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The FCC-ee
– An Overview –
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FCC-ee – The Cornerstones

Baseline beam parameters
• machine for precision measurements:

• 45.6GeV: Z
• 80GeV: W
• 120GeV: Higgs (LEP)
• 182.5GeV: t̄t

• luminosity: up to 2.3× 1036 cm−2s−1

• high intensity (IB of 1.4 A at Z)
• nano-beam-scheme (nm or pm size)
• 2 vs. 4 interaction points (IP)

• CDR for more details [3]
• Synchrotron radiation power loss: 50MW/beam
• critical energies ϵc ≥ 1MeV (around the ring)
• arc bends vs. weak bends

Figure: schematic 2 IP layout [8].

FCC-ee MDI Layout FCC-ee – The Cornerstones 4 / 26



The FCC-ee
– Machine-Detector-Interface (MDI) –
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SR & Machine Detector Interface (MDI)

SR as design constraint
• MDI: accelerator meets detector
• requires careful design
• different expectations/needs:

• machine/detector protection
• space for the detector
• minimize background to physics

• if neglected:
• machine won’t reach design parameters
• machine can’t be operated
• physics goal can’t be reached
• damage to machine/detector

b2 b1

IP

FCC-ee interaction region – survey (MAD-X)

Figure: Asymmetric layout of the FCC-ee IR (top view).
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SR & Machine Detector Interface (MDI)

IR design for FCC-ee
• asymmetric layout
• last bend at least a 100m from IP

• crossing angle 30mrad (no sep. dipoles)

• weak upstream bends (ϵc ↓ with ρ ↑)

• fixed absorbers in the central IR (Z ±10m)
⇒ Synchrotron Radiation masks

• located at 2.1m and 5.6m upstream of the IP
• 3rd mask (at about 8m upstream) replaced

by collimator
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IP

FCC-ee interaction region – survey (MAD-X)

Figure: Asymmetric layout of the FCC-ee IR (top view).

FCC-ee MDI Layout FCC-ee – The Cornerstones 6 / 26



SR & Machine Detector Interface (MDI)

IR design for FCC-ee
• asymmetric layout
• last bend at least a 100m from IP

• crossing angle 30mrad (no sep. dipoles)

• weak upstream bends (ϵc ↓ with ρ ↑)

• fixed absorbers in the central IR (Z ±10m)
⇒ Synchrotron Radiation masks

• located at 2.1m and 5.6m upstream of the IP
• 3rd mask (at about 8m upstream) replaced

by collimator

Figure: Illustration of the central IR (Z ±10m around IP,
top view) [10].
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SR & Machine Detector Interface (MDI)

IR design for FCC-ee
• 182.5GeV: ϵc ≤ 100 keV (last upstream

dipole)
• limit ϵc to 100 keV (last 450m)
• limit ϵc to ≈1MeV (whole machine)

Figure: Photon interaction processes in lead [4].
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Simulations I
– Introductory Example –
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MDISim & FCC-ee - Introductory Example

Simulation procedure
• run MAD-X
• generate geometry
• detailed Monte Carlo (Geant4):

1 start point & path length
2 # primaries (bunch population)
3 tracking

• 104 primaries ≤ 5min BC2L.2
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Figure: Perspective view in beam direction towards IP (Root
display).

FCC-ee MDI Layout Simulations with MDISim 8 / 26



MDISim & FCC-ee - Introductory Example

Analysis
• location of origin
• distribution of hits
• number of generated photons
• energy distribution & heat-maps
• all sensitive to:

• beam-type (pencil vs. Gaussian)
• halo/tails
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Figure: Same as before but with SR tracks in overlay (Root display).
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Simulations II
– Characterization of the SR Background –
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The Scenarios

Simulation Parameters
• top energy (t̄t), 182.5GeV
• horizontal emittance ϵx = 1.46 nm
• vertical emittance ϵy = 2.9 pm
• bunch population in the MC: NMC

• particle distributions:
• NMC = 104 primaries
• default: Gaussian bunch
• tails: Ring-type distribution at Nσx,y

• horizontal: 15σx , 1σy
• vertical: 50σy , 1σx

• rather conservative
• measurements at LEP (horizontal tails)

• starting point 300m upstream (Group 1)
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Figure: Initial particle distribution (horizontal plane) for
a Gaussian (upper row) and horizontal tails
(lower row).
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Three Groups of Upstream Bends
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Figure: Top view (2D) on upstream bends, starting in the arc around 1300m upstream.
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Three Groups of Upstream Bends
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Figure: Sketch of Synchrotron Radiation fans from the last upstream bends BC1L.2 and BWL.2.
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Radiation from Group I – Direct Hits
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Figure: Distribution of hits on the inner vacuum chamber wall, sorted by elements of origin. (a) from 300m, (b)
close-up of 50m upstream.

Preliminary conclusion
• 1st iteration: direct hits – first generation photons

• BC1L.2 seems not relevant

• BWL.2 exits directly towards straight section
⇒ most significant contribution to photon background
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Effects on Synchrotron Radiation Masks

Default Scenario
• 6675 hits on MSK.QC2L with ⟨ϵ⟩ ≈ 15.77 keV
• extrapolated on whole bunch: 1.54× 1010

• 1975 hits on MSK.QC1L with ⟨ϵ⟩ ≈ 26.44 keV
• extrapolated on whole bunch: 4.54× 109
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Effects on Synchrotron Radiation Masks

Horizontal Tails
• 6488 hits on MSK.QC2L with ⟨ϵ⟩ ≈ 17.75 keV
• extrapolated on whole bunch: 1.49× 1010

• 3515 hits on MSK.QC1L with ⟨ϵ⟩ ≈ 171.72 keV
• extrapolated on whole bunch: 8.08× 109

• high energy tail on MSK.QC1L
• quads QC3L.2 (≈90m) and QT1L (≈50m)
• about 2.8% scatter off MSK.QC2L back into
beam-pipe

• ⟨ϵ⟩ ≈ 115.34 keV
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Effects on Synchrotron Radiation Masks

Additional mitigation beneficial:
• reduce photon rate at SR masks
• block high energy photons far upstream
• mitigate tails
• react to changes in orbit
• every photon blocked early = one problem less

for the MDI/detector
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Figure: A collimator can reduce the background rate,
depending on its aperture setting – too tight
settings lead to background enhancement.
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Simulations III
– Mitigation of the SR Background –
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Updates on IR Geometry
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Figure: Sketch of Synchrotron Radiation fans. (a) last upstream bend. (b) collimators intercepting the radiation
fans.

Table: Beam size at certain elements downstream of BWL.2.
Need to respect the dynamic aperture requirement (injection): 15σx

Name βx [m] σx [µm] 15σx [mm] 20σx [mm]

BWL.2 333.36 697.66 10.46 13.95
QC3L.2 303.68 665.87 9.99 13.32
QT1L.2 329.07 693.14 10.40 13.86

PQC2LE.2 237.60 588.99 8.83 11.78
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Updates on IR Geometry
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Figure: Collimators integrated in the MDISim geometry.
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Far-out & Intermediate Collimator – Default Scenario
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• outer mask: reduction between ≤20σx and 15σx

• inner mask: no effect (≥15σx)
• central chamber: direct hits observed from ≤5σx
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• outer mask: no effect ≥15σx

• inner mask: no effect ≥15σx

• central chamber: no direct hits observed
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Far-out & Intermediate Collimator – Horizontal Tails
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• outer mask: reduction between 22.5σx to 15σx

• inner mask: slight reduction between 17.5σx to
15σx

• central chamber: direct hits observed from ≤15σx
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• outer mask: reduction between 25σx to 15σx

• inner mask: reduction with 18σx to 15σx

• steep rise in the photon rate <15σx

• central chamber: affected from 10mm closure
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Near Collimator – Default Scenario & Horizontal Tails
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• outer mask: broad reduction between 35σx to 15σx

• inner mask: reduction with 25σx to 15σx

• minimum at both locations (partly above 15σx)
• central chamber: affected from 10σx closure
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• outer mask: reduction between 35σx to 17σx

• inner mask: reduction with 22σx to 17σx

• central chamber: affected from ≤17σx closure
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Summary

The bottomline
• FCC-ee: large scale machine
• novel energy regime for e± collisions
• potentially serious photon background
• drives machine design and parameters
• collimation system currently studied:

• additional mitigation measure
• can relax condition in central IR
• already assuming rather ideal conditions

The Codes
• MDISim as flexible software framework
• improvements wherever needed
• useful tool for background estimates
• first collimation proposal

On the Shelf
• X-ray reflections
• higher statistics (NMC)
• enhance the geometry model (CERN Vacuum

Group)
• steps towards unification with detector

simulations

FCC-ee MDI Layout Summary 19 / 26



b1
BW

L.2

BC1L.2

BC2L.2

DRIFT_860
0

DRIFT_860
1

IP

Thank you for your attention.

FCC-ee MDI Layout Summary 20 / 26



b1
BW

L.2

BC1L.2

BC2L.2

DRIFT_860
0

DRIFT_860
1

IP

References

[1] R. Assmann, M. Lamont, and S. Myers. A brief history of the LEP collider. Nucl. Phys. Proc. Suppl., 109B:17–31, 2002. doi:
10.1016/S0920-5632(02)90005-8. [,17(2002)].

[2] R. Bailey, B. Balhan, C. Bovet, B. Goddard, N. Hilleret, J. M. Jim�nez, R. Jung, M. Placidi, M. Tavlet, and G. Von Holtey. Synchrotron Radiation Effects at LEP.
(CERN-SL-98-046-OP):3 p, Jun 1998. URL https://cds.cern.ch/record/360833.

[3] M. Benedikt, A. Blondel, O. Brunner, M. Capeans Garrido, F. Cerutti, J. Gutleber, P. Janot, J. M. Jimenez, V. Mertens, A. Milanese, K. Oide, J. A. Osborne,
T. Otto, Y. Papaphilippou, J. Poole, L. J. Tavian, and F. Zimmermann. Future Circular Collider. Technical Report CERN-ACC-2018-0057, CERN, Geneva, Dec
2018. URL https://cds.cern.ch/record/2651299. Submitted for publication to Eur. Phys. J. ST.

[4] M. Boscolo, H. Burkhardt, and M. Sullivan. Machine detector interface studies. ISSN 2469-9888. doi:
10.1103/PhysRevAccelBeams.20.011008. URL http://link.aps.org/doi/10.1103/PhysRevAccelBeams.20.011008.

[5] H. Burkhardt and M. Boscolo. Tools for Flexible Optimisation of IR Designs with Application to FCC. (CERN-ACC-2015-279):TUPTY031. 3 p, 2015. URL
https://cds.cern.ch/record/2141836.

[6] GEANT4. Geant4 - A Simulation Toolkit. URL http://geant4.web.cern.ch/.

[7] MAD Team. MAD - Methodical Accelerator Design. URL http://mad.web.cern.ch/mad/.

[8] K. Oide et al. Design of beam optics for the future circular collider. Phys. Rev. Accel. Beams, 19:111005, Nov 2016. doi:
10.1103/PhysRevAccelBeams.19.111005. URL https://link.aps.org/doi/10.1103/PhysRevAccelBeams.19.111005.

[9] ROOT. ROOT - Data Analysis Framework. URL https://root.cern.ch/.

[10] M. Sullivan. Update on the FCC-ee IR Layout, April 2016. URL https:
//indico.cern.ch/event/505685/contributions/2016962/attachments/1251831/1846172/FCC_IR_Layout_04Apr16_meeting_sullivan.pdf.

[11] G. von Holtey et al. Study of beam induced particle backgrounds at the LEP detectors. Nucl. Instrum. Meth., A403:205–246, 1998. doi:
10.1016/S0168-9002(97)01094-2.

FCC-ee MDI Layout References 21 / 26

https://cds.cern.ch/record/360833
https://cds.cern.ch/record/2651299
http://link.aps.org/doi/10.1103/PhysRevAccelBeams.20.011008
https://cds.cern.ch/record/2141836
http://geant4.web.cern.ch/
http://mad.web.cern.ch/mad/
https://link.aps.org/doi/10.1103/PhysRevAccelBeams.19.111005
https://root.cern.ch/
https://indico.cern.ch/event/505685/contributions/2016962/attachments/1251831/1846172/FCC_IR_Layout_04Apr16_meeting_sullivan.pdf
https://indico.cern.ch/event/505685/contributions/2016962/attachments/1251831/1846172/FCC_IR_Layout_04Apr16_meeting_sullivan.pdf


b1
BW

L.2

BC1L.2

BC2L.2

DRIFT_860
0

DRIFT_860
1

IP

Backup slides

FCC-ee MDI Layout References 22 / 26



b1
BW

L.2

BC1L.2

BC2L.2

DRIFT_860
0

DRIFT_860
1

IP

Synchrotron Radiation - Figures of Merit

Some Characteristics
• Energy loss/turn U0 ∝ 1

E30

E4

ρ0

• Power ⟨PSR⟩ = U0
T0

∝ 1
E30

E4

ρ0L

• countermeasure:
• size of the ring (ρ)
• restmass E0

• electron vs. proton: mp/me ≈ 1836
• opening angle θ ∝ 2/γ
• typical frequency ∝ γ3 (γ=EB/E0)

• ϵc = h̄ωc =
2
3
h̄c γ

3

ρ

• spectrum: 50% above ϵc

In practical units …
• U0[keV] = 88.46

E4 [GeV]
ρ [m]

• PSR[kW] = 88.46
E4 [GeV] I[A]

ρ [m]

• LEP (e, 45.6GeV): U0 = 126MeV, PSR = 1.06MW

• HL-LHC (p, 7 TeV): U0 = 5 keV, PSR = 2.71 kW

• FCC (e, 182.5GeV): U0 = 9.12GeV, PSR = 49.25MW

Considering FCC-ee …
• ρ = 10.76 km
• γ = EB

E0
≈ 3.57× 105 (182.5GeV)

• ϵc ≈ 556.94 keV
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X-Ray Reflection

• θin = θout

• dependent on incident angle
• Accelerator – critical angle [11]:

θc[mrad] ≈
33

Eγ [keV]
(1)

• nearly 100% reflected, ’mirror like surface’
• even photons far upstream may reach the IR with enhanced probability
• typical angle (BWL.2, 100 keV): 0.33mrad
• orbit deviations critical: 1mm/100m: µrad
• sudden background spikes; collimators indispensable (LEP, [11])
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Experience from LEP

Some experience from LEP [11, 1, 2]:
• beam energy 45.6GeV to 104.5GeV
• interaction region (IR):

• weak bends (dipole magnets)
• long straight sections

• synchrotron radiation as serious background
• ”vacuum chamber, electronics, cables & beam

instrumentation”
• some locations: beam-pipe almost melted

• carefully designed collimation system
• ≈100 movable collimators

• 45.6GeV: ϵc ≈ 68 keV (average arc dipole)

ES
.Q

S7

quadrupoles

ho
riz

on
ta

l

50

100

50

100

ve
rti

ca
l

[m
m

]
[m

m
]

CO
LH

.Q
S1

0

CO
LH

.Q
S6

CO
LH

.Q
S1

CO
LV

.Q
S5

IP

full bend
    radiation

radiation
weak bend

[m]0 100 200

1083 5QS 119641 20 7

CO
LZ

.Q
S4

ES
.Q

S4

CO
LV

.Q
S1

CO
LZ

.Q
S2

ES
.Q

S2

Figure: Example view of one LEP interaction region (IR)
[11].
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Machine Detector Interface Simulations - MDISim

MAD-X [7]
machine description
lattice, optics fct. &
beam parameters

Root [9]
GDML model from
MAD-X output

accelerator geometry

Geant4 [6]
beam particles and

synchrotron radiation
tracking & analysis

Figure: MDISim [5] combines three programs to study synchrotron radiation backgrounds.
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