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Forschungszentrum Jülich and RWTH Aachen University, Aachen, Germany and

Institut für Kernphysik (IKP-4), Forschungszentrum Jülich, Jülich, Germany
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I. EXECUTIVE SUMMARY

High-brightness beams generated by particle injectors and particle sources based on ad-

vanced accelerator concepts have the potential to become an essential part of future accelera-

tor technology. In particular, high-gradient accelerators can generate and rapidly accelerate

particle beams to relativistic energies. The rapid acceleration and strong confining fields

can minimize irreversible detrimental effects to the beam brightness that occur at low beam

energies, such as emittance growth or pulse elongation caused by space charge forces. Due

to the high accelerating gradients, these novel accelerators are also significantly more com-

pact than conventional technology. Advanced accelerators can be extremely variable and are

capable of generating particle beams with vastly different properties using the same driver

and setup. So far, efforts have mainly been focused on the generation of electron beams,

but there are concepts to extend the sources to generate spin-polarized electron beams or

positrons.

The beam parameters of these particle sources are largely determined by the injection and

subsequent acceleration processes. Although, over the last decade there has been significant

progress in the demonstrated beam parameters, oftentimes these are not in combination

with other crucial parameters that are required for a future collider or more near-term

applications, including X-ray free-electron lasers (XFELs), such as a sufficiently small energy

spread and small emittance for bunches with a high charge and at high pulse repetition rate.

Major research and development efforts are required to realize these approaches for a

front-end injector for a future collider in order to address these limitations. In particular,

this includes methods to control and manipulate the phase-space and spin degrees-of-freedom

of ultrashort LWFA electron bunches with high accuracy, methods that increase the laser-to-

electron beam efficiency and increased repetition rate. This also includes the development

of high-resolution diagnostics, such as full 6D phase-space measurements, beam polarimetry

and high-fidelity simulation tools.

A further increase in beam luminosity can be achieve through emittance damping. Emit-

tance cooling via the emission of synchrotron radiation using current technology requires

kilometer-scale damping rings. For future colliders, the damping rings might be replaced

by a substantially more compact plasma-based approach. Here, plasma wigglers with sig-

nificantly stronger magnetic fields are used instead of permanent-magnet based wigglers to
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achieve similar damping performance but over a two orders of magnitude reduced length.

II. INTRODUCTION

Novel advanced accelerators have the potential to become an essential part of future accel-

erator technology. This includes plasma-based and advanced structure accelerators. In par-

ticular, laser-wakefield accelerators (LWFA), which are based on laser-plasma interactions,

can produce high-brightness femtosecond electron bunches with low transverse emittance

(for current state-of-the art parameters see Table I). However, some parameters of LWFA

electron beams, such as the transverse emittance, energy spread, laser-to-beam conversion

efficiency or pulse repetition rate can be even further improved and more specifically tailored

to their application, such as colliders (this is discussed in separate white papers as part of

these proceedings [1–3]) or free-electron lasers (FELs), which is discussed in a separate white

paper in these proceedings [4].

The parameters of LWFA electron beams are primarily determined by the electron injec-

tion into the accelerating plasma structure and the acceleration process itself. For simplicity,

the majority of current LWFAs use a self-injection scheme, which leads to electron beams

with a relatively large energy spread and that are typically less reproducible compared to

conventional accelerator technology. To achieve electron self-injection requires a comparably

high laser intensity, which is currently limiting the repetition rate at which LWFA beams can

be produced. Different schemes of controlled injection have been demonstrated, including

colliding laser pulses [5], plasma density modulations [6, 7] and ionization injection [8–10].

First promising results have been obtained and the methods have helped to significantly

improve the beam parameters over the last decade (see Table I). However, these methods

still require further improvements and some experimental implementations are challenging.

The full characterization of the 6D bunch phase space distribution is extremely chal-

lenging and because of its ultrashort duration, so far it has been mainly only possible to

measure bunch-integrated properties, such as energy spread and transverse emittance. How-

ever, there are measurements that indicate that some of the local bunch properties (slice

emittance, slice energy spread) are smaller than that of the overall bunch and that they might

be temporally correlated. For example, this includes the observation of micro-bunching of

LWFA bunches at optical wavelengths [11], the demonstration of energy-chirp compensation
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through a tailored plasma density [12], and the observation of exponential amplification of

a laser-driven free-electron laser (FEL) [13].

Novel approaches for an injector front-end for a future plasma-based collider are required

to address these limitations. In particular, this includes methods that increase the laser-

to-electron beam efficiency, enable shaping the phase-space of ultrashort LWFA electron

bunches with high accuracy and high-resolution diagnostics over a wide range parameter

range.

III. BACKGROUND

A. Laser-Plasma Driven Sources

LWFA in the Bubble Regime

One of the main challenges for LWFAs are improvements in the electron beam bright-

ness, including the energy spread and transverse emittance and increasing the accelerator

repetition rate. Due to simplicity, the majority of LWFAs are driven in the highly non-

linear (bubble) regime and use electron self-injection [14–16]. Operating in this regime

requires laser pulses with relativistic intensities. Specifically, the normalized vector poten-

tial a0 = eEλ/2πmc2 ' λ[µm](I0[W/cm2]/1.4 × 1018)1/2 of the pulse, where E is the laser

electric field, λ the laser wavelength, mc2 the electron rest mass and I0 the laser intensity,

needs to be significantly in excess of 1. Furthermore, the laser pulse duration has to be sig-

nificantly shorter than the plasma wavelength. To achieve these intensities with a matched

laser spot size requires laser pulses with a power of hundreds of terawatts to petawatts

[14, 17, 18]. This currently limits the repetition rate at which state-of-the art laser systems

can operate, thus limiting the repetition rate of the accelerator. Note that the development

of lasers with a high peak and a high average power is discussed in a separate white paper

as part of these proceedings [19]. Furthermore, the highly nonlinear bubble regime increases

the difficulty of control over the electron beam properties. This includes the control of the

injection process and over the acceleration process. For the latter, this is because of the evo-

lution of the laser pulse due to the laser-plasma interaction. This also leads to comparably

low laser-to-electron-bunch efficiencies because of the stronger interaction of the laser with

the plasma at higher intensities.
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Electron Injection in LWFAs

Self-injected electron beams have a finite transverse emittance because the injected elec-

trons have an intrinsic transverse momentum at the time of injection [14–16]. In this case,

a laser pulse with a sufficiently high laser intensity ponderomotively excites a plasma wave

by transversally expelling plasma background electrons, leaving behind a fully evacuated

ionic cavity (the bubble). The expelled electrons are attracted back towards the axis by the

electrostatic fields due to the ion cavity. Most electrons that are transversely expelled by the

laser from a region close to the axis wrap around the cavity in half circles. They compose a

highly dense electron sheath around the bubble center. Electrons within a specific initial off-

axis region propagate along trajectories where they obtain a sufficiently large longitudinal

momentum to become trapped in the bubble. The bubble structure can become unstable

due to extensive beam loading or because of laser pulse alterations through self-evolution of

the pulse in the plasma. This can lead to an extension of the bubble, leading to subsequent

electron injection and ultimately a decrease in beam quality [16].

Parameters of the electron beams can be controlled via injection mechanisms. The cur-

rently mainly used processes include (i) colliding laser pulse injection, (ii) ionization injection

and (iii) shockfront-assisted injection. In the colliding laser pulse injection, two laser pulses

with the same polarization collide, each with an intensity below the self-injection threshold

[5]. The colliding pulses generate a beatwave, which allows background plasma electrons

to cross the separatrix and become trapped. The manipulation of the electron energy and

a reduction in the electron energy spread to approximately 1% have experimentally been

demonstrated. Ionization injection uses a gas mixture of low-Z and higher-Z atoms. As the

ionization of the inner-shell electrons of the higher-Z atoms occurs during higher intensity

part of the laser pulse, they can be born and injected into a suitable acceleration phase of

the bubble [8–10]. This can lead to a decrease in transverse emittance and a localized in-

jection along the accelerator. A variation on the ionization injection scheme uses two lasers

with a large difference in wavelength. Here, the long-wavelength laser (e.g. a CO2 laser at

λ = 10 µm) drives the wakefield and the short-wavelength laser (e.g. a Ti:Sapph laser at

λ ∼ 1 µm) ionizes and injects the electrons into the wake. Because of the scaling of the

normalized vector potential a20 ∝ Iλ2, the long-wavelength laser can achieve a high vector

potential at a relatively low intensity as compared to a shorter-wavelength laser. As a result,
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the long-wavelength driver does not fully ionize the gas target and the short-wavelength in-

jector pulse can ionize and specifically inject the remaining inner-shell electrons. LWFAs

driven by long-wavelengths lasers are typically driven using a lower plasma densities and in

plasma bubbles with a significantly bigger volume. This relaxes the required precision for

injection and can help maintaining spin polarization and low energy spread.This ”two-color

ionization injection” scheme has been shown in simulations to produce beams with an emit-

tance that is low enough to meet the requirements of a collider [20, 21]. In shockfront-assisted

injection, electron injection is controlled via a longitudinal plasma density downramp inside

the gas target [22, 23]. As the plasma wave propagates through a density downramp, its

local phase velocity decreases. It can be reduced to approximately the plasma fluid velocity

which leads to the injection of cold background plasma electrons.

IV. KEY RESULTS SINCE LAST SNOWMASS AND THEIR RELEVANCE TO

HIGH ENERGY PHYSICS GOALS

A. Laser-Plasma Driven Sources

The parameters of LWFA beams have tremendously improved over the last decade in

terms of beam energy, accelerated charge, energy spread and repetition rate (see Table I).

Unlike previous decades when the beam improvements have heavily relied on advancements

in laser technology, many of these improvements are due to improved injector and accelerator

designs. The ultimate limits of these technologies still needs to be explored.

V. PROPOSED CONCEPTS AND DEVELOPMENT PATH

A. Laser-Plasma Driven Sources

While LWFAs have demonstrated beams with high brightness, many of the parameters

listed in Table I have not been realized simultaneously. In addition to further improvements

in each of these parameters, methods to control the beam phase-space that allow the gener-

ation of high-brightness beams that combine multiple of these record bunch properties are

needed. This not only requires the development of new injection and control methods but

also the development of diagnostics with high spatial and temporal resolution that allow
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Bunch property State of the Art Other beam parameters References

Bunch energy 8 GeV
5 pC, 0.2 mrad

(up to 60 pC in 6 GeV peak)

Gonsalves et al.,

PRL (2019)[24]

Bunch charge

220 pC

(dE/E = 14% FWHM*)

250 MeV, 7 mrad

[ionization injection]

Couperus et al.,

Nat. Comm. (2017) [25]

338 pC

(dE/E = 15% FWHM*)

216 MeV, 0.36 mrad

[shock front injection]

Götzfried et al.,

PRX (2020) [26]

700 nC

(dE/E = 100%*)

Up to 200 MeV

laser: OMEGA-EP, 100 J, 700 fs

Shaw, et al.

Sci Rep 11 (2021) [27]

Energy spread* 0.2 – 0.4% (RMS)
800 MeV, 8.5 – 24 pC

shockwave assisted injection

Ke, et al.

PRL (2021) [28]

Bunch duration
1.4 fs (RMS)

15 pC, CTR

(diagnostic limited)

Lundh et al.,

Nat Phys (2011) [29]

2.5 fs (RMS)
Faraday rotation

(diagnostic limited)

Buck et al.,

Nat Phys (2011) [30]

Emittance*

(normalized)

0.2 π mm mrad

(@245 MeV)
Single-shot measurement

Weingartner et al.

PRSTAB (2012) [31]

Repetition Rate
1 Hz

24-hour operation;

100,000 consecutive shots

Maier et al.,

PRX (2020)[32]

1 kHz up to 15 MeV, 2.5 pC
Salehi et al.,

PRX (2021) [33]

Efficiency

(laser-to-electron)
3% 2J in driver laser pulse

Götzfried et al.,

PRX (2020) [26]

TABLE I. Overview of the state-of-the art LWFA electron beam parameters.

*bunch-integrated measurements

measurement of the bunch parameters with sub-bunch length precision. Furthermore, it

requires a combined experimental and theory efforts that includes the development of novel

experimental and simulation methods. High-resolution diagnostics will allow the comparison

of experimental results with simulation to a high degree and can help improve the ability
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for predictions based on simulations.

Finally, the requirements on the repetition rate of the driver laser to achieve a sufficiently

high beam luminosity also requires the determination of the properties for a best-suited

driver laser, which are likely going to be different for an injector front-end and the subsequent

acceleration stages. This also includes developing methods to increase the efficiency.

Beam Control and Phase-Space Shaping

The generation of LWFA electron bunches with a sufficiently high beam quality requires

control over the beam phase space with very high temporal and spatial precision. This

includes control over both, the electron injection process and the acceleration process. This

can be achieved by achieving separate control over injection and acceleration processes by

decoupling the injection from the acceleration stage. As described above, this has been

demonstrated and has resulted in improvements in the LWFA parameters.

Efforts to shape the electron bunch phase-space include the development of advanced

methods of electron injection including beam tapering and the investigation of acceleration

in different regimes, such as a more linear regime [34]. This includes further injection schemes

that have the potential for more control, such as using two, multi-color laser pulses [21] or

laser pulses with higher-order spatial modes [35] that have been proposed but are lacking

experimental investigation.

Also of interest are methods to control phase space including the design of sophisticated

driver lasers, such as high control over the laser spatial and temporal higher-order shapes,

multiple pulses, potentially of different colors or the incoherent addition of multiple pulses

for example from fiber lasers and control over the laser evolution during the laser-plasma

interaction.

Furthermore, novel advanced target designs have the potential to increase the beam

quality and shot-to shot stability.

Increase in Efficiency and Stability

A high laser-to-electron bunch efficiency is crucial to ensure operation at a high repetition

rate. A high reproducibility of the electron bunch parameters are crucial for stable operation.

10



The efficiency and stability of LWFAs can be improved through control over the injection

process, the acceleration and the type of acceleration process. While most of the current

LWFAs are driven in the highly-nonlinear bubble regime, the quasilinear regime, in which the

plasma waves are driven only moderately relativistically and the wakefield is approximately

sinusoidal, can lead to a more efficient acceleration [34]. The quasilinear regime also has

the advantage that the accelerating and focusing phase regions for electrons and positrons

are nearly symmetric. Unlike the bubble regime where only a single wakefield bucket is

excited, multiple buckets can be driven in the quasilinear regime. This allows, for example,

the acceleration of bunch trains with the advantage of optimal beam loading of each bucket.

The bunch structure of the pulse train is also advantages for a future collider as the short

duration of each bunch decreases Beamstrahlung effects [34], while delivering an overall

macrobunch with a high charge. However, this also requires advanced injection techniques

to control the shape of the injected particle bunches. This scheme can be combined with

using multiple driver laser pulses (multi-pulse laser wakefield acceleration) for efficient wake

generation and high repetition rate operation [36]. As described above, novel advanced

target designs have the potential to increase the efficiency and the shot-to shot stability.

The subsequent acceleration process can be strongly impacted by the evolution of the

driver laser pulse through laser-plasma interactions [16]. To increase the stability and effi-

ciency requires control over the laser evolution, for example through pre-shaped laser pulses,

the use of multiple laser pulses [37] and specific tailoring of the plasma density profile.

Optimal Driver Laser Properties

The performance and properties of LWFAs is greatly impacted by the laser pulse prop-

erties. Optimized operation of different accelerator regimes, such as the bubble regime or

the quasilinear regime, require specific laser pulse properties. Furthermore, as described

above, advanced controlled injection and acceleration schemes require specific laser pulses,

such as higher-order spatial and temporal modes, multiple laser pulses, multi-colors, inco-

herent addition. The requirements on the repetition rate of the driver laser to achieve a

sufficiently high beam luminosity also requires the determination of a (set) of properties for

a best-suited driver laser, which are likely going to be different for an injector front-end and

the subsequent acceleration stages.
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Diagnostics

Despite ever-more sophisticated attempts to measure the LWFA electron bunch phase

space [38], it is still far from being fully characterized. In particular, the sub-femtosecond

time resolution that is require is very challenging. The determination of the success of certain

approaches requires novel diagnostic methods for both, the accelerated electron bunch and

the accelerating plasma structure itself. These methods need to have a very high temporal

and spatial resolution and ideally work in a single shot. Furthermore, they need to be

capable of measuring the full 6D phase-space distribution of the electron bunches, including

their temporal energy distribution with sub-bunch resolution. This includes high-resolution,

(ideally) single-shot diagnostics of plasma and accelerating structure.

These diagnostics will also allow a comparison of experimental results to high-fidelity

simulations to validate and improve the simulation codes.

Combined experimental and theoretical/simulation efforts

The successful design and fielding of a plasma-based particle source will require signifi-

cant advances in the current state of the art in the numerical simulation of such systems.

Currently, high fidelity numerical modeling of these systems is beyond the capabilities of

even leadership-class computing facilities. Hybrid models, allowing for the optimization of

computational cost versus physical accuracy will be necessary. That is, it is not viable to

have a single global physics model in a simulation. Each region of phase space will have to

be optimally treated based on its intrinsic importance to the overall system. In this way,

computational resources can be allocation to provide uniform physical fidelity. For example,

the bubble sheath could be treated with a high-order kinetic model (either Lagrangian or

Eulerian) whereas areas of the plasma further removed for the “action” might be treated,

with sufficient accuracy, as a fluid. Sampling “noise” associated with macro-particle models

[39] will have to be kept under tight control and new, low-noise algorithms may have to be

developed. Machine learning will be an essential element in this optimization process and

we expect that the very optimization will, by identifying the critical regions of phase space,

provide additional insight into the details of the underlying physical processes. To achieve

this level of fidelity will require tight integration of experimental and theoretical efforts,
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each guiding advances in the other. Diagnostics sensitive to details of phase space will be

required to probe simulations results with enough precision to guide model development and

the computations cost optimization process. Macroscopic diagnostics such as energy spread

and emittance are not likely sufficient constraints on simulation models. In addition, precise

characterization of the gas jet profile and incident laser pulse will be necessary to provide

sufficiently accurate simulations [40]. As a consequence of the model optimization process,

we expect to derived to be high-performance reduced models that allow for predictive simu-

lations to run concurrently with experimental campaigns without requiring leadership-class

computing systems. Such a capability could provide the tight-coupling feedback needed to

quickly advance the experimental program.

Polarized Electrons

The acceleration of polarized electron beams by means of laser-driven acceleration

promises to be cost-efficient and highly effective. Before a technical implementation can be

envisaged, some principal issues need to be addressed theoretically, for example: (i) is it

possible to alter the polarization of an initially unpolarized target through interaction with

relativistic laser pulses or (ii) are the spins so inert during the short acceleration period

that a pre-polarized target is required (see Ref. [41] for a recent review)? Starting from

the work by Hützen et al. [42] (which proposes the use of pre-polarized targets for proton

acceleration), Wu et al. [43] and Wen et al. [44] have developed a scheme to generate

intense polarized electron beams via the interaction of an accelerating laser pulse with a

pre-polarized plasma, which is produced through photo-dissociation of a dense Halide (e.g.

HCl) gas-jet by a circularly polarized ultra-violet (UV) laser pulse. A specifically configured

ionization injection scheme has also been shown in simulations to produce significant popu-

lations of polarized electrons [45]. Obviously, for positrons (which are not discussed here in

detail) other approaches are required, see e.g. Ref. [41]. These mostly rely on spin-selective

radiation reactions of pre-accelerated, unpolarized electron beams with ultra-intense laser

pulses.

Detailed theoretical studies (like the ones in Ref. [46]) reveal that intense highly-polarized

electron beams can be accelerated to multi-MeV energies via the “standard” bubble mech-

anism with 100-TW class lasers. It has been shown that the final spin direction strongly
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FIG. 1. Temporal development of the spin orientations (arrows with color-coded electron energies)

of test electrons (pink dots) during bubble acceleration (edited Fig.1 from Ref. [46]). It can be seen

that slight changes of the bubble geometry (prolate, spherical, oblate; indicated by the dashed red

lines) leads to large differences of the originally longitudinally polarized electrons. The accelerating

laser pulse propagates the simulation box from left to right (not shown in the figure).

depends on the self-injection process (see Fig.1) and, thus, a careful tuning and control of the

laser/target parameters is mandatory. As a consequence plasma-based accelerators promise

to easily adapt the degree of polarization and the preferred spin direction according to the

experimental needs (e.g. longitudinal or transversal polarization). Once energies above a

few MeV have been reached, the beam polarizations are very robust during post-acceleration

in subsequent plasma stages [47].

On the experimental side, the polarization of protons accelerated from an unpolarized foil

target has been measured at the Arcturus laser at Düsseldorf [48]. A polarized 3He gas-jet

target [49] that has been used for a first experimental campaign at the Phelix laser facility

at GSI Darmstadt. A polarized HCl target for proton acceleration has been prepared at

Forschungszentrum Jülich [42]. It is planned to upgrade this target to deliver also polarized

electrons. On the European scale, similar studies are under way in the framework of the

EuPRAXIA consortium [50].

Advanced Transverse Emittance Cooling Technique

Over the last few decades, two different conventional design approaches, using normal

conducting (CLIC, [51]) and superconducting (ILC, [52]) radio frequency structures, re-
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vealed the size of such a machine to be about 30−50 km. The electron-electron option of

the Future Circular Collider (FCC) project envisages a 100 km circumference machine for

collisions at centre-of-mass energy of 90 GeV−350 TeV [53]. The limits of conventional tech-

nologies for high energy demand of particle physics exploration persuade us to new frontiers

of particle accelerator science. Paradigm shifting technologies are being developed such as

plasma acceleration [54–56]. However, there are still many challenges to be addressed before

the maturation of plasma technology for large-scale accelerator applications. Advanced and

novel accelerators community (ICFA- ANAR2017) underlined and prioritised the follow-

ing technological challenges; the repetition rate, efficiency and beam quality of the lasers;

scalability of the system; delivery of high collision luminosity; resolution of diagnostics;

comprehensive simulations and the availability of dedicated test facilities [57].

In order to achieve high luminosity, the ILC design relies on emittance cooling via damp-

ing rings followed by a long transfer line from ring to main linear accelerator followed by

beam delivery system to the final interaction point. Emittance cooling is achieved through

radiation damping due to synchrotron radiation emitted from beam particles moving along

curved trajectories of a circular accelerator (damping ring) that has a circumference of a few

hundred meters to kilometers. Particles emit synchrotron radiation depending on the local

curvature of the orbit within a cone of angle γ, where γ is the relativistic Lorentz factor.

Longitudinal momentum is restored by radio-frequency cavities in the ring, while transverse

momentum is damped on every turn through radiation damping and quantum excitation

are equal and an equilibrium value is reached [58], typically in milliseconds [59, 60]. A faster

damping is achieved by increasing the energy loss per turn by adding high field periodic

magnetic structures (wigglers or wigglers, depending on the magnetic strength) [61].

As an example, ILC project proposes a machine with 250-500 GeV centre-of-mass energy

over about a 31 km footprint [62]. Electrons and positrons emerging from different sources

undergo an initial acceleration up to 5 GeV before they are injected into a their respective

damping rings with a circumference of 3.2 km, housed in the same tunnel. ILC damping

rings are designed in a race track shape to accommodate two straight sections. A radiative

section comprising 54 super-ferric wigglers is located in one of these straight sections. Each

wiggler is 2.1 m long and generates a 2.16 T peak magnetic field when operating at 4.5 K and

radiates 17 kW radiation power [62]. This straight section also houses a superconducting

radio-frequency system to replenish the longitudinal momentum of the beam.
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An innovative cooling method was envisaged which shows great promise of replacing the

magnetic wigglers in a damping ring with plasma wigglers and providing superior beam

quality for the future linear collider based on plasma technology. A compact synchrotron

radiation insertion device with significantly larger fields than the current wigglers would

limit the footprint and the cost of the ring by reducing the required number and size of

these insertion devices. There are several methods for plasma assisted radiation genera-

tion from a relativistic particle beam, such as, betatron oscillations, Compton scattering,

bremsstrahlung and transition radiation [63]. We propose to incorporate the concept of

plasma wiggler as radiators in a damping ring to benefit from their large effective magnetic

fields and compactness. There are various concepts to conceive a plasma wiggler [64–67].

Following the one proposed in [64] , a plasma wiggler is formed when a short laser pulse

is injected into plasma off-axis or at an angle that causes the centroid of the laser pulse

to oscillate. Given that the product of the plasma wave number and the characteristic

Rayleigh length of the laser is much larger than one, the ponderomotively driven plasma

wake will follow this centroid. This oscillating transverse wakefield works as an wiggler

forcing particles to follow sinusoidal trajectories and emit synchrotron radiation. In addi-

tion, the damping time is inversely proportional to the square of the magnetic field of the

damping device. It is numerically demonstrated that a plasma wiggler can generate order

of magnitude larger effective magnetic fields than conventional wigglers, hence can reduce

the length of the damping units by a factor of hundred while providing the same damping

times [68].

Plasma Photocathode in Beam-Driven Wakefield

In the plasma photocathode concept, electrons are generated directly within a beam-

driven plasma wakefield accelerator, by the ionization of neutral gas particles using a high

intensity laser pulse [69]. The electric fields generated in a plasma wakefield accelerator can

exceed those of traditional photoinjectors by many orders of magnitude. Beam emittance is

dependent on the injection properties of the plasma electrons into the accelerating phase of

the plasma wave. Once injected at the proper phase of the plasma wave, the electrons are

subject to ∼GV/m accelerating fields, as well as focusing electric fields inside the plasma

blowout, reducing the space charge effects that typically lead to an increase in the beam
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emittance. The plasma photocathode thus offers a path for the generation of very high

brightness beams.

The decoupling of beam injection and acceleration is accomplished using different plasma

sections, such as a dual species gaseous media. In a mixture of both low-ionization-threshold

and higher-ionization-threshold gas components, the higher-ionization-threshold components

are still present in unionized form within a plasma cavity. The plasma photocathode concept

is based on the release of electrons via ionization of these higher-ionization-threshold states

with a focused laser pulse at an appropriate position directly within the accelerating plasma

blowout.

The optically initiated injection and acceleration of electron bunches, generated in a

multi-component hydrogen and helium plasma employing a spatially aligned and synchro-

nized laser pulse, was demonstrated in an experiment at SLAC FACET [70]. In the ex-

periment, a pre-ionized plasma channel is formed in a hydrogen–helium gas mixture. A

20.35GeV electron beam, with charge of 3.2nC and pulse length of 30µm, drives a wake-

field in the hydrogen plasma, but does not ionize the helium gas. A laser pulse (800nm

wavelength, 1015W/cm2 intensity) is focused within this plasma wakefield, to liberate the

helium electrons. The properties of the beam depend on the specific injection mechanism.

When the laser pulse arrives before the drive bunch, known as the plasma torch mode, the

plasma wave is distorted due to the presence of ionized helium particles. If the laser pulse

arrives directly after the drive bunch, the plasma photocathode regime is achieved, without

distortion of the plasma wave [71]. The two injection modes depend on the synchronization

between ionization laser and drive bunch. The experimental demonstration of the plasma

photocathode is a significant milestone and offers a path towards the production of electron

beams with nanometer-radian normalized emittances [71].

The plasma photocathode concept based on plasma waves can further be modified, to

relax both beam and laser requirements by using a dielectric wakefield accelerator in place

of the plasma wakefield. In this conceptual scheme, a drive beam propagates axially through

the center of a dielectric lined waveguide that is filled with a neutral gas. The beam generates

a wakefield due to the retarding nature of the dielectric medium, but the beam fields do not

ionize the gas. An incoming, co-propagating laser is focused behind the drive beam, which

locally ionizes the gas, generating a witness beam similar to the plasma wave scenario.

Although the gradients provided by the dielectric wakefields are not as intense as in the
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plasma case, dielectrics still enable gradients on the order of GeV/m [72], before the onset

of breakdown, or other high-field effects [73, 74]. Additionally, the fundamental accelerating

mode supported in the dielectric structure is longer than the plasma wavelengths used in

the previous plasma photocathode experiments, which relaxes the stringent requirements

of both beam and laser properties, and synchronization required for precision injection.

Dielectric wakefield accelerators are solid-state structures, so there is also reduced complexity

of generating, operating, containing, and characterizing a preionized plasma column and

associated complexities therein. Experimental efforts to demonstrate the proof-of-concept

are currently being undertaken at the Argonne Wakefield Accelerator [75]

Plasmonic Photocathodes

Nano-structuring the surface of plasmonic material has been demonstrated to resonantly

couple light to the vacuum-metal interface, inducing strong local near-field enhancement

[76]. Upon laser illumination, a properly engineered surface support electromagnetic travel-

ing waves confined at the metal-dielectric interface, called surface plasmon polaritons (SPP).

SPP modes are driven by electron charge-density oscillations in the material, which exhibit

shorter wavelengths with respect to the illuminating laser. Therefore, mediated by SPP, the

optical field energy can be transported and concentrated in areas of sub-wavelength size,

leading to large local field enhancement. The nanostructured surface can be precisely engi-

neered to obtain the amplitude and phase profile required for optimized electron generation

and acceleration of electron pulses. Although metals sustain higher losses with respect to

dielectric systems, the large field enhancement obtained relaxes the requirements on the

incident laser intensity for the same accelerating gradient. Furthermore metals offer strong

control of the electromagnetic field at the subwavelength scale due essentially to the high

index of refraction available, and are not affected by common problems beam charging. Re-

alization of SPP nano-cavities for electron generation has been experimentally demonstrated

to generate very large field enhancements [77, 78]. Here the nanostructure is acting as a

high-Q Fabry-Perot resonator for the SPP waves, matching the speed of the (slow) surface

plasmon along the surface of the structure with the incident laser wavelength. While these

structures can achieve very high field enhancements, the very high power density stored lo-

cally can quickly generate damage, especially at high repetition rates. An alternative path is
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FIG. 2. SPP-based photocathode; (a) Structure fabricated with FIB technique; (b) distribution of

field enhancement along a cut-out of the structure. From [79].

to make use of non-resonant structures. The intrinsically low quality-factor Q of the geom-

etry results in lower field enhancement, but also decreases the energy density stored locally

and, therefore, the potential for structure damage. In this configuration SPP waves travel

along the surface until they are either absorbed by the surface through electron scattering or

are radiated into the vacuum through surface defects. Interference between traveling SPP

can also be exploited to generate large field enhancements in specific areas of the struc-

ture, not necessarily spatially coincident with a nanoscale feature. Recently, non-resonant

nano-structuring of plasmonic materials has demonstrated the ability to focus light into a

nanoscopic areas [79]. Large local enhancement of electric field can be achieved through

SPP interference, leading to broadband (i.e. ultrafast response), highly confined multi-

photon photoemission from a flat surface, and therefore avoiding aberrations from curved

surfaces and burning issues of tip-like photocathodes in high field environments.

VI. CONCLUSION

The injector is a critical element of a high-energy collider. HEP-relevant Laser-plasma

accelerator scenarios, require the injector to produce electron bunches with carefully tailored

characteristics that have yet to be realized in the laboratory. Developing the necessary

injector technology will require a combined effort to advance the forefront of phase space
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diagnostics, laser technology, computational modeling of injection, and basic plasma physics.
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Tóth, E. Esarey, K. Swanson, L. Fan-Chiang, G. Bagdasarov, N. Bobrova, V. Gasilov, G. Korn,

P. Sasorov, and W. P. Leemans, “Petawat laser guiding and electron beam acceleration to 8

GeV in a laser-heated capillary discharge waveguide,” Phys. Rev. Lett. 122, 084801 (2019).

[55] E Adli et al., “Acceleration of electrons in the plasma wakefield of a proton bunch,” Nature

561, 363–367 (2018).

[56] I Blumenfeld et al., “Energy doubling of 42 gev electrons in a metre-scale plasma wakefield

accelerator,” Nature 445, 741–744 (2007).

[57] ALEGRO collaboration, “Towards an advanced linear international collider,” (2019),

arXiv:1901.10370 [physics.acc-ph].

25

http://arxiv.org/abs/2201.13071
http://dx.doi.org/ 10.1140/epjst/e2020-000127-8
http://dx.doi.org/ 10.1140/epjst/e2020-000127-8
http://dx.doi.org/10.5170/CERN-2016-004
http://arxiv.org/abs/0712.1950
http://dx.doi.org/ https://doi.org/10.1140/epjc/s10052-019-6904-3
http://dx.doi.org/ 10.1103/PhysRevLett.122.084801
http://dx.doi.org/https://doi.org/10.1038/s41586-018-0485-4
http://dx.doi.org/https://doi.org/10.1038/s41586-018-0485-4
http://dx.doi.org/ https://doi.org/10.1038/nature05538
http://arxiv.org/abs/1901.10370


[58] Alexander Wu Chao and Maury Tigner, Handbook of Accelerator Physics and Engineering; 1st ed.

(World Scientific, Singapore, 1999).

[59] A Xiao and L Emery, “International linear collider damping ring lattice design,” Proceedings

of PAC07 , 3450 (2007).

[60] Paul Emma and Tor Raubenhemier, “Systematic approach to damping ring design,” Phys.

Rev. ST Accel. Beams 4, 021001 (2001).

[61] Helmut Wiedemann, “An ultra-low emittance mode for pep using damping wigglers,” Nu-

clear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers,

Detectors and Associated Equipment 266, 24–31 (1988).

[62] Chris Adolphsen et al., The International Linear Collider Technical Design Report, Tech.

Rep. (2013) http://www.linearcollider.org/ILC/TDR, arXiv:1306.6328.
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