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- Matter and the strong force (QCD) at the highest ep energies
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Motivation and introduction



Motivation: big questions in particle physics

The Standard Model is amazingly
successful, but some things remain
unexplained :

« a detailed understanding of the Higgs
Boson/mechanism

* neutrinos and their masses

» why is there so much matter (vs anti-
matter) ?

» why is there so little matter (5% of
Universe) ?

» what is dark matter and dark energy ?
» why are there three families ?

* hierarchy problem; can we unify the
forces ?

 what is the fundamental structure of matter ?

Colliders and use of high energy particle beams
will be key to solving some of these questions



Motivation: colliders
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Plasma wakefield acceleration as a solution

» Plasma wakefield acceleration is a promising scheme as a technique to realise shorter
or higher energy accelerators in particle physics.

 Accelerating gradients achieved in the wakefield of a plasma are very high.

 Using lasers or electron bunches have achieved up to 3 orders of magnitude more
than RF acceleration and up to 700 GV/m, but need :

- Small energy spread;

- High repetition rate and high number of particles per bunch;
- Efficient and highly reproducible beam production;

- Small beams sizes (potentially down to nm scale).

» What about using proton bunches as the driver ? Higher stored energy, ability to drive
wakefields over long lengths.

* Proton-driven plasma wakefield acceleration is well-suited to high energy physics
applications.

 Ultimate goal : can we have TeV beams produced in an accelerator structure of a few
km in length ?



Plasma wakefield acceleration

V. ) \ /
] I y R I / \
\Short proton beam Neutral plasma /

* Electrons ‘sucked in’ by proton bunch, continue across axis creating depletion region
* Oscillation of plasma electrons creates strong electric fields

* Longitudinal electric fields can accelerate particles in direction of proton bunch
 Transverse electric fields can focus particles

* A ‘witness’ bunch of e.g. electrons placed appropriately can be accelerated by
these strong fields




Plasma considerations

Based on linear fluid dynamics :
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High gradients with :
» Short drive beams
* Pulses with large number of particles

Relevant physical quantities :

» Oscillation frequency, wp

* Plasma wavelength, Ap
 Accelerating gradient, E

where :

* np is the plasma density

* e is the electron charge

* &0 is the permittivity of free space
* me is the mass of electron

* N is the number of drive-beam particles
* 07 is the drive-beam length

Plasma wakefield acceleration first proposed by T. Tajima and J.W. Dawson, Phys. Rev. Lett. 43 7
(1979) 267; use of particle beams proposed by P. Chen et al., Phys. Rev. Lett. 54 (1985) 693.



Plasma wakefield experiments

a Dispersion (mm)
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* Pioneering work using a laser to induce " .
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wakefields up to 700 GV/m. -

- Recent success of 8 GeV at BELLA* Scaloping i the beam

» Experiments at SLACS used a particle
(electron) beam :

- Initial energy Ee = 42 GeV
- Gradients up to ~ 62 GV/m
- Energy doubled over ~ 1 m

- Particles in head of beam ‘transferred’ b
energy to particles in tail ‘

» Ongoing electron-driven projects at:
- FACET-Il at SLAC
- FLASHForward at DESY
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Proton-driven plasma
wakefield acceleration and
the AWAKE experiment



Why protons ?

Lasers do not have enough energy :

» Can not propagate long distances in plasma
« Can not accelerate electrons to high energy
 For high energy, need multiple stages.

Electrons also limited by initial energy :
* Many stages needed to accelerate to the TeV scale using known electron beams

Proton beams at TeV scale and with high stored energy are around today : what about
using protons ?

Laser/electron driver

Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Plasma cell Witness beam

Drive beam: electron/laser

Proton driver

Plasma cell Witness beam

_/

Drive beam: protons
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Proton-driven plasma wakefield acceleration
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Long proton bunches ?

Use self-modulation where micro-bunches are generated by a transverse modulation of

the bunch density.

N. Kumar, A. Pukhov, K.V. Lotoy,
Phys. Rev. Lett. 104 (2010) 255003

P

Long proton beam

&

Neutral plasma

» Micro-bunches are spaced A, apart and have
an increased charge density.

» Micro-bunches constructively reinforce to give
large wakefields, GV/m.

* Seeded self-modulation allows current
beams to be used.

Self-modulated driver beam

laser

-

Vapor
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AWAKE experiment at CERN
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AWAKE physics and timeline

2013 2016

2019 2020 2021-

Proton and Installation
laser beam-

line
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AWAKE was approved as a CERN project in August 2013.
Demonstrate and understand self-modulation of long proton bunch [2016-38].

Sample high-gradient wakefields with electron bunch and accelerate to
O(GeV) [2018].

AWAKE Run 2 [2021-].
Then HEP applications ...

14



AWAIKE—

AWAKE schematic
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AWAKE proton beam

Parameter Protons
Momentum (GeV) 400
Momentum spread (GeV) 0.14
Particles per bunch 3 x 10M
Charge per bunch (nC) 48

Bunch length (cm) 6—12 (0.4 ns)
Norm. emittance (mm mrad) 3.5
Repetition rate (Hz) 1/30

Spot size at focal point (um) | 200+20 |
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AWAIKE—

AWAKE plasma cell
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AWAKE plasma cell requirements

The physics goals and technological feasibility place constraints on the plasma cell:
* Length, L~ 710 m.

« Radius, rp, larger than three proton bunch rms radii or ~ 7 mm.

« Density, ne, in the range 71074 - 1075 cm=3.

 Density uniformity, dne/ne of order 0.2% or better.

* Reproducible density.

« Gas/vapour easy to ionise.

 Allow for seeding of self-modulation.

« High-Z element to avoid background plasma ion motion.

A rubidium vapour source held at about 200 °C with default density 7 x 1074 cm=3 (Ap ~
1.2 mm) chosen.

E. Oz, F. Batsch and P. Muggli, IPAC2014 Proc., p.1522;

E. Oz and P. Muggli, Nucl. Instrum. Meth. A 740 (2014) 197. 18



Laser
Ti:sapphire laser needed for: Parameter Value
* lonising vapour and seeding self- Central wavelength (nm) | 780

modulation in plasma.
« Diagnostic beam line.
« Beam to electron source.

Pulse length (fs) 120
Maximum energy (mJ) 450

Focused size (mm) 1
N \ . ‘ |
R ‘.‘;/‘ R
— ) ] / F
| D\ /4



AWAIKE—

Electron beam
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» Electron bunch up to ~650 pC, 0 ~ 4 ps

 Produced at 5.5 MeV

« Accelerated up to 20 MeV
18 m beam line to plasma cell




Results from AWAKE Run 1
and plans for AWAKE Run 2
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Proton micro-bunching
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« Started with physics in Q4/2016 and continued through 2017-8.

« Various beam diagnostics to characterise proton beam and its modulation
* Indirect measurement using two screens to measure transverse profile.

» Direct measurements of modulation, i.e. micro-bunch structure through
measuring transition radiation. 22



Proton bunch modulation ... e . — plasmaon
A A WENNELEEES interpolation
 Clear defocusing of proton bunch. | — = plasma off
- Effect shows presence of strong £ 106
transverse electric fields. S
O_
105?

—201
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_60_
 Clear micro-bunching of proton beam.
« Spacing consistent with plasma wavelength.

» Reproducible, with a constant phase and stable
event-by-event.

Time (ps)

* This shows that we observe and understand
seeded self-modulation.

—160+ . . - . .
e This is crucial for injection of electrons which

~180 will happen at a given point.

M. Turner et al. (AWAKE Coll.), “Experimental observation of plasma wakefield growth driven
by the seeded self-modulation of a proton bunch”, Phys. Rev. Lett. 122 (2019) 054801.

E. Adli et al. (AWAKE Coll.), “Experimental observation of proton bunch modulation in a 23
Spa ce (mm) plasma at varying plasma densities”, Phys. Rev. Lett. 122 (2019) 054802.

—200




Self-modulation of proton bunch

290 1
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N 230-

- Fit with mode values
Fit uncertainty
$ Mean & Standard Deviation

fmoa \/npe

1 2 3 4 56 78 10
Rubidium vapor density (10**cm—3)

Seeded self-modulation frequency dependency on plasma density scales with expected
square root of density. 24



Direct measurement using OTR - reproducibility

Laser off, no plasma

,plasma, -

Micro-bunches present over a long time-scale from seed point.

They are reproducible, with a constant phase and stable event-by-event.

This shows that we observe and understand seeded self-modulation.

This is crucial for injection of electrons which will happen at a given point.

F. Batsch et al. (AWAKE Coll.), “Transition between instability and seeded self-modulation of a relativistic particle bunch in plasma”, PRL 126 (2021) 164802.



AWAIKE—

J. Bauche et al., “A magnetic
spectrometer to measure
electron bunches accelerated at
AWAKE”, NIM A940 (2019) 103.
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Electron acceleration signal
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Electron acceleration reproducibility
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Electron acceleration energy dependence
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» Acceleration to 2 GeV is a great achievement. . Adi ot al. (AWAKE Coll, “Acceleration o
. . . . ] . electrons in the wakefield of a proton bunch”,
« Simulation/theory predicted similar energy gains. Nature 561 (2018) 363.

Experiment not optimised for electron injection.

Accelerated charge O(pC) is low; have since achieved up to ~700 pC. 29



AWAKE Run 2

Demonstrate possibility to use AWAKE scheme for high energy physics applications in mid-term future.
» Accelerate electron bunches to high

Electron source system

energy (gradient 0.5 - 1 GV/m).
Laser beam .
g~ IE— Preserve electron bunch quality
e \ Rqucfri d qst plasma cell: Electron source system (em|ttance preservation ~ 10 ,UITI)
p If-modul
. Flecron beamSETMOAARIOT | - Demonstrate scalable plasma source
- e NEW: densitystep  ppsrucurs AR technology.
] —

“ 2" plasma cell:

|
— p Electron beam accelerator
= . 10 m Rb Plasma
B ’ NEW

Proton beam

| | S |

« Run 2a): Demonstrate electron seeding of ij 2. |
~ VI

modulation in first plasma cell. x | = Ldus N
~ S— u

* Run 2b): Demonstrate stabilisation of micro- Laser beam T\\//\
bunches with a density step. NEW: back-propagating

* Run 2c¢): Demonstrate electron acceleration |
and emittance preservation. Laser

dump
* Run 2d): Demonstrate scalable plasma
sources.

 Then applications to particle physics experiments by end of decade
- Are there experiments that require an electron beam of O(60 GeV) ?
- Using the LHC beam as a driver, TeV electron beams are possible. 30




Applylng AWAKE technology

Plasma wakefield acceleration in general aims to produce new accelerators.

« The AWAKE scheme is focused on particle physics applications; higher energy and /
or shorter accelerators.

« Compared to RF accelerators, with their rich history:
v Pure energy gain looks possible, e.g. 200 GeV electrons from SPS proton driver#.
» Having high bunch charge looks possible.
» Emittance and beam size need to be demonstrated, but look promising.
- Repetition frequency is still way behind RF accelerators.
- Reproducibility is key and needs further work.

« The idea to build a high energy, high luminosity e*e- collider as the first application is
very ambitious.

« Should also consider applications with high energy and lower luminosity as well as
pursuing R&D for the ultimate machine.

* There are not many high energy electron beams out there:
= Secondary SPS electron beam (up to ~700 GeV), but with low intensity.
= High intensity, but Ee ~ 20 GeV for FELs. 31

# K. Lotov and P. Tuev, “Ultimate plasma wakefield acceleration with 400 GeV proton driver”, arXiv:2105.10140.



HEP applications

Considered applications with electron bunches:

Ee ~ 50 GeV, wakefields driven by SPS protons; higher now looks possible.
Ee ~ TeV, wakefields driven by LHC protons.

Possible ideas are:

Accelerator or detector test facility.
Injector for e.g. EIC.

Fixed-target/beam-dump experiments for deep inelastic scattering or dark-photon
searches.

Non-linear QED in electron-laser collisions.
TeV-scale electron—proton colliders, Ee = 50 GeV up to Ec = 3 TeV.
Booster in conjunction with conventional accelerator.

Other possible ideas:

Accelerate muons (rather than electrons) to high energy.
Heavy ions as the driver.

A. Caldwell et al., arXiv:1812.11164.
W. Bartmann et al., CERN-PBC-REPORT-2018-005. 32
M. Wing, Phil. Trans. R. Soc. A 377 (2019) 20180185.



Enabling the search for dark
photons



The hidden / dark sector

« Baryonic (ordinary) matter constitutes ~5% of known matter.

- What is the nature of dark matter ? Why can we not see the dominant constituent
of the Universe ?

» The LHC (and previous high energy colliders) have found no dark matter candidates
so far.

« LHC to continue the search for heavy new particles such as those within
supersymmetry.

 Also direct detection experiments looking for recoil from WIMPs

» There are models which postulate light (GeV and below) new particles which could be
candidates for dark matter.

* There could be a dark sector which couples to ordinary matter via gravity and possibly
other very weak forces.

34



Dark photons

A light vector boson, the “dark photon”, A’, results from a spontaneously broken new

gauge symmetry, U(1)p.

The A'kinetically mixes with the photon and couples primarily to the electromagnetic

current with strength, ce

quarks, leptons '\/\M\/\,

w*. z
xg ) y E

Standard Model| 7 4/[ Hidden Sector-

dark matter?

A’ (massive)

J

_6 Y,uv 1o/
AL =S FYMF,,

Growing field of experiments with many running or starting or proposed at JLab, SLAC,

INFN, Mainz, etc.
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Search for dark photons

« Several ways to look for dark photons:
- A: bump-hunting, e.g. ete~ — yA’
- B: displaced vertices, short decay lengths
- C: displaced vertices, long decay lengths

1074 « Search for dark photons, A’, up to (and beyond)
A GeV mass scale via their production in a light-
shining-through-a-wall type experiment.
. » Use high energy electrons for beam-dump and/
= IMom‘s Gap or fixed-target experiments.
Q
:0 e— e- A’ /e-l-,
2 0 ) s =
£ \)&Q‘;& \Y{
@C@ /?\
e— _ X
10_16 \ e”””””””A? 777777777 *<>_<
1 MeV A' Mass 10 GeV 1
e 36

J. Alexander et al., arXiv:1608.08632



Electrons on target

- - i et
Similar to NA64 experiment @CERN using : T A *<_:
~100 GeV electrons from SPS secondaries. . ©

Propose to use electrons accelerated by
AWAKE to 50 GeV+

AWAKE would provide bunches, so beam- R vokms, 10-20m AL \
dump experiment. DG =i °= 20.*80%

Tungsten target Magnet ECAL/HCAL
width, 10-150 cm ¢

NAG4 will receive about 106 e~/spill or 2 x 105 e~/s from SPS secondary beam
= Ne ~ 1072 e~ for 3 months running.

AWAKE-like beam with bunches of 109 e~ every (SPS cycle time of) ~6sor 2 x 108 e7/s
(1000 x higher than NA64/SPS secondary beam)

= Ne ~ 1075 e~ for 3 months running.

Will assume that an AWAKE-like beam could provide an effective upgrade to the NAG4
experiment, increasing the intensity by a factor of 7000.

Different beam energies or higher intensities (e.g. bunch charge, SPS cycle time) may

be possible, but are not considered in this talk.
37



Limits on dark photons, A’ — e* e~ channel
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A. Caldwell et al., arXiv:1812.11164
M. Wing, Phil. Trans. R. Soc. A 377 (2019) 20180185.

For 1070 — 1073 electrons on
target with NAG4.

For 1076 electrons on target with
AWAKE-like beam.

Using an AWAKE-like beam
would extend sensitivity further:

- around € ~ 10-3 - 10-°.
- to high masses ~ 0.1 GeV.

A 1 TeV goes to even higher
masses:

- similar € values.
- approaching 1 GeV.

- beyond any other planned
experiments.

Recent simulations, with 200 GeV, would
have sensitivity in between those shown.



Matter and the strong force
at the highest energies



High energy electron—proton collisions

*\\:\ £ q Proton
k ——
_E|e_k>tron_( kl “% Zjé%é — *
N
~
A
Elektron (k')

Deep inelastic scattering is the way to study
the structure of matter.

When does the complex structure “level out”
or “saturate” ?

Tells us a lot about the strong force: parton
interactions, as, etc.

Is there further partonic substructure ?

Energy scale or resolution,
Q2 = —-(k-kK')?

Parton momentum fraction, x

Understand hadronic cross sections as
a function of these variables.




Very high energy electron—proton collisions,
VHEeP

» What about very high energies in a
(c) completely new kinematic regime ?

* Choose Ec = 3 TeV as a baseline for a

LHC new collider with £, = 7 TeV = Vs = 9 TeV.

| S » Acceleration of electrons in under 4 km.
» Can vary the energy.

» Centre-of-mass energy %30 higher than

HERA.

0 2 46 ﬁ% k10 12 14 16 « Reach in (high) Q2 and (low) Bjorken x
, KN extended by x1000 compared to HERA.

A. Caldwell & K. Lotov, Phys. Plasmas 18 (2011) 103101

Idea presented at various workshops and published*. Also had a workshop to expand
particle physics case:

https://indico.mpp.mpg.de/event/5222/overview

41
*A. Caldwell and M. Wing, Eur. Phys. J. C 76 (2016) 463


https://indico.mpp.mpg.de/event/5222/overview

Plasma wakefield accelerator

plasma

dump / accelerator
P

f'Ne'NP
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For few x 107 s, have 1 pb-1/ year of
running.

Other schemes to increase this value ?

« Emphasis on using current infrastructure, i.e.
LHC beam with minimum modifications.

 Overall layout works in powerpoint.

* Need high gradient magnets to bend protons
into the LHC ring.

* One proton beam used for electron
acceleration to then collider with other proton
beam.

* High energies achievable and can vary
electron beam energy.

« What about luminosity ?

« Assume
« ~3000 bunches every 30 mins = f~ 2 Hz.
* Np~4 x 107, Ne ~ 1 x 107
c0~4um

Physics case for very high energy, but
moderate (70-700 pb-7) luminosities. 42



Physics at VHEeP

 Cross sections at very low x and observation/evidence for saturation. Completely
different kind of proton structure.

» Measure total yP cross section at high energies and also at many different energies;
relation to cosmic-ray physics.

 Vector meson production and its relation to the above.

» Beyond the Standard Model physics; contact interactions, e.g. radius of quark and
electron; search for leptoquarks.

* Proton and photon structure, and eA scattering. Also related to saturation and low x.

» Tests of QCD, measurements of strong coupling, etc.. l.e. all usual QCD
measurements can and should be done too in a new kinematic regime.

* Relation of QCD and gravity ?

43



Total photon—proton cross section
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« Multiple measurements can be made with low luminosities.
« When does the cross section stop rising ?

* Relation to cosmic-ray physics.
* Great example of where you really gain with energy.

10°

— 4
10
Photon-proton centre-of-mass energy, W (GeV)
Energy dependence of hadronic cross sections poorly understood.

Equivalent to a 20 PeV
photon on a fixed target.
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Oor meson cross sections

VHEeP reach
H1/ZEUS
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ALICE/LHCb

VHEeP, \s

10 10° 10° 10"
Photon-proton centre-of-mass energy, W (GeV)

Strong rise with energy related to gluon
density at low x.

Can measure all particles within the same
experiment.

Comparison with fixed-target, HERA and
LHCb data—Iarge lever in energy.

At VHEeP energies, a(J/w) > o(p) !
Onset of saturation ?

fy* J/f(/)

Martin et al., Phys. Lett.
B 662 (2008) 252



Virtual-photon—proton cross section

o (mb)

Q? = 0.25 GeV?

o HERA/fixed target

¢ VHEeP reach

2

— _xMOY
_ e(B(Qz)\/Iog(1/x))

10 102 10 10"
W (GeV)

Cross sections for all Q2 are rising;
again luminosity not an issue, will
have huge number of events.

Depending on the form, fits cross;
physics does not make sense.

Different forms deviate significantly
from each other.

VHEeP has reach to investigate
this region and different behaviour
of the cross sections.

Can measure lower Q2, i.e. lower x
and higher W.

Unique information on form of
hadronic cross sections at high
energy.

VHEeP will explore a region of QCD where we have no idea what is happening.
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Leptoquark production | |
Electron—proton colliders are the ideal

machine to look for leptoquarks.

s-channel resonance production
possible up to Vs.

Reach of LHC currently about 7 TeV, to
increaseto 2 - 3 TeV.
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= * 90 % upper limit v
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ZEUS Coll., Phys. Rev. D 86 (2012) 012005

Sensitivity depends mostly on Vs and VHEeP = 30 x HERA 47




Summary and discussion

« Plasma wakefield acceleration could be a technology of the future for particle physics
experiments.

« The AWAKE collaboration has an exciting programme of R&D aiming to develop a
useable accelerator technology.

» Have started to consider realistic applications to novel particle physics experiments:

- Fixed-target/beam-dump experiments in particular those sensitive to dark
photons.

- Electron—proton collider up to very high energies.

« Work continues studying boundary conditions / possibilities from physics, technical
and integration side, e.g. repetition rate, tunnel space, etc..
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Back-up
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Conventional accelerators

accelerating cavities Circular colliders :
] oo
DA « Many magnets, few cavities so

strong fields needed;
/ .  High synchrotron radiation;
 High repetition rate leads to high
e+ e- luminosity.

damping ring

======e"gsﬂ====== @

source main linac _ couriagy rl. Braun
beam delivery

Linear colliders :
* Few magnets, many cavities so efficient RF power production needed,;
* Single pass so need small cross section for high luminosity and very high beam quality;

* The higher the gradient, the shorter the linac.
50



Proposed linear accelerators

* Few magnets, many cavities so Parameter ILC CLIC
efficient RF power production needed; Ecm (TeV) 0.1—1 0.4—3
* Single pass so need small cross Bunch separation (ns) 369 0.5
section for high luminosity and very high |No. particles/bunch 2 x 1010 4 x 109
beam qua“ty; No. bunches/train 2625 312
» The higher the gradient, the shorter Repetition rate (Hz) 5 50
the linac. Accelerating gradient (MV/m) 31.5 100

Beam size (nm2) 640 x 5.7 40 x 1

e+ bunch
Damping Rings IR & detectors compressor
\ e- source
e- bunch e+ source
compressor positron 2 km
main linac
11 km
central region
5 km
electron
main linac
11 km 51

2 km




Plasma wakefield acceleration applications

Plasma wakefield acceleration could have applications in many areas of science and
industry where accelerators are needed.

» Miniaturisation and ‘table-top’ accelerators
« E.g. medical applications, XFELSs, etc.

Will here focus on general principles and successes of plasma wakefield acceleration
but with definite focus on its application to high energy physics.
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First laser-driven plasma wakefield experiments

2004 result: 70 TW laser, mm scale plasma

Electron sensitive
image plate

International weekly journalof

Charge density
(e~ MeV-1sr)
6x1013 5
Dream beam
The dawn o fw
0 s of air ! ne 1oma]land

Electron energy (MeV)

S. Mangles et al., Nature 431 (2004) 535

~ 100 MeV beams. C.G.R. Geddes et al., Nature 431 (2004) 538
J. Faure et al., Nature 431 (2004) 541

High intensity
laser beam

! Collimator

Supersonic gas jet

Divergence (mrad)

Electromagnet

wnJyoads ABisus U098 Jo uoeluasalday

2006 result: 40 TW laser, cm scale plasma

First GeV beams.

w

x108[pC/GeV/SR]
- \)

0.03 0.150.175 0.3 04 0.6 0.8 1.0[GeV]

W.P. Leemans et al., Nature Phys. 2 (2006) 696

K. Nakamura et al., Phys. Plasmas 14 (2007) 056708 53



Accelerator based on laser plasma wakefield
acceleration

Figure 6. A 2-TeV electron-positron collider based on laser-
driven plasma acceleration might be less than 1 km long. Its
electron arm could be a string of 100 acceleration modules,
each with its own laser. A 30-J laser pulse drives a plasma
wave in each module’s 1-m-long capillary channel of pre-
s formed plasma. Bunched electrons from the previous module
- = gain 10 GeV by riding the wave through the channel. The
’ chain begins with a bunch of electrons trapped
' : : from a gas jet just inside the first module’s
\§1 Zop, %y, plasma channel. The collider’s
Pos, positron arm begins the same
Ons ‘ way, but the 10-GeV elec-
trons emerging from its first
- module bombard a metal
target to create positrons,
which are then focused and

e Straw-man
design of such a
scheme for a

Laser i . .
. . . 2 injected into the arm’s string
linear collider. of modules and accelerated
« Need muItipIe Gas jet just like the electrons.

acceleration Posi Jucti e W. Leemans, E. Esarey,
stages. D fron procucHon g L Physics Today, March 2009

» Acceleration using 100 stages of 10 GeV each. o

» Assume laser with high repetition rate, O(70) kHz.



Scaling in laser-driven plasma experiments

Energy gain limited by laser energy depletion

* Depletion length: Lp « n-32

* Accelerating gradient: E « n2

* Energy gain: W « n-7

Staging is necessary to reach high energies
Example for a single stage

W-~1GeV W~ 10 GeV
n~ 1078 cm3 n~ 1017 cm3
Lp~3cm — [p~Tm

Ulaser ~1J Ulaser ~40J
Plaser ~ 100 TW Plaser ~ 1 PW

5000¢

e-beam energy gain (MeV)

100}

LPA Experiments (single stage)

P n
(= o
o o
(=] (=]

500¢

200¢

N
S
A

.. @ LBNL 2014 1
“ Ay x —

\\ / n

Texae2013 N
“\LBNL 2006

N @

Y
LLNL 2010 > ®
010 *@  “RaL 2009

A
MPQ 2010 \\.

*. U.Mich 2008
LOA 2006™ -

APRI 2008 '\\

S
A

o
LOA 2004 .
LBNL 2004

N
RAL 208‘: \\

.
.

5x101%10'®  5x101% 10"
plasma density, 7, (cm™)

E. Esarey, LCWS2015
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Latest results from BELLA laser, LBNL

Using a 0.85 PW laser pulse and
20 cm plasma:

« E=7.8GeV,Q=5pC
- E=6GeV, Q=62pC
Beating previous record of 4.2 GeV

Simulations described the results

* (Goal to achieve 10 GeV bunches at
BELLA.

* Investigate using two stages.

» Can then envisage multiple 10 GeV
stages for high energies, although
staging is a major challenge ...

A.J. Gonsalves et al., Phys. Reuv.
Lett. 122 (2019) 084801.
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Combining laser fibres

Coherent combination of diode-pumped fibre lasers could lead to high-power, high-
efficiency lasers.
Repetition rates of O(70) kHz

Challenge: need to combine ~ 7104 fibre lasers

ICAN: International Coherent ':I ~
Amplification Network d l\ !

Figure 1| Principle of a coherent amplifier network. An initial pulse from a seed laser (1) is stretched
(2), and split into many fibre channels (3). Each channel is amplified in several stages, with the final
stages producing pulses of ~1mJ at a high repetition rate (4). All the channels are combined coherently,

compressed (5) and focused (6) to produce a pulse with an energy of >10 J at a repetition rate of
G. Mourou et al., Nature ~10kHz (7).

Photonics 7 (2013) 258

—
17’
\

L/

PHIL SAUNDERS



FACET project at SLAC

Facility for Advanced Accelerator Experimental Tests at SLAC was a five-year
programme by SLAC, UCLA, University of Oslo and Ecole Polytechnique to investigate:

« Two-bunch experiments: acceleration of a witness bunch.

* Metre-scale plasmas

Damping Ring FACET Beamline
* H Ig h g rad Ients .. Sector 10 Chicane Notch W-Chicane
Arc (Initial Collimator /
4 compression)

« Low energy spread

Acceleration

(Not to scale)

Acceleration

J

X AA

Interaction
Point (IP)

Final

A4

ocus

« High efficiency
* Acceleration with e*

Transport

« Emittance preservation

Electron or positron bunch:
« E=20GeV

« Q=3nC

* Ozr=20um

e £~100um

Compressor

OTR Diagnostic

Plasma QOven

Spectrometer

OTR Diagnostic 6,0

Cerenkov
Diagnostic

Gamma Ray
Diagnostic

Beam Dump
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FACET two-bunch results 1.3 m plasma
y (mm)
0 5 10 15 20 25

1.7 GeV energy gain in 30 cm

[No Plasma Interaction )
- of Li vapour plasma.

E |
€ 5 250
X

» 2% energy spread.

A
Opmmoae 200« Accelerated bunch has
E focus ~ ~° ‘?'E Charge ~ 70 pC
L 150 £
%5; 9 * Up to 30% wake-to-bunch
C energy transfer efficiency
- 100
T 120F —— Simulation (mean 18%).
& [ —— Dat . .
g 80F__ oo 50 * 6 GeVenergygainin 1.3 m of
Q 40f plasma.
o
16 18 20 22 24
Energy (GeV)

M. Litos et al., Nature 515 (2014) 92



FACET positron acceleration

10

* Energy gains of about 5 GeV — Moo
over 1.3 m of plasma. . 200 > o
. 0 = 150 © |60
Energy spread about 2%. E ; Q |0
« 30% energy efficiency from =< j100 T @Y
-5 'Q
wake. © g %
« Charge of up to 200 pC. 10 —0 0
* Note this is single-bunch 10 120 6
running. _1007;\ 0
» Application to ‘afterburner’ for o 1860 (3 |{40
high energy positrons. E leo Q Mo
= lso w [0
-5 O
{20 % 10
, 10 22 24 26 28 30 °
FACET-II programme aims to: 7 E (GeV)
* Have higher energy acceleration
o Higher charge S. Corde et al., Nature 524 (2015) 442
* Lower energy spread 60

 |Investigate positrons as well as electrons

mm'1)

-1

Charge density (pC GeV

Charge density (pC GeV' mm'1)



FLASHForward

; . technical design in progress,
Future-oriented wakefield-accelerator research and development at FLASH experiments to start in 2016, run for 4 years+

Conceptual design concluded,

FLASH capabilities of particular interest for plasma-wakefield studies

FEL-quality driver beam at 1.25 GeV, post-compression for ~10 kA level peak current
variable longitudinal beam shape (e.g. triangular)

20 fs level laser-to-beam synchronization for diagnostics/laser-triggered injection schemes

\
\Q(// >
o ~80m
o=
o) o designed for simultaneous operation with FLASH 1 and 2
@ FLASH 2 FEL T
rac;da\_-:,’ ::- WSt — 3 Laser/plasma Witness
\}*%Y\ - Extraction ™% -~ Differential % photon diagnostics dump
?/ T —— pumping o I: /
A\ - bt pal R g B =
Driver dump TDS (optional) Undulator ]
ats,100 uJ m Beam matching and focussing section Beam diagnostics section X-ray diagnostics

Probe/ionization lasers

Main objectives:

> demonstration of novel beam injection schemes for unprecedented quality from a plasma with

> 2.5 GeV, ~fs duration, ~100 nm norm. emittance, > kA currents, ~%o uncorrelated energy spread
> the application of these beams in undulators to test feasibility of FEL gain
> investigation of stability of and control over plasma-accelerated beams

» ® . Contact Jens Osterhoff
| DESY | jens.osterhoff@desy.de
“® " for more details
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A

ete— collider based on beam-driven plasma
wakefield acceleration

~4.5 km
e Straw-man < >
. New concept for a PWFA-LC
design of sucha . = CW option with recirculation

Main e+ beam (CW) :
Q=1.0x 10%%* @ 15 kHz

P

‘BDS and final focu's,
(3.5 km)

scheme for a Q=1.0 x 10%%- @ 15 kHz
. . Pz fina = 12 MW
linear collider.

* Need multiple
acceleration
stages.

Magnetic chicanes: 4 ns delay

.
<z - < >

Main e-plasma acceleration (0.5 km) ~ 'miectioneveryhalfturn, Main e+ plasma acceleration (0.5 km)
C=1000m, P?Jpgg =8%

* Acceleration to

-

.

500 Ge V over Drive beam after accumulation: Accu- » dpasses Recirculating SCRFCW linacs
0 5 k Trains of 20 bunches, 4 ns apart @ 15 kHz mulator Each linac:3.16GV, 19 MV/m, 250m
- m. Eacharc:437.5m
a4 -
Drive beam (CW) :
€ 250 > E=25GeV,
MB bunch Waiching 38 Q=2.0 x 10%% @ 15x40kHz
@ 15kHz injection 0P 1cm ume Pogintsi = 2X 28 MW
4 I . A Main beam structure
) coe e- source
Plasma cell v @ v v
zpews ~ 187 um AE=25 GeV = ;
@ injection R Drive beam structure out of linac :
~1m < @ ©® E. Adli et al., Input
. % to Snowmass,
unchtrain 4 nsdela o e
@ 15kHz 4 §~10 mrad Drive beam structure out of acc.ring arXiv:1308.1145
0ol - - - - - - - v we w vew
ns” IFastkicker (4_'\_3‘. A NN




Proton micro-bunching

Phase 1: understand the physics of self-modulation process in plasma

fo 5> o

Rb vapor, 10m
1-10x1 0“cm4

No Plasma Plasma

-

—

m— y Core + Ha

e

. _s_" .

\ / .
N/

Screen 1 —| — Screen 2
OTR CTR

« Started with physics in Q4/2016 and continued through 2017-8.

« Various beam diagnostics to characterise proton beam and its modulation
* Indirect measurement using two screens to measure transverse profile.

» Direct measurements of modulation, i.e. micro-bunch structure through
measuring transition radiation. 63
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AWAKE physics and timeline

2013 2016

2019 2020 2021-4

Proton and Installation
laser beam-

line

<Lo&g, Shutdown 2
24 months

Modification, Civil Engineering and
installation

uluoissiwwo)

Experimental
area

Electron
source and
beam-line

Fabrication Installation

Suiu
oISSIWwWwo)

AWAKE was approved as a CERN project in August 2013.
Demonstrate and understand self-modulation of long proton bunch [2016-38].

Sample high-gradient wakefields with electron bunch and accelerate to
O(GeV) [2018].

AWAKE Run 2 [2021-4].
Then HEP applications ...
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AWAKE proton beam

Parameter Protons
Momentum (GeV) 400
Momentum spread (GeV) 0.14
Particles per bunch 3 x 10M
Charge per bunch (nC) 48

Bunch length (cm) 6—12 (0.4 ns)
Norm. emittance (mm mrad) 3.5
Repetition rate (Hz) 1/30

Spot size at focal point (um) | 200+20 |

L% \[ - —

R :
\}\,\\ he—
R

750 _;j proton beam line - |




AWAIKE—

AWAKE plasma cell

10m
s |, ) ,' 2014
weT S ( O &
A\N
Vi
wwports Aperture
F. Batsch (MPP)
> E. Oz (MPP)
R. Kersevan (CERN)
G. Plyushchev (CERN/MPP/EPFL)
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ﬁ“
~10m |.
l\
Rb Reservoirs ! \
: Z
Expansion Volumes >

~ . N
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AWAKE plasma cell requirements

The physics goals and technological feasibility place constraints on the plasma cell:
* Length, L~ 710 m.

« Radius, rp, larger than three proton bunch rms radii or ~ 7 mm.

« Density, ne, in the range 71074 - 1075 cm=3.

 Density uniformity, dne/ne of order 0.2% or better.

* Reproducible density.

« Gas/vapour easy to ionise.

 Allow for seeding of self-modulation.

« High-Z element to avoid background plasma ion motion.

A rubidium vapour source held at about 200 °C with default density 7 x 1074 cm=3 (Ap ~
1.2 mm) chosen.

E. Oz, F. Batsch and P. Muggli, IPAC2014 Proc., p.1522;

E. Oz and P. Muggli, Nucl. Instrum. Meth. A 740 (2014) 197. 67



Laser
Ti:sapphire laser needed for: Parameter Value
* lonising vapour and seeding self- Central wavelength (nm) | 780

modulation in plasma.
« Diagnostic beam line.
« Beam to electron source.

Pulse length (fs) 120
Maximum energy (mJ) 450

Focused size (mm) 1
N \ . ‘ |
R ‘.‘;/‘ R
— ) ] / F
| D\ /4



AWAIKE—

Electron beam

__Transfer line %

7T
e ; L
‘ 7
nd Poos

..J?&‘

N

§.~D.Lgnostlcs

struc}ure

s L-! .k

» Electron bunch up to ~650 pC, 0 ~ 4 ps

 Produced at 5.5 MeV

« Accelerated up to 20 MeV
18 m beam line to plasma cell




Two-screen indirect measurement

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

geam envelope

Plasma cell

- to be measured - . =2m | ~8m

» Look for transverse development of proton beam on two screens:
- Take images when plasma is off (“normal” propagation of proton beam).
- Take images when plasma is on (and affected by plasma wakefields).
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Direct measurement using optical transition
radiation (OTR)

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

0
I

OTR

« Transition radiation occurs when charged particles pass through a boundary between
two media.

» Place (alumnium) foil in the proton beam and measure optical (OTR) and measure
emitted photons with a streak camera.

- A streak camera measures the temporal characteristics of a light pulse.

- Expect to see large light output for micro-bunched protons and lower light output in
between. 74



ATWAKE

Self-modulation of proton bunch
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E. Adli et al. (AWAKE Coll.), “Experimental observation of proton bunch modulation
plasma at varying plasma densities”, Phys. Rev. Lett. 122 (2019) 054802.



Self-modulation of proton bunch

290 1
270
2501

N 230-

- Fit with mode values
Fit uncertainty
$ Mean & Standard Deviation

fmoa \/npe

1 2 3 4 5 6 78 10
Rubidium vapor density (10'4cm—3)

Seeded self-modulation frequency dependency on plasma density scales
with expected square root of density. 73



Direct measurement using OTR - reproducibility

: Laser
. marker

1 event =——— 10 events

Back Front fi i

« Streak camera image from 10 consecutive events aligned
single event to laser marker

Image looks nicer !
Bunches add and align.
Modulation fixed wrt seed.

« What about multiple
events ?
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ATWAKE

Direct measurement using OTR - reproducibility
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Laser == - Laser | . Laser . . Laser . Laser -
Pulse . Pulse ~ Pulse ' Pulse _  Pulse
. - | P o0ps . SRR

“
"

7z

B b2 },: ‘. .'.- t..: (;:‘ 5 ‘ L T R b i gt : o '. 0
GULBER ARG
; Ry A A R B & R SR R

D ' tﬁ s ."" Sy e PR, 2 i, TR b o S v ‘

P. Muggli

..5"‘ hy ot 3 a0
P CR L
W' b AL

no plasma

A el
‘;1,....;




Stable proton micro-bunches

» Micro-bunches present over a long time-scale from seed point.

* They are reproducible, with a constant phase and stable event-by-event.

» This shows that we observe and understand seeded self-modulation.

* This is crucial for injection of electrons which will happen at a given point.
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Spectrometer analysis

oy . Geometric corrections
Position <> energy conversion

V;

cosf;

0 200 400 600 800 1000

x / mm

xr mim

CCD count < charge conversion Background subtraction

E. Adli et al. (AWAKE Coll.), “Acceleration of electrons in the

plasma wakefield of a proton bunch”, Nature 561 (2018) 363. 77



Electron acceleration reproducibility
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Electron acceleration paper
« Data taken on 26 May

Submitted to Nature o.n 22 June. nature

Accepted by Nature on 14 August.
Published online on 29 August. [: R [] w w | T H L [ F I'[]w

In print on 20 September.

Significant media attention appearing in the
regular press as well as scientific press.

THE ONLY WAY PARTICLE NEGATIVIE
ISETHICS ACCELERATION RESULT

L ) A MY L O

“And once again, thanks ever so much for coming to us with this paper... it is one that we
are exceptionally proud to have published?f, Nature Physical Sciences Editor. .



AWAKE data taking 2018

* Major milestones of AWAKE Run 1 achieved:
v Demonstration of self-modulation of proton bunch
v Acceleration of electrons in wakefields created by proton micro-bunches

« Since acceleration of electrons, have had three further data-taking periods.

* Have many new measurements:

- Stability of modulation process, i.e. constant phase and other investigations
of seeded self-modulation.

- Energy dependence of accelerated electrons on initial conditions such as
electron bunch injection angle, electron bunch delay, etc..

- Increased charge capture and dependence on conditions.
« Analyses ongoing; more results and papers to come.
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Possible particle physics experiments |

» Use of electron beam for test-beam campaigns.
- Test-beam infrastructure for detector characterisation often over-subscribed.
- Also accelerator test facility. Also not many world-wide.
- Characteristics:
> Variation of energy.
» Provide pure electron beam.
» Short bunches.

» Fixed-target experiments using electron beams, e.g. deep inelastic electron—proton
scattering.

- Measurements at high x, momentum fraction of struck parton in the proton, with
higher statistics than previous experiments. Valuable for LHC physics.

- Polarised beams and spin structure of the nucleon. The “proton spin crisis/puzzle
is still a big unresolved issue.

* Investigation of strong-field QED at the Schwinger limit in electron—-laser
interactions.
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Possible particle physics experiments I

e Search for dark photons a la NA64
- Consider beam-dump and counting experiments.

 High energy electron—proton collider

- Alow-luminosity LHeC-type experiment: Ee ~50 GeV, beam within 50-7100 m of
plasma driven by SPS protons; low luminosity, but much more compact.

- Avery high energy electron-proton (VHEeP) collider with \'s = 9 TeV, x30 higher
than HERA. Developing physics programme.

These experiments probe exciting areas of physics and will really profit from an AWAKE-
like electron beam.

 Demonstrate an accelerator technology also doing cutting-edge particle physics

Using a new . Hiah E e | High E, high
technology | "Ixed-target coﬂider g Iur%i ete- )
collider
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Proton-driven plasma wakefield acceleration
concept

Table 1| Table of parameters for the simulation.

Parameter Symbol  Value Units
Protons in drive bunch Np 10"

Proton energy Ep 1 TeV
Initial proton momentum spread op/P 0.1

Initial proton bunch longitudinal size o 100 uwm
Initial proton bunch angular spread 0p 0.03 mrad
Initial proton bunch transverse size Ox,y 0.43 mm
Electrons injected in witness bunch Ne 1.5 %10

Energy of electrons in witness bunch  E¢ 10 GeV
Free electron density Ny 6x10™ cm™3
Plasma wavelength Ap i385 mm
Magnetic field gradient 1,000 Tm™’
Magnet length 0.7 m

Note proton bunch length, 100 um; cf LHC, bunch length, ~70 cm
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Proton beams @ CERN

Parameter PS SPS SPS Opt LHC

E (GeV) 24 400 (450) 400 6500 (7000)
N, (1010) 13 11.5 30 11.5
AE/E (%) 0.05 0.03 0.03 0.01

0z (cm) 20 12 12 8

en (mm-mrad) 2.4 3.6 3.6 3.5

Or (Um) 400 200 200 20

» But the original proposal had a proton beam length of 700 um !

« SPS has high bunch energy and optimised for AWAKE with a higher bunch charge
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AWAKE Run 2

* Preparing AWAKE Run 2, after CERN LS2 and before LS3, 2021-4.
- Accelerate electron bunch to higher energies.

- Demonstrate beam quality preservation.
- Demonstrate scalability of plasma sources.

Electron

Optimized
SPS
protons

- —— =) -

<

Bunch compression, acceleration
7 € (~150s fs, > 50 MeV)

10m plasma

e spectrometer
e  emittance
measurement

Proton

beam

dump

Proton diagnostics

BTV,0OTR, CTR  Laser

SMI Acceleration dump

Preliminary Run 2 electron beam parameters

Parameter Value
Acc. gradient >0.5 GV/m
Energy gain 10 GeV
Injection energy 2 50 MeV
Bunch length, rms 40-60 pum (120-180 fs)
Peak current 200400 A
Bunch charge 67-200 pC
Final energy spread, rms few %
Final emittance < 10 um

O. Grulke

Max-Planck-Institut
fiir Plasmaphysik

hellcon antenn /"

wai:er-cOOIed -
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NAG64 experimental programme

NAG4 are an ongoing experiment searching for the dark sector. See various papers/
proposals from them.

Initial runs in SPS beam focusing on A’ — invisible channel.

Also measuring A' — e* e~ channel.

Signature:

* Initial 700 GeV e~ track

» Final < 50 GeV e~ shower in ECAL
* No energy in the veto or HCAL  4n calorimetry ~ MUoN!

HCAL

MUON3

MUON2

Veto

BGO Target
SR counters S1

e- tagging

Magnet #
MM — M3 NAG4 detector for A' — invisible channel.

H1

¥ Backgrounds essentially zero.

Similar detector for A’ — e* e~ channel
o S. Gninenko et al. with signature of two EM showers after
9 arXiv:1604.08432 gap when initial e~ hits target.

-, 50 - 150 GeV




Leptoquark production at the LHC
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Kinematics of the final state
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» Simulated events Q2 > 1 GeV?2
and x > 107

» Test sample of L ~0.01 pb-1

* Kinematic peak at 3 TeV, with
electrons scattered at low
angles.

« Hadronic activity in central
region as well as forward and
backward.

» Hadronic activity at low
backward angles for low x.

e Clear implications for the
kind of detector needed.
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Sketch of detector

Forward

Electron
spectrometer Central detector

Hadron spectrometer spectrometer

Dipole Dipole

o — \/ Y,

Low-x events
High-x events

High-Q? events

 Will need conventional central colliding-beam detector.

* Will also need long arm of spectrometer detectors which will need to measure
scattered electrons and hadronic final state at low x and high x.
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PIS variables
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* Access down to x ~ 10-8 for
Q2 ~ 1 GeV-2.

« Even lower x for lower Q2.

* Plenty of data at low x and
low Q2 (L ~ 0.01 pb~7).

« Can go to Q2 ~ 10° GeV=2 for
L~1pb.

100
Q? (GeV?) * Powerful experiment for

low-x physics where
luminosity less crucial.
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