: Summary of experimental specifications and tolerances for the 150 MeV electron bunch at injection.

Parameter control and measurement accuracy should be similar to the tolerance.
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Backup: run 2c goals

AWAKE Run 2c is designed to demonstrate the acceleration of externally injected electron bunches
while maintaining control over their beam quality. The key objectives are summarized below:

» Achieve energy gain greater than 4 GeV.

e Maintain beam emittance within 2-30 mm mrad.
e Ensure final relative energy spread is below 10 %.
e Deliver accelerated charge approaching 100 % of the injected charge.
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Backup: density step on halo

EXPERIMENT SIMULATIONS
|||||llm
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Backup: theory scaling
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