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Particle physics and the promise of plasmas

> Critical time for particle physics—we need to plan the post-LHC era. 
> FCC-ee would be fantastic, but prohibitively expensive (~€20B). 
> Linear colliders (ILC, CLIC) promise much reduced cost (~€7–12B)

> A key cost driver in linear colliders is gradient (~100 MV/m): 
> Plasma acceleration promises higher gradient (1–100 GV/m) 
> What are the other important cost drivers?  

(This drives further design choices for plasma accelerators)
> Several plasma-based collider designs proposed since the 90s. 

> Useful for identifying the remaining challenges. 
> Where are we conceptually and experimentally?

High accelerating gradient means compact main linacs

Strawman design of a plasma-based collider. 
Image source: Pei et al., Proc. PAC (2009).

FCC. Image: CERN.
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How to actually improve a particle collider

= (beam power) / (source-to-beam efficiency) 
   *(cost per power delivered from source) 
 
+ (beam energy) / (accelerating gradient) 
   *(cost per length of accelerator) 
 
+ (integrated luminosity) / (luminosity per power) 
   *(cost per energy) 

+ other

Optimising for cost goes beyond just the accelerating gradient

Driver technology (laser or beam), 
bunch pattern

Energy depletion, energy-transfer, 
transverse instabilities

Frequency (plasma density),  
peak power (driver intensity), 
fill factor (staging)

Charge, emittance,  
energy spread, collision rate

ℒ
Pwallplug

= HD

8πmec2
1
βxβy

ηN
ϵnxϵny

Cost = (power source) + (accelerator) + (energy usage) + other
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Current status of plasma acceleration

> Maturation of toward “real-life” applications: 
> Strong-field QED (Põder et al. & Cole et al. 2018) 
> Free-electron lasing

> Six key aspects relevant to colliders: 
> Positron acceleration 
> Energy efficiency 
> Repetition rate and average power 
> Beam-quality preservation 
> Staging 
> Stability

How far away are we from a plasma-based collider?

LWFA FEL. From: Want et al. Nature (2021)

Nature | Vol 605 | 26 May 2022 | 661

and then subtracted. The red line shows the numerical fit (R2 ≈ 0.9997) 
computed on the measured energy according to the exponential law 
Epd = a·exp(z/Lg), in which Lg = 1.1 ± 0.1 m is the resulting gain length.

Figure 3 also shows a simulation of the amplification process, car-
ried out with the GENESIS 1.3 code32. A set of 100 independent runs was 
processed similarly to the measured data. The electron beam macro-
scopic parameters (charge, emittance, energy spread and duration) 
were statistically varied (within the experimental errors) and used 
as input for the simulations to estimate the energy fluctuations. The 
simulated energies reasonably match the measured ones, resulting 
in a gain length of Lg = 1.26 ± 0.13 m, computed on the largest 10% of 
energies. Considering the SASE regime, large shot-to-shot fluctuations 
are expected and effectively observed from both the experiment and 
the simulations33.

The single-mode amplification of light is supported by the spectral 
measurements carried out with the imaging spectrometer collecting 
the light at the end of the undulators beamline. The spectral distribu-
tions of the 20 shots with the largest intensities (out of a distribution 
of 200 samples) is shown in Fig. 4a. The statistical analysis, presented 
in Fig. 4b, shows that the radiation is centred at λr = 826 ± 9 nm with 
bandwidth σλ = 4.7 ± 1.1 nm (corresponding to ≈0.6%). A single shot of 
the FEL radiation measured with the imaging spectrometer is shown in 
Fig. 4c. Good agreement between the simulations and the experiment 
is confirmed by looking at the simulated spectrum in Fig. 4d. Both plots 
also report the respective spectrum traces obtained by projecting the 
images over the horizontal axis.

In conclusion, we reported a proof-of-principle experiment demon-
strating the first lasing of a FEL driven by a PWFA. The results indicate that 
the high quality of the plasma-accelerated beam (with low energy spread 
and emittance), accompanied by the high stability and reproducibility 
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Fig. 2 | Witness acceleration in plasma. Snapshots of the driver (D) and 
witness (W) spectrum with plasma turned off (a) and on (b). In a, the RF 
deflector is turned on to vertically separate the two bunches. In b, the 
decelerated driver energy spectrum is obtained by merging the images 
obtained with different currents of the spectrometer. c, Energy (top) and 
spread (bottom) distributions of 500 consecutive shots of the accelerated 

witness. d, Numerical simulations. The top plot shows a snapshot of the two 
bunches moving through the plasma background. The white dashed line shows 
the axial accelerating field along the co-moving coordinate ξ. The plasma 
density is reported by the colour bar, in units of cm−3. The evolution of the 
average energy (blue) and energy spread (red) along the capillary longitudinal 
coordinate z is reported in the bottom plot.
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Fig. 3 | Exponential growth of the amplified light. Energy gain of the FEL 
radiation along the six undulators measured with the photodiodes (blue 
circles). The red line shows the computed exponential fit over the experimental 
data. The resulting FEL simulation (green triangles) is also reported. The error 
bars are computed as the standard deviation of the signal amplitudes 
measured at each point.

PWFA FEL. From: Pompili et al., 
Nature (2022)

From: Galletti et al. PRL (2022)
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Positron acceleration
Not currently suitable for colliders

> 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.

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)

https://doi.org/10.1103/PhysRevAccelBeams.27.034801
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Positron acceleration
Not currently suitable for colliders

> 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)

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

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

> Three efficiencies: 
> Driver production efficiency: 

> Laser drivers: ~0.1% in Ti:sapphire,  
         possibly 10+ % (fibre, Thulium, thin-disk, …)  

> Proton drivers: ~1% (SPS) 
> Electron drivers: ~50% (RF linac with few MV/m)

> Driver depletion efficiency: 
> (57±3)% demonstrated (electron-driven)

> Wakefield energy extraction efficiency: 
> (42±4)% demonstrated (electron-driven, optimal loading) 
> (19±3)% demonstrated (laser-driven)

> Theoretically, ~90% is achievable in both depletion and extraction.

Currently favours electron-driven PWFA

ηwp→b = ηwp→d × ηd→wf × ηwf→b
ηwp→d

ηd→wf

ηwf→b

CHAPTER 6. SUMMARY, COMPARISON TO RF AND OUTLOOK
6.2. PLASMA-ACCELERATOR EFFICIENCY COMPARED TO RF ACCELERATORS

Figure 6.1: (a) Energy transfer diagram from the drive bunch to the main bunch at
CLIC, adapted from Ref. [27, Fig. 2.36] (CC-BY 3.0). (b) The corresponding
diagram for a beam-driven plasma accelerator, where the energy-deposition
and extraction e�ciencies from Chapter 5 and Ref. [104] are used, respec-
tively.

Including beam transport, beam-delivery system, and cooling, this e�ciency becomes

4.8% [27, Fig. 2.37]. This is similar to other constructed and proposed facilities, e.g.,

FLASH with 2.6% [189], XFEL with 10% [190], and ILC with up to 10% [31].

Fig. 6.1(a) shows a Sankey diagram illustrating the energy flow from the drive beam

to the main beam at CLIC. To compare with plasma accelerators, Fig. 6.1(b) shows the

energy transfer from the driver to the trailing bunch, where the record e�ciencies to date

are used, i.e., 59% [176] for deposition and 42% [104] for extraction. In this comparison,

plasma accelerators seem promising, as their driver-to-trailing-bunch e�ciency of 25%

is similar to the driver-to-main-beam e�ciency of CLIC at 19.9%. However, such a

working point has not been demonstrated, as the deposition and extraction e�ciencies

were demonstrated only individually. Furthermore, as discussed in Sections 1.4 and 4,

the quality of the trailing bunch must be preserved during acceleration. In the record

extraction result, no emittance preservation was shown; in the record deposition result,

no trailing bunch was present. Therefore, for a fair comparison, the result presented

�The high accelerating gradients require the use of high frequency, and therefore frequency-multiplying
the Klystron output, which lowers their e�ciency. This, together with the quantity of required Klystrons,
makes it a disadvantageous design [27, Sec. 2.1.2].

106

(a) CLIC vs. (b) PWFA experiments (combination of best results).  
From: Peña, PhD thesis (2024)

Efficient LWFA.  
From: Streeter et al. PRAB (2022)

PWFA depletion efficiency.

From: Peña et al., PRR (2024)
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Repetition rate and high average power

> What is the optimal bunch train pattern for a plasma accelerator? 
> Pulsed or CW?

> Bunch spacing? Limited by ion motion effects: 
> Recent experiments indicate 1–100 ns (species dependent)

> Bunch train length? Limited by plasma-temperature effects: 
> Wakefield structure changes above 1–10 keV 
> Radiation cooling (e.g., bremsstrahlung) likely not sufficient 
> Magnetic confinement may be required

> Train repetition rate? Limited by plasma expulsion/refilling: 
> Preliminary experiments indicate 0.1–10 ms

The most critical outstanding R&D problem

Nature | Vol 603 | 3 March 2022 | 59

the FLASH linac to 1,061 MeV (ref. 19). A probe bunch, with different 
parameters to the leading bunch, was produced by a second photo-
cathode laser and placed in a later RF bucket (Methods). The probe 
bunch (accelerated to 1,054 MeV) was bisected into a pair of bunches 
in the FLASHForward experimental beamline—the first ‘driving probe’ 
bunch driving a subsequent non-linear wakefield and the second ‘trail-
ing probe’ bunch travelling behind in its wake. The two probe bunches 
propagated through the perturbed plasma at varying times after the 
leading bunch (Fig. 1), thereby driving a second plasma wake the proper-
ties of which depend on the state of the perturbed plasma. By analysing 
the two probe bunches, the perturbed plasma can be sampled with 
temporal resolution defined by the 1.3 GHz frequency of the RF accel-
erating cavities in the FLASH linac. The recovery time of the plasma is 
defined as the point at which the properties of the probe bunches are 
consistent with those measured after interaction with an unperturbed 
plasma, that is, in the absence of the leading bunch.

The results of a scan varying the separation of the leading and probe 
bunches can be seen in Fig. 2, which was generated by dispersing all 
three bunches in a dipole magnet, focusing them on a scintillating 
screen after the interaction and subtracting the overlapping energy 
spectra, averaged over many bunches, of the leading bunch from that 
of the driving probe bunch (Methods). In the case of the unperturbed 
plasma, both the energy spectra and transverse distributions (Fig. 2a) 
remain approximately constant over the duration of the 160 ns scan (see 
Extended Data Fig. 1 for separations 70–160 ns), with gradual changes 
due to the slow dynamic evolution of the background plasma as it under-
goes recombination and is gradually expelled from the open capillary 
ends20. However, in the case of the perturbed plasma, the energy spectra 
and transverse distributions (Fig. 2b) vary significantly over the same 
timescale until approximately 63 ns, at which point all residuals are 
compatible with zero (Fig. 2c), indicating that the probe-bunch prop-
erties are consistent with those of the unperturbed case. That this is 
the case over longer timescales, up to 160 ns, can be seen in Fig. 2c 
and Extended Data Fig. 1. The recovery time for this operational state 
translates to an interbunch repetition-rate upper limit of O(10 MHz).

The dominant physics mechanisms and timescales defining the ion 
motion can be understood from the features of Fig. 2. The timescale 
over which an on-axis ion-density peak is generated depends on the 
longitudinally integrated radial fields of the electron bunch and plasma 

wave. Considering only the fields generated by the leading electron 
bunch, it is estimated that the on-axis ion density for a singly ionized 
argon plasma will reach its maximum at 0.5 ± 0.2 ns (Methods)—an 
upper-bound estimate yet still outside the 0.77 ns temporal resolution 

Unperturbed
plasma

Perturbed
plasma

Leading
bunch

Driving probe
bunch

Trailing probe
bunch

Decaying wakefield and
onset of ion motion

> 0.77 ns

Fig. 1 | Conceptual representation of the plasma probe process. For the 
perturbed measurements, a leading bunch drives a wakefield, which in turn 
stimulates motion of the plasma ions. The two probe bunches sample the 
perturbed plasma in increments of 0.77 ns after the temporally locked leading 
bunch. For the unperturbed measurements, the procedure is the same but 
without the presence of the leading bunch. The rendering was performed using 
VisualPIC33.
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Fig. 2 | Recovery time of a beam-driven plasma wake. a, The energy spectra and 
transverse distributions of the probe bunches after interaction with an 
unperturbed plasma. b, The same as in a but after interaction with a plasma 
perturbed by the leading bunch. Imperfections in the procedure used to subtract 
the overlapping spectra of the leading bunch from the driving probe bunch 
(Methods) lead to small systematic differences between the energy spectra of  
a and b at late timescales, for example, in the large betatron-mismatch band at 
approximately 1,030 MeV. Larger trailing-probe-bunch charge is also seen in  
b at shorter timescales due to higher coupling between the plasma and 
downstream capturing optics. c, The residuals (Methods) between the energy 
spectra and transverse bunch size of both the unperturbed and perturbed 
datasets. Extended data up to 160 ns is shown on a compressed horizontal 
timescale in the right-hand panel. The error bar represents the standard error of 
the mean. The recovery time, indicated by the black dashed vertical line, is 
reached when all three residuals are consistent with zero. The three 
experimental signatures of ion motion are enumerated in b, with orange dashed 
bands for the first signature added to a and b to guide the eye.

From: D’Arcy et al. Nature 603, 58 (2022)

From: Zgadzaj et al. Nat. Commun. 11, 4753 (2020)



Page 84 Dec 2024  |  Carl A. Lindstrøm  |  Fundamental research and applications with the EuPRAXIA facility at LNF

Beam quality preservation

> Energy spread (0.1% required for colliders): 
> ~0.1% rms preserved at %-level field uniformity, ~1% with large 

energy gain. Optimal beam loading achieved.
> Emittance preservation (0.1 µm–level required for colliders): 

> 2.8 mm mrad preserved (within ±3%) with moderate energy gain
> Spin polarization (~50+% “required” for colliders): 

> Can likely be preserved for flat beams if using vertical polarization 
> No evidence yet (LWFA experiments ongoing)

> Recent advances have lead to first high-impact applications: 
> Free-electron lasers based on LWFA (Wang et al., Nature 2021)  

and PWFA (Pompili et al., Nature 2022)

A challenging topic with much recent progress

dipole magnets; one for broad-band spectrum measurements on a
gadolinium-oxysulfide (GadOx) screen situated outside the vacuum,
and another for high-resolution, energy-resolved emittance measure-
ments on an in-vacuum cerium-doped gadolinium-aluminium-gallium-
garnet (GAGG:Ce) screen. Five quadrupoles were used to capture a
point-to-point image of the electron beam from the plasma-cell exit
(the object plane) to one of the two screens (the image plane).

Characterization of the operating point
A multi-parameter optimization varying the incoming electron beam
and the plasma density, as developed in a previous publication14,
resulted in the operating point visualized by the particle-in-cell (PIC)
simulation shown in Fig. 1b (see “Methods” and Supplementary
Fig. 10), which indicates a peak accelerating field of approximately
1.5 GVm−1. The trailing bunch gained up to 40MeV of energy per
particle at an energy-transfer efficiency of around 22 ± 2% (see
“Methods” and Supplementary Fig. 6), measured with the broad-band
spectrometer (see Fig. 1c), and had a ~ 40 pCof charge both before and
after acceleration, measured with the high-resolution spectrometer
(see Fig. 1d, e). The reduced energy spreadof the accelerated spectrum
(see Fig. 1f), together with the observed high energy-transfer effi-
ciency, indicate that the wakefield was strongly beam-loaded35. This
effect is also observed in the PIC simulation, which indicates that the
wakefield was under-loaded in the low-density ramp regions and over-
loaded in thehigh-density central region, resulting in anapproximately
uniform acceleration when longitudinally averaged (see “Methods”).
Since a small low-energy distribution tail was introduced during
acceleration, the energy spread is quantified using the full-width at half
maximum (FHWM), as this correlates better with peak spectral density
(the quantity most relevant to applications) compared to the more
conventional rms (see “Methods”).

Preservation of emittance
Figure 2 demonstrates preservation of the projected (i.e., averaged
over all energy slices), normalized emittance in the horizontal plane;
starting at 2.85 ± 0.07mm mrad, measured with the plasma cell
extracted, and ending up at 2.80 ±0.09mmmrad after acceleration in
the plasma. The root-mean-square (rms) horizontal beam size was
measured across a rangeof object planes by varying the strength of the
imaging quadrupoles (see “Methods” and Supplementary Fig. 7), while
keeping a constant magnification as well as a constant object plane in

the vertical (dispersive) plane to ensure high-energy resolution (see
Fig. 2b, c). This multi-shot measurement was only possible due to the
high stability of the beam–plasma interaction (see Fig. 1c). The diver-
gence was measured to be 0.28 mrad rms both before and after
acceleration, with corresponding virtual-waist beam sizes of 5.0 and
4.7μm rms. The screen resolution, measured to be 6.2μm rms (see
“Methods” and Supplementary Fig. 5), affected the measurement
minimally, as the quadrupole imaging magnified the beam size by a
factor of 7.9, thereby allowing sub-μm beam features to be resolved.
The preservation of emittance was achieved simultaneously with that
of charge and relative energy spread: these were within the 68th per-
centile range of their initial values in 41% and 62% of all shots,
respectively (see Fig. 2d, e).

Comparison to particle-in-cell simulations
The evolution of the beam inside the plasma was estimated using
simulation (see Fig. 2a and Supplementary Fig. 10). This suggests that
the trailing bunch was focused down to a beam size of less than 2μm
rms, undergoing 870° of phase advance (i.e., nearly five betatron
envelope oscillations). The emittance was preserved even in the pre-
senceof a smallmismatchof thebeta function; the expected emittance
growth after full phase mixing25 is ~ 10%, but this was never reached
because the decoherence length for a per-mille-level energy spread
would be tens of metres. Moreover, since the driver was focused
21.3 ± 0.3mm upstream compared to the trailing bunch (due to the
chromaticity of the final-focusing quadrupoles) and had a higher
emittance, the transverse size of the driver was relatively large, which
both suppressed the hose instability36 and resulted in negligible
motion of argon ions on the timescale of one plasma oscillation.
Emittance growth from Coulomb scattering, estimated analytically
from the simulation to be 1.1 × 10−4 mm mrad, was also negligible due
to the small beta function inside the plasma cell30.

Emittance growth from misalignment
Themain experimental challengewas to align andmatch the incoming
bunch to the plasma wake. Misalignment and mismatching must be
sufficiently small to avoid sampling the nonlinear focusing fields in the
electron sheath surrounding the plasma cavity. The emittance-
preserving operating point shown in Fig. 2 was found using high-
precision scans of two key parameters: the angle between the trajec-
tories of the driver and the trailing bunch (see Fig. 3), and the

Plasma cell

Fig. 2 | Preservation of projected, normalized emittance. a The imaged beam
size is shown for a range of object planes around the plasma cell,measuredwith the
plasma cell extracted (orangepoints) and inserted into thebeampath (bluepoints).
The screen resolution (green dotted line) is negligible. Note that the imaged beam
size does not represent the beam size as it was inside the plasma cell, but instead
thatof the resulting virtualwaist. Fits of the virtual-waist evolution (orangeandblue
lines) demonstrate that the normalized emittance, ϵn, was preserved to within the

fit error. The evolution of the beam size throughout the plasma cell is estimated
using a PIC simulation (grey line). b, c The measurement was performed by scan-
ning the object plane of a point-to-point imaging spectrometer, first with the
plasma cell extracted (b, 210 shots) and subsequently inserted (c, 420 shots);
projections in energy and transverse position are displayed in the upper and lower
panels, respectively. d, e The insets show the charge,Q, and relative energy spread,
σE/E, before (orange lines) and after acceleration (blue histograms).

Article https://doi.org/10.1038/s41467-024-50320-1

Nature Communications | ��������(2024)�15:6097� 3

Charge, energy-spread and emittance preservation  
in a PWFA with 40 MeV energy gain.


From: Lindstrøm et al., Nat. Commun. 15, 6097 (2024)

require nC-scale charge, sub-1% energy spread, and emittances as low
as 0.01mm mrad. For plasma accelerators to be compact, more
affordable alternatives to RF accelerators, each stage must not only
accelerate with high gradient, efficiency, and repetition rate but also
preserve these beam qualities.

Recent experiments have demonstrated that both charge and
energy spread can be preserved in a PWFA14–16, and that a sufficient
beam brightness can bemaintained during a small energy boost while
still allowing FEL gain at infrared wavelengths to occur17. However,
preservation of emittance has not been established until now.

A beam’s root-mean-square (rms) normalized emittance18, ϵn,
represents the area of its rms ellipse in transverse phase space, given
by ϵ2n = hx

2ihu2
xi! hxuxi

2, where x is the offset from the nominal tra-
jectory, and ux is the transversemomentumnormalized by the particle
mass and the speed of light in vacuum. This quantity is preserved
during both acceleration and beam focusing, provided the focusing
field is linear (i.e., proportional to the transverse offset), as is the case
in ideal quadrupole magnets. Similarly, in the uniform ion channel of a
nonlinear plasma accelerator operating in the blowout regime19,20, the
focusing field is also linear, and thus the emittance of an accelerating
electron bunch can, in principle, be preserved.

However, many sources of emittance growth can complicate this
picture21. Firstly, a bunch externally injected into a plasma-accelerator
stagemust be tightly focused to fit within the 10–100μm-scale plasma
cavity, and its beta function22 (i.e., the Rayleigh range for a focused
particle beam) must be precisely matched to the strong focusing for-
ces therein to prevent an oscillation of the beam size23. Any mismatch
causes phase mixing in bunches with finite energy spreads24 and can
lead to the sampling of the nonlinear focusing fields near the edge of
the cavity, both of which increase emittance. Similar effects occur if
the bunch is transversely misaligned25,26. The wakefield driver can also
indirectly cause emittance growth; in certain cases, particle-beam
drivers can develop hose instability27, which leads to rapid fluctuation
of the fields experienced by the trailing bunch. In addition, if the beam
driver has sufficient charge density, it can move ions towards the axis,
forming an ion-density spike with highly nonlinear focusing fields28,29.
Lastly, Coulomb collisions between beam and gas or plasma particles
can increase the emittance through scattering30,31. To avoid emittance
growth, all these effectsmustbeevaluated and, if necessary,mitigated.

Not only is it challenging to preserve emittance, but it is also non-
trivial both to locate the ideal operating point and to measure accu-
rately the emittance and energy spectrum. In practice, this difficulty
scales with energy gain, because the ideal operating region shrinks and
the larger (absolute) energy jitter of the accelerated bunch increases
the difficulty of making accurate multi-shot emittance measurements.
An initial demonstration of emittance preservation is, therefore, best
carried out in a plasma accelerator that is long enough to display the
relevant sources of emittance growth and be sensitive to the required
tuning precision, but short enough to be compatible with current
state-of-the-art stability in electron-beam and plasma generation.

In this work, we demonstrate the preservation of emittance in a
beam-driven plasma-accelerator stage while simultaneously preser-
ving charge and energy spread. This was accomplished at the FLASH-
Forward plasma-accelerator facility32 at DESY, employing stable and
high-quality beams from the FEL facility FLASH33.

Results
Experimental setup
Electron bunches from a photocathode source were accelerated to
1050MeV by superconducting RF cavities, compressed in two mag-
netic chicanes, and linearized in longitudinal phase space by a third-
harmonic cavity. Active-feedback systems were used to stabilize the
charge, energy, orbit, and bunch length. Two bunches were created in
a horizontally dispersive section using a three-component mask34: two
block collimators to remove the head and tail of the bunch, and a
notch collimator to split it into adriver- and trailing-bunchpair (see the
“Methods” section). Downstream quadrupole and sextupole magnets
in a region of large dispersion were then adjusted to align the two
bunches transversely. In the subsequent straight section, nine quad-
rupole magnets (see Supplementary Fig. 1) were used to focus the
beam strongly at the entrance of a 50mm-long capillary filled with
argon gas (see Fig. 1a), around which two beam-position monitors
(BPMs)measured thebeamtrajectory. Thebeamarrived9.68μs after a
high-voltage discharge ionized the argon, resulting in a central plasma
density of ~ 1.2 × 1016 cm−3 with upstream and downstream density
ramps (see “Methods” and Supplementary Fig. 4).

The main diagnostics, downstream of the plasma-accelerator
stage, were two electron energy spectrometers based on 1m-long
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Fig. 1 | Setup. a Two electron bunches were focused by quadrupole magnets into a
plasma created by a high-voltage discharge, then captured and imaged with
another set of quadrupoles onto one of two dipole spectrometers. b A PIC simu-
lation with plasma (blue colour scale) and beam electrons (orange colour scale)
shows the leading driver bunch creating a wake in which a trailing bunch experi-
ences GVm−1 on-axis accelerating fields (black line) and strong transverse focusing;
x and ξ = z − ct denote the directions perpendicular and parallel to the direction of
motion, respectively. c The resulting energy spectrum, measured by a broad-band

spectrometer, shows that the driver loses energy (white arrow) and the trailing
bunch gains energy (blue arrow), with high stability. d–f Representative shots on a
downstream high-resolution spectrometer show that the trailing bunch had con-
sistent charge before (d) and after acceleration (e), and (f) a slightly reduced full-
width-at-half-maximum (FWHM) energy spread in the accelerated spectrum (blue
area) compared to the initial spectrum (orange area). All emittance measurements
were performed using the high-resolution spectrometer.
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Staging
New ideas based on nonlinear plasma lensing

> First experiments at LBNL in ~2016.
> Main challenges: 

> In- and out-coupling of drivers 
> Chromaticity in re-focusing

> Achromatic transport possible with 
nonlinear plasma lenses 

> Based on nonlinear correction used in 
collider final focusing 

> Can transport ~5% rms energy spread 
without emittance growth. 

> Under development in the SPARTA 
project—experiments at CERN.
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Stability

> Beam synchronization and energy stability: 
> Active stabilisation demonstrated in LWFA  
> New concept: multistage self-correction 

using compression (R56) between stages. 

Self-stabilization mechanisms are key

Active stabilisation over ~28 hours.  
From: Maier et al., PRX (2020)
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Stability

> Beam synchronization and energy stability: 
> Active stabilisation demonstrated in LWFA  
> New concept: multistage self-correction 

using compression (R56) between stages. 

> Transverse instability: 
> Major challenge in experiments. 
> Hosing/beam-breakup instability: 

> Not yet observed in experiments. 
> Can be suppressed with ion motion

Self-stabilization mechanisms are key
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the decoherence length depends only on the length and
position of a monoenergetic beam in the plasma wave [9].
As seen from Eq. (6) and as illustrated in Fig. 1, ion motion
has the effect of perturbing the wakefield, forcing beam
slices to follow the head of the beam, and thereby inducing
a head-to-tail variation of the average wakefield. The
strength of this effect depends on the relative displacement,
rms size, and current profile along the beam.
To gain further insight on the physics of the system,

we consider the evaluation of Eqs. (1a), (1b), (6), and
(7) with a simple two-particle (or two-slice, head-tail) model
of the witness beam in the plasma wakefield: gkðζÞ ¼
½δðζ − ζ0Þ þ δðζ − ζ1Þ&Lb=2, where Lb ¼ jζ0 − ζ1j is the
length of the two-particle beam and ζ0 and ζ1 are
the positions of the head and tail particles, respectively.
The head particle oscillates according to Xb0ðzÞ ¼
X̂b;0 cosðkβ0zÞ, where X̂b;0 is the initial offset of the particles
and the betatron wave number of the head particle is
kβ0 ¼ kp=

ffiffiffiffiffi
2γ

p
. The transverse size of the beam head is

matched to the homogeneous ion channel, such that σ2x0 ¼
ϵxk−1p

ffiffiffiffiffiffiffi
2=γ

p
. The tail particle is assumed to be matched to

the perturbed wakefield. The equilibrium solution of
Eq. (1b) yields a matched rms size of σ2x1 ≃ σ2x0ð1 − Λ=4Þ
for Λ ≪ 1, where Λ ¼ Ziðm=MiÞðÎb=IAÞðL2

b=σ
2
x0Þ is a

parameter that characterizes the amplitude of the ion motion
perturbation. For σx1 ¼ const, the analytic solution of the
centroid of the trailing particle using Eqs. (1a) and (6) is

Xb1

X̂b;0
≃ cosðkβ1zÞ þ α½cosðkβ1zÞ − cosðkβ0zÞ&; ð8Þ

where k2β1 ≃ k2β0½1þ Λ=2& and α ¼ −2Iζ=Λ, for Λ ≪ 1.
Here Iζ ¼ Xpðζ1Þ=Xb0 is a blowout-geometry-dependent
constant, e.g., for the adiabatically generated blowout with
nonrelativistic electron sheath, considered in Ref. [6],
Iζ ¼ 1 − cosðkpLb=

ffiffiffi
2

p
Þ. The difference of the betatron

wave numbers in Eq. (8) isΔkβ ¼ kβ1 − kβ0 ≃ kβ0Λ=4, such
that the decoherence length is kβ0Ld ≃ 4π=Λ for Λ ≪ 1.
For a hydrogen plasma with density n0 ¼ 1017 cm−3,
Λ ≃ 6.0 × 10−5ÎbðkAÞ½LbðμmÞ&2½EðGeVÞ&1=2½ϵxðμmÞ&−1.
For example, a beam with ϵx ¼ 1.0 μm, a current of
Îb ¼ 17 kA, a length of Lb ¼ 20 μm, and an energy of
E ¼ 1 GeV yields Λ ≃ 0.36, such that a full head-to-tail
decoherence is reached after a distance of kβ0Ld ¼ 34.9, or,
equivalently, after ∼6 betatron periods.
We validated the proposed model by comparing its

predictions with results from 3D PIC simulations per-
formed with the quasistatic code HIPACE [16]. We con-
sider a witness beam with the parameters above, causing
nonrelativistic ion motion (Λ ≃ 0.36). The beam has a flat-
top current profile with Îb=IA ¼ 1.0, a length kpLb ¼ 1.2,
energy of γ ¼ 1000, and emittance kpϵx ¼ 0.07 such that
σx0 ¼ ðϵx=kpÞ1=2ð2=γÞ1=4 ¼ 0.047k−1p ¼ 0.79 μm in the
blowout wake with background density n0 ¼ 1017 cm−3.

The blowout wake is generated by an electron drive beam
with nðdÞb =n0 ¼ 4, σðdÞx ¼ σðdÞy ¼ 0.8k−1p , and σðdÞz ¼

ffiffiffi
2

p
k−1p

in a hydrogen plasma. The witness beam current profile
starts at a distance of 5k−1p behind the center of the drive
beam. To isolate the effect of the ion motion on hosing,
and for an easier comparison with theory, the witness beam
was initialized monoenergetic and its energy was kept
constant in the PIC simulation in this case. Initially, the
witness beam is misaligned by X̂b;0 ¼ 0.1σx0 from the
drive beam propagation axis. In the PIC simulations, we
use a box with dimensions 16 × 16 × 11.5k−3p , and cell size
0.031 × 0.031 × 0.02k−3p . In the witness beam region we
employ a refined mesh with a resolution of Δx ¼ Δy ¼
1.1 × 10−3k−1p and Δζ ¼ 6.4 × 10−3k−1p . The witness beam
consists of 107 numerical particles. The plasma electrons
are rendered with 4 numerical particles per cell (p.p.c.) in
the center and 1 p.p.c. close to the transverse computational
box boundaries. The plasma ions are sampled with 9 p.p.c.
in the center and no particles (assuming a static ion
background) close to the transverse computational box
boundaries. The quasistatic time step is 5ω−1

p , and a tenfold
subcycling is used to push the witness beam particles. PIC
modeling results were compared with numerical solutions
of Eqs. (1a) and (1b), with Eqs. (6) and (7), where the
model presented in Ref. [21] was used to describe the
plasma wake centroid Xp. Figure 2 shows the displacement
of the witness beam tail centroid versus propagation
distance kβ0z, with and without ion motion as predicted
by the model and obtained with PIC simulations. We see
that ion motion suppresses the growth of the centroid
displacement. The suppression occurs over a decoherence
length, approximately ∼6 betatron periods, as predicted by
the simple two-particle model.
For collider-relevant witness beam parameters (i.e., high

energy, high charge, and low emittance), the motion of the
ions may be relativistic, i.e., Λ ≫ 1. In this regime ion

FIG. 2. Beam tail centroid displacement predicted by the model
presented in this Letter (dashed lines) and by 3D PIC simulations
(solid lines), with and without ion motion. Ion motion suppresses
hosing and the suppression occurs over the decoherence length
kβ0Ld ¼ 34.9, approximately after ∼6 betatron periods for the
parameters considered, as predicted by the two-particle model.

PHYSICAL REVIEW LETTERS 121, 264802 (2018)

264802-3

Hosing suppressed with ion motion. 
From: Mehrling et al. PRL (2018)

Hosing suppressed with large driver size.

From: Martinez de la Ossa et al. PRL (2018)
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             — a hybrid, asymmetric, linear Higgs factory

> What can we produce based on current limitations? 
> Positron acceleration is not currently available — use RF accelerator for positrons 
> Electron production currently most energy efficient — use electron-driven PWFA

> Asymmetric collisions — use higher-energy e– and lower-energy e+.

                 A pragmatic approach to plasma-based colliders
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Original concept for HALHF.  From: Foster, D’Arcy & Lindstrøm, New J. Phys. 25, 093037 (2023).

The HALHF Collaboration at Erice, Sicily (Oct 2024)
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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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A new baseline for HALHF

> Two separate RF linacs for drivers and positrons: 
> CLIC-like drive beam linac + cool copper RF linac for positrons.

> Optimised based on detailed physics+cost model. 
> Length: ~5 km (250 GeV c.o.m.) 
> Power: ~106 MW. 
> Cost: ~½ of CLIC;  ~⅓ of ILC;  ~⅕ of FCC

Based on detailed feedback and Bayesian optimization

Facility length: ~5 km
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Lessons learned from HALHF

> Cost of power dominates (not length) 
> Must design the plasma accelerator for the driver, not vice versa.

> Lower density are greatly favoured 
> Little need for gradients beyond 1 GV/m (for sub-TeV machines) 
> Suppresses further beam ionisation of plasma. 
> High charge is required (multi-nC)

> Maximize the effective transformer ratio (transformer ratio × number of stages)
> Ion motion is required for transverse stability
> The key R&D issue will be plasma heating, cooling and confinement.

Based on Bayesian optimization of a detailed collider physics+cost model
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Conclusions and outlook
> Much experimental and theoretical progress toward a plasma-based collider 

> Cost and length can indeed likely be reduced 
> Single-shot dynamics in simulation is just around the corner 
> A key R&D topic will be repetition rate and high average power. 

> Possible R&D topics for EuPRAXIA@SPARC_LAB: 
> Repetition rate, temperature effects (e.g., long trains with ~10 ns separation) 
> Energy efficiency (e.g., optimized driver depletion with triangular bunches) 
> Beam quality preservation (e.g., controlled plasma density ramps) 
> Transverse instability (e.g., suppression with ion motion)


