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Abstract: Positron sources are the key elements for the future and current lepton collider projects
such as ILC, CLIC, SuperKEKB, FCC-ee, Muon Collider/LEMMA, etc., introducing challenging
critical requirements for high intensity and low emittance beams in order to achieve high luminosity.
In fact, due to their large production emittance and constraints given by the target thermal load,
the main collider parameters such as the peak and average current, the emittances, the damping
time, the repetition frequency and consequently the luminosity are determined by the positron
beam characteristics. In this paper, the conventional positron sources and their main properties are
explored for giving an indication to the challenges that apply during the design of the advanced
accelerator concepts. The photon-driven positron sources as the novel approach proposed, primarily
for the future linear colliders, are described highlighting their variety and problematic.
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1 Introduction

In view of the update of European (EU) High-Energy Physics (HEP) strategy for particle physics,
the highest scientific priorities are given by the precision study of the Higgs boson and the explo-
ration of the high-energy frontier [1, 2]. These are two complementary ways to address the open
questions in particle physics. In this context, a clear indication has been given to explore the feasi-
bility of an electron-positron (𝑒−𝑒+) collider, since lepton colliders should provide high precision
measurements. Nowadays, there are four possible projects: the International Linear Collider (ILC)
in Japan, the Compact Linear Collider (CLIC) or the Future Circular Collider (FCC-ee) at CERN
and the Circular Electron Positron Collider (CEPC) in China. In this context, of great importance
are also the ongoing feasibility studies on the future multi-TeV 𝜇+𝜇− Muon Collider, which can
serve for both precision measurements and discovery physics [3]. These are the future pioneering
accelerators of the post-LHC era and the related physics program is extremely ambitious [4–6].

In this framework, an important role should be played by the field of advanced accelerators,
including laser and beam driven plasma and advanced structure concepts [2], especially to reduce
dimensions and costs of the electron primary beams and of the positrons post acceleration sections.
In the last decade the field has seen tremendous progress with the demonstration of multi-GeV
acceleration in a single stage, the first staging of plasma accelerators, and greatly improved beam
quality. At the same time, there are still many open questions to be addressed before compact linear
colliders based on advanced accelerators could be built, first of all to provide the necessary beam
intensity to fulfill the luminosity requirements. With this goal in mind, two particular directions
can be identified. On one side, research on advanced accelerator techniques should be pursued
to solve the outstanding critical issues in order to enable the next generation high-energy physics
machine. At this regard, the development of an integrated design study for compact high-gradient
colliders is critical to guide the efforts and provide a clear and actionable R&D path. On the
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other side, it is also clear, at present, the need to identify and pursue nearer-term applications both
inside and outside high-energy physics. Successful deployment of advanced techniques in real-
world accelerator applications will be essential to strengthen the case for this field and provide the
necessary intermediate steps before deployment of compact accelerators for the most demanding
high-energy physics applications.

2 Positron sources for High-Energy Physics applications

Nowadays, positron beams and associated positron sources have extremely versatile applications,
ranging from high energy physics to atomic, solid state physics and their use in a nuclear medicine
imaging procedure called PET (Positron Emission Tomography). While their beam parameters and
design vary from application to application, we can state that a current increasing demand is evident
for beams with higher intensity and lower emittances.

The positrons are usually produced in 𝛽+ decays of radioactive isotopes or in pair conversion by
energetic photons on the nuclear potential of a target. The positrons originated from the 𝛽+ decay are
polarized, have a broad energy distribution and emitted isotropically with a random time structure,
which make them difficult to be captured and accelerated. In addition, the intensity provided by
the radioactive sources is ∼ 106 − 108 𝑒+/s [7, 8], which is 4 to 6 orders of magnitude lower
than usually required by the high-energy physics applications. In fact, cold positron plasma with
good phase space characteristics can be produced by accumulating positrons emitted by radioactive
source in special devices [9], but the long accumulation time implicitly forbids the extension of
their possible use for the HEP application. In this context, for the GBAR (Gravitational Behaviour
of Antihydrogen at Rest) experiment at CERN a source of slow positrons based on a low-energy
(9 MeV) electron linear accelerator has been constructed. Positrons are first trapped in a buffer-gas
accumulator and then collected in a high-field (5 T) Penning–Malmberg trap. In order to be trapped
the positron energy must be in the eV–keV range. The system provides 5 × 107 𝑒+/s positron flux,
which is fed into a buffer-gas trap [10]. Conversion of the trapped positron plasma by using an
electrostatic traps into a usable beam, which can be injected into many kinds of accelerator has been
recently explored [11]. In such a way, the interaction of relativistic particles or photon beams with
matter is used when designing the HEP positron sources at large-scale facilities. Thus, the positron
beams are always secondary beams.

In the framework of the design and realization of a lepton collider, positron sources are essential
due to the challenging critical requirements of high-beam intensity and low emittance necessary
to achieve high luminosity. In this scheme, being produced in the target, the generated positron
beams have a very broad angular and energy distributions. Thus, owing to their large production
emittance and intensity constraints given by the target thermal load, the main collider parameters
like the peak and average current, the final emittances, the damping time, the repetition frequency
and consequently the luminosity are determined by the positron beam characteristics.

Another option of positron sources or positron accelerators can incorporate or use in their design
novel concepts, which employ the wakefields excited in a plasma or accelerating structures (which
can bemade of dielectricmaterial) for acceleration of charged particles. It includes two beam-driven
techniques, where a beam passes through a plasma or a structure: Plasma WakeField Acceleration
(PWFA) and Structure-based WakeField Acceleration (SWFA) respectively; and two externally
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powered acceleration methods, where an external electromagnetic pulse (optical laser or THz pulse)
is coupled to a plasma or structure to accelerate the beam: Laser WakeField Acceleration (LWFA)
and Dielectric Laser Acceleration (DLA) respectively. In the last decades, it was demonstrated that
plasma-based accelerators havemade rapid technical and conceptual progress and their performance
is getting closer to those suitable for future colliders. However, the feasibility of a collider based
on plasma accelerator schemes still remains to be proven. Although such novel techniques are
very promising for electrons, a scheme for positron bunch acceleration in plasma still needs to be
demonstrated for applications towards future high-energy colliders.

Positron beam experiments performed at the SLAC’s Final Focus Test Beam (FFTB) demon-
strated the first positron acceleration in plasma [12]. It showed that the positron beam was distorted
after passing through a low density plasma. Several experimental activities were undertaken at
Facility for Advanced Accelerator Experimental Tests (FACET) on the acceleration of injected
positron bunches in a beam-driven plasma accelerator [13, 14]. A few positron acceleration
concepts/techniques have been, thus, emerged: using the acceleration in quasi-linear or non-linear
wakefields [15, 16] and hollow channel plasma wakefield acceleration [17]. An overview and future
plans to improve the efficiency and beam quality for positron acceleration has been reported [18].
In this context, the proposed upgrade of FACET (FACET-II) is the only facility that can provide
the high-energy positron beams for the experimental study of positron acceleration in plasma and,
potentially, multi-stage positron acceleration. Recently, the implication of the laser-driven plasma
accelerators to positron sources has been reviewed showing the possibility of using the laser-driven
positron beams as a witness beam for beam-driven and laser-driven wakefield test facilities [19].

2.1 Conventional approach and state of the art

In all positron sources used for accelerators, positrons are produced as secondary beams from the
electromagnetic shower cascade generated by high-energy electrons hitting a target of high-Z ma-
terial allowing relatively high conversion efficiency. In this process the particle/matter interactions
dominate fixing the source parameters. The resulting final 6D normalized emittance is orders of
magnitude higher than in high-brilliance electron sources due to the large momentum and angular
spread generated by the shower processes and the multiple scattering in the target. The interplay
between the drive beam energy, target thickness and positron production rate as well as the typical
angular/energy distributions of the produced positrons are illustrated in Figure 1. In general, there
are two main aspects that affects the positron production rate: incident energy/intensity and target
characteristics (material, thickness).

In the production process, the primary beam energy deposition density in the converter is far
from being homogeneous (see Figure 2), leading to a high thermo-mechanical stress, given by the
temperature gradient produced in the target, and a related target failure threshold. Therefore, an
appropriate parameter, so-called, the Peak Energy Deposition Density (PEDD) has been introduced
in positron source design to provide a quantitative parameter assessing the reliability of the target
operation [20].

After the pair generation, due to their large transverse momenta, the positrons emerging from
the target need to be immediately focused with a magnetic field tailored for maximum capture
efficiency. The special focusing magnet, the so-called matching device, has to provide a strong
axial (or azimuthal) magnetic field of the order of few Tesla with the peak close to the target location
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(a)

(b)

Figure 1: Characteristics of the positrons produced in the conventional scheme. (a) Positron
production rate and fraction of energy deposited in the target as a function of target thickness for
50 MeV and 6 GeV electron drive beam energy. (b) Angular-energy distribution of the positrons
at the exit of the target-converter for the 6 GeV electron drive beam. Note, that in both cases the
tungsten (Z=74) target-converter has been used in simulations.

Figure 2: Energy deposition map in the tungsten target-converter. The maximum value (PEDD) is
reached at the exit of the target, where the electromagnetic shower is at itsmaximum. Simulationwas
performed for the electron beam energy of 6 GeV and a beam spot size on the target being 0.5 mm.

(ideally at the target surface) and dropping to a constant lower value, typically lower than 0.5 T.When
the field is adiabatically decreasing, the system is called AdiabaticMatching Device (AMD) [21, 22]
and, when the transition is abrupt - Quarter Wave Transformer (QWT). The resulting acceptance is
a function of the peak and lower values of the magnetic field i.e. 𝐵0 and 𝐵𝑠, respectively and the
capture system aperture 𝑎 for the particle canonical momenta 𝑝∗

𝑟0, 𝑝
∗
𝜙0. This can be obtained, in

the case of the AMD as an example, by the condition:
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where 𝑒 = 0.2998 in the unit [(MeV/𝑐)/T/mm] and 𝑟0 is the radial distance for a particle’s spatial
transverse coordinates [23]. It defines the transverse acceptance hyper volume (acceptance ellipses
in the phase space). The positrons with initial conditions (𝑟0, 𝑝∗𝑟0, 𝑝

∗
𝜙0) satisfying the Equation 2.1

are considered as the accepted by the AMD system.
Lithium and plasma lenses can be also used as a matching device providing the focusing by

azimuthal magnetic field with a focal strength limited by the maximum achievable current in the
lens. Contrary to the axial fields, the azimuthal magnetic field focuses one kind of particles and
defocuses the particles with opposite charge, so discarding the electrons directly in the production
stage. After the first transverse compression, it is necessary to introduce a longitudinal focusing; the
positrons, therefore, enter in a multiple RF accelerating structure line embedded in a DC solenoid
magnetic field used in order to bunch and accelerate the beam up to about 200 MeV. The full system
composed by the matching device and the RF structures is called the positron capture section [23].
After this first capture phase, the positrons pass through a quadrupole focusing system (normally a
FODO) and they are accelerated up to the required energy (usually the energy of the Damping Ring).
Often Damping Rings (DR) are needed to reduce the positron beam emittances by radiation cooling
after the first acceleration stage for achieving their final required values. Before the injection in
the DR, energy compressors and diaphragms may provide a 6D emittance beam shaping to reduce
the injection losses. The full positron source system can be illustrated as in Figure 3. Eventually,
the fraction of the positrons, which is captured for further acceleration and transportation to the
Interaction Point, is defined by the capture system and DR acceptances. This introduces the notion,
that the positron source efficiency is a global concept starting from the primary beam characteristics
and ending with the DR performances.

primary e− accelerator

primary e− 

source

target-converter

capture section (bunching)

pre-acceleration

beam shaping
damping ring

e+e− 

separator

dump

e−

e+

𝛾

matching device
(AMD/QWT/lens)

dump

Figure 3: Different sub-systems of the positron source basic scheme.

This conventional scheme has been used for all circular 𝑒−𝑒+ colliders (ADA [24], ACO [25],
DCI[26], SPEAR [27], ADONE[28], VEPP [29], LEP [30], KEKB [31], SuperKEKB [32], PEP-
II[33, 34]) and also for the first linear collider SLC [35]. In the conventional positron-generation
system, a possible scheme to increase the positron intensity is to increase the incident electron
beam power (intensity and/or energy). However, the allowable heat load as well as the thermo-
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mechanical stresses in the target severely limit the power of the primary electron beam. Thus, the
typical positron bunch population obtained from these sources has been a few 1 × 1010 𝑒+/bunch
corresponding to average currents less than 1 𝜇A [36]. At present, the positron production rate
obtained at the SLC (∼8 × 1010 𝑒+/s) is considered as a world record for the existing accelerators.
The main characteristics of the accelerator positron source ever built are listed in the Table 1. For
the future linear colliders, the requested positron production rate is even much higher. During
the last decade, KEK injector linac has been upgraded for the SuperKEKB collider project, which
requires a 4-fold increase in positron charge compared to previous project KEKB. Various studies
and new developments, which are of high technological and also engineering importance have been
performed to guarantee the required positron source performances.
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Most performing positron source in operation: SuperKEKB. SuperKEKB is the 𝑒−𝑒+ collider
based on the "nano-beam scheme" running at theΥ(4𝑆) resonance energy to produce Bmeson pairs.
The energy of the electron and positron beams are 7 GeV and 4 GeV respectively. This facility is an
upgrade of the KEKB collider in order to increase the luminosity to 8× 1035 cm−2 s−1, which is 40
times higher in respect to KEKB [47]. Table 2 shows the KEKB/SuperKEKB injector parameters.
In case of the SuperKEKB, the injector complex includes the 1.1 GeV DR and the related values
are given at the final injector energy.

Table 2: Main parameters of the KEKB/SuperKEKB injec-
tors [48].

Electrons Positrons
Beam Energy [GeV] 8.0 / 7.0 3.5 / 4.0
Bunch charge [nC] 1 / 5 1 / 4
Vertical emittance 𝛾𝜖𝑦 [𝜇m] 100/20 2100/20
Horizontal emittance 𝛾𝜖𝑥 [𝜇m] 100/50 2100/100
Energy spread [%] 0.05/0.08 0.125/0.07
Number of bunch 2/2 2/2
Repetition rate [Hz] 50/50 50/50*
* For positron generation a 25 Hz repetition rate operaton mode is
used.

The requirements on the positron beam imposed by the SuperKEKB collider mainly stem from
high storage current (3.6 A) with very short luminosity lifetime (6 min) and small dynamic aperture
in the storage ring. To satisfy the demand from the ring, the new positron source has to provide
4 nC/bunch positron beam, which is four times higher than that of previous positron source for
KEKB, with lower emittance of 20 mm·mrad. In order to meet the requirements, the positron
capture section has been completely reconstructed and a DR has been designed and constructed.

The SuperKEKB positron sources relies on existing and mature technologies. Figure 4 shows
a 14 mm-thick tungsten target-converter and the upgraded positron capture section. It implies a
fixed-target design: the low-emittance electron beam passes in the center through a 2mmhole, while
the positron target-converter is installed off-axis. During the operation, the orbits of the electron
beam are switched by using two pulse steering magnets upstream of the target. Systematic studies
show that larger hole diameter is preferable for electron beam tuning and emittance preservation.
Moreover, as the tungsten target is placed at 3.5 mm from the central axis, it leads to addition
degradation of the positron yield [49]. Therefore, recently, the studies have been initiated to explore
the possibility to employ the movable/inserting target, which should increase the overall efficiency
of the system.

The capture section consists of a Flux Concentrator (FC), a bridge coil, and six large-aperture
S-band accelerating structures embedded in the series of the DC solenoid magnets (see Figure 4).
The positron injector integrates an appropriate 1.1 GeV DR. Thus, the positron beam accelerated to
1.1 GeV is injected to the DR for emittance damping. For this, the energy/bunch compressors are
installed in the transfer lines before and after the DR to match the positron beam between the linac
and the ring (to avoid additional losses).
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Figure 4: Positron source of the SuperKEKB.

Originally, the FC was based on the SLAC-type design [50]. The first model designed for
the SuperKEKB experienced the severe discharge problems preventing reaching the nominal field
strength of 3.5 T. After the extensive studies and prototyping, a new FC was fabricated with
hardening process allowing for high field and stable operation [51]. Thus, the FC field strength
is 3.5 T at daily operation, with additional 0.5 T generated by the bridge coils. The nominal DC
solenoid field strength is 0.4 T.

SuperKEKB covered a large range of positron source/injector investigations and currently
rapidly converging to the nominal performance. Table 3 summarizes the evolution of the positron
beam intensity over the last years. Such a progress was possible due to numerous achievements,

Table 3: The parameters of the SuperKEKB positron source.

Design July 2020 October 2020 July 2021 October 2021
e− beam energy [GeV] 3.46 3.01 2.87 2.92 2.94
e− bunch charge [nC] 10 8.2 8.1 9 10.3
e+ yield [ 𝑁𝑒+/𝑁𝑒−] 0.58 0.23 0.51 0.59 0.61
e+ bunch charge @CS [nC]* 5.8 1.9 4.1 5.3 6.1
e+ bunch charge @LE [nC] 4 1.3 2.1 3 3.2
* Positron bunch charge at the end of the capture section (CS) or linac end (LE).

among which the most remarkable are (some of them are illustrated in Figure 5):

• Improvements of the drive beam parameters. The electron beam intensity of 10 nC can be
used for positron generation.

• New model of the FC allowing the nominal and stable operation.

• R&D on the FC led to the availability of the unique versatile test bench with the exchangeable
mount for testing the FC. Currently it includes the measurements of the magnetic field,
vibrations and temperature distribution.
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• Development of the very fast response BPM [52]. It allowed monitoring the positron beam
in the beginning of the capture section.

• Installation of the steering coils for positron beam inside the capture section.

• Improvements on the transport of the positron beam after the DR.

Figure 5: SuperKEKB positron source R&D examples: FC testing facility and the fast response
BPM/steering coil assembly to be installed in the positron capture section.

Further improvements are mainly focused on increase of the reliability and efficiency of the
positron source: mechanical property tests of tungsten material, implementation of the movable
target, capture section design (new model of the FC, upgrade of the FC pulsed power supply to
reach higher magnetic field, shorten the distance between the FC and the first accelerating structure),
improve the transport efficiency between the positron source and the DR, etc..

The positron source of SuperKEKB is the world’s highest intensity positron source currently
in operation. Despite many challenges, it has demonstrated the reliability of the overall technology
and its potential to be used for the various positron source applications. Much efforts for R&D and
optimization studies for the positron source are currently ongoing at KEK to mitigate limitations to
reach the required positron beam intensity. This activity and lessons learned are of great importance
for the future lepton collider projects.

2.2 Future collider projects and associated challenges

Next-generation colliders are required by the HEP and nuclear physics community to investigate the
phenomena in the field of Higgs physics and the different scenarios beyond the Standard Model in
the post-LHC era. Consequently, the future colliders can be divided in two classes: Higgs factories
with center-of-mass energy of∼250GeV for precision studies of the Higgs boson (circular and linear
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colliders) and the next energy-frontier machines (linear colliders and Muon Collider project) [53].
Hence, given the past experience, it is crucial to explore the TeV scale with the colliders based on
the 𝑒+𝑒−, ℎ/𝑒+/𝑒− and, certainly, ℎℎ collisions. As far as the lepton-based collisions are concerned,
the most feasible options currently under consideration are 𝑒+𝑒− linear colliders (ILC and CLIC)
and 𝑒+𝑒− circular colliders i.e. FCC-ee and CEPC, whereas the 𝜇+𝜇− Muon Collider is not yet a
mature option being in the conceptual design phase. The full physics program of a future Large
Hadron electron Collider (LHeC) requires both 𝑝𝑒+ and 𝑝𝑒− collisions [54]. Each of these collider
options has its own advantages, drawbacks and challenges, however, a requirement for very high
luminosity leads to the fundamental role played by the particle injectors and positron source in
particular.

In addition, the necessity of using both polarized electron and positron beam at the future
colliders is well established and has been comprehensively analyzed in [55]. It presents additional
degree of complexity in original design of positron sources, requiring production of polarized
photons followed by polarization transfer. There are three methods to generate circularly polarized
high-energy (>10’sMeV) photons, which can be converted to the longitudinally polarized positrons.
Radiation from helical undulator andCompton scattering-based sources are intended for high energy
colliders, and bremsstrahlung from polarized electrons is also considered at lower energies typical
for Hadron Physics (MAMI, MESA, JLab), and also for the much smaller energy range of Atomic
Physics and Material Science [56]. In these domains, a conventional positron source design using
initially polarized electrons and capturing high-energy positrons has been demonstrated to be
particularly efficient [57].

Table 4 shows the challenges of some future colliders, especially the positron source related
parameters. In such a way, the intensities required from the positron sources at the future colliders
CLIC, ILC or LHeC are a few orders of magnitude higher (up to ∼ 1015 𝑒+/s at the LHeC) than that
delivered by ever existed facilities [58]. For the FCC-ee, a positron bunch intensity of 2.1 × 1010
particles (3.35 nC) is required at the injection into the pre-booster ring allowing for a positron
accepted yield of 0.5 𝑁𝑒+/𝑁𝑒− if safety margins are neglected and the maximum allowed electron
drive beam current is used [59]. This value is comparable with the positron yield envisaged at the
SuperKEKB. The positron flux, however, is estimated to be similar to the flux obtained at the SLC
(see Table 1).

Intense positron sources may play also an important role for even higher-luminosity colliders
and, in particular, for positron-based muon production (cf. LEMMA proposal) [60]. LEMMA
is an alternative scheme to produce the muon beams using positrons impinging on a target at the
muon production threshold. For this reason, deep studies of a positron source capable to deliver the
exceptional flux of about ∼ 1016 𝑒+/s are needed to narrow down the possible design choices and
define the R&D directions to mitigate the critical issues. Creating low-emittance energetic muon
beams would open the door to a new generation of lepton colliders, which was also stated by the
recent EU HEP Strategy update [2].

The choice of collider type/technology, thus, greatly influences the design of the positron source
and its performance. The main challenges remain the same: the requested high intensity/current,
low emittance, polarization and high reliability. At linear colliders, the positron source should be
designed to produce all the current necessary for the collider at one shot. So the different designs
foresee multi-bunch operation either in CW or pulsed mode resulting in an average current at least
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Table 4: Future Positron Collider Projects [53, 59, 61–66].

Project CLIC ILC LHeC (pulsed) LEMMA CEPC FCC-ee
Final e+ energy [GeV] 190 125 140 45 45 45.6
Primary e− energy [GeV] 5 128** (3*) 10 – 4 6
Number of bunches per pulse 352 1312 (66*) 105 1000 1 2
Required charge [1010 e+/bunch] 0.4 3 0.18 50 0.6 2.1
Horizontal emittance 𝛾𝜖𝑥 [𝜇m] 0.9 5 100 – 16 24
Vertical emittance 𝛾𝜖𝑦 [𝜇m] 0.03 0.035 100 – 0.14 0.09
Repetition rate [Hz] 50 5 (300*) 10 20 50 200
e+ flux [1014 e+/second] 1 2 18 10–100 0.003 0.06
Polarization No/Yes*** Yes/(No*) Yes No No No
* The parameters are given for the electron-driven positron source being under consideration.
** Electron beam energy at the end of the main electron linac taking into account the looses in the undulator.
*** Polarization is considered as an upgrade option.

more than one order of magnitude higher than the current state of the art (see Table 4). On the other
side, the situation is less demanding for the circular colliders, where the positron bunches can be
stacked in the collider followed by the top-up operation. As far as polarization is concerned, it is
highly requested by the linear collider projects, while still under discussion for the circular options.

Novel approach: photon-driven positron sources and polarized bremsstrahlung. A common
feature of the future collider projects is the requirement to generate the high peak and/or average
current beams and, as far as possible, with an important degree of polarization for both. In this
context, the intensity required for the positron source being up to ∼ 1016 𝑒+/second (see Table 4)
is not within the reach of proven technology and concepts. It would be difficult to realize by the
conventional scheme using electrons, which are converted into the positrons because of the high
heat load inside the target as well as a thermal stresses/shocks caused by the inhomogeneity of the
primary beam energy deposition. Thus, the target thermo-mechanical stresses given by the PEDD
and the average heating impose a physical limit on the peak and average positron current. On
the other hand, this method is also not attractive due to the lack of positron polarization unless a
polarized electron beam is used to generate the positrons.1

Toovercome the very challenging constraints imposed by the target (mainly thermo-mechanical),
a better solution of using a two-stage process was proposed for the positron production. Initially
it was proposed to be used at the future liner colliders and later at other projects. The first stage
is a generation of photons/gamma rays. In the second stage the electron and photon beams are
separated and the latter is sent to the target, where the photons are converted into the 𝑒−𝑒+ pairs.
This strongly reduces the large ionization energy losses given by the low energy population of
the drive beam leading to the heating of the target. A major difference now between the different
schemes to produce positrons is how these photons are generated. An example of one such positron

1In this case, the polarization transfer from the electron to the bremsstrahlung photon takes place that results into the
polarized positron production. This method of positron production usually is called polarized bremsstrahlung [57].
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source using channeling radiation in oriented crystals acting as an intense source of the photons is
illustrated in Figure 6.

Figure 6: Hybrid scheme for the unpolarized positron production proposed to be used for the
future colliders. Simple two-stage version, which includes a crystalline photon radiator followed
by an amorphous converter. A bending magnet is placed between the targets to redirect the charged
particles emerging from the crystal target.

Undulator-based polarized positron sources. The usage of undulator radiation allows obtaining
both polarized positrons and electrons has been proposed [67, 68] and studied in [69]. The radiation
from helical undulator is circularly polarized. This makes it especially attractive in the context of
polarized positron sources. Since there is a well-defined correlation between the photon energy, its
emission angle and polarization, by performing an energy selection of the undulator photons, one
can choose a desirable degree of photon polarization and so, the positron beam polarization.

For a typical size of the undulator period being 𝜆𝑢 = 1 cm, one needs an electron beam energy
of ∼150 GeV to get ∼10 MeV photons useful to create 𝑒−𝑒+ pairs in the target-converter. This leads
to a need of very high electron beam energy to drive such a facility; this is available in HEP collider
projects but it introduces a correlation between electron and positron lines imposing constraints
to be taken into account in the design phase. For fixed magnetic field and undulator period, the
number of photons generated is proportional to the undulator length. In this context, this innovative
undulator-based positron source driven by the main electron beam is conceived as part of ILC
baseline design [70].

The ILCTDR concentrates on a baselinemachine of 500GeV centre-of-mass energy. However,
the discovery of a Higgs boson with a mass of 125 GeV opens up the possibility of reducing cost
by starting at a centre-of-mass energy of 250 GeV. The ILC is now proposed with a staged machine
design, with the first stage at 250 GeVwith a luminosity goal of 2𝑎𝑏−1 (total length of approximately
20 km). Recently, the physicsmotivation, the accelerator design, the run plan, the proposed detectors
and physics to be studied have been reviewed [71].

The undulator-based positron source is located at the end of the main electron linac. It consists
of the superconducting helical undulator to generate the circularly polarized photons, the thin target-
converter made of Ti6Al4V alloy, the capture section, positron pre-accelerator, energy compressor,
spin flipper and spin rotation (see Figure 7). The nominal design should ensure a positron yield
of 1.5 𝑁𝑒+/𝑁𝑒− at the 6 GeV DR. Among the main challenges of this proposal are a high number
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of positrons to be generated (∼ 3 × 1010 e+/bunch, 1312 bunches/pulse at 5 Hz repetition rate) and
wide energy range of the primary electron beam (from 128 GeV in the current baseline to 500 GeV
in case of the 1 TeV ILC upgrade).

Figure 7: A schematic layout of the ILC undulator-based polarized positron source. Courtesy of
ILC positron source collaboration.

A proof of principle experiment E–166 [72] has been performed in the FFTB at SLAC to
demonstrate production of polarized positrons for a further implementation in the undulator scheme
at the ILC [73]. Some time ago, a fully working high-field, short-period 4-m-long prototype of
the SC helical undulator cryomodule suitable for use in the future ILC positron source has been
designed, manufactured and successfully tested [74]. The required on-axis peak field of 0.86 T has
been achieved with 𝜆𝑢 = 11.5 mm and beam aperture of 5.85 mm.

In order to achieve the required intensity of positrons the 231-m-long undulator with a period
of 11.5 mm and a variable undulator strength parameter K ≤ 0.92 is considered. The final positron
beam polarization is estimated to be ∼30%. The generated photon beam with an average power of
72 kW has an opening angle of approximately 3 𝜇rad owing to high energy of electron beam. This
leads to a very challenging design of the photon dump and the collimator system [75]. Technical
solutions for the photon dump, based either on water or graphite are being considered. Due to
the high value of the PEDD, the target-converter is conceived as a 1-m wheel spinning in vacuum
with 2000 rpm (100 m/s). On the other hand, the relatively small total deposited power (2.2 kW
for the 250 GeV collider operation mode) in the 7 mm thick Ti6Al4V target allows designing the
target cooled by radiation only [62]. In the ILC TDR the QWT was chosen as a matching device
installed downstream the target at electron beam energies above 150 GeV. The QWTwith peak field
of 1.04 T has more stable magnetic field and bigger aperture (r = 11 mm) compared to considered
earlier pulsed FC (3.2 T and r = 6 mm). However, the obtained positron yield with QWT-based
capture system at 128 GeV electron beam energy is too low being 0.9 𝑁𝑒+/𝑁𝑒− . Recently a 3-5 T
pulsed tapered solenoid was proposed to increase the positron yield to 1.5 𝑁𝑒+/𝑁𝑒− [62].

To mitigate the risks associated with the ILC project, an electron-driven conventional positron
source is being developed as a backup system for the positron source. The progress of the electron-
driven positron source for the ILC was recently reported including the feasibility studies in terms
of the heat&stress of the accelerator components, the positron yield estimate for realistic conditions
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such as beam loading effect as well as the status of the target system R&D [76]. In such a way,
nowadays, the ILCpositron source (both undulator- and the electron-driven) remains themostmature
positron source proposed for the future collider in terms of pre-design studies and prototyping.

Compton scattering-based polarized positron sources. Another attractive and compact solution
foresees the use of an high-power laser beam and the Inverse Compton Scattering (ICS) interaction to
create such photons [77, 78]. The electron beam requirements in this case are greatly reduced while
still reaching higher photon energies. Considering the scattering with a typical laser (𝜆 = 515 nm),
the electron energy required to generate 30MeV photons is around 1.0 GeV and very small spot sizes
have to be maintained only over relatively short interaction lengths (less than few cms). In 2005,
a proof of principle experiment for the Compton scattering-based scheme for polarized positron
generation was performed at the KEK Accelerator Test Facility (ATF) [79].

Several options for the future linear collider positron source based on Compton scattering
have been proposed [80]. Today, they can be classified according to the electron source used for
the Compton scattering: the linac scheme, the storage ring scheme or so-called Compton Ring
and the energy recovery linac scheme. For all of them, the polarized positron current produced
is not sufficient to fulfill the future linear collider requirements. Therefore, the application of
the multiple-point collision line and multiple stacking of the positron bunches in the DR were
investigated [81, 82].

On the other hand, owing to the small size of the Compton (Thompson) cross section, the
demands of such solution on the high-power laser system are extremely challenging2. The time
format of ILC beams, for example, is constituted by an elevate number of bunches (>1000) per
RF macropulse, with macropulse repetition rates of 5-10 Hz. At visible wavelengths, Joules of
energy are required in order to provide sufficient photon density for the generation of one photon per
incoming electron in the laser-beam interactions. The laser system should, therefore, provide multi-
MW-class average power within a burst mode matching the electron bunch time-format. Using the
additional degree of freedom offered by fast kickers, one can imagine to reformat the positron source
to 30 KHz repetition rate and recreate the collider bunch format only after the DR, easing somewhat
the peak and average requirements on the laser. Notwithstanding the exceptional progress of the RF
and of the laser technology in the last decades, even this latter kind of laser system does not exist
yet. Various new concepts, such as stacking cavities and optical energy re-circulation have been
proposed to address the lack of a suitable laser source for this application [85–89].

In Murokh et al. [90] the authors present an alternative approach for an independent high-
current polarized positron source based on the combination of laser-based acceleration with the
observation, that the electron and laser beams are only minimally degraded in a ICS interaction. The
laser pulse can then be used not only to drive the Compton scattering process, but also to accelerate
the electrons to the required GeV-level for energetic polarized photon production. At the same
time, after the ICS interaction point, the kinetic energy stored in the electrons can be recuperated
with an high efficiency Free-Electron Laser (FEL) amplifier operating in the Tapering Enhanced
Stimulated Superradiant Amplification (TESSA) regime to replenish the laser pulse before it is

2In case of Gamma Factory proposed at CERN [83], which uses partially stripped ion beams and their resonant
interactions with laser light, the resonant photon absorption cross section can be up to a factor 109 higher than for the
ICS of photon on point-like electrons. The proof of principle experiment was already proposed [84].
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redirected to scatter against the next electron bunch. Due to the limited electron beam and laser
power requirements of this scheme, the electron current used in the accelerator can be very large
and, even with the yield of 0.1 𝑁𝑒+/𝑁𝑒− after conversion of the gamma-rays in the target, positron
fluxes of up to 1015 𝑒+/s could be achieved.

It should be emphasized that due to a common technological constraint of all the above
mentioned schemes being the average laser power of the optical systems, the Compton scattering-
based polarized positron sources are considered only as the alternative solutions for the future
collider projects. Presently, it is proposed as a preferred option for an upgrade of the CLIC positron
source [91].

Crystal-assisted positron sources. The basic and important parameter for a positron source is
the quantity of photons converted in the 𝑒−𝑒+ pairs. The larger this number, the larger the number
of positrons produced. In conventional scheme, bremsstrahlung radiation is the main source of
photons. In order to get a large number of photons the electromagnetic shower in the target needs
enough thickness (or radiation lengths) to expand. It is known [92], however, that axially aligned
crystals aremuch better radiators than the conventional amorphous converters. Electrons penetrating
the crystal at glancing angles to the axes or planes are channeled and emit channeling radiation.
This radiation is providing a large number of softer photons with respect to bremsstrahlung [93].
The effective radiation length for a tungsten W crystal aligned on its <111> axis and hit by a 8 GeV
electron beam is only 0.6 mm, whereas the radiation length associated to the bremsstrahlung for the
amorphous target is 3.5 mm. The choice of crystalline radiators leads, consequently, to a reduced
thickness of the conversion length for the same number of positrons. Radiation and conversion
may occur in the same crystal target and provide high positron yields as observed in the WA103
experiment at CERN [94, 95]. However to avoid important energy deposition in the crystals, which
may deteriorate the crystal qualities, it seemed better to separate two functions: radiation and
conversion.

In this context, investigations performed at Laboratoire de L’accélérateur Linéaire (LAL) and
Institut de Physique Nucléaire de Lyon (IPNL) in connection with a theoretical group of V. N. Baier
of BINP led to a proposal of a hybrid scheme based upon a relatively new positron source scheme.
It uses, as a primary beam, an intense photon pulse produced by high-energy (some GeV) electron
bunch channelled along a crystal axis (channelling radiation). Several experiments at CERN,
KEK and Orsay, have been performed to investigate such a possibility [94, 96, 97]. They have
shown very promising results for the enhancement of the positron yield and the reduction of the
energy deposition in the target, if compared to the conventional one, especially, applying the
hybrid scheme, where the photon and the positron production are physically separated [98]. In
this approach, a bending magnet can be installed between the radiator and the target-converter,
which allows sweeping off the charged particles emerging from the crystal (Chehab - Strakhovenko
- Variola scheme), hence reducing the thermal and radiation load being of great importance for
the linear collider projects. Moreover, a new option of the target-converter can be also considered
implying the use of a granular target made of small spheres providing better heat dissipation and
better resistance to thermal shocks [99]. The hybrid scheme, thus, has been adopted by CLIC as a
baseline for the unpolarized positron source. The hybrid scheme is currently being also investigated
in application to the circular colliders (FCC-ee) requiring relativelymoderate beam intensities [100].
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The polarization for low-intensity CW beams: polarized bremsstrahlung. The polarized
bremsstrahlung [57] as a method to produce polarized positrons is considered to be not very
efficient in a framework of the future linear colliders. It is mainly due to the low positron capture
efficiency at high energy part of the positron spectrum, where the population characterized by a high
degree of polarization is located. However, in 2018, the Positron Working Group at Jefferson Lab,
with over 250 members from 75 institutions submitted a Letter of Intent titled Physics with Positron
Beams at Jefferson Lab 12 GeV, promoting a series of experiments using positron beams that
could occupy CEBAF operations for more than 3 years [101]. Recently, two proposals focusing on
DeeplyVirtual Compton Scattering (DVCS)were conditionally approved based upon the availability
of >100 nA polarized or >1 𝜇A unpolarized beam currents, respectively. A conceptual design study
is underway to develop CW positron beams for CEBAF. CW electron beam with polarization >85%
will be used for generation of polarized positrons. Currently, three different electron beam energies
are considered: i) 10 MeV, ii) 123 eV and iii) 1090 MeV [102]. 10 MeV option is below the
photo-neutron production threshold of most materials, however, suffers from the lowest yield and
highest demand on the polarized electron source. The option iii) would provide a significantly
higher positron yield, but likely has the largest radiological and construction footprint. The option
ii) is a better compromise between positron yield and footprint. The 1 mA electron beam with an
energy of 123 MeV passing through a 4-mm-thick single tungsten target-converter3 will deposit
approximately 17 kW in the target. The design studies of rotated solid targets and liquid-metal jet
targets are presently being considered. The engineering study for a 2-3 Tesla DC solenoid matching
device, the positron capture section and energy-selection chicane are currently underway. Hence,
the final positron source design should be capable to provide at least 10 nA current and >60% of
the positron beam polarization.

3 Physics and technology challenges to improve the future positron source perfor-
mances

Positron sources are complex devices, where each subsystem (production, capture, acceleration,
and DR injection) has an impact on the final performance of the positron source. The required beam
intensities and emittances (see Table 4) impose technological challenges for the positron source
design (target technology, cooling systems, capture optics, power dissipated on the structures, remote
handling/target removal engineering design, etc.). The complete optimization of the positron
production requires not only maximizing the total polarized or unpolarized positron yield, but
also innovative studies of target thermodynamics which influences the performance of the positron
source. In this context, investigations/studies of the heat dissipation and thermo-mechanical stresses
in the targets and closest beamline components, technological R&D and experimental testing of
the innovative targets and positron capture systems are all mandatory for more robust and reliable
positron source designs to meet future needs.

Any increase of positron production and capture efficiency reduces the cost and complexity
of the driver linac, the heat and radiation load of the target-converter system and increases the
operational margin. The latter proved to be a very critical issue for the operation of the positron

3This is the optimum thickness for the maximal product of positron yield times positron polarization squared.
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sources of the SLC andKEKB/SuperKEKB, themost performant accelerator-based positron sources
built so far.

3.1 Targets: thermo-mechanical and radiation problems

Different effects occur in materials under irradiation depending on the parameters of the incoming
beam (its energy, charge, dimensions and time structure) and, certainly, the material properties [103,
104]. In general, the positrons are produced by impinging electron beams onto a high-Z material.
The energy deposition density, induced by the incident electrons inside the target, is strongly
non-uniform in r-(radial) and z-(longitudinal) direction. This causes a rapid, adiabatic rise of
temperature, according to the duration of the electron pulses, in general in the 𝜇s range. This
temperature profile persists over some ms before it becomes more uniform by thermal diffusion.
This has been theoretically modeled in [105]. During this time, quasi-stationary thermal stresses
will occur, which are compressive along the axis of the target and tensile at the outer boundary of the
target. And this, due to thermal cyclic loads can lead to fatigue and, finally, to failure of the target
material [20]. Large beam sizes and, thus, large targets would diminish such effects. In the past,
the breakdown of the SLC target led to the systematic but empiric determination of the acceptable
PEDD. The studies undertaken at LANL and LLNL [106, 107] concerning the SLC target showed
that the PEDD of 35 J/g might not be exceeded. This is now considered as a maximum tolerated
value of the PEDD in the tungsten targets for a positron source design.

As stated above, photon-driven positron sources, like the hybrid scheme or the undulator-driven
scheme (proposed for the ILC) have the advantage of depositing less beam energy in thinner target
and still providing sufficient positron yields. This reduces also the technical complexity and the
handling of the target station. For below 𝜇s beam pulses, thermal shock effects and/or vibrations
in the target material may occur. These are driven by inertia of the target material, since it cannot
thermally expand as fast as it is heated. As a guide line, such effects appear, when the transition
time 𝜎/𝑐 (𝜎 being the radial PEDD profile extension inside the cylindrical target rod and 𝑐 is the
velocity of sound of the target material) becomes longer than the pulse duration of the impinging
beam pulse [108]. As an example, a typical 1 mm of radial PEDD profile and a velocity of
sound of 4 km/s would lead to a transition time of 250 ns. These effects have been observed in
many laboratories (SLAC, CERN, KEK, etc.), and have led to warping, bending of slender target
rods or to radial cracks induced by vibrations. These beam induced heating and shocks may also
affect components, like the AMD, placed very close to the target and must be taken into account.
In general, to minimize such effects, for a given average beam power, an high pulse frequency
with long pulse duration would be desirable. Nevertheless, it appears that a real modeling and
computational effort on the transient regime, taking into account pressure waves propagation and
mechanical impedance matching in the support is actually missing. This should be an important
improvement to have a deep understanding of the PEDD failure mechanism and to find eventual
cures.

To maintain a low average temperature of the target, efficient cooling to evacuate the average
power from the target, is required. For slender targets, cooling by radiation and aided by natural or
forced Helium gas cooling, has been employed. However, for efficient cooling by radiation, high
temperatures of above 1000◦𝐶 may have to be tolerated. For laterally large targets, the heat can be
evacuated radially by heat conduction into a water circuit (used or foreseen for the positron sources
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at SLAC, KEK/SuperKEKB, ILC, etc.). For high-intensity positron sources, the average power as
well as the cyclic thermal loads may be too high to be tolerated by a stationary target. Therefore,
moving, rotating (ILC positron source) or tumbling/trolling wheel (SLC positron source), water or
radiation cooled targets have been or are envisaged to be employed. This helps to spread the heat
as well as the radiation damage over a larger area.

Engineering solutions have been developed or are under consideration, which, however, have
to be compatible with the adjacent positron capture system. For very high positron yields, which
are contemplated for the far future, like muon colliders, liquid metals (liquid Lead or Eutectics,
being liquid at room temperature) as targets may be used. Technology, in particular from reactor
technology or from spallation sources, exists or can be adapted. Using liquid metals, driven through
the incident beam in a closed loop will spread the heat input and the radiation damage over the total
volume of the liquid metal circulating in the loop, while the cooling occurs in a heat exchanger,
external to the beam area. The principal constraint is given by the possible cavitation of the
liquid, due to the beam high-energy deposition, with the consequent loss of the static liquid flow
regime. The issue of damaging the container by cavitation, induced by short and intense particle
pulses, has been experienced and ways to mitigate it have been found. To bypass the problem of
the containment of liquid metal targets, metal jets and free falling curtains or droplets have been
proposed for neutrino factories. Suitable simulation codes are available to study fluid mechanics
and any dynamic effects or shocks in such systems.

Another target damage mechanism, related to irradiation, is radiation damage [109]. Ra-
diation damage of the target and other beamline component materials manifests itself in atomic
displacements causing the structural material damage. The widely used measure of the material
deterioration is the number of displacements per atom (dpa), which depends on the impinging
particle type, its characteristics as well as a material properties. Systematic evaluation of the dpa
is now essential element of the positron source design being important for the long-term reliable
operation.

Overall, the high-power targets and their reliability under the severe operation conditions are of
interest in several fields (neutrino physics, muon physics, neutron physics, etc.). One should profit
from themutual experience, studies and, eventually, try to join the effort for the future developments.
It is important to stress, that the experimental tests are of great importance for both very high values
of the instantaneous power load (stresses and shocks) and target lifetime studies. Assessment of
the failure criteria in materials under irradiation via thermo-mechanical stresses, thermal shocks
(occurring in the 𝜇s scale) and longer-term phenomena (radiation damage, fatigue) to predict the
target and any component damage remains one of the major challenge for the current and future
positron source designs.

3.2 Capture section technology

The positrons and electrons produced in the target-converter are captured and accelerated up to a
few hundreds of MeV in the capture section before being separated by a chicane (see Figure 3)
and accelerated in the pre-accelerator to be injected in the DR. Thus, another way to improve the
positron source performance is to increase the capture efficiency. This could also mitigate the target
thermal load, which is the critical aspect of the positron source design, especially at high intensities.
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The capture section is composed of the matching device and capture linac. The main role of
the matching device in the capture system is to reduce the large angular divergence of positrons after
the target by increasing the beam radius. In this way, the positron beam occupies all the geometrical
acceptance at the entrance of the accelerating structures. After this, the whole capture linac is
encapsulated inside a DC solenoid. The typical magnetic field values of such solenoids used up to
now are around 0.2–0.5 T, however, higher values are required to improve the capture efficiency. It
is employed to focus the positrons and avoid the positron losses, caused by the high divergence of
the positron beam at the beginning of the capture section, while the RF accelerating field provides
the longitudinal compression.

At present, the most used matching device technologies are the AMD realized by means of the
FC and the QWT made of the DC or pulsed coils. The advantage of using the AMD rather than
the QWT as a matching device, is that it allows increasing the accepted positron yield by capturing
positrons within a wide energy band. Nevertheless, the drawback of the AMD is a lengthening of
the bunch, which is afterwards responsible for the increase of the energy spread in the capture linac.
These systems have been successfully used at SLAC [110], LAL in Orsay [111] and being currently
in operation in SuperKEKB at KEK (see Table 1). For capture linac, the normal-conducting S-
band accelerating structures were in use for all the existing positron sources (see Table 1). In
general, large-gradient and large-aperture accelerating structures are required to ensure sufficient
longitudinal and transverse acceptance for the positron beams. Therefore, the L-band option is
currently under consideration for the future positron source designs (ILC and CLIC projects). In
this framework the first study was performed in the context of the SuperB project, where a capture
efficiency increase close to one order of magnitude was obtained by using a large L-band section
operated in higher order mode, to ensure a good longitudinal matching with the bunch length at
the AMD exit [112]. That would made the design, construction and integration of the higher-field
DC solenoid around the capture system more challenging, requiring eventual application of the SC
technology to be considered.

Based on the theoretical consideration, to capture a large phase space volume, the AMD with
higher-field tapered solenoids around the target and downstream is desired. To reach higher capture
efficiency, the target enclosed in a high-field solenoid magnet should be considered. Presently, the
highest field of the matching device is obtained with the FC, very often in combination with the
bridge coils. The peak magnetic field for such devices is typically about 5-6 T [50, 113], while the
ultimate performance is reached at BINP, where the FC used in the VEPP-5 injector complex can
generate a 10 T peak field [45, 114]. The contribution from the bridge coils is, usually, at the order
of 1-2 T.

As stated before, for positron sources, operating with typical 𝜇s pulses, FC are used as the
matching devices. However, as an example, for the undulator-based positron source for the ILC,
driven at 5 Hz with pulse duration of about 1 ms, a matching device compatible with such a regime
is required. In general, the FC are machined from bulky Cu-conductors and this would, for very
long pulses, lead to strongly time-varying current densities (time-varying skin effect), mainly in
radial direction, and, thus, to time-varying magnetic field along the axis of the matching device.
Using a single coil solenoid with a relatively thin Cu-conductor of about 1 cm2 cross section would
reach after a pulse rise time of about 2 ms a quasi constant current density distribution over the cross
section of the conductor, similar to a DC case. Thus, trapezoidal pulses with a duration of about
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4-5 ms with an intermediate flat top of 1 ms seem to be adequate. With the ILC repetition rate of
5 Hz, average power due to Ohmic heating of the coil will be tolerable. This power can conveniently
be removed through a water cooling channel along the centre of the hollow Cu-conductor. Recent
tracking simulations of the positrons from the target-converter up to the DR with such tapered
pulsed solenoid as the matching device report the positron yield of well above the nominal value
≥ 1.5 𝑁𝑒+/𝑁𝑒− . As the proposed pulsed solenoid is operated very close to the upstream, fast rotating
target (at 100 m/s), issues of magnetically-induced pulsed braking forces and induced average power
in the target have to be carefully considered. Studies of these effects are underway with appropriate
finite element method simulation codes (COMSOL Multiphysics [115]) within the ILC Sources
Working Group. Further investigations are planned in the future to address the current leads, strip
lines, pulse forming network and the pulsed power supply. For this, one may profit from technology
applied in the past for pulsed magnets, magnetic horns, pulsed Lithium lenses or similar devices.

Given the rate of progress in magnet R&D, pushing the field of both solenoids (matching device
and DC solenoid around the capture linac) beyond the state of the art, would improve considerably
the positron source performance. New solutions to the high-field solenoids, thus, should be
investigated. In particular, the innovative proposal to use a superconducting (SC) solenoid as the
matching device for capture system is of great interest. The proposed technology has never been
tested before in such a context and can allow reaching higher magnetic field on the target-converter
and DC operation compared to the typically used FC. The SC solenoid based on High-Temperature
Superconductor (HTS) technology is currently being explored in the framework of CHART (Swiss
Accelerator Research and Technology) collaboration for the FCC-ee positorn source. A feasibility
and engineering study is ongoing, including considerations of the power distribution in target
vicinity and radiation arising from beam interaction with the target. Depending on the obtained
results, fully integrated design including the target, SC solenoid-based matching device and capture
linac should be developed with further demonstration of the technology and performances.

Another important factor to increase the capture section efficiency, is the possibility to provide
high solenoidal fields around the first accelerating structures beyond the 0.5 T, while the adiabatic
damping acts, at higher energy, as a primary emittance damper. In this context, strong synergies
can be seen with the Muon Collider Program (MAP) on the ionization cooling section, requiring
high-gradient cavities immersed in high solenoidal fields [116, 117].

Thanks to the fast-paced development of plasma wakefield acceleration technology, the appli-
cation of the plasma lens to positron beam capture renewed its interest. Although, the use of the
plasma lens as the AMD has been recently explored theoretically [118] being very promising, no
big attention to technology problems has been yet dedicated.

3.3 Beam dynamics and modelling

As stated before, the positron beam has a large emittance and energy spread that is challenging to
transport through the capture section, chicane, pre-accelerator and other stages including injection
into the DR. The beam dynamics models should take into account the space charge effect between
the particles and the wake field effect from the accelerating structures. In case of the multi-bunch
operation, particular attention should be paid to longitudinal collective effect such as beam loading.
Therefore, the appropriate RF cavity design and effective beam loading compensation schemes
should be considered.
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In the framework of the ILC undulator-based positron source, the significant positron bunch
charge (several nC) results in high pulse beam loading for normal-conducting accelerating structures
in positron pre-accelerator (in this definition it includes positron capture linac, pre-accelerator,
beams separation and accelerator) [119]. In this context, the beam loading compensation method
with the detuning angle has been developed to be applied for the positron capture linac of the ILC
electron-driven positron source [120].

To match the positron beam longitudinal phase space with the acceptance of the capture linac,
it is efficient to use a design with the first RF structure in decelerating phase [121]. This technique
should deserve more attention in its potentiality as demonstrated in the preliminary studies for the
SuperB and CLIC projects and currently used at SuperKEKB positron capture section.

Positron source design In general, a modular approach is used in designing and modelling the
positron sources. Most of the time, the various codes are employed for the individual sub-system
(modules) of the positron sources (see Figure 3). Being written in different languages and using
the different standards for the data I/O make it difficult performing the start-to-end simulations and
global optimization. In this context, some routines have been already developed and successfully
applied [122, 123].

The most widely used numerical tools to study the particle interaction with matter and, so
the positron generation in the conventional positron production scheme are Geant4 [124] and
FLUKA [125]. These codes are also used to simulate the energy deposition in the target and
beamline components. The standard tracking codes are used afterwards for positron capture
simulations: ASTRA [126], RF-track [127], GPT [128], Geant4, etc.. Many tracking tools are
available for design and simulations of linear accelerators, which are, usually, used to simulate the
positron beam pre-acceleration from a few hundreds of MeV and until injection to the DR: MAD-
X [129], SAD [130], PLACET [131], etc.. Owing to complexity of the positron source design,
promising results have been also obtained by global parameter optimization with genetic algorithm
developed in the code GIOTTO [132].

Some of the simulation tools are also incorporating the functionality to characterize the impact
of irradiation on the materials via radiation load and dpa analysis (available in FLUKA). In addition,
the commercial package ANSYS [133] is used to asses the thermal load in the target and failure
criteria in material by means of the thermo-mechanical stresses.

The modeling of the novel schemes for positron production requires additional simulation tools
for photon generation. The simulations of the crystal-based positron sources rely mainly on the
in-house codes. Simulation models [134–136] including the quasiclassical Baier-Katkov method
[137] well validated experimentally [94, 135, 136, 138] allow one to simulate charged particle
dynamics and coherent effects of radiation and pair production in oriented crystals. These models
are fundamental for the simulations of electromagnetic shower in the hybrid crystal-based positron
source. An effort to implement these models into the Geant4 simulation toolkit is currently ongoing.
This will allow one to simulate an entire experimental setup of the crystal-based positron source.
This effort will bring such application to a large scientific and industrial community and under
a free Geant4 license. For the undulator-based positron sources, Helical Undulator Synchrotron
Radiation (HUSR) software [139] is used to simulate the photon energy distribution inside the
undulator. It was developed by David Newton at the Cockcroft Institute (United Kingdom) and used
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for the ILC polarized positron source design. The other available widespread simulation code to
calculate undulator radiation is SPECTRA [140] developed by Takashi Tanaka at the SPring-8. The
simulation code CAIN [141] developped by Kaoru Yokoya at KEK is usually used to simulate the
Compton scattering process for the Compton scattering-based polarized positron sources. Recently,
this option has been added in a tracking code RF-track [127] developed by Andrea Latina at CERN.

A key aspect of the positron source design, thus, is the interdisciplinary simulations. The
modeling of the positron sources involves several disciplines and requires, in general, a multiphysics
approach. A particle/matter interaction simulations coupled to beam dynamics codes for particle
tracking in the electromagnetic fields together with the tools dedicated to calculation of the beam-
induced damages in the target material are systematically in use.

Advanced optimization techniques Another innovative aspect, that should be explored in this
field is the Artificial Intelligence (AI) global optimization of the positron injector parameters
including the electron drive beam and the final system acceptance. Recently, AI has already been
applied for optimization, online control and tuning of modern particle accelerators, such as free
electron lasers and storage ring light source [142]. In terms of number of necessary evaluations
of the optimisation function, one of the very efficient methods is Bayesian Optimisation (BO).
Currently BO is broadly used in search of the optimal set of hyper parameters for so-called optimal
bias-variance trade-off of Machine Learning (ML) model (huge amount of data, which slows done
the ML training). BO was successfully applied to optimize the beam intensity at SwissFEL with
up to 40 control parameters keeping safe operation constraints [143]. Proposed method was able
to consistently outperform the typical baseline parameter sets. Another very recent example of BO
application is in Laser-Plasma research for tuning the “unknown parameters” of the new ionisation
injection acceleration scheme both in numerical simulation and in the corresponding experiment.
Optimal conditions permitted generation of stable electron beam with subpercent level of beam
energy spread [144].

4 Future directions of studies and R&D

In order to achieve the required high luminosity at the future colliders, it is necessary to improve
each single important aspect of the positron sources as the design: the modeling and the con-
struction/operation of the innovative targets, the capture systems and the matching in the damping
rings. Moreover, the positron source community should consolidate the effort and explore different
methods of positron production, both with classical techniques and novel/exotic ones [145–147].
This should open the way primarily for future high-energy physics applications requiring orders of
magnitude higher intensity, and for considering future hadronic applications (including the EIC)
requiring both polarization and intensity. The request for the polarized positron beams results in
an additional degree of complexity, which makes the polarized positron sources rather large and
expensive facilities.

The different possible directions to face these challenges, and to cross the transition from the
old concept to the novel positron sources, have been summarized in this article. Concerning the
target, it is important to develop an important effort in modeling the fast regimes of the shock
waves with a comprehensive understanding of their dynamics in the target and its holder. New
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target technologies have to be studied and developed, like the liquid- and the gas-jet targets. Target
cooling is of fundamental importance and the effort in prototyping engineering solutions, such as
the rotating wheel targets, is very important also if time and cost resources demanding. In the same
framework, it is crucial to test the possibility to use SC magnets as matching devices and to increase
the solenoidal fields around the capture linac accelerating sections. Primary beams should profit
of the new technologies of plasma wakefield acceleration and high-gradient cavities to decrease
costs and increase their performance. The realization of the toolkit, that is capable to perform the
start-to-end positron source modeling and optimization remains to be developed. Up to now, the
simulation tools are developed generally in-house and only for the particular applications/projects.
New concepts and schemes for positron sources and polarised beams should be investigated when
possible. All these challenges require a coordinated and collective effort in a multidisciplinary
context focused on the development of appropriate simulation codes and realization of the different
technology test stands, to prove the effective efficiency of the solutions and designs proposed.

A special task is the investigation of advanced accelerator concepts for the positron beams
relying on high-gradient plasma and laser accelerators. Owing to high-luminosity demand, positron
beams have to be generated and accelerated at a nC bunch charge with about 100 nm normalized
transverse emittance and energy spread well below percent level. Although in the past few decades
advances in the field are extremely rapid, this milestone remains to be achieved.
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