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Plasma Acceleration 101
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Non-ƭƛƴŜŀǊ όά.ƭƻǿ-ƻǳǘέύ
Regime (nb/n0 >>1)

Linear Regime 
(nb/n0 << 1)

Non-ƭƛƴŜŀǊ όά.ƭƻǿ-ƻǳǘέύ
Regime (nb/n0 >>1)

Ack. For next 3 slides: S. Deiderichs: 
https:// ediss.sub.uni-hamburg.de/bitstream/ediss/10403/1/SDiederichs-PhD-Thesis.pdf
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Key motivation: Positron acceleration in plasma

> Plasmas are charge asymmetric 

> No ñblowout regimeò for e+ 

> Positron acceleration has been 

demonstrated experimentally. 

> However, luminosity per power 

still orders of magnitude below 

RF and eï PWFA. 

> Main challenge: Electron motion 

(equivalent to ion motion for e+, but 

plasma electrons are lighter) 

> (Relevant also for 10 TeV collider)

which for typical plasma densities neå1014ï1018 cmī3

range from 1 to 100 GV=m [18,19]. This field is up to a
1000 times higher than in conventional accelerators.

Early ideas of accelerating particles in plasma were
proposed in 1956 [20,21]. However, the research field, in
its modern form, started independently in 1979 with a
seminal paper by Tajima and Dawson [22] demonstrating
that electrons could be accelerated in the plasma-density
wave excited (or driven) by an intense laser pulse. Five
years later, Chen and Dawson [23] and Ruth et al. [24]
proposed to drive these waves using relativistic charged
particle beams. The electromagnetic fields in the plasma-
density wave (or wake) behind the laser or beam driver are
known as plasma wakefields.

Initial concepts considered small perturbations of the
plasma density, now known as the linear regime [25].
Later, Rosenzweig et al. [26] realized that operating with
stronger perturbations, in theso-callednonlinear or blowout
regime, providedmorefavorableconditionsfor accelerating
electronswith high efficiency and high beam quality. In this
regime, plasmaelectronsareexpelledradially outwardby an
intense driver, creating a bubble-shaped sheath of plasma
electrons surrounding acavity containing only plasma ions
[see Fig. 1(a)]. These ions, which areuniformly distributed
and effectively immobile on the timescale of electron
motion, attract the plasma electrons back toward the axis.

The inward motion of the sheath electrons creates a
longitudinal electric field that can accelerate electrons.
Additionally, the exposed ion charge produces a transverse
electric field that varies linearly with the transverse offset,
thereby focusing electron bunches while preserving their
area in transverse phase space (known as emittance [27]).
Acceleration extracts energy from the wakefield, which
will therefore reduce in amplitudeða process known as
beam loading [28]. This process can be used to shape the
accelerating field [see Fig. 1(b)] such that all particles are
accelerated uniformly [29], allowing energy-efficient accel-
eration with low energy spread.

Experimental research into acceleration in plasmawake-
fields has progressed significantly over the past four
decades. The first acceleration of electrons in a plasma
was demonstrated at the Argonne National Laboratory
in 1988 [32]. Later experiments demonstrated electron
injection and acceleration in nonlinear plasma wake-
fields [33,34]. Major milestones in beam-driven plasma-
wakefield acceleration (PWFA) include energy doubling
of 42 GeV electrons [35]; energy-efficient acceleration
of an externally injected bunch [30]; and high-gradient,
high-efficiency acceleration of electronswhilepreserving a
low energy spread [36]. Similarly, in laser-driven plasma-
wakefield acceleration (LWFA), milestones include the
generation of high-quality beams [37ï39]; 8 GeV energy

(a) (c)

(b) (d)

FIG. 1. Particle-in-cell simulations of the plasma-density wave and on-axis longitudinal field Ez excited by an electron or positron
driver. (a) An electron driver excites anonlinear plasmawake, or blowout, with strongly accelerating and focusing fields. (b) A trailing
electron bunch is accelerated, extracting some of the energy in the wakefield; a process known as beam loading. (c) A positron drive
bunch can also excitea nonlinear wake. Here, only the front half of a Gaussian is used, such that no positrons experience acceleration.
(d) Using afull Gaussian bunch, thefront half drivesthewakefield and therear half loadsthewakefield and isaccelerated. Adapted from
Refs. [30] and [31].
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technology (ĕL På500), at least in simulations without ion
motion.

Why do we in general observe such a large difference
between theplasmaacceleration of positronsand electrons?
Is it possible to surpass the currently highest achieved
luminosity-per-power, and if so, how? This topic is dis-
cussed in detail in Sec. VI below.

VI . THE POSITRON PROBLEM:
PLASMA-ELECTRON MOTION

AND TRANSVERSE BEAM LOADING

The discrepancy in performance between electron and
positron acceleration can in large part be explained by the
ratio in mass between plasma ions and electrons for many
of the schemes considered in this review. Lighter plasma
particles have lower inertia, leading to comparatively more
motion within the accelerated positron bunch. The motion
of plasma electrons within the positron bunch leads to
variation in the plasma-electron density, which in turn
disruptsthequality of theaccelerated bunch. Thiseffect isa
potential limitation on the density of the loaded positron
bunch and therefore a limitation on the achievable lumi-
nosity of electron-positron colliders. At the end of this
section, we consider schemes and conditions that exceed
this limitation but nevertheless appear to preserve the
quality of the accelerated positron bunch.

A. The ideal case

The ideal plasma-based positron accelerator is similar to
the standard nonlinear blowout for electron acceleration:
the focusing fields must vary linearly in the transverse
directions to preserve the emittance, and the accelerating
fields must be uniform in both the transverse and longi-
tudinal directionstopreservetheuncorrelatedandcorrelated
energy spread, respectively. For emittance preservation, we
specifically require [193,194]

ṶɳĦEr īvzB◖ĩı
1

ⱦ0
ĦɟīJz=cĩıconst; Ħ12ĩ

whereɟis the charge density (providing passive plasma
lensing [195]) and Jz is the axial current density (providing
active plasma lensing [196]). This means that either both
ɟand Jz need to betransversely uniform, or, moregenerally,
that any variation inɟmust bematched by acorresponding
variation in Jz. Longitudinally uniform focusing fields
[ÖzĦEr īvzB◖ĩı0] are not strictly necessary, as the

beam emittance can still be preserved with slice-by-slice
matching [197], assuming the fields are linear within each
slice. However, the Panofsky-Wenzel theorem [198]

ÖzĦEr īvzB◖ĩı ṶɳEz; Ħ13ĩ

FIG. 21. Comparison of the dimensionless luminosity-per-power versus the normalized accelerating field for all proposed positron-
acceleration schemes, aswell asthenonlinear blowout electron-acceleration schemeand relevant experimental results(seeTableII). The
energy spread per gain (red-yellow-green color map; the inner and outer circles represent theprojected and uncorrelated energy spreads,
respectively) and final energy (parenthesis) of each simulation/experiment are indicated. Conventional technology is represented by
CLIC parameters (blue line). Estimated limits on the luminosity-per-power based on the motion of plasma electrons and ions, which
depend on beam energy and ion mass, are indicated (gray dotted lines).
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One of the biggest unsolved problem in plasma acceleration
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There are many 
schemes for e+ 
acceleration ςbut 
currently, none can 
be tested 
experimentally.

Most involve some 
sort of shaping or  
truncation of 
plasma to inhibit 
return flow of
electrons from 
blowout.



Positron Acceleration
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Even if one of these schemes proves to work reliably and reproducibly, they are 
generally not close to 
collider regime.

B. Foster, HK, 01/26



Origin of HALHF
ÅThe basic idea is ςthere are enough problems with 
a PWFA e- accelerator; e+ is even more difficult. 
Bypass this for e+e- collider by using conventional 
linacfor e+.
ÅFor this to be attractive financially, conventional 
linacmust be low energy => asymmetric energy 
machine.
ÅThis requirement led to (at least for us) unexpected 
directions ςthe more asymmetricthe machine 
became, the better!

B. Foster, HK, 01/26
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Relativistic Refresher

ÅWe thought that the optimum (see later) for Ecm = 250 GeV 
is to pick Ee = 500 GeV, Ep= 31 GeV, which gives a boost in 
the electron direction of g~ 2.13.
B. Foster, HK, 01/26
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Power Efficiency 
ÅAsymmetric machines less energy efficient than symmetric ςenergy lost 
άƛƴ ŀŎŎŜƭŜǊŀǘƛƴƎ ǘƘŜ C.o.M.έ CƻǊ Ŝǉǳŀƭ ōǳƴŎƘ ŎƘŀǊƎŜǎ ҐҔ нΦр ǘƛƳŜǎ ƳƻǊŜ 
power required for same C.o.M.energy.

ÅCan be reduced by introducing asymmetry into beam charges ςincrease 
charge of low-energy beam and decrease high-energy s.t.N2 = NeNp
constant => Lconserved.

ÅP/P0 = (NeEe+NpEp)/(N*sqrt(s))

ÅOptimum is to scale e+ charge by sqrt(s)/(2Ep), i.e. factor ~ 4. 

ÅProducing so many e+ problematic ςcompromise by scaling by factor 2 
(2*e+, ½* e-). 

ÅReduces power increase to 1.25. Also reduces bunch charge in PWFA arm.

B. Foster, HK, 01/26
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Emittance reduction
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ÅGeometric emittance of bunch scales with 1/E .

ÅLower-energy e+ beam must have smaller bfunction at I.P. ςuse 
bx/by =3.3/0.1mmc.f. CLIC 4.0/0.1 mm. 

ÅIn contrast, high-energy e- beam -bfunction can be increased, 
which could reduce complexity of BDS.

ÅMore interesting is to increase the e- emittance AND reduce the 
bfunction => normalized emittance can be 16 times higher for 
the same L => increased tolerances in PWFA arm.

ÅBeam-beam focusing effect on Lmust be simulated with Guinea 
Pig. 



HALHF Layout
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e-
e+
e+ BDS
e- BDS



.ǳǘ ƘŀƴƎ ƻƴΧΦΦ
ÅHALHF Collaboration 
άƪƛŎƪ-ƻŦŦέ ƳŜŜǘƛƴƎ 
@ DESY 23/10/23. 
Attendance ~ 50.

B. Foster, HK, 01/26
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ÅHALHF Workshop 
@ Oslo 4-5/4/24. 
Attendance ~ 30 (physical+ Zoom).

https:// indico.cern.ch/event/1370201/



Second thoughts
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ABEL: The Adaptable Beginning-to-End Linac simulation framework
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A start-to-end simulation framework, using 
OpenPMD

Adaptable implementations 
τchoose fidelity versus speed for each 
subsystem

Running other codes via wrappers (also 
submits HPC jobs etc.)
τHiPACE++, WakeT, ImpactX, GUINEAPIG, 
ELEGANT, CLICopti

Run simulations as experiments
τ run simulations with multiple shots, incl. 
random jitter
τperform automated scans (one-liner)
τperform parameter optimisations

ά{ȅǎǘŜƳ ŎƻŘŜέ όǘŜǊƳ ōƻǊǊƻǿŜŘ ŦǊƻƳ ŜΦƎΦ 
fusion)
τ integrated cost modelling
τmachine layouts

/ƘŜƴ Ŝǘ ŀƭΦΣ ¢¦t{лмнΣ Lt!/Ωнр

Now released as open source - Repository: https://github.com/abel-framework/ABEL

Facility Optimisation

B. Foster, HK, 01/26

https://github.com/abel-framework/ABEL


Blow-out simulation
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PIC simulation with HiPACE++, He @ 6 
× 1014 cmҍо; driver and main beam 
(orange) 8  & 1.6 nC. Excess ion density 
on axis (green) 



Two-stage simulation
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ABEL: The Adaptable Beginning-to-End Linac simulation framework
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Towards Full Simulation

B. Foster, HK, 01/26



ABEL: The Adaptable Beginning-to-End Linac simulation framework
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Facility Optimisation
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Calculating and optimising collider cost
Deýning a reasonable optimization metric

> Developed a cost model (integrated into ABEL), accounting for the cost of all collider 

subsystemsðscaled per length (and/or power) based on ILC/CLIC costs. 

> Deýning a reasonable optimization metric is non-trivial: 

 

 

 

 

 

> Using Bayesian optimization (and up to 12 key parameters) to ýnd minimum costð

less than 100 iterations typically sufýcient to ýnd the global minimum.

3 Cost estimate basis

This section discusses the detailed costing of the construction (for direct comparison to other collider

proposals), as well as additional costs used in the Bayesian optimisation process. For convenience of

comparison, all costs not originally expressed in ILC cost units (ILCU; i.e., 2012 dollars) have been

scaled to ILCUs and subsequently converted to other currency units as required using the appropriate

ofýcialdeþators.

3.1 Construction costs

Thecosting wasperformed using thenewly developed system codeABEL (which will bemadepublicly

available soon). It performs start-to-end simulations of the collider, where each element used is costed

based on its most salient characteristic, viz. length, volume, power or individually per component: the

per-element costs are summarised in Table 2. The resulting overall costs are listed in Table 4 in the

ComprehensiveSummary [1].

3.2 Full programme cost

Additional considerations are required when attempting to locate the overall optimum collider paramet-

ers; if only theconstruction cost wasused, amachineoperating with low luminosity for, say, 1,000 years

would appear optimal. Therefore, when performing the Bayesian optimisation, a more complete cost

must be used. The merit function to be minimised has been deýnedas a "Full Programme Cost" (not

unlike the USñTotal Project Cost") to deliver a physics programme corresponding to collecting 2 ab 1̥

of data at 250 GeV or 4 ab 1̥ at 550 GeV. This function is given by

Full ProgrammeCost = Construct ion Cost (components and civil engineering)

+ Overheads (design, development , management , inspect ion, etc.)

+ Integrated Energy Cost (unt il integrated luminosity reached)

+ MaintenanceCost (over programme durat ion)

+ Carbon Shadow Cost (const ruct ion and operat ions emissions)

Theconstruction costs includeall themachinecomponents, thecivil engineering (tunnels, surfacebuild-

ings and the interaction region), as well as additional infrastructure and services. The latter consists

of eight parts, seven of which are costed as a fraction of the total civil engineering cost (based on the

CLIC recosting 2025 submitted to this process [6]): electrical distribution (20.3%), survey and align-

ment (15.7%), transport and installation (4.8%), safety systems (11.7%), machine control infrastructure

(1.2%), and access safety and control systems (1.8%). Additionally, the eighth part is cooling and vent-

ilation, which scales with the integrated collider power (costed at 2.85 MILCU/MW). The additional

overheads are estimated at around 2̥2% of the total construction costs (10% for design/development,

12% for management/inspection). For HALHF, this isaround 696 / 900 / 1161 MILCU for the250 / 380

/ 550 GeV options.

Next, the integrated energy costs aregiven by

Integrated Energy Cost = Collider Power̤
Integrated Luminosity

Instantaneous Luminosity
̤Energy Cost Rate,

i.e., the collider power over the integrated uptime (running time needed to collect the required amount

of data times the energy cost rate (costed at 50 MILCU/TWh; approximately that used by CERN). A

preliminary estimate for HALHF, which would run for about 9ï10years, is 320 / 440 / 600 MILCU for

the 250 / 380 / 550 GeV options.

5

E. Adli et al. ñHALHF: a hybrid, asymmetric, linear 

Higgs factory using plasma- and RF-based 

acceleration. Backup Documentò, arXiv:2503.23489

B. Foster, HK, 01/26



ABEL: The Adaptable Beginning-to-End Linac simulation framework
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Facility Optimisation
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Second HALHF workshop
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Facility Optimisation

2nd HALHF
Workshop,
Erice,
3-8 October,
2024

B. Foster, HK, 01/26



HALHF New Baseline
Foster et al., Phys. Open 23, 100261 (2025)

https://doi.org/10.1016/j.physo.2025.100261


HALHF @ CERN


