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Motivation
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Plasma acceleration for increased gradient
Utilising the potential for cheaper high-energy physics

> Plasma-wakefield acceleration: 
> GV/m gradients, high beam quality, high beam power 

> Many promising developments in plasma acceleration  
over the past few years: 

> Increased stability (Maier et al. PRX) 
> FEL application (Wang et al., Pompili et al. Nature) 
> High rep rate (D’Arcy et al. Nature) 
> Beam-quality preservation (Lindstrøm et al.) 
> High energy efficiency, e– driven (Litos et al., Peña et al.)

�����������	
����


�� � �� ���
������
����	�������������������	��������

�

�

��

��

��

�
��
�
��
��
��
��
��
��
��
���
	�
��
���
�
��
��
�
�

�

 �

!�

���

�"�

�
��
�
��
��
��
��
��
��
��
��
���

��
��
�
�

#	�������		��$�����������������������%����&������� ��������	�
��
#	�������		������������
������������%����&������� ����
���	�
��
'(�	
������)��
�)�
���)���	�������		��#*+����
	������

#	�������		��$�������

��"�

��,�

��!�

��-�

����

'
��
��
.�
�/

�0
�

#	�������		���������

�

��

��

1�

�
��
��
��
	��
��
��
�.
���

+
�/
�0


�
�

� ��  �
����+�

� �2� �2 
������3�456/�


 � 
�� � ��  �
7�������	��������


�


�2�

�

�2�

�

��
��

�
�

��  � "� !� ���
7�������	��������

�

���

 ��

"��

!��

+
)�
��
��
��
��
��.
���

+
��
�


�
�

�

���
��
�����

� �

� �
Plasma cell

Emittance, energy-spread and charge preservation 
Source: Lindstrøm et al., Nat. Commun. 15, 6097 (2024)

24 hour stability, laser-plasma accelerator 
Source: Maier et al. PRX 10, 031019 (2020)

https://www.nature.com/articles/s41467-024-50320-1
https://doi.org/10.1103/PhysRevX.10.031039
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Positron acceleration in plasma

> Plasmas are charge asymmetric 
> No “blowout regime” for e+ 

> Positron acceleration has been 
demonstrated experimentally. 

> However, luminosity per power 
still orders of magnitude below 
RF and e– PWFA. 

> Main challenge: Electron motion 
(equivalent to ion motion for e+, 
but plasma electrons are lighter)

which for typical plasma densities ne ≈ 1014–1018 cm−3
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 the so-called nonlinear or blowout
regime, providedmore favorable conditions for accelerating
electrons with high efficiency and high beam quality. In this
regime, plasma electrons are expelled radially outward by an
intense driver, creating a bubble-shaped sheath of plasma
electrons surrounding a cavity containing only plasma ions
[see Fig. 1(a)]. These ions, which are uniformly 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 amplitude—a 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 plasma wake-

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 electrons while preserving a
low energy spread [36]. Similarly, in laser-driven plasma-
wakefield acceleration (LWFA), milestones include the
generation of high-quality beams [37–39]; 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 a nonlinear plasma wake, 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 excite a nonlinear wake. Here, only the front half of a Gaussian is used, such that no positrons experience acceleration.
(d) Using a full Gaussian bunch, the front half drives the wakefield and the rear half loads the wakefield and is accelerated. Adapted from
Refs. [30] and [31].

CAO, LINDSTRØM, ADLI, CORDE, and GESSNER PHYS. REV. ACCEL. BEAMS 27, 034801 (2024)

034801-2

Recent review: Cao, Lindstrøm, Adli, Corde & Gessner, PRAB 27, 034801 (2024)

technology (L̃P ≈ 500), at least in simulations without ion
motion.
Why do we in general observe such a large difference

between the plasma acceleration of positrons and 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
disrupts the quality of the accelerated bunch. This effect is a
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 directions to preserve the uncorrelated and correlated
energy spread, respectively. For emittance preservation, we
specifically require [193,194]

∇⊥ðEr − vzBϕÞ ¼
1

ϵ0
ðρ − Jz=cÞ ¼ const; ð12Þ

where ρ is 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
ρ and Jz need to be transversely uniform, or, more generally,
that any variation in ρ must be matched by a corresponding
variation in Jz. Longitudinally uniform focusing fields
[∂zðEr − vzBϕÞ ¼ 0] 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]

∂zðEr − vzBϕÞ ¼ ∇⊥Ez; ð13Þ

FIG. 21. Comparison of the dimensionless luminosity-per-power versus the normalized accelerating field for all proposed positron-
acceleration schemes, as well as the nonlinear blowout electron-acceleration scheme and relevant experimental results (see Table II). The
energy spread per gain (red-yellow-green color map; the inner and outer circles represent the projected 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).

POSITRON ACCELERATION IN PLASMA WAKEFIELDS PHYS. REV. ACCEL. BEAMS 27, 034801 (2024)

034801-21

The biggest unsolved problem

https://doi.org/10.1103/PhysRevAccelBeams.27.034801
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The HALHF concept
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An asymmetric collider: can it work?
The more asymmetric, the better

e+

e−Symmetric energies

e+

e−Asymmetric energies
0.25x 4x

More compact (PWFA for high-energy e–) 
Less energy efficient (boosts products)

e+

e−Asymmetric charges

2x 0.5x

Improved energy efficiency 
(less charge at high energy)

e+

e−
Asymmetric emittances

16xImproved tolerances for PWFA 
(Same geometric emittance at higher  
energy = higher normalised emittance)
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HALHF: a hybrid, asymmetric collider concept
Plasma acceleration for electrons + RF acceleration for positrons

> Original HALHF proposal includes a combined RF linac for positrons and e– drivers. 
> Length dominated by the beam-delivery system. Cost dominated by the RF linac.

RF linac
(5–31 GeV e+/drivers)

Turn-around loops
(31 GeV e+/drivers)

Beam-delivery system
 (500 GeV e–)

Plasma-accelerator linac
(16 stages, ~32 GeV per stage)

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

Source: Foster, D’Arcy & Lindstrøm, New. J. Phys. 25, 093037 (2023)

> Solving the plasma positron problem by accelerating positron with RF linacs.

https://doi.org/10.1088/1367-2630/acf395
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> Overall footprint: 3–5 km (TBD): Fits in most major particle-physics laboratories

> Construction cost estimate around €2–4B (TBD) — national, not international scale.

A collider on a “national” scale
Plasma acceleration for electrons + RF acceleration for positrons
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Recent progress



Page 10

> Transverse instability, tolerances are too tight. 
> Beam ionisation of the higher-order ionisation levels for argon (chosen to avoid ion motion). 
> Cross-plane emittance mixing (Diederichs et al.): large horizontal emittance leaks into vertical emittance. 
> Plasma-cell cooling: too much cooling required per length (~90 kW/m). 
> Radiation reaction at high energy: large induced energy spread (%-level). 
> Bunch pattern may not be compatible with PWFA: too much temperature increase? Effect on wakefields? Confinement? 
> Exceeded the Oide limit in the final focusing magnets. 
> High-energy turn-arounds: too much energy loss to synchrotron radiation. 
> The required delay chicanes are (transversely) large and costly. Strong bending magnets (SR is problematic). 
> Combined RF accelerator has too high gradient given its high power. 
> Required driver bunch length is too short: problematic beam loading in the RF linac (beam current too high). 
> The instantaneous luminosity is too low 
> High positron bunch charge: problematic for production and for collisions. 
> Need polarised beams for physics. 
> Unknown if we can preserve spin polarization of electrons in plasma stages and interstages.

16 Dec 2024  |  Carl A. Lindstrøm  |  AHIPS

Challenges in the original design: a “laundry list”
Identified as a result of much community input and engagement
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A delicate balance of three worlds
Moving toward a fully self-consistent design

Conventional 
accelerators

Physics and 
detectors

Plasma 
accelerators

“Dream on”

“Maybe not…”

“No way, 
Jose”

Initial proposal

(NJP 2023)

“Oh, actually…”

“Here’s an idea”

Pre-CDR
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You are very welcome to join 
the HALHF Collaboration!
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Toward an updated baseline
Work in progress—aim to finish before the ESPP input deadline (March 2025)

> Main changes in the updated baseline (to be confirmed): 
> Lower-density plasma acceleration (lower gradient, improved tolerances) 
> Separate RF linacs for PWFA drivers (high current, low gradient) and positrons (low current, 

high gradient): 
      L-band driver linac (CLIC-like)  +  S-band positron linac (warm or cool copper). 

> Combiner ring to decrease current in the (high-power) driver linac. 
> Polarised electrons and positrons (ILC-like helical undulator source).

Facility length: ~5 km

Interaction point
(250 GeV c.o.m.)

RF linac
(3 GeV e–) 

Driver RF linac
(4 GeV e–, 4 MV/m, 1 GHz)

Combiner
rings (12x)

Plasma-accelerator linac
(48 stages, 7.8 GeV per stage, 1 GV/m)

Beam-delivery system
 (375 GeV e–)

Beam-delivery system
 (42 GeV e+)

Delay
loop

Helical
undulator

Positron
target

(4.8 nC)

Positron transfer line
(3 GeV e+)

RF linac
(3 GeV e+)

e+
e–

Cool-copper RF linac
(42 GeV e+, 40 MV/m, 3 GHz) 

Damping rings
(3 GeV)

Liquid nitrogen plants
(2.5 MW at 77°K) 

Electron
source

(1.6 nC)

Driver source
(8 nC)
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Toward a self-consistent plasma linac
Start-to-end simulations (by Ben Chen, Uni Oslo)

> Multi-stage PWFA linac (here 33 stages) 
> Nonlinear plasma-lens optics for stage 

coupling (SPARTA project, ERC) 
> Flat-beam issue (Diederichs et al. 2024) 

suppressed with vertically flat driver 
> Ion motion suppresses transverse instability. 
> Longitudinal self-stabilization from 

compression between stages 
> Full simulation (minor simplifications only): 

— PIC simulation in stages (HiPACE++) 
— Particle tracking in interstages (ELEGANT) Preliminary start-to-end simulations 


Source: B. Chen (University of Oslo)

Staging optics with nonlinear plasma lenses (SPARTA project).
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Toward a self-consistent plasma linac
Start-to-end simulations (by Ben Chen, Uni Oslo)

> Using 100 nm rms driver offset jitter (similar to state-of-the-art) 
> Final emittance around 0.5x34 mm mrad: very close to requirement for HALHF 
> Synchronisation tolerance around 10 fs rms (similar to state-of-the-art)
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A polarised 
positron source 

for HALHF
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Positron requirements
New challenges compared to ILC positron source

> Higher bunch charge: 
  ~4.8 nC per e+ bunch (1.5x ILC) 

> Higher overall number required as in the ILC luminosity upgrade: 
> 4.8×1014 e+/s in HALHF compared to 2.6×1014 e+/s in ILC upgrade 

> Different train structure to ILC (shorter if CLIC-like RF linacs, longer if CW): 
> 160 pulses in ~2.6 µs at ~100 Hz rep rate (compared 1000s on a ms-timescale at ILC) 

> The electron beam is lower: 1.6 nC per e– bunch (50% of ILC) 
> Requires higher positron yield (3–4 e+ per e–, compared to 1–1.5 e+ per e– in ILC) 

> The electron beam is 3× higher energy: ~375 GeV (compared to ~125 GeV in ILC) 
> Requires changes in the helical undulator
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Previous studies of a positron source at 500 GeV
By G. Moortgat-Pick et al.

> Not ideal to use ILC undulator (K = 0.92, λ = 11.5 mm): Low polarization at 500 GeV 
> Instead use new setup: higher K = 2.5, period λ = 43 mm 

> Can achieve ~55% polarization, higher yield. 
> Larger γ-ray spot: May be more challenging to capture the positrons.

Possible new undulator setup

Source: Ushakov et al. (2013)

Assuming the ILC undulator (K=0.92, λ=11,5 mm). 
Source: Ushakov et al. (2013)

Ushakov et al., arXiv:1301.1222 (2013)

https://arxiv.org/pdf/1301.1222


Page 2016 Dec 2024  |  Carl A. Lindstrøm  |  AHIPS

Conclusion
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Conclusion

> HALHF: a plasma-based collider concept that  
               sidesteps the “positron problem” in PWFA 

> Collaboration formed—several very productive workshops 
> Much recent progress toward a self-consistent and credible design. 

> Working toward an updated baseline by March 2025 (ESPP input deadline). 
> Polarized positron source likely required: 

> Changes required wrt. ILC polarised positron source, but currently seems feasible.

HALHF: a project with large forward momentum!

Facility length: ~5 km

Interaction point
(250 GeV c.o.m.)

RF linac
(3 GeV e–) 

Driver RF linac
(4 GeV e–, 4 MV/m, 1 GHz)

Combiner
rings (12x)

Plasma-accelerator linac
(48 stages, 7.8 GeV per stage, 1 GV/m)

Beam-delivery system
 (375 GeV e–)

Beam-delivery system
 (42 GeV e+)

Delay
loop

Helical
undulator

Positron
target

(4.8 nC)

Positron transfer line
(3 GeV e+)

RF linac
(3 GeV e+)

e+
e–

Cool-copper RF linac
(42 GeV e+, 40 MV/m, 3 GHz) 

Damping rings
(3 GeV)

Liquid nitrogen plants
(2.5 MW at 77°K) 

Electron
source

(1.6 nC)

Driver source
(8 nC)


