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AWAKE

 AWAKE: Advanced Proton Driven Plasma Wakefield Acceleration Experiment
— Use CERN SPS proton beam as drive beam (Single bunch 3el1 protons at 400 GeV)
— Inject electron beam as witness beam

* Proof-of-Principle Accelerator R&D experiment at CERN
— First proton driven plasma wakefield experiment worldwide
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Advanced accelerator research

Research in new accelerator principles, with objective of overcoming accelerating
gradient limitations of RF technology. Promise for more compact accelerators.
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Breakdown limits and plasma

In metallic structures a too high field level will break down the surfaces, creating electric

discharges. Field cannot be sustained. Structures may be damaged. Current practical
limit (CLIC): order of 100 MV/m accelerating field.
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A plasma: collection of free
positive and negative charges (ions
and electrons). Material is already
broken down. A plasma can
therefore sustain very high fields.




Estimation of plasma wave field amplitude

Assume that the plasma electrons are pushed out of a small volume of neutral plasma,

with plasma density ny=n_=n,,, :

Scale of electrical fields (1D) :

Gauss’ law:
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Assume wave solutions:

Apply Gauss’ law:
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Example of neutral plasma density used for experiments :

Ny ~ lel5/cm3 : Eyg

3GV/m




Plasma wakefield acceleration (PWA)

An intense particle beam, or intense laser beam, can be used to drive the plasma electrons.
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Typical plasma densities used in experiment, 1014-102°/cm3, For ny ~ 1015/cm3 :

- Field scale: E,z; = 3 GV/m ~ Vn,

+ Length scale : k 1=),./2r=1 mm ~ vn, , plasma skin-depth kyt=c / ope
- Radial focusing : F /c="2en,r/¢;=30 kT/m

Ideas of *100 GV/m electric fields in plasma, using 10'® W/cm? lasers: 1979
T.Tajima and J.M.Dawson (UCLA), Laser Electron Accelerator, Phys. Rev. Lett. 43,
267-270 (1979).

Using partice beams as drivers: P. Chen et al. Phys. Rev. Lett. 54, 693—-696 (1985)




Recent experiment progress in PWA

Acceleration of beams to GeV-energies in plasmas has recently been demonstrated,
using laser beams, electron beam and positron beams as drivers.

> Plasma— wakefield accelerator
(PWA)
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Towards TeV beams

While GeV acceleration in plasmas

has been demonstrated for with both lasers and electron

beams, reaching TeV scales requires staging of many drivers and plasma cells. Challenging.

Plasma Plasma PI

asma Plasma Plasma Plasma Witness beam

>

Drive beam: electron/laser

A possible witness beams:

Existing driver beams options :

Electrons: 1010 particles @ 1 TeV  Lasers: up to 40 J/pulse

~few kJ

Electron driver: up to 60 J/bunch
Proton driver: SPS 19 kJ/bunch, LHC 300 kJ/bunch

Proton drivers: large energy in proton bunches = can consider single stage TeV acceleration:

* Asingle SPS/LHC bunch could produce an ILC bunch in a single proton driven PWA stage.

Pla

sma cell Witnhess beam

Drive beam: protons

. +_ 1
€ -Witness p'-Driver The wake of short proton drivers (~kp'1) is

very similar to that of electrons drivers.




The self-modulation instability

Available proton bunches
at CERN are 10-30cm
long; A, for 7x10 Jcm3 s
1.3 mm. Wakes will be
weak; linear regime.

The radial fields of the
wake will modulate the
beam density, creating
microbunches spaced at
the plasma wavelength.

The evolution of the radius
depends on the radius; self-

modulation instability (SMI).

The microbunches leads to
resonsant build-up of strong
wake fields (of order GV/m).

Kumar et al., PRL 104, 255003 (2010)
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Seeded self-modulation instability

H !
ol il b"mh-ﬁ_ The self-modulation can be seeded by a sharp start of
plasma the beam (or beam-plasma interaction). Will be done by
"""""" laser ionization front co-propagating with proton beam.
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Use the 400 GeV SPS
proton beam to drive
strong wakefields in a
plasma. Accelerate
electron beams to high
energy.

750m proton beam line



The 10 m AWAKE Rb vapour cell

E. Oz and P. Muggli, Nucl. Instr. Meth. Phys. Res. A 740
(11) 197 (2014)

Stabilized to AT/T ~0.1%




Phase 1 (2016-2017): study proton beam SMI

10m plasma

Proton diagnostics

“—— %4 ——— === BTVOTRCTIR 2%
SMI Acceleration dump

* Goal: understand the physics of self-modulation instability
processes in plasma

 Hardware commissioned end 2016

* First experimental runs summer 2017. Data being analyzed

* Preliminary results following

13



SMI measurements |: streak camera

K. Rieger, MPP 5~ 400 ps The modulated proton bunch is sent through a
< metal foil where it generates optical transition
> / radiation (OTR). This radiation is sent to a

streak camera. WE
T A\
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Left: the 12 cm SPS bunch as

o measured with the streak camera
without plasma in the beamline.
o The bunch is typically straight with
e, no visible structure.
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Observation of Seeded SMI

The laser pulse Nep=3.7x10%cm™ f__ ~164GHz (
ionizes the plasma

about mid-way
through the beam.
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Observed
microbunching at the
seeded beam i
undergoes in the .
region trailing the <V
plasma. &

K. Rieger, MPP
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Observation of Seeded SMI

Ng,=1.3x1014cm3

! Ng=2.0x1014cm3
% I v T

We observe strong, persistent-
microbunching for a range of -
densities.

Seeding is a critical ingredient .
for producing many periods of |
microbunches along the
beam.

e

Ngp=2.6x10""cm=  ng,=0.5x10**cm™

Can do FFT of image to find
modulation frequency.

K. Rieger, MPP
16



Observation of Seeded SMI

We scan the timing of the streak
camera relative to the position of laser
ionizations to attempt to observe the
total number of microbunches in the
beam.

Persistent microbunching is a good
indication that the seeding is working
and that a large amount of energy is
transferred to the plasma wake.

\Q,b K. Rieger, MPP

Time

lase




SMI measurements ll: CTR

CTR: Coherent Transition Radiation: Radiation is coherent for
wavelengths bigger than the structure of the micro-bunches (90-300GHz).

I—\‘—I) p* Schottky diodes
I J |_ I Schottky Diode (>100GHz)
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Microwaves

)

Tae=1/f
—>  je—
y i
o Bunch | RE ST I\ I\ [\ |Heterodyne
CR@ f,, | fee=? G Ti=lfarfiol U \/ \f \] measurement
I"":"'lft'iJ Oscilloscope
RF Source
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By mixing the CTR signal from the beam passage with a signal of

known (similar) frequency, you can measure the resulting beatwave

on a normal scope.

Excellent complement to the streak camera, which is resolution B

o i i . Braunmuller, M.
limited at the highest frequencies. Martyanov, MPP
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— both OTR and CTR based measurements
fit very well to predicted modulation frequency, for a range
of plasma densities.
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SMI measurements lll: halo

15t Imaging 2" Imaging
~ 10m Rb plasma Screen Scrlglen Proton
sPs p ] fo e —
protons - e =~ '
SMI Laser OTR& Laser —
dump CTR dump

Diagnost

ICS
M. Turner, CERN

Indirect SSM Measurement: Image protons that got defocused by the

strong plasma wakefields. C&D Socent < BM s Sereen2
© €=2000.0 us po0.0 s
- p* defocused by the transverse §, - ‘ _
wakefield (SMI) form a halo CL: E 0 '.E
- p* focused form a tighter core x > 0
—> Estimate of the transverse -
wakefields amplitude (JW,,dr) Cz) S
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Phase 2: study wake structure with
injected electrons

e spectrometer

Proton diagnostics

“—— %4 = —— === BTVOTRCR 25
SMI Acceleration dump

* Goal: probe the accelerating wakefields with externally injected
electrons
- Demonstrate GeV scale gradients with proton driven wakefields
 Hardware commissioning end 2017

* First experimental runs in 2018

21



® protons

% electrons

A. Petrenko,

\4

Iej*'qn gun installegs

Expected energy spectra :

1601
] . Momentum 16 MeV/c
140 ntrap~40M Buncfll IerI\lgtE 7\,p,
o E ~1.6 GeV S?mp; af. rIJd ases Electrons/bunch (bunch charge) 1.25E9
. OoT wake Tie
% 0 mean \ Bunch charge 0.2nC
D10
% _ Bunch length «, =4ps (1.2mm)
=X 50 oblique side .
. Bunch size at focus 0, =250 um
L
2060 4 . :
E Normalized emittance (r.m.s.) 2 mm mrad
U 40 1 vl -
, Of-axis Relative energy spread Ap/p = 0.5%
| \
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Energy, GeV

A. Caldwell et al., AWAKE Coll., Nucl. Instrum. A 829 (2016) 3

Externally inject electrons and accelerate e
to GeV energy with ~GeV/m gradient and

finite energy spread.
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Run 2: accelerate a beam of electrons
to several GeV

e spectrometer

e (~4 ps, 16 MeV) e- emittance

RF gun /
8 < 10m plasma measurement
A ~4m plasma p > \ Proton
e B - = \ N beam
dump
aser

Proton diagnostics

- ——— === = === ===» BTV,0TR, CTR
SMI Acceleration dump

Optimized
SPS
protons

* Goal 1: Accelerate a short electron beam, while preserving beam quality
as well as possible

* Goal 2: Demonstrate scalability of the AWAKE concept
* sustain gradient in SMI wake over long distance
e scalable length plasma sources

e Startin 2021, after the LHC Long Shutdown 2
» After the goals have been reached: target physics applications

23



Run 2 studies on-going

Helicon plasma sources (scalable to 100s of meter)
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E.Adli, et al., “Towards AWAKE applications: Electron acceleration in a
proton driven plasma wake”, in Proc. IPAC’16, Busan, Korea, p. 2557
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Particle Physics Perspectives

From Allen Caldwell
Started considering:

* Physics with a high energy electron beam
e E.g., search for dark photons

* Physics with an electron-proton or electron-ion collider
* Low luminosity version of LHeC
* Very high energy electron-proton, electron-ion collider

Are there fundamental particle physics topics for high energy but low luminosity colliders ?

| believe —yes ! Particle physicists will be interested in going to much higher energies, even if
the luminosity is low.

In general — start investigating the particle physics potential of an AWAKE-like acceleration
scheme.

25



LHeC-like

Focus on QCD:

e Large cross sections — low luminosity
(HERA level) enough

* Many open physics questions !

* Consider high energy ep collider with E_
up to O(50 GeV), colliding with LHC k
proton; e.g. Ee=10GeV, Ep=7TeV, Vs =
530 GeV already exceeds HERA cm
energy

LEP/LHC

Layout 2 )

G. Xia et al., Nucl. Instrum. Meth. A 740 (2014) 173.

Layout 1

Elektron

From Allen Caldwell

~ '

Elektron

Create ~50 GeV beam within 50-100 m
of plasma driven by SPS protons and
have an LHeC-type experiment.

LHeC electron emittance requirements:
~50 um normalized emittance

Clear difference from LHeC is that
luminosity currently expected to be
<1039 cm2st? 26



VH Ee P From Allen Caldwell

(Very High Energy electron-Proton collider)

One proton beam used for electron acceleration
e ep to then collide with other proton beam

plasma
accelerator

Luminosity ~ 1028 - 10%° cm2 s! gives ~ 1 pb-1
per year.

Electron energy from wakefield
acceleration by LHC bunch

6 (c)
3] LHC
Choose E, = 3 TeV as a baseline for a new collider > 4
with E, = 7 TeV yields Vs = 9 TeV. Can vary. =g
- Centre-of-mass energy ~30 higher than HERA. x 5 ]
- Reach in (high) Q% and (low) Bjorken x | ]
extended by ~1000 compared to HERA. 0-
- Opens new physics perspectives 0 246 f klr?n 12 14 16
VHEeP: A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463 A. Caldwell, K. V. Lotov, Phys. Plasmas 18,

13101 (2011)



Conclusions

Proton-driven PWA has the potential to accelerate electron

beams to TeV in a single plasma stage

The AWAKE experiment uses self-modulated SPS bunches

as drivers
First experiment goals reached: SMI measured
Electron acceleration to be commissioned Q4/2017

Planning for Run 2 (after 2020) and investigation of the

physics potential well underway
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Particle accelerators

Most fundamental particles have been
discovered by experiments using beams
accelerated by a particle accelerator.

The discovery range has increased as

particle accelerators have become more
powerful.
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Driver-witness permutations

Electron driver, electron witness Electron driver, positron witness

Most studied case * Required for e- driven e- e+ collidier
Potential applications: FEL, collider ...

Positron/proton driver, electron witness Positron/proton driver, positron witness

@ <

l “J x>
Potential applications : FEL, LC, LHeC ... « Studied at FACET
Studied at AWAKE * Interesting for LC afterburner




Total photoproduction cross

section — energy dependence ?
Fundamental physics question,

impact on cosmic ray physics

PhYSlCS ReaCh From Allen Caldwell

g (MD)

[EnN
I

Total cross section, s

a'P (mb)

= HERA/fixed target
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M)
. glBI0° Piogiix))

10"
W (GeV)

o Data * VHEeP reach
— In*(W?
Regge fits:
----- DL 1992

~~~~~~~~~~ DL 2004

Huge cross section — no
statistical uncertainty
even at 1028 cm=?s

| | Ll | | L

L 2 3 L1l ‘ 4
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Photon-proton centre-of-mass energy, W (GeV)

Virtual photon cross section — observation of
saturation of parton densities ? Would provide
information on the fundamental structure of the
QCD vacuum.

+ BSM physics such as Leptoquarks, quark
substructure, etc.
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