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Future Circular Collider Study,  FCC      http://fcc.web.cern.ch        Indico / Projects / FCC

status :  good progress -   goals and timescale as planned and presented last time 

The Future Circular Collider study has an emphasis on proton-proton and electron-positron 
(lepton) high-energy frontier machines. It is exploring the potential of hadron and lepton 
circular colliders, performing an in-depth analysis of infrastructure and operation concepts and 
considering the technology research and development programs that would be required to build 
a future circular collider.  

2017 :  finalizing baseline designs FCC-hh & ee;  start preparation of FCC CDR

Studies on the accelerator and machine-detector interface for 2 high luminosity
interaction regions & detector concepts well advanced

FCC week April 2016 Rome  468 registered participants,   Phys Workshop Jan. 2017
                   May 2017 Berlin, registration open  (379 so far, collaboration still growing)

Acknowledgment :
discussion with FCC-hh design team,  Daniel Schulte,  Xavier Buffat, Michael Hofer et al.
On status using slides from M. Benedikt + F. Zimmermann, Physics workshop 1/2017

LHC Working Group on Forward Physics and Diffraction, Tue. 21/03/2017

FCC study & Forward Physics
by Helmut Burkhardt (CERN)

http://fcc.web.cern.ch
https://indico.cern.ch/category/5153/
https://indico.cern.ch/category/5901/
https://indico.cern.ch/event/438866
https://indico.cern.ch/event/550509/
https://indico.cern.ch/event/556692/
https://indico.cern.ch/category/5623/
https://indico.cern.ch/event/615051


Time scale
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Status of the FCC project, Michael Benedikt, 1st FCC Physics Workshop Jan. 2017 

http://www.apple.com/
http://indico.cern.ch/event/472105/


Time scale

2

Constr. Physics LEP

Construction PhysicsProtoDesign LHC – operation run 2

Construction PhysicsDesignHL-LHC - ongoing project

PhysicsConstructionProto

1980 1985 1990 1995 2000 2005 2010 2015 2020 2025 2030 2035

~20 years

DesignFCC – design study

Must advance fast now to be ready for the period 2035 – 2040 
Goal of phase 1: CDR by end 2018 for next update of European Strategy 

2040

Status of the FCC project, Michael Benedikt, 1st FCC Physics Workshop Jan. 2017 

http://www.apple.com/
http://indico.cern.ch/event/472105/


Progress on site investigations
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Status of the FCC project, Michael Benedikt, 1st FCC Physics Workshop Jan. 2017 
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Progress on site investigations

3

• 90 – 100 km fits geological situation well 
• LHC suitable as potential injector 
• The 97.75 km version, tangent to LHC,    

is now being studied in more detail 

Status of the FCC project, Michael Benedikt, 1st FCC Physics Workshop Jan. 2017 
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http://indico.cern.ch/event/472105/


Hadron collider parameters (pp)
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parameter FCC-hh HE-LHC* (HL) LHC
collision energy cms [TeV] 100 25 14
dipole field [T] 16 16 8.3
circumference [km] 100 27 27

beam current [A] 0.5 1.27 (1.12) 0.58

bunch intensity  [1011]  1 (0.2) 1 (0.2) 2.5 (2.2) 1.15

bunch spacing  [ns] 25 (5) 25 (5) 25 (5) 25
IP β*

x,y [m] 1.1 0.3 0.25 (0.15) 0.55

luminosity/IP [1034 cm-2s-1] 5 30 34 (5) 1
peak #events/bunch crossing 170 1020 (204) 1070 (214) (135) 27
stored energy/beam [GJ] 8.4 1.4 (0.7) 0.36

synchrotron rad. [W/m/beam] 30 4.1 (0.35) 0.18
transv. emit. damping time [h] 1.1 4.5 25.8
initial proton burn off time [h] 17.0 3.4 2.3 (15) 40

FCC accelerator parameters, Frank Zimmermann, 1st FCC Physics Workshop Jan. 2017 

compared to LHC :   3×  in size,   7×   in energy 

http://www.apple.com/
http://indico.cern.ch/event/472105/


Layout,   new Nov. 2016
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8 straight sections
6× 1.4 km    4 with collisions
2× 2.8 km    collimation & dump

L = 97.75 km
16.14 km arc length
   3.2 km short arcs
   0.4 km long DS

Baseline:
round beams

4 interaction regions

A, G    dedicated to high luminosity
            H-V crossing
            (IR1, 5 in LHC)

L, B    shared with  injection 
(~ IR1, IR8 in LHC )
here half or 700 m  for injection



FCC-hh high-lumi region, (new) detector layout
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Hall	half	length:	35m

L*=45	m

Tracking	
Ecal	
HCAL	
Magnets	and	cryostat	
Muons

Detector	half	length	23.5m Space	to	open	11.5m

Experiments	like	to	stay	at	L*=45m	to	allow	for	other	solutions	
But	high	cost	for	this

New	Nov.	2016	:	
No	dipole	any	more	
But	forward	solenoid

FCC, MDI, Werner Riegler, Daniel Schulte et al.



Injector studies
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100 km FCC  
intersecting version

current baseline is to fully re-use the existing CERN accelerator complex 
• injection energy 3.3 TeV from LHC

injector options: 

• SPS à LHC à FCC 

• SPS/SPSupgrade à FCC 

• SPS -> FCC booster à FCC SPS

FCC



IR L, B optics
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Optics / plots  :  Michael Hofer

β* = 3 m ,  collision,  top energy 50 TeV  / beam,    30 μrad crossing angle

injection, 3.3 TeV / beam,  β* = 18 m



Luminosity evolution over 24h
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phase 1: β*=1.1 m, ξtot=0.01, tta=5 h, 250 fb-1 / year 
phase 2: β*=0.3 m, ξtot=0.03, tta=4 h, 1000 fb-1 / year 

for both 
phases: 

beam current 
0.5 A, 
unchanged! 

total 
synchrotron 
radiation 
power ~5 MW.

radiation damping: τ~1 h PRST-AB 18, 101002 (2015) 

FCC accelerator parameters, Frank Zimmermann, 1st FCC Physics Workshop Jan. 2017 

Damping time ~ 1h,   shrinking beam size
potentially very useful for forward physics,     follow with Roman pots ?

http://www.apple.com/
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Some principles,    high vs low β*
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β* << L*        low beta   small beams at IP.  90º phase advance L/R and strong focusing triplet
                       high angular divergence
β* >> L*        high beta  large parallel beams, low angular divergence ~ no phase advance and focusing

LHC design numbers :
L* = 26.15 m  (centre of 6.37 m long “Q1”, MQXA.1R1 ) 
β* = 0.55 m     design value of low β* 

FCC length scale for IR,     roughly  2×   the LHC
L* = 45 m 

β* = 1.1 m      design value of low β*,  ultimate 30 cm
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LHC 2016 :  new record high β* = 2500 m

11

12.7 13.1 13.5 13.9

IP5_2500b1 6.5TeV run2

0.0

500.

1000.

1500.

2000.

2500.

3000.

3500.

4000.

-3.

-2.

-1.

0.0

1.

2.

3.
β x β y Dx

s [km]

~hbu/public/2016/IP5_2500.str  29/03/2016

 β
x ,

 β
y [

m
]

D
x,

 [m
] 

Optics well measured 
and corrected 

• injection
• ramp de-squeeze to 60 m
• 36 steps to 2.5 km

Successful physics run for
ATLAS-ALFA and TOTEM
precision measurement
proton cross-section
down to Coulomb 
interference region



Scaling,  from LHC to FCC
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between the triplet will probably fail for higher ��. Probably better to use at a concrete example, like
�� = 30m or �� = 90m.

Be careful with the range choice for matching of crossing and separation. The bumps are closed
within Q7 so end of DS left to start of DS right would be sufficient. With high ��, the optics changes
up to Q13, and the range should better be extended to Q13 or start of DS left to end of DS right to
get the initial parameters used for savebeta independent of ��.

Use crossing.madx to make a crossing angle knob for the 90m, see file IP5 beta90 2010 x5.str.
MCBX set to zero which should be a good compromise for 90 m. Added BBMARKERs around IP5
at multiples of 25 ns, printed in twiss output files like twiss_local_after_match_mcbx_0_b1.tfs .
Check as follows

cd ˜/mad/lhc ; xcodebuild -project lhc.xcodeproj -target parallel_sep -configuration Release
cd /tmp/hbu/ ; time ˜/mad/lhc/build/Release/parallel_sep -vc 3500 5 3.75 0 ˜/mad/lhc/lhc_V6_5_start.madx db/V6.5.inj.str db/HiBeta/IP5_beta90_2010.str ˜/mad/totem/90m/ip4_adjust_beta90_2010.str ˜/mad/totem/90m/IP5_beta90_2010_x5.str ; ˜/c/pawformat/LHCphases tune_*.dat; cat BetaStar_b*.out

For low ��, the crossing angle tends to give a constant separation, as both separation and beam-
size increase linearly from the IP. For high-�� with crossing angle, the beam size is constant and
the beam separation increases linearly from the IP. For �� = 90m and 142.5µrad (half) crossing
angle find ±1.770 ⌅ separation at 25 ns and ±3.531 ⌅ at 50 ns, so that 50 ns with crossing angle
could be ok. Also checked that the separation at the existing elements to D1 is more than that.
The bottleneck with high-� is really just around the IP. Checked with simple analytic estimate in
HighBetaCrossingAngle.nb.

Table 12: Upper limit on the maximum �� from the simple analytic estimate for 6 ⌅ separation at the
first parasitic crossing with 285µrad crossing angle.

Pbream ��
max in m, ��

max in m,
TeV/c for 25 ns spacing for 50 ns spacing

3.5 31 126
4.0 36 143
6.5 58 233

Numbers for 3.5 TeV, �� = 30m : ±3.07, 6.14⌅ separation at 25 and 50 ns, or just enough at
25 ns.

Numbers for 4 TeV, �� = 30m : ±3.28, 6.56⌅ separation at 25 and 50 ns.
Numbers for 4 TeV, �� = 90m : ±1.89, 3.79⌅ separation at 25 and 50 ns.
Gets better with increased energy.
Full crossing angle ⇥ = 0.285mrad. Require 6⌅ separation for the first parasitic crossing at �s.

For high ��, the beam size around the IP is approximately constant ⌅� =
�
��⇤ =

�
��⇤N/⇥. We

require
⇥�s

⌅� > 6 (16.1)

Look also in the MAD-X output for ”check how far correctors are compared to kmax” - done
however only for the parallel separation, shows that at 90 m the corrector is slightly over the allowed
strength by a factor of 1.03146 at 7 TeV and for the moment does not check the crossing angle. Check
for the crossing angle done manually, matching using crossing.madx for 90m IP5 for various MCBX
values. Using as usual fully antisymmetric MCBX1, acbxh1.r5 := -acbxh1.l5. Can get more strength
for MCBX by using MCBX2. The limit is currently rather in the MCBY at Q right or left of IP5,
see Fig. 67. At the optimum setting, would still need 160µrad which is well above the maximum
deflection 96µrad at 7 TeV, but almost ok for half of the beam energy. Maybe still possible to gain
a bit by allowing for different MCBX left and right or by involving correctors beyond Q6. Would
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Beam size at IP

Angular beam divergence

Luminosity, round beams 
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FCC :  E,  γ  increases by factor  100 / 14  = 7       in  √γ   by  2.7  

The TOTEM generator (for elastic only ?) was written by Jan Kaspar. Expert for DMPJET is
Stefan Roesler.

Kinematic limit between ⇠ and t, according to Mario Deile

⇠min =

p
t

2
+m

2
/p

2 ⇤ (t2 + 4|t|(p2 +m

2
))� |t|

2m

2

where m is the proton mass and p the incoming proton momentum. For t = 0, the limit is also 0.

4.4 Coulomb region
Coulomb interference interesting not only for normalisation. Gives access to measure also the imag-
inary part of the nuclear amplitude.

The Coulomb region can be considered to be reached at the t value for which the hadronic and
Coulomb cross section become equal. Done by numerical solving in CrossSections pp.nb using the
Goulinaos expressions used for Fig. 4. The result is tmin = �0.0010485 GeV

2 quite independent of
the momentum. This does mot agree well with the t = �6.5 ⇥ 10

�4
GeV

2 used by TOTEM and
ALFA [26] - better use their value as done further below.

The minimum reachable t with the roman pot is (from Mario Deile, LPC 28/11/2011)
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is the proton mass
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This shows a linear scaling with beam momentum. Reaching the same fixed tmin at 7 TeV in the
LHC is 26 times more difficult than at 270 GeV for UA4 at the Spp̄S. �⇤ ⇡ 1000� 2000m is similar
to the SPS. The improvement has to come from much closer roman pots (5 instead of 14 �) and 3-5
times smaller emittance and

With the numerical value for the proton mass m
p

= 0.938272046GeV, we get

2 p n

2
�

✏

N

�

⇤ = 0.00112GeV (4.11)

or
n
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(4.12)

So what we want is
n

2
�

✏

N

�

⇤ < 1.596⇥ 10

�7 at 3.5 TeV (4.13)

n

2
�
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N

�

⇤ < 1.397⇥ 10

�7 at 4.0 TeV (4.14)

n

2
�
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N

�

⇤ < 0.7982⇥ 10

�7 at 7.0 TeV (4.15)

Mario Deile in LPC 28/11/2011 uses as Coulomb = Nuclear a line at t = �6.5 ⇥ 10

�4
GeV

2

and finds that a �

⇤
= 850m is required at

p
s = 7TeV . The TOTEM TDR [27], talk locally saved

as TOTEM lpc20111128.ppt has as first t region �t < �6.5⇥ 10

�4
GeV

2 (at
p
s = 14TeV): The
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Minimum t  with RP at nσ

√γ 

γ 

γ 

Normalized emittance  γε =  εN ~ 2 μm    constant in (lower energy) proton machines, determined by
injectors, similar for all proton machines.      Beams shrink when accelerated. 

Coulomb region :       β* ~ 2.5 km  in LHC@13 TeV     --->    20 km FCC@50 TeV
LHC experience --- very high β* challenging -- but not impossible.

New FCC : damping from SR+RF significant,  opens up possibility to get significantly lower emittance
 ---  potentially very useful for dedicated runs

scaling



Reminder :    Low luminosity ≠ No interference
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Beam-beam interaction

beam1 beam2
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head-on, round beams

depends only on N / εN

not on energy  and not on β* 

Quantified by tune shift parameter  ξ 

Head on :  same beam-beam from low 
lumi high-β  as high lumi IPs 

To reduce b.b. would require to run 
separated by several σ



Principle of separation by crossing angle at higher 
β*
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Pacman bunch Pacman bunch

Head-on
collision

long-range
collisions

25 ns
7.5 m

∆x

12.5 ns
3.75 m

Low β*  ( < L*)
beam size and separation increase ∝ Δs, 

⇒ separation in units of σ  about constant around IP
all parasitic crossings adding up with similar contribution

Instead high β* :
beam size ~ constant = σ*,  separation in σ increases as  ΦΔs

where Φ is the crossing angle,    dominated by 1st parasitic crossing
100 ns bunch spacing  4×  more separated than 25 ns, used for 90m LHC

and negligible contribution from next 200, 400 ns ...
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Running scenarios  (1/2)
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Parasitic running in standard physics next to high luminosity IP, with tens of kilowatts of collision
debris will be difficult. Important to plan this before.
Consider 3 scenarios -   of which 1.+2.  best at dedicated lower luminosity IP

1. Dedicated very high β* operation for cross section measurements
    Few bunches, no crossing angle. Few dedicated runs.
    Roman pots very close (few sigma).
    Minimize beam-beam (no collisions in other IPs, moderated bunch intensities) :
    Profit from SR/RF radiation damping :   εN = 2.2 μm × exp ( - t / τ )
    where τ = 1 h.  After ~ 4 hours at reduced equilibrium emittance  ( limit 0.05 μm without IBS )
    very high β* > 10 km may not be needed
     at reduced bunch intensities,  more bunches compatible with no crossing angle to get sufficient luminosity
     to be checked and optimized  :   damping partition,  beam-beam,  bunch schemes,  IBS     
    

 Key ingredients for very high β* :
•  flexible quadrupole powering (bipolar) and large aperture
•  sufficient # ( ≳ 6 ) of independently powered quads IP to RPs
•  well separated IR, DS sections
•  getting there -  de-squeeze from β* > L*



Running scenarios  (2/2)
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2. Moderately high β* some ~ 100 m operation for forward / diffractive physics
    ( and minimum bias, proton vs / ion calibration .. )  with kind of  “ALICE+TOTEM” IR and detectors
    Design IP such that enough corrector strength and aperture available for sufficient crossing angle
    (≳ 10 σ) and parallel separation to operate with full number of bunches with 25 ns spacing

    What about :       B or L insertion optimized for forward physics such that     
    higher β* + good acceptance for diffractive    compatible with standard physics 

• no need for limited special runs,   high   ∫  L dt
• well screened and positioned roman pots at ~ 10 sigma ?   (after some h in physics )

3. Very forward detectors in very high luminosity insertions  A/G      “FP420”
    tagging of protons ( ξ in the range  0.01 - 0.10 ?  ) at full luminosity
    using (fast timing) detectors in the dispersion suppressor
    needs early planning ---  space and integration with magnet / cryo / collimation design



Goals and required machine parameters
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Goal : contribute section(s) to FCC-hh CDR
• physics motivation 
• requirements in terms of target machine parameters
• perspectives,    machine & detector

For each of the running scenarios considered, define the requirements :

• phase advance between IP and RPs
• plane  ( x, y ),     w/o crossing angle
• local dispersion between IP and RPs     ( “ξ” acceptance,  D / √ β )
• detector acceptance  ( η - ranges )
• closest approach of RPs to beam axis    nσ   and real space  (mm, w/o dead space)
• if required limits on transfer matrix     magnification ν = r1,1     eff. length L = r1,2

• ∫  L dt
• Pile-up



Concluding remarks
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Very encouraging LHC experience :

• no fundamental limit seen so far in going to very high β,   2.5 km reached in 2016

• very stable and reproducible   --  possible to de-squeeze over large range of β*

• roman pots --  possible to measure very close to beam,  already demonstrated :

     3 σ  in special runs

   15 σ compatible with standard very high luminosity operation

There appears to be very good potential for forward / diffractive physics at FCC

could profit a lot from :

• More space and flexibility

• Reduced emittance   ( significant damping ) 

• Higher β* operation potentially compatible with standard operation

• Detectors in higher dispersion sections   (dogleg, DS)


