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AWAKE

‘ % ~ PLASMA WAKEFIELD ACCELERATOR (€")
oxPlancl s i Py Focusing (E)

Defocusing Accelerating Decelerating (E,)

Chen, Phys. Rev. Lett. 54, 693 (1985) e~ Driver

Rosenzweig, Phys. Rev. Lett. 61, 98 (1988) € WItNess

ﬂ Plasma wave/wake excited by a relativistic particle bunch
ﬂ Plasma e expelled by space charge force => deceleration + focusing (MT/m)
ﬂ Plasma e rush back on axis => acceleration, GV/m

‘ Ultra-relativistic driver => ultra-relativistic wake
=> no dephasing

ﬂ Plasma is already (at least) partially ionized => sustains large E-fields

ﬂCan be driven by particle bunch (PWFA) or laser pulse (LWFA) . -
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> 3 A VWASEE
% REACHING HiGH ENERGY?
e” Witness e- Driver
e- bunch

<*ILC, 0.5TeV bunch with 2x10%%-
<>SLAC, 42GeV bunch with 2x101%- ~126)

<>SLAC-like driver for staging (FACET= 1 stage, collider 10* stages)

J. Rosenzweig et al./Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532-543

Wake-field modules Gamma converter and Detector

13

Beam distribution network
(rf kickers)

Heavily Beam-loaded Electron Linac

Compressor P2 .
e/
Rf photoinjector ———
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45 p~DRIVEN PWFA? YES. BUT WHY?

Max-Planck-Institut fiir Physik
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e -Witness p*-Driver

relativistic

ATVAKE

et al Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532-543

Gamma converter and Detector

proton
bunch
<~ILC, 0.5TeV bunch with 2x10%%" ~1.6kJ o
<-SLAC, 42GeV bunch with 2x10%%" ~126)
<>SLAC-like driver for staging (FACET= 1 stage, collider 10* stages) mw? careresss
<>SPS, 400GeV bunch with 10p* ~6.4k]
LHC, 7TeV bunch with 10p* ~112kJ

<A single SPS or LHC bunch could produce an ILC bunchin
a single PWFA stage!

<Large average gradient! (>1GeV/m, 100’s m)
<>Wakefields driven by e* bunch: Blue, PRL 90, 214801 (2003)
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(Werner-Heisenberg-Institut)

. Rosenzweig et al /Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532-543
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driven by e* bunch: Blue, PRL 90, 214801 (2003)

Compressor

MAX-PLANCK-CESELLSCHAFT
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A PWFA ENERGY FLOW

Max-Planck-Institut fiir Physik

eeeeeee -Heisenberg-Institut)

e” Witness e Driver

+y e- bunch

<Drive (e, p*) and witness (e, e*) must fit within the structure

AWAKE

N/2x10"
<%-Linear theory E,  =110(MV/m) / 7 =N/o}
(n,<<n,) scaling: (0,/0.6mm)
@ kpeazz\/2 (with k,,0, <<I) k,=w /cxn

<~AWAKE: 0,=6-12cm => E,_~MV/m
<Instead:  k,,0=1 =>0,=200um => n=7x10"cm, but k,.0,>>1

<-Need self-modulation to create k,,0,~1 to reach ~1GV/m
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AWAKE

% SEEDED SELF-MODULATION (SSM)

.. 2=0, e k :O: =45 o ﬁ20' D z=5Ccm, € J. Vieira, IST
: E | T 000
LTI £) (<o | ora L
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Grows along the bunch & along the plasma , . al., PRL 107, 145003 (2011)
Schroeder et al., PRL 107, 145002 (2011)

<>Initial small transverse wakefields modulate the bunch density with period

“Mpe<<Oy
<>Associated longitudinal wakefields reach large amplitude )
through resonant excitation e/ _.

J. Vieira et al., Phys. Plasmas 19, 063105 (2012)
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SEEDED SELF-MODULATION (SSM)
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SEEDED SELF-MODULATION (SSM)

ATVAHEE—

Vieira et al., Phys. Plasmas 19, 063105 (2012).
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AWAKE RUN 1 GOALS A=
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<-Get approved at CERN!

Date: September 23, 2013 10:29:55 AM GMT+02:00
To: Frederick Bordry <Frederick.Bordry@cern.ch>, Roberto Saban <Roberto.Saban@cern.ch>, Paul Collier <Paul.Collier@cern.ch>, Jose Miguel Jimenez <Jose.Miguel.Jimenez@cern.ch>
Cc: Steve Myers <Steve.Myers@cern.ch>, Edda Gschwendtner <Edda.Gschwendtner@cern.ch>

Subject: AWAKE Project Leader Mandate

Dear All,

Please find attached the AWAKE Project Leader Mandate for distribution within your departments.

Kind regards,

<-Demonstrate self-modulation of the long p* bunch in a dense plasma
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<-Demonstrate acceleration of externally injected e
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0"

Rb vapor, 10m
1-10x10%cm-3

AWAKE RUN 1: SSM DIAGNOSTICS

No Plasma Plasma

frname +* 11T TTTCLTTAYY

Screen 1

AWAKE

ey

No Plasma Plasma

OTR

<-OTR+ streak camera for time-resolved p+ bunch images

{-Screens in imaging stations z
q_g

<-CTR frequency analysis diagnostic 3
C

C;’g files : CTRVDILowDens'LOWMVZDOOOO: fax.specar =16.9GHzZ /f | ot =16.5G g
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Rubidium Vapor Density, Ny
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. _ 0.49
Streak: fmod on.,
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% _ AWAKE RuN 1: SSM DiagNosTics 1

Rb vapor, 10m
1-10x10%cm3

£y

—

Marker Laser Pulse (MLP)
Synchronized w lonizing MLP
Delayed wrt lonizing MLP

Nrp=2.1x10"cm-3

)

@)
—
A

Diagnostics were appropriate for SSM measurements
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& AWAKE: e INJECTION A=

Max-Planck-Institut fiir Physik
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J. Phys. D: Appl. Phys. 51 (2018) 025203 G. Plyushchev

Expansion Volumes

\

Orifice

<-Vapor source has “density ramp” at
ends

1014

Ew,g_ < NRp ramp => n, ramp |
> <Wakefields focusing for drive bunch
2 charge sign, i.e., defocusing for e
8"
s F
%10”5—
>
10'05—
0 o1 02 03 04 05 06 07 08 N
Distance (m) ; f'l;‘;-'v ‘v\
\Lm -/
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% AWAKE: e INJECTION A

Max Pl rck-Institut fiir Physik
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M. Moreira

10 <-Wakefields slower than drive bunch
: = when SSM grows ...
8 = 00 5 omust inject at z>0
T 6| = <Run 1: side injection
= B »  <Run 2: inject z>5m(?)
N 0 >
4L ©
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& AWAKE: e INJECTION -
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omberanst

(Werner-| Heisenberg-Institut) )

K. V. Lotov, Journal of Plasma Physics 78(04), 455 (2012).
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Figure 3. (Colour online) Family of electron trajectories for (a) # = —0.7, and (b) & = —1. Lower graphs show the location of
potential wells and humps.

<-e~ have to “cross” wakefields
<-Complicated trajectories

<-Low capture

<>Dependencies on angle and position

<Run 1 choice: o, . >\, => no <1ps timing required

<Run 2 must have o, , <<\, => ~100fs timing required

< Timing between seed laser pulse and RF-gun laser pulse
or e bunch

MAX-PLANCK-CESELLSCHAFT
© P. Muggli



= AWAKE RUN 1: ACCLERATON "=

(Wermne

Max-Planck-Institut fiir Physik
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e spectro

Rb vapor, 10m
1-10x10"4cm-3

Screen 1 Screen 2

external e injection

laser pulse
vapor

p+

MAX-PLANCK-CESELLSCHAFT
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WAKE—

- AWAKE RUN 1: ACCELERATION DIAGNOSTICS

Max-Planck-Ins Lllul [ur Phy ik
(Werner-| Heisenberg-Institut)

electron beam

- “loss monitor -

Rb vapor

plasma density proton bunch 2
ramp | self-modulation > —
beam screens -
focusing triplet

Vertical plane: ] [ ]

corrector magnet

.
n...

. .
.
ey, *
o
.

s,
“tpert .
.
",

e spectro

. QUADRUPOLE

- QUADRUPOLE
BPM -

electﬂ)“‘s <-All “tools” to send the beams
' <Diagnostics NOT SUITABLE to ensure crossing
protons <MUST BE BETTER FOR RUN 2

<-Debriefing from Run 1 to improve for Run 2!

MAX-PLANCK-CESELLSCHAFT
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~~ AWAKE RUN 1: ACCELERATION DIAGNOSTICS ">

eeeeee

-.. N ——— —_—
. \
F. Keeble = Y

HeQ W vEm NS m

Image Acquired - May 28, 2018 12:43:15 AM [2048x512] ©

<-e" spectrometer standard
<-Challenge: background from p* secondaries

MAX-PLANCK-CESELLSCHAFT
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AWAKE

A AWAKE RUN 2: GOAL
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<>Acceleration of an externally injected e- bunch with small final ¢ and AE/E @ GeV

e -Witness p*-Driver

<-Challenge: put the witness e~ bunch in the right place
<-Preserve its quality (low emittance, narrow energy spread)
<-Scalability

\ J
\CYEA
e [/

MAX-PLANCK-CESELLSCHAFT
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= AWAKE RUN 2: GOAL AR

Max Pl kI lll[ Physik

.........................

<>Acceleration of an externally injected e- bunch with small final ¢ and AE/E @ GeV

OLSEN, ADLI, and MUGGLI PHYS. REV. ACCEL. BEAMS 21, 011301 (2018)
600 e o~ = 30 2 o On-Axis Beam —om !
28350 «— V=C ——-z=4m 16

“From acceleration to accelerator!”

Goal of all advanced accelerator concepts

<fmml Typical parameters:
500 ~140
e g 0,=60um
ol a fao 0,=5.25um
= 1% € (matched for eg=2mm-mrad, n,=7x10%cm3, ~g14)
= ¢ |2 € Q=100pC
250 0° Blow-out and beam loading
Y A S ~73% charge with Aey/eN<5%, AE/E~%
<-Challenging parameters to produce with low energy particles (o,,0,) "&“ j
<-Challenging to measure (o,) AXFLANCE CESELLSCHATT

© P. Muggli



AWAKE

AWAKE RUN 2: GOAL

<>Acceleration of an externally injected e- bunch with small final ¢ and AE/E @ GeV

Max—Planvk—Iglslilul i

eeeeeee -Heisenberg-Institut)

<-Decouple SSM and acceleration

Wakefields (plasma)

Injection
) Accelerator

Zone
| Energy
Emittance

p* SSM (bunch) ¢+ Timing
e/wakefields Timing—.

1%
(lv':\‘ I - . ;
N - 1/
SCH

<Plasma source(s) based on rubidium vapor and laser ionization!!!!

<p* bunch at (1/20)Hz at best ...

© P. Muggli



& AWAKE RUN 2 DIAGNOSTICS A
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<p*: standard beam line diagnostics
<p* SSM: OTR and streak camera, needed on every event!
<-Wakefields (plasma): Schlieren, interferometry, photon acceleration, ??7?

<-e": standard beam line diagnostics, screen-based? Wakefie (plasma)

Ch(Sle o/ e/p* alignment

<-e”/p* alignment: OTRs, screens, 7?7

STimi ng Accelerator
< Timing e/p*: online EOS (p* halo?)
< Timing e /wakefields?

Energy

p* SSM (bunch) Emittance

<-Energy: spectrometer

<-Emittance: single shot (B-tron, optical pepper pot, ???), separate e/p*

<-Laser-ionized, rubidium plasma imposes strong constraints (200°C,

chemically reactive, metal deposition?, etc.
<p* bunch at (1/20)Hz at best ...

© P. Muggli



ATVAKED
. SU MMARY P 2

Max-Planck-Institut fiir Physik

eeeeeee -Heisenberg-Institut)

<-AWAKE Run 1 was very successful: SSM & acceleration of e~ to 2GeV
<-SSM and acceleration diagnostics were appropriate

<Fell short on e- injection diagnostics

<-AWAKE Run 2 is about e- beam quality and needs (diagnostics):

<>Need in-situ spatial alignment screens (few um level

Excellent and new diagnostics are absolutely
key for Run 2!

<-Energy measurement is OK
<-Some Run | diagnostics directly transfer, but debriefing would be beneficial

<-SSM diagnostics are key to the experiment

<Many issues “solved on the fly” V- A
||<““,re‘:d”f" .]
<-Bottom line: better diagnostics = better experiment \ =%

MAX-PLANCK-CESELLSCHAFT
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Thank you to my collaborators!
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Thank you!
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Ve PWFA ENERGY FLOW AARE

Max-Planck-Institut fiir Physik
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e” Witness e- Driver

2) Energy is “stored” in the 3) Witness bunch can 1) Drive bunch loses energy
wakefields sustained by the extract energy from the driving the wakefields
oscillatory motion of the wakefields
plasma e, charge
separation

Replaces:

<-Is it a high gradient accelerator?

© P. Muggli



5 PROTON-DRIVEN PWFA A
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Caldwell, Nat. Phys. 5, 363, (2009)

1.0
: e p*:
- W p*-Driver <
€ -Witness E=10GeV E=1TeV 3 |
T =100 2 | ~0.5TeV
++ F O, um 3
[®)) p
+ + + + N=101°  N=10%" s %8S
ol o relativistic  Gingle emW =16) W, =16kl S |
—— bunch Stage W=1k] !
- + 0 I !
e p Parameter Symbol Value Units
2 Protons in drive bunch Np 10" 6
Proton energy Ep 1 TeV 1
3 Initial proton momentum spread op/p 01 ~ 5F
3 Initial proton bunch longitudinal size o, 100 pum 'o -
» @ Initial proton bunch angular spread e} 0.03 mrad — 4}
’rg? Initial proton bunch transverse size Oxy 0.43 mm o
K Electrons injected in witness bunch N, 1.5 x10' = 3
Energy of electrons in witness bunch  Ee 10 GeV L|<J - A E/ E ~ 1 (yo
o Free electron density ny 6x10™ cm—3 2r
! ! ! Plasma wavelength Ap 1.35 mm
-4 -2 0 Magnetic field gradient 1,000 Tm™! <€
Z (mm) Magnet length 0.7 m I

<-Accelerate an e bunch on the wakefields of a p* bunch L (m)
<-Single stage, no gradient dilution
<-Gradient ~1 GV/m over 100’'s m VA

Z

<-Operate at lower n, (6x10"cm), larger (A,.)°, easier life ... gt/
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5 PROTON-DRIVEN PWFA A
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Caldwell, Nat. Phys. 5, 363, (2009)

1.0
: e p*:
- W p*-Driver <
€ -Witness E=10GeV E=1TeV 3 |
T =100 2 | ~0.5TeV
++ F O, um 3
[®)) p
+ + + + N=101°  N=10%" s %8S
ol o relativistic  Gingle emW =16) W, =16kl S |
—— bunch Stage W=1k] !
- + 0 I !
e p Parameter Symbol Value Units
2 Protons in drive bunch Np 10" 6
Proton energy Ep 1 TeV 1
3 Initial proton momentum spread op/p 01 ~ 5F
3 Initial proton bunch longitudinal size o, 100 pum 'o -
» @ Initial proton bunch angular spread e} 0.03 mrad — 4}
’rg? Initial proton bunch transverse size Oxy 0.43 mm o
K Electrons injected in witness bunch N, 1.5 x10' = 3
Energy of electrons in witness bunch  Ee 10 GeV L|<J - A E/ E ~ 1 (yo
o Free electron density ny 6x10™ cm—3 2r
! ! ! Plasma wavelength Ap 1.35 mm
-4 -2 0 Magnetic field gradient 1,000 Tm™! <€
Z (mm) Magnet length 0.7 m I

<-Accelerate an e bunch on the wakefields of a p* bunch L (m)
<-Single stage, no gradient dilution
<-Gradient ~1 GV/m over 100’'s m VA

Z

<-Operate at lower n, (6x10"cm), larger (A,.)°, easier life ... gt/
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