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The Interaction Region (IR) in a high-current high-luminosity e+e- collider like FCC-ee is 
compact and complex, combining many of the most difficult aspects of the accelerator and 
detector.
MDI helps coordinate plans for the highly interconnected interface between detector and 
accelerator to facilitate that both are successful even at the highest luminosities and at several 
center-of-mass energies loke for FCC-ee. The accelerator and detector layouts integrate 
accelerator components such as lightweight and actively cooled beampipes, superconducting 
IR-magnets, bellows, and remote vacuum connectionswith detector components of inner 
detectors, vertex chamber, diagnostics, luminosity detectors, and utilities(cables, cooling, 
power, supports).  This lecture will cover more than thirty interface topics (from SC magnets, 
shielding solenoids, vacuum chamber masks, and inner detector elements to IR beam physics, 
beam loss sources, various beam backgrounds, and irradiation protection shielding).  
Examples from past and present colliders (KEKB, PEP-II, SuperKEKB, DAFNE) will be used, as 
they provide experience for the future collider FCC-ee in further understanding and addressing 
potential limitations and devising solutions. 

Machine Detector Interface Lecture
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1) General overview of the problem and FCC-ee IR
2) Main FCC-ee IR parameters
3) Layouts for various colliders
4) IR Comparison of various colliders
5) Final Focus Telescope and collision scheme
6) IP beta function versus L*
7) IR accelerator requirements and sub-

components
8) Detector requirements and sub-components
9) Vacuum Chambers

1) IR chamber design +/-0.5 m
2) Y chamber 0.5-2 m
3) Y chamber HOM issues and reduction

10) Detector-Accelerator Interferences

11) Luminosity measurement
12) Magnet cryostat 2.2 to 7 m

1) Cryostat cryogen feed
2) Lines and splice box
3) Q1 magnet in 3 pieces
4) Q2 magnet in 2 pieces
5) Compensating and screening solenoids
6) Correction magnet coils

13) Component assembly
14) Installation
15) Vibration control
16) Beam background types and mitigation

1) Beam gas
2) Touschek
3) Synchrotron radiation
4) Non-Gaussian tails
5) Luminosity

MDI topics in this lecture
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FCC-ee Rings and IR beam lines

Å Double ring e+ e- collider
Å Synchrotron radiation power 50 MW/beam  at all beam 

energies
Å Top-up injection scheme for high luminosity requires 

booster synchrotron in collider tunnel

Å Asymmetric IR layout  to limit synchrotron radiation 
towards the detector 

Å Beams always enter the IP from inside of the ring. 
Å The IP transversely deviates from the layout line by about 

10.5 m outward.
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One common IR for all energies, flexible design with a constant detector field of 2 T
This has been a requirement since the CDR: we have the same IR and MDI for all energies and all of the four IPs.

At Z pole a Luminosity of ~ 1036 cm -2s-1 is required 
This luminosity can be obtained with the crab-waist scheme (nano-beams & large crossing angle). 
Continuous top-up injection is required with few percent of current drop to keep a constant luminosity, lifetime 
is ~15 min (as defined to decrease the beam intensity by 1/e, without any injection).

Cone angle of 100 mrad between accelerator/detector required from the physics
Presently not realistic: first look at the cryostat dimension with thermal shielding thickness show larger angles 
necessary.

Solenoid coupling compensation
The integral ᷿ ὄὨί πto avoid vertical emittance blow-up.
Baseline: Two compensating solenoids in front of the first final focus quad, all inside the detector 

B=2 T detector solenoid field required.
Alternative: Compensating solenoids outside the detector at ~20 m from the IP

Higher detector solenoid field opportunity

High-level Requirements for the IR and MDI region -1
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Luminosity monitor @Z: absolute measurement to 10-4 with low angle Bhabhas
Acceptance of the lumical sets constraints to the central vacuum chamber design and material budget

Minimization of the Synchrotron Radiation impacting on the IR
Optics design constraint: weak bends upstream the IR (and strong ones downstream, to produce the horizontal 
crossing angle), having an asymmetric optics wrt IP
Critical energy below 100 keV produced by the last bending magnets upstream the IR: required not to damage 
detectors

High-level Requirements for the IR and MDI region -2

The mean photon energy is about 30% of the critical energy 

Critical energy: 

Half of the synchrotron radiation is radiated below, and the other half above the critical frequency.



Manuela Boscolo28 November 2025            International School of Particle Accelerators 7

FCC-ee Four Detector Concepts with same MDI
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Example of same Interaction Region in IDEA and CLD detectors

General detector-collider overviews
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FCC-ee 
parameter table

9

[K. Oide]

Beam size  at IP @ Z

sx
* mm 8
sy

* nm 41
sz (in coll) mm 16.5
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FCC-ee IR Beam sizes @Z

GHC by K. Oide LCC by P. Raimondi

L*=2.4 m  Free region from the IP to the front of the lens: key parameter for MDI and IR design

QD QD QFQF

Final Focus Telescope (FFT) to get 
squeezed beams at IP
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Final Focus Telescope (FFT)

IR Final Focus Optics 1984 (SLC at SLAC)

Vertical plane

Horizontal plane

To achieve a telescope in both planes one needs 
at least two quadrupoles to simulate each lens 
of the telescope, one focusing + one defocusing.

The magnification may be different in each plane.

Constraints at the end of FFT:

[K. Brown, SLAC-PUB-3381]
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Beta functions grow quadratically away from the IR

12

[Matt Sands, SLAC-121]

In a low-bregion the b-function 
varies with the distance s to the 
minimum like:

b* = 50 cm
b* = 15 cm
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FCC-ee Interaction Region rationale: crab-waist

SuperKEKBhttps://arxiv.org/pdf/1809.01958.pdf

crab sextupolesoff

crab sextupoleson

DAFNE, PRL 104, 174801 (2010)

IP beam distributions
(SuperBcase)

Small instantaneous
collision area: sx/q

Crab-waist scheme, based on two ingredients: 
Å concept of nano -beam scheme : 
Å vertical squeeze of the beam at IP and large horizontal crossing angle
Å large ratio sz/sx reducing the instantanous overlap area, allowing for a 

lower by* and suppressing the hourglass effect
Å concept of crab -waist sextupoles :
Å placed at a proper phase advance they suppress the hourglass effect by 

inducing a constant by along the larger coordinate of the beams 
overlap.

https://arxiv.org/pdf/1809.01958.pdf
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.104.174801
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Crab Waist Collision Scheme
P. Raimondi et al., LNF-07/003



Manuela Boscolo28 November 2025            International School of Particle Accelerators 15

FCC-ee asymmetric crab-waist IR optics
ttbar 182.5 GeV

Asymmetric IR optics to suppress 
synchrotron radiation toward the IP, 
Ecritical <100 keV from 450 m from IP 
(e) 

4 sextupoles (a тd) for local vertical 
chromaticity correction combined 
with crab waist, optimized for each 
working point тŰŸƻĲũШљƻŔƖƣƨċũШĦƖċĤШ
ƽċŔƚƣњ, standard crab waist 
demonstrated  at DAFNE

yellow boxes: 
dipole magnets

[K. Oide et al., Design of beam optics for the 
future circular collider  e+e- collider rings, Phys. 
Rev. Accel. Beams 19, 111005 (2016)]
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IP accelerator optics for various colliders
16
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IP off energy corrections and crab waist

17

[2] PRAB 19, 121005 (2016)
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Luminosity

Geometrical Loss
Hourglass Effect , Crossing Angle.

In the flat beam, „ᶻ= 30 - 50 nm is a target. Ą ‍z < 1 mm and ‐< 10 pm

With the crab-waist scheme only a small instantaneous area collides, 
allowing  ‍z to be squeezed and hourglass effect suppressed

Piwinski angle
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Luminosity

19

Vertical Beam Size at the IP

Vertical Dispersion X-Y Couplings Machine Imperfection
Vertical Emittance

Beam-Beam Blowup

Various unwanted effects can increase vertical emittance like impedance, beam-beam feedback noise
Optics Distortion due to Machine Imperfection

Can be a Combined Effect of Lattice Nonlinear, Beam-Beam, and Wakefield

Beam-Beam Parameter Ratio of ‍z to ‐

Waist position
is adjusted.

Any alignment error or source of coupling leads to the spurious dispersion/coupling, as well as increase on  
b-functions at the IP. This  will affect the beam sizes and thus the luminosity ĄTools for fine-tuning the IP 
optics are important.
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SuperKEKB and Belle-II
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’ = .59

’ = .567

ON

OFF

OFF

‐= 20 pm

’ = .570

Simulation

393 BunchesSuperKEKB Machine Study in 2024

Beam-Beam Blowup

Lsp decreases by 30 %

Experiment on March 12 and March 21-22 2024 

21

Luminosity is OK for small Ὅ Ὅ . 

We don't know the reason.

Lattice Nonlinear ?
Space Charge ?
Combined Effect ?

Crab waist is effective at high intensity.

Crab waist changes betatron resonance structure.

CW OFF

CW ON

Beam-Beam Simulations
D. Zhou et al.,
Phys. Rev. AB 26 071001

SuperKEKB specific luminosityCrab Waist ON and OFF
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DAɮNE Performance Summary
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FCC-ee interaction region layout
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CEPC MDI layout

IP

Central beampipe
Z: -700~700mm

RVC
Z: 
700~783mm

IP BPMs
Z: 
950~1050mm

Y chamber
Z: 
783~1050mm

Lumical
Z: 800-950mm

Q1a Q1b &Q2
Z: 
1880~6245mm

Auxiliary support
Z: 3300~3700 mm

H. Wang, 5-10 Nov. 2025 
CEPC Workshop
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FCC-ee IR: beam pipes and vertex detector
Support tube provides 
integration of beam pipes, 
vertex, and LumiCal

1mm CF + 4mm HC + 1mm CF
Support tube material

bellows

inner vertex

middle vertexouter vertex

Disk
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Layer 3 ducts
Layer 2 ducts
Layer 1 ducts

Beampipe with inner vertex

1
2

Medium and outer vertex assembly

3

Inner vertex services assembly

26

Possibleassembly procedure of the FCC-ee MDI
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Slots are requiredon the support tube to allow
ducts entry and exit

4

Disks assembly

SLOTS

Support tube closure

5

27

Possibleassembly procedure of the FCC-ee MDI
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FCC-ee IR Optics тSolenoid compensation scheme

Local solenoid compensation scheme 
Anti-solenoid of -5 T in front of QC1 at 1.23 m from the IP

Non-Local solenoid compensation scheme 
ÅAnti-solenoid outside detector (~ 10 m from the IP ) 
ÅWeak corrector dipoles
ÅSkew quads windings around FFQs  

To counteract the beam rotation and deflection that would be caused by the simultaneous effects of
the detector magnetic field of 2 T and the crossing angle , a compensating solenoid is needed to 
cancel out the longitudinal magnetic field integral along the z axis from the last focusing 
quadrupole to the IP. 

https://doi.org/ 10.1016/j.nima.2025.171135

https://doi.org/10.1016/j.nima.2025.171135
https://doi.org/10.1016/j.nima.2025.171135
https://doi.org/10.1016/j.nima.2025.171135
https://doi.org/10.1016/j.nima.2025.171135
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Non-local Solenoid Compensation Scheme 

Skew quadrupolar components in the FFQs align the 
magnet axis to the rotated reference frame of the 
beam 

Two Compensating Solenoids at about ±20 m 
from the IP  cancel the longitudinal field 
integral 

Correctors right after the beam pipe separation and around the FFQs  
compensate the orbit distortion generated by the horizontal crossing angle in 
the detector field

A Screening Solenoid shields the Final Focus Quads
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Non-local Solenoid Compensation Scheme 

Å Allows to increase detector B field up to 2.5 T contrary the local scheme (due to a better coupling 
compensation)

Å Lower SR produced at the IR
Å Polarisationunder study. Anyway, solvable with e+e- polarised injector.

Perfect compensation of orbit, dispersion coupling with
Å 3 rather weak orbit corrections each side of the IP
Å small skew components to the FFQs (equivalent to 10 mrad rotation)
Å anti-solenoid at 11m from the IP.

Vertical emittance increase is very small 
( ἮἵἩἼἨἸἷἴἭ
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Interaction Region at SuperKEKB
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Goal: absolute luminosity measurement 10-4 at the Z 
Standard process Bhabha scattering

FCC-ee Luminosity Calorimeter

ÅBhabha cross section: 

Ås= 12 nb at Z-pole with acceptance 62-88 mrad wrt
the outgoing pipe 

ÅRequires 50-120 mrad clearance to avoid spoiling 
the measurement

Å The LumiCals are centered on the outgoing 
beamlines with their faces perpendicular to the 
beamlines

ÅRequirements for alignment
few hundred mm in radial direction
few mm in longitudinal direction

ÅAsymmetrical cooling system in conical pipe to provide angular 
acceptance to lumical

ÅLumiCal held by the endcaps of the support tube

Lumical integration:

[Ref. M. Dam, EPJ + (2022) 137:81]
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AlBeMet (62% Be, 38% Al)
Central beam pipe 1 cm internal radius 

Internally 5 µm gold coated to reduce impedance and shield of 
sync. rad. photons.

Actively cooled
Liquid paraffin for the central one (ͯ 60 W) and water for the 
lateral ones (ͯ 130 W).

Minimised material budget
Central beam pipe double wall AlBeMet, paraffin and Au (0.68% X0)
Lateral beam pipes minimised within LumiCal acceptance: (mostly 
7% X0, few regions up to 50% of X0). Shaped to minimise showers off 
manifolds

Accelerator components inside the detector: beam pipes
Key parameter to design detector beampipes:
Å Material budget: the amount of material a particle traverses expressed as a percentage 

of radiation length (X/X0) and determines the scattering and energy loss it experiences.
For physics precision, the material budget must be as small as possible.

Material budget of the beam pipe
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ÅAlBeMet162 (62% Be, 38% Al)
Å 180 mm long centered at the IP

Double layer of 
AlBeMet162

Outlet for 
paraffin

Cooling 
channel

Inlet for 
paraffin

Section view

Paraffin cooling 
system

5 ͓ m gold coating to increase the 
electrical conductivityÅ 0.35 mm outer radius AlBeMet162

Å 1 mm gap for paraffin 
Å 0.35 mm inner radius AlBeMet162 

The prototype is in 
aluminium:Å 0.35 mm outer radius 
Å 0.9 mm gap for paraffin 
Å 0.45 mm inner radius 

Leveraging Belle-II beam pipe design (0.4 mm Be +0.6 mm Be + 1mm paraffin)

Center Accelerator Vacuum Chamber 
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Central chamber

Conical chamber

Conical chamber

IP

Water flow (Ellipto-Conicalchamber) 
ü Flow rate: 0,01 kg/s (4 channelsper side)
ü Total flow rate per side: 0,04 kg/s
ü Section: 12,25 mm2

ü Velocity: 1 m/s  
ü Inlet temperature: 16°C 
ü Convective coefficient: 1200 W/m2K

Paraffin flow (central chamber)
ü Flow rate: 0,015 kg/s
ü Section:68,17 mm2

ü Velocity: 0,3 m/s 
ü Inlet temperature: 18°C
ü Convective coefficient: 900 W/m2K

Heat load 54 W 

Heat load 130 W 

Heat load 130 W 

Detector beam pipes
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IR Trapped High Order Modes at Y chamber

36
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Low impedance central beam pipe

No need of HOM absorbers

Å The distributed trapped modes have very small 
shunt impedance and even at the resonance 
they produce less than 200 W for the two 
beams. 

Å To remove the remaining heat, we will use 
paraffin as liquid coolant that will flow within 
the room temperature pipe in the central 
chamber, and  water outside. 

CST wake field simulation

radius beam pipe =10 mm

Courtesy A. Novokhatski
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Conical Vacuum Chambers

38

Prototype in aluminium.
Conical chambers are fabricated in two halves that need to be welded with 
EBW.
The cover part of the water cooling channels will be brazed on top.


