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Motivation

staging SFQED
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The cost of high-energy particles is too damn high

Consensus: build e+—e- collider, circular or linear = €10B scale

Cost driven by RF accelerating gradient

Use plasma accelerators driven by lasers/beams L

Requires: high energy + stability + rep. rate + beam quality

International Linear Collider

> Significant progress since Tajima and Dawson 1979.

> High theoretical understanding
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- m > Many key experimental demonstrations

Accelerating Decelerating

<< > > |Increasing TRL — recent applications to FELs

Trailing Focusing Driver
bunch bunch

> Why aren’t we delivering HEP machines?
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Just like a (relativistic) speedboat!
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Lindstrom et al., “Beam-driven plasma-wakefield acceleration” (submitted to RMP, arXiv:2504.05558)
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HALHF: a hybrid, asymmetric, linear Higgs factory HALME
cLLE

Combmer
S

Surface-to-underground Delay Driver RF linac Driver source
transfer line (5% slope) (4x & 3x) loop (4 GeV e, 4 MV/m, 1 GHz) (8 nC) Damping
Liquid nitrogen plants -
] { { L LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLCL LKL e ° rnngs
(2.5 MW at 77 K) 0 (3 GeV)
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Electron — gr jinac Plasma-accelerator linac Helical Positron  gr jinac Positro_n D_ual beam- Dual interaction points D_ual beam- Cool-copper RF linac
?ogrcg) (3GeVe) (48 stages, 7.8 GeV per stage, 1 GV/m)  undulator (f8rgr?(’_[‘,) (3 GeV eY) tzgnéfee\; I;T;a d?g\;zréz/sz;n (250 GeV c.o.m.) de(lzlzeré:\yllsg?)m (42 GeV e*, 40 MV/m, 3 GHz)
/ \ Facility length: ~5 km
Source:

Concept: Accelerate e- with plasma and e+ with RF § .

= — 4
. o . O I — ILD@HALHF (new) r

Asymmetric beam energy to minimise length/cost g | TelnauliFged

~
e~: Lower charge, higher emittance (.= for plasma accelerator) i
. . oL, , 1035@;#_,.&
Soosted collisions — regain sensitivity with elongated detector ——— ¢
HALHF Collaboration: plasma-, RF- and particle-physics experts e
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H Recoil [GeV

“Self-consistent” design, preliminary start-to-end simulations

Source: S. Ranjan and J. List (unpublished)
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https://doi.org/10.1016/j.physo.2025.100261
https://indico.desy.de/event/53589/contributions/204739/subcontributions/10323/attachments/103650/144845/HALHF_27-04-26_Shriyansh.pdf

Key challenges in high-energy plasma acceleration

Staging problem: coupling beams between et e plasmamir
plasma accelerators (stages) |
In- and out-coupling of drivers "y

0.10

O
Lanex screen s:‘:g g

(removable)

(mm)

Refocusing high-divergence beams D

Spots

with finite energy spread — chromaticity e | iy
Steinke et al., Nature 530, 190 (2016)
Stability problem:
Shrinking the accelerating structure O N\
...without shrinking the alignment/timing jitter -

Beam-plasma instabillities

Source: VisualPIC
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Mapping the landscape

Novel and affordable

Problem: Performance gap currently too large,
accelerator technology

L : _ Ultimate goal for particle physics
long timeline makes investment risky

Plasma accelerators Next linear collider
I

“Missing middle”: Near-term application
I (More reasonable gap)

|—> strong-field QED machine

Major unsolved problems

Problem #1:
Multiple stages for higher energy

Problem #2:
Stable acceleration process
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The market problem

Plasma accelerators and “the innovator’s dilemma”

> The innhovator’s dilemma
(1997 book by Clayton Christensen)

> Plasma acceleration is a disruptive technology

> Much higher gradient, but...

> Repetition rate, stability, power/efficiency,
beam quality, luminosity, etc.

> Plasma accelerators will take time to mature

> Christensen: To survive In the meantime, the
disruptive technology must not compete directly,
out Identity a new, smaller market
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RF accelerators still outperforms in other metrics:

Disruptive

technology

@ Novel
- targets
o : ;
§ . Dilemma
'1;_; . Zone
o Existing ' 5

technology

Established

targets

Time
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Blackburn et al., Phys. Plasmas 25, 083108 (2018)

A medium-term application: SFQED

High-
energy
electron

(Yo > 10%)

Schwinger field: ~1018 V/m (x =1) » high-power laser

Collide with high-energy e-
— Lorentz boost the |laser field (in the e~ frame)

High-power
Experiments reached x = 0.3 (soon ~1) (;?s»e ﬁ) -—
X = 10-100 — “laboratory astrophysics” ) -
(e.g., B-field at surface of magnetars) W NS =

Requires 50+ GeV e~ and multi-PW laser y

Too expensive for a small research field... e . i
Multistage plasma-accelerator for SFQED = win-win! N Zﬁ( D

SFQED gets cheap, high energy e— (new physics) R =

First “HEP” for plasma (with moderate requirements) ..
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The SPARTA project

Novel and affordable

Problem: Performance gap currently too large,
accelerator technology

long timeline makes investment risky

R R N TR ERERY

Plasma accelerators today Next linear collider

Ultimate goal for particle physics

“Missing middle”: Near-term application
(More reasonable gap)

©.0. strong-field QED machine

MajorunSOIVderOblemS IIIIIIIIIIIIIIllIIIIIIIIIIIIIIIIIIIIIIIIIII: ﬂ = .flllll

: . : ' SPARTA project T

PrObIem#1: : Proposedsolution#1: 3 I E E FEE FEEFEEEEEEEEEEEEEEEEEEEEEEDN :

Multiple stages for higher energy 1 . Nonlinear plasma-lens optics I ' - ual des o O3 =
3 onceptual design of a stable, .

. 02 multistage high-energy accelerator  :

Problem #2: x _> Proposed solution #2: »

Stable acceleration process . Multistage self-stabilization »

. (Research and development required) -
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Look at these in more detail
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Part 1:

Achromatic optics and
nonlinear plasma lenses

The SPARTA project | Carl A. Lindstrem | 17 June 2026 | HEP meeting



Development required!

Nonlinear plasma lens Linear plasma lens
go=1kTm™ 7,=200m* go=1kTm™!
1 1 _

Novel achromatic staging optics

- 1.5

Does Does

04 N@T 0- - 1.0
Disperse, apply stronger focusing for higher energies (+ vice versa) »  €Xist exist 05
Made compact and simple using a nonlinear plasma lens

Inspiration: chromaticity correction in collider final focusing
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Development of a nonlinear plasma lens

le/

External B-field - Copper
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Source: P. Drobniak et al., Proc. IPAC (2025), p. 641

in the lens (mm)

Concept: apply an external B-field to induce Hall effect

sition

Y-po

Shifts the discharge current to one side

-04 -02 00 02 04

MHD simulations (COMSOL) indicates the principle works. e

'Screen

(mm)

..........

the screen
o

Designed/manufactured at Uni. Oslo (P. Drobniak et al.).
Characterized with e-beam in CLEAR @ CERN (June 2025). :.
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https://www.sciencedirect.com/science/article/pii/S0168900225000245
https://arxiv.org/abs/2505.21313

Part 2:

Stabilization

Through passive stabilization
P ERIEINE
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Passive stabilization mechanisms

Self-correction in PWFA driver guiding lon motion for beam-
longitudinal phase space Introduce weak APL field in breakup suppression
Introduce Rss between stages plasma source Use light ions (H or He)
(180° phase advance) to introduce some

Stabilizes the accel. phase
(reduces energy offset) Cancels transverse offset

from incoming driver angle Suppresses BBU instability

nonlinear focusing

Automatic wakefield flattening
(red uces energy Spread) oy Optimal field, mobile H ions (E./Eo = 0.4, Rok, = 1.59)

(a) Og/E;= 0.0, 0g/Ef=0.0

. . Trailing
5[ 1.84nC 100Gev ||’ g 51 1.84nC 10.0Gev [{03% — 2 ] bunch 10% - ;

S 0.2 2 g s e =1 j ,,,/

- > - ey — 4 -,

5 2 B 2 = 10 - Electron | - :

B g B . . dri | lon motion

500 5 zof WS 4 S river (x, 1) | - (suppressed instability)

o5 3 . 3 5 T B Y

() o) b ’

4 = . 4 g Q) ' 1
3 Ve g 02 > I Plasma-stage axis o\ ,-.\ 2 J
(0 0.50% 120 SR (0 a=0.50%rmms 120 = c 0 Jl— 7 = | ail at kpc =-2.01
5l \ = 0.00% 110 é 5 A =-0.00% 10 § © | 2 Tail at k, = -2.51
0 © " 0 & = r f 10° ! p :
—_ — J J | = Tail at ko = -2.4
£ = -5 - A x ] ;
S I S O ) A ~~t . - ==~ Predicted
9/ 10 9 10 / \ [ 1 1 1 I 1 I
) [ R_.=0.00 mm ) i R_.=0.00 mm ] T T ! I ! ! ! !
- 15 ‘ 561 - 15 ) 55‘ 242.5 243.0 2435 2440 2445 2450 2455 246.0 0 > 10 15 20 25 30
-150 -100 -50 0 -150 -100 -50 0 Location Irn] unt
Longitudinal position (;:m) Longitudinal position (;:m)

Source: Lindstrem, arXiv:2104.14460 (2021) Source: Finnerud et al. PRAB 28, 071301 (2025)
. 4re UNIVERSITY
€' oFosLo



Part 3:

Demonstrator

Conceptual design of a
50-GeV SFQED facility

6.
-----
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Conceptual design of a multistage plasma accelerator

Ultimate goal: Design a self-consistent, multistage plasma accelerator with a SFQED application |

laser

Main beam RF linac
(~0.5 GeV, 100 MV/m) ~50 GeV

electrons

Driver RF linac

(~2 Gev 50 MV/m) HEE >»>>> > >

- R adaadaddddaadaaadaaagdaagada e

AAAAAAAAAAAAAAAAAAAA

~20 klystrons
(with pulse compression)

Gamma
rays

RF
deflector

Plasma stage
(~4 GeV/stage)

B Septum magnet 333 . Interstage

. Driver delay chicane _
B Fast kicker PN (~1 ns per 2 stages) \—\ Driver BDS

Example: ~2 GeV e~ drivers, 12 stages @ 1 GV/m
—+ 50GeVe + 2PWlaser =& x =10-50

Discussions ongoing toward implementation at DESY,
re-using CERN infrastructure (no commitments yet)
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HIPACE++ and ImpactX in ABEL é E
“Full” physics, 3D, high resolution

~300 GPU hours per shot

400 +
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4 nC driver, 0.3 nC trailing, |,
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Z[um]

Realistic jitters (sampled in 3 shots)

1015 cm=3H, |-
4 mlong, 1 GV/m |-

-200 0 200 400 600 800 1000 1200

344 10%4
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— Driver synchronization: 10 fs rms
— Driver jitter emit.: 0.04 mm mrad

— Plasma lenses: 1 pym rms (offsets)

(Gaussian, sampled at every stage)

OF OSLO
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The SPARTA project

A summary

> Solve staging and stabllity = design multistage plasma accelerator = applications

> (Good progress so far = discussions on implementation ongoing

Novel and affordable
accelerator technology

.............................
Plasma accelerators

“Missing middle”: Near-term application

strong-field QED machine

Problem: Performance gap currently too large,

S ) ) Ultimate goal for particle physics
long timeline makes investment risky

> Next linear collider

(More reasonable gap)

-

Problem #1: _> Proposed solution #1:
Multiple stages for higher energy Nonlinear plasma-lens optics

Major unsolved problems

R SPARTA project

03
Conceptual design of a stable, —

multistage high-energy accelerator
Problem #2: _> Proposed solution #2:

Stable acceleration process Multistage self-stabilization

(Research and development required)
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