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FCC: an introduction

CERN is planning its future at the energy frontier after the completion of the LHC

program.

((Fco) Future Circular Collider Study

FCC - Physics ~ Accelerators ¥ Society  ~ Opportunities =

Following 2013 recommendations
of the Council on European Strat-
egy for Particle Physics, CERN e

h as |a un Ched a 5 yea rs | nterna- CERN is undertaking an integral design study for post-LHC

particle accelerator options in a global context. The Future
Circular Collider (FCC) study has an emphasis on proton-

tiO n a I d ESign St U dy for a FU t U re proton and electron-positron (lepton) high-energy frontier

machines. It is exploring the potential of hadron and lepton
C i rC u |a r COI | id e r ( FC C) 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

Press Releases

Particle Physics.
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A pp circular collider with a center of mass energy of about 100 TeV is believed to have

the necessary discovery potential.

(N. Arkani-Hamed, Geneva 2014 Kick-off meeting)

The c.m. energy reachable by re-placing LHC dipoles
Wlth 20 T dlp0|es IS 33 TeV First studies on a new 80 km E

tunnel in the Geneva area
=42 TeV  with 8.3 Tusing

FOI’ ].OO TeV a neW tunn6| |S needed present LHC dipoles

“80TeV with16T based

It could first host a e* collider. on NbySn dipoles
Further options: ions, ep collider. ot ikl
Site: Geneva, it would use existing accelerators

[;..u.. i Toa O Pontney
T Puturw Coentar Coteter K. of st - Garen 129 Pabaey 2074

as injectors and exploit existing technical and ad- (F. Bordry, Kick-off meeting)

ministrative infrastructures.



http://www.mechanik.tu-darmstadt.de

The Standard Model has successfully described the observed phenomena for over 40
years. However it does not have space for some phenomena as neutrinos mass or for
dark matter and dark energy which existence has been postulated for explaining recent

observations.

The physics case for a e* :

e Energy Upgrade: from 45 GeV to 175 GeV beam energy
e Large luminosity

e Precise energy knowledge of the c.m. energy through resonant depolarization

allow for precise measurements and thus for discovery of new physics. Complimentary

and synergetic to the pp-collider.
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The timetable

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

Physics LHC

Construction Physics HL-LHC

< 20 years >
FCC m Construction Physics

Now is the time to plan for the period 2035 - 2040

Future Circular Collider Study
Michael Benedikt
2nd FCC Week, Rome, April 2018

First milestone: Conceptual Design Report by end 2018!
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lepton collider parameters

Physics working point
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Future Circular Collider Study
Michael Benedikt
2rd FCC Week, Rome, April 2016

identical FCC-ee baseline optics for all energies

FCC-ee: 2 separate rings

CEPC, LEP: single beam pipe
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Schematic FCC layout
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K. Oide et al, PRAB 19, 111005 (2016)
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Civil engineering
e Cooperation with Swiss and French geolog-
ical national institutions to set up a 3D
model of the Geneva ground.

e Cooperation with commercial providers to

develop a unique Building Information Mod-
eling (BIM) Tunnel Optimisation Tool
(TOT), to be used for optimizing depth and

site of the tunnel. J. Osborne
FCC Infr.&Operation Meet.

— First spin-off: ILC tunnel optimisation in
Oct 1, 2014

KEK (Japan)
e Lifts and cranes for up to 400 m deep shaft...

e Removal of 10 000 000 m3 of debris...

Plenty of technical challenges but no show stoppers so far!
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The Reference System

projection of s
onto (Z.X)-plane intersection of

{x,y) and (Z,X)-planes

Figure 1: Mad Reference System

From B. Goddard et al., LHC Project Report 719

The coordinates {x,y} used by accelerator physicists are the beam position wrt the

design orbit at a given longitudinal position, s, along that orbit.
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Collider Luminosity

Luminosity is one measure of the potential of a collider. It is defined as the counting

rate for a process of unit cross section.
The rate of events for any other process is therefore R = L X o

For gaussian beams colliding head-on it is

N1N2 —1 —92
L = nbf're'v [t] [e]

4 A
with

N; 2 = # of particles/bunch in beam 1 and 2 ny, = # of colliding bunches

frew = revolution frequency A=mo,0o,
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Beam Emittance

The size of a beam in a given point of an accelerator depends on the beam emittance,

€, and on the value of the 3 and dispersion functions at that point

o, = \/ez/Bz + {Dz(A

The emittance is the area in 6D phase space
occupied by the beam. This area is preserved in
a system described by a Hamiltonian. If the 3

degrees of freedom are uncoupled, the invariance
applies to each of the 3 planes separately.

The emittance may depend on the “beam history”.
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The dispersion, D, (s), describes the dependence of the particle orbit upon its energy.

It originates from the bending magnets.
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In a ring where particles radiate in the bending magnets, as it is for relativistic eT, the
beam has no memory and the equilibrium emittance is the result of two counteracting

processes: excitation, due to photon emission, and RF damping.

Horizontal equilibrium emittance
Zs
€x = Uy
Ja:I2

B.D? + 20, D, D, + v, D?

1
1'2 — j{ds — I5 — ds
p? |p|?

In a “flat” designed machine dipoles are lying on a plane, namely the horizontal one,
where the design orbit lyes. In such a machine nominally it is D,(s)=0: vertical
emittance originates only from the cone of photon emission, which sets the lower limit

for €,, negligibly small, especially for large rings.
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In a real machine however vertical emittance originates from

e magnet misalignments
vertical displacement of quadrupoles
roll of horizontal bending magnets

roll of quadrupoles

* through D, if D, #0 at the quadrupole
x through betatron motion coupling

vertical misalignment of sextupoles (used for correcting chromatic effects)
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FCC-e™ design relies on ultra-flat beams (from http://tlep.web.cern.ch/)

Z WW H it
Beam energy [GeV] 45.6 80 120 175
€, [nm] 0.2 009 026 061 1.3
€y [pm] 1 1 1 1.2 25
B* [m] 05 1 1 11
B2 [mm] 10 2 2 2 2
o’ [pum] 10 95 16 25 36
o [nm] 32 45 45 49 70
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B-function in a “drift” (magnet free) region

B:(s) = B:(0) — 2c.(0)s + 7z(0)32

1dg3, 1+ a?
2 ds == 3.

(8 2>
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FCC-ee IP (B;=2 mm)

- = P

K. Oide et al,
PRAB 19, 111005 (2016)
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A £2.2 m long drift is provided for the experiment solenoid and anti-solenoids.
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Effect of quadrupoles mis-alignment on closed orbit

Orbit sensitivity to quadrupole misalignments

< Zoms S>= F 2%

r1Mms

< =T,y

1 N
F < B, > EZ—Q Z,1 k{ 7,2
2+/2] sinﬂ'Qz|\/ & \/ =1 P=i(k6)

and Q. = f3/frev (betatron tune)

BZ: 1 mm
~> 3, ~9.8 km at QCIR
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With frac(Q,)=0.2 for FCC-ee it is *

F < Ypms > (mm)
for yQ =200 pum

all quads 613 123
w/o IPs doublets(*) 141 28

(*) QCIR, QC2R, QCIL,QC2L

Huge effect of vertical misalignments on orbit due to
e large number of quadrupoles

e large contribution of doublet quadrupoles

2In the following the focus will be on vertical mis-alignments which are the most important
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Effect of quadrupoles mis-alignment on dispersion

Non vanishing vertical closed orbit at quadrupoles introduces radial magnetic fields,
B, = Ky.,, and thus vertical dispersion

d2Dy
ds?

(&
+ K(s)D, = —-B,
p

v By(8)

D,(s) =
v(8) 2sinmw@Q,

\/BU(EL) cos (wQy — |y (s) — )yl

The vertical emittance may become no more negligible!
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The FCC-ee orbit problem

“Tricks" needed for introducing misalignments errors in the simulation (!):

e Move tunes away from integer ( “injection” tunes)
— gz 0.1 — 0.2
— gy 0.2 — 0.3

e Switch sextupoles off

e Add errors to “arc” quads in steps of 5-10 pum (!) and correct by each step with
large number (some hundreds) correctors

e Add errors to each doublet quadrupole in steps of 1 pum (!!) and correct with close
by correctors

In the process for each quadrupole the misalignment increment A§?: is kept

constant so that at the end it is dy%

= =200 pm (or whatever realistic number).

A lengthy procedure not feasible in a real machine. In practice: use “relaxed” optics

and one-turn steering through correction dipoles for establishing a closed orbit.
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But for many seeds machine became unstable when sextupoles were turned on at the

very end!

An example.
Sextupoles off/on but at 45% for =

~
3

getting a stable machine:

vertical orbit is almost unchanged

by the sextupoles.
s(km)

Explanation of the “mystery”: The phase advance between the sextupoles around the
IPs being 180° and their strengths having opposite signs, they produce a coupling wave
when the beam offset at those sextupoles are anti-symmetric wrt IP. Indeed moving the
betatron tunes closer the sextupole strengths must be further reduced to get a stable

machine.

~> The vertical beam position at those sextupoles must be < 100 gem.
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Beam vertical emittance: one more threat

The roll angle of the quadrupoles around the longitudinal direction introduces coupling

between the horizontal and vertical motion

e transfer of the (large) horizontal emittance into the vertical. It can be described by

coupling functions, w*. which for a single source at sgp;, write

Csk:q
wy () = ——=
4sin TQ+
with Q+ = Q. £+ Q,, and Kok

e—iQi [s—Sskqg—Tsign(s—sskq)]/R

e (8Bw 0B,
| p\ Ox oy

5 14
i = 5 IB:B/By

)‘ei(@w:tcby)

e generation of vertical dispersion if D, #0 at the tilted quad

1
AD,(s) = D3, /Bskay () cos (wQy — Iy — 1)) (KA) sk

27 sin wQ,,
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Counter-measures

Closed orbit and vertical dispersion are measured by the BPMs.

Coupling functions may be measured by BPMs with Turn-by-Turn capability.

Remedies to misalignments

e Accurate closed orbit correction. For FCCee simulations here presented:?
— one BPM and a CV next to each IR quadrupole

— one BPM and one CV close to each vertical focusing quad in the arcs
e Dedicated dispersion and betatron coupling correction through skew quadrupoles.

Well calibrated BPMs are cruciall

2quads vertical mis-alignments and roll angle only

ifm - <YYo X XX Xi XoXP,



http://www.mechanik.tu-darmstadt.de

Some results?
oyd =200pm (“conservative”)

rms

0.25 mrad quadrupole roll angle ( “conservative” )

1086 BPMs w/o errors
orbit corrected with 1086 CVs down to ¥,.4,s=0.05 mm

coupling/dispersion correction with 289 skew quadrupoles

Coupling functions at BPMs

0.1

O[W+]-err O[wW-]-err

O[W+]-err O[w-]-err
O[W+]-corr 1 . O[W-]-corr
O[W+]-corr

_ ‘ J | D[W-{m‘g\)rr ‘
" "w’ ‘M-uwr‘r‘l'l‘h'w."mwrﬁ'«\l,\"‘,,AH,\«J‘,W,\M-»&‘{M‘Nt“/’u’ .\L‘JM‘\‘/‘“‘i‘w‘-\’q,ﬂ‘h\‘m‘#ﬂt.T,w‘M»M Ml w\r‘s'»‘l,\'v»,w,\m,‘m\‘,W,lx&wm“w

2nb: in the following horizontal misalignments and BPMs errors have been not included.
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Vertical dispersion

0.6

with errors
corrected
0.4

0.2
oW

-0.2

0.4

-0.6 : : :
0 25 50 75
s[km]

Effect on emittance at 45 GeV (MAD-X)

€z (pm) €, (pm) ratio
design goal 90 1 0.011
before orbit correction - . _

after orbit correction 88.1 8.4 0.095

+ coupling/dispersion correction 88.6 0.9 0.010
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80 GeV

iteration#£ €, (pm)
design goal - 260
unperturbed 279
after orbit correction 270.6
+coupling/dispersion correction 279.5
280.5
280.2

Extrapolating at higher energy:

Energy (GeV) €, (pm) €, goal (pm)
120 1.8 1.2
175 3.8 2.5

Better alignment is required: a 20% alignment improvement would do it!
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Polarization

FCC-ee relies on resonant de-polarization for accurate (better than 100 KeV) beam

energy calibration at 45 and 80 GeV beam energy.

Beam polarization is obtained “for free” through Sokolov-Ternov effect. However the

effect is in practice restricted to a limited range of values of machine size and beam

energy because

e of the build-up rate

. 5VBr.th [ ds _
T = ~ 250 h for FCC-ee at 45 GeV ~~ wigglers

. 8 moC J |p|°

e it is jeopardized by machine imperfections (spin/orbital motion resonances) which

affects the reachable level of polarization in particular at high energy.

ifm = <YYo X XX Xi XoXP,


http://www.mechanik.tu-darmstadt.de

Importance of quads mis-alignment
Resonances are awakened by imperfections! In a perfect ring P,,=92% at all energies!

Question: how perfect the ring must be for keeping resonances “sleeping’”?
An example for a (much) simplified FCC-ee at 45 GeV ( “toy ring”):

SITROS: Polarization in presence of vertical misalignments w/o wigglers

(no corrections!)

B+:U, 55‘):10 MM, Yrima 0.4 mm B+:D. 55:50 UM, Yrma 2 mm
SITROS SITROS
100 ——— 71— T 100

80 |
60 f
40 |

)

A T
20 r NonLinear
0 errorbars -

102 102.2 102.4 102.6 102.8 103 102 102.2 102.4 102.6 102.8 103
A*GAMMA A*GAMMA

20 I NonLinear
0 errorbars

2
=
Q
|_
<
N
C
<
_
o]
o

POLARIZATION [%)]

1 J |

Vspin = QYrel a ~ 0.00116 for e*
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Importance of doublet quads mis-alignment
e oyd =200pum

rms

e 1086 BPMs w/o errors

e orbit corrected with 1086 CVs
— Yrms—=0.049 mm

— no dnyg correction

FCCee, 5ﬂ0,rm320.4 mrad Toy ring, 6ﬁ0,rms:0-3 mrad

Oide optics with Q,=0.1, Qy=0.2, Q.,=0.1

TN TR

<

N

Polarization [%]
Polarization [%]

Linear | | | | Linear
SITROS : . : SITROS
Yo

~7 ~%7
2 &
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Importance of beam energy for an imperfect machine

Same error realization as at 45 GeV

oyl =200pm

rms

1086 BPMs w/o errors

orbit corrected with 1086 CVs
— Yrms=0.049 mm

— no dnyg correction

FCCee, 0710, rms=0.4 mrad

Oide optics with Q,=0.1, Qy:O.Z, Q.,=0.1

e .
YN
\ [

Polarization [%]

Linear
SITROS

<o

FCCee, 010,rms=2 mrad

Oide optics with Q,=0.1, Qy:O.Z, Q.,=0.1

Linear
SITROS

Polarization [%]
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But if we can reduce the alignment errors...

dxd = 10um 0x® = 2um

rms rms

~ 0T, rms=0.1 mrad ~ 0T, rms= 0.02 mrad

Oide optics with Q,=0.1, Q,=0.2, Q4=0.05 Oide optics with Q,=0.1, Qy=0.2, Qs=0.05

e

g%%-«g’j fijl’\ﬁfj At P,

¥owd

o
S,
c
k)
e
©
N
=
<
(@]
o

Polarization [%]

Linear

Linear
SITRO‘S new

SITROSnew ——
o o %o o %o < %o o
T %, R, Y, %, % > %,

ary
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Conclusions
The results here presented are preliminary

e The simulation must be improved: possibility of link-

ing quadrupole and close-by-BPM offsets
BPMs calibration errors must be included
BPMs availability

Further sources of errors must be added: horizontal

quadrupole displacements, bending magnet roll,

sextupoles misalignments....

Tolerances will become tighter when all is taken into account...
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Although | did not mention other crucial beam dynamics issues which strongly impact
the whole project and the IR design (beam-beam effects, beamstrahlung, chromatic
correction, synchrotron radiation..) it is clear that FCC-ee is a quite challenging project
and that a machine alignment at nano-meter and nano-radians level and well calibrated
BPMs would be of great help for

e bringing the machine into operation
e reaching required machine performance

e making possible polarization also at high energy.
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The Washington FCC week (2015) included a supportive opening address by congress-
man G. W. Foster

“..never be shy in standing up for the
unique nature of your field and never

be afraid of big numbers.”

(from CERN Courier, May 2015)

We can add
“..and never be afraid of small numbers!”

THANKS FOR YOUR ATTENTION!
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