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FCCee parameters

10

Parameter [4 IPs, 91.1 km,Trev=0.3 ms] Z WW H (ZH) ttbar

beam energy [GeV] 45 80 120 182.5
beam current [mA] 1280 135 26.7 5.0
number bunches/beam 10000 880 248 40
bunch intensity  [1011] 2.43 2.91 2.04 2.37
SR energy loss / turn [GeV] 0.0391 0.37 1.869 10.0
total RF voltage 400 / 800 MHz [GV] 0.120 / 0 1.0 / 0 2.08 / 0 2.5 / 8.8
long. damping time [turns] 1170 216 64.5 18.5
horizontal beta* [m] 0.1 0.2 0.3 1
vertical beta* [mm] 0.8 1 1 1.6
horizontal geometric emittance [nm] 0.71 2.17 0.64 1.49
vertical geom. emittance [pm] 1.42 4.34 1.29 2.98
horizontal rms IP spot size [mm] 8 21 14 39
vertical rms IP spot size [nm] 34 66 36 69
beam-beam parameter xx / xy 0.004 / 0.159 0.011 / 0.111 0.0187 / 0.129 0.093 / 0.140
rms bunch length with SR / BS [mm] 4.38 / 14.5 3.55 / 8.01 3.34 / 6.0 1.95 / 2.75
luminosity per IP [1034 cm-2s-1] 182 19.4 7.26 1.25
total integrated luminosity / year [ab-1/yr] 87 9.3 3.5 0.65
beam lifetime rad Bhabha + BS [min] 19 18 6 9

K. Oide, D. ShatilovFCC-ee Parameters

From talk “Accelerator overview” by Tor Raubenheimer presented at FCC Week 2022 
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(ADONE: H.C.Dehne, M.Preger, S.Tazzari, G.Vignola NIM 116 (1974) 345
VEPP: Blinov et al. NIM A273(1988) ) 

�SB � ln s

⇥ � m

E
� 10 µrad a LEP

~ 100 photons / bunch crossing
O(100 GeV /bunch crossing)

Luminosity measurement using single Bremsstrahlung   
Luminosity and beam angular divergence have been measured at LEP with a 
fast monitor based on the single bremsstrahlung process e+e-->e+e- g. 

Luminosity (cm-2 s-1)

Beam energy (GeV)

Rate Bhabha evts.(Hz) 10<q<20 mrad

Rate SB evts.(Hz) Eg > 500 MeV              
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Bhabha scattering (BS) 
relative rate (a.u) 10<q<20 mrad

Single Bremsstrahlung (SB) 
relative rate (a.u) Eg > 500 MeV 

Taking into 
account FCCee
parameters

FCCee range
FCCee range

FCCee range

E beam 
(GeV)

BS rate 
(Hz)

BS evts
per bunch 
crossing

45 2 106 5 10-2

80 5 104 2 10-2

120 8 103 1 10-2

182.5 6 102 5 10-3

E beam 
(GeV)

SB rate 
(MHz)

SB evts
per bunch 
crossing

45 6 105 2 104

80 6 104 2 104

120 2 104 3 104

182.5 9 103 3 104

Single Bremsstrahlung vs Bhabha scattering at FCCee

SB/BS ratio
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LEP-5 experiment (1987-1992)

5

Experimental set-up in IP-1  (no other expts at that time)

W = thin AL window, 2 × 5 cm2

2 X0 of LiH (180 cm) 
in front of the  calorimeter to 
absorb synchrotron radiation

Counting room near IP-1 
⇒ 420 m long cables

28 C. Bi ni et al . / Nucl . I nst r . andMet h. i nPhys. Res. A349 ( 1994) 27- 31
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i nt egr at i on due t o t he f i ni t e and smal l si ze of t he beam.
The l umi nosi t y measur ement i s based on t he r el at i on:

wher e
- Emeas i s t he t ot al measur ed ener gy i n a gi ven t i me

i nt er val ;
- Ebekg i s t he backgr ound measur ed ener gy ( t he mai n

cont r i but i ons come f r om beam- gas br emsst r ahl ung and
i nver se Compt on scat t er ed t her mal phot ons [ 3, 7] ) ;

- L i s t he i nt egr at ed l umi nosi t y i n t he t i me i nt er val ;
- Ai s t he geomet r i cal accept ance
- k i s t he phot on ener gy ;
- Ebeam i s t he beamener gy ;
- dr J/ dk i s t he si ngl e br emsst r ahl ung di f f er ent i al cr oss

sect i on cor r ect ed f or t he f i ni t e beamsi ze [ 6] ; and
- e( k) i s t he phot on ener gy det ect i on ef f i ci ency .

The si ngl e beamr adi at i on backgr ound E, , kg i s mea-
sur ed as a f unct i on of t i me when t he separ at or s ar e swi t ched
on i n I P- 1 ( no col l i si on condi t i on) ; t hus i t s val ue dur i ng
col l i si ons can be ext r apol at ed and subt r act ed ( see sect i on
4) .

The angul ar di st r i but i on of t he si ngl e br emsst r ahl ung
phot ons i s expect ed t o be a Gaussi an wi t h a wi dt h r el at ed
mai nl y t o t he beamdi ver gence at t he I P. By f i t t i ng t he
measur ed ener gy spat i al di st r i but i on i n t he cal or i met er
modul es one get s t he accept ance A and t he beamt r ans-
ver se si zes [ 8] .

Det ect or cal i br at i on and t est i ng car r i ed out wi t h t he
SPS ( CERN) el ect r on t est beam [ 2, 5, 9] pr ovi de t he e( k)
f unct i on .

I n or der t o obt ai n a pr eci se l umi nosi t y measur ement
one has t o go t hr ough t wo mai n st eps : ( i ) t o f i t t he Ebekg
behavi our bef or e col l i si ons and ( ü) , af t er t he backgr ound
subt r act i on, t o f i t t he shape of t he ener gy spat i al di st r i bu-
t i on i n t he cal or i met er modul es [ 2, 8] . At pr esent t hi s
pr ocess i s car r i ed out of f - l i ne, hence i t i s essent i al l y a sl ow

200
DI STANCE FROM X- i ng

3. The r eadout syst em upgr ade

m 350m

Fi g. 1 . Asket ch of LEP hal f st r ai ght sect i on f r omI P- 1 t o t he LEP- 5 det ect or . Not i ce t hat phot ons l eave t he LEP vacuumpi pe at about 300
mf r omI P- 1 .

pr ocess . For qui ck moni t or i ng one can al r eady use t he
ener gy pl ot di spl ay ( see Fi gs . 2 and 3) . Fur t her mor e even
t he exact comput at i on of l umi nosi t y coul d be i mpl ement ed
on- l i ne wi t h a mor e sophi st i cat ed pr ogr am.

The 60 PMTout put s of t he cal or i met er ar e sent t o f our
16 channel char ge i nt egr at i ng ADC modul es ( LeCr oy
430013/ 610 FERA) . As t he ADCconver si on t akes a maxi -
mumof 8. 5 Vs f or an 11- bi t sensi t i vi t y, dat a can be
pr ocessed at t he same r at e of t he LEP bunch cr ossi ng
( occur r i ng ever y 22 p, s) i f t he r eadi ng of t he ADCbuf f er
i s car r i ed out qui ckl y enough. Thi s woul d suggest t he use
of t he FERA ECL f r ont por t whi ch has a 50 ns/ wor d
speed capabi l i t y .

Bef or e t he upgr adi ng, dat a wer e r ead i nt o t he comput er
( p, VAX 3300) vi a st r ai ght CAMACcommands . The acqui -
si t i on r at e was l i mi t ed t o a f ew hundr ed her t z . The syst em
was cer t ai nl y not opt i mi zed, but no amount of opt i mi zat i on
woul d have per mi t t ed r eachi ng t he 22 ws t r ansf er t i me,
si nce t he f ast est CAMACt r ansmi ssi on t i me i s about 1 . 5
Ws/ wor d.

Even t hi s si mpl e r eadout was enough t o per f or m a
f ast er l umi nosi t y measur ement t han i n t he convent i onal
l umi nomet er s at LEP [ 1] but t he f ul l capabi l i t y of t he
met hod was not expl oi t ed. Ther ef or e a di f f er ent r eadout
scheme, r equi r i ng t he use of a speci al l y desi gned CAMAC
modul e ( FERAPROCESSOR) [ 10] t o be coupl ed wi t h each
ADC, has been empl oyed. The scheme i s t he f ol l owi ng:

- t he LEPbeami nst r ument at i on pr ovi des t wo si gnal s :
t he bunch cr ossi ng si gnal ( needed t o synchr oni ze t he ADC
gat e) and t he f i r st bunch i dent i f i er si gnal ( FBI ) ;

- t he ADC begi ns t he conver si on wi t h t he bunch
cr ossi ng si gnal ;

- t he FERAPROCESSORwai t s f or t he end of conver -
si on ( EOC) si gnal comi ng f r om t he ADC;

M. Bertino et al. NIM A315 (1992) 327

Lead scintillating fiber calorimeter
Spatial resolution ~ 1 mm @ 10-50 GeV

G. Diambrini-Palazzi, G. De Zorzi et al.
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�SB � ln s

⇥ � m

E
� 10 µrad a LEPHigh rate ⇒ multiphoton regime ⇒

measurement of integrated energy rather than
photon counts

Acceptance A from a fit to the energy space distribution
on the detector (space resolution + e.m. shower
transverse size to be taken into account) 
⇒ measurement of position and angular divergence
of beams at IP.

from 10 to 3 µrad at FCCee

Dependence of I on the effective
detection energy threshold

LEP-5 luminosity measurement: the method

I=

LEP beam 
divergence 175 µrad
(55 µrad at IP 1)
At FCCee
O(10-100 µrad)

SB photons emitted in a very narrow cone
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Beam size effect
Large impact parameter for the emission of SB
photons (it can be O(cm) ) => dependence of the total cross section 
on the finite beam transverse dimensions
At LEP SB cross section reduction of ~25%
Blinov et al. NIM A273(1988); PLB113(1982)423
See also Kotkin et al. PLB 227 (2005) 137; JINST 4 (2009) P06015

LEP

LEP

ΔΣ
Σ

E=45 GeV                      E=80 GeV

E=120 GeV                      E=182.5 GeV

FCCee the smallest 
dimension sY 
is the more 
critical

!"
"

relative variation of total cross section wrt default beam sizes



A. Di Domenico 65th ICFA Advanced Beam Dynamics (eeFACT2022), 12-15 September 2022, INFN-LNF 8

Background estimates at LEP

SR=synchrotron radiation
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FIGURE 5: Energy spectrum of scattered thennal photons evaluated in the case of LEP and LEP-200 at a pipe
temperature T == 291 0 K, for 1 rnA total electron current and over a 600 mt long straight section.
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FIGURE 6: Energy spectrum of scattered thennal photons evaluated in the case of LEP at a pipe temperature
T == 200, 291 and 400 0 K, for 1 rnA total electron current and over a 600 mt long straight section.
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FIGURE 7: The distribution of the total energy ET of the photons produced in the LEP straight section
1 measured at each bunch passing with the LEP-5 electromagnetic calorimeter. Experimental data up to
ET == 20 GeV (histogram) are compared with a Monte Carlo simulation of beam-gas bremsstrahlung (black
circles) and beam-gas bremsstrahlung plus Compton scattered thermal photons (crosses).
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FIGURE 8: Beam lifetime due to inverse Compton scattering of thermal radiation vs the minimum fractional
energy loss 1:E at which electrons leave the beam. The abscissa values are given in %.
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A.Di Domenico, Particle Accelerators 39 (1992) 137

μBG = 0.44 ;  μTP = 1.47   γ multiplicities
⇒ P ≈ 2.2 × 10-10 torr 

T ≈ 291 K

Beam Gas

Beam Gas +
Therm. Phot.

P.Gauzzi

Compton scattering of 50 GeV beam electrons on
thermal photons

After scattering:
0.07 eV photon  => up to 2.8 GeV photon

Inverse Compton scattering evaluation

Histo: data

C.Bini et al., PLB 262 (1991) 135

Beam gas bremss. and thermal photons measurement
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Separate beams for background measurement

1) Beam-gas Bremsstrahlung
2) Compton scattering of thermal photons

ADC gate = 1 μs TLEP= 22 μs

DAQ event rate before upgrade ~ 100 Hz ; after 45 kHz (see next slides)

E=aI2+bI

collisions

10

Single bremsstrahlung and background measurement

3) Synchrotron radiation
Energy deposited in the calorimeter downstream
LiH absorber from MC: SR/SB <1% 
at LEP nominal luminosity (IP even)
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Acceptance
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Each point ~ 10 min data taking
Statististical error:  1%

Lsp =
L�

i I+
i I�i

12

Luminosity measurement

C. Bini at al. NIM A306 (1991) 467

Sytematic errors:
Background and signal noise subtraction: 2% 
(420 m long signal cables - noise induced in LEP tunnel) 
Acceptance: 1.5%
SB cross-section – theory: < 1%
SB cross-section - beam sizes: 1%
Lower energy threshold (efficiency): 1%
TOTAL ~ 3.2%

Sysyt. Uncert. can be reduced to 1-2% with:
Higher luminosity, larger acceptance
Noise shielding



A. Di Domenico 65th ICFA Advanced Beam Dynamics (eeFACT2022), 12-15 September 2022, INFN-LNF

Upgrade with a new fast processor able to reach the maximum intrinsic rate and to store 
information separately for the 4 bunches
Unstable beams for collisions in IP-1 ⇒ few data collected

Collisions only for 40 s Collisions for 10 min 

13

LEP-5 DAQ upgrade
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Each point ⇒ 20 s data taking
Statistical error :  0.2%                        

Beam centered outside the window =>
increased uncertainty on acceptance
determination

Luminosity measurement per bunch

C. Bini et al. NIM A349 (1994) 27
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SB luminosity monitor at FCCee: some considerations (I)
• A SB luminosity monitor can be very fast at FCCee.
• Beam size and low energy threshold (efficiency) control required for 

cross-section determination.
• Precision of theoretical cross section calculation <~1%.

Beam size effect revised for e.g super B-factories, beam gaussian shape assumed 
Theory calculations could be further improved.

• Difficult to reach a precision of 10-3 ÷10-4 of the much slower Bhabha monitor
(see Dam, EPJ Plus (2022) 137:81)

• In case of a photon exit window at 50 m from IP, the beam spot can be few mm:
Pros: easier to get ~full acceptance, reduced systematic uncertainty
Cons: difficult to measure beam divergence and position at IP, 
mm space resolution needed, e.m. shower transverse dimension

• Huge SB+background energy flux implies a very robust and radiation hard detector
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SB luminosity monitor at FCCee: some considerations (II)
Background:
• beam gas bremsstrahlung ∝ 𝐼"

extrapolating from LEP (P~2x10-10 Torr ) beam gas/SB < 10-4 => negligible
Residual gas pressure at LEP IP-1 was exceptionally good (P~2 x 10-10 Torr )
At FCCee at Z peak P ~ 1x10-9 Torr is expected 
=> could worsen beam gas bremsstrahlung background

• Inverse Compton scattering of thermal photons
extrapolating from LEP (Temp=291 K ) ther.phot./SB < 10-4 => negligible

• Synchrothron radiation: absorber and collimator required => 
worsening of downstream detector performance => attenuation
depends also on the detector characteristics => to be studied
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SB luminosity monitor at FCCee: some considerations (III)
Background:

• Beamstrahlung (negligible at LEP) has to be taken into account 
The huge energy flux must be attenuated (at Z peak Beamstrah./SB O(103) ).
To be studied the compatibility of a SB luminosity monitor with a beam dump.

 17

Beamstrahlung radiation 
Characterisation

Total Power [kW] Mean Energy [MeV]

Z 370 1.7

WW 236 7.2

ZH 147 22.9

Top 77 62.3

Beamstrahlung is a dominant process for the lifetime at 
FCCee due to the small beam size and high population.

Υ ∼ 5
6

r2
e γNe

ασz(σx + σy)

< Eγ > ∼ E × 0.462Υ

nγ ∼ 2.54 [ α2σz

reγ
Υ] 1

[1 + Υ2/3]1/2

The photons are emitted collinear to the beam with an 
angle proportional to the beam-beam kick. This 
radiation is extremely intense O(100kW) and hits the 
beam pipe at the end of the first downstream dipole.


These studies were performed using GuineaPig++.IP γ

e−

Andrea CiarmaFCC Week 2022 - Paris - 02/06/2022 Beamstrahlung Radiation

4IP beam parameters
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SB luminosity monitor at FCCee: some considerations (III)

 23

Beam dump for 
Beamstrahlung photons
Due to the very high power   it is necessary to 
have a beam dump for the beamstrahlung photons.


Several constraints like the long extraction line window, the 
distance of the dump from the beam pipe, and the 
placement into the cavern are all currently under study 

(see talk by M. Calviani 02/06).


Also the possibility to have an instrumented beam dump to 
measure properties of the colliding beams at the IP is under 
investigation.

O(100kW)

1m from  
e- beam

Andrea CiarmaFCC Week 2022 - Paris - 02/06/2022 Beamstrahlung Radiation

Background:
• Beamstrahlung (negligible at LEP) has to be taken into account 

The huge energy flux must be attenuated (at Z peak Beamstrah./SB O(103) ). 
To be studied the compatibility of a SB luminosity monitor with a beam dump.
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SPARE SLIDES
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7

Basic Design Choices
Double ring e+e- collider

Common footprint with FCC-hh,                               
except around IPs

Asymmetric IR layout and optics to limit 
synchrotron radiation towards the detector 

Perfect 4-fold superperiodicity allowing 2 or 
4 IPs; large horizontal crossing angle 30 mrad, 
crab-waist collision optics

Synchrotron radiation power 50 MW/beam
at all beam energies

Top-up injection scheme for high luminosity 
Requires booster synchrotron in collider 
tunnel K. Oide, J. Gutleber

FCCee basic design choices
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Beamstrahlung radiation 
Characterisation

Total Power [kW] Mean Energy [MeV]

Z 370 1.7

WW 236 7.2

ZH 147 22.9

Top 77 62.3

Beamstrahlung is a dominant process for the lifetime at 
FCCee due to the small beam size and high population.

Υ ∼ 5
6

r2
e γNe

ασz(σx + σy)

< Eγ > ∼ E × 0.462Υ

nγ ∼ 2.54 [ α2σz

reγ
Υ] 1

[1 + Υ2/3]1/2

The photons are emitted collinear to the beam with an 
angle proportional to the beam-beam kick. This 
radiation is extremely intense O(100kW) and hits the 
beam pipe at the end of the first downstream dipole.


These studies were performed using GuineaPig++.IP γ

e−

Andrea CiarmaFCC Week 2022 - Paris - 02/06/2022 Beamstrahlung Radiation

4IP beam parameters
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 18

Z 91.8 49.2 84.3 42.1 4.59 2.46

WW 110 73.0 103.4 65.7 5.50 3.65

ZH 51.7 41.3 46.2 35.9 2.58 2.06

Top 44.6 50.3 38.6 43.2 2.23 2.51

σpx(γ) [μrad ] σpx(e−) [μrad ] σpy(e−) [μrad ]σpy(γ) [μrad ]

Photons are emitted in a very narrow cone   in the direction of the particle which produced them.

As the beam divergence is  , the transverse spot size at few hundred meters from the IP 
will remain in the order of  

( ∝ 1/γ )
O(10 ∼ 100μrad)

O(cm2)

σx(γ) [mm]@50m σy(γ) [mm]@50m

@Z

Andrea CiarmaFCC Week 2022 - Paris - 02/06/2022 Beamstrahlung Radiation
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 23

Beam dump for 
Beamstrahlung photons
Due to the very high power   it is necessary to 
have a beam dump for the beamstrahlung photons.


Several constraints like the long extraction line window, the 
distance of the dump from the beam pipe, and the 
placement into the cavern are all currently under study 

(see talk by M. Calviani 02/06).


Also the possibility to have an instrumented beam dump to 
measure properties of the colliding beams at the IP is under 
investigation.

O(100kW)

1m from  
e- beam

Andrea CiarmaFCC Week 2022 - Paris - 02/06/2022 Beamstrahlung Radiation
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FCCee parameters (CDR)FCC-ee: The Lepton Collider 283

Table 1. Machine parameters of the FCC-ee for di↵erent beam energies.

Z WW ZH tt
Circumference (km) 97.756
Bending radius (km) 10.760
Free length to IP l⇤ (m) 2.2
Solenoid field at IP (T) 2.0
Full crossing angle at IP ✓

(mrad)
30

SR power/beam (MW) 50
Beam energy (GeV) 45.6 80 120 175 182.5
Beam current (mA) 1390 147 29 6.4 5.4
Bunches/beam 16 640 2000 328 59 48
Average bunch spacing
(ns)

19.6 163 994 2763 3396

Bunch population (1011) 1.7 1.5 1.8 2.2 2.3
Horizontal emittance "x

(nm)
0.27 0.84 0.63 1.34 1.46

Vertical emittance "y (pm) 1.0 1.7 1.3 2.7 2.9
Horizontal �

⇤
x (m) 0.15 0.2 0.3 1.0

Vertical �
⇤
y (mm) 0.8 1.0 1.0 1.6

Energy spread (SR/BS) ��

(%)
0.038/0.132 0.066/0.131 0.099/0.165 0.144/0.186 0.150/0.192

Bunch length (SR/BS) �z

(mm)
3.5/12.1 3.0/6.0 3.15/5.3 2.01/2.62 1.97/2.54

Piwinski angle (SR/BS) � 8.2/28.5 3.5/7.0 3.4/5.8 0.8/1.1 0.8/1.0
Energy loss/turn (GeV) 0.036 0.34 1.72 7.8 9.2
RF frequency (MHz) 400 400/800
RF voltage (GV) 0.1 0.75 2.0 4.0/5.4 4.0/6.9
Longitudinal damping
time (turns)

1273 236 70.3 23.1 20.4

Energy acceptance (DA)
(%)

±1.3 ±1.3 ±1.7 -2.8 +2.4

Polarisation time tp (min) 15000 900 120 18.0 14.6
Luminosity/IP
(1034/cm2s)

230 28 8.5 1.8 1.55

Beam-beam ⇠x/⇠y 0.004/0.133 0.010/0.113 0.016/0.118 0.097/0.128 0.099/0.126
Beam lifetime by
rad. Bhabha scattering
(min)

68 59 38 40 39

Actual lifetime incl. beam-
strahlung (min)

>200 >200 18 24 18

Notes. For tt̄ operation a common RF system is used.

Accelerator

The FCC-ee accelerator design provides a high luminosity at each of many di↵erent
collision energies, between 88 and 365 GeV, while satisfying several stringent con-
straints. Apart from a ±1.2 km-long section around each interaction point (IP), the
machine follows the layout of the 97.75 km circumference hadron collider [9]. The
present design houses two interaction points. The synchrotron radiation power is
limited to 50MW per beam at all energies.


