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Linear Colliders

« Linear Colliders collide electron
and positron beams

- They are used for precision
particle physics studies

- To date, there has only been S ox e
one linear collider ever built: ~ HEST=GiE ==
The SLAC Linear Collider (SLC) pmet 2
which operated from 1986-1998 e

« 100GeV pCM in 3km , {@L{‘i
+ Technology does not scale well

to today’s energy frontier

ETURN

The ALEGRO (Advanced LinEar collider study GROup) Workshop will concentrate on
addressing the recent progress and necessary steps towards realizing a linear collider for

particle physics based on novel-accelerator technology




Linear Colliders and The Future of Particle Physics

- US Snowmass and European Strategy
visions seem aligned — maximize HL-
LHC and plan for a Higgs factory as a
next step

« Current vision of US P5 (Particle
Physics Project Prioritization Panel)
aligns with Michael Peskin’s original
ALEGRO provocation:

- We know how to build a Higgs
factory with relatively mature
technology (FCCee or ILC)

- AAC should focus on the energy
frontier: 10TeV

 European situation is less binary with
emergence and momentum of HALHF
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PWFA Experimental Program at FACET-Il is Motivated by
Roadmap for Future Colliders Based on Advanced Accelerators

J. Rosenzweig et al. [Nucl. Instr. and Meth. in Phys. Res. A 410 (1998) 532543
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Plasma Wakefield Experiments at the SLAC FFTB (1998-2006)

T ST
Ring (LER) petecr * () = 3.2nC/bunch
|
N D. Ri
orth amplng ing 88\332?\ ) ° 1 '1 OHZ
Pos:tron Retum Line Positron Source  Yard SlaEtiT)(r’\ A
&-gun (BS() & (ESA) ° 28 . 5G eV
“L o Erlgsatl gg;::ls % SLD
Llnac
200 MV FFTB) * 0z~ 700um (for e¥)
PEP II
South Damping Ring *g%é%ﬂg’% . Np ~ 1 012 - 1 O14/Cm3




First Measurements of Acceleration and Focusing in et PWFA
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- Acceleration was observed at low beam/plasma densities with linear wakes £, ———
- Beam evolution in meter long plasmas generates non-linearities +1(a) .
. . . . . -3 0 3
- Alarge, non-gaussian, beam halo is observed implying a large emittance Yoz

- Simulations show that the emittance grows rapidly along all longitudinal slices of the beam

Positron beam evolution in the plasma is important for understanding the final beam parameters




FACET: A National User Facility (2012-2016)
Preserved SLC Positron Infrastructure and Added New Compressor Chicane

“~"20GeV, 3nC, 20im?, & & e* == - FFTB decommissioned in 2006 for LCLS
@S construction

By - FACET enabled compressed positron bunches
@ for higher-densities and higher gradients

Q = 3.2nC/bunch, 1-10Hz, 20GeV
oz~ 20pum (for e+), np ~ 1015 - 1017/cm3

- Collimation techniques used to create two
tightly spaced electron bunches could be
used equally well for positrons

A concept was developed for creating
electron-driver positron-witness configuration
but this was not realized before FACET was
decommissioned to make way for LCLS-II




Two-Bunch Positron Beam-Driven PWFA

The results of the two-bunch electron experiments naturally beg the question:
Can we repeat these results for positrons?
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The Hollow Channel Plasma Accelerator

n[2.5 x 108 cm'3]
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- The Hollow Channel Plasma is a structure that symmetrizes the response of
the plasma to electron and positron beams

* There is no plasma on-axis, and therefore no focusing/defocusing force from
plasma ions
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Positron Acceleration in a Hollow Channel Plasma
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Transverse Fields in the Hollow Channel

Positron
bunches EOS Crossed EOS camera

crystal polarizers
ce ol ©
Laser _, m .
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Kinoform

Hollow plasma

focusing optic channel
(b) No channel Aligned channel Misaligned channel
) - @ < - @- v - o

Transverse Wake Amplitude CLIC: 100 V/pC/m/mm
Transverse Wake Amplitude E225: 1M V/pC/m/mm

C. A. Lindstrgm et. al. Phys. Rev. Lett. 120 124802 (2018).

1 AL
T M\

wnn

Beam
Imaging samplers

Holed lons (

mirror

vyag BPM ‘
screen
Focusing
quadrupoles

Transverse wakefield
T T T

@ 42

'€
1S
5
8]
o
>
£
x
<
~ -
2 - Angular deflection measurement FP
02+ Indirect measurement (from longitudinal) -, Bl
+1 o error (Monte Carlo simulation) .
P Theoretical model (10% ionization) |
-0. o PIC simulation (hard-edge channel) i
L L L L L
0 100 200 300 400 500
Bunch separation (pm)

600

Upstream

object plane

- Laser

cameras

Dipole
spectrometer

LANEX
screen

Downstream
object plane

®
S

11



Positron Beam-Driven PWFA at FACET

Experimental results in 1.3 m plasma
250

FACET was able to provide high-

(o}
o
mm'1)

density, compressed positron beams for 1200 S, 0 ¢
. . O ()
non-linear PWFA experiments l150 © |{e0 O

O |{50 2

100 Lu& 40 =2

This led to new observations: D o0 8
: S Mo

- Accelerated positrons form a o _Uo =
. g . @)

spectrally-distinct peak with an 30

energy gain of 5 GeV 120 w60 e
1100 ", -

- Energy spread can be as low as . B T
1.8% (r.m.s.) I

. leo Q W30 e

 An exciting and unexpected result! 140 LE 20 *g
|oo & W10 g)

© 0 =

S. Corde et al., Nature 524, 442 (2015) : S
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Positron Beam-Driven PWFA

QuickPIC simulations: loaded vs unloaded wake (truncated bunch)

Unloaded Loaded
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S. Corde et al., Nature 524, 442 (2015)

, Beam loading also affects transverse fields for positron driven wakes!
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Positron Beam-Driven PWFA

Key questions:

1. Is there an equilibrium emittance, or
IS the emittance growth continuous?

2. Is there a way to start from this state
directly without the lengthy
evolution?
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Positron Beam Loading and Acceleration
in the Blowout Regime of Plasma Wakefield Accelerator
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The AAC Community Needs New Facilities with
Beams Suitable to Test New Concepts for Positron Acceleration in Plasma

I0OP Publishing

Plasma Phys. Control. Fusion 64 (2022) 044001 (8pp)

Plasma Physics and Controlled Fusion

https:/doi.org/10.1088/1361-6587/ac4e6a

Plasma-based positron sources at
EuPRAXIA

Gianluca Sarri*(, Luke Calvin and Matthew Streeter

Laser-driven high-quality positron sources as possible
injectors for plasma-based accelerators

Aaron Alejo &, Roman Walczak & Gianluca Sarri

Scientific Reports 9, Article number: 5279 (2019) | Cite this article

PHYSICAL REVIEW ACCELERATORS AND BEAMS 26, 123402 (2023)

Compact source of positron beams with small thermal emittance

Rafi Hessami®"
Applied Physics Department, Stanford University, Stanford, California 94305, USA
and SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

Spencer Gessner®'
SLAC National Accelerator Laboratory, Menlo Park, California 94025, USA

Units FACET-1I FACET-II | LWFA
E GeV 21 10 1
p w 7.4 9.6 3
Q. pC 350 500 2
o pm 30 4 16
o, jum 30 4 16
o, pm 50 6.4 0.6
Ex mm mrad 200 7 500
g, mm mrad 50 3 500
AE % 1.5 1 5
f Hz 1 1 10-10°
14 cm 25! 5% 10* 6x 10% 1072

See Laser-driven production of ultra-short high quality
positron beams’ by Gianluca Sarri in morning session

TABLE II. Beam parameters at the end of the simulation.

Beam parameter

Value

Beam energy

Beam charge

Bunch length (rms)
Energy spread (rms)
Transverse emittance

17.6 MeV
15.43 pC
190 pm
0.76%
0.60 pmrad
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FACET_” LayOUt and BeamS FACET-II Technical Design Report SLAC-R-1072
A plan is being developed to restore positron capability

N ¥ ‘ P>
r = " = ~
» — ’ Positron Beam Parameter Baseline | Operation
3 b Design | al Ranges

Final Energy [GeV] 10 4.0-13.5
-+ Simultaneous delivery of up to 1nC e+ & 2nC e- | charge per puise [nC] 1 0.7-2
to S20 |IP region Repetition Rate [Hz] 5 1-5
. . N . Emi X, S19 10, 10 6-20
» Expected performance modeled with particle orm. =mitance yex & 519 fuml
. . . . Spot Size at IP oxy [um] 16, 16 5-20
tracking, including dynamic errors N N —————— .
« More details in TDR Ch. 8 Max. Peak current Ik [kA] 6 12
el AR 17
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Restoring Positrons to FACET-II — We Can Do This!

- Damping Ring magnet design was completed, and
prototypes were procured as part of the FACET-II Project

- Positrons were descoped from FACET-II Project
(2016-2018)

User interest in positrons did not fade away
New initiatives on hold pending Snowmass and P5
DOE HEP response to P5 report will be unveiled at May

2024 HEPAP meeting See ‘US perspective on plasma based accelerators
- LCLS-Il HE installation is fast approaching (2025-2026) and future colliders’ by Cameron Geddes Tuesday
session

P5 report recognizes the importance of
test facilities and in Area
Recommendation 8 “...An upgrade for

el Focus 8 FACET-Il e+ is uniquely positioned to
o 1ot w.cnicane enable study of positron acceleration in
Positrorj‘Production & Return Line Line Acceleration h Ig h g radlent plasmas . ”

SLAC Linac Tunnel (Sectors 10 - 19)
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FACET-IlI Proposal Will Enable Studying Positron PWFA in Electron Wakes

L AMUNE
.Cﬁ&A

N:\‘E

| New'compact DR in Sector 10

+ New beamlines to extract beam from R
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Collider Designs Require New Ideas for Positron PWFA

Beam Driven Plasma R&D 10 Year Roadmap P

Advanced Accelerator

FACET

Present (‘New Regime’ only)

4GeV 100pC, >1GeV @ >1GeV/m, dE/E < 5%, Emittance Preserved
Q ~ 100 pC in at least one regime:
3GeV/m ‘New Regime’ seeded with two bunches
AE/E ~ 2% Hollow Channel Plamsas
€ not measured Quasi non-linear ¢ TranSVG rsely tal |Ored p|asmaS
 Transversely tailored drivers
A .
Tailored density ramps for beam matching and emittance preservation ° LO n g te rm eVO I UtIO n Of beam S/
Uniform, hollow and near-hollow transverse density profiles p I asmas | nto exotIC eq u | I | b rl um
Accelerating region density adjustable from 105 - 1017 e-/cm?
Accelerating length > 1m Excellent overview Positron acceleration: a systematic
Scalable to high repetition rate and high power dissipation —OverVieW’ by Severin DiederiChS @ ALEGR02023
SLAZ 20



Transversely Tailored Plasmas

+ Changing the shape of the ionized plasma region modifies the trajectories of
plasma electrons in the wake.

 This leads to an elongated region in the back of the wake where positron
bunches are focused and accelerated. -
S. Diederichs et. al. Phys. Rev. Accel.

- E-333 experiment: DESY/LBNL/SLAC collaboration Beams 25.091304.(2022)
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
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https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/abstract/10.1103/PhysRevAccelBeams.22.081301
https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.25.091304
https://journals.aps.org/prab/pdf/10.1103/PhysRevAccelBeams.25.091304

Transversely Tailored Drivers a.k.a. Wake Inversion

- Certainly a challenge for the accelerator physicists!
- Optimizations are possible trading efficiency, energy spread and emittance

propagation direction
B o

J. Vieira, et al. PRL 112 215001 (2014)
s e E e S e B = N. Jain et al. PRL 115 195001(2015)

doughnut e” beam
Focusing force Accelerating force
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I 11111 lilll 11111 IAIII 111111111 -1 1 05
5 7 4 flattening d '
145 146 147 148 ‘ attening due to
s external e* witness
..................................................................... 2
145 146 147 148 149 150 151 1.0

145 146 147 148 149 150 151
Distance jofes,] Distance [c/w,]
P

* Linear focusing force for e*

* Width of linear focusing region on the order * e+ can accelerate at the front
of the skin depth * Beam loading is possible
* Focusing varies but may not compromise * Energy spread growth can be controlled

divergence/emittance growth
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Fireball Beams!

Zhou et al. (PRAB 25, 091303 2022)

Approach to realise scheme without ring e- drivers:

Nonneutral fireball beam

Scheme could be realised superimposing Gaussian e- driver with e+ witness

Self-generated doughnut e- bunch Wakefields are similar to doughnut

Use positron bunch with smaller transverse 5T T A nupmEe] T
size than electron bunch ccelerating; :
_,/\~ ) El s
z E E
) 0.0 ;
5 vvvvv IR ARRRL IBARRRARAR IRARRRRRRRS IRARRRRRRRS | RARRRRRRE} IRARARRRARS T ’év 2 - o1 E
Electrons o .
E . 3 B P e
4 E Positrons T a? E 0.2
= oAb Resulting doughnut § 3 o3
s 3¢ g = 5 v rrmmaml P
o Jelectrons . ocusing |
X () 4 E
) 1Mot 5
i X = 3 3 3
F > 3 ; o
OE ; R : %\‘ § 00 ¢
13 14 15 16 17 18 19 2 E o
X; [c/ wp] 1 El P
Connection to astrophysics: 0 _ A 02
Neutral fireballs and 0->>c/w, leads to Weibel 272 27:/ 276
Instability x,[clo]
Jorge Vieira | SLAC FACET ii Science Workshop | October 18 2017
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= 0.5% induced energy spread
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Stability? External focusing needs to be demonstrated
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High Efficiency Uniform Wakefield Acceleration of a Positron Beam
Using Stable Asymmetric Mode in a Hollow Channel Plasma
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* Drive beam hits channel wall

- Creates a quadrupole moment
 Stabilizes the drive beam in hollow
plasma channel
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High Efficiency Uniform Wakefield Acceleration of a Positron Beam
Using Stable Asymmetric Mode in a Hollow Channel Plasma
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Recent Proposals with New Equilibrium Conditions

“Electron and positron acceleration in self-generated, thin, warm hollow plasma
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New Ideas Keep Coming: ‘laser-augmented blowout scheme’

PHYSICAL REVIEW E 105, 055207 (2022)
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Positron acceleration via laser-augmented blowouts in two-column plasma structures

Lars Reichwein ©* and Alexander Pukhov
Institut fiir Theoretische Physik I, Heinrich-Heine-Universitdt Diisseldorf, 40225 Diisseldorf, Germany

Anton Golovanov © and Igor Yu. Kostyukov
Institute of Applied Physics RAS, 603950 Nizhny Novgorod, Russia

M (Received 12 October 2021; accepted 28 April 2022; published 17 May 2022)

- Two plasma columns: a Gaussian electron bunch

(yellow) beam ionizes a thin column and a trailing laser ) 4 =P 1

pulse (purple) ionizes a wider column ) .
* The trailing positron bunch (red) is donut or ring-shaped of B 0

such that the entire bunch is inside the blowout sheath _2 05

at the beginning of the second bubble, also shownin (b) v o
- Both the (c) focusing force and (d) accelerating field are oY 510 = oY ;0 o

shown, indicating the location of the positron bunch } "

(black dots)
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Power Efficiency is Critical —
Accelerating Gradient (even with good emittance) Is Not Sufficient

PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 034801 (2024)
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Normalized accelerating field, E,/Eq

See Positron acceleration in plasma wakefields for linear colliders: a review of
progress and challenges’ by Sebastien Corde tomorrow morning
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Positron Summary and Outlook

- Positron acceleration is 50% of a PLC but only a small fraction of PWFA research
The non-linear blowout regime is great for electrons but does not work for positrons
High-gradient acceleration of positrons in plasma has been demonstrated

Need alternative approaches engineering the plasma and/or beams to get all of the
properties we want — gradient, efficiency, emittance...

Research progress correlates with having the ability to test concepts
experimentally

A plan has been developed to restore (and improve) our capabilities to test
concepts for positron PWFA at FACET-II

- With positron upgrade FACET-II will be first facility capable of studying electron-
driven, positron withess PWFA

FACET-Il will re-examine options with DOE HEP when response to P5 report is available. With a

commitment and strong support from SLAC the plan could be executed on 5 year time scale
without interruption of existing user program.
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