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OUTLINE

e FCC study program (2013-today)

» FCC-ee: relevant machine and vacuum parameters
 Vacuum chamber cross section
 Synchrotron radiation spectrum, flux, power
* SR absorbers: yes or no?

* Pumping solutions

* The MDI region

 Synchrotron radiation ray-tracing
 Pressure profiles

 Future work and conclusions
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Relevant machine and vacuum parameters (pre-2019)

Eur. Phys. J. Special Topics 228, 261-623 (2019) W H shason £y tt, Table 1. Machine parameters of the FCC-ee for different beam energies.
(© The If\utllol‘(s} 2019 : THE EUROPEAN 26 =R T 7z | WW | 7H | tt
https://doi.org/10.1140/epjst /e2019-900045-4 PHYSICAL JOURNAL 1 ‘ Circumference (km) 97.756
SpeciaL Topics > ) ) > ) ) > ) ) ) | Bending radius (km) 10.760
Regular Article G LA T I 1 Free length to IP [* (m) 2.2
Mach e W | 42 S—— = 1 Solenoid field at IP (T) 2.0
< — pa— — I — Full crossing angle at IP 6| 30
FCC-ee: The Lepton Collider o time (operation years) .Eilll:ir;izvcrjbeam (MW) 50
Future Circular Collider Conceptual Design Report Volume 2 Fig. 4. FCC-ee operation time line. The bottom part indicates the number of cryomodules Beam energy (GeV) 45.6 80 120 175 182.5
to be installed in the collider and booster, respectively, during the various winter shutdown Beam current (mA) 1390 147 29 6.4 5.4
periods; also see [22]. Bunches/beam 16 640 2000 328 59 48
202 The European Physical Journal Special Topics Big variation of nominal current vs beam energy, since all machine
versions are limited to 50 MW of synchrotron radiation per beam
20T T T T T T T g T T T
o T e 7 :
— | Zpole !WW: HZ [ 2 To -
S [ T el e + S P (W) = 88.46 - E4(GeV) - I(mA) / p(m) € 50 MW/beam MAX
3 1wl U .
2t s 7 i F (ph/s) = 8.08-10' - E(GeV) - I(mA)
= : : 3
= L i ]
— 100 ' ] . . .
- ! . KW@ alm at an average pressure giving a beam-gas scatterlng
- : d lifetime large enough not to be detrimental to the integrated
50| : ! luminosity, say in the low 10-9 mbar range, or better, with a gas
i j : composition of 80~90% hydrogen, and no molecular masses
i | 7 = above 44 (CO,).
0 | | | | | | o | | | . . . . . .
012345678910M 12131415 * We also aim at reducing/eliminating the e-cloud and ion-
ears . : -
trapping effects and related beam instabilities and losses
Fig. 1.2. Operation model for the FCC-ee, as a result of the five-year conceptual design
study, showing the integrated luminosity at the Z pole (black), the WW threshold (blue), the . Typ|Ca||y we assume a residual gas Composition of 80~909% H
Higgs factory (red), and the top-pair threshold (green) as a function of time. The hatched ! 2
area indicates the shutdown time needed to prepare the collider for the highest energy runs. 10~20% CO+COZ’ traces of CH4
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FUTURE
CIRCULAR

FCC integrated program

COLLIDER

Comprehensive long-term program maximizing physics opportunities

« stage 1: FCC-ee (Z, W, H, tt) as Higgs factory, electroweak & top factory at highest luminosities
« stage 2: FCC-hh (~100 TeV) as natural continuation at energy frontier, pp & AA collisions; e-h option

 highly synergetic and complementary programme boosting the physics reach of both colliders (e.g. model-independent
measurements of the Higgs couplings at FCC-hh thanks to input from FCC-ee; and FCC-hh as “energy upgrade” of FCC-ee)

« common civil engineering and technical infrastructures, building on and reusing CERN'’s existing infrastructure
« FCC integrated project allows the start of a new, major facility at CERN within a few years of the end of HL-LHC
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FUTURE ol ofe - . . s -
( \ CIRCULAR Feasibility Study Timeline and main activities/milestones

2021 2022 2023 | 2024 2025
Q2 | B | Q4 [ Q | @2 | Q3 | @4 | Q1 | Q2 | Q@3 | Q4

g CDR baseline design adaptations for I
new implementation scenario |

FCC Week " FCC Week & Review : implementation,
study planning baseline design, organifaiion: comrl'nunicolz:liion |

environméntal studies, site investigation authorisation with
host sthtes, site investigations: drillings and seismics
lFCCV{ & mid-term review:
tudy progress &

DR cqst upqaie I
[ defailed design towards FSR: refine surface sites layout, J
! fecihnicc:lI implementation and coherence

FCC Wéek & review
technicél coherence
| ‘ FCC Week | FSReport |

FSR Progress @Relédse FgR
Project review

QI Q2 Q3 Q4 Ql Q2 Q3 Q4

A - FCC Feasibility Study Status
: Michael Benedikt
FCC Week, 5 June 2023
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FCC-ee is a very large machine ]

It 1s highly modular, 1.e. most of the length of the machine is a repetition of a “basic cell”
There 1s a large margin of cost-optimization and industrialization of most components:
vacuum chambers, bellows, beam-position monitor blocks, flanges, RF-contact fingers,
etc...

The prototyping phase has already started, exploring new technologies (e.g. additive
manufacturing, see examples below)

Parameter unit 2018 CDR [1] 2023 Optimised
Total circumference km 97.75 90.657
Total arc length km 83.75 | 76.93 i
Arc bending radius km 13.33 ' 12.24 I
Arc lengths (and number) km  8.869 (8), 3.2 (4) l\ 9.617 (8) _/
Number of surface sites — 12 8
Number of straights — 8 8
Length (and number) of straights  km 1.4 (6), 2.8 (2 ) 1.4 (4), 2.031 (4)
superperiodicity — 2 4
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« The tunnel along the arcs has a typical cross-section as shown below (left)

FUTURE
CIRCULAR
COLLIDER

Arc Cell Integration

Cable trays: Cable tray:
Fibre optic MV distribution
LV distribution

Control cables
Chilled water

Demineralized water Firefighting/Row water

Leaky feed Alignment space occupation

Warm He recovery
He

Demineralized
water felling

Compressed air
Fresh air diffused

Electrical HV
power transmission

Collider ring

Fresh air duct

2229 ! 2245 | Drain

EU TéJS E R -F. Carra
IRCULA :
COLLIDER L. Baudin

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

Arc Cell Integration

Arc half-cell team
developed
detailed layout
for the repeating
structure of Booster
and Main Rings

Booster Quadrupole

\ of j‘-" 18
= 0 e
o~ — %
SN

Booster Dipole —~—, ==

Booster Supports

Collider Sextupoles

Collider Quadrupole
Collider Girder

Considered many aspects
including cost, alignment,
stability, and maintenance Jacks Supports

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)
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The vacuum chamber geometry is strongly linked to the design of the magnets

We need to pump out all air molecules present inside the vacuum chamber after
Installation, and then also all of the molecules which are generated via several physical
effects, such as PHOTODESORPTION, ELECTRON CLOUD, RESISTIVE WALL
HEATING, BEAM LOSSES, and more...

We need to remove as many RESIDUAL GAS molecules as possible, to avoid their
collision with the stored e- and e+ beams

The typical average pressure compatible with the correct functioning of the collider is
“few” 10° mbar (10-1° mbar in the INTERACTION REGION, where collisions occur)

In order to get below this pressure value, we adopt state-of-the-art technologies, several
of them invented at CERN in the past, and new ones under development now

: applying these technologies to “regular’accelerators (i.e. having
circumferences of ~500-1000 m) is rather easy albeit costly; now we need to reduce costs
without compromising on quality.



One of the main sources of RESIDUAL GAS is the synchrotron radiation (SR)-
Induced outgassing

SR Is the emission of intense electromagnetic radiation when an energetic charged
particle moves in a strong magnetic field: it is a “searchlight” beam of photons with
energy between microwaves and gamma rays (very energetic and penetrating)

e

Mg Synchrotron

Light
Upon striking the vacuum chamber wall, SR “pulls out” some molecules, which must be
removed as fast as possible, to avoid interference with the beam

The FCC-ee machines are all designed to generate a maximum of 50 MW of SR power
per beam (i.e. 100 MW of unavoidable “waste heat”)

All vacuum components hit by SR need therefore to be carefully designed and
cooled
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It is made out of extruded copper alloy; it will be NEG-coated and every 5.5~6 m there will be a SR

PHOTON ABSORBER (SRA) which will intercept the SR generated along the preceding dipole magnets.

The design of the SRAs is very demanding, because each of them will receive a highly collimated SR fan,
with very high surface power density

In addition, the SRAs must satisfy some geometrical criteria which make their design challenging: we are
prototyping some innovative design implementing ADDITIVE MANUFACTURING (3D printing) and
STIR-WELDING technology, with SHAPE-MEMORY ALLOY rings for joining the different vacuum
chamber segments and bulk COLD-SPRAY DEPOSITION for selected components

Upon selection of the most suitable technology, we will look for INDUSTRIAL
PARTNERS capable to deliver large quantities of these components ina TIMELY
FASHION, following STRICT QUALITY CONTROL procedures

Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars
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Plasma-sprayed “bosses” for machining the BPM button electrodes
Friction stir welding of elliptical flanges to vacuum chamber extrusion

Chamber: 2mm Chamber prototype with

layer sprayed x4 bosses for direct
all around BPM buttons machining

and SMA rings

»
FRICTION STIR WELDING - o
 Flange is redesigned as per

Phase 1 results

Tool shoulder ' ey

Backing bar

Profiled pin
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Initial geometry of the SR photon absorber, now superseded by 3D-printed one (next slide)

A-A
1:1 7~

" 4
p— INSES
Y~ ) L'_-“:-I !
| N J |
| gy b
€ 0 mm al

FCC-ee: SR Power Density Profile along "Vee" of Absorber

15000
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Another example: 3D-PRINTED SR ABSORBER, with INTEGRATED
COOLING CIRCUIT AND SWIRL TAPE TO IMPROVE HEAT EXCHANGE

PLANE A !

Volume: Total heat flux magnitude (W/mm?)

CROSS - SECTIONAL - ’
VIEW (PLANE A) "
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Comparison of LEP extruded cross-section (dipole chambers) with FCC-ee’s

Pumping slots

Antechamber for
NEG strip

Lead shielding

g FEAE T
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 |-m/s
The proposed 60 mm ID version for FCC-ee would have a 37% conductance decrease

Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars
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View of the VACUUM CHAMBERS with PUMPING DOMES (right) and
Inside QUADRUPOLE and DIPOLE MAGNET

SUPERSEEDED FLANGE DESIGN
(replaced by Shape-Memory Alloy
elliptical version)
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FCC-hh beam screen and FCC-ee vacuum chamber prototype testing

BESTEX at KARA |Ight SOUrce (peter Lindquist Henriksen, formerly L.A. Gonzalez) §‘(IT

= ' L Karlsruher Institut fiir Technologie
= 101}
m |
I
\8 .
= 102} i 1
o E,=4.2keV = -
8 10" E_=6.2 keV —— 1
3 crit”
= 10
:C% 107 ¢ 3 =
= ——KARA 2.5 GeV <
5 10°F ——Fcec-hh50 Tev F %
T
L : L : : @
T — T T T T g
s 10! - [T
@ = 105k co ||FCC-hh ]
o i co, RT
g 107 F CH, Baked
§ Total incidence=18 mrad
E -6 il L anl vl IR EET | L1l L1
~— -3 10
5 10 KARA 2.5 GoV 10" 10" 10% 10% 102
§ F —— FCC-hh 50 TeV Dose (ph/m)
10'5 ...,u1 H““IE . .H““IG . .,.....|4 . ....,.5
10 10 10 10 10
Energy (eV .
gy (eV) Months FCC-hh operation at 50 TeV; 20 mA
1E-4 0.001 0.01 0.1 1
T T T T BRI |
TABLEL Comparison of the BESTEX (for the configuration of i En
this specific work) and the FCC-hh relevant baseline parameters. : g
BESTEX FCC-hh = 10°f : <
. T I o i (@)
Critical energy [keV] | 6.2 43 1 8 i O
SR flux [ph/s/m] A8 10" 777 1T X 10" 2 N =
SR power [W/m]* Y 3P 1 = - i E
e g 100 h lifetime L 5 S
Glancing angle [mrad] 18 1.35 L. A. Gonzalez, et al. Commissioning of a beam screen test bench experiment with a future circular :;‘“ "';EE_H;"'"'"""""'"""""""'""""""""" T 10 =
“Power received at the BS. hadron collider type synchrotron radiation beam. DOI: 10.1103/PhysRevAccelBeams.22.083201 77K l\ 1 g
Average value. Power ranges between 21 and 42 W/m. L. A. Gonzalez, et al. Photostimulated desorption performance of the future circular hadron collider Unbaked o 0531 Al DI
beam screen. DOI: 10.1103/PhysRevAccelBeams.24.113201 ) sconce=3 Mrad o= X100 S
-3 L e L MR TR MR
1<I)‘B 1(3‘9 1(;2" 1<|32‘ 1(I)22
This project has received funding from the European Union’s Horizon Europe Dose (ph/ m)
Research and Innovation programme under Grant Agreement No 101057511.
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Schematics of BESTEX at KARA/KIT

Test Bench
BIA 5T100 SCA o I FIA
ample
Electrode Back P Front
\ BAG BAG
—h
I.I.I.I.I.I
co
{ x | Chimney ————| |
| Phaton‘Cup |-| I—I
Middl
Fluorescent |2000 I/s| RGA ece 2000 I/
BAG
Screen MIA

Bellows

|

'™Wwwan

Front End

Fluorescent

Screen
1 Absorber

i

Collimator ‘ ‘
Sector Valve Crotch Absorber
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« Machine parameters from official web
page http://tlep.web.cern.ch/content/machine-

parameters

« Very small vertical emittance for all

energies

« High current (B-factory level) for Z-pole

 Luminosity lifetime t;,,, dominates beam
current decay, but vacuum lifetime must

be at least several times longer than t;,:

good vacuum is a must

P (W) = 88.46 - E4(GeV) -

%‘:1/256 that of the Z-pole

F (ph/s) = 8.08-1017 - E(GeV) -

/ Consequence of 50 MW/beam MAX\

I(mA) / p(m)
I(MmA)

The beam currents at the various energies scale as the
reciprocal of the 4™ power of the beam energy:

The beam current at tthar is only (45.6/182.5)* =

Old parameter table (97 km rings)

"l
!

beam energy [GeV] 45.6 120 182.5
arc cell optics 6060 T 90/90 90/90 “90/90
momentum cnrnpacﬂon [10] 1.48 0.73 0.73 0.73
izonta ance : 0.8: 45
vertical emittance [pm] / / 1.3 I
horizontal beta® [m] 0.15 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 2
length of interaction area [mm)] 0.42 0.5 0.9 1.99
tunes, half-ring (x. v, s) (0.569, 0.61, 0.0125) | (0.577, 0.61, 0.0115) | (0.565, 0.60, 0.0180) | (0.553, 0.59, 0.0350)
lopgitudinal dRmPIOE MG NS e sy s st s b ] o | o Cem o )
SR energy loss / turn [GeV] 0.036 0.34 1.72 2.21 I
total RF voltage [GV] 010 04 | 20 10983
RF acceptance [%] 19 1.9 2.3 49
energy acceptance [%] 1.3 1.3 1.5 2.5
energy spread (SR / BS) [%] 0.038/0.132 0.086 /0.153 0.099 / 0.151 0.15/0.20
bunch length (SR / BS) [mm] 3.5/121 3.3/7.65 315/49 25/33
Piwinski angle (SR / BS) 8.2/28.5 6.6/15.3 34/53 1.39/1.60
bunch intensity [10'] _ I & A . 15 | 15 28
no. of bunches / beam 16640 2000 393 39 |

Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars

| | beam current [mA] 1390 147 29 54 J
luminosity [10% cm2s-'] 230 32 8 1.5
beam-beam parameter (x/ y) 0.004 / 0.133 0.0065/0.118 0,016 /0.108 0.094 /0.150
luminosity lifetime [min] 70 50 42 44 |
time between injections [sec] = a2 - 4 Y -2
allowable asymmetry [%] +5 £3 +3 +3
required lifetime by BS [min] 29 16 1" 10
actual lifetime by BS ("weak") [min] > 200 20 20 25
18


http://tlep.web.cern.ch/content/machine-parameters

New parameter table (90.7 km rings)

Parameters FCC-ee collider parameters as of June 3, 2023.
Beam energy [GeV] 45.6 | 80 | 120 182.5
Layout PA31-3.0
# of IPs 4
Circumference [km] 90.658816
e Y
Energy l&ss%tuin e _ _ _lGevl | _ 00394 _ | _ 0374 _ 189 _lo42
ower [Team = = =T i peplieglioplinlonsionSeniionliniint. g Senlion Senfion sl il i
Beam current [mA] 1270 137 26.7 4.9 J
Colliding bunches / beam [ ~ 15880 |~ 1780 — [T T @0~ T T T Te0
Colliding bunch population (1011 1.51 1.45 1.15 1.55
Hor. emittance at collision &, [nm] 0.71 2.17 0.71 1.59
Ver. emittance at collision &, [pm] 14 2:2 14 1.6
Lattice ver. emittance &y jattice [pm] 0.75 1.25 0.85 0.9
Arc cell Long 90/90 90/90
Momentum compaction ay, [1079] 28.6 74
Arc sext families 75 146
e [mm] 110 / 0.7 220 / 1 240 / 1 1000 / 1.6
Transverse tunes Q. , 218.158 / 222.200 | 218.186 / 222.220 | 398.192 / 398.358 | 398.148 / 398.182
Chromaticities @, , 0/+5 0/+2 0/0 0/0
Energy spread (SR/BS) o (%) 0.039 / 0.089 0.070 / 0.109 0.104 / 0.143 0.160 / 0.192
Bunch length (SR/BS) . (mm] 5.60 / 12.7 3.47 / 5.41 3.40 / 4.70 1.81 / 2.17
RF voltage 400/800 MHz (GV] 0.079 / 0 1.00 / 0 2.08 / 0 2.1/9.38
Harm. number for 400 MHz 121200
RF freqeuncy (400 MHz) MHz 400.786684
Synchrotron tune Q, 0.0288 0.081 0.032 0.091
Long. damping time [turns] 1158 219 64 18.3
RF acceptance (%] 1.05 1.15 1.8 2.9
Energy acceptance (DA) (%] +1.0 +1.0 +1.6 -2.8/+2.5
Beam crossing angle at IP +6,. [mrad] +15
Piwinski angle (6,0, ss)/os 21.7 3.7 5.4 0.82
Crab waist ratio (%] 70 55 50 40
Beam-beam &, /£,° 0.0023 / 0.096 0.013 / 0.128 0.010 / 0.088 0.073 / 0.134
Lifetime (q_+ BS + lattice) _ _ _ sed. _| _ _15000_ _ 4000 _ | _ _6000 _ _|_ _6000_ _
MLifetime (Qum)®_ """ """ Tsed | __13d0 _"_ [ "_ o0 _ _ s T T,
Luminosity / IP [10%* /em?s) 140 20 5.0 1.25
Luminosity / IP (CDR, 2 IP) [10%4 /cm?s) 230 28 8.5 1.8
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Synchrotron Radiation Spectra

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

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

\

1015

—~ 10"

B.W.
En—n

p—

-
—_
2

Flux ( ph/s/m/0.1%
=

FCC-ee: SR Photon Spectra

97.8 km machine

\

- : | | | | [ Eert (keV) !
B RN R e RNt R ] 19545 21.2
: B | 7 } | 105540 1143
= | | | 356.200 385.7
= B f“‘*“““‘f“ 1104.750 1196.4
N | | ______ . |1252.963 1356.9
L R il i e N R B
= | e i) | | |
= el R BN LA 1)
T Eee=e— e Eermeen s e
- | F'(pl/s/m) | | | \ |
C o PTT030E+17 e e
- T o1348EH117 | | \
- || 4.0466E+16 | | | | \
== ———T—-1.314E+16 —j—————i—— iy whw aan gmames
E | 1.157E+16 | | | |
| IIIIIII| | IIIIIII| | IIIIIII| | IIIIIII| | IIIIII| | IIIIIII| |
2 3 4 5 6 7
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

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 el _________________________________________ ___________________________________ _______________________________ ________________________________________ _________________________ |
five 14x6 cm? screens; : 1 _
. 1 Cm'long deOle arc tl’ajeCtOI‘ieS; | I ..................................... ...................................... ..................................... ..................................... ............................. _________________________ i
* Flux distribution shown here,
 Logarithmic scale for textures,
» 6 orders of magnitude displayed. o R S T P Cleeeteteete T N W S WA \W N |
Beam Beam Critical Photon Flux [ PSD Outgassing \ :
Energy Current Energy F(ph/s/m) | Load (mbar-/s/m) 1| 5 \
F o I E(GeV) I(mA) (keV) I @ 1-10%(mol/ph) : ........................................ ...................................... \L ]
1 . g g
45.6 1390 19.5 7.17-107 | 2.90-10% :
Ry I 80 147 105.5 1.38-10%7 : 5.58:10° [ ok ) oW o)
120 29 356.2 4.13-10%6 : 1.67-10° :
ol 182.5 5.4 1253.1 11810 | 4.78-10% I‘ ___________________________________________________________________________________________________________
: ; ; \ ; =
Fi1 lulux inc. [ph/secd 1%Bw] mD F#2 Flux inc. [ph.-"sec:'?'lil/gﬂB\u\u"] FH#3 lulsf?nc [ph#sec/ 1ZBwW) i Ftt4 Flu inc. [ph#secf.}f/gﬁi] FH5 FI:::S:. [phisect 1%BW)
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

W

H
T(175)

0.0639

9.220
28.852
47.810

T(182.5) 49.717

« 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;

1.00E+00 + 100 A.S. Wilhelm and 1. Jovanovic
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3 1.00E-03 4 \ ]
= \ =
4 \ k] 7716 117/6
; \ T0.1 <
o \ @
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R S Fig. 1. The Klein-Nishina differenti
1.00E-05 + ergies scatt o
ction is measured in r heavier atoms, the magnitude of the KNDCS changes,
but the shape is invariant for a given photon energy. Higher energy photons are much
\ less likely to undergo a high-angle scattering than lower energy photons.
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Fig. 2. The LEP synchrotron radiation spectrum.
045 €  NORMALISED MEAN PRESSURE INCREASE
(PILOT SECTORS)
0.40 NORMALISED MEAN PRESSURE INCREASE ® 4
. (ARCS)
° NORMALISED MEAN PRESSURE INCREASE
& 0.35 (INJECTION)
ﬁ : NORMALISED RADIATED POWER (EA4)
w
% 0.30
¢
0.25
3 .
o
w
g 0.20
=
&o.15
go.
&
@
0.10
PHOTOELECTRIC EFFECT COMPTON EFFECT
>
0.05 >
0.00 T T - - -
20.00 30.00 40.00 50.00 60.00 70.00 80.00 90.00
BEAM ENERGY (GeV)
Fig. 5. Normalised pressure increase (low beam energy, measured in LEP arcs, 1999).
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Material: OFC copper; Specific Cond.: 48.2 I‘m/s (co, 20 °c) Lumped absorbers (1 every ~ 6 m, covering
the entire horizontal SR photon fan)

o ® o

2
LTI

\\\\\\\\\\\\\\\-‘ >

bl |

NEG PUMP HERE

» Left: Cross-section of the prototype (real chamber will have cooling pipes running on both sides
of winglets;

* Right: Cross-section at pumping dome/absorber location; The connection to the beam chamber is
via a slotted grid; The SR absorber is placed in front of the pumping dome (for external beam
only); The conductance of the pumping dome and tapered transitionis ~ 110 I/s (CO, 20 C);

We have been asked to look at the possibility to use a smaller vacuum chamber, with internal radius of 30 mm
instead of 35: under study now, seems feasible, although the specific conductance decreases to ~30 I-m/s
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Pumping solutions: NEG-coating everywhere + lumped NEG pumps

e SRABSORBERS FCC-ee CAD Models

A-A
1

1:
:n;,l_.Lﬁu '
3
! I
|-

$00 mm

2x 1 m-long

&y prototypes
e (3D printed)

16T

/ Material: OFC copper; \

Specific Cond.: ~47 |-m/s (CO, 20 2C)

Pumping slots

Pumping dome optimized A
High-2 shielding 2 . .
around absorber via Molflow+ simulation:
“i‘g;,'j’" A NEXTorr 1000
SRfan = 3
Schematics of SR absorbers and 2y
\ pumping slots (internal beam) / e

Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars



Pressure profiles

» These 2 models represent a section of the arcs
(~140 m long)

* We have used Molflow+ to calculate the PSD

pressure rise at different beam doses, using the T
photon irradiation maps calculated by SYNRAD+ | =
« A sample 140.7 m-long section of an arc has been | ="~
considered, with the two beams side by side: 5 Dl I
dipoles and 5 quadrupoles as sources of SR
« The orbits along 5 dipoles interleaved with 5 A==
quadrupoles are simulated, importing the lattice ———
files from MADX into SYNRAD+

» The 3D model for B1 has 25 absorbers placed at
~ 5.6 m average spacing (avoiding quadrupoles
and sextupoles which have tight coils), while B2
has no absorbers, and the SR fan is let impinge
onto the bottom of the external winglet (see also
B. Humann, FCC Week)

» The MDI region adopts the same philosophy:
lumped absorbers covering ~100% of the
primary SR photon fans
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Pressure profiles

We have calculated the PSD pressure profiles for 5 different beam doses, corresponding to
timesof 1s,1h, 10 h, 100 h, 1000 h. Simulated gas: CO
On the left the case with 5x 100 (I/s) lumped pumps/beam, and no NEG-coating

On the right, the case with NEG-coating, saturated (i.e s=0) and with some residual sticking
(s=0.001)

o FCC-ee Z: Pressure Profile vs Conditioning 10_4 FCC eeZ Plessule Plofile Vs (,ondltlonmg
10 — -------------------------------------------------------------------------------------------------------------------------- e T T T T T e T T e T
107 10 107 10°
100 YT 107 2 10° 10” »
- -10 . -10
2 10”7 107 E S 107 0 E
= - g 11 8
< 108 107" 2 0 0 2
p.l 9 -12 m 9 Lo -12
10 10 o 10 107 &
] 13 i -13
10" =10 10" 10
10-11miiliiiiliiii[iiii[mm[iii—:lo-m 10_11iiii[iiii[iiii|iiii|iiii]iii—: -14
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Element no. (0 05 m/el) Element no. (0.05 m/el.)
‘ | | | | 1 | | | | | | | | | | | | | 1 |
0 50 S(m) 100 0 50 S(m) 100
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MDI Interaction Point: sources of radiation and radiation dump

CRITICAL ENERGY
~ 2 MeV
~0.02 MeV

SOURCE

« SR EM-fields of colliding bunches ( Beamstrahlung )

« SR solenoid (2T) + anti-solenoid

* SR IR quadrupoles

* radiative Bhabha (beam-beam Bremsstrahlung)

Bx,} [ km |

PH
Collider RF

POWER

~ 40 kW
~ 7 kW
~ 0.7 kKW

~ 400 kW

A0 4
u T TI%
12 — —
nl B B,
-';,\\ ."f\
10 - {3 {
|'Il II| |II I Ill'

9 ;,.' - [

E j ."II \ |III III"

o .";I II| |III \

6 / I'I I'I \

/ || || \
54 / | { |'".
1 |

4 ——__/ II|I I|I \._.—-"_

3 1 II|II IIIII

2 | I|III III|I

\ /

1- i

0 K . \ / . —/\

-10 -8 6 -4 2 1] 2 4 6 8 10

S [m]

~0.02 MeV
~ 5000 MeV

efkN =beam current « %
| LI
E )
3 kN*
=2 og
5 4ro o, \
4
% ‘ £ l{i *(E) Beam- cetm
3 \ Eo.o, arameter
5 &\ I e

3 *

E B <

Beta functions and geometry of the IP region; crossing angle is 30 mrad

Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars




MDI Interaction Point: sources of radiation and radiation dump
« Main goal: reduce/eliminate the radiation background reaching the detector

 Five main effects (excluding hot-spots and heating due to impedance issues)

O FCC Brainstorming on Beamstrahlung radiation handling 08,

Beamstrahlung

The photon beam divergence is
similar for x and y at all energies
(~50urad), so the beam spot will
be round. As an example @50m
from the IP the spot would be
about 1x1cm?

67MeV @it
23MeV @ZH
<E>=
L6 10MeV @WW
2MeV @Z

0.015—

yim

@45.6GeV e oomee
001 50m from IP S Dev

The photon angular emission is

0005
proportional to the vertical
o offset between the two beams
I for small offsets, while it
et saturates when the beams are
o several sigmas apart.
O05is a1 0065 0 0005 001 001s

Beamstrahlung photons have been generated using GuineaPig++.

Andrea Ciarma

&
=
S
X
o
5 | @45.6GeV
4x10°8
g ax10° @45.6GeV
§ 2«10°
£ 1x10®
§
§ 0
§-1x10°
H
2-2x10°
g
£-3x10°
2
» 5
107 ¢ 4 2 0 2 4

() FGC Brainstorming on Bea

<E,>=2MeV

Radiative Bhabha

Relative vertical offset [units of o,]

on-axis collisions.

BBBrem generates single photon events considering head-on

These events are used as inputs in Guineg
them in the correct frame (considering alsd
smear them along the nominal particles di
step-by-step tracking.

0.015—

¥iml

@45.6GeV
oo1[— 50m from IP

0.008

001

005 001 0005 0 0005 001 l\:|.|i15
]

H
i 2MeV .
E @45.6GeV
- [ e ©
¥
e et —
B
Also in thi ‘N‘,}""" bGev
depends
between 4
! Radiative +
lower flu e
but the pH . .
higher enRadiative Bhabha at zero photon scattering angle
Rl 4 2 0 2 4 &

Relative vertical oftset [units of ]

BBBREM - Monte Carlo simulation of radiative Bhabha scattering in the very forward direction - RLKleiss, H.Burkhardt - CERN SL/84-03 (OF)|

]
210 @45GeV - 1390mA
T=300K \

i .
;

w0t w0t

10000 107 A0 e el

Thermal photons can gain energy via Compton scattering with the
electrons of the beam, according to

4Ewycos(c
do 2o 1 4y y x=

=— +1-y- -
x(1=y)

(mc2)?

= —
dy x [1-—y (1 —y)

y=w'lE
The photon flux coming from this source has been simulated using a
custom generator considering a temperature of 300K.

This photons are emitted in the direction of the beam and can reach
energies up to few GeV, so this might constitute a source of
background for the Radiative Bhabhas.

O FCC Brainstorming on Beamstrahlung radiation handling 08/03/2022

Andrea Ciarma

Photons/s/0.1%BW

@45GeV - 1390mA
T=300K
2=7
P=1nTorr

102 10"

Pho‘lon Enewy [Ge\}f’?

Backgrounds: Inelastic Beam Gas Scattering

Also the Bremsstrahlung radiation produced by the
inelastic scattering of the beam particles with
residual gas in the beam pipe constitutes an
unavoidable source of background for this monitor.

do  16ar’ _ 1 L
= Z(Z+ 1)—(1 —y—0.75y%)log
y

dy 3

184.15

This radiation can reach up to the nominal beam
energy, falling therefore in the same range of the
radiative bhabha emissions.

Synchrotron radiation produced by the final focusing quadrupoles constitutes a

background source for this detector.

SYNRAD+ has been used to simulate the flux through a 1x1cm*2 facet
orthogonal to the photon beam axis placed 50m downstream. The dominant
contribution to this radiation comes from the innermost final focusing

quadrupoles.

Jom
1013
1012
10m
1010
109

energy range similar to the beamstrahlung

Flux [ph/sec/0.1%BW)]

100 102 100 104 108

Flux Power

[10718 ph/sec] [kw]

Total 2.31 2,57

aciL | 1.04 122

QciR 1.12 1.33

aczL | 0.06 0.01

Elev] QczrR 0.09 0.01
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MDI Interaction Point: sources of radiation and radiation dump
 Solenoid/anti-solenoid fields (K.D.J. André); Strong effect on SR

e 2T @15 mrad

W\

Bz strength ((T)

WON R O R N oW

0 il 2 3
distance from IP (m)

Tungsten shielding \

/

o e g =2 8 2
w N R L

0.3

magnetic field along electron path

By strength (T)

Central beam pipe & 3D field map

— Bz

Bx

With solenoid

nnnnnnnnnnnnnnnnn

Without solenoid

The lattice around the IP
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MDI Interaction Point: sources of radiation and radiation dump

IP

Photon extraction(window )

Shielding of
unwanted
radiation

I*-
1
1
1
1
1
1
v
v
- . = -

1
: Beam dump:

Instrumented beam dump

« Where applicable, develop shielding solutions for sensitive equipment in the tunnel

(electronics, etc).

Booster ring

E
ol 4
©

Beamstrahlung

300m

200m 100m

F. Valchkova
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MDI modeling with SYNRAD+ and Molflow+:

Model created automatically from the lattice files (M. Ady, via OpticsBuilder)
Crossing angle is 30 mrad = 1.72°

[ Symvade 1432 (Feb 172003) [Fcc-se 2 P_Cu_rough wholCorrection A8S.51_MFO+_2_bissyn]
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Full length of the model is 2x 1902 m; only the part in red has been modeled, 923 m long (incoming beam, left to right)

[ symrac 1432 (Fe 17.2023) (Fec-ee 2 1P_Cuough.wSolCorection_ABS_+1_MFO4_2_bissynz]
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There are a total of 64 magnetic “regions” (in SYNRAD+ parlance) considered, comprising dipoles, quadrupoles, and the

solenoid/antisolenoid combination inside the detector (see below)
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* Here what happens when angle- and energy-dependent photon reflection is
simulated (with roughness of the surface taken into account too)

* 100% of the internal surface of the vacuum chambers is hit by some photons,
whether direct ones or reflected; the consequence is a SLOWER vacuum conditioning
rate
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Closing in into the IP region for the no-photon reflection case
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FCC-ee Z: SR Power from different IP magnet sources, reaching a screen at 60 m (facet 6898):
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FCC-ee Z: SR photon power distribution at 100 m from Z dipole, projected on 10x10 cm? (2x2 cm? at center), for parallel (left)

and orthogonal (right) photon polarization; IDEAL BEAM CASE, zero beam size, only natural divergence of the SR fan

« Graphs on the left show the SR spectra (in ph/s/0.1%BW/m) at nominal 1270 mA current (above, RED is parallel pol., BLUE is
orthog. polarization), and vertical power distribution (+/- 1 cm, smaller square)

* 1 cm corresponds to 0.1 mrad (1/y=11.206 urad); 0.1 mrad =8.92-1/y
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« FCC-ee Z: SR photon flux distribution at 100 m from Z dipole, projected on 10x10 cm? (2x2 cm? at center), for parallel (left) and

orthogonal (right) photon polarization; IDEAL BEAM CASE, zero beam size, only natural divergence of the SR fan

» Graphs on the left show the SR spectra (in ph/s/0.1%BW/m) at nominal 1270 mA current (above, RED is parallel pol., BLUE is
orthog. polarization), and vertical flux distribution (+/- 1 cm, smaller square)

* 1 cm corresponds to 0.1 mrad (1/y=11.206 prad); 0.1 mrad
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N s One of the detectors’ design, with zoom on its internal
—— L — e ‘ structure (and the vacuum chamber) (Court. F. Fransesini,
INFN/LNF/CERN
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Materials: Albemet (Al-Be alloy); Cu, SS, SS/Al transitions (explosion-bonding), water-cooled;
Central Be chamber is 2x9 cm long only, double-walled, cooled by paraffin; gold-coated internally; its internal diameter is 20 mm
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Extremely tight fabrication and alignment tolerances: accurate ray-tracing is a must

154 .
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Geometry of the central “X” chamber, as imported from CAD into SYNRAD+ (court. F. Fransesini, INFN/LNF/CERN)
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Molflow+ simulation of pressure profiles after 1h (ideal case and Cu reflection) and 100 h (Cu refl.)
Cu-like desorption yield with s=0.008 NEG sticking coeff.

File: FCC-ee_Z_IP_B1.PDW Qpgp=5.3181E-3 mbar*ls (Cu; 1 h)
Qpgp= 2.7297E-3 mbar*1/s (s1: 1 h)
Qpgp= 1.5183E-3 mbar*!/s (Cu; 100 h)
o CC-ee MDI: Pressure Profile Along B1 Path (923.67 m)
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Same as previous one but for the 200 m upstream of the IP
Cu-like desorption yield with s=0.008 NEG sticking coeff.

e FCC-ee_Z_IP_B LPDW Qpgp=5.3181E-3 mbar*l/s (Cu; 1 h)
Qpsp= 2.7297E-3 mbar*l/s (s1: 1 h)
Qpgp= 1.5183E-3 mbar*l/s (Cu; 100 h)

10

..........................

P ( mbar )

FCC-ee MDI: Pressure Profile Along B1 Path (200 m from IP)

| 4— P, =5.71-10"° mbar

Pave =2.91-107 mbar

Pave=1.52:10" mbar
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This area needs optimization of
pumping and trapping of SR-induced

Same as previous one but for the +/- 10 m to/from IP

desorption by rectangular absorber: Cu-like desorption yield with s=0.008 NEG sticking coeff.
e.g. sawtooth design? File: FCC-ee Z IP B1.PDW Qpsp=5.3181E-3 mbar*Vs (Cu: 1)
e.| r~ Qpsp= 2.7297E-3 mbar*V/s (s1: 1 b)
1 / A
1 S Qpgp= 1.5183E-3 mbar*1/s (Cu; 100 h)
1
| | FCC-ee MDI: Pressure Profile Along B1 Path (+/- 10 m from IP)
)
*\

eeeeeee

nnnnnn

law 12136+20 [ Log scale  Swap [4226MB
Apply. Set § nm@

Gradient
Lm - e—

100611

Flus (ph/sec/crv |

=P,y =5.71-10" mbar
,,,,,,,, —— Py =2.9110" mbar
=P = 1.52:10° mbar

-10
10
-11
10
-10.0 -5.0 0.0 5.0 10.0
L(m)
Synchrotron Radiation and Vacuum Issues for the FCC-ee Machine Detector Interface, R. Kersevan, VSC Seminars

47



Conclusions and future work

» The design of the vacuum system for the MDI region of the FCC-ee collider has progressed quite a lot in the recent years

» We have adopted the same concept as developed for the arc regions, i.e. lumped absorbers catching ~100% of the primary
SR photon fans, NEG-coating of all chambers, SMA flanges and BPM buttons, Friction Stir Welding technology, etc...

« The integration of the vacuum system near/inside the detector is proving to be rather challenging due to space constraints,
tight alignment tolerances, and need to develop new technologies, e.g. remote flange connection

 Design of the beam- and photon-dump area needs to be looked at

* \Very time consuming ray-tracing calculations, both for the SR fans and the molecular flow, need to be carried out at each

change of the magnetic lattice (which happens quite often): an “automatization” of the generation of the vacuum chamber
along the MDI will need to be developed (OpticsBuilder, SYNRAD+, Molflow+) > MANPOWER??7?

* The collaboration with different groups is progressing well: integration, lattice dynamics, FLUKA, MDI, magnets, etc...
 The analysis shown here refers mainly to the MDI at the Z-pole energy: needs to be re-done for the ttbar at 182.5 GeV

« We are on a good point towards finalizing the design of the MDI vacuum system considering that there are 2 more years
prior to the end of this study phase
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