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Superconducting RF 
SC magnets (8.33 T at 1.9 K) 
FODO lattice 
1232 15 m long dipoles 
“Two-in-one” magnets 
Field quality, resonances, ... 
Protons emitting synchrotron radiation 
2808 bunches à 1011 protons 
Luminosity 1034 cm-2s-1 
Beam energy: 0.45 - 7 TeV

≈
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The Large Hadron Collider

Der Large Hadron Collider

Supraleitende RF

SC Magnete (8.33 T bei 1.9 K)

FODO-Struktur

1232 15 m lange Dipole

“Zwei Magnete in einem”

Feldqualität, Resonanzen, ...

Synchrotronstrahlung

Electron-Cloud Effekt

2808 Bunche à 1011 Protonen

Luminosität ≈ 1034 cm−2s−1

Strahlenergie: 0.45 - 7 TeV
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RF



Linac 4:   160 MeV 
Booster:   1.4 GeV 
PS:           25 GeV 
SPS:       450 GeV 
LHC:           7 TeV

Reference: CERN Document Server, 
https://cds.cern.ch/record/2813716
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helium transport line
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injection kickers
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Standard operation
Standardbetrieb
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For highest beam energies  must be maximized.  
Because of technical limitations of the magnetic field of the dipoles (quenches), the field 
must be distributed  large number of dipoles, high dipole filling factor 
Adequate lattice choice: FODO structure in the arc sections 
23 FODO cells per arc (107 m length) 
Since the dipoles are very long (14.3 m), the magnets must be curved (about 2 cm 
sagitta)

∮ B ds

→
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The LHC lattice
Heavy Ions in The Large Hadron Collider

Figure 2.5.: LHC FODO-Cell, showing schematically the structure within
the arcs. The main dipoles (green) and quadrupoles (red) are equipped
with higher order correctors (sextupoles, octupoles and decapoles, or-
ange), sextupoles for chromaticity correction are shown in dark blue,
Beam Position Monitors (BPM) in light blue. For the naming convention
see Section 2.2.3. Plot taken from [40].

all possible multipole fields are present in an accelerator and higher order multipole
magnets are used for precise corrections of the particle trajectories. The main bend-
ing magnets and quadrupoles are equipped with sextupoles, octupoles and decapoles,
schematically indicted in Fig. 2.5.

2.2.3. LHC naming convention

Each element installed in the LHC tunnel has its individual identification, constructed
following a special convention. This section summarises the most relevant ideas of this
convention as used in the LHC MADX [41] sequence.

The first letter indicates the type of element (magnet, beam instrumentation device,
collimator etc.), see Table 2.1. For magnets (M) the second letter indicates its order
(bending, quadrupole, sextupole, octupole) or its duty (e.g., correction). In case of
beam instrumentation devices, the name is usually an acronym, but always starts with
the letter B. Collimators are identified by the initial letter T for “Target”.

This initial element type description is followed by a dot and the location inside
the ring, which is identified by the cell number (a cell is usually defined between two
main quardupoles) to the left (L) or right (R) of the given IP. For example, the main
quadrupole MQ.11R5, is located in the eleventh cell to the right of IP5. In case there
is more than one element of the same type within one cell, the cell number is preceded
by a counting letter (A, B, C, etc.), e.g., MB.B8L1 is second main dipole in the eighth
cell left of IP1. Even though the LHC has a two-in-one magnet design, the two beams
must be identified individually and a “.B1” or “.B2” is appended to the name.

12
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The LHC under constructionLHC im Aufbau
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LHC im Aufbau
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Supraleitende Kabel
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Superconductor filaments

Kabel, Filamente, etc.

1 mm

superconducting
strand

copper
matrix

superconducting
filament island

superconducting
NbTi filaments

75 m

L. Bottura CERN
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L. Bottura (CERN)
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Im Vergleich

O. Brüning, CERN
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Im Vergleich

O. Brüning, CERN
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SC magnets in comparison

O. Brünning (CERN)
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With a field of  and a 
current per winding of , a 
force of  acts on 
each of the 30 windings. 
This corresponds to  
5 cars/m/winding. 
For all 30 inner windings the magnet 
must therefore withstand the 
equivalent of 150 cars/m without 
deforming. 
High demands on the mechanical 
stability of the design.

B = 8.4 T
I = 11 kA

F = 92400 N/m

104

Mechanical stability
Mechanische Stabilität

O. Brüning, CERN Bei einem Feld von B =8.4 T
und einem Strom pro
Windung von I =11 kA wirkt
auf jede der 30 Windungen
eine Kraft von F =92400 N/m

Das entspricht 5 Autos / m /
Windung

Für alle 30 inneren Windung
muß der Magnet also das
Äquivalent von 150 Autos / m
aushalten, ohne sich zu
deformieren

Hoher Anspruch an die me-
chanische Stabilität der Kon-
struktion
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O. Brünning (CERN)
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Energy in the magnet system:    10 GJ (Airbus A380 at 700 km/h) 
Energy per beam:                       362 MJ (120 kg TNT or 20 kg Swiss cheese) 
In comparison:                            0.7 MJ melt 1 kg copper 
Energy in the LEP2 beam:          0.03 MJ  

 Active beam protection required (beamloss monitors, interlocks, & beam collimation)⇒

105

The LHC beam
LEP2 LHC

Momentum at flat-top (TeV/c) 0.1 7

Dipole field at flat-top (T) 0.11 8.44

Luminosity (1032 cm-2s-1) 1 100

Number of bunches 8 2808

Bunch population (1011) 4.2 1.15

Beam size (arc section) 1800/140 µm (h/v) 200-300 µm

Beam size (IP) 200/3 µm (h/v) 16 µm
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LHC machine 
protection & 
safety 

no comment…
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UPS Timing Software Interlocks
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LHC	Operation:			Machine	Protection	&	Safety	

...	no	comment	
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LHC: 100 times higher stored energy and smaller beams 
 3 orders of magnitude higher energy density!  

Controlled experiment with SPS beam: 
Beam energy:  
Beam size:  

Visible damages starting from  protons 
No problem for less than  protons 

Special beam dump required!

→

E0 = 450 GeV
σx/y = 1.1/0.6 mm

4 × 1012

2 × 1012

107

Damages by the beam

Strahlenschäden

100× höhere gespeicherte
Energie und kleine Strahlen
➜ 3 Größenordnungen in der
Energiedichte!

Spezieller Beam Dump

6 cm
8�1012 6�10124�10122�1012

V. Kain, H. Burkhardt, CERN

Kontrolliertes Experiment im SPS

➜ Strahlenergie: E0 = 450GeV

➜ Strahlgröße: σx/y = 1.1/0.6mm

➜ Klare Beschädigung bei 8 · 1012
Protonen

➜ Kein Problem bei weniger als
2 · 1012 Protonen
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The LHC beam dump
Das Beam-Dump-System

35

  R
  R

  L
  L

Beam 2

Beam 1
Beam Dump 
Block

Septum magnet 
deflecting the 
extracted beam H-V kicker 

for painting 
the beam

about 700 m

about 500 m

Fast kicker 
magnet.

Rise time ~ 3 Ps
matching the 
abort gap of 119 
bunches
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The beam dump blockDer Beam-Dump-Block

about 8 m
concrete

shielding

beam absorber 
(graphite)

about

35 cm
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Test dump of 16 bunches

in < 90 µs!!!
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The LHC interaction region 

IP1 TA
S*

Q1  Q2  Q3 D1 
(1.38 T) TA

N
* D2   Q4 

(3.8 T)
Q5 Q6 Q7

4.
5 

K 1.9 KWarm

Separation/ 
Recombination

Matching 
Quadrupoles

Inner 
Triplet

1.9 K

ATLAS 
R1

4.
5 

K

4.
5 

K

188 mm

Tertiary 
collimator

s

mini-beta optics

Q1

Q2

Q3
D1

110

β*



Institute for Beam Physics and Technology (IBPT)Bastian Härer — KSETA Topical Course: Particle Accelerators111

34 3. The High Luminosity LHC

Table 3.4. Comparison of nominal and standard HL-LHC parameters for
25 ns bunch spacing operation [50].

Parameter LHC HL-LHC

Beam energy in collision [TeV] 7 7
Particles per bunch, N [1011] 1.15 2.2
Number of bunches per beam, nb 2808 2748
Number of collisions (IP1, IP5) 2808 2736
Crossing angle (IP1, IP5) [µrad] 285 590
Minimum β∗ [m] 0.55 0.15
Normalized emittance ϵn [µm] 3.75 2.50
RMS energy spread [10−4] 1.13 1.131

RMS bunch length [cm] 7.55 7.55 2

Piwinski parameter, φ 0.65 3.14
Total loss factor without CC, R0 0.836 0.305
Total loss factor with CC, R1 – 0.829
Pile up without CCs and leveling3 27 198
Pile up with CCs and leveling – 138
Peak luminosity without CCs [1034 cm−2 s−1] 1.00 7.18
Virtual luminosity with CCs [1034 cm−2 s−1]4 – 19.54
Levelled luminosity [1034 cm−2 s−1] 1.5 5

1 Changed to 1.08× 10−4 for V6.1.0 of the HL-LHC parameters (Oct. 2016).
2 Changed to 8.1 cm for V6.1.0 of the HL-LHC parameters (Oct. 2016).
3 Calculated with an inelastic cross-section of 85 mb.
4 Lpeak R1/R0, with no limit in the event pile-up.

The baseline program for the upgrade spans over more than twenty years,
including building and scientific exploitation (see Fig. 3.9). The refurbish-
ment of the machine will be divided in two LSs. LS2 will tackle the upgrade
of the injectors, among others, and LS3 the final HL configuration.

LHC HL-LHC
Nominal
luminosity

LS1

2015 2017

RUN 2

2019

150 fb−1

LS2 RUN 3

2× nominal
luminosity
300 fb−1

2021 2023

LS3

2025 2027

RUN 4-5...

5 to 7× nominal
luminosity

2029

3000 fb−1

Figure 3.9. Roadmap to the HL-LHC.

The HL-LHC upgrade poses exceptional technical challenges and will rely on
a series of innovative technologies such as Nb3Sn magnets or the use of crab
cavities in a crab-crossing scheme, further described in the next section.
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34 3. The High Luminosity LHC

Table 3.4. Comparison of nominal and standard HL-LHC parameters for
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The HL-LHC upgrade poses exceptional technical challenges and will rely on
a series of innovative technologies such as Nb3Sn magnets or the use of crab
cavities in a crab-crossing scheme, further described in the next section.

                         Pile up

3.2. The High Luminosity LHC 45

bandwidth data transmission and radiation hard sensors [57]. The upgrade
of the experiments will be done progressively during the shutdown periods
LS2 and LS3, also called Phases I and II, that will focus first on the trigger
and detection systems and later on the inner tracker.

The pixel detectors are crucial in the reconstruction of primary and sec-
ondary vertices, so their good functioning will be key in a high pile-up envi-
ronment. In order to improve their resolution they will be placed closer to
the IP by reducing the experimental beampipe, as described in Table 3.5.

Table 3.5. The LHC experiments, their crossing plane and their changes
for HL-LHC, where the luminosity is given in cm−2 s−1 and the
inner pipe radii in mm.

Name IP Plane Design L Pile-up Beampipe

HL-LHC LHC HL-LHC LHC HL-LHC LHC

ATLAS 1 V 5× 1034 2× 1034 138 40 23.5 27
ALICE 2 V 1× 1031 1× 1031 0.06 0.02 18.2 27
CMS 5 H 5× 1034 2× 1034 138 40 21.7 27
LHCb 8 H 2× 1033 4× 1032 8 2 3.5 5

Figure 3.20. Top: a collision event from the first 2011 fill with stable
beams, showing seven pile-up vertices. Bottom: a candidate
Z boson event in the dimuon decay with 25 reconstructed ver-
tices. The image shows the high pileup environment during
Run I in 2012 when β∗ was reduced to 0.6m [58]. Around 138
vertices are expected to be produced at the HL-LHC within
a similar space.

Collision event with 7 vertices

Collision event with 25 vertices
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Bunch overlap 

 squeeze 

Crab cavities 

Combinations

β*

113

Luminosity levelling
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                         Crab cavities
68 4. Understanding Crab Cavities

Figure 4.8. A Gaussian particle bunch at the IP, with (right) and without
(left) a crab cavity kick, using HL-LHC parameters. The shape
of the RF curvature can be observed.

which can be derived with the formulas given in [96]. Applying Hamilton’s
equations we obtain

∆px ≈ −∂H
∂x

= −qV0

E
sin (φcc + ωcct) , (4.31)

which is the same kick as the one derived in Eq. 4.29. A longitudinal kick
also exists and is given by

∆pz ≈ −∂H
∂z

= −qV0

E

ωcc

c
cos
(
φcc +

ωccz

c

)
x . (4.32)
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                         Crab cavities II

46 3. The High Luminosity LHC

3.2.4 Luminosity leveling

The pile-up needs to be controlled in order to keep the data quality at an ap-
propriate level and to reduce the energy deposition from the physics debris in
the IR magnets [25, Chapter 1.2.3]. This is done through luminosity leveling,
where the pile-up events are controlled by deliberately reducing the peak lu-
minosty (see Eq. (3.14)). Luminosity leveling provides the experiments with
very stable operating conditions [59], which is achieved by compensating the
decay of the beam intensity due to proton burn-off via a parameter that
controls luminosity (e.g. β∗, crossing angle, offset at the IP).

Flat top

Time
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ta

ne
ou

s
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m
in
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ity

No leveling, L = 2× 1035 cm−2 s−1

leveling, L = 5× 1034 cm−2 s−1

Figure 3.21. Left: Luminosity profile with and without leveling [3, Chap-
ter 1]. Right: ATLAS luminosity for the fill 6311 with lumi-
nosity leveling [60].

The preferred method to level luminosity in the HL-LHC is β∗ leveling, in
which the beam size at the IP is changed through β∗ during stable beams
(see Eq. (3.2)). Other alternatives exist, such as managing pile-up with a
crab kissing scheme [61]. The right-side plot of Fig. 3.21 shows an example
of luminosity leveling in the LHC. The fill starts at high luminosity, which
is leveled with beam separation for three hours. The luminosity is then
increased by reducing the crossing angle before luminosity production starts
decaying. Crab cavities will allow extending the leveling time in the same
way, resulting in an increased production of integrated luminosity.

64 4. Understanding Crab Cavities

4.4.2 Local and global crabbing schemes

The crab cavities at KEKB were installed in a global crabbing scheme, i.e.
only one set of crab cavities exist per ring. This means that the crabbing
(or tilt of the bunch) is not compensated, so the beam oscillates as it travels
around the ring. On the other hand, a local scheme needs two sets of crab
cavities, one to rotate the bunch and one to undo the rotation, per IP and
per beam. The possibility of a global crabbing scheme was studied for the
HL-LHC [80, Section 3.2] but was rejected due to its inability to provide
crabbing for both ATLAS and CMS, where the beam collides in different
transverse planes.

1
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Figure 4.6. Left: global crabbing scheme. Right: local crabbing scheme.
The black rectangles represent the crab cavities.

A local scheme for each HL experiment implies placing the crab cavities
near each side of the correspondent IPs, where the incoming beam needs
to be crabbed and the outgoing beam uncrabbed. A set of crab cavities is
therefore needed for each beampipe. Nevertheless, the separation between
beampipes in the LHC tunnel is too small for a conventional KEKB-like
cavity. In order to solve this problem, the development of compact "TEM-
like" and "TE-like" crab cavity designs blossomed between 2009 and 2012
as described in the next Section.

4.4. Crab cavity design and schemes 65

4.4.3 Crab cavities for the HL-LHC

Due to the space limitations of the LHC tunnel the HL-LHC crab cavities
need to be compact, working at a lower resonant frequency compared to
the KEKB ones. Many conceptual designs were proposed between 2009
and 2012, as shown in Fig. 4.7, but only two of them were downselected:
the RF Dipole (RFD) and the Double Quarter Wave (DQW) crab cavities.
Both cavities are made of bulk niobium sheets welded together, cooled with
superfluid helium.

(a) Different geometries of crab cavities designed for the HL-LHC [92]. The last
two cavities are the DQW and the RFD, respectively.

(b) The RFD (left column) and DQW (right column) crab cavity prototypes for
the HL-LHC. The top row shows the electric field, while the bottom row shows
the magnetic field [93, 94].

Figure 4.7. Crab cavities for the HL-LHC.

Quelle: A. Santamaria Garcia, PhD thesis

E field

B field
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“1 TeV energy superconducting linear accelerator” 
500 GeV beam energy
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1 Overview

1.1 Introduction

There is broad agreement in the High Energy Physics community that a linear e
+
e
� col-

lider with an initial energy of Ecm =350–500GeV and a luminosity above 1033cm�2s�1

is of fundamental importance for the future development of Particle Physics; it is in
many respects complementary to the Large Hadron Collider (under construction at
CERN), and should be built as the next accelerator facility. The scientific case for a
next generation electron-positron collider with a centre-of-mass energy well beyond the
reach of the LEP storage ring (Ecm ⇡ 200GeV) is presented in part III of this report.

The feasibility of a linear collider has been demonstrated by the successful operation
of the SLAC Linear Collider (SLC). However, achieving the requirements for a next
generation linear collider is by no means an easy task; in particular, high beam powers
and very small spot sizes at the collision point are required to obtain a su�ciently
high luminosity. Over the past decade, several groups worldwide have been pursuing
di↵erent linear collider designs. The fundamental di↵erence between TESLA and other
designs is the choice of superconducting accelerating structures. The advantages of
superconducting technology (summarised below) are significant and we are convinced
that the machine performance potential is unrivaled by other concepts. The same
arguments apply in the case of the X-ray Free Electron Laser (FEL), which is an
integral part of the TESLA project. The scientific case for the FEL is presented in
part V.

A first complete conceptual design of the TESLA facility was published in 1997
[1]. In this report we present the updated design of all accelerator sub-systems, and a
summary of our experience gained at the TESLA test facility (TTF).

Figure 1.1.1: The 9-cell niobium cavity for TESLA.

© European XFEL / Option Z

Superconducting Nb cavities:  
9 cells, 1.3 GHz, 23.4 MV/mQuelle: TESLA Technical Design Report
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TESLA, X-FEL and ILC

© DESY 2017
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CLIC — Compact Linear Collider

CERN - https://cds.cern.ch/record/2297076CERN - https://cds.cern.ch/record/2655160?ln=en
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           Two-beam acceleration

30

• Demonstrated two-beam acceleration

31 MeV = 145 MV/m

Status

31

• Achieved 100 MV/m gradient in main-beam RF cavities

Status

100 MV/m accelerating gradient achieved!CLIC test facility
S. Staples — Future Collider CAS
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Linear collider 
no synchrotron radiation 
only one experiment at a time 
single use of particle bunches 

Circular colliders 
multiple experiments 
bunches can be collided multiple times 
SR radiation power increases   

Trade-off between SR power and luminosity

P ∝ γ4
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Linear vs. circular collider
FCC-ee: The Lepton Collider 285

Fig. 2. Baseline luminosities expected to be delivered (summed over all interaction points)
as a function of the centre-of-mass energy

p
s, at each of the four worldwide e+e� collider

projects: ILC (blue square), CLIC (green upward triangles), CEPC (black downward trian-
gles), and FCC-ee (red dots), drawn with a 10% safety margin. The FCC-ee performance
data are taken from this volume, the latest incarnation of the CEPC parameters is inferred
from [20], and the linear collider luminosities are taken from [15,17].

Performance

As a result of the renewed worldwide interest for e+e� physics and the pertaining
discovery potential since the observation of the Higgs boson at the LHC, the FCC is
not alone in its quest. Today four e+e� collider designs are contemplated to study
the properties of the Higgs boson and other standard model (SM) particles with an
unprecedented precision: the International Linear Collider (ILC [13]) project with a
centre-of-mass energy of 250 GeV [14,15]; the Compact Linear Collider (CLIC [16]),
whose lowest centre-of-mass energy point was reduced from 500 to 380 GeV [17]; the
Circular Electron Positron Collider (CEPC [18–20]), in a 100 km tunnel in China,
with centre-of-mass energies from 90 to 250 GeV; and the Future e+e� Circular
Collider in a new ⇠100 km tunnel at CERN (FCC-ee, formerly called TLEP [8,21]).
The baseline luminosities expected to be delivered at the ILC, CLIC, CEPC, and
FCC-ee centre-of-mass energies are illustrated in Figure 2.

The expected integrated luminosities and operation phases at each energy are
illustrated in Figure 3. The FCC-ee delivers the highest rates in a clean, well-
defined, and precisely predictable environment, at the Z pole (91 GeV), at the
WW threshold (161GeV), as a Higgs factory (240 GeV), and around the tt̄ thresh-
old (340–365 GeV), to two interaction points. Thanks to the availability of trans-
verse polarisation up to over 80 GeV beam energy, it also provides high precision
centre-of-mass energy calibration at the 100 keV level at the Z and W energies, a
unique feature of circular colliders. The FCC-ee is, therefore, genuinely best suited
to o↵er extreme statistical precision and experimental accuracy for the measure-
ments of the standard model particle properties, it opens windows to detect new
rare processes, and it furnishes opportunities to observe tiny violations of established
symmetries.

FCC-ee Design Report: Baseline luminosities expected 
to be delivered for different e+e- collider projects
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FCC — Future Circular Collider 
91 km circumference !!!

LHC

Geneva

Annecy

Mont Blanc

Salève
Annemasse

Jura
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FCC-hh (hadron collider) 
100 TeV center-of-mass energy 
discovery machine  

FCC-ee (electron positron collider) 
precision measurements 
Z, W and H boson, top quark 
91 GeV - 370 GeV cm energy 

FCC-he (electron proton collision option) 
deep inelastic scattering

123

Future Circular Collider Study
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50 TeV beam energy 
16 T Nb3SN magnets 
U0  5 MeV/turn≈

124

FCC-hh

8

100 TeV FCC-hh
Injection Injection

transfer lines proposed to be 
installed inside FCC-hh ring tunnel

Beam dump

Betatron collimationMomentum
collimation

RF• 16T CF dipoles (or 17T SF dipoles)
• Layout like LHC but with four-fold 

symmetry (up to 4 IP’s)
• Compatible with LHC or upgraded 

SPS as Injector
• Portion of transfer lines in the ring 

tunnel
• Circumference of 91.1 km
• 400.8 MHz RF 121800 harmonic

consistent with SPS & LHC and 
multiple uniform bunch spacingsVacuum tests of the beam screen prototype at KARA!!!
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FCC-hh Reference Detector
• 4T, 10m solenoid, unshielded
• Forward solenoids, unshielded
• Silicon tracker
• Barrel ECAL LAr
• Barrel HCAL Fe/Sci
• Endcap HCAL/ECAL LAr
• Forward HCAL/ECAL LAr

50m length, 20m diameter
similar to size of ATLAS

125

FCC-hh: Detector

W. Riegler: FCC Week Brussels
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Higher luminosity than linear colliders 
(below 400 GeV) 

Higher repetition rate & current 
Multiple experiments 

FCC-ee: SR power limited to 50 MW!
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FCC-ee: Luminosity vs. radiation power
FCC-ee: The Lepton Collider 285

Fig. 2. Baseline luminosities expected to be delivered (summed over all interaction points)
as a function of the centre-of-mass energy

p
s, at each of the four worldwide e+e� collider

projects: ILC (blue square), CLIC (green upward triangles), CEPC (black downward trian-
gles), and FCC-ee (red dots), drawn with a 10% safety margin. The FCC-ee performance
data are taken from this volume, the latest incarnation of the CEPC parameters is inferred
from [20], and the linear collider luminosities are taken from [15,17].

Performance

As a result of the renewed worldwide interest for e+e� physics and the pertaining
discovery potential since the observation of the Higgs boson at the LHC, the FCC is
not alone in its quest. Today four e+e� collider designs are contemplated to study
the properties of the Higgs boson and other standard model (SM) particles with an
unprecedented precision: the International Linear Collider (ILC [13]) project with a
centre-of-mass energy of 250 GeV [14,15]; the Compact Linear Collider (CLIC [16]),
whose lowest centre-of-mass energy point was reduced from 500 to 380 GeV [17]; the
Circular Electron Positron Collider (CEPC [18–20]), in a 100 km tunnel in China,
with centre-of-mass energies from 90 to 250 GeV; and the Future e+e� Circular
Collider in a new ⇠100 km tunnel at CERN (FCC-ee, formerly called TLEP [8,21]).
The baseline luminosities expected to be delivered at the ILC, CLIC, CEPC, and
FCC-ee centre-of-mass energies are illustrated in Figure 2.

The expected integrated luminosities and operation phases at each energy are
illustrated in Figure 3. The FCC-ee delivers the highest rates in a clean, well-
defined, and precisely predictable environment, at the Z pole (91 GeV), at the
WW threshold (161GeV), as a Higgs factory (240 GeV), and around the tt̄ thresh-
old (340–365 GeV), to two interaction points. Thanks to the availability of trans-
verse polarisation up to over 80 GeV beam energy, it also provides high precision
centre-of-mass energy calibration at the 100 keV level at the Z and W energies, a
unique feature of circular colliders. The FCC-ee is, therefore, genuinely best suited
to o↵er extreme statistical precision and experimental accuracy for the measure-
ments of the standard model particle properties, it opens windows to detect new
rare processes, and it furnishes opportunities to observe tiny violations of established
symmetries.

FCC-ee Design Report: Baseline luminosities expected 
to be delivered for different e+e- collider projects

Energy 
(GeV) # bunches # particles per 

bunch (1011)
Luminosity 
(1034/cm2s)

45.6 16640 1.7 460

80.0 2000 1.5 56

120.0 328 1.8 17

182.5 48 2.3 3.1
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Interaction region layout to avoid 
deflection in front of detector

127

A design dominated by synchrotron radiation

13

FCC-ee IR geometry
• FCC-ee and FCC-hh IP’s

moved to same location
to reduce IR tunnel width

• Asymmetric IR layout is 
chosen to minimize the 
incoming synchrotron 
radiation
o Photon Ecrit < 100 keV from magnets within ~500 m of IP
o Collimators and masks further protect detectors
o Optimization is ongoing as part of MDI effort

A. Ciarma

Vacuum chamber with winglets to 
place SR absorbers with great 
distance to lower impedance.

R. Kersevan
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Muon Collider

Accelerator
Ring

Muon Collider
>10TeV CoM

~10km circumference

µ-

µ+

4 GeV
Proton
Source

Target, p Decay
& µ Bunching

Channel

µ Cooling
Channel

Low Energy
µ Acceleration

µ Injector

IP 1

IP 2

Fig. 1: A conceptual scheme for the Muon Collider

fashion. The scaling of the power consumption with energy is illustrated by some tentative considerations
below.

A number of key components drive the power consumption if one extends to high energy:

– The power loss in the fast-ramping magnets of the pulsed synchrotron and their power converter.
This is being addressed by a dedicated study.

– The cryogenics system that cools the superconducting magnets in the collider ring. This depends
on the efficiency of shielding the magnets from the muon decay-induced heating.

– The cryogenics power to cool the superconducting magnets and RF cavities in the pulsed syn-
chrotron.

– The power to provide the RF for accelerating cavities in the pulsed synchrotron.

The first contribution requires a particular effort as it depends on unprecedented large-scale fast ramping
systems and the second and third contributions depends on the shielding choices. The contributions can
be estimated reliably once the design choices - such as magnet material and operating temperature, RF
system design, shielding thickness etc. - have been made.

2.3 Design Summary

The current muon collider baseline concept was developed by the Muon Accelerator Program (MAP)
collaboration [2], which conducted a focused program of technology R&D to evaluate its feasibility.
Since the end of the MAP study seminal measurements have been performed by the Muon Ionization
Cooling Experiment (MICE) collaboration, which demonstrated the principle of ionisation cooling that
is required to reach sufficient luminosity for a muon collider [1]. The MAP scheme is based on the
use of a proton beam to generate muons from pions decay and is the baseline for the collider concept
being developed by the new international collaboration. An alternative approach Low Emittance Muon
Accelerator (LEMMA), which uses positrons to produce muon pairs at threshold, has been explored at
INFN [7].

MAP developed the concept shown in Fig. 1. The proton complex produces a short, high intensity
proton pulse that hits a target and produces pions. The decay channel guides the pions and collects the
muons produced in their decay into a buncher and phase rotator system to form a muon beam. Several
cooling stages then reduce the longitudinal and transverse emittance of the beam using a sequence of
absorbers and RF cavities in a high magnetic field. A linac and two recirculating linacs accelerate the
beams to 60 GeV. One or more rings accelerate the beams to the final energy. As the beam is accelerated,
the lifetime in the lab frame increases due to relativistic time dilation so later stage accelerators have

9

Elementary particles 
High energy 
Low synchrotron radiation 

Design challenges 
Cooling of the muon beam 
Fast-ramping high-field magnets (T/ms), corresponding SRF system  
Muon decay: Dipoles must be robust to radiation, high neutrino flux, 
detector must distinguish between signal and beam-induced background



© GSI/FAIR, Zeitrausch
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Superconducting  
Fragment Separator 

Separator for 
radioactive nuclei 
Protons… Uranium

130

SIS100 
1.1 km 
30 GeV/nucleon 
Superconducting 

GSI Helmholtzzentrum für Schwerionenforschung 
Facility for Antiproton and Ion Research



construction site September 2024

magnet of the Super-FRS

© J. Hosan/GSI Helmholtzzentrum für Schwerionenforschung GmbH

© GSI/FAIR, Zeitrausch
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PETRA IVª
Upgrade of PETRA III to the Ultimate 3D X-ray Microscope 
Conceptual Design Report

Deutsches Elektronen-Synchrotron DESY
A Research Centre of the Helmholtz Association
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Figure 6.1.: Layout of the PETRA IV facility.

tigated in more detail: an option based on the

ESRF-upgrade-type hybrid 7BA cell approach

[6] as well as lattices with distributed chro-

maticity correction [7] and two types of ring

cells, suitable for the PETRA geometry where

only part of the ring is occupied by insertion

devices. A distributed chromaticity correction

approach was already chosen for PETRA III,

where the double-bend achromat (DBA) cells

in the experimental Max von Laue hall do not

have sextupoles and the chromaticity correc-

tion is done in the FODO arcs. An advantage

of this approach is that different lattice optimi-

sations can be applied for octants with undula-

tors and those without. Several options of such

non-locally correcting lattices were studied and

found to be feasible (round beam [7], double

-I-transform cells DMI [8]), but in the end, the

design constraints favoured a solution, where

a larger portion of the ring than initially fore-

seen could be equipped with insertion devices

and the possibility to even further expand the

number of insertion devices was kept open.

For these reasons, the hybrid 7BA approach

was chosen. Investigations of integrating the

reverse bend concept [9, 10] into this lattice

type showed that a noticeable but not drastic

improvement in magnet strength, emittance

and tuneability of the beta function at the inser-

tion device can be achieved. However, mainly

driven by time constraints, we decided to follow

the design through without the reverse bends

in the CDR phase and resume the implementa-

tion of the reverse bend into the lattice design

at a later stage.

The dependence of brightness on beta func-

tions in the IDs was investigated. The optimum

beta function at the centre of the ID straight

sections corresponds to approximately L/π

[11], where L is the length of the undulator,

and cannot be reached for the 5 m long IDs

in our design. The loss in brightness for the

PETRA IV 7BA design compared to an opti-

mum horizontal beta function is approx. 60 %.

At the same time, pushing the beta functions

to the optimum values requires increased fo-

cusing and comes at the price of substantially

worse non-linear dynamics. Additional spe-

cial, up to 10 m long IDs in the long straight

sections of the PETRA ring, with a better beta

function matching the optimal conditions, are

included in the design for high-end applica-

tions.

Damping wigglers reduce the emittance and

help to mitigate the effect of intra-beam scat-

tering and were therefore also considered

during the lattice design process. However,

high-field wigglers can increase the energy

spread of the beam. There is no consensus

yet on the influence of energy spread on the

performance of the ultra-low-emittance stor-

age ring [12]. PETRA IV will already require

141

PETRA IV Conceptual Design Report
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PETRA IVª
Upgrade of PETRA III to the Ultimate 3D X-ray Microscope 
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Upgrade of PETRA III 
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Accelerators | Storage Ring

Figure 6.2.: Optical functions of the hybrid multibend achromat of PETRA IV.

MBA lattice has a large momentum accep-

tance and results in an acceptable Touschek

lifetime required for lower-energy rings. The

sextupole strengths needed for chromaticity

correction are high but technically feasible.

However, for larger rings with a similar MBA

cell length, the bending magnet angles and

the amplitude of the dispersion function are

accordingly smaller. In addition, higher-energy

rings like PETRA IV need stronger gradients

compared to lower-energy ring like MAX IV.

The sextupole strengths would then become

too large with distributed sextupoles.

To reduce the problem of strong sextupoles,

ESRF has developed the hybrid multibend

achromat (HMBA) for the ESRF-EBS up-

grade [6]. It uses a seven-bend achromat with

additional space between the outer two dipole

magnets on both sides of the achromat. In this

region, three families of chromatic sextupoles

are installed. The additional space between

the outer dipoles creates two bumps of the

dispersion function. In addition, the phase ad-

vance between the two horizontally focusing

sextupoles is chosen to be ∆µx ≈ 3π (and

∆µy ≈ π in the vertical plane) to compensate

much of the non-linearities of the sextupole

magnets. Even not fully cancelling the geomet-

ric aberrations due to the interleaved scheme

with vertically focusing sextupoles in between

the arrangement of the sextupoles within the

dispersion bumps is beneficial to reduce their

strength. In addition, the HMBA lattice has a

smaller emittance compared to the MAX IV

MBA.

Achromat

For these reasons mentioned before, the

HMBA of the ESRF-EBS was chosen for

the achromat cell of PETRA IV. Compared

with the length of 26.37 m of the ESRF-EBS

achromat, the achromat length of 26.2 m of

PETRA IV is nearly equal. The dispersion in

the ID straights was matched to zero, as the ef-

fective emittance of PETRA IV is increased for

a non-zero dispersion in the ID straights when

undulators are closed. In addition, this simpli-

fies the matching to the dispersion-free long

and short straight sections. The optical func-

tions of the achromat are shown in Figure 6.2.

The parameters of the magnetic elements of

the PETRA IV achromat are described in Sec-

tion 6.3.1 in more detail.

The HMBA lattice uses a number of uncom-

mon magnets not found in third-generation

light sources [14]. The outer two magnets at

both ends are longitudinal-gradient magnets

with a variable dipole field in five steps of equal

length. The bending angle is adapted to the

dispersion function Dx(s) to minimise the con-

tribution to the dispersion invariant H(s) of

these magnets. The central part of the achro-

mat is a FODO-like structure with focusing

quadrupoles and combined function magnets

in between. The combined function magnets

have an integrated defocusing field to shift the

144

Preparing X-Rays in a Well-Defined State | Methods Enabling New Science with PETRA IV

Figure 4.3.: Brightness of PETRA IV for a storage ring current of 200 mA (blue, green and red

curves) in comparison with PETRA III (black curves) for a storage ring current of 100 mA. The

brightness is calculated using the modelling tools based on the Wigner function formalism of the

Synchrotron Radiation Workshop (SRW). For a detailed explanation, see [1].

fined in size and divergence (cf. Figure 4.2c).

Compared to present-day sources, the X-rays

will be confined to a two to three orders of mag-

nitude smaller phase space, resulting in a com-

parable increase in spectral brightness (cf. Fig-

ure 4.3) [1]. In addition, nearly the whole beam

will be laterally coherent up to about 10 keV,

which means that nearly the full beam can be

efficiently focused for microscopy applications.

For most experiments, the dramatic gain in

spectral brightness translates directly into an

improvement of the experimental conditions by

many orders of magnitude. These large fac-

tors enable many new types of experiments

and lead to significant improvements of exist-

ing techniques. The reduced emittance and

improved spectral brightness of PETRA IV will

push the following experimental fields:

X-ray Microscopy

The reduced horizontal emittance has the most

prominent impact on X-ray microscopy, allow-

ing all X-ray analytical techniques to be used

as contrast mechanism in nanoprobe exper-

iments. PETRA IV will thus be able to cover

all length scales from nanometres to millime-

tres (cf. Chapter 3) and give a holistic view on

hierarchical complex matter (cf. Section 4.2).

Dynamics in Complex Materials

The significantly increased coherent flux of

PETRA IV has a strong impact on studies fol-

lowing the dynamics of complex materials (cf.

Section 4.3). Because of the quadratic gain in

signal-to-noise ratio as a function of brightness,

huge improvements are expected for X-ray

correlation spectroscopies (cf. Section 4.3).

Other time-resolved techniques that depend

linearly on the brightness will profit as well (cf.

Section 4.2 and Section 4.3).

Energy Resolution (Spectroscopy)

Many high-resolution spectrometers select a

tiny fraction of phase space, only. The high

brightness helps to prepare a much larger frac-

tion of photons in the desired phase space

volume (cf. Section 4.4).

61

PETRA IV Conceptual Design Report
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Research with neutrons 
Neutrons are excellent for probing 
materials on a molecular level. 

ESS 
Replacing reactor technology 
High brightness neutron beams 
Created by 2 GeV protons hitting a 
spinning tungsten target

135

ESS — European Spallation Source

© ESS
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Protons are generated 
in the ion source1 The protons strike the target 

and high-energy neutrons 
are released

3
When the neutrons arrive  
at the instruments, researchers 
use them to examine matter 
down to the atomic level

5

All the data is sent to the Data 
Management and Software 
Centre in Copenhagen to be
stored, managed and analysed 
with the researchers
Each experiment could produce around a terabyte of 
data – that is around 500 hours of movies! Software 
and scientific computing experts help the researchers 
understand, visualise and interpret their results.

6
The neutrons  are slowed down 

 and sent down neutron guides to 

 the instruments
The guides are extremely stable, with highly reflective 
walls, so that as many neutrons as possible reach all 
the way to the end. Some of these neutron guides are 
up to 160 m in length!  

4

Cavities accelerate 
the protons to 96%  
of the speed of light

 
 

 
 

 

2
Electromagnetic fields accelerate the protons along the 
protons along the 602.5m linear accelerator, or Linac. 
Protons have a positive charge so large magnets called 
quadrupoles are used to keep the proton beam focussed 
all along the Linac. A new pulse of protons is generated 
14 times a second.

NEUTRON
GUIDE

The ESS target is a 2.5 metre diameter stainless steel disc containing 
bricks of tungsten – a heavy metal with many neutrons. The disc 
rotates 23.3 times per minute. The more neutrons produced in the 
target collision, the ‘brighter’ the neutron source. ESS will be one of 
the world’s brightest neutron sources.

In the scientific instruments, neutrons bounce or scatter off 
a sample, giving information such as detailed images of the 
surface of the sample or the atoms inside it. The different 
instruments are specifically designed to provide the data 
needed for the varying types of materials being studied.

How does it work?

Hydrogen is heated using microwaves, until 
it becomes a plasma. Then the electrons are 
stripped away and the protons are steered 
and focussed into the accelerator.

© ESS
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Today's accelerator technology enables us to conduct exciting and 
diverse research. 

However, accelerators tend to reach enormous sizes. 

What can we do to make them smaller and both 
construction and operation more cost effective?
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