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FCC-ee In]ector Complex (&=

SLC/SuperKEKB-like 6 GeV S-band
linac accelerating 1 or 2 bunches

(2e10/bunch), with repetition rate
100-200 Hz

98 km Top-up Booster
20 GeV - final energy

Super Proton

Synchrotron 6-20 GeV —— Same linac used for e+ production
@ 4.46 GeV

—/ o e+ beam emittances reduced in DR
6GeVILinac electron-positron Collider @ 1 54 Gev

<4 1,54 GeV Damping Ring

Injection @ 6 GeV into pre-booster

s = electron beam Rlng (SPS Or neW rlng) &
T2 it i Sl acceleration to 20 GeV or 20 GeV
linac
‘ Injection to main Booster @ 20 GeV
1.54 GeV 4.46 GeV e- hits the (hybrid) target and Interleaved fl”lng Of e+/e-

( <20 min for full filling) and
continuous top-up

The main 6(20) GeV linac hosts the e+ source. The positrons are produced with
4.46(18.46) GeV e- beam. M. Benedikt

E. Zimmermann
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Positron source performances (&g

f Demonstrated (a world record for the exrstmg accelerators)

SLC e+ source: ~ 3 5e10 e+/bunch & 1 bunch/trarn & 120 Hz => ~0 042e14 e+/s

Required for the next collider project:

o CLIC (380 GeV) e+ source: ~ 5.9e9 e+/bunch & 352 bunch/train & 50 Hz =>
~0.92e14 e+ /s

o ILC (250 GeV) e+ source: ~ 2el0 e+/bunch & 1312 bunch/train & 5 Hz =>
~1.3el4 e+ /s

o LHeC (ERL) e+ source: ~ 2e9 e+/bunch & 2e7 bunches/s (CW operation) =>
~440e14 e+ /s

o FCC-ee e+ source: ~17e¢10 e+/bunch in the collider & 3 kHz =>
~5e14 e+/s (only ~0.06e14 e+/s @ Injector )
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FCC-ee Positron Injector

Primary e- beam
4.46 GeV

3 x 1010 e-/bunch ~ 5 nC
(main e- beam)

e- Drive Linac
NC 200 Hz

4.46 GeV

e+ target

Capture Section

Bunch Compress

4.2 x 1010 e-/bunch ~7nC \_

(for e+ production)

2 bunches/pulse spaced by ~60 ns

e-/e+ separator
Chicane

e+ BTL

Current scheme

Linac

1.54 GeV

1.54 GeV e+ e

e+ production and capture section

bridge
coils

focusign
triplet

solenoid

€

The complete filling for Z running (most
demanding) => Requirement @ DR:
~2.1 x 1010 e+ /bunch (4.3 nC)

~0.5 e+/e- without safety factor

6 GeV e+ beam

=->

to PBR (SPS 6 --> 20 GeV)

A safety factor of at least 2 should be considered

FCasa matching
device

Fixed target-converter
(like @ SuperKEKB)
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FCC-ee Positron Injector ===

o SuperKEKB-like scheme: fixed target (has a hole for e- beam passage), the
positrons from the target share the same linac with electrons => additional
degradation of the positron yield.

Positron production @SuperKEKB

e
L
e B q@e’entrator
> A . s
3 N\ N XVt =
- Ny R,
>3 N T
\h' - -
:

Y. Enomoto

e FCC-ee scheme: moving target => design a bypass to separate e-/e+
beams.
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FCC-ee Positron Injector (bypass)

Schemes with the bypass under consideration

Preliminary
e+ target
Bending angle: 20° linac 1 54 Gev
—>
RF Gun Fast Flux concentrator
6.5nC klcker 1 6m
=
. PBR
i 6.0 GeV
linac 1.54 GeV linac 4.46 GeV bend 1.54 GeV g 0 Gev
linac
[ Dogleg J
/4 e+ bendv 4.46 GeV bend
RF Gun
Fast e+ target
6.5nC \ Kicker 200 MeV 1.54 GeV
l bend Flux concentrator bend . 6 GeV
linac 1.54 GeV linac 4.46 GeV linac 6 GeV
4.46 GeV
bend bend
[ Chicane ] B. Bai
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FCC-ee Positron Injector (bypass

First results for the dogleg option

e+
e+ target
bend )
linac 3 54 Gev

D08|eg bypass . V1

Fast Flux concentrator

6.5n kicker 1.6m

linac 1.54 GeV

th e= he
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Two schemes of e+ production (CEEE

1) Conventional positron target: bremsstrahlung and pair conversion

o
: e‘Y e Classical e+ source.
e+
e It was employed to produce e+ beam at the existing machines (ACO,
TARGET DCI, SLC, LEP, KEKB...).

distance few meters

. 2) Hybrid positron target: Two-stage process to generate

e
Few GeV e 'NMM T positron beam. Channeling (crystal target) and pair

conversion (amorphous target)
v
<111>W \ W

Crystal € Amorphous e Use the intense radiation emitted by high energy (some GeV)
electrons channeled along a crystal axis => channeling radiation.

e Hybrid scheme: charged particles are swept off after the crystal
target => the deposited power and PEDD (Peak Energy Deposition
Density) are strongly reduced.

Few GeV e-

e Hybrid scheme 2: crystal target is installed closer to the target-
converter (smaller beam size on the target)

Several experiments had been conducted to study the hybrid e+ source (proof-of-principle experiment in Orsay,
experiment @ SLAC, experiment WA 103 @ CERN and experiments @ KEK).
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Hybrid positron source (CFCN

Photon spectrum

~

distance few meters %180"—:2 (5 GeV e- beam, 1.4 mm target)
" Zie0h crystal
o oy W, 4()—,& — dimor phOUS
=> 120 %
\ v 100;_ __1:‘ Nycrystal / Nyamorph ~ 4
<111>W o 80 % for E, < 50 MeV
Crystal Amorphous 601 %
, 40
Energy spectrum: bigger number of the soft photons => more soft 20! "

positrons are produced => easier capture by matching devices OE' L R e,

0 1 2 3 4 S
Typical parameters of the hybrid e+ sources: E (GeV)

Thickness of the crystal: optimum thickness is between 1-2 mm for E < 10 GeV.

Thickness of the amorphous target (high Z material): compromise between the requested yield
and the amount of deposited energy => what is essential is the accepted yield.

Distance between the radiator and converter: 1) installation of a sweeping magnet 2) increase
the size of the photon beam => contribute to lower the deposited energy and its density.

Incident e- energy: some GeV (to get Usn>> Ubremss ), U is the energy radiated. The radiated
energy and the photon yield are increasing with the incident electron energy.

Crystal kind and orientation: Tungsten W => high atomic potential (1 keV) at <111>

orientation. : : : : :
Hybrid source is a baseline design for the CLIC positron source
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Production Target

Positron yield, Ne™/Ne”
»
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Production Target

Primary e-beam for e+ production

( Hh e= he j

Beam energy 446 GeV
Bunch charge 4.2 x 1010
Bunch length (rms) 1 mm
Bunch transv. size (rms) 0.5 mm
Bunch separation 60 ns
Nb of bunches per pulse 2
Repetition rate 100-200 Hz
Beam power 12 kW

Beam Parameter  Convention Hybrid 2*
Target thickness 4.5Xo 0.4 Xo/ 3.4X0 | 0.4 Xo/ 2.9X0
e+ yleld @ Target ~11 e+/e- ~7 e+/e- ~11 e+/e-
PEDD 17 J/g 3J/g 22 /g
Deposited power | 18 % (2.1 kW) | 7 % (0.8 kW) | 14 % (1.7kW)

*Hybrid 2 scheme should be optimized

e PEDD (Peak Energy Deposition Density, [GeV/cm3/e] or [J/g]) ~ beam and
target parameters (beam energy, spot size and target thickness) => thermo-

mechanical stresses.

e According to SLC experience, W7sRezs material has a PEDD limit of 35 J/g (safe

value to avoid target failure).
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Positron Production (alternative options) (CFEC

20 GeV linac as the FCC-ee injector:

R e he

 The higher-energy incident beam for positron production (18.46 GeV instead of 4.46 GeV)
* Areal advantage as the positron yield is increasing with the incident energy.

 Channeling process in the crystal becomes more effective (more photons produced)

Conventional scheme

-
—— ::>?
18.46 GeV e/
d=23 mm 39 Ne+/Ne-

TARGET

Thickness is chosen to maximize the positron
production

Hybrid scheme 2

38 Ne+/Ne- @Target
e+
) v
o

8 Nei/Ne- @200 MeV

18.46 GeV e-

=

12 mm

1.4 mm

After the crystal: 26 vyle- due to channeling
compared to 4 yle- without channeling

(16 y/e- compared to 4 yle- @4.46 GeV)

@ The full optimization of the production should be performed including the deposited

power in the target, PEDD and the captured positron yield.
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Capture and Primary Acceleration

The capture section design for both schemes is based on an Adiabatic

Matching Device (AMD).

== Flux Concentrator (FC) to form adiabatically decreasing magnetic

field

coils

focusign
triplet

Matching the e+ beam (with very large transverse divergence) to the

acceptance of the pre-injector linac.

Flux Concentrator field profile

Egvﬁ;sea matching |accelerating structure|
Parameter [unit] Value
Target diameter [mm]| 90
Target thickness [mm] 15.8
Gap between target and FC [mm] 2
Grooving gap between target side face and FC body [mm] 2
Elliptical cylinder size [mm] 120x 180
Total length [mm] 140
Conical part length [mm] 70
Min cone diameter [mm] 8
Maximm cone diameter [mm] 44
Cone angle [deg.] 25
Cylindrical hole diameter [mm] 70
Coil turns [-] 13
Current profile pulse length [ps] 25
Peak field [T] 7
Peak transverse field [mT] 135-157
Gap between coil turns [mm] 04
Gap between coil and FC body [mm] |
Turns size 9.6x 14 mm

Longitudinal position , mm

9 TS L S e R B B R B R 0,2 ——— LS N B S B S B
7k ] [
C Model 1/ 2-2 mm ] 3
r Model 2/ 2-3 mm ] 0.1L
6 C = Model 3/ 2-4 mm ] r
L g’ Model 4/ 3-4 mm ] L
= r g [ \
Z 5 . Model 5/ 4-4 mm ] & 0.0 - A |
= - ] % f
. L 1 |
= ] £ i Mode 1/2-2 mm | ]
)
— 3 g =
= [ ] - 0.1 Mode 2/ 2-3 mm |
'§ r ] =) [ Mode 3/ 2-4 mm
5 3F ] s i Mode 4/ 3-4 mm
£ r ] £ .02 Mode 5/ 4-4 mm | |
B ] o < ]
=] _ = i
38 ] ]
] -0,3 .
1 -0,4 [T B S S S G WRAE
100 -20 0 20 40 60 80 100

Longitudinal position , mm

1 Full 3D magnetic field map is used in the simulations.

Peak of the magnetic field is at 5 mm
from the target. P. Martyshkin
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Capture and Primary Acceleration (£

The capture linac is encapsulated inside a solenoid with the axial magnetic field of 0.5-0.7 T.
= Hybrid scheme: 1.5 meter long 17 MV /m, 2 GHz L-band structures.
= Conventional scheme: 3 meter long 20 MV /m 2856 MHz large aperture S-band structures.

Positron emittance at the exit of the target, : : :
eam Parameter | Convention Hybrid Hybrid 2
the AMD and the capture section at 200 MeV y y

(uniform DC solenoid field) Bnax=5T,Bpc=05T

6000

Taget | Mean Energy 190 MeV 197 MeV 235 MeV ‘
Accepted yield 1.1 Neo/Ne- | 0.7 Net/Neo | ~1.4 Nes/Ne-

..: ] - EndofCS||

4000

N
o
o
o

Px/P [mrad]
R

o

8 o

Emittance hor./vert.| 17 pum (10) 14 um (20) | 10 um (30)

-4000 -

L asdsmedeaanty o
15 10 5 X[no;m] 5 10 15 Bmax =7 T, BDC =07T

-6000

4000 15000
[ Target [ Target*0.1 Mean Energy 1 90 MeV 1 98 MeV 226 MeV ‘
[T]AMD CTIAMD

3000 |[C__JEnd of CS [ 1End of CS

Accepted yield 1.3 Net/Ne- | ~0.9 Ney/Ne- | ~2 Ney/Ne.

5000 1 o
11 Emittance hor./vert.| 21um (10) 16 um (20) | 11 um (30)
... _JL

...... sl
20 -10 0 10 20 -400 -200 0 200 400

v P Bocup t0 0.7-0.8 T and FC Bax ~ 7-8 T

2000

Entries

1000

Assuming [optimization x transport until 1.54 GeV x DR injection efficiency] e+ yield = 1 Ne:/Ne. but

the realistic simulations are needed + safety factor.
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Cbr Cl1

Cl C2 C3 C4 C5 €6 C7 €8 (9 Clo

Brarger=3T

1 I . ] Preliminary ml

S

|C23 C24 C25 C26 C27 C28 C29 C30 C31 I

8

! \ “‘-‘ --------- Numerical l

° I FC filed -

5 Y |
= 4 -: \ Analytical | |
& \ N Ideal AMD

3 N

2 -,

0

-20 0 20 40 60 80 100
Z (mm)

Peak of the magnetic field is at
5 mm from the target => 40 %
drop in capture efficiency

,» 1 BC with ferromagnetic yoke

bd

d b bd
F| 4 [ “.

;
;

i §
T

J —t

Next steps: optimization of the magnetic field profile near/at the target (FC + Bridge
Coils) and calculation of the realistic solenoid field distribution along the capture section

(with steering coils).
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SC solenoid as the AMD FeC

The Adiabatic Matching Device (AMD) may use a pulsed Flux Concentrator or SC magnet
= SC solenoid

;.

> Advantages —> higher field value on the target, DC operation

3' Promising results of the first tests at KEK. Possible continuation in collaboration With

{P'S1 => beam test of the positron production and capture @PST.

~

In the early stage of the SuperKEKB positron source design studies, a possibility of using a
SC solenoid as a positron focusing device was considered.

Beam tests in the KEKB linac (2009 - 2011):

* beam irradiation experiment directly into a superconducting solenoid to investigate a
quench limit

e beam irradiation experiment of a dummy target installed inside a beam pipe which
penetrate a cryostat of a SC solenoid at the beam dump at 1.7 GeV. The solenoid survived
at least for 10 minutes at 3.2 Tesla field level with an irradiation of 7nC x 2 bunch 1.7 GeV
beam at 49 Hz.
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SC solenoid as the AMD FeC

The Adiabatic Matching Device (AMD) may use a pulsed Flux Concentrator or SC magnet
@ SC solenoid

SC solenoid e The AMD length is different
B(z)=Bw+(Bt-Bw)*Rs”"3/(Rs"2+z"2).5 e DC solenoid after AMD

8 .
Bt=8 Tesla 7 —— SC-10cm| _
Bw=0.7 Tesla

6 t _
Rs=0.15m => L=50 cm : ——— S(C-25cm
Rs=0.08 m => L=25 cm 5 t -
Rs=0.03 m =>L=10cm - ,

N 4 ‘ s SC-50cm |-
Flux Concentrator o
FC ==L=10cm 3 a
— FC

2 [

:

0

-100 0 100 200 300 400 500

s (mm)
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Mean y 26 = 0.09874
Std Devx 9.466 = 0.03341
Std Davy 19.78 = 0.06982

0 0 0

0 40131 0

0 0 0

20
E (MeV)

5.7 e+/e-
@FC exit

FCL=10cm

s Longitudinal phase space @

wrEan y

TU.E0 = UIuora

Std Dew x 7.989 = 0.02947
Std Dev y 12.16 = 0.04485
40 19 20262 0
12 36742 2
0 0 0
h 1 BN | 1 B I 11 1 I | .| i 111
40 60 80 100 120 140 160 180 200
time (mm/c)
15/11/2019

35

Entries 55869
Mean x 13.612 0.04057
Mean y 28.66 = 0.08637
Std Devx 9.59 = 0.02869
Std Devy 2042 £ 0.06108
0 0 0
55869

SC solenoid L =10 cm

4!

40

AMD exit

60

o]
o

3
wat an ggxfpz)ogdeg)

S
(=]

80

100
time (mm/c)

18

120

Entries 82442
Mean x 18.38 = 0.05676
Mean y 15.41= 0.0486
Std Dav x 13.82 = 0.04014
Std Dav y 11.83 = 0.03436

0

23150 0

0

55292 0

0

0 0

140

Entries 50237

Mean x 13.33 £ 0.04448

Mean y 27.11£0.0893

Std Dev x 9.969 = 0.03145

Std Devy 20.02 £ 0.06315
0 0 0
- 0 50237 0
0 0 0

100

6.9 e+/e-
@SC sol. exit

20
E (MeV)

SC solenoid L =50 cm

50 Entries 68832
Mean x 47.89 = 0.2814
45 Mean y 14.47 = 0.0501
Std Dav x £4.37 = 0.199
Std Dav y 11.46 = 0.03543

0 16501 0

0 52315 16

0 0 0

time (mm/c)
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Primary Acceleration with SC solenoid ((Fcs

The simulations are done for the hybrid 2 scheme with the SC solenoid (Bmax =8 T,
Benda = 0.7 T, different length) and FC (Bmax =7 T, Bbc = 0.7 T) as the AMD.

SC solenoid: Brarger =8 T
FC: Brarger =3 T

Preliminary
Yield @ AMD | Total Yield @ 200 Acc. Yield @ 200 MeV
\Y (A% (30 MeV & 40 degrees RF)
FC 5.7 2.3 1.5
SC —10 cm 8.2 3.0 2.0
SC —25 cm 7.5 34 1.8
SC — 50 cm 6.9 34 1.0

Positron capture to be optimized (RF phase, gradient) +

global optimization of the capture section
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Target Thermal Load (FoD

Beam Parameter  Convention Hybrid 2
Target thickness 4.5Xo 0.4 Xo/ 3.4X0 | 0.4 Xo/ 2.9X0 WrRes material has a PEDD
c+ y1€ld @ Target ~11 e+/e- ~7 e+/e- ~11 e+/e- limit of 35 ]/g (Safe value to avoid
PEDD 17 J/g 3 J/g 22 J/g target failure).
Deposited power | 18 % (2.1 kW) | 7 % (0.8 kW) | 14 % (1.7kW)

e The target life time will suffer from the cyclic thermal loads and stresses from the

beam pulses. Also the evacuation of the average power from the target at 200 Hz can
be difficult

e A stationary target will not be sufficiently robust => rotating/trolling target
(pendulum ?)

e The effects of eddy currents and the additional power, injected by the pulsed Flux
Concentrator into the target, should be investigated

e Evaluation of the thermal load in the target (peak stress and fatigue limit) and
design of the cooling system to be addressed => reliability of the target.
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Summary =

e FCC-ee can employ the conventional / hybrid positron source. No showstopper identified =>
studies ongoing.

e Current studies: both schemes can provide the comparable e+ yield (> 1 Ne+/Ne-) accepted
by the DR.

e As far as reliability of the target is concerned, the hybrid scheme is more attractive allowing
lower deposited power and PEDD in the production target.

e Design studies of the FC, BC + DC solenoid have been started. SC solenoid as the AMD ?
e Evaluation of the thermal load in the target => target design and cooling system.

e Design of e+ linac from 200 MeV to 1.54 GeV. Start-to-end simulations to the DR and
full optimisation are underway .

e Design of the bypass line for e+ generation/ capture:

e dogleg: different angles studies to cope with target hardware, chromaticity
correction and Coherent SR mitigation

e chicane: to be designed following a scheme similar to CEPC, but shorter length.
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Positron source performances

{ Hh e= he :

SLC LEP (LIL) KEKB/SKEKB FCC-ee”
Incident e- beam energy 33 GeV 200 MeV 4.3/3.5 GeV 4.46 GeV
e-/bunch [1010] 3-5 0.5-30 (20 ns) 6.25/6.25 4.2
Bunch/pulse 1 1 2/2 2
Rep. rate 120 Hz 100 Hz 50 Hz/50 Hz 100-200 Hz
Incident Beam power ~20 kW 1 kKW (max) 4.3 kW/3.3 kW 12 kW
Beam size @ target 0.6 - 0.8 mm <2mm />0.7 mm
Target thickness 6X0 2X0o /4Xo
Target size /0 mm 5 mm 14 mm
Target Moving Fixed Fixed/Fixed Moving
Deposited power 4.4 kKW /0.6 kW
Capture system AMD N4 transformer /AMD AMD
Magnetic field 6.8T->0.5T 1 T->0.3T [4.5T->0.4T
Aperture of 1st cavity 18 mm 25mm/18 mm /30 mm
Gradient of 1st cavity | 30-40 MV/m ~10 MV/m /10 MV/m
Linac frequency 2855.98 MHz 2998.55 MHz 2855.98 MHz
e+ vield @ CS exit ~4 e+/e- ~3 x103e+/e- (linac | ~0.1/~0.5 e+/e-
Positron yield @ DR ~1.2 e+/e- NO/0.4 e+/e-
DR energy acceptance +/-2.5 % +/- 1 % (EPA) +/- 1.5 % (1 0) +/- 4 %
Energy of the DR 1.15 GeV 500 MeV NO/1.1 GeV 1.54 GeV
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*FCC-ee under study



