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Positron source performance.

* FCC-ee Injector layout.

* Conventional positron source (Target , Matching device , Capture linac)

* Beam dynamics and tracking.

* Crystal-based positron source (Innovative, alternative to the conventional scheme).

* Summary and conclusion.
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@
@ Positron sources performance

Courtesy of Y.Enomoto (KEK)

1,2
. . . @past
* Key factors for high positron yield: Apresen
. ' 1 @
° Pr|ma ry e- energy o NBR — FCC-ee (current design)
. T’Accepted -
 Target design Nprimary 08
* Magnetic strength around the target and o 2
. o
capture linac S EPEY:
ot <
. + .
* Transverse aperture of the capture linac. §’ g 'LCeiven
04 FCC-ee (conventional technology)
. 4
* In the case of FCC-ee positron source, the use 02 cLic
. . . ! SuperKEKB
of an HTS solenoid with a peak field of ~12T | Mceec
1 sLC undulator
around the target together with large aperture e ‘.KEKB ® N ILC undulat
capture linac can substantially increase state- 0 20 40 60 80
of-the-art e+ yield, by one order of magnitude. e- beam power (kW)

High power
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@
%@ Future Circular Collider- electron po

* FCC-ee (Z, W, H, tt) as Higgs factory,
electroweak & top factory at highest

Injection
into booster

PA(Experiment site)

|SSS =1400 m

Azimuth =-10.2°

Injection into collider

luminosities. Tectnicalste 27~ 7160 m Techrical e
B
Booster RF %2 Beam dump
parameters Z* WW | H(ZH) tt
beam energy [GeV] 45.6 80 120 182.5 booster
synchrotron radiation/beam [MW 50 50 50 50
y (MW] SSS = 1400 m ~90.7 km
beam current [mA] 1204 | 135 | 268 | 51 | m@Tver_ LT N mm—mm— = + o
(Optional 7N $S8S=1400m | (gptional
number bunches / beam 11200 1852 300 64 Experimebt p VA BN . Efperiment
X . 4 . i
total RF voltage 400/800 MHz [GV] 0.08/0 | 1.0/0 | 2.09/0 | 2.1/9.2 | 4 interaction points. gl
luminosity / IP [103* cm™2s1] 145 20 7.5 1.4 P 7 | N .
Vd l AN
total integrated luminosity / IP / year [ab™/ yr] 17 2.4 0.9 0.17 . / I N
] . | N
Technical site _ - Technical sit
beam lifetime [min] 21 13 9 10 PH LSS =2160m [ LSS =2160m P%c e ste
Collider RF I Betatron &

SSS =1400 m

*Most demanding mode for the positron source due to the
high beam current requirement.

momentum
collimation

PG (Experiment site)

2045 - 2065
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'.b Injector layout (Current baseline)

e-
source

Electron Linac
S-band, 20.5MV/m

to Booster
20 GeV, 5nC

E=286GeV e+
Q=5.6nC

Capture Linac
source L-band, 14MV/m

Positron Linac

E = 2.86GeV
L-band, 14MV/m  Q=~5.4nC

EC

< |

Chicane Energy
e- stopper OMpressor | pamping Ring
E = 2.86GeV Electron transfer line  o_ 2.86 GeV

e Highenergy Linac e
Electron drive beam: Shand 2y
Beam energy 2.86 GeV Nb of bunches per pulse 4
Bunch charge ~5.6 nC (max) Bunch separation 25 ns
Bunch length 1 mm Repetition rate 100 Hz
Bunch transverse size = 0.5mm Beam power ~6.4 kW

et
et - NDR accepted
T’Accepted . e
Primary

11/06/205

Accepted yield with factor 2.6 safety margin*

*50% losses for injection in the DR +
20 % losses from target up to the end of the e+ linac

Injector complex

1744m,

KEY

I FCC ACCELERATOR SUB-SURFACE STRUCTURES

I FCC LINAC STRUCTURES

I FCCINJECTION TUNNEL

I CERN EXISTING SUB-SURFACE STRUCTURES
‘CERN NON FENCED LAND

* Injector complex on the Prévessin site with
damping ring next to the “Decheterie”
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‘.b Toward a start-to-end modeling of th

collimater water flow
(ANSYS / CFX, FLUENT)

flow velocity

Heat transfer coefficien

t

collimater temp

radiation/activation
(FLUKA)

target water flow
(ANSYS / CFX, FLUENT)

temperature
| (ANSYS / transient thermal)
Heat load

[target temp.

__|(ANSYS / transient thermal)

particle shower generation
(Gambet / Geant4 )

1 Heat load

particle distribution

collimater structure
(ANSYS / transient mechanical)

target deformation/contact
(ANSYS / transient mechanical)

solenoid magnetic field
(CST / M-static)

| magnetic field

| particle tracking and wake

(CST/PIC)

FC magnetic field
(CST / LF time domain)
(ANSYS / Maxwell)

magnetic field
Heat load

*multi-bunch operation

particle tracking long range
(SAD)

[FCtemp.

EM force

| (CST / Transient thermal)

FC circuit paramater
(CST / partial RLC)

FC transmission line circuit paramater

(CST / partial RLC)

Acc. cavity RF field
(CST / RF transient)
(CST / RF frequency domain)

EM field

EM heat load

FC structure
{ANSYS / Transient mechanical)

L] Acc. cavity thermal
(CST / static thermal)

fl locit:

Acc. cavity water flow
(ANSYS / CFX, FLUENT)

ow velocity
Heat transfer coefficien

t

(ANSYS transient thermal)

Acc. cavity deformation
(CST / Mechanics)
(ANSYS static mechanical)

The
interconnected.

simulation chain is complex and

At its core lies the positron production and
tracking up to the Damping Ring to estimate
the positron yield.

This vield drives the optimization of all
downstream components.

A flexible experimentally validated, start-to-
end simulation framework is essential.

The start-to-end simulation for the FCC-ee positron source is based on : Geant4 + RF-Track.
The simulation environment has been validated experimentally at the SuperKEKB positron source.

11/06/205
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@
'b Positron source : Target design

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

A L L B BN S B ]
75‘ Hro_ Target mechanical design: [R. Mena Andrade @CERN SY-STI]
390 José _
N | 3 * Fixed tungsten (W) target beam .
E 51 Jos g direction S\ \»\\
= 1 = * Integrated shielding "
g4 H0.4 5
% i 1 : * Embedded Tantalum (Ta) cooling pipes
T 2.86GeV  {** * Symmetry around x axis (1/2 model) SR
wilh N PRV AU RN TR AR B y
50 75 100 125 150 175 20.0 o0 * General dimensions: D70x128.5mm I<x shielding

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)

Target prototype (simplified version)

w
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https://indico.cern.ch/event/1408515/contributions/6526705/attachments/3071967/5434885/20250521_FCC-Week_2025_Positron_Source_Target.pdf

%@ Positron source : Matching Device (

Matching device => a fast phase space rotation to transform the
small size/high divergence in big sizes/low divergence beam

— T
FC : ILC-BINP
Max Bz = 5.00 T B

" Bzonthe target = 0.841 T

14
HTS solenoid integrated in the cryostat

Initial e+ beam 12 FC : ILC-KEK ]
1 ___ MaxBz=507T ]
1  re==emeclecceccaes, =
X E Small diameter E i Bz on the target = 0.749 T .
10~ e FC + BC : FCC-BINP N
5 HTS coils i ] __ MaxBz=750T i
— @ Bz on the target = 3.502 T |
E 8 g -
N & HTS : FCC ]
[ = __ MaxBz=1494T i
61 = Bz on the target = 12.336 T—
i FC + BC : SKEKB i
Max Bz = 4.40 T -

" Bzonthe target = 1.144 T

Target location

innovative in application for e* capture S S S ——

L L L L L I L L L L .
-50 0 50 100 150 200
Z [mm] (z = 0 target exit)

Compared with classical AMD:

Higher peak field (~15T, ~12 T @Target)
Larger aperture (< = 30-60 mm)

Flexible target position and field profile
Axially symmetric solenoid field

DC operation

The same HTS solenoid design
and cryostat aperture as for P3
experiment (72 mm).
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@ Positron source : Capture LINAC

s CL g g Pl gwg P2 L
2.86 GeV

1'0 T T T
. 'L (@) -
eZ | !
2200 — | .
2.8 “°'~35% losses between AMD and first RF structure. ] - RF structures: 2GHz L-band with
0T [~ . ]
© | 9% losses at the chicane. | aperture (2a) = 60mm, 3m long and

e
o
=

— 13.1MV/m.

o)
[=)
(=]

- Solenoids: 10 NC short solenoids
surrounding each RF structure to create
0.5T magnetic channel.

Mean energy
[MeV]
=Y
j=]
(=}

: H0.2
Eo.4_— (c) 0o =
o 1 & - Chicane: 4 dipoles (0.2T) to separate
0.0:— Bz A — BY—_-O-Z e- and e+, with electron stopper at the
—— " ' mmCavity ' = Solenold WM Chicane ‘ ‘I middle (to be updated).
y4 [m]
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@ Positron source: Positron LINAC o

. 'E ,;, F.T ,; Db

2.86 GeV
_I T :‘I T T : : T T T T T T T T T T T T T
7l i Lo _
| i -y _ N+
g & By Net = x-
i S o i S i o
1 IS R o = R o = B
H o == ¥ 2.2 T T T T 2950pt '
] s':'j' m pam B = = B ] _ El 2
T s5H = W + O = + O — 2800 A ElL. B
o | & o wn =5 O w . i 22850 3
— M O | @© 2600l %2800} | A
> =y ; S A
= 41' P 1 Saa00f 2700} i 210
o 5 | 1 = H ) . T EE. i 5
j:'.' _: m ‘I’ 1 o | '2650 288850 288860 288870 19
S N B o -
£ . L 2000f : e yield ~3.4 ]
H i ! ! | Accepted yield @ DR ~ 3.0
2 H i ! ! ] 1800} ‘ (AE: £2%, At: 20 mm/c) a
B ! P . ;
1 :':_ Eii i i 162%%;00 ‘ 2‘88500 - 2‘89I000 ‘ 2‘89|10I0 ‘ 289I200 ‘ 289I30‘O ‘ 28;400
H m P . 1 t[mm/c]
H ::: b Start-to-end simulation (from target to the DR)
1 m [} ]
0 1 Il m L 1 | Il L Il l Il : | Il Il L Il | L L Il Il | Il Il L 1 | L L Il
0 50 100 150 200 250
Z [m]

Positron source design ensures reliable e* production and meets the requirements set by FCC-ee
(Z-pole) with the safety margins.
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%@ Which positrons are accepted

* Momentum : accepted positrons < 100 MeV/c e Transverse aperture and divergence:
Primary factor Secondary factor.
j T T T | T T T | T T T | T T T | T T T :
I m Target, yield = 7.09 1. 2
Accepted at DR, yield = 3.03 | § g
104 § g
10.0 | |
. 10°
S
T 102
Z — o
o ) e
& )
> &
10!
100 - :' E::ﬁ:ted.at DR , e o i ° ".: 5 & .. ._ Accepted at DR.E
0 200 400 600 800 1000 0950 l7|.5 - lsl.o ' :zl.s ‘ P.Iol ] ‘ ‘2.'5 ‘ s.lo ‘ ‘7.|5 10’ % 5[1):00 "tll‘O(‘)OO 75 5. - [. ‘\ 5 ‘STOI.I ‘ ‘7.|5' 1000 'isl()ti’)' 'ég)t

p[MeV/c]

More positrons in the low energy spectrum with lower divergence => increase the accepted vield.

11

11/06/205 F.ALHARTHI - French-Ukrainian workshop




@
% Crystal-based positron source

- Originally proposed by R. Chehab, A. Variola, V. Strakhovenko and X. Artru [2].

- Several experiments performed: ( Orsay[3], WA103@CERN[4] and KEK([5]) ol
in the 1 — 10 GeV region.

- Three approaches have been studied experimentally.

e
=
d
<

t | —®— Tungsten Crystal [ 6] _:
—— Standard Tungsten Plate

e
(=]
@

o
f=3
13
wn

o
[=]
=
w

<
[=}
—_

=
8

oriented crystalline tungsten amorphous tungsten oriented crystalline tungsten
oriented crystalline photon radiator target-converter oton radiator
tungsten

Positron-Production Efficiency [ %
<
(=]

21m =2m

=]

0 5 10 15 20

Use of lattice coherent effects in oriented crystals . Ta’f“f”“‘:‘“f tmml
. . . oton spectrum ositron spectrum
(W) <111> : channeling and over barrier motion " 71 2 [7]
o501z (@) = (b)
“f:! ---------------- crystal 1 1‘ """""""" cry stal
— Enhancement of photon generation in oriented crystals 2000 % — amorphous‘ osh ~— amorphous
. . . m E w1 8 GeV e-
— Soft photons will generate the soft positrons - easierto £ ™} 8 GeVe g oo |
capture by matching devices. wooop A 04§
— Lower energy deposit and PEDD in target - lower 0'2_ *‘m,%m |
heating and thermo-mechanical stress (target reliability) %100 200 300 "400 500
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C
@ PositronSource Geant4 application -

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 [8] ] ==> The model has been validated experimentally. [9]

PositronSource: is a Geant4 application developed to simulate different configuration of positron source,
[developed in collaboration with INFN Ferrara (G. Paterno)].

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

The application is planned to be included in the Geant4 extended example.

screen1 _— _—
screen0

il ’ébreen2

radiator

Gnular target Hybrid with a maget Hybrid with a colimator



@
% Crystal-based positron source: sim

* Several setups have been simulated.
* In the case of FCC-ee positron source, the simulation results converged to single thick crystal,
acting as a radiator and convertor.

. D

oriented crystalline tungsten amorphous tungsten
photon radiator target-converter

—

oriented crystalline collimators amorphous
photon radiator target-converter oriented crystalline tungsten amorphous tungsten
photon radiator target-converter
Thin crystal as a radiator + amorphous Single thick crystal act as
target as converter with D optimization radiator and converter

oriented crystalline tungsten amorphous tungsten
photon radiator target-converter

[12]
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@
@ Crystal-based positron source: simul

* Several setups have been simulated.

* In the case of FCC-ee positron source, the simulation results converged to single thick crystal,

acting as a radiator and convertor.

oriented crystalline tungsten
photon radiator

amorphous tungsten
target-converter

ete y

oriented crystalline
photon radiator

p

$O P N\
oriente® _.ystalline tungsten

photon radiator

<

2
\*O amorphous
& o"\(\ o

target-converter

amorphous tungsten
target-converter

[10]
11/06/205

oriented crystalline tungsten
photon radiator

Thin crystal as a radiator + amorphous
target as converter with D optimization
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amorphous tungsten
target-converter

Single thick crystal act as
radiator and converter



(]
% Single crystal thickness optimizatio

® Amorphous (G4: FTFP_BERT 11.2.2) ® 300K (G4: FTFP_BERT 11.2.2) & ~600K (G4: FTFP_BERT HP 11.3)
4 Amorphous (G4: FTFP BERT HP 11.3) @ ~600K (G4: FTFP BERT 11.2.2)

 Amorphous with 15mm is used in the N S
: e . 9.5(* .
conventional scheme. 7.2504 'S " o]
. - . = 7.00f 4 Zoof s
* Single crystal simulation performed at two "7} 3 1 27 . ’
.75 ] i o
temperatures: 300K and 590K. EZSZ 1 Eesl ]
g} | & |
6.255— _E 8.0 ]
. o . . 6.00;— — N

* Insignificant reduction in the number of all s75(8 | | | EEE S | | | T
the particles when the temperature is 10 11 12 13 14 15 10 11 12 13 14 15

h' her Thickness [mm] Thickness [mm]
Ig ) 1o T T T 0.9 e L L T T T
. . . i ° i - ° ]
* When using the FTFP_BERT physics list, the [ o 0% o
neutron yield is 2-3 times higher when oo o 7FL i E
. . = i |l < 0.6 -
compared to FLUKA simulation. 2 140}, . 1 2.0 i
g | o : 5
 FTFP_BERT_HP provides similar results to £ 120 1 2% E
FLUKA simulation. {7 ’ E
100f- T E
:; ] 0'1; . *]
|10| - Illl‘ - |1I2‘ - ‘1|3‘ - ‘1|4‘ - ‘1I5| TlO‘ - |1I1‘ - ‘1|2‘ - ‘1|3‘ - ‘1I4| - I1I5T

Thickness [mm] Thickness [mm]
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% Single crystal thickness optimizatio

Simulation results converge to 10— 13mm 19

thick crystal :

E =2.86 GeV, spot size (rms) x/y = 1mm

1.3

- Target thickness : thinner target =>

- Accepted vyield: 2%t- 7%1 =>
lower e- bunch charge.
- Power deposited: 35% }—3%] =>
lower cooling requirements.
- PEDD: ~ 16% } =>
increase target reliability.

clean radioactive environment.

Conventional

o
©

(

arb. units
©
(0]

o
NG|

o
o

e
Ul

1 I 1 i | T 1 I T =

—o—
——
—h—
—

Accepted yiel
Primary e~ ch
PEDD/Conv.(6
Power deposilt

1/Conv.(3.03) B
arge/Conv.(4.46 nC) ]
.99 J/g) -
ed/Conv.(1.14 kW)

8I ‘9| - IlOI |
Crystal thickness [mm]

-
11

| . L .
12 13 14 15

11/06/205
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. o E =2.86 GeV, spot size (rms) x/y = Imm, W<111> 12mm.
* Since the target is inside the HTS

cryostat, we investigated 1 the
. . ) 63
misalignment tolerance.” "

1.1

Conventional

1.0f-—z=mmdmmmmm oo -

t location

« The simulation performed by rotating
the crystal away from its axis and, at
the same time, avoiding possible skew

arb. units
o
o
|
|

o .
o
T I T T 1 ]

capture planes. -
- —e— Accepted yield/Conv.(3.03)
i i ~ charge/Conv.(4.46 nC)

e The result shows up to 8mrad the | = Primarye”c
] i P - 0.7 * PEDD/Conv.(6.99 J/g) _

crystal is still above the conventional |~ Power deposited/Conv.(1.14 kW)
| ! ! ! | ; . . | ! ! ! | ! A ] | | A A |

case. 0 2 4 6 8 10

Misalignment [mrad]
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@

 The design of the FCC-ee injector including the positron source is finalized and included in the

FCC-ee Feasibility Studly.

* Flexible Geant4 application (PositronSource) is developed and soon will be included in the

extended examples of Geant4.

* Conceptual design of crystal-based positron source: several options were simulated and the

results converges to single thick crystal (35% lower Enerqy deposition, 16% lower PEDD), with

potential of proof of principles experiments @ PSI [P3] (phase 2).
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Thank you for your attention!
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