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* Scientific context: beyond electron acceleration in blowout regime
> Not directly suited for positrons

* Preliminary considerations with positron-loaded quasilinear plasma wakefields

> Efficiency
> Evolution of transverse emittance
> Uncorrelated energy spread

* Energy efficiency vs beam quality tradeoff

* The positron problem Not covered:
> Luminosity-per-power ' .
> Electron motion Truly hollow plasma acceleration
> S ' . . .
rategles BBU instability still to be solved

Lindstrom et al., PRL 120, 124802 (2018)

General remark: the discussion today will focus on PWFA, but is fully relevant to LWFA as well.


https://doi.org/10.1103/PhysRevLett.120.124802

Scientific context

Beyond electron acceleration in the blowout regime
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Scientific context: blowout as an ideal regime

Key properties of the blowout regime:
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Clayton et al., Nat Comm 7/, 12483 (2016)

The blowout regime has
ideal field properties for e-:

emittance preservation is
expected to be achievable.

beam loading allow for high
— efficiency, flat E; field and
therefore low energy spread.

most studied regime for
— electron acceleration, in both
LWFA and PWFA.

But:

hosing instabllity may be an
— Important limitation for
collider beam parameters.

lon motion may lead to
emittfance growth.

—> what abut ete


http://dx.doi.org/10.1038/ncomms12483

Scientific context: challenges
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Joshi, Corde and Mori, Phys. Plasmas 27, 070602 (2020)

But:

—

emittance preservation is
expected to be achievable.

beam loading allow for high
efficiency, flat E; field and
therefore low energy spread.

most studied regime for
electron acceleration, in both
LWFA and PWFA.

hosing instabllity may be an
Important limitation for
collider beam parameters.

lon motion may lead to
emittfance growth.

what abut e*e¢


https://doi.org/10.1063/5.0004039

\ Scientific context: challenges

Accelerating positrons in plasmae

Linear plasma wakefields: symmetrical for e-/e*. Directly applicable 1o linear colliderse

Nonlinear plasma wakefields: NOT symmetrical tor e-/e*. Blowout properties for e- nof
achievable for et.

» mobile plasma electrons
m, = m,
» mostly Immobile plasma ions

Wealth of advanced regimes varying beam and plasma geometries

» common ingredient: mobile plasmao ohysics beyond
electrons flowing through the e* bunch idealised blowout




\ Scientific context: challenges

posItron problem

Unloaded plasma waketfield suitable tor et acceleration
(accelerating&focusing) ¢

NO

Loaded plasma wakefield with efficiency, beam quality,
and ultimately competitive luminosity-per-power tor e* arme

YES

With comes plasma , basically ion
motion with a much smaller mass



Preliminary considerations with
et loaded quasilinear plasma wakefields



| LOA

Efficiency In quasilinear regime

Energy efficiency from plasma o accelerated trailing bunch
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05 left behind
:0:3 »  Small beams (kpdr < 1) are
15 much better because the fields
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08 regardless of beam size
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Hue et al., PRR 3, 043063 (2021)
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https://doi.org/10.1103/PhysRevResearch.3.043063

Transverse emittance in quasilinear regime

LOA

Evolution of tfransverse emittance

Quasi-matching/transverse equilibrium:

F.~—gx

with g the gradient of the focusing force,

. d26x 7 82 . 9)
Enveloppe equation: = — ko with k;,=+/g/ymc
472 X 3 p ¢
< o
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» (a): quasi-matching is extremely important to minimize emittance
growth at acceptable levels. Demonstrate that near fransverse
equilibrium is possible with Gaussian positron beams.

» (b): this is still valid for n,/ny >> 1, that is for a nonlinear positron load in

a linearly-driven plasma wakefield. electron motion

» (C): for kbaz > 1, the situation qualitatively changes, and new ideas are

needed to mitigate emittance growth
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0.7 0.5 0.20 2.14 1 0.09 1 0.30 27.6
0.8 0.5 0.26 2.14 1 0.09 1 0.39 11.6
Fig. 3(a) 1.0 0.5 0.40 2.14 1 0.09 1 0.61 1.74
1.6 0.5 1.02 2.14 1 0.09 1 1.55 55.4
1.01 0.5 041 2.14 0.25 0.045 1 0.16 1.74
Fig. 3(b) 1.00 0.5 0.40 2.14 2.5 0.14 1 1.52 2.64
0.80 0.5 0.26 2.14 25 045 1 9.15 5.83
0.327 0.5 428 2.14 1 0.09 100 0.07 2.73
Fig. 3(b) 0.288 0.5 333 2.14 25 045 100 1.63 3.67
0.189 0.5 143 2.14 250 1.4 100 5.24 30.0




Uncorrelated energy spread in quasilinear regime
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Evolution of longitudinal phase space

Two contributions to the energy spread:

» Correlated energy spread: very important but can
potentially be removed by dechirping or beam loading

» Uncorrelated/slice energy spread: fundamental
imit, It spoils the longitudinal emittance irreversibly

Uncorrelated energy spread
as figure of merit:
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EFnergy efficiency vs beam quality fradeoft



Energy efficiency » vs uncorrelated energy spread o

LOA
Process:
. . . . . . Nt Ez)t
» Increasing efficiency by increasing positron load Myss =
NAE,)

» Re-optimize drive beam size for each value of the positron load

» Determine uncorrelated energy spread o

Note: quasi-matching here is ensured for micron-scale normalised emittance,
plasma density is kept fixed at S 1016 ¢cm™3

Regimes considered here with uniform plasma:

(b)

» Linearly-driven plasma wakefield, linear or nonlinear positron load

» Moderately nonlinear regime, driver with n,/n, € [1, 2] and A < 1

Koy

» Nonlinear plasma wakefield with donut-shaped drivers




Energy efficiency » vs uncorrelated energy spread o

E, [GeV/m]

LOA
8 °
—&— Linear Low Charge .
71 —e— Linear High Cha?ge (a) ObserVOhOnS'
6] o poeraiel Non-Linear » At low drive charge (38 pC), canreachn ~ 30 % with 6 < 1% , but
5 - positron charge is limited to 5 pC and E, ~ 1 GV m~!

» At higher drive charge (152 pC), drive beam size can no longer be
optimised for n 2 20 % because otherwise it becomes nonlinear. This
results in large 0, unless the efficiency is limited ton < 10 %

» When confinuing to optimise drive beam size at high drive charge
0.0 01 (észicien: 04 05 (152 pC), one transitions to a moderately nonlinear regime. n ~ 40 %
g with 0 < 1 % possible with 25 pC of positron charge and

10° -

. —1
» Nonlinear donut drivers: very high fields and positron charges, but
degraded tradeoff between n and o. Limited ton < 5 % for
T
— 5<1%.
‘ —e— Linear Low Charge Linear low charge Linear high charge Moderately nonlinear Donut driver
—— Linear High Charge Driver Trailing Driver Trailing Driver Trailing Driver Trailing
- Moderately Non-Linear
; —e— Donust Driver o, (um)  6.09-1927  1.19 12.19-14.56  1.19 6.28-822  1.19 9.4 0.85
o, (um) 16.7 2.14 16.7 2.14 16.7 2.14 16.7 2.14
10-1 100 101 102 103 1y /Mo 0.05-0.5 0.25-155  0.35-0.5 1-75 1.1-1.88 25-70 2.97 35-15 000

Q: [pC] ks 0 6.2 0 ~6.22 0 ~625--590 0 ~0.55 14
t




The positron problem

Plasma electron motion and transverse beam loading
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Dimensionless luminosity-per-power, Lp = NextrQ/€n
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Plasma acceleration has emerged as a promising technology for future particle accelerators, particularly
linear colliders. Significant progress has been made in recent decades toward high-efficiency and high-
quality acceleration of electrons in plasmas. However, this progress does not generalize to the acceleration
of positrons, as plasmas are inherently charge asymmetric. Here, we present a comprehensive review of
historical and current efforts to accelerate positrons using plasma wakefields. Proposed schemes that aim to
increase energy efficiency and beam quality are summarized and quantitatively compared. A dimensionless
metric that scales with the luminosity-per-beam power is introduced, indicating that positron-acceleration
schemes are currently below the ultimate requirement for colliders. The primary issue is electron motion;
the high mobility of plasma electrons compared to plasma ions, which leads to nonuniform accelerating and
focusing fields that degrade the beam quality of the positron bunch, particularly for high efficiency
acceleration. Finally, we discuss possible mitigation strategies and directions for future research.
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Conventional technology (CLIC)
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The positron problem
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Figure of merit:

luminosity per power
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Why such a gap between e- and ete

| Conventional technology (CLIC)
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» Plasma electrons used for positron focusing & '
are very light, much lighter than ions used @
for electron focusing in blowout: S
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The positron problem
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Electron motion limit embedded in luminosity-per-power

» Can rewrite &£ p using Ag,: 1
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_____ os 25 J5°
Electron motion Iimit embedded in luminosity-per-power  : MHE
< = M0 °
~1f ] n
~ : T PUITE ¥ AT PR ot BRI SO S —0.5
» Can rewrite 3}) usSiNng A¢e: Elc/wp)] 1210 8 6 4 2 0 o
Energy Uncorrected Fin.
~ 16 TU }/] t no Density Gragient Charge Energy Emittance spread energy  energy
g — ( A ¢ )2 CX1I }/ Scheme (cm™3) (GVim) (pC) efficiency (mmm rad) per gain  spread  (GeV) Ref.
P }/ € k O pe A 7] Quasilinear regime (simulation) 5x 10'° 1.3 4.3 30% 0.64 ~10%" 0.7% 1 [152]
P <z Quasilinear regime (experiment) 1 x 106 1 : 127° ~14% e 21 [87]
Nonlinear regime 7.8 x 1013 1.6 8 2.4% e 52 [162]
Donut driver (No. 1) 5x 1016 8.9 . 0.17% 0.036 0.3% e 354 [167]
Donut driver (No. 2) 5 x 1016 40 189  3.5% 1.5¢ 6% 1% 1 [152]
» What do we learn from e+ schemes: Finite-radius channel (cold) 5% 10" 00 52 3% 038  086% 073% 55 [180]
Finite-radius channel (warm) 5 x 1017 30 84 4.8% 0.015 L6 ~0.01% 1.1 [181]
Laser-augmented blowout 2 x 107 20 15 5.5% 31 3.4% [187]
Thin, warm, hollow channel 1x 10 3.5 %. 7.4 6% [188]
Overco M| ng elecro N Asymmetric hollow channel 3.1 x 1016 4.9 67 5.3% [189]
o « ey e e~ nonlinear regime (simulation) 2 x 1016 —-10 37.5% 0.133% 1.1% <1% [191]
mOTIO N ||m IT 1S A IT UST e~ nonlinear regime (experiment) 1.2 x 1016 -14 40 22% 2.8 1.6% [192]
Conventional technology (CLIC) Not applicable 0.1 596 | 28.5%" 0.11 0.35% K 1500 Not applicable [10]
1~1 4 2
Charge and efficiency ()90 00
. . 100 t\Q :
also important (favoring N v
. . - s
nonlinear regimes) ERY F
< itron” M
: Ppositron -
Cao, Lindstrgm et al., PRAB 27, 034801 (2024) —100} beam 20



https://doi.org/10.1103/PhysRevAccelBeams.27.034801

~ The positron problem
LOA

Strategies to fill the gap:
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Strategies to fill the gap:
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Conclusion
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* Energy efficiency and luminosity-per-power comes with a strong positron load,
and thus with transverse beam loading and electron motion

* For most regimes, there 1s a tradeoff between energy efficiency and beam quality
(e.g. emittance, uncorrelated energy spread)

e Luminosity-per-power scaling and electron motion highlights future directions
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