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Outline

1. Introduction: AWAKE and plasma wake field acceleration
2. AWAKE at CERN

* Experimental Phase 1
* Experimental Phase 2

3. Status of AWAKE
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AWAKE — Who We Are?

* Proton driven plasma wake field acceleration of electrons
* First proof of principle experiment worldwide

e 16 institutes in the collaboration
* Approved in Aug. 2013 ¥
* First beam planned in 2016
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Beam Driven Wakefield Experiments

AWAKE

SLAC-FACET

DESY-Zeuthen

DESY-FLASH
Forward

Brookhaven
ATF

CERN,
Geneva,

Switzerland

SLAC,

Stanford, USA

PITZ, DESY,

Zeuthen,
Germany

DESY,
Hamburg,
Germany

BNL,

Brookhaven,

USA

400 GeV
protons

20 GeV
electrons
and
positrons

20 MeV
electron
beam

X-ray FEL
type
electron
beam 1
GeV

60 MeV
electrons

Externally injected
electron beam (PHIN 15
MeV)

Two-bunch formed with
mask
(e”/e* and e-e* bunches)

No witness (W) beam,
only D beam from RF-
gun.

D + W in FEL bunch.
Or independent W-bunch
(LWFA).

Several bunches, D+W
formed with mask.

2016

2012

2015

2016

On
going

2020+

Sept

2016

~2017

2020+

Use for future high energy e-/e+ collider.

Study Self-Modulation Instability (SMI).
Accelerate externally injected electrons.
Demonstrate scalability of acceleration
scheme.

Acceleration of witness bunch with high
guality and efficiency

Acceleration of positrons

FACET Il proposal for 2018 operation

Study Self-Modulation Instability (SMI)

Application (mostly) for x-ray FEL
Energy-doubling of Flash-beam energy
Upgrade-stage: use 2 GeV FEL D beam

Study quasi-nonlinear PWFA regime.
Study PWFA driven by multiple bunches
Visualisation with optical techniques



Protons as Drive Beam

* Drivers:
* PW lasers today, ~40 J/Pulse
 FACET, 30J/bunch
* SPS 20kJ/bunch =» LHC 300 kJ/bunch

OSIRIS/IST Portugal
p*-Driver

e -Witness

Blue

PRL, 90, 214801 (zoo’z £ Relativistic
Caldwell Proton

Nat. Phys. 5, 363 (2009) "~ Bunch
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Protons as Drive Beam \

* Drivers:
* PW lasers today, ~40 J/Pulse
 FACET, 30J/bunch
* SPS 20kJ/bunch =» LHC 300 kJ/bunch

+_Driver Injector 2 o -
p*-Driver N

Plasma Channel

e -Witness

Leemans & Esarey, Physics Today, March 2009

Blue

PRL, 90, 214801 (ZOO!I: = Relativistic
_ Caldwell - Proton

Nat. Phys. 5, 363 (2009) Bunch
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Protons as Drive Beam

P+

E=1TeV, AE/E=10%,
N,=101

0,=100 pm, 6,=0.43 mm,
0,=0.03 mrad
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Protons as Drive Beam

e_

E,=10 GeV,
N,=1.5x1010

400 m Plasma Li*
P+ n,=6x10%*cm=

E=1TeV, AE/E=10%,
N, =101

0,=100 pm, 6,=0.43 mm,
0,=0.03 mrad
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Protons as Drive Beam

e_
E,=660 GeV

e_

E,=10 GeV,
N,=1.5x1010

400 m Plasma Li*

P+ n,=6x10%*cm=

E=1TeV, AE/E=10%,
Np=1011 E, GeV/m n,. 10 cm?
. 07 3 2
0,=100 pm, 6,=0.43 mm, z
= e) E, GeV/m,

09_0.03 mrad 0.0 « " .l loilded vs unloaded
‘3 A
0.7 ) 3 g 2 0
0.0 ‘( « 'l -2 r\/ V V

-3 -2 -1 0
0.7 - 0 Z, mm
4 20

Z, mm

A. Caldwell, K. Lotov, A. Pukhov, F. Simon, Nature Physics 5, 363 (2009).
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The Facility at CERN

* Installation @ former CNGS Facility o

e Phase 1in 2016 He ot v \

* Phase 2in 2017 ALICE e

* 3-4 year physics program

e 4* 2weeks per year run TR v A "
AD

™ BOOSTER

2> EAGEN  \ sOLDE

K <> ] East Area
N
L
n-ToF q it
2001 H 1959 (628 m)
[ 2001 | Ui S | | , CTF3
neutrons > O e
LINAC 3 LE[R
e )
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Protons as Drive Beam =» in AWAKE

E,=10 GeV,
N,=1.5x101%

E,=?? GeV

10 m Plasma Rubidium
N,=10'%10*>cm3

P+

E=1TeV, AE/E=10%,
N, =101

0,=100 um, 6,=0.43 mm,
0,=0.03 mrad

Parameter Protons Electrons
Momentum [MeV/c] 400 000 10-20
Momentum spread [%o] +0.35 +0.5
Particles per bunch 3-10M 1.25-10°
Charge per bunch [nC] 48 0.2
Bunch length [mm] 120 (0.4 ns) 1.2 (4ps)
Norm. emittance [mm-mrad] 3.5 2
Repetition rate [Hz] 0.033 10
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The Selt-Modulation Instability

Spontaneous instability

Original beam
(front view)

Axisymmetric mode
(half of the beam
contributes to on-axis
field excitation)

Hosing mode (small
fraction of the beam
contributes to the field
at a given point)

o

Drawi c/w
/l ‘ VL/‘ frgan\;v Eg:otov g

X/ mm

200

300
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100
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Seeding of Selt-Modulation Instability

kX/2m
the beam as is seen -1 . -1
1 b 0.2
by the plasma 1 VWAL ) H .
_ original beam 00 540 530
k,Z/2m
wakefield 179 1
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1 d) ‘nnuvﬁl»lln“uﬁﬁ:d(ﬂ HO'Z
21, _, lectrons laser pulse -1 . 0
L 4 m LILK“U“S p 500 520 54_0
o T k.Z/2n
g L
bt eE/mccop —— Hard edge Gaussian
05 ——  Smooth Gaussian
0
-30 30 |
Z,cm [ ‘ “

<

e
N. Kumar, A. Pukhov, and K. V. Lotov, Phys. Rev. Lett. 104, 255003 (2010) || ’
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Phase 1 - the Self-Modulation Instability
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Phase 2 — Electron Acceleration

e spectrometer

Proton
— BLGELY
dump

Laser

- ———p == ——
SMI Acceleration dump

* Trapping efficiency: 10-15% (high sensitivity dlagnostlcs)
* Average energy gain: 1.3 GeV ' "
* Energy spread: = 0.4 GeV

* Angular spread up to = 4 mrad

Number of electrons

00 05 10 15 20 6 4 2 0 2 4 6
/‘ ‘Vﬂ‘/(‘E_" E (GeV) r' (mrad)



Trapping and Acceleration of the Electrons
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Stabilization of Peak Electric Fields
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Simulations on Plasma Distribution with
Gradient and Density Ramp

e Realistic simulation need

to include density nA +1%
distributions at plasma —
edges
* Implementation of density
gradient can be used to -
o L 0 10m Z
optimize capture efficiency
L
. oW SlO.WIV Fast growing 1% density Fast decreasing Low SIO\.NIV
nereasing density gradient density decreasing
density density
A. Gorn
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The Experimental Setup

 Plasma cell

e spectrometer

" Proton
beam
A —
LRI g g dump
Proton diagnostics
Laser

-
SMI = * TAcceleration dump

e Laser beam

* Proton beam

e Electron beam

* Diagnostics
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The Experimental Setup

* Plasma cell

* Laser beam

* Proton beam
e Electron beam

| * Diagnostics
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SPS Proton Beam

* LHC type proton beam

750m proton beam line

AWVAIE—

1000+

Wakefield amplitude
g

MeV/m 600

4001

200+

2000 GeV

500 1000 1500 2000

Length along plasma cell

200 400 600 800 100
cm

K. Lotov et al., Physics of Plasma, 21, 083107 (2014)



SPS Proton Beam

* LHC type proton beam

750m proton beam line

AWVAIE—

Bunch length (ns)

bunch length [ns]
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The Laser Beam

* lonizing the rubidium
* Seeding the self-modulation instability
* Driving the electron gun

Laser type Fiber Ti:Saphire
Pulse wavelength Ao =780 nm
Pulse length 100-120 fs

Pul ner r

C(‘)‘r:‘;re) ergy (afte 450 m)

Laser power 4.5TW
Focused laser size O,y =1mm
Rayleigh length Z 5m

Energy stability +1.5% r.m.s.
Repetition rate 10 Hz

AVNVAHCET—



e-beam diagnostics
Klystron from CTF3

1m booster linac
(Cockcroft)
Incident, Reflected electron beam line

Power and phase
Spectrometer
Infident, Reflected, E AE
trgnsmitted Power !
MT\
Matching

triplet

Electron Beam

Laser
+Diagnostics

* Reuse of the PHIN photo-
injector (from CTF3/CLIC)

e 14m transfer line «

MTV,
Emittance

Accelerator

v

Length~4m

e Diagnostic of acceleration with

spectrometer magnet

5 Momentum 16 MeV/c

% Electrons/bunch (bunch 1.2 E9 (0.2 nC)

5 charge)

{’? Bunch length 0, =4ps (1.2mm)

S Bunch size at focus 0",, =250 um
Normalized emittance (r.m.s.) 2 mm mrad
Relative energy spread Ap/p =0.5%
Beta function B*,=p*,=0.4m
Dispersion D*,=D* =0
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Transfer Lines

* Proton, laser and electron beam transferred to
plasma cell

* Parallel operation = diagnostic
* As flexible as possible

Parameter Protons Electrons
Momentum [MeV/c] 400 000 10-20
Momentum spread [%] +0.35 +0.5
Particles per bunch 3-10'! 1.25-10°
Charge per bunch [nC] 48 0.2
Bunch length [mm] 120 (0.4 ns) 1.2 (4ps)
Norm. emittance [mm-mrad] 3.5 2
Repetition rate [Hz] 0.033 10
1o spot size at focal point [um] 200 =20 <250
B-function at focal point [m] 5 04
/‘ ‘ V_/‘._IGE_. Dispersion at focal point [m] 0 0

Protons
from SPS

Laser
Merging
Point

Electron
Source

|

Electron
Merging Point

\ Commok

Beam Line /

— \

‘ Start of
B

Plasma 7@"
4




Proton Beam Transfer

* 0,=12c¢m o, ,=200um

* Created chicane to merge laser beam
* Synchronization with laser beam @ 100 ps

o

level
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The Electron Transfer Line

* Transport the electron
beam from source level up
to the plasma source level

* Merge electron beam with
proton beam

* Provide a flexible focus
point with

O,y < 250pm

e 3-4.5m after last
guadrupole

A Iyzret—

3Sigma Envelope
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Common Beam Line

1. Introduce an offset in the common beam line

2. Introduce an offset and angle at the focal point of the electron beam

g = Offset_Envelope == OnAxis_Envelope
65 o = o o o =
a o) o o o Q
55 © o o o 9 T,
2 2 2 2 < <
= x o o o s s
(U] w o w0 w o w
® & 53 &3 &3 T2 > 2 w 2
€ 35 = =0 <0 SO € = m & & &
|§c e = —_— == s
- g
:.g L i =
2 15
& /
8 5 - - = — o e o e, e — =S e ——
-E T CY— e o e=—— o === ¢ -—— ¢ CEIIID ¢ G ¢ e e e
g _5 -4 O . S— L ]
Plasm |
15 - asma Ce
— ~
“——>
25 — — —e .- .J Plasma Cell
35 : ‘ End Section
8 9 10 11 12 13 14 15 16

Longitudinal Position [m]
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Common Beam Line

1.
» reduce beam-beam effects

2.

Introduce an offset in the common beam line

» scan transverse phase space to optimize trapping efficiency

y' [rad]

-0.007 -0.005 -0.004

-0.006

-0.009 -0.003 -0.002 -0.001 0

S

# no additional corrector (iris) M additional corrector at BTV (Iris) A no additonal corrector (Plasma Cell)

Acceptance simulation by A. Petrenko

1.0 ._No protons

Introduce an offset and angle at the focal point of the electron beam

&

with protons

Offﬁet

Offset, 2mm endOffset, 4mm end

X’ [mrad]

L3

2 2.1 0 1 2

x [mm]l

-1.0

y’ [mrad]

e,

y’ [mrad]

y’ [mrad]

y’ [mrad]

T2 -1 0
y [mm]

12 -2-101 2 —2-101 2 -2-101 2 —2-101 2

y [mm]

y [mm]

y [mm]

y [mm]

Courtesy of U. Dorda



The Plasma Cell — Rubidium Vapor Source

* Density adjustable from 104 - 10> cm™
* Requirement: uniformity better than 0.2%

* 10 m long, 4 cm diameter
* Oil-heated system

Temperature profile along plasma cell with set temperature at 220°C

Values plotted show mean p at each position over a 90 minute period
Error bars show 30

220°C
gé— 220.55 0'35°C | ’
g 220.50 T
" e \{/
v Courtesy of P. Muggli

ATV b 2000 4600 6000 8800

Distance (mm)

10000

10 m long plasma cell prototype in the AWAKE test area at CERN



Diagnostic Section
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23X 3E 5K K K R-R-R-Sakil gl

Direct Selt-Modulation Diagnostic

- transforming the charge distribution information into a radiation
distribution using transition radiation

- Measured radiation emitted by the bunch when traversing a
dielectric interface or by directly sampling the bunch space charge

ﬁ e I d . Proton bunch after plasma ~ OTR Light pulses

OTRcreated -
by screen i
Propagation

- Measure the OTR Light pulse with a streak camera (~ps resolution) while imaging:

ADC
K. Rieger, M. Martyanov

OTR screen i‘-




Indirect Selt-Modulation Diagnostic
* SMI causes angular divergence of the proton beam at the order of ~1
mrad.

* = Measure bunch profile at two different scintillator screens at a
distance of “8m

1om 15t BTV 2nd BTV

Proton
4 beam

Measure saturation point of
SMI at a 2% level.

Energy depositic;n in GeV/cm?3 per primary pro'émon particle.

AVAIE—
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Electron Energy Spectrometer

 Be able to measure electron
beam energies from 0-5 GeV

1150 1200 1250 1300
x pixels

Dispersed electron impact on scintillator screen.
Resulting light collected with intensified CCD camera.

%-level energy resolution can be achieved with a
signal to noise ratio larger than 1000:1

85ton,1.2T,1.3Tm, L=1.6 m,

Scintillator screen (GadOx)

A TWAKE



Time Line

CERN NEUTRINOS TO GRAN SASSO
Underground structures at CERN

TSG4 sump
0 mA3

LHC/TIS tu

LEP/LHC tunnel

~-AWAKE expe

@

nnection galk
to TI8/LHC
Second muon detector

neutrinos
to Gran Sassc

2015

Installation
Proton and laser
beam-line

Modification, Civil Engineering and installation

Suiuoissiwwo)

Experim-ental
area

O
o
d 3

e source an . .
A Fabrication Installation o
beam-line 2
3,
=l

‘

2019 ‘ 2020 ‘ 2021 2022ff

Long Shutdown 2
24 months
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CERN NEUTRINOS TO GRAN SASSO

Underground structures at CERN

Time Line

neutrinos o
to Gran Sasso

2015

2019 ‘ 2020 ‘ 2021

Installation
Long Shutdown 2

24 months

Proton and laser
beam-line

Modification, Civil Engineering and installation

Suiuoissiwwo)

Experim-ental
area

e source and
beam-line

‘
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Fabrication Installation




Electron Gun Multi GeV electron
Laser to iohize 20 MeV electrons spectrometer
plasma

Proton bunch modulation

400 GeV proton /

from CERN SPS

Electron trapping and acceleration

Diagnostic

Time Line

2015

Installation
Long Shutdown 2

24 months

Proton and laser
beam-line

Modification, Civil Engineering and installation

Suiuoissiwwo)

Experim-ental
area

O
o
d 3

e source an . .
A Fabrication Installation o
beam-line 2
3,
=l

‘
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La Ser ROO m laser room beginning2015 §

laser room 20 %

: "s’(‘

laser room today

A\
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General Installation
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Electron Beam Line




Thank you
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