


« The tunnel along the arcs has a typical cross-section as shown below (left)

FUTURE z . ,
(@R Arc Cell Integration () Sieiiae Arc Cell Integration

Arc cells are repeated 1500 times - optimize the layout for performance, cost,
installation, maintenance, ...

Cable trays: Cable tray:
Fibre optic MV distribution Booster Sextupol
LV distribution Arc half-cell team Booster Quadrupole
Control cables Booster Supports
Chilled water developed e > e
' - detailed |ay0ut Booster Dipole\ m—— = p - = .
Demineralized water Firefighting/Row water for the repeatlng A A

structure of Booster

Leaky feed % A
il and Main Rings

Alignment space occupation

Warm He recovery Collider Sextupoles

He

Demineralized
water felling

Compressed air
Fresh air diffused

Collider Quadrupole
Collider Girder

Considered many aspects
including cost, alignment,

Collider ring stability, and maintenance Jacks Supports

Electrical HV
power transmission

Fresh air duct
2220 | 2245 T Drain Fully documented and starting phase-ll with detailed engineering of a mockup

* There are TWO counter-rotating beams (e and e+) guided by dipole, guadrupole, and
sextupole magnets (above, right)

« Above the two rings of the collider, there is a THIRD ring, the full-energy injection
BOOSTER, which injects both e- and e+ (in opposite directions) whenever necessary

« There are, therefore, about 3x 91 km ring vacuum system, plus additional (many) km of
TRANSFER LINES (TLs) from booster to collider rings, and also other TLs from other
accelerators in the chain (pre-booster chain has different options under study)

Vacuum System in the FCC-ee MDI Region - R. Kersevan - CERN 2



O N o O b~ W

General Consideration (all this is the result of the Cost Review exercise)

The vacuum chamber cross section in the booster is NOW 50 mm circular (ID): The specific conductance of a
50 mm ID circular tube is only ~41 I-m/s > LOWER CONDUCTANCE

Material is stainless steel (probably 316L or LN) with NO welding seam (extruded, not bent and welded like the
LHC beam-screen)

NO copper coating - RW IMPEDANCE???

NO NEG-coating - HIGH PRESSURE

NO bakeout system - HIGHER MASS SPECIES (ineffective water vapour removal)
NO RF fingers in the bellows - GEOMETRIC IMPEDANCE/HOMSs???

No SR Absorbers possible (the booster accelerates both beams in opposite directions) > SLOWER CONDIT.

It 1s a rather “conventional” design (other than its size) as implemented for decades in e.g. light sources
worldwide

Same sectoring as for the 2 storage rings (i.e. 400 m between adjacent gate valves)

If you put together some of these points then it is clear, even before doing any calculation, that the pressure
along the booster won’t be very low very quickly, as it is expected to be in the storage rings.

Also the booster will be prone to several instabilities due to high(er) pressure, high(er) gas ionization (ion-
trapping) and high(er) photoelectron yield and SEY, and e-cloud effects

Vacuum System in the FCC-ee MDI Region - R. Kersevan - CERN



Comparison of LEP extruded cross-section (dipole chambers) with FCC-ee’s
BOOSTER 50 mm ID

Pumping slots

Antechamber for
NEG strip

Lead shielding

i — h“’ﬁl!””"’ f.

LEP:
ellipse 131x70 mm?

FCC-ee:
115 mm wide, 70 mm ID

The specific conductance of FCC-ee is ~1/2 that of LEP, ~100:50 I-m/s
The proposed 60 mm ID version for FCC-ee would have a 37% conductance
decrease, i.e. only ~1/7 that of LEP; BOOSTER: 13.7 I-m/s
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FCC-ee Booster Parameters

Table 2: Preliminary key parameters of the high-energy booster of FCC-ee. We
consider here two possible pre-injectors for the high-energy booster: the first number
stands for an injection form a linac of 20 GeV and the second one from the SPS.

Running mode zZ w ZH tt

Injection option LINAC/SPS

Circumference [lem] 91.174
£ [T Injection energy [Gev] 20/16 - e T [
I _ Extraction energy [GeV] 45.6 80 120 182.5 »

Number bunches / ring 11200 1780 440 60

Maximum particle number [ [1010] > 2.5 (4 n0C)

bunch Nmax

Particles / bunch in top-up [10%9) 2.14 0.87 0.69 0.93

RF frequency [MHZ] 200

Arc optics FODO 607 /60° 90° /90°

Momentum compaction 14.9 » 1076 7.34 x 1076

Coupling 2% 1072

Injection horizontal emittance [ppm)] 10/190

(norm.)

Injection  wvertical emittance [pm) 10/4

(norm.)

Extraction horizontal equilib- [nm) 0.26 0.51 0.63 1.45

rium emittance (REMS)

Extraction vertical equilibrinm [pm)] 0.53 1.62 1.25 2.90

emittance (RMS)

Injection Energy loss / turn [MeV] 1.514,/0.6203

Extraction Energy loss / turn [MeV] 40.93 38T.T 1963 10500

Injection bunch length [mm)] 4/5.5

Extraction bunch length [mm)] 4.38 3.55 3.34 1.94

Injection RMS energy spread [10—3] 1/4

Extraction RMS energy spread (10—3 0.38 0.67 1.01 1.53

Injection Maximum relative [%] 3

energy acceptance

Extraction Maximum relative [%] 0.36 0.76 0.49 2.39

energy acceptance

Injection RF voltage [MV] 104.9/82.97 52.85/41.36

Extraction RF voltage [MV] 49.48 458.6 2015 11533
[T Filling time T [§  28/315  8.9/96 44/475  06/095 | .
| Ramp time [  0.32/0.37  0.75/0.8 125/1.3 2.03/2.08 J

- Flat top [s] 1.9 0 0 0 - T
Total cycling time [§] 3054/ 3414 104/11.2 6.9/7.35 4.66/5.11

Synchrotron Radiation and \{

Machine Dete




Synchrotron Radiation Spectra (SIMILAR ARGUMENTYS)

Critical energy: .= 2218-E3 (GeV) / p(m)

Z-Pole: very high photon flux (= large
outgassing load);

Z-pole: compliance with scheduled
operation (tategratedtuminosity-first 2
years), requires quick commissioning to
lnon=E396-A 1270 mA;

T-pole (182.5): extremely large and
penetrating radiation, critical energy 125
MeV 1.36 MeV;

T-pole (and also W and H): need design
which minimizes activation of tunnel and
machine components (=2 FLUKA);

W, H-pole: intermediate between Z and T;

still E.,;; > Compton edge (~100 keV (Al), ~200
keV (Cu))

90.7 km machine

\

1015

—~ 10"

B.W.
En—n

p—

-
—_
2

—_
—_

Flux ( ph/s/m/0.1%
=

FCC-ee: SR Photon Spectra

97.8 km machine

|

- : : | | | : Ecrit (keV) |
IR R IR Rt A R RNt R || 19.545 21.2
= B | 7 } | 105540 1143
= | | | 356.200 385.7
g__}_____JF___ f“‘*“““‘f“ 1104.750 1196.4
N | | ______ . |1252.963 1356.9
L il i e N R B
= | e i) | | |
—— A AN\
T Eee=e— e Eermeen s e
= | F'(pl/s/m) | | | \ |
C o PTT030E+17 e e
= D 1348B417 | | \
RN || 4.0466E+16 | | | | \
== |F ———T—-1.314E+16 —j—————i—— iy whw aan gmames
E | | 1.157E+16 | | | |

IIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII| [ IIIIII| [

1 2 3 4 5 6 7
10 10 10 10 10 10 10
Eph(eV)
Linear Power Density: ~ 743 ( W/m ) (50 MW total by design)
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Synchrotron radiation spectrum, flux, power (SIMILAR ARGUMENTS)

Typical vertical opening angle SR: 1/y;  y(ttbar)=357,143; 1/y=2.8 urad =2 @50 m =0.14 mm

SR Spectra computed with _—
SYNRAD+ DS A e — ]

. 45.6 GeV

« Radiation projected onto i _________________________________________ ___________________________________ _______________________________ ________________________________________ _________________________ |
five 14x6 cm? screens; 120 Gev :

. 1 cm-long dipole arc trajectories; e s e B e N N — |
» Flux distribution shown here, | ? | | | | |

. Logarithmic scale for textures, — —— e e Y —
* 6 orders of magnitude displayed. I O I I pmm======0 ) S W ) A |

Beam Beam Critical Photon Flux [ SD Outgassing

Energy Current Energy F'(ph/s/m) | Load (mbar-l/s/m) } : :
B E(GeV) I(mA) (keV) : @ 1-10(mol/ph) : ........................................ ...................................... _________________________ |
45.6 1390 19.5 7.17-10V : 2.90-108 : - |
S I 80 147 105.5 1.38107 | 5.58:10° o B fasecasoecon-ooaocasoason e neene ecne ooy | e
120 29 356.2 4.13-10%6 : 1.67-10° :
B 182.5 5.4 1253.1 1.18-1016 |\ 4.78-10'1 I‘ ___________________________________________________________________________________________________________
g N i e o e o o - 7’

i i i i i i i
10 100 1000 10000 100000 1e+06 Te+07
FH1 Flux ine. [phisec T2EwW] F#2 Flux inc. [ph/sec/ 1%BwW) F#3 Flux inc. (ph/sec! 1%Bw] Fi4 Flux inc. [phesec! 1%BW] FHE Flux inc. [phsect 1%EwW]

Units:  Vertical: photons/s/(0.1% bandwidth)/m; Range [106- 2-10%4]
Horizontal eV; Range [4 - 5-107]
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Gas Load for W-, H-, T-poles will have a significant contribution proportional to SR power, due to
Compton photons (as per LEP operation, ref. “The pressure and gas composition evolution during the
operation of the LEP accelerator at 100 GeV”, M. J. Jimenez et al., Vacuum 60 (2001) p183-189);

F (FCC-ee)>100 keV (%)
Z 0.0639 o
W 9.220 -

H 28.852
T(175)  47.810
T(182.5) 49.717 2 10004

« If copper alloy is chosen as the material for the
vacuum chamber, then a smaller fraction goes into

Compton, and shielding improves;

« In addition, copper has a lower photon-stimulated

desorption yield;

- 100 A.S. Wilhelm and I Jovanovic
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Fig. 2. The LEP synchrotron radiation spectrum.
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FCC-ee Booster: SR photon FLUX absorption mapping along the wall (20 GeV case)

* One unitary cell of the BOOSTER, 4 dipoles
* 53.4 m long model, split into 4 sections connected by “teleporting” (SYNRAD+); 4x50 I/s pumps (avg. spacing ~13.5 m)

|i Synrad~ 1.432 (Feb 17 2023) [FCCeeBooster FODO_SOmmID_20GeV_2.5yn7z] - a X
Fie Selscion Todis Facet Vemsx View Test Regors | Abou
oumla Editor 2 [V 1152 382 Dim{35 123.5.60) Avead
Formla Edi B o X
Farnmta et (=30 Viewor settings ——————
P ER— Facet 20 B His e AbsPower T T T T T T - e v Nomak [ 67
e B T x028057 | GFGSST  WECBee 443 v Clres  Wleks @ HE
e s T S T e o ants|
P 52) e 772 @ B 5 1 n 18 1 " L |
2 = 3 1.8 Vi hdices [ VertesDs
Lonfo S0 A [2ee13 10260101é| B2ABSB=s13 BFTTSeoTd BNSee13 74020e+13 PUMEERAAN 775800ee3 2100 lslion ] [ bees T Yoty
Fecdadate nom (e o ) [$ave Do | (=) Selected Facet (2 selocted] —
=5 buscmmnc Rait  [02-Copper 23]
e picte 5> 19 Fough suoce scattaing |
) Format sigma ol (00 T ek {10000 |
[ Gickhg Cpeely [ Swcwe [ Lrk [ Rellection  Foughress | AuoCon [ 2Sdad Sder [iSded |
- Cvetecrb fies “DBox | TedueW/ | Savglslom  Codmode | Memcy | Penady l—"
ling Specum (% His I Abs. Pl © Fower ey l
Tenture Hange | Sum Avma fondl: (B2 TEEE
Mn  [STEC [ Auoscae ¥ Use cobrs | ookl [ Uncheckat ) [_Uods L —

Ma [IaEw v logscde Swep[STME

P phsec/er =)

ook Tep ] e[ ()

i % D
Save | | P | View (SR Fhaddcn? =
suto sze | Auorizs on evew upcds

[P T A Fuavers abacebed) vl | Show Facet || add cure |

n 2 30
11 7 SR Fli/cr® [ebscibed]

|| Pezoveal |

8 70

——— FR36 0 SR Fhac/enf (sbsonbed]

[ Log¥ | Nomekos

Swcone: 1 Lok o
Profle: [Fue, sower dhong 0 x|
v Fecoid spechum
[0k, o) e Uil )|
(2 Simmabation
[ ) e ) _pesel_]|
™ Auko update scene. LM_J}
Mo [Fiomee )
His (142 Ghi 13101 Rhiss)
o T
I T —
Dore [SenbTTF-dEoB Pl
e —
i sl Ao+
12e-® 3135 l
48 B 0554

LES)
0287

3272415 03
I06e415 026

Vacuum System in the FCC-ee MDI Region - R. Kersevan - CERN




FCC-ee Booster: azimuthal distribution of SR photon FLUX absorbed along the wall (20 GeV case)

Length B2: 1110 cm; Length SS2: 225 cm
4 FCC-ee Booster: Azimuthal Distribution of Adsorbed Flux, B2 and Straight
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FCC-ee Booster: azimuthal distribution of SR photon FLUX absorbed along the wall (20 GeV case)
Beam current: 139 mA
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Pressure profiles (for 50 mm 1D chamber)

» We have used Molflow+ to calculate the PSD pressure rise at different beam doses, using the photon irradiation maps

calculated by SYNRAD+

* Pressure with 139 mA at 20 GeV after 100 h conditioning (13.9 A-h beam dose): average pressure is 2.54-10" mbar
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Total Outgassing: 2.473-10° mbar-1/s 2> S

~97 I/s (out of 200 I/s installed)
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FCC-ee Z: SR photon irradiation maps
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Conclusions and future work

* The FCC-ee booster vacuum system has been greatly “simplified” by the Cost Review exercise

* It is now a “old school” with no bake-out (BO), with no NEG-coating, no RF contact fingers, no SR absorbers: as such its
vacuum conditioning will be slow

» The pressures will be rather high and water vapour will be the initial dominant gas specie, unless long pump-down times
with no beam are foreseen

 E-cloud and ion-trapping will be possible > FEEDBACK/MITIGATION REQUIREMENTS

4 pumps per each ~54 m-long arc section means ~6700 pumps, i.e. lots of cabling and need to carefully protect them from
the high fluences in the tunnel > SHIELDING REQUIREMENTS

» The SR photon fluxes absorbed along the walls of the 50 mm ID pipes are rather uniform with two narrow strips in the
plane of the orbit (0 and 180 deg) > PHOTOELECTRON AND SEY CALCULATIONS NEEDED

» More detailed models of the vacuum chamber geometry, including shape/size of the bellows (with no BO needed) they
will be rather short... see other “booster’talks this workshop)
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