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

Goal 
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. A conceptual design report will be delivered before the end of 
2018, in time for the next update of the European Strategy for Particle Physics. 

Studies on the accelerator and machine-detector interface for 2 high luminosity
interaction regions are in progress,       energy deposition studies well advanced

Here some early, highly preliminary brainstorming considerations on forward physics 
options, as seen from the machine side
Was not studied so far for FCC ---  some limited discussions in preparation of this talk 
with Hadron Collider machine team,   Daniel Schulte,  Xavier Buffat et al.

LHC Working Group on Forward Physics and Diffraction, Tue. 27/10/2015

Forward physics options at the FCC
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/448985/


CERN-ACC-2015-132   of 21/10/2015 
Baseline Parameters
100 TeV c.m.s     L = 100 km
Injection energy 3.3 TeV

Baseline,  25 ns option :
L = 5e34 cm-2s-1    leveled
∫ Ldt = 250 fb-1 per year and IP 

#bun = 10600,  1.e11 / protons per bunch
εN = 2.2 μm

Non negligible SR:
2.4 MW per beam
Ecrit 4.3 keV    (≈ SuperKEKB)

High luminosity IPs  A, G :
β* = 1.1 m,  x-ing angle ± 45.5 μrad 

IPs   H, F   not yet defined

Hadron Collider FCC-hh
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Schematic collider layout.  The straight insertions are 
shown in red and the arcs in black;
the anticipated space for the dispersion suppressors 
is indicated in green. 

Collimation 2.8 km
Extraction   1.4 km

Collimation 2.8 km
Extraction   1.4 km

http://cds.cern.ch/record/2059230


FCC, current low β IP layout
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NAME        KEYWORD     S       L      Angle    Ecrit ngamBend      rho       B     BETX    SIGX     divx     SRPower 
                        m       m                 keV                 m       T      m       mm       mrad      kW  
MBXA.4L.H1A  SBEND   164.7   12.5  0.0008982    3.219  0.5042   13916.7   11.9843 13833.6  0.7557   0.0008   0.2614
MBXA.4L.H1B  SBEND   178.7   12.5  0.0008982    3.219  0.5042   13916.7   11.9843 13425.3  0.7445   0.0008   0.2614 
MBRD.4L.H1A  SBEND   248.2     15 -0.0008982    2.682  0.5042   16700.0   -9.9869 11487.9  0.6887   0.0008   0.2178
MBRD.4L.H1B  SBEND   264.7     15 -0.0008982    2.682  0.5042   16700.0   -9.9869 11050.5  0.6754   0.0008   0.2178
MBDS.A8LA.H1 SBEND   551.5  13.47   0.001284     4.27  0.7207   10490.0   15.8992  39.014  0.0401   0.0010   0.4958

D1

D2

D1

D2

DS

DS, arc
~ scaled LHC layout

± 177.2 m common pipe
   ±  59.6 m LHC

“D1, D2” dogleg
    ± 15 cm separation
      ± 9.7 cm LHC

DS from 534 - 1085 m

LATTICE_V4/Baseline   

http://fccr.web.cern.ch/FCCr/hh/LATTICE_V4/Baseline/


Extra IPs 
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LHC   IP2, IP8   - magnet/optics very similar to high-lumi IP1 / IP5
More constraint by injection.

Extra IPs not yet studied in any detail for FCC
Potentially very interesting -- support from physics community  ( you ) essential 

Could potentially be used for an optimized lower luminosity, higher β*  forward/diffractive IR
was also considered for the SSC      ( SSC-88  9/1986, D.E. Groom et al.)

FCC :    extra IP’s  H, F
• Same 1.4 km  length as high luminosity IPs  A,G
• not constraint by injection

More dedicated lower luminosity  IR  :   
• Integration of detectors in IR layout : early planning may allow for integration of forward detectors 

in machine sections and better optimization for higher dispersion
in the dogleg :     Forward physics instrumentation, Rainer Schicker, FCC hadron detector meeting 27/07/2015
or in the dispersion suppressor  (  FP420 equivalent for FCC )

• Lower luminosity  →  less shielding and radiation
does not necessarily exclude lower β*.  Possible synergies with heavy ion mode

http://lss.fnal.gov/archive/other/ssc/ssc-88.pdf
https://indico.cern.ch/event/434709/


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-numbers, fcc_ring_v4_baseline,     roughly  2×   the LHC
L* = 46 m      (centre of 20 m long “Q1”, MQXC.1R ) 
β* = 1 m         design value of low β*
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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
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p
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2
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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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with p = ��m

p

, where m

p

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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�

✏

N

�

⇤ =

0.00056GeV

p

(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
�

✏

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 = 2.2 μm    constant in (lower energy) proton machines, determined by
injectors, similar for all proton machines.      Beams shrink when accelerated.  
Difficulty to reach a certain minimum t  (i.e. Coulomb IR) increases ~ linear at constant εN  with γ
from  β ~ 2 km at LHC  (yet to be reached)    to  ~ 14 km  at FCC   ? 

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

scaling



Caution :    Low luminosity ≠ No interference
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Beam-beam interaction
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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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LHC, separation and crossing bumps at 90 m, IR1, IR5
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Running scenarios
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Parasitic running in standard physics next to high luminosity IP, with tens of kilowatts of collision
debris will be difficult. Rather assume more dedicated lower luminosity IP.
Two scenarios sufficient  ?

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, maybe as low as ~ 0.05 μm
    β* ~ few km could be sufficient,  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

2. Moderately high β* ~ 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
    and parallel separation to operate with full number of bunches with 25 ns spacing
    Aim :   compatible with standard physics --- no need for limited special runs
    Roman pots at ~ 10 sigma ?   (after some h in physics )



Concluding remarks
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On a first brain-storming level   

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

2 extra IRs not yet studied / assigned

Could profit a lot from :

• More dedicated interaction region

• More space and flexibility

• Reduced emittance   ( significant SR/RF damping ) 

• Potentially compatible with standard operation

• Detectors in higher dispersion sections   (dogleg, DS)
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Backup
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FCC-detector   Twin Solenoid + Dipole Magnet System

We have parametrized the 
performance of  this detector 
for physics studies in the FCC 

software framework.

We have provided the B-field 
map and material description to 
the FLUKA team for radiation 

simulations.

Presented by Werner Riegler in 7-th FCC-hh MDI meeting

https://indico.cern.ch/event/447424/
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High#Energy#Hadron#(>#20#MeV)#Fluence#Rate#

16/10/15& M.I.&Besana,&FCC2MDI&mee5ng& 18&

Fluence#Rate#[Hzcm^2]#

First#layer#of#the#IB#(R#=2.5#cm)# 1010#

max#in#forward#detector# 3#1010#

max#in#barrel#muon#chambers# 8#104#

max#in#end^cap#muon#chambers# 5#106#

Hadron Fluence Inner Tracker, for a luminosity of 30*1034 cm-2s-1
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Presented by Maria Ilaria Besana in 7-th FCC-hh MDI meeting

https://indico.cern.ch/event/447424/

