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Outlook
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• Review of and FCC-ee and the scheme of the injector

• Optimization approach of a crystal-based positron source 

through an experimentally validated simulation framework

• Optimized solution for FCC-ee positron source
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Performance of FCC-ee and other positron sources
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• Key factors for high positron yield:

• Primary e- energy

• Target design

• Magnetic strength around the target and capture linac 

• Transverse aperture of the capture linac.

• The use of an HTS solenoid with a peak field of ~12T around the 

target can substantially increase state-of-the-art e+ yield, by one order 

of magnitude. Courtesy of Y. Enomoto (KEK)

FCC-ee 

Operation Mode

Final Energy 

[GeV]
Beam Current [mA]

Z 45 1270

W 80 137

H 120 26.7

ttbar 182.5 4.9

It is the most

demaning for the 

positron source
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FCC-ee injector layout (current baseline)
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Beam energy 2.86 GeV

Bunch charge ∼5.6 nC (max)

Bunch length 1 mm

Bunch transverse size ≳ 0.5 mm

Nb of bunches per pulse 4

Bunch separation 25 ns

Repetition rate 100 Hz

Beam power ∼6.4 kW (max)
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To fulfil the requirements for the Z 

mode → 5.4 nC e+/bunch at the 

DR* → 13.5 nC e+/bunch at the 

exit of the Positron Linac, 

considering 60% of losses due to 

transport, collimation and injection 

in the DR (safety margin of 2.5). 

This e+ charge has to be obtained 

from the following e- drive beam

*positron flux of ∼1.35⨯1013 e+/s. Demonstrated at SLC (a world record for existing accelerators): ∼6 ⨯1012 e+/s

• Latest proposal: injector complex  

on the Prévessin site with damping 

ring next to the “decheterie”

• High-energy linac next to North 

Area  and Beam Dump Facility 
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Conventional vs Crystal-based e+ source schemes 
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Positron source set a critical constraint for the peak and average 
current -> Luminosity Constraint! Especially for future Linacs -> 
crystal-based positrons sources

FE activity in crystal-based positron sources born in past INFN 
projects STORM (2021-22) and RD-MUCOL (for LEMMA). Currently, 
we are in RD-FCC, e+BOOST (bando PRIN2022), CHART P3

Conventional scheme: Bremsstrahlung -> Pair production (well 
understood and used in current and previous positron sources)

15mm
@ 2.86 GeV

Considered parameters for positron source target:

- Positron production (high Z-material)

- Energy deposition (target heating, cooling requirements)

- Peak Energy deposition density “PEDD” (Instantaneous, 

thermomechanical stress due to temperature gradient.)

- Radiation around the target (shielding requirements)

- Huge emittance/angular divergence (immediate matching)

oriented crystalline target

Crystal-based scheme: Use of coherent effects in oriented 
crystals: channeling and over barrier motion to enhance the 
production of (“soft”) photons and positrons and reduce 
the deposited power (and the PEDD with hybrid scheme)

See A. Sytov’s
presentation
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Positron source (adiabatic) matching device
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HTS solenoid integrated 

in the cryostat

The same HTS solenoid 
design and cryostat aperture 
as for P3 experiment (72 mm).

Matching device => a fast phase space rotation to transform the 

small size/high divergence in big sizes/low divergence beam 

innovative in application for e+ capture

Compared with classical AMD (flux 

concentrator FC):

• Higher peak field (∼15 T -> ∼12 T 

@Target)

• Larger aperture ( = 30-60 mm)

• Flexible target position and field profile

• Axially symmetric solenoid field

• DC operationCourtesy of N.Vallis (PSI)

non-insulated coil technology

Better thermal, mechanical, 

magnetic features
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Positron source capture LINAC 

7

- RF structures: 2GHz L-band with 

aperture (2a) = 60mm, 3m long and 

14MV/m.

- Solenoids: 10 NC short solenoids 

surrounding each RF structure to 

create 0.5T magnetic channel.

- Chicane: 4 dipoles (0.2T) to separate 

e- and e+, with electron stopper at the 

middle (to be updated).

~35% losses between AMD and first RF structure.

~9% losses at the chicane.

First RF operates in 

deacceleration phase.

Based on RF-Track simulation (conventional scheme)
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Positron linac + Damping Ring (DR)
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• Positron linac (PL) is under optimization,

composed of two sections with one matching 

sections:

- PL section 1: 16 RF structures, with solenoids 

             → ~0.821GeV.

- PL section 2: 52 RF structures, with 2 RF 

structures per FODO cell → ~2.86 GeV.

• New DR is under design and optimization. 

• Energy/time window is used to estimate the 

accepted yield: 
(ΔE: 2%, Δt: 20 mm/c)

Longitudinal phase space and window acceptance* 

* Simplified longitudinal analytical formula used to track the particles in the positron linac

PL1 PL2M1
TO DR

2.86GeV

Accepted yield @ DR ~ 3.02

Based on RF-Track simulation 
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Simulation of the e+ production stage: PositronSource application 
(It is on GitHub and will be an extended example of Geant4)
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⚫ It allow us to simulate both a conventional and a crystal-based positron source.

⚫ The code relies on G4ChannelingFastSimModel (see A. Sytov’s talk). Alternatively, a phase-space can be imported.

⚫ A collimator or a magnetic field can be included in the simulation (improved hybrid scheme).

⚫ Scoring of particle phase space at exit of crystals and of energy distribution inside them (BoxMesh or custom VoxelScorer).

⚫ The application is fully compatible with multi-threading and everything can be controlled via macro commands. 

⚫ The model has been validated at the energy of interest (see N. Canale’s talk).
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Simulation of the e+ capture / pre-acceleration 
system for the optimization of the crystal target
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The main stages of the capture / pre-acceleration are 

simulated through a set of dedicated RF-Track*

scripts.

We measure the 

performances of e+ sources 

before the damping ring 

where cooling occurs

(2.5 safety factor)

Collaboration with FCC-ee Injection 

Group - positron source task 

(leader I. Chaikovska (IJCLab)). 

MoU signed between in INFN Ferrara 

and IJCLab in Sept. 2022
*https://doi.org/10.5281/zenodo.4580369

(used for the target’s optimization)

5/11/2024 2nd FCC Italy & France workshop, 4–6 Nov 2024, Venice  



Gianfranco Paternò

Which positrons are accepted by the DR ?
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• Momentum: accepted positrons ≤ 100 MeV/c

Primary factor

• Transverse beam size and divergence:

Secondary factors.

More positrons in the low energy spectrum with lower divergence  => increase the accepted yield.
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Simulation (Geant4 + RF-Track) results for 6 GeV 
FCC-ee positron source (after the positron linac)

125/11/2024

Positron yield, energy deposit and PEDD can be 

reduced tuning radiator thickness (T), amorphous

thickness (L) and the distance between them (D)

Fixed T=2 mm and L=9 mm, varing D
Fixed T=2 mm and D=50 cm, varing L

If D > 0 e+/e- is always lower 

than for the conventional case
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Simulation studies converge to a total W 

thickness of about 12 mm (~3.4 X0) → 

need D∼0 (2 targets) or a one thick single-

crystal.

The Single Crystal PEDD is acceptable

considering FCC-ee parameters [max safe 

value for W is 35 J/g/pulse]. 

We can use just one device to obtain +8% 

e+ yield and -15% power at «zero cost».

Simulation (Geant4 + RF-Track) results for 2.86 GeV 
FCC-ee positron source (after the positron linac)

Sigle W<111> oriented crystal of varing T (room temp)
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Integration and operation of the crystal target: effect 
of misalignments and high temperature
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• Crystal heating: The photon yield drops 
insignificantly for temperatures ∼ 600 K

• Crystal alignment: No goniometer inside the AMD-
HTS. The typical precision of the pre-alignment 
procedure ∼ 1 mrad (margins of improvement).

• Crystal quality: The crystalline quality of ∼ 10 mm 
thick W sample is lower than for a thin sample → 
lower yield, but larger acceptance angles.

At local level: mosaicity is contained within 0.2 – 0.4 mrad
At larger scale: separate crystal domains (on 10x10x10 mm3, total 
angular distribution of all the crystals domains is within 8.7 mrad)

Imaging of the sample mosaicity 
measured at BM05 beamline
of ESRF for 10 mm thick W

Beam test at the DESY TB 21 with 5.6 GeV

Spectra of Eloss at various 
angular configurations

Courtesy of Thu Nhi Tran Caliste (ESRF)

2.25 mm thick W crystal

Enhancement 

up to 6 mrad
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Single Crystal – HT, misalignment
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• A reliable simulation framework from the target to the 

positron linac is available.

• The design of a crystal-based positron source for the 

FCC-ee @ 2.86 GeV is well advanced (optimization of 

the capture section of pre-injector still ongoing). 

• Next steps: integration studies with potential proof-of-

principle at P3 experiment @ PSI (and future CHART 

projects).

• Missing: test of positron production with single crystal 

without goniometer and of radiation resistance.

Conclusions
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Thank you for your attention!

18

My email address: paterno@fe.infn.it
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Back-up slides
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Channeling simulation in Geant4: novel G4ChannelingFastSimModel and 
G4BaierKatkov classes were developed and embedded in Geant4 (since 

11.2.0 version). These models are based on CRYSTALRAD (by A Sytov)
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Baier-Katkov formula: 

Channeling [6]

Crystal planesTrajectories:This model together with 

standard or pre-calculated 

(through B-K) pair-

production model, allows 

us to simulate a wide 

variety of applications

Main conception: simulation of classical trajectories of charged particles in a crystal in averaged atomic potential 

of planes or axes [1]. Multiple and single scattering, as well as ionization, simulation at every step. Photon 

emission simulated through MC integration of Baier-Katkov formula [2-5].

coherent pair production 

model (from Geant4.11.3)
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e+ lost within the CS

5/11/2024 21
21

Which positrons are accepted by the DR ?
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Single Crystal, room temperature
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Single Crystal, room temperature
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