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Dove ci eravamo lasciati …



Programma per gli insegnanti italiani 2017

2

Silvia Miozzi e Antonella Del Rosso
ovvero “le due tigri del Bengala” ©

( Sergio Bertolucci)

Ce n’e’una terza , che vi avrà detto :”Chiedete a Simone…”



The “law” for today : right hand rule

https://www.khanacademy.org
F (t) = q

!

E(t) + v(t) ⊗ B(t)
"

https://www.khanacademy.org






Cosa faremo nel futuro?

Ovvero, supponiamo per assurdo di essere nel più grande 
laboratorio di fisica delle alte energie del mondo, e di dover 
presentare tra due anni all’Europa i nostri possibili programmi 
futuri per gli acceleratori ….

Dimentichiamoci per un attimo quanto costa…

Working hypothesis: budget disponibile ~ 30 BEur
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e quando lo faremo … 174 CHAPTER 10. ACCELERATOR SCIENCE AND TECHNOLOGY

Fig. 10.4: A relative time-line expected for realizing future lepton and hadron colliders (from
A. Yamamoto, presented at the Open Symposium in Granada, and updated based on the discus-
sion that followed).

collision of the beams in a circular facility, permitting a much lower integrated RF voltage per
turn and efficient use of the beams for luminosity production. A muon collider promises a linear
increase of the luminosity per unit beam power with increasing collision energy, in contrast to an
LC where it is independent of the collision energy. A circular collider also allows the possibility
of multiple collision points, thereby mitigating the large AC power consumption at very high
energies. In addition, the luminosity spectrum could be substantially better than for an e+e�

LC due to the strongly reduced beamstrahlung and initial-state radiation.
Two main muon collider concepts have been proposed: in one the muons are generated

using protons (MAP) [655,656] in the other using positrons (LEMMA) [657,658]. The proton-
driven scheme was the object of a well-supported study, mainly in the US, but the effort was
suspended about five years ago. The recently proposed positron-driven scheme is being studied
with a limited effort mainly at INFN. Since no organised collaboration exists for muon col-
liders, a review group has been charged to assess their perspectives and status. This review is
based on the material made available by the MAP and LEMMA studies and on some additional
calculations. Figure 10.7 shows the dependence of the luminosity per unit beam power for the
proton-based muon collider in comparison with e+e� colliders.

The proton-driven scheme is based on classical muon production via pion decay. The
study has addressed the global collider parameters and several key technical issues, such as
cooling of the muon beams at different stages, fast-ramping magnets and RF cavities in a high
magnetic field. Although it has not reached the level of a CDR, it is sufficiently complete to
give confidence in the collider parameters. In the positron-driven scheme, 45 GeV positrons
impinging on electrons at rest in a target produce muon pairs close to the reaction threshold,
hence with a very low emittance. Two issues in the original LEMMA study have recently been
identified that potentially reduce the luminosity by orders of magnitude. The LEMMA team is
performing a redesign of the collider concept but it is too early to assess the results.

The decays of the accelerated muons drive critical issues:

– At the collision points, the decay electrons induce a large background of electrons and
photons. A first simulation study with realistic conditions indicates that this background

Uno degli scopi di questi giorni : capire questa tabella



10.2. TECHNOLOGIES FOR ELECTROWEAK SECTOR 165

SC RF for the ILC (see below). Based on these technologies several high-energy linacs have
been built to serve as X-ray FELs (SwissFEL, EU-XFEL, LCLS) and significant experience
has been gained in beam tuning/focusing at test facilities (FACET, ATF/ATF2), demonstrating
‘nanobeam’ feasibility for a future LC. ATF2 has achieved the scaled ILC vertical spot size of
⇠ 40 nm, albeit with a relaxed optics and at roughly 1/10 of the design bunch charge; the charge
was reduced to mitigate wakefield effects.

The world record for positron production rates is still held by the SLC positron source.
LCs require much higher positron production rates than SLC (CLIC about 20 times more,
ILC baseline about 40 times, ILC upgrade about 160 times). The CLIC design incorporates
a conventional positron source while the ILC baseline (for polarised positrons) passes the high-
energy electron beam through a ⇠200 m long undulator, generating photons that hit a rapidly
rotating target to produce e+e� pairs.

10.2 Technologies for electroweak sector
e+e� Higgs factories
The Higgs production process in e+e� colliders peaks at different energies according to the
different channels, as shown in the chapter on Electroweak Physics (see Fig. 3.3). We call here
Higgs factories the e+e� colliders with c.m. energies optimized for the maximum corresponding
physics reach.

One can be confident that the energy goal can be reached for all the considered config-
urations. Any remaining design issues can be mitigated during the project preparation phase.
LEP operated at centre-of-mass collision energies above 200 GeV, and similar technologies, at
larger scale, are the basis of FCC-ee [ID132] [638] or CEPC [ID51] [639]. RF technology for
both LC projects is considered mature, thanks to the intensive R&D of last decades carried out
by both HEP and photon source communities. The novel drive-beam scheme for generating the
RF power for the CLIC main linacs has been demonstrated at CTF3, where the critical technical
systems that are required have also been tested.

Fig. 10.1: Time-lines of various collider projects, in years from start-time T0 [39].

All proposals (Figure 10.1) have ambitious luminosity targets, based on a combination
of extrapolations from previous facilities (LEP, B-factories, DAFNE, SLC, light sources and
FELs), test-facility results, and theoretical predictions. The design luminosities naturally have
larger uncertainties than the target energies since they rely on the integrated performance of
each facility.

e perche’ lo faremo…. 
esempio … Higgs e+e- factories

Un’altro scopo di questi giorni : capire questa tabella



Cosa faremo per primo ? CERN Circular Colliders + FCC
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Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProtoDesignFuture Collider
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20 years

from F. Zimmermann



Which questions (some and only to start) ?
• Physics goals

• Particle type: Lepton, protons or antiprotons?

• Which leptons? 

• Fix target experiment or collider?

• Higher energy, more events, both?

• Which energy? 

• Machine Dimensions? Is Power/water consumption an issue?

• Ring or linac?

• How many experiments?

• Where?

• Something stupid…  what’s the maximum length of a magnet?
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What about the LHC: How well works 
the LHC today?

LHC works very well. 

We arrived at 93% of the collision energy for what LHC has been 
designed for.  Maybe we will reach 100% in 2021, see a few slides after 
this one.

And luminosity at peak is almost double than the design of the LHC 
(while in integrated luminosity we are about 20% above our 
objectives.

L. Rossi



Prima le risposte o prima un ripasso?



Synchrotron (1952, 3 GeV, BNL)
New concept of circular accelerator. The magnetic field of the bending magnet varies with time.  

 As particles accelerate, the B field is increased proportionally.  
The frequency of the accelerating cavity, used to accelerate the particles, has also to change.

Bρ =

p

e
Particle rigidity:

B = B(t) magnetic field from the
        bending magnets

p = p(t) particle momentum varies
       by the RF cavity

e          electric charge

ρ         constant radius of curvature

Bending strength limited by used technology  
to max ~ 1 T for room temperature conductors
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How an accelerator works ? A dipole

Magnetic field confines 
particles  

on a given trajectory 

Particles of  
different energy  

(speed) behave differently 

F (t) = q
!

E(t) + v(t) ⊗ B(t)
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Synchrotrons: strong focusing machine
Dipoles are interleaved with quadrupoles to focus the beam.  

Quadrupoles act on charged particles as lens for light. By alternating focusing and defocusing lens 
 (Alternating Grandient quadrupoles) the beam dimension is kept small (even few mum2). 

Typical lattice is FODO,  
focusing-drift-defocusing

B field is focusing in one plane 
but defocusing in the other.

QUADRUPOLE
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Quadrupole field

J.M. Jowett  Particle Accelerators, Lecture 4, Page 10

Focusing Magnet Fields
B = −∇Φm m  where  is magnetic scalar potential, Φ
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B = �5 �mB = �5 �m = Vector potential

The field increases linearly with the distance from the center of the magnet

Obviously, K, the gradient, has a sign.  
By convention + means focusing quadrupole in the horizontal plane.
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Particle transport in a lattice

x

x’

x

y

Reference particle

x = amplitude
x’ = angle Any particle momentum

Phase space evolution

Spot size evolution
y
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An example of cycling machine: the CERN-PS (Proton Synchrotron)

PS is a slow synchrotron: pulses every 1.2 s (or multiples) 

PS radius: 100 m 
 
Injection: B = 1013 G (0.1013 T)  E = 1.4 GeV  

Extraction (max): 12000 G (1.2T ) E ~ 26 GeV

B(t) or E(t)

dB

dt
= 24G/ms

time



Example of FODO lattice 
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 LHC Cell - Length about 110 m (schematic layout) 

Vertical / Horizontal plane
(QF / QD)

Quadrupole magnets controlling the
beam size „to keep protons together“
(similar to optical lenses)

Diamond light source - UK

The beam point of view - Those are sextupoles - Six poles



Typical LHC Operational cycleOperational cycle
Beam dump

Ramp down/precycle

Injection

Ramp

Squeeze

Collide

Stable beams

Ramp down 35 mins

Injection ~30 mins

Ramp 12 mins

Squeeze 15 mins

Collide 5 mins

Stable beams 0 B 30 hours

Turn around 2 to 3 hours on a good day

19



• Ma se il fascio diventa più piccolo, allora i 
quadrupoli raffreddano? 

• Il fascio diventa più piccolo all’aumentare 
dell’energia in un sincrotrone con maglia 
FODO?



Our reference frame: xx’, the phase space

Reference particle

x = amplitude

x’ = angle Any parti
cle momentum

u'(s0)

u(s0)

  
β(s0)ε = E(s)

  
ε

  
γ(s0)ε = A(s)

particle with

"amplitude"

particle distribution
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The space occupied in the 
xx’ (or yy’) plane by the beam 
at a given position in the  
machine is defined as Emittance 
 



S. Gilardoni - INSS2012

THE LAW: Lioville theorem
Theorem: In the vicinity of a particle, the particle density in phase space is a constant if the particle 
move in an external magnetic field or in a general field which the force do not depend upon velocity 
(ipse dixit...), i.e., the beam is like an incompressible fluid in phase space

Implications: 
a) the emittance is conserved when the beam is transported via a magnetic system 

The ellipse is distorted/streched but the surface is conserved.

b) the emittance is NOT conserved if we accelerate, except if we normalize the emittance
wrt to βγ (relativistic). x’ is reduced by the acceleration.

c) if we want to reduce emittance at constant energy, we have to “cheat”: BEAM COOLING

The area within the contour is proportional to the emittance of the beam.  At constant
energy we express this as the area ε  = ∫ y' dy  in units of π.mm.milliradians. We have shown
the contour at a place where the β  function is at a maximum or minimum and where the major
and minor axes of an upright ellipse are √(εβ )and √(ε/β.)

This emittance is conserved, whatever  magnetic focusing or bending operation we do
on the beam.  This is a consequence of the conservation of transverse momentum or, more
strictly, a consequence of Liouville's theorem which states that:

"In the vicinity of a particle, the particle density in phase space is  constant if the
particles move in an external magnetic field or in a  general field in which the forces do
not depend upon velocity."

Clearly this definition rules out the application of Liouville's theorem to space charge
problems or when particles emit synchrotron light.  However, with these exceptions, it allows
us to be confident that though the beam cross section may take on many shapes around the
accelerator, its phase space area will not change (Fig. 3).  Thus if the beam is at a narrow
waist (a) its divergence will be large. In an F quadrupole (d) where the betatron function is
maximum, its  divergence will be small and a small angular deflection can greatly dilute phase
space.

Fig. 3  The development of a constant emittance beam in phase space at a) a narrow waist, b) a
broad waist or maximum in the beta  function, c) place where the beam is diverging
and d) at a broad maximum at the centre of an F lens.

In regions where the β  function is not at a maximum or minimum the ellipse is tilted
representing a beam that is either diverging or converging. In Fig. 4 we see the ellipse
portrayed in terms of the Twiss parameters.  The equation of the ellipse (often called the
Courant and Snyder invariant) is:

γ s( )y2 + 2α s( )yy'+β s( )y'2 = ε  .

and the invariance of this quantity as we move to different points in the ring is a consequence
of Liouville's theorem.

All of this is true for a beam circulating at constant energy, but we may go further and
apply Liouville's theorem to a proton beam during acceleration.  To do so we must express
emittance in the canonical phase space (q, p). and we must first look carefully at the
coordinates:  displacement, y, and divergence, y', we have been using so far. The canonical
coordinates of relativistic mechanics are:

q = y

p = mẏ
1− v2 c2

= mcγβy

TRANSVERSE BEAM DYNAMICS

3

✏norm = ✏phys ⇤ �rel ⇤ �rel
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Classical mechanics.... spring with a mass

F = ma = m
d2x

dt2
= �kx

with k the spring constant and m the mass

Solution of the equation of motion is a periodic function:

x(t) = A cos(2�f t+ ⇥)

f =
1

2�

r
k

m

with 1/period equals to 
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Equation of motion, not too in details

x(s) = a
p

�(s) cos(⇥(s) + ⇥0)

Equation of motion of a particle in an accelerator composed by a sequence of elements, 
each one eventually with a k at a position s of the ring, repeated at every C  
 
*Hill’s equation: pendulum-like with non-constant spring force wrt to s. 

!! '()*+(,-(234,01

*there was a Mr. Hill, an astronomer

K(s) = 1/�2 + k(s)

Local force at a position s in the ring

K(s) = K(s+ C)

beer = solution

Dipoles Quadrupoles
This imply periodicity  
of the solution

me too... in a moment...

forget them for a moment

d2x

ds
+K(s)x = 0 2
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Solution of Hill’s equation

x(s) = a
p

�(s) cos(⇥(s) + ⇥0)

x(t) = A cos(2�f t+ ⇥)
Spring solution

this contains k and m

this “probably” contains k

This actually... look alike should not be there...
The beta function is a product of the locally changing 
force in the accelerator, i.e., of the quadrupoles.
Every section of an accelerator has a constant k, so 
alone would be similar to an harmonic oscillator  

By definition (ipse dixit...): 

is called the phase advance 

⇥(s) =

Z
1

�(s)
ds



Definition of envelope

Beam physical dimension
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The envelope is defined as  
the maximum amplitude for  
which the particle remains
in the machine vacuum 
chamber.  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Relationship between beam ellipse and beta
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if the emittance is a surface this can 
be an amplitude (I am cheating... I know)  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What is this???

1) Let’s suppose

2) Let’s apply
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..... what we wanted...

⇤x2 + 2� xx0 + ⇥x0 2 = ⌅oh surprise...

Learned:  

a) definition of Twiss parameters comes from the equation of motion and beta function

b) The dynamics is really on/within an ellipse
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Emittance: statistical definition
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Let’s consider a centered beam:

Def: The physical emittance is defined as the second 
order momentum of the particle distribution

Units of the emittance: [mm mrad] (typically)
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AD (Antiproton decelerator)
Lattice quadrupoles Experiments

Electron cooler

pbar injection
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Stochastic cooling
17 s.

Stochastic cooling
6.6 s.

Electron cooling
16s.

Electron cooling
8 s.
Rebunching
Fast Extraction

RF ON:

Momentum
p[GeV/c]

3.57

2.0

0.3

0.1

12 35 54 71 85 time [s]

Figure 5: Typical machine cycle of Antiproton Decelerator, showing the momentum of p as
a function of time elapsed. The timings and durations of the stochastic and electron cooling
are indicated. Figure from Ref. [2].

�pi and �xi in the momenta and transverse positions of small subgroups of p, relative to the mean
values of all the orbiting p. These signals are used to correct the orbits of the corresponding subgroups
of p, by applying electric pulses to steering electrodes located in the opposite side of the AD. Repeated
corrections cause the beam to converge to an orbit with an emittance 3–4⇡ mmmrad and�p/p ⇠ 0.07%.
The p are then decelerated to p = 2 GeV/c and similarly cooled, iv): electron cooling, the p are
decelerated to another intermediate momentum p = 300 MeV/c, and allowed to merge with a 20-mm-
diameter e� beam of current I ⇠ 3 A in a collinear configuration over a 2-m-long section of the AD. The
e� and p velocities are matched so that in the center-of-mass frame, the p are bathed in a stationary
e� cloud of low temperature. Coulomb collisions transfer the ”heat” of the p to the e�. The p are
finally decelerated to p = 100 MeV/c and electron-cooled to obtain a final emittance of 0.3⇡ mm mrad
and momentum spread �p/p ⇠ 0.01%. At the end of the above 100-s cycle, a 100–200-ns-long beam
containing ⇠ 3⇥ 107 p of energy 5.3 MeV are ejected from AD. Magnetic beamlines transport the p to
one of four experimental zones located inside the AD (Fig. 4).

3.2 Radiofrequency quadrupole decelerator

CERN and the ASACUSA collaboration [32] developed a radiofrequency quadrupole decelerator (RFQD)
which further reduced the 5.3-MeV energy of the p arriving from the AD to even lower energies 10–120
keV needed for atomic physics experiments. As implied by Eq. 10, when particle beams are decelerated
their physical emittance increases until they can be lost by, e.g., hitting the inner walls of the accelera-
tor. To avoid this, the RFQD strongly focuses the beam in the transverse direction during deceleration.
The RFQD consists of four 3.4-m-long rod electrodes arranged in a quadrupole configuration, which
are excited by a quadrupole RF field of f ⇠ 202.5 MHz (Fig. 6). The high field (corresponding to a
voltage on the rod electrodes of ⇠ 170 kV) is achieved by placing the rods in a ladder-shaped cavity
which resonates in the transverse electric quadrupole (TE210) mode. The p injected axially into the
⇠ 1-cm-diam aperture between the rods is thus alternately focused and defocused in the two transverse
planes with a maximum electric field ⇠ 30 MV/m. This ”alternate gradient” focusing provides a net
confining e↵ect, which ensures that the p follows orbits of small diameter that oscillate around the
RFQD axis.

13



Electron cooling
“Cold electron beam”

“Hot ion beam”

Hot and large emittance beam

Cold and small emittance beam

Electron cooler  
increases order  
Cold electrons reduce  
the velocity spread  
of hot particles



How to get antiprotons 

p + p p + p + p + pStarting from high energy p
and with a very low efficiency

p

1013 p to have about 107 antiprotons



S. Gilardoni - INSS2012

Tune

Reference particle
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Tune:  
number of oscillations (called betatronic) in the xx‘ plane a particle does in one machine turn.

The tune depends on the quadrupoles settings and is the  
integral of the phase advance on one machine turn 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Accelerator physics

from many FODO cells. This periodic structure can clearly be seen in Fig. 2.2.

The number of betatron oscillations Qx per machine turn is called tune and
depends mainly on the quadrupoles. It is given by

Qx =
1
2⌅

�
ds

�x(s)
. (2.13)

Normally accelerators are operated so that Qx and Qy are far from certain values
called resonances. The simplest of them can be understood by considering the
x-position of a particles at some fixed value s0 over several consecutive turns.
Since �x(s) is periodic, it is clear that the amplitude in Eq. (2.10) is constant⇥

2Jx�x(s0). The only variable changing is the phase µx, which increases by
2⌅Qx on every turn. Therefore, the motion in x at s0 is indistinguishable from
a sampled harmonic oscillation. If Qx were an integer, the motion in Eq. (2.10)
would be periodic and x(s0) would have the same value on every revolution.
In that case, any imperfections in the magnetic field around the ring act as
perturbations, which are synchronous with the oscillation frequency. This will
excite resonances, causing an increasing amplitude and unstable motion.

Therefore, integer values of Qx have to be avoided. As it turns out [9] other
resonances are excited by higher order multipole errors if the horizontal and
vertical tunes satisfy

kQx + lQy = m, (2.14)

where (k, l,m) are integers. Each resonance is connected with a certain order of
a magnetic multipole. Normally the resonances at small values of (k, l,m) are
the strongest and most dangerous ones. Eq. (2.14) describes a set of lines in the
Qx �Qy plane, which should be avoided and the tunes are normally chosen far
from the lowest order resonances. This position in the plane is called working
point.

The Hill equation (2.5) takes only linear magnetic fields into account, which are
normally the dominating ones. However, higher-order multipoles are present
in all real accelerators. Examples of sources of such non-linearities include
imperfections in the magnet construction, e�ects at the ends of magnets or
from non-linear elements put in the ring on purpose, in particular sextupole
magnets. They are deployed for chromaticity correction. The spread in ⇥ among
the particles within the beam causes each particle to be focussed di�erently in
the quadrupoles and therefore to have di�erent values of Qx. The ratio �Qx/⇥ is
called chromaticity [9]. This is a second-order e�ect and therefore not present in
Eq. (2.5). To properly account for non-linearities, one needs to include higher
order terms in Eq. (2.5). If small, they can be treated as perturbations. A
mathematical treatment of this can be found in literature [9, 10].

Misalignments of magnets create perturbations. In particular, if a quadrupole
is misaligned in the horizontal or vertical plane, the design orbit enters the
magnet o�-centre where there is a non-zero magnetic field. Therefore, particles
receive dipolar kicks. The superposition of many kicks from misalignments over

11



Tune and resonances

Like on a swing, to keep the  
oscillations bounded in amplitude,
one has to avoid to excite the
beam in a resonant way.

The tune has to be far away from 
some values, like exciting the beam 
with the same force at each turn  
 

To avoid 
 



Machine imperfections
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Tune: number of  betatron oscillation  
in the transverse plane

http://mgasior.web.cern.ch/mgasior/pro/3D-BBQ/ps.html



• Perche’ serve il cooling con gli anti-
protoni ma non con i protoni?

• Quanto tempo serve a raffreddare gli  
anti-protoni ?



Which questions (some and only to start) ?
• Physics goals

• Lepton, protons or antiprotons?

• Which leptons? 

• Fix target experiment or collider?

• Higher energy, more events, both?

• Which energy? 

• Machine Dimensions? Is Power/water consumption an issue?

• Ring or linac?

• How many experiments?

• Where?

• Something stupid…  what’s the maximum length of a magnet?
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The right particle for the right scope 
Electrons (and positrons) are (so far) point 

like particles: no internal structure

The energy of the collider, namely two times 
the energy of the beam colliding is totally 
transferred into the collision

Ecoll= Eb1+ Eb2= 2Eb = 200 GeV (LEP)

Protons (and antiprotons) are formed by 
quarks (uud) kept together by gluons

The energy of each beam is carried by the 
proton constituents, and it is not the entire 
proton which collides, but one of his 
constituent 

Ecoll (about 2 TeV at LHC) < 2 Eb (14 TeV)

Pros: the energy can be precisely tuned to scan 
for example, a mass region. 

Precision measurement (LEP)  

Cons: above a certain energy is no more possible 
to use electrons because of too high synchrotron 
radiation 

Pros: with a single energy possible to scan 
different processes at different energies.

Discovery machine (LHC)  

Cons: the energy available for the collision is 
lower than the accelerator energy 



P =
2c × E4

× r0

3ρ2 (m0 × c2)3

Power radiated per particle goes like:       4th power of the energy
                                        (2nd power)-1 of the bending radius  
                                        (4th power) -1 of the particle mass 

particle classical radius

ρ particle bending radius

Synchrotron radiation

Energy lost per turn per particle due to synchrotron radiation:

e- ≈ some  GeV   (LEP)  

p ≈ some      keV    (LHC)

We must protect the LHC coils even if energy per turn is so low

Radiation emitted by charged particles accelerated longitudinally and/or transversally

Power lost per m in dipole: some W
Total radiated power per ring: some kW

Synchrotron radiation

Energy lost per turn per particle due to synchrotron radiation:

e-!  W(MeV) = 8.85 x 10-5 x E4(GeV)/!2(km)           " 2 GeV   (LEP)

p!  W(keV)  = 7.8 x 10-3 x E4(TeV)/!2(km)!             " 6 keV    (LHC)

We must protect the LHC coils even if energy per turn is so low

Radiation emitted by charged particles accelerated longitudinally and/or transversally

P =
2c × E4

× r0

3ρ2 (m0 × c2)3

Power radiated per particle goes like:           4th power of the energy
                                        (2nd power)-1 of the bending radius 
                                        (4th power) of the particle mass

r0 =
q
2

4πε0m0c
2

particle classical radius

! particle bending radius

Power lost per m in dipole: 0.206 W
Total radiated power per ring: 3.6 kW

Courtesy of NSLS, Brookhaven National Laboratory



• Potrei usare muoni per costruire un 
collider?

• Potrei usare tau per costruire un 
collider?  

• Potrei usare neutroni per costruire un 
collider?  

• Potrei usare fotoni (gamma) per 
costruire un collider?



Which questions (some and only to start) ?
• Physics goals

• Lepton, protons or antiprotons?

• Which leptons? 

• Fix target experiment or collider?

• Higher energy, more events, both?

• Which energy? 

• Machine Dimensions? Is Power/water consumption an issue?

• Ring or linac?

• How many experiments?

• Where?

• Something stupid…  what’s the maximum length of a magnet?



Different approaches: fixed target vs collider

ECM = 2
!

Ebeam + mc
2
"

 ECM =
!

2 (Ebeammc2 + m2c4) <<

Fixed target Storage ring/collider

This usually is defined as √s 



CNGS, conventional neutrino beam

!"#$%&$'($)*$+(,"-./($%&%'(012!(1334(56789":3.:";'(012!( &%(

43.4m 
100m 

1095m 18m 5m 5m 67m 

2.7m 

TBID 

NC;(7>>H"3(J;4-8C."(.4;J".(
_  W4;J".(.4[H"(E>O4[H"(8>;Ck>:.4HHATO";?74HHA(F>;(4HCJ:E":.(

<  B#H?-HC7C.A(3"."7.>;X(W\=f'(C>:Ck4?>:(784E[";6(

<  $(8>;:6(Q8>;:(4:3(;"`"7.>;U(
_  ^4.";(7>>H"3'(-#H6"3(9C.8(&%E6(84HF*6C:"(94O"(-#H6"(>F(#-(.>(&P%T&+%]N'(;"E>."(->H4;C.A(784:J"(->66C[H"(

<  f"74A(-C-"X((
_  &%%%E'(3C4E".";($/RPE'(&E[4;(O47##E'(MEE(WC(":.;4:7"(9C:3>9'(P%EE(74;[>:(6.""H(94.";(7>>H"3("IC.(

9C:3>9/(

<  K43;>:(4[6>;[";X((
_  N[6>;[6(&%%]^(>F(-;>.>:6(4:3(>.8";(843;>:6(

<  $(E#>:(E>:C.>;(6.4?>:6X(E#>:(`#I"6(4:3(-;>hH"6(

/1%7$7*'5+"#-R$Z*#?$DC+*$

CNGS looks for ντ appearance in a beam of νμ
The beam is sent from the SPS at 400 GeV/c on the C target. It is “only” a 450 kW beam



Basic components of a Neutrino beam

Super Beam: conventional 
MW power neutrino beam#

05/05/2011 M. Dracos 6 

SPL (4-5 GeV, 4 MW) 

Target 

~300 MeV !µ beam to far detector 

decay tunnel 

Accumulator 
ring 

Magnetic 
horn capture 
(collector) 

proton driver 

hadrons !, µ#

p (50 Hz) SPL Super Beam 

p $# !#
Decay tunnel 

proton 
beam 

target 

hadrons 

hadron collector 
(focusing) 

Detector 

physics 

38 Chapter 1: Introduction to the Neutrino Factory

in the car Frejus tunnel, there is the Underground Modan Laboratory, which
after an important enlargement, could host the new 1 Mton water Cerenkov
detector which is required by the Superbeam physics. Table 1.2 summarizes

νµ ν̄µ

Neutrino flux (ν/m2/yr) 4.78 1011 3.33 1011

Neutrino average Energy 0.27 GeV 0.25 GeV
CC events 36698 (2 yrs) 23320 (8 yrs)
Oscillated 1279 774

Table 1.2: Summary of the Superbeam parameters taken from [19]. Event
rate calculated with 4400 kt-y exposure. The oscillated events are calculated
with the same values used in section 1.2.5 but with θ13 = 10◦.

the parameters of the Superbeam.
The experiment is assumed to run for 10 years, two of which for neutrinos and
eight for antineutrinos. This asymmetry in the running time comes from the
fact that the beam of antineutrinos is produced by negative pions, which are
produced less effectively compared to positive pions in the condition chosen
for the experiment (see chapter 2). Moreover the antineutrino interaction,
which at this energy is dominated by quasi elastic scattering, is a factor at
least 2 lower compared to neutrinos.
Under this assumption, figure 1.8 shows the performances of the Superbeam
for the measure of θ13 compared to Nufact.
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Figure 1.30: Superbeam neutrino and antineutrino flux computed at 130
km from the SPL (left) and oscillation probability (right). The oscillation
probability is calculated with the same values used in section 1.2.5 but with
θ13 = 10◦ and for 270 MeV neutrinos.
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CNGS target station
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Target magazine: 1 unit used, 4 in-situ spares 

Highly radioactive area. 

Everything has to be built to be remotely handled

For CNGS, 5 Carbon targets in situ.  
One used, the other
four in case of failure (never happened).



CNGS horn
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Focus the pions: how a horn works

3.1 Horn 81

θ1

R1

r

Rm

Z1 Z2

F
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θf

Particle trajectory Horn profile

Particle trajectory

z

Figure 3.3: Horn first-guess profile generated from a monoenergetic beam
produced from a point-like source.

which can be rewritten in term of error integral:

∆Sm =
R1√
A

e
θ2
1

2A

! θ1√
A

0
e−

t2

2 dt =
Rm√

A
Int(θ1) (3.18)

With the conventions of figure 3.3 and some trigonometrics, the dependence
of R1 versus the angle θ1, and hence the profile of the horn, takes the form
of:

R1 =
F tan θ1

1 + tan θ1(
Int(θ1)√

A
− 1

tan θf
)e

θ2
1

2A

(3.19)

The free parameters left in this formulation are three: the distance F, the
angle of the exiting profile θf and the current through the conductors.
The current through the conductor fixes the maximum angle θ1 of the particle
of a given momentum which can be reduced to zero by the focusing effect of
the horn. The relationship between the current I and the maximum angle
θMAX is taken from ref [53], with the detailed discussion about how to deduce
the following expression:

θMAX =

"
µ0I

2πBρ
(3.20)

with Bρ the rigidity of the particle in Tm.
The other two free parameters, hence F and θf are chosen to maximize the
focusing of secondary particles in the transverse phase space of interest. All

Question: how do I reverse from neutrinos to anti-neutrinos?

Ans.: Reverse the current of the horn and select 
which pion sign to focus

⇥+ ! µ+ + �µ
⇥� ! µ� + �̄µ

Chapter 3

Horn

As described in the first chapter, in the CERN NuFact reference scenario,
pions produced by the target are captured by a horn. The design of a first
prototype, and its construction, the development of a test power supply are
described in this chapter.

3.1 Horn

z

rB = 0

Bφ α 1/r

Ι
Outer Conductor

Inner Conductor

Figure 3.1: Horn capture device scheme.

A magnetic lens called horn is used to focus pions produced by protons im-
pacting on the NuFact mercury target.

77

78 Chapter 3: Horn

A horn consists of two concentric conductors, the inner and the outer con-
ductor, which delimit a closed volume (see figure 3.1) generated by the revo-
lution of the conductors around the z-axis. A longitudinal current produces
a toroidal magnetic field in the volume between the two conductors.
The magnetic field intensity generated by the current can be determined di-
rectly from the Ampere’s law considering the cylindrical symmetry of the
geometry.
According to the Maxwell equation the relationship between the magnetic
field B⃗ and the current density J⃗ is:

∇⃗ × B⃗ = µ0J⃗ (3.1)

where ∇⃗ is the derivative operator (∂/∂x, ∂/∂y, ∂/∂z) and µ0 is the vacuum
magnetic permeability. Applying Stokes’s theorem on a circular surface S
perpendicular to the horn axis identified by the normal vector n⃗ (see figure
3.2) one gets: !

S
∇⃗ × B⃗ · n⃗ ds = µ0

!

s
J⃗ · n⃗ ds (3.2)

Three different regions can be identified in the horn geometry: the first is
enclosed by the inner conductor, the second is formed by the inner conductor
and the first region, the third encloses the inner-outer conductor region.
In the first region, since there is no current, the magnetic field is constant
and zero.

In the third region the magnetic field decreases proportionally to the inverse
of the distance from the axis r, since from the application of the Gauss’s law:

!

S3

∇⃗ × B⃗ · n⃗ ds =
"

c3
B⃗ · d⃗l (3.3)

"

c3
B⃗ · d⃗l = 2πrBφ (3.4)

µ0

!

S3

J⃗ · n⃗ ds = µ0I (3.5)

where c3 is the perimeter of the surface S3 (see figure 3.2) and I is the total
current flowing in the conductors.
The magnetic field intensity is deduced from the previous equations:

Bφ =
µ0I

2πr
(3.6)

an it has only a toroidal component to respect the cylindrical symmetry and
the current distribution.
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How it works ...

From the lecture “Physique de Base” the Ampere law: 
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Beta-beam like Target, before and after use

 

Fig. 6. Target UC2-C_183 before irradiation. 
 

 

Fig. 7. Target UC2-C_183 after receiving 2.5 � 1018 protons with a focused 
proton beam of 3x1013 protons per pulse. 

 

Conclusion 
The use of spallation neutrons to create fission has the advantage of eliminating the energy 
deposited by the proton beam in the target, suppressing isobaric contamination and reducing 
the mechanical stress on the target. The lower production rates of neutron-rich isotopes can be 
attributed to the improvised and non-ideal geometry of the test target/converter assemblies. 
However, the results do show the potential for an optimized cylindrical target design. The 
tests at ISOLDE have shown the advantages of tungsten over tantalum as a converter material 
and the autopsies have revealed the need for further improvement in the mechanical design of 
actual converter targets. The MARS code simulations are coherent with the test results and are 
proving to be a valuable tool for the calculations required to design a dedicated target for 
neutron-rich beams from fission. 
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proton beam of 3x1013 protons per pulse. 

 

Conclusion 
The use of spallation neutrons to create fission has the advantage of eliminating the energy 
deposited by the proton beam in the target, suppressing isobaric contamination and reducing 
the mechanical stress on the target. The lower production rates of neutron-rich isotopes can be 
attributed to the improvised and non-ideal geometry of the test target/converter assemblies. 
However, the results do show the potential for an optimized cylindrical target design. The 
tests at ISOLDE have shown the advantages of tungsten over tantalum as a converter material 
and the autopsies have revealed the need for further improvement in the mechanical design of 
actual converter targets. The MARS code simulations are coherent with the test results and are 
proving to be a valuable tool for the calculations required to design a dedicated target for 
neutron-rich beams from fission. 

Target

Before
After

2 1018 integrated intensity 
in shots of 3 1013  at 1.4 GeV,  

1 pulse 2.2 μs long

H. Ravn, Nucl. Instr. Meth. B204(2003)!

Converter technology: !
J. Nolen et al., NPA 701 !
(2002) 312c.!

Example:  6He production by 9Be(n,α) 
 



CNGS horn
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T.Ishida : CERN ATS Seminar, Sep. 27, 2018

The T2K (Tokai-to-Kamioka) Experiment

KEK Proton Sync. 5kW  Æ J-PARC Main Ring Synchrotron 750kW
Wide-band beam Æ Off-Axis low-energy semi-monochromatic beam

16



Beam extraction, emergency or not...

Q5R

Q4R

Q4L

Q5L

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

At the end of every “fill”, when too low luminosity, or

when BLM system triggers, both

beams extracted on an external beam dump, in one turn.

Beam dump built to absorbe full power at full energy.

Beam here is few mm2 

Beam here is few cm2



Scheme of one of the beam absorbers

about 8 m

L.Bruno

concrete
shielding

beam absorber
(graphite)



Spot size on the beam dump

450 GeV

7 TeV450 GeV 7 TeV

about 35 cm

To reduce energy deposition peak, proton 
swept by fast kickers to for a spiral on the 
transverse face of the dump.

Beam impact in less than 0.1 ms
Even like this, maximum temperature rise 
about 800 C. 



Scheme of one of the beam absorbers

about 8 m

L.Bruno

concrete
shielding

beam absorber
(graphite)



Which questions (some and only to start) ?
• Physics goals

• Lepton, protons or antiprotons?

• Which leptons? 

• Fix target experiment or collider?

• Higher energy, more events, both?

• Which energy? 

• Machine Dimensions? Is Power/water consumption an issue?

• Ring or linac?

• How many experiments?

• Where?

• Something stupid…  what’s the maximum length of a magnet?



History of LHC

L. Rinolfi   JUAS Seminar 2nd February 2015 

1983  : First studies for the LHC project 
1988  : First magnet model  (feasibility) 
1994 : Approval of the LHC by the CERN Council 
1996-1999 : Series production industrialisation 
1998 : Declaration of Public Utility & Start of 

 civil engineering  
1998-2000 : Placement of the main production 

 contracts 
2004 :  Start of the LHC installation 
2005-2007 : Magnets Installation in the tunnel 
2006-2008 : Hardware commissioning 
2008-2009 : Beam commissioning and repair  
2009-2035 :  Physics exploitation  

14 TeV  proton-proton 
accelerator-collider built in 

the LEP tunnel 
Lead-Lead  (Lead-proton) collisions 

LHC (Large Hadron Collider) – a brief history 

 ~ 30 years between the first studies and the start for the Physics  

F. Bordry / CERN 

 
 



CERN Circular Colliders + FCC

!65

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProtoDesignFuture Collider

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

from F. Zimmermann







200 m

inner quadrupole
triplet

separation
dipole (warm)

recombination
dipole

quadrupole
Q4

quadrupole
Q5

ATLAS 
or CMS

inner quadrupole
triplet

separation
dipole

recombination
dipole

quadrupole
Q4

quadrupole
Q5

collision point

beam I

Example for an LHC insertion with ATLAS or CMS   

24 m

beam
distance
194 mm

beam II

Luminosity
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Luminosity 

Beam dimension at the IP

L =
N2 · f · nb

4� · ⇥�
x · ⇥�

y

· F

Geometric Reduction factor due 
to crossing angle

Number of particles per bunch  
Nbeam1*Nbeam2=N2

Revolution frequency

⇤�
x,y =

�
��

x,y · ⇥x,y

Number of bunches

F = 1/

⇤

1 +
�

�c⇥z

2 · ⇥�

⇥2

At first look, the smaller the better



LHC Operational page

L =
N2 · f · nb

4� · ⇥�
x · ⇥�

y

· F



HL-LHC

• Goal: produce basically 3000 fb-1 (10x design) delivered in ~10 years

• How?

• focus more particles at the IP (LHC side)

• Improve performances of the injectors

• Find also better material for collimators

L =
N2 · f · nb

4� · ⇥�
x · ⇥�

y

· F
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Luminosity reduction factors  
from crossing angle depending on  
triplets available aperture

Minimum possible emittance is given by the Linac/PSB emittance 
conservation limited by Space-charge in PS and SPS and during 
injection/acceleration in the LHC

Maximum Intensity per bunch limited by 
longitudinal beam stability in PS and SPS,
maximum RF power available in SPS, available  
bucket area in LHC

Injector upgrade (LIU):  
maximise beam brilliance delivered to LHC  

LHC upgrade (HL-LHC):
maximise integrated luminosity

The LHC and injector upgrades: the principle

Minimum possible beta* is given by the  
strength and aperture of final focusing  
triplets around interaction points

Maximum number of bunches  
depends on RF gymnastics (aka production scheme)  
chosen in injectors and LHC filling schemes

R
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Technology landmarks

HL-LHC in a nutshell 
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0.75 1034 cm-2s-1

50 ns bunch  
high pile up ∼40 

1.4 1034 cm-2s-1

25 ns bunch  
pile up ∼40

2 1034 cm-2s-1

25 ns bunch  
 pile up ∼60

2 1034 cm-2s-1

 with levelling, 25 ns b.  
 pile up ∼60 continuous

Technical limitation on  the istantaneous lumi:  
  
1. Collider (cryolimit in the triplet region) at 2×1034 cm-2s-1  twice the 
nominal design luminosity) 

2. Experiments (pile up in the detectors). Designed for PU 40 they 
are actually dealing with 60 (average)

Technical limitation on integrated lumi:  
 
1. Collider (radiation damage to the IT magnets – 
correctors and quadrupoles)  

2. Experiments (radiation damage in the Inner Tracker)

Higgs found!
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LHC beam production

PSB

SPS

PS

LHC / 
HL-LHC

O
ut

pu
t e

ne
rg

y

160 MeV

1.4 GeV

26 GeV

450 GeV

7 TeV

Linac250 MeV

Proton flux / Beam power

Present

Linac4

PSB

PS

2.0 GeV

LIU (2019)



Future injector complex



Space charge: collective effects

Courtesy  
K. Schindl

Many charged particles 
traveling in an de-bunched 
beam with circular cross-section
feel the average field due to  
the many charges grouped 
together 

Two particles in free space



Space charge effect

The interaction between the particles within the same bunch acts as a defocusing quadrupole.
This is because the INCOHERENT SPACE CHARGE FORCE is generated by the repulsion 
between particles with the same charge 

The center of the distribution feels zero force due to the symmetry of the distribution 



Space charge force on a bunch
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E. Metral



Proof that space charge has a deleterious effect

)Bve(EF φsrr −=
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Electric         magnetic 
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eI
F 22
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x ε
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aβcγ2π
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y ε
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!  circular beam 
!  uniform charge density 
!  Fx, Fy linear in x, y 
!  force " 0 for γ » 1 (β#1)$
!  defocusing lens in either plane 

Space 
charge 
force 

from E. Wilson

It is not like a simple quadrupole, so it cannot be compensated!

Force felt by a test particle within a bunch From Maxwell equations
(beer or look spare slides..)



Applying the SC gradient to Hill’s equation

( ) 0x(s)KK(s)x SC =++!!

(s)ds(s)βK
4π
1

(s)ds(s)βk
4π
1ΔQ x

2R

0
SCx

2R

0
xx ∫∫ ==

ππ

!  Beam not bunched (so no acceleration) 
!  Uniform density in the circular x-y cross section (not very realistic) 

" Qx0  (external)  +    ΔQx (space charge) 

For small �gradient errors��kx 
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using I = (Νeβc)/(2Rπ) with  
N…number of particles in ring 
Ex,y….emittance containing 100% of particles 
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0
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π
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!  �Direct� space charge, unbunched beam in a synchrotron 
!  Vanishes for γ » 1 
!  Important for low-energy machines 
!  Independent of machine size 2πR for a given N 

from E. Wilson

Here used to start understanding



Tune footprint
Depending on the position of the particle within the bunch, the tune is not the one given by 
the quadrupoles but it contains a contribution from space charge. 

Imp: The tune shift decreases with the energy

3D footprint

Qx

Qy

Evolution of the tune shift in the  
PSB during the magnetic cycle

Necktie tune spread

32
yx,

0
yx, γβE2

Nr
ΔQ

π
−=

Energy



A practical example ... the PS
2 Exploration of the tune diagram

Figure 2.26: Tune diagram with fifth-order resonances

With this measurement setup additional resonances become visible, including several fifth-order lines (see fig.

2.26). The spot in the middle of the tune diagram {qh=0.25,qv=0.25}, where most resonances meet, is clearly

centered, but 2qh+qv=1 is now shifted in the other direction.

This behavior reveals a certain impact of the synchrotron motion which remains to be completely understood.

Therefore di�erent further measurements should be carried out:

• ramping the horizontal tune in the other direction: from qh=0.4 down to 0.1

• keeping qh constant and changing qv instead

• examination of influence of speed of synchrotron motion

• raising energy to 2 GeV to correct for chromaticity with the PFW

19

Why is important? Maximum intensity that can be injected in every machine depends 
on the maximum tune shift before ending up on a resonance  
(see PS and Beta Beam)

Courtesy of A. Huschauer
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Typical working point choose for the PS: with a space charge of -0.3
we cross the integer resonance....
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Tune

Reference particle

x

-4

-2

0

2

4
-4

-2

0

2

4

-1.0
-0.5
0.0

y

Tune:  
number of oscillations (called betatronic) in the xx‘ plane a particle does in one machine turn.

The tune depends on the quadrupoles settings and is the  
integral of the phase advance on one machine turn 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Accelerator physics

from many FODO cells. This periodic structure can clearly be seen in Fig. 2.2.

The number of betatron oscillations Qx per machine turn is called tune and
depends mainly on the quadrupoles. It is given by

Qx =
1
2⌅

�
ds

�x(s)
. (2.13)

Normally accelerators are operated so that Qx and Qy are far from certain values
called resonances. The simplest of them can be understood by considering the
x-position of a particles at some fixed value s0 over several consecutive turns.
Since �x(s) is periodic, it is clear that the amplitude in Eq. (2.10) is constant⇥

2Jx�x(s0). The only variable changing is the phase µx, which increases by
2⌅Qx on every turn. Therefore, the motion in x at s0 is indistinguishable from
a sampled harmonic oscillation. If Qx were an integer, the motion in Eq. (2.10)
would be periodic and x(s0) would have the same value on every revolution.
In that case, any imperfections in the magnetic field around the ring act as
perturbations, which are synchronous with the oscillation frequency. This will
excite resonances, causing an increasing amplitude and unstable motion.

Therefore, integer values of Qx have to be avoided. As it turns out [9] other
resonances are excited by higher order multipole errors if the horizontal and
vertical tunes satisfy

kQx + lQy = m, (2.14)

where (k, l,m) are integers. Each resonance is connected with a certain order of
a magnetic multipole. Normally the resonances at small values of (k, l,m) are
the strongest and most dangerous ones. Eq. (2.14) describes a set of lines in the
Qx �Qy plane, which should be avoided and the tunes are normally chosen far
from the lowest order resonances. This position in the plane is called working
point.

The Hill equation (2.5) takes only linear magnetic fields into account, which are
normally the dominating ones. However, higher-order multipoles are present
in all real accelerators. Examples of sources of such non-linearities include
imperfections in the magnet construction, e�ects at the ends of magnets or
from non-linear elements put in the ring on purpose, in particular sextupole
magnets. They are deployed for chromaticity correction. The spread in ⇥ among
the particles within the beam causes each particle to be focussed di�erently in
the quadrupoles and therefore to have di�erent values of Qx. The ratio �Qx/⇥ is
called chromaticity [9]. This is a second-order e�ect and therefore not present in
Eq. (2.5). To properly account for non-linearities, one needs to include higher
order terms in Eq. (2.5). If small, they can be treated as perturbations. A
mathematical treatment of this can be found in literature [9, 10].

Misalignments of magnets create perturbations. In particular, if a quadrupole
is misaligned in the horizontal or vertical plane, the design orbit enters the
magnet o�-centre where there is a non-zero magnetic field. Therefore, particles
receive dipolar kicks. The superposition of many kicks from misalignments over

11



Tune and resonances

Like on a swing, to keep the  
oscillations bounded in amplitude,
one has to avoid to excite the
beam in a resonant way.

The tune has to be far away from 
some values, like exciting the beam 
with the same force at each turn  
 

To avoid 
 



Machine imperfections
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 Magnetic errors can cause beam losses/instability if appears as certain multipoles of the tune



Tune: number of  betatron oscillation  
in the transverse plane

http://mgasior.web.cern.ch/mgasior/pro/3D-BBQ/ps.html



From wikipedia

What if the accelerator suffers of myopia?
Is this possible? Is this a problem?

 

myopia

Myopia with  
glasses



S. Gilardoni - INSS2012

• If the energy of a particle is different from the energy of the reference 
particle, the quadrupoles will focus less or more, so the tune will 
change according to the energy, as if the accelerator suffer from 
myopia.

• This is defined as CHROMATICITY        →
• Since one want to avoid crossing resonances, the CHROMATICITY has 

to be kept small and corrected.

• This can be done by using SEXTUPOLES, thanks to the lattice design, 
can focus differently different energies

Chromaticity

Sextupoles:p

SPSSPS

HST 2008 D. Brandt       35Introduction to Accelerators

Chromaticity correctiony

QF QF QF QF QFQD QD QD QD QD

SF1 SD1 SF2 SD2 SF1 SD1 SF2 SD2 SF1 SD1

The undesired effect of sextupoles on 
particles with the nominal energy can 
be avoided by grouping the sextupoles

Nr. of families:

N = (k * 180 °)/µ = Integer
be avoided by grouping the sextupoles 
into « families ». e.g. 180 °/ 90 ° = 2 

HST 2008 D. Brandt    36Introduction to Accelerators
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S. Gilardoni - INSS2012

Actually ... that’s chromaticity...

gk p
e

=

particle having ...   
          to high energy 
          to low energy 
          ideal energy 

Why chromaticity is bad? In fact not all the time, but due to                             particles with large energy errors 
could intercept some resonances 

�Q

Q
= �

�p

p



S. Gilardoni - INSS2012

Sextupoles

J.M. Jowett  Particle Accelerators, Lecture 4, Page 10

Focusing Magnet Fields
B = −∇Φm m  where  is magnetic scalar potential, Φ
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Magnets for the LHC, total budget, every magnet has a role in the optics design

In total 6628 cold magnets ...



Dynamical Aperture

EVALUATION OF DA FOR V6.500 OPTICS 

WITH MACHINE MODEL AS INSTALLED 

Even though the latest model of the LHC lattice used 

for DA computation is the most complete statistical 

model available, it does not take full advantage of the 

huge amount of magnetic data and, what is even more 

important, of the fine optimisation performed when 

allocating magnets to the available slots in the machine. 

In fact, in the case of the main dipoles, a sorting strategy 

is applied [9] so that not only mechanical aperture and 

linear magnetic imperfections are optimised, but also the 

driving terms of the 3rd order resonance, which, in 

principle, could have an impact on the nonlinear beam 

dynamics and, hence, on the DA.  

Recently, a new tool called Windows Interface to 

Simulation of Errors (WISE) [12] was developed, which 

allows extracting the field quality of each magnet 

produced and assign it to the corresponding slot in the 

LHC sequence selected for this magnet. Using warm-to-

cold correlation factors, it is possible to evaluate the field 

quality under cold conditions for those magnets measured 

only at warm. In this respect, the statistical approach is 

replaced by a model representing the machine as installed. 

Whenever a slot is not yet assigned, the field quality is 

drawn from the distribution of measured data: this 

statistical part will reduce to zero once the installation of 

the machine will be completed. The results presented in 

this paper are obtained with a single realisation of the 

LHC machine is used. They are shown in Fig. 3, where 

the minimum (over the realisations) DA for V6.4 

(statistical errors), V6.500 (statistical errors) and V6.500 

with measured errors is reported as a function of the 

angle. In this case neither hysteresis effects for MQM and 

MQY quadrupoles, nor feed down effects from MQTL 

are considered. The use of measured errors produces an 

increase of the value of the DA of about 0.5 sigma at 

small angles, while it is even more pronounced at larger 

angles.  
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Figure 3: DA as a function of angle for V6.500 (statistical 

error) and V6.500 (measured errors as installed). In the 

case of statistical errors the markers represents the 

average, while the errors bars the minimum and 

maximum over the 60 realisations.  

The evolution of the DA over the two layouts and the 

two approaches for magnetic errors, namely statistical and 

measured, is reported in Fig. 4. In this case the DA value 

represents minimum over the angles in addition to the 

minimum over the realisations (whenever applicable).  
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V6.500 - measured errors 

for all magnet classes.

V6.500 - errors in all magnets.

 

Figure 4: Evolution of the value of the DA for the various 

versions of the LHC optics and for different 

configurations of magnetic errors used in the simulations. 

In this case the minimum over the angles is shown. 

The increase in DA is clearly seen. Starting from this 

new result, the novel approach allowing to study the 

machine as installed, will have to be exploited in order to 

assess the dependence of the DA estimate on the 

measurement errors or power converter errors. In a 

second stage this approach will be combined with the 

analysis of the impact of linear errors, dipole and 

quadrupole (normal and skew) to study the machine 

performance/behaviour under realistic operational 

conditions. 
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Dynamic aperture (DA) is largest region of phase space where stable motion occurs.  
Computed by particle tracking simulating different sets of machine imperfection due to:

(A) machine alignement/mechanical aperture
(B) multipoles generated by the magnets (see sextupoles...)

x’

x

In the transverse phase space, one cannot really see an ellipse which describes the normal betatronic phase 
space in a FODO lattice. Islands and chaotic (both in mathematical sense as in how it looks like) motion 
appear due to fields that vary with amplitudes (x) ⇒ Multipoles  

Dynamic aperture for different LHC “realisation” 



In fact, if can control properly the non-linearities you can even split up the beam

Experiment done in the PS at 14 GeV/c (not @ the LHC) to show the splitting in 5 islands of the beam 
by using sextupoles and octupoles and crossing the 1/5 resonance, i.e. Qx=0,2

If this not done not under controlled conditions, losses appear  

If one can produce multibeams, one can for sure produce tails in a nice gaussian beam profile...

Data

Simulation (x,x’)

Qx=0,2



MTE: Multi-Turn extraction 
a clean way  

to generated beamlets



CERN future seen in 2007

SPS

PS2

SPL

Linac4
PS



CERN future seen in 2007

R. G. 9 IDS meeting - CERN – 29 March 2007

PSB SPL’
RCPSB

SPS
SPS+

Linac4

SPL

PS

LHC / 
SLHC DLHC
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160 MeV

1.4 GeV
~ 5 GeV

26 GeV
40 – 60 GeV

450 GeV
1 TeV

7 TeV
~ 14 TeV

Linac250 MeV

SPL: Superconducting Proton 
Linac (~ 5 GeV)

SPL’: RCPSB injector
(0.16 to 0.4-1 GeV)

RCPSB: Rapid Cycling PSB
(0.4-1 to ~ 5 GeV)

PS2: High Energy PS
(~ 5 to 50 GeV – 0.3 Hz)

PS2+: Superconducting PS
(~ 5 to 50 GeV – 0.3 Hz)

SPS+: Superconducting SPS
(50 to1000 GeV)

SLHC: “Superluminosity” LHC
(up to 1035 cm-2s-1)

DLHC: “Double energy” LHC
(1 to ~14 TeV)

Proton flux / Beam power

Upgrades of the accelerator complex

PS2 (PS2+)

As proposed by the PAF working group
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LHC and Injectors – 50 ns

Time

PSB

PS

SPS

= Field in main magnets
= Proton beam intensity (current)
= Beam transfer

1.2 seconds

To LHC

450 GeV

26 GeV

1.4 GeV

1 SPS batch
(144 bunches)

2012-2013 LHC - 26.7 km - 1380 bunches – 50 ns

Ab
or

t g
ap

1 PS batch
(36 bunches)
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Triple splitting after 2nd injection Split in four at flat top energy

26
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The LHC25 (ns) cycle in the PS. Double batch

→ Each bunch from the Booster divided by 12 → 6 × 3 × 2 × 2 = 72

h = 7

Eject 72 bunchesInject 4+2 bunches

h 
= 

84

h = 21



Example of RF gymnastics: 
Triple bunch-splitting (LHC25, LHC50)

• Split bunches in three similar parts (h7 → h21)

Three RF harmonics at the same time h=7→ h=14→ h=21.
The Voltage of different group of cavities at different harmonics are “adiabatically” 
increases and decreased to obtain a bunch splitting with stationary buckets

If we would be looking to the Hamiltonian of the system, we would be creating extra fix points by 
introducing the high field harmonics (ipse dixit...)

h=7
h=14 h=21



Induced field inside a cavity from a bunch passage

D. Trines, Bodrum 2007 

Following bunch “feels” the presence of  
the previous one due to  
induced electromagnetic field 



A second example: longitudinal instability
� Longitudinal+coupled+bunch+instabilities:"presently,"the"nominal"LHC25"is"

at"the"limit"of"stability"both"along"the"ramp"and"at"flat"top"before"the"
double"splitting

� Methods"of"stabilization"under"consideration:
� Broad?band"cavity"to"act"as"a"longitudinal"feedback"system."Requires"more"

feasibility"studies"to"prove"that"it"would"not"introduce"more"problems"of"
beamloading and"longitudinal"impedance

� Much"more"details"to"come"in"������
 �	�
���������

Longitudinal"coupled"bunch"instabilities

From"H."Damerau,"MSWG"27/03/2009
LIU"Day,"1"Dec"2010From H. Damerau

The head of the bunch trains create a wake making the rest of the bunch train oscillating  
longitudinally, i.e., the beam starts to oscillates in the bucket.

This instability is called COUPLED BUNCH, since is generated between bunches

BUNCH TRAIN

First bunch Last bunch

Unstable

© 2011 CST Computer 

Simulation Technology 
 AG. All rights reserved.



How to completely screw up a bunch

Courtesy  
S. Hancock

a) This is a normal bunch

b) This is an unstable bunch  
(sextupolar instability) 

Everyone can understand that b) risks to be more difficult to threat than a)..... 



Impedance: beam coupling with surroundings
• Wake fields = Electromagnetic fields generated by the beam interacting  

with its surroundings (vacuum pipe, etc.) creating

• Energy loss

• Beam instabilities 

• Excessive heating

• For a collective instability to occur, the beam environment must not be a perfectly conducting 
smooth pipe.

• Impedance (Sessler&Vaccaro) = Fourier transform of the wake field.  
The coupling between surrounding element of the machine and  
the beam is described in term of Impedance Z, as the one of an  
equivalent electrical circuit (R, C, L)

© 2011 CST Computer Simulation Technology AG. All rights reserved.

Bunch creating a wake field



An example of transverse instability: TMCI

Vertical position  
of the beam within a bunch

before transition

Beam losses
A fraction of the beam touched the  

vertical apertureBunch intensity

Time

20 ns

1 frame = few turns

The head of the bunch create a wakefield in the vertical plane which excites the tail of the 
bunch. This instability is defined as TMCI: Transverse Mode Coupled Instability because 
the wave on the bunch is not stationary. 

  

Nasa

Bullet...
TMCI@PS



Luminosity
Maximum number of bunches  
depends on RF gymnastics  
(aka production scheme) chosen in PS  
plus number of PS injections in SPS*

* Once fixed the gaps for kicker rise times (PS, SPS, abort gap) 

Minimum possible emittance deliverable is given by the Linac (L2 or L4)
Emittance conservation limited by Space-charge in PS and SPS
  

Maximum Intensity per bunch limited by 
longitudinal beam stability in PS and SPS 
and maximum RF power available in SPS

maximise number of protons  
circulating in the LHC while  
delivering sufficiently small emittances  
both @ LHC injection



Inner triplet: final focusing 
⇒ how to make the beam small at the IP

IR layout

Apart from the DS the insertions are comprised of the following sections, given in order from the interaction

point:

• A 31 m long superconducting low-β triplet assembly operated at a temperature of 1.9 K and providing a
nominal gradient of 205 T/m.

• A pair of separation / recombination dipoles separated by approximately 88 m. The D1 dipole located
next to the triplet magnets has a single bore and consists of six 3.4 m long conventional warm magnet

modules yielding a nominal field of 1.38 T. The following D2 dipole is a 9.45 m long, double bore,

superconducting dipole magnet operating at a cryogenic temperature of 4.5 K with a nominal field of

3.8 T. The bore separation in the D2 magnet is 188 mm and is thus slightly smaller than the arc bore

separation.

• Four matching quadrupole magnets. The first quadrupole following the separation dipole magnets, Q4, is
a wide-aperture magnet operating at a cryogenic temperature of 4.5 K and yielding a nominal gradient of
160 T/m. The remaining three quadrupole magnets are normal-aperture quadrupole magnets operating at

a cryogenic temperature of 1.9 K with a nominal gradient of 200 T/m.

Fig. 3.7 shows the schematic layout of IR1 and Tab 3.2 summarizes its main hardware parameters.

Figure 3.7: Schematic layout of the right side of IR1

Table 3.2: Magnet parameters in IR1 and IR5.

LSS Optical DS

low-β triplet MS DS arc-cell

Magnet Q1 Q2 Q3 Q4 Q5 Q6 Q7 Q8 Q9 Q10 QT11 QT12 QT13

# 1 2 1 1 1 1 2 1 2 1 1 1 1

Type: XL X XL Y ML M ML M ML TL T

MQ- C

L [m] 6.3 5.5 6.3 3.4 4.8 4.8 3.4 4.8 3.4 4.8 1.15 0.32 0.32

2.4

T [ K] 1.9 4.5 1.9 1.9 1.9

G [T/m] 200/205 160 200 200 110 110

r [mm] 22.2 28.95 27.2 20.6 22.2 22.2 22.2

v17.3 24.05 22.3 15.75 17.3 17.3 17.3

The triplet assembly features two different quadrupole designs: the outer two quadrupole magnets are made

by KEK and require a peak current of 6450 A to reach the nominal gradient of 205 T/m, whereas the inner

quadrupole block consists of two quadrupole magnets made by FNAL and requires a peak current of 10630 A.

The triplet quadrupoles are powered by two nested power converters: one 8 kA power converter powering

distance about 100 m

Interaction point

QF QD QF QD QF QD

Experiment

50 ns bunch spacing
~ 15 m

empty buckets



Triplets before lowering in the tunnel
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Optics at collision IP5- CMS
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Crossing angle

F = 1/

⇤

1 +
�

�c⇥z

2 · ⇥�

⇥2

distance about 100 m

Interaction point

QF QD QF QD QF QD

Experiment

Angle @ IP to avoid that the 2808 bunches  
collides in other places than the IP in the LSS.  
  
~ 30 unwanted collision per crossing

Θc crossing angle 285 μrad

σz RMS bunch length 7.55 cm

σ* RMS beam size
(ATLAS-CMS) 16.7 μm

F L reduc. Factor 0.836



Beam-Beam interaction

The two beams travels one near the other at the IP 
 
The electromagnetic field generated by one beam 
 is felt by other ⇒ Beam-Beam 

Three classes of beam-beam effects:
A)Long range 
B) Packman bunches
C) Head-on

Packman bunches are the bunches of one beam that 
at the IP don’t see a correspondant bunch of the 
other beam.

As a results, for them the tune, orbit and 
chromaticity will be different from the other bunches 
....



Beam-beam tune spread

No beam-beam

Max beam-beam

Max beam-beam tune shift ⇒ not more than 0.015
to avoid crossing resonances

Quadrupole-like component

Non linear Amplitude-force  
dependence

Beam-beam 
tune-spread

So N2=intensity per bunch should be small and ε=emittance 
should be big, exactly the opposite to have large Luminosity.  An 
optimum has to be chosen 



Typical LHC Operational cycleOperational cycle
Beam dump

Ramp down/precycle

Injection

Ramp

Squeeze

Collide

Stable beams

Ramp down 35 mins

Injection ~30 mins

Ramp 12 mins

Squeeze 15 mins

Collide 5 mins

Stable beams 0 B 30 hours

Turn around 2 to 3 hours on a good day

19
Dipoles and quadrupoles fields follows the beam energy



Injection optics and during acceleration IP5- CMS
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Change in technology for superconducting cables

O. Bruning

Higher fields needed to focus more the beam at the interaction point  
with quadrupoles and needs of higher dipolar fields 

critical field in NbTi and Nb3Sn 

Two key players in sc magnet technology: NbTi and Nb3Sn 
  

T(K) 

B(T) 



 Very, very short introduction to Superconductivity for accelerators 

Superconductivity is a property of some materials.   
At very low temperature they can carry currents 
without voltage drop, i.e. their resistivity goes to zero.   
LHC cables: Nb-Ti working at 1.9 K  

The conductor remains Superconductor  
if its status in Current Density, Temperature, B field 
phase space is below the Critical Surface 

What can increase  
the temperature in a magnet ?

Transition to a normal 
conducting state is called 
magnet quench

The distance between the working point and 
the critical surface for a fixed B field and 
Current Density is the temperature margin 
(critical temperature)



Change in technology for superconducting cables

O. Bruning

Higher fields needed to focus more the beam at the interaction point  
with quadrupoles and needs of higher dipolar fields 

critical field in NbTi and Nb3Sn 

Two key players in sc magnet technology: NbTi and Nb3Sn 
  

T(K) 

B(T) 



E. Todesco

LAY OUT

WP3 includes IR magnets around IP1 and IP5
Among them, the four Nb3Sn triplets (plus two spares) are made of 
four magnets each

Q1/3: two 8.4 m long magnets, split in two 4.2 m long magnets (US)
Decision of splitting in two taken at an early stage, implying lower risks, 
longer production, larger costs, a negligible loss of performance

Q2a/b: Two 7.15 m long magnets , integrated in the same cold mass 
with orbit corrector

Same cross-section
Bladder and key mechanical structure

New triplet design
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LHC & Future High-Energy Circular Colliders 
Frédérick Bordry 
JUAS 2016– European Scientific Institute - Archamps - 19th January 2016

Squeezing the beams: High Field SC Magnets

Quads for the inner triplet 
Decision 2012 for low-β quads
Aperture � 150 mm – 140 T/m 
(Bpeak ≈12.3 T)

(LHC: 8 T, 70 mm )

- Dipoles 11 T for extra collimators

More focus strength, 
E* as low as 15 cm (55 cm in LHC)
thanks to ATS (Achromatic Telescopic Squeeze) optics
In some scheme even E* down to 7.5 cm are considered

- Dipoles for beam recombination/separation 
capable of 6-8 T with 150-180 mm aperture 
(LHC:  1.8 T, 70 mm)

New triplet design
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LHC & Future High-Energy Circular Colliders 
Frédérick Bordry 
JUAS 2016– European Scientific Institute - Archamps - 19th January 2016

Squeezing the beams: High Field SC Magnets
Quads for the inner triplet 
Decision 2012 for low-β quads
Aperture � 150 mm – 140 T/m 
(Bpeak ≈12.3 T)
operational field, designed for 13.5 T 
=> Nb3Sn technology
(LHC: 8 T, 70 mm )

βtriplet Sigma
triplet

β* Sigma*

Nominal ~4.5 km 1.5 mm 55 cm 17 um

HL-LHC ~20 km 2.6 mm 15 cm 7 um
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The Hi-Lumi Magnets (∼130)

IT Quads

D1
D2

MCBXF

Skew quad

Octupole

Decapole

Dodecapole

D2 orbit 
corrector

11 T

Sextupole



SC Links inside flexible cryostat: first 60 m long prototype 20 kA cable 
tested at CERN
First long length of 20 kA MgB2 cable (IT Quad circuit)

�123

First joint of 
cable
MgB2 to Nb-Ti

Low resistance (nOhms!)

No current degradation; 
thermal contraction and 
thermal loss management 
sucessful!

L. Rossi



Lucio Rossi - HiLumi LHC to the CERN guides - Globe 26 February 2019

Avec un clair retour pour la société
A recent study of the University of Mialn Economy 
Dept, has estimated  that for  each CHF invested in the 
HL-LHC there is a net gain for HiTech companies of 
about 1.7  CHF 

▪ Technology return to 
industry 

▪ Training
▪ Public cultural effect 
▪ Publications of scientific 

articles
�124



Why do we have to protect the machine ?

Total stored beam energy at top energy (7 TeV), nominal beam, 334 MJ (or 120 kg TNT) 
Nominal LHC parameters:  1.15 1011 protons per bunch

          2808       bunches
          0.5 A       beam current

British aircraft carrier: 
HMS Illustrious and Invincible weigh 20,000 tons all-up and fighting which is 2 x 107 kg. 
Or the USS Harry S. Truman (Nimitz-class) - 88,000 tons.   
 
Energy of nominal LHC beam = 334 MJ or 3.34 x 108 J  
 
which corresponds to the aircraft carrier navigating  
at v=5.8 m/s or 11.2 knots  (or around 5.3 knots if you're an American aircraft carrier)

So, what if something goes wrong?

What is needed to intercept particles at large transverse  
amplitude or with the wrong energy to avoid quenching  
a magnet?





At 7 TeV, beam really small, 3σ diam. ~ 1. 2 mm

RF contacts for guiding image 
currents

Beam spot 

 2 mm 

Precision required for collimator movements about 25 μm

How$tight?$

R.#Bruce#2012.02.07# 6#

Intermediate settings (2011): 
~3.1 mm gap of  
primary collimator 

Tight settings: 
~2.2 mm gap of  
primary collimator 

Norway 

Iberian 
peninsula 



A. Bertarelli, CERN                                   Joint HiLumi LHC-LARP Annual Meeting, FNAL, US – 11-13 May 2015
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Update on HRMT09 and HRMT14 Experiments
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Inermet 180 0.65 
MJ

HRMT14 
Dismounted sample holder (May 
2015)

Molybdenum 0.65 
MJ and 
1.3 MJ

Glidcop  
0.65 MJ (twice)

MoCuCD 
1.3 MJ

CuCD 
1.3 MJ

MoGr  
(3 grades) 

1.3 MJ



A. Bertarelli (EN/MME)                                                                  LMC – 19 August 2015

• Impacts on CuCD jaw.  
• 48 b. σ 0.35 mm. Impact depth 0.5 σ

First Results Overview – CuCD

�129
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HL-LHC in LS2: new protection devices

• Installation of new protection devices, ready to cope with larger bunch intensities 

Low-impedance
collimator

TDIS injection absorber
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Test on crystal collimation (option)

Two goniometers installed on B1 in LS2; two more on B2 in 2017, 
upgraded in 2018.
4 operational crystals for collimation.

4 mm = 50 μrad,  
or 10 x 15m long LHC dipoles
or 300 T at 7 TeV

Courtesy EN/SMM Courtesy UA9 collaboration/PNPI

HL WP5: S. Redaelli, S. Gilardoni, M. 
Calviani al.

Scope: further improvement of ion cleaning after 2016 re-baselining.  
Studying if, for ions, this can be an “adiabatic” upgrade of the IR7 system. 

2017: improved by up to x60 collimation cleaning of Xe beams

See Matthew’s presentation for other crystal application today 



A picture from an SPS endoscopy



Electron clouds

Animation from O. Brüning simulation  
→ 10 subsequent bunch passages 
Color describes the formation of the electron cloud

(Courtesy 
F.Ruggiero)

Electron cloud in the vacuum beam pipe can be created by “avalanche” process :  

1. few primary e−  generated by as photoelectrons, from residual gas ionization, extract by Synchrotron radiation 
2. p+ bunches accelerate e− (this depends from the bunch separation, i.e. 25 nsec in the LHC)
3. e− impact on the wall and extract secondary e−

and so on ... and the cloud can generate:
a) heating of the beam pipe ⇒ magnet heating            b) beam instabilities  



Electron clouds issues on beam

(Courtesy G.Rumolo)

Bunch passage, electrons accumulated near beam centroid 

If there is offset between head and tail:

→ tail feels transverse electric field created by head

→ tail become unstable

Particles mix longitudinally 
→ also head can become unstable (above threshold)

From E. Benedetto
Vertical emittance vs. time, for different EC densities @ LHC injection

Time [s]
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ρ = 3 x 1011 m-3

ρ = 3.5 x 1011 m-3

ρ = 4 x 1011 m-3

ρ = 6 x 1011 m-3

ρ = 9 x 1011 m-3

ρ = 3 x 1012 m-3

Massimo Giovannozzi - CERN 47French-Ukrainian Summer School of Particle Physics

Schematic of the single-

bunch (coherent)

instability induced by an

electron cloud.

How can we cure such

phenomenon?

Beam physics issues: e-cloud

Courtesy G. Courtesy G. RumoloRumolo - CERN - CERN



Simulation of SPS experiment, 500 turn

From G. Rumolo
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Which questions (some and only to start) ?
• Physics goals

• Lepton, protons or antiprotons?

• Which leptons? 

• Fix target experiment or collider?

• Higher energy, more events, both?

• Which energy? 

• Machine Dimensions? Is Power/water consumption an issue?

• Ring or linac?

• How many experiments?

• Where?

• Something stupid…  what’s the maximum length of a magnet?



… back to the future

Images courtesy of the Special Collections Research Center, University of Chicago Library 
and Cronin J (ed.) Fermi Remembered (University of Chicago Press, 2004)

By E. Fermi: “Preliminary design...8000 km, 20.000 gauss”  
for 1994

5000 TeV 
B=2 T    R = 8000 km



FCC-hh: 100 TeV pp collider

LHC
27 km, 8.33 T
14 TeV (c.m.)

FCC-hh (alternative)
80 km, 20 T

100 TeV (c.m.)

FCC-hh (baseline)
100 km, 16 T

100 TeV (c.m.)

“HE-LHC”
27 km, 20 T

33 TeV (c.m.)

Geneva

PS

SPS

LHC

L. Bottura
B. Strauss



Synchrotron (1952, 3 GeV, BNL)
New concept of circular accelerator. The magnetic field of the bending magnet varies with time.  

 As particles accelerate, the B field is increased proportionally.  
The frequency of the accelerating cavity, used to accelerate the particles, has also to change.

Bρ =

p

e
Particle rigidity:

B = B(t) magnetic field from the
        bending magnets

p = p(t) particle momentum varies
       by the RF cavity

e          electric charge

ρ         constant radius of curvature

Bending strength limited by used technology  
to max ~ 1 T for room temperature conductors



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

beam current [A] 0.5 1.12 (1.12) 0.58

bunch intensity  [1011] 1 (0.5) 2.2 (2.2) 1.15
bunch spacing  [ns] 25 (12.5) 25 (12.5) 25
norm. emittance gex,y [mm] 2.2 (2.2) 2.5 (1.25) (2.5) 3.75
IP b*

x,y [m] 1.1 0.3 0.25 (0.15) 0.55
luminosity/IP [1034 cm-2s-1] 5 30 25 (5) 1
peak #events / bunch Xing 170 1000 (500) 800 (400) (135) 27
stored energy / beam [GJ] 8.4 1.4 (0.7) 0.36
SR power / beam [kW] 2400 100 (7.3) 3.6
transv. emit. damping time [h] 1.1 3.6 25.8
initial proton burn off time [h] 17.0 3.4 3.0 (15) 40

hadron collider parameters (pp)





           From C. Carli

ELENA: first year of  running

■ Deceleration of  antiprotons from 5.3 MeV to 100 keV to improve efficiency of  experiments 
■ Circumference 30.4 m (1/6 the size of  the AD) 

Fits in available space in AD hall and allows installing all equipment without particular efforts  
Lowest average field (beam rigidity over average radius) Bρ/R = 94 G (smaller than for AD 115 G)

High sensitivity magnetic 
pick-up for Schottky diagnostic  

(intensity) and LLRF

Extraction towards existing experiments 
(with fast electrostatic deflector)

Wideband RF cavity

Scraper to measure 
emittances 

(destructive) 

Electron Cooler and 
compensation solenoids

Extraction towards new exp. zone

Injection with  
magnetic septum (≈300 mrad) 

and kicker (84 mrad)

Quadrupoles

Line from H- and proton  
source for commissioning



           From C. Carli

~ 3 x 107 

5.3 MeV antiprotons 
a shot every ~ 100 sec 

to one experiment

 ~4 keV 
antiprotons/ 

~ 100 sec

ELENA ~ .45 x 107 

100 keV antiprotons 
a shot every ~100 sec  

shared by ~4 experiments

Introduction: Efficiency for capturing antiprotons in 
traps without and with ELENA

Present situation with AD alone: 
- Most experiments slow antiprotons down by “degrader” 
  => very inefficient – most (>99%) antiprotons lost  
  (one experiment uses an RFQ for deceleration with higher efficiency)

Future situation with AD and ELENA decelerating to 100 keV: 
- thinner “degrader” and increased trapping efficiency 
  (some experiments use other means to decelerate the beam) 
- Intensity shared by four exp’s allows longer periods with beam



First Elena proposal in 1982

From the proceedings of  the Workshop on  
“Physics at LEAR with Low-Energy Cooled  

Antiprotons”, ERICE (1982) 

Machine design/proposal  
similar but much smaller  

machine: C= 11 m 



Elena ring



ELENA in AD hall

AD

ELENA



Electron cooling
“Cold electron beam”

“Hot antiproton beam”

Hot and large emittance beam

Cold and small emittance beam Electron cooler increases order  
Cold electrons reduce the  
velocity spread  
of hot particles



Influence of environmental magnetic fields

BNORTH=22)µT)

BVERTICAL=42)µT)
|B|=47)µT)

Daily)and)yearly)change)<)1%))

From M. Buzio

General tolerance for the background field 0.1 G i.e. 10 μT (~1 mm/m deflection @ 100 keV) 
Lowest field at extraction : 94 G

Field sources: 
- geomagnetic field  
- DC and AC currents: power lines, busbars …  
- remanent magnetization in steel components (typical in welded/cold worked parts) 
- electrical machinery (motors, pumps …)

Field decays with distance from source r as 1/rn 

Steel structures (beams, scaffolding, rebars in concrete etc.) may 
both shield or amplify locally the field 
according to the geometry, material properties, magnetic history ……

Magnetic field measured at 1.3 m from the floor as the crane  passes 
overhead ± 2.5 µT Bvertical fluctuation correlated with the position 
of the beam.



CERN Circular Colliders + FCC

!149

Constr. Physics LEP

Construction PhysicsProtoDesign LHC

Construction PhysicsDesign HL-LHC

PhysicsConstructionProtoDesignFuture Collider

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

20 years

from F. Zimmermann



What’s next for high energy

Courtesy)V.)Shiltsev)

pp"

e+e%"

factor'10'every''
20.30'years'factor'10'every''

10'years'

factor'105.107'in'e+e%"
'luminosity'

Ecm=2ec""Bρ"hadron-lepton 

FCC-he 
LHeC 

ep"



FCC-hh: 100 TeV pp collider

LHC
27 km, 8.33 T
14 TeV (c.m.)

FCC-hh (alternative)
80 km, 20 T

100 TeV (c.m.)

FCC-hh (baseline)
100 km, 16 T

100 TeV (c.m.)

“HE-LHC”
27 km, 20 T

33 TeV (c.m.)

Geneva

PS

SPS

LHC

L. Bottura
B. Strauss



FCC Arc



LHC Arc

FCC 

Detector 



FCC-hh main parameters

L. Rinolfi   JUAS Seminar 2nd February 2015 

FCC (hh)  parameters F. Zimmermann / 
CERN 

F. Zimmermann



Two-in-one magnet design

Nb -Ti  
superconducting cable  
in a Cu matrix

The LHC is one ring  
where two accelerators  
are coupled by the  
magnetic elements.



Magnet design using mixture of different materials

only a quarter is shown

15-16 T: Nb-Ti & Nb3Sn 20 T: Nb-Ti & Nb3Sn & HTS

L. Rossi, E. Todesco, P. McIntyre

“hybrid magnets” 
example block-coil layout



FCC-hh landscape

34   

Latest News: Geographical / Geological Considerations 
      J. Osborne and Family 

Build the Lattice Design on a modular basis using building blocks that are  
matched / or “matchable” to each other to follow a large variety of geometries 



06/07/2018 Alain Blondel The FCCs 4

Sharing the same tunnel



machine protection

energy per proton beam 
LHC: 0.4 GJ → FCC-hh: 8 GJ (20x more !) 

– kinetic energy of Airbus A380 at 720 km/h 
– can melt 12 tons of copper, or drill a 300-m long hole

F. Zimmermann



The FCC Collaboration
• A consortium of partners based on a 
Memorandum Of Understanding (MoU)  

• Working together on a 
best effort basis 

• Self governed 
• Incremental & open to  
academia and industry 

• Specific contributions         detailed 
in Addendum

!160
F. Zimmermann



Collaboration Status
• 55 institutes 
• 20 countries 
• EC participation

!161
F. Zimmermann



55 FCC collaboration members & CERN as host institute,  
status 28 April 2015

ALBA/CELLS, Spain 
Ankara U., Turkey 
U Bern, Switzerland
BINP, Russia 
CASE (SUNY/BNL), USA
CBPF, Brazil 
CEA Grenoble, France 
CEA Saclay, France
CIEMAT, Spain 
CNRS, France 
Cockcroft Institute, UK 
U Colima, Mexico  
CSIC/IFIC, Spain 
TU Darmstadt, Germany
DESY, Germany 
TU Dresden, Germany 
Duke U, USA 
EPFL, Switzerland 

GWNU, Korea
U Geneva, Switzerland 
Goethe U Frankfurt, Germany 
GSI, Germany 
Hellenic Open U, Greece 
HEPHY, Austria 
U Houston, USA 
IFJ PAN Krakow, Poland 
INFN, Italy 
INP Minsk, Belarus 
U Iowa, USA 
IPM, Iran 
UC Irvine, USA
Istanbul Aydin U., Turkey 
JAI, UK 
JINR Dubna, Russia 
FZ Jülich, Germany 
KAIST, Korea

KEK, Japan 
KIAS, Korea
King’s College London, UK 
KIT Karlsruhe, Germany
Korea U Sejong, Korea 
MEPhI, Russia 
MIT, USA 
NBI, Denmark 
Northern Illinois U., USA 
NC PHEP Minsk, Belarus 
U. Liverpool, UK 
U Oxford, UK
PSI, Switzerland  
Sapienza/Roma, Italy 
UC Santa Barbara, USA 
U Silesia, Poland
TU Tampere, Finland 
U Twente, Netherlands
Wroclaw UT, Poland 

F. Zimmermann



Qinhuangdao (ᑇጳછ҂

50 km 

70 km 

easy access 
300 km from Beijing 
3 h by car 
1 h by train 

Yifang Wang

CepC, SppC

CepC/SppC study (CAS-IHEP), CepC CDR end of 
2014, e+e- collisions ~2028; pp collisions ~2042

“Chinese Toscana”



CepC/SppC project – 
recent news in 

Nature
24 J U LY 2014 | VO L 511 | NAT U R E | 3



The proper particle for the proper scope 
Electrons (and positrons) are (so far) point 

like particles: no internal structure

The energy of the collider, namely two times 
the energy of the beam colliding is totally 
transferred into the collision

Ecoll= Eb1+ Eb2= 2Eb = 200 GeV (LEP)

Protons (and antiprotons) are formed by 
quarks (uud) kept together by gluons

The energy of each beam is carried by the 
proton constituents, and it is not the entire 
proton which collides, but one of his 
constituent 

Ecoll  < 2 Eb (8 TeV)

Pros: the energy can be precisely tuned to scan 
for example, a mass region. 

Precision measurement (LEP)  

Cons: above a certain energy is no more possible 
to use electrons because of too high synchrotron 
radiation 

Pros: with a single energy possible to scan 
different processes at different energies.

Discovery machine (LHC)  

Cons: the energy available for the collision is 
lower than the accelerator energy 



P =
2c × E4

× r0

3ρ2 (m0 × c2)3

Power radiated per particle goes like:       4th power of the energy
                                        (2nd power)-1 of the bending radius  
                                        (4th power) -1 of the particle mass 

particle classical radius

ρ particle bending radius

Synchrotron radiation

Energy lost per turn per particle due to synchrotron radiation:

e- ≈ some  GeV   (LEP)  

p ≈ some      keV    (LHC)

We must protect the LHC coils even if energy per turn is so low

Radiation emitted by charged particles accelerated longitudinally and/or transversally

Power lost per m in dipole: some W
Total radiated power per ring: some kW

Synchrotron radiation

Energy lost per turn per particle due to synchrotron radiation:

e-!  W(MeV) = 8.85 x 10-5 x E4(GeV)/!2(km)           " 2 GeV   (LEP)

p!  W(keV)  = 7.8 x 10-3 x E4(TeV)/!2(km)!             " 6 keV    (LHC)

We must protect the LHC coils even if energy per turn is so low

Radiation emitted by charged particles accelerated longitudinally and/or transversally

P =
2c × E4

× r0

3ρ2 (m0 × c2)3

Power radiated per particle goes like:           4th power of the energy
                                        (2nd power)-1 of the bending radius 
                                        (4th power) of the particle mass

r0 =
q
2

4πε0m0c
2

particle classical radius

! particle bending radius

Power lost per m in dipole: 0.206 W
Total radiated power per ring: 3.6 kW

Courtesy of NSLS, Brookhaven National Laboratory



CLIC: e+e- Compact (~50 km) Linear Collider

L. Rinolfi   JUAS Seminar 2nd February 2015 
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Compact Linear Collider (CLIC) 



CLIC: e+e- Compact (~50 km) Linear Collider



Acceleration I

Courtesy  
L. Rinolfi

F (t) = q
!

E(t) + v(t) ⊗ B(t)
"

-4

-2

0

2

4
-4

-2

0

2

4

-1.0
-0.5
0.0

x
y

Acceleration again with Lorentz force:

In a well defined part of the accelerator,  
a RF (radio frequency) cavity generates  
an electric field parallel to the velocity  
of a zero divergence particle.  
The cavity itself acts as a resonator.

Obs: The magnetic field associated to the RF wave is negligible (for us).
B. Salvant 
N. Biancacci 

F // E // v



Longitudinal focusing, a pendulum ...

• Particles are confined within a range in phase and energy called  
BUCKET and are grouped into bunches by the electric field. 

Bucket

Bunch

One machine turn ~ some (hundred)microseconds

Bunch length: few 100’s- few ns



Compact Linear collider

L. Rinolfi   JUAS Seminar 2nd February 2015 

CLIC Layout at 3 TeV 
Drive Beam 
Generation 

Complex 

Main Beam 
Generation 

Complex 

F. Tecker / CERN 

 
 



CLIC beam parameters

L. Rinolfi   JUAS Seminar 2nd February 2015 

CLIC parameters 

28 

S. Stapnes / CERN 

 
 





J. Pfingstner 



What about using muons….
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ν Factory Goal:  
O(1021) µ/year  

within the accelerator  
acceptance 

Neutrino)Factory)(NuMAX))

Muon)Collider)(Muon)Accelerator)Staging)Study))

µACollider Goals:  
126 GeV   

~14,000 Higgs/yr 
Multi-TeV    

Lumi > 1034cm-2s-1 
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Which target ?

• Target: Mercury: Z = 80  
→ short target Liquid  
→ easy to replace (v// ≈ 20 m/s) to have at every shot a new target 
at least two nuclear interaction-length long 
  
– Dimensions: L ≈30cm, R≈1cm 

→ 4 MW of proton into a pint of beer  

Simone Gilardoni24 Aprile 2003 DPNC

Target Nufact
! Target:

) Mercury:  Z = 80    � short target
Liquid     � easy to replace 

(v// � 20 m/s)
) Dimensions:   L � 30 cm, R � 1 cm

40000 �

4 MW

=

� 4 MW of proton into a pint of beer

4 MW = 40000 ×



Early experiments in 2001

Experiments @BNL and @CERN:  
Shooting a few kW beam on a Hg jet 

Measurements of Hg explosion speed  
Speed of protons >> Speed of sound  

Maximum speed observed ~ 20 m/s 

Protons 

1 cm 



S. Gilardoni - INSS2012

Cooling, the problem...
• Problem: μ → Beam pipe radius of storage ring 

P⊥ or x’ and x reduction needed: COOLING 
PS: make a larger beam pipe or stronger quadrupoles 

is not a solution 

Simone Gilardoni24 Aprile 2003 DPNC

Cooling: the problem
(transverse phase space)

Accelerato

Accelerator acceptance   
R � 10 cm, x2 � 0.05 rad

rescaled @ 200 MeV

��and � after 
focusing

? Problem: ��� Beam pipe radius of storage ring
P� or x9 and x reduction needed: COOLING

We have to cheat Lioville...  



S. Gilardoni - INSS2012

Ionisation cooling: the principle

Simone Gilardoni24 Aprile 2003 DPNC

Ionization Cooling : the principle

H2 rf

Liquid H2: dE/dx

RF restores only P//: E constant

Beam

sol

sol

Simone Gilardoni24 Aprile 2003 DPNC

Ionization Cooling : the principle

H2 rf

Liquid H2: dE/dx

RF restores only P//: E constant

Beam

sol

sol

Simone Gilardoni24 Aprile 2003 DPNC

Ionization Cooling : the principle

H2 rf

Liquid H2: dE/dx

RF restores only P//: E constant

Beam

sol

sol

Solid LiH or 



S. Gilardoni - INSS2012

Cooling : the channel

Simone Gilardoni24 Aprile 2003 DPNC

2) Focusing :

a) Needed when
x) reduction comparable
with multiple scattering
b) same rotation center for
the spiral motion. (Rematching)

Cooling : the channel

1) Cooling I : x7 reduction 3) Cooling II : x7 reduction

0
i

f

E
E'-' ��� if xx

Heating term

=

0

6.13
0 X

x
pc
MeV
�� �

H2 has X0= 8.9 m

Cooling works best with high x?



S. Gilardoni - INSS2012
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�

Incoming muon beam

Diffusers 1&2

Beam PID
TOF 0

Cherenkov
TOF 1

Trackers 1 & 2
measurement of emittance in and out 

Liquid Hydrogen absorbers 1,2,3

Downstream
particle ID:

TOF 2 
Cherenkov
Calorimeter

RF cavities 1 RF cavities 2

Spectrometer
solenoid 1

Matching
coils 1&2

Focus coils 1 Spectrometer
solenoid 2

Coupling Coils 1&2

Focus coils 2 Focus coils 3
Matching
coils 1&2

10% cooling of 200 MeV muons requires ~ 20 MV of RF
single particle measurements =>������out/� in ) = 10-3

RF cavities (see tomorrow lecture): Radio-Frequency cavities used to 
generate and electric field and accelerate particles



Where do you want to take shifts (old sites)? 

Now we are discussing other places....



Our playground…

30 CHAPTER 1. INTRODUCTION TO THE NEUTRINO FACTORY

Figure 1.21: Different detector locations are already identified in Europe
around CERN, but after all the entire world could be a nice playground.

Figure 1.22: Neutrino Factory accelerator complex layout (not to scale).

kinetic energy of 2.2 GeV[13]. The maximum reasonable proton beam power
technically feasible is around 4 MW, even if the SPL in continuous mode
could possibly reach ≈ 20 MW. However the 4 MW is considered to be the
reasonable upper limit for the realization of the target station.
This power corresponds to ≈ 1016 protons per second or ≈ 1023 protons per
year at 2.2 GeV. The typical rate proton/muon conversion is around 1% and



Muon collider proposal at Fermilab (US)



The future (personal view, pretty long term...)

• Laser plasma acceleration : few GeVs per meter ....

... that’s not for tomorrow... yet...

http://www.youtube.com/watch?v=MlNxgmPVF6U

http://www.youtube.com/watch?v=MlNxgmPVF6U


What is Plasma Wakefield 
Acceleration?

Short proton beam

+

+
+

+

+

+
-
--

Neutral plasma Proton Beam

Novel particle acceleration technique

Can also drive 
wakefields with:
• Electrons
• Photons
• Positrons
• Muons 
       (in principle)

Short beam enters
plasma

Free e- pulled 
towards beam

e- reach beam, 
and overshoot

Ion region is left 
behind beam

e- pulled back 
towards axis by ions

‘bubble’ structure 
formed

High electric 
fields created

Many ‘bubbles’ 
trail beam

Inject e- into bubble
to accelerate them

Here is a simulation 
of the cartoon
(electric field plotted)

The side view shows how the ‘bubbles’
Get nosier further behind the beam

Circled is the electric field of the proton beam
driving the wakefield



APS/Alan Stonebraker

http://alanstonebraker.com/


The Self-Modulation Instability

Long proton beam Neutral plasma

Affects long drive beams.

+

+
+

+

+

+
-
--

• Microbunches are spaced  λp 
          apart.
• Charge density increased.
• Micro bunch lengths are much 
       closer to the ideal driver length of:

σideal = λp / π√2
 
These properties then allow the 
modulated beam to drive a wakefield 
much more effectively.

+

+
+

+

+

+
-
--

Neutral plasma

Self-modulated driver beam

Long beam enters plasma

Free e- pulled towards proton beam

E- overshoot the proton beam

Ion region left behind head 
of proton beam
E- pulled back on axis by ions
Impinge on proton beam

Weak wakefield co-propagates
 with beam

Ion regions force beam 
protons away

E- regions focus beam and 
keep on axis

After some time, 
half the proton beam 
is discarded, leaving 
micro-bunches



AWAKE Experimental Program —> GeV/m
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• Understand the physics of self-modulation instability processes in plasma.
• Probe the accelerating wakefields with externally injected electrons.

Laser 
dump

e- 
SPS

protons

10m

SMI Acceleration

Proton 
beam 
dump

RF gun
Laser

p 

Plasma cell
! Rb vapour source
Proton beam
! drives the plasma wakefield + undergoes self-modulation instability.
! LHC-type proton beam, 400 GeV/c, 3E11 protons/bunch, 400ps long
Laser beam: 
! ionizes the plasma + seeds the self-modulation instability of the proton beam.
! 4.5TW laser, 100fs
Diagnostics
! BTVs, OTR, CTR
Electron source and beam
! Witness beam to ‘surf’ on the wakefield and get accelerated
! 16 MeV/c, 1.29 electrons/ bunch, 4ps long
Electron spectrometer system

Proton diagnostics
BTV,OTR, CTR

e- spectrometer

Edda Gschwendtner, CERN

http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
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PROTON-DRIVEN PWFA 

 Use “pancake” p+ bunch (σr>σz) to drive wakefields (cylinder for e- driver) 

Caldwell, Nat. Phys. 5, 363, (2009) 

 Loaded gradient ~1.5GV/m 

p+ e- 

Unloaded      Loaded 

Pancake-like bunch: σx,y>σz 
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PROTON-DRIVEN PWFA 

∆E/E~1% 

p+ e- 

Unloaded      Loaded 

~0.6TeV 

~500m 

p+ dephasing 

 Use “pancake” p+ bunch (σr>σz) to drive wakefields (cylinder for e- driver) 

 ILC-like e- bunch from a single p+-driven PWFA 
 Loaded gradient ~1.5GV/m 

Caldwell, Nat. Phys. 5, 363, (2009) 
Pancake-like bunch: σx,y>σz 

http://cds.cern.ch/record/1537318/files/SPSC-TDR-003.pdf
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AWAKE experiment

dump

~1100m

SPS

LHC

protons

AWAKE at CERN

Edda Gschwendtner, CERN



or…



An FFAG … something like this…


  

  

  

   

  




