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Part 0:  

Motivation

for staging, stability and SFQED
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The cost of high-energy particles is too damn high
Motivating a new accelerator technology

> Consensus: build e+–e– collider, circular or linear → €10B scale

> Cost driven by RF accelerating gradient (~100 MV/m)

> Use plasma accelerators driven by lasers/beams (1–100 GV/m)

> Requires: high energy + stability + rep. rate + beam quality
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> Significant progress since Tajima and Dawson 1979.

> High theoretical understanding

> Many key experimental demonstrations

> Increasing TRL — recent applications to FELs

> Why aren’t we delivering HEP machines?
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Key challenges in high-energy plasma acceleration
Staging and stability – forming the backbone of the machine

> Staging problem: coupling beams between  
                              plasma accelerators (stages)

> In- and out-coupling of drivers
> Refocusing high-divergence beams  

with finite energy spread → chromaticity 

> Stability problem:
> Shrinking the accelerating structure (µm/fs scale)  

  …without shrinking the alignment/timing jitter
> Beam–plasma instabilities (hosing, beam breakup, etc)
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Mapping the landscape
A flow chart (part 1 of 2)
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A medium-term application: SFQED
New physics with moderate beam requirements

> Schwinger field: ~1018 V/m (χ =1) ⋙ high-power laser
> Collide with high-energy e–  
→ Lorentz boost the laser field (in the e– frame)

> Experiments reached χ ≈ 0.3 (soon ~1)
> χ ≈ 10–100 → “laboratory astrophysics” 

                        (e.g., B-field at surface of magnetars)
> Requires 50+ GeV e– and multi-PW laser
> Too expensive for a small research field…

> Multistage plasma-accelerator for SFQED = win-win! 
> SFQED gets cheap, high energy e– (new physics)
> First “HEP” for plasma (with moderate requirements)
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The SPARTA project
A flow chart (part 2 of 2)
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Part 1:  

Staging

Achromatic optics and  

nonlinear plasma lenses



> Inspiration: chromaticity correction in collider final focusing
> Disperse, apply stronger focusing for higher energies (+ vice versa)

> Made compact and simple using a nonlinear plasma lens
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Novel achromatic staging optics
Local chromaticity correction and a new plasma lens
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Novel achromatic staging optics
Local chromaticity correction and a new plasma lens
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— C. A. Lindstrøm et al. (manuscript in prep.)
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> Made compact and simple using a nonlinear plasma lens
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Novel achromatic staging optics
Local chromaticity correction and a new plasma lens
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Development of a nonlinear plasma lens
Exciting a nonlinearity through the Hall effect
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> Concept: apply an external B-field to induce Hall effect
> Shifts the discharge current to one side

> MHD simulations (COMSOL) indicates the principle works.
> Designed/manufactured at Uni. Oslo (P. Drobniak et al.).
> Characterized with e-beam in CLEAR @ CERN (June 2025).

Lens

Screen

Source: P. Drobniak et al., NIM A 1072, 170223 (2025)

considering instead the e!ect of magnetisation on the plasma
conductivity, we would indeed expect the observed sign of
the coe"cient. Hydrodynamic simulations, including mag-
netisation, are required to disentangle these e!ects.

It is not clear to us at this point how badly the misalign-
ment influenced the measurement. A more precise and tun-
able plasma-lens design, already constructed for an upcom-
ing campaign, will hopefully unlock more accurate mea-
surements. Accounting for thick lens e!ects in the analysis
will also help. Further, we will increase the strength of the
external magnetic field in order to probe stronger plasma
interactions—this should make the e!ect more visible.

HYDRODYNAMIC SIMULATION
Our goal in this section is not yet to reproduce the CLEAR

experiment, since the model we employ uses H2, which does
not behave similarly to a heavier gas like Ar, as experimen-
tally observed by Lindstrøm et al. [17]. Instead, our goal
is to extend our previous 1D study (see Ref. [11]) to 2D-
simulations, in order to better understand the origin of the
nonlinearity. The present model runs in COMSOL, devel-
oped at DESY [18] and originally intended to study H2 inter-
actions, integrates the e!ect of the 𝐿-field (both internal and
external field) on the electrons through the Lorentz force
and takes plasma magnetisation into account [14]. Work is
currently ongoing to extend this model to Ar.

Our simulations are performed with the same geometry
as the experiments, as well as the same current profile. The
gas is initialised as H2 at 7 mbar, slightly ionised. The ex-
ternal field is 160 mT (3.5 times higher than in the experi-
ment described above). A typical 2D-simulation result, for
a fully ionised plasma, is presented in Fig. 2. In order to
virtually suppress the symmetrical nonlinearity caused by
wall-cooling e!ects (present in H2), making it more indica-
tive of what is achievable in a gas without this e!ect (such as
Ar [17]), we plot the di!erence in absolute current density
between a simulation with 160 mT external field and a simu-
lation without external field: 𝑀𝑁𝐿 = | (𝑁𝐿)160 mT | → | (𝑁𝐿)0 mT |.

The di!erence in current density distribution is clearly
asymmetric, implying that the external field indeed has an
e!ect. This is also visible in the internal vertical 𝐿-field dif-
ference along the horizontal axis (𝑀𝐿𝑀 (𝑂, 0)), which largely
has a quadratic shape (but also an o!set, which indicates a
small shift of the magnetic center). In order to quantify the
nonlinearity, we performed a third-order polynomial fit on
𝑀𝐿𝑀 in the range [→390, 390] µm. The present simulation
has (𝑃0)sim. = 1130 T/m and (1/𝑄𝑁)sim.

= 100 m→1, which
again is very encouraging as it overlaps with the SPARTA
requirements. Some higher order terms are also present: we
are aiming to remove these by simulating a heavier gas (Ar)
in the near future.

Plasma magnetisation only plays a marginal role here and
we observe a strong contribution from the Lorentz force
on the electron density. This motivates the continuation
of our CLEAR experimental campaign coupled with the

Figure 2: Top: di!erence in 2D absolute current density
𝑀𝑁𝐿 between a simulation with 160 mT external field and no
external field, both with H2 at 7 mbar, extracted at 185 ns.
A black dashed line indicates where data are extracted for
the bottom graph. Bottom: 1D plots extracted at (𝑂𝑂 , 𝑅𝑂) =
(𝑂, 0) for the di!erence in vertical 𝐿-field 𝑀𝐿𝑀 (where the
external 𝐿-field has been subtracted) and in current density.

development of a heavy-gas model for a better understanding
of our nonlinear lens concept.

CONCLUSION
The concept of a nonlinear plasma lens for achromatic

staging has been introduced, with its theoretical required
𝐿-field distribution. Our first experimental results (with
Ar) from an experimental campaign at CLEAR in 2024
show a potential nonlinearity. Simulations in 2D, but with a
lighter gas (H2), appear to confirm that our concept could
work, motivating a new experimental campaign with better
alignment and stronger external magnetic fields.
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development of a heavy-gas model for a better understanding
of our nonlinear lens concept.

CONCLUSION
The concept of a nonlinear plasma lens for achromatic

staging has been introduced, with its theoretical required
𝐿-field distribution. Our first experimental results (with
Ar) from an experimental campaign at CLEAR in 2024
show a potential nonlinearity. Simulations in 2D, but with a
lighter gas (H2), appear to confirm that our concept could
work, motivating a new experimental campaign with better
alignment and stronger external magnetic fields.
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Part 2:  

Stabilization

Through passive stabilization 

mechanisms



Trailing 
bunch

Ion motion 
(suppressed instability)

Source: Finnerud et al. PRAB 28, 071301 (2025)
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Passive stabilization mechanisms
In the longitudinal and transverse phase space – critical for operation with realistic jitter

> Self-correction in  
longitudinal phase space

> Introduce R56 between stages
> Stabilizes the accel. phase 

(reduces energy offset) 
> Automatic wakefield flattening 

(reduces energy spread)
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> Ion motion for beam-
breakup suppression 

> Use light ions (H or He)  
to introduce some 
nonlinear focusing


> Suppresses BBU instability
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> PWFA driver guiding
> Introduce weak APL field in 

plasma source  
(180° phase advance)

> Cancels transverse offset 
from incoming driver angle
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Source: Finnerud et al. PRAB 28, 071301 (2025)
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Passive stabilization mechanisms
In the longitudinal and transverse phase space – critical for operation with realistic jitter

> Self-correction in  
longitudinal phase space

> Introduce R56 between stages
> Stabilizes the accel. phase 

(reduces energy offset) 
> Automatic wakefield flattening 

(reduces energy spread)
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> Ion motion for beam-
breakup suppression 

> Use light ions (H or He)  
to introduce some 
nonlinear focusing


> Suppresses BBU instability
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Source: Lindstrøm, arXiv:2104.14460 (2021)

> PWFA driver guiding
> Introduce weak APL field in 

plasma source  
(180° phase advance)

> Cancels transverse offset 
from incoming driver angle

Contributed talk (Wed. 17:20) 

Parametric mapping of the  
efficiency–instability relation  
in PWFAs 
— Ole Gunnar Finnerud et al.
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Part 3:  

Demonstrator

Conceptual design of a 
50-GeV SFQED facility
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Conceptual design of a multistage plasma accelerator
The SPARTA demo machine – first step toward a HALHF demonstrator

The SPARTA project  |  Carl A. Lindstrøm  |  22 Sep 2025  |  EAAC 2025

> Ongoing work: lattice design of the driver distribution system
> Early discussions with DESY on possible implementation:

> Project cost frame of up to €250M (incl. HALHF-like upgrades for beam quality, rep rate, spin)
> Would start construction after the PETRA-IV upgrade (2032+), e.g., in an old HERA hall

> Ultimate goal: Design a self-consistent, multistage plasma accelerator with SFQED application
> example: 2.2 GeV e– drivers, 12 stages @ 1 GV/m → 50 GeV     +    ~2 PW laser → χ ≈ 10–50

Plasma stages

(~4 GeV/stage)

Drive delay chicanes

(~1 ns/stage)RF


deflector
Driver RF linac


(~2.2 GeV, 50 MV/m)

PW

laser

Gamma

rays~50 GeV 

electrons
~22 klystrons 

(with pulse compression)

100–200 m

Fast kickers 
+ Septa

Poster #470 (Monday 19:00) 

Driver distribution in a multistage  

plasma-based accelerator facility 

— Daniel Kalvik et al.
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Start-to-end simulations of the SPARTA demo

> HiPACE++ and ImpactX in ABEL

> “Full” physics, 3D, high resolution

> ~300 GPU hours per shot 

 
 
 
 
 
 
 

> Realistic jitters (sampled in 3 shots) 
— Driver synchronization: 10 fs rms  
— Driver jitter emit.: 0.04 mm mrad 
— Plasma lenses: 1 µm rms (offsets) 
(Gaussian, sampled at every stage)

The SPARTA project  |  Carl A. Lindstrøm  |  22 Sep 2025  |  EAAC 2025

Top 
view

LPS

Side 
view

50 GeV in 125 m 
(14% efficient)

Low energy spread 
(0.2% rms)

Sufficiently low emittance 
(~100 mm mrad)

Stable + matched beam

A preliminary working point

1015 cm–3 H, 
4 m long, 1 GV/m

4 nC driver, 0.3 nC trailing,  
2.2 GeV, 3 kA peak
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Next steps – toward a CDR and increased TRL
Experimental and theoretical work toward a credible conceptual design 

> Optimize the SFQED performance, resilience  
and cost of the SPARTA demo in ABEL

> Implement a nonlinear plasma lens as an 
(broadband, high-resolution) “achromatic 
spectrometer” for LWFA beams at CALA/LMU  
 
 
 
 
 

> Preparing for experimental demonstration of 
full staging optics – at CLARA @ Daresbury
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Poster #512 (Tuesday 19:00) 

Development of an achromatic  
spectrometer for a LWFA experiment 

— Felipe Peña et al.

Contributed talk (Tuesday 16:20) 

ABEL: A Start-to-End Simulation and 

Optimisation Framework for Plasma- 

Based Accelerators and Colliders 

— Ben Chen et al.

Postdoc opportunity in SPARTA / Uni Oslo 

Get in touch if you’re interested!

Source:  
F. Peña et al.,  
Proc. IPAC (2025),  
p. 1357

https://arxiv.org/abs/2505.11171
https://arxiv.org/abs/2505.11171
https://arxiv.org/abs/2505.11171
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The SPARTA project
Solving staging and stability → affordable high-energy electrons

> Demonstrator machine: 
> 50-GeV SFQED 

application

> Full-scale simulations

> Work on driver-

distribution system 

> Solving stability: 
> Passive stabilization 

mechanisms required

> LPS self-correction 
> PWFA driver guiding 
> Ion motion for BBU

> Solving staging: 
> Novel achromatic lattice

> Nonlinear plasma lens 

simulated, designed,  
and characterized


> Scaling up experiments

> Rapid progress toward:

> Aiming to write a CDR by 2028
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ABEL input script for SPARTA demo
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Beam evolution in SPARTA demo (average of 3 shots)
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