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Motion of a charged particle in an electric and a magnetic field

𝐹𝐹 = 𝑞𝑞 �⃗�𝑣 × 𝐵𝐵 + 𝐸𝐸

𝐸𝐸 Electric field accelerates (along the motion), i.e., gives 
momentum, energy

�⃗�𝑣 × 𝐵𝐵 Magnetic field act as perfect centripetal force,i.e., 
bend trajectories of charged particles, without changing the 
modulus of the momentum, i.e., the energy.



Considering B as the component perpendicular to the 
motion: 
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In accelerators we find two types of magnetic configuration
solenoidal fields to confine particle along trajectories or to bend particles 

trajectories in the midplane (in split coil configuration) 
Transverse fields: long tube of fields perpendicular to trajectories (dipoles)
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Field-energy expression for non-relativistic case: classical cyclotron 
Particles curved by magnetic field use same voltage many times…

NON-relativist case

For proton or electron of charge e and mass m, 
kinetic energy Ek and field are related by:

𝐸𝐸𝑘𝑘 =
1
2
𝑒𝑒
𝑚𝑚

(𝐵𝐵𝐵𝐵)2

Where B is the magnetic field (perpend. To the 
motion) and ρ is the curvature radius.

For ions with charge Z and atomic no. A:
⁄𝐸𝐸𝑘𝑘 𝐴𝐴 = 1

2
𝑒𝑒
𝑚𝑚𝑝𝑝

𝑍𝑍
𝐴𝐴

2
𝐵𝐵𝐵𝐵 2
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Relativistic case, most used for HEP syncrotron and colliders…
and (more complex) general expression

c being the light velocity, the expression is ( mass 
energy is negligible, Ek ≈ E)

𝐸𝐸 = 𝑒𝑒 𝑐𝑐 𝐵𝐵𝐵𝐵

Which makes the maximum energy in terms of 
practical units (GeV, tesla, m) very simple:

𝑬𝑬𝒌𝒌 ≅ 𝟎𝟎.𝟑𝟑 𝑩𝑩 𝝆𝝆

We here that beam energy scaled linearly with 
field and size of the accelerators.

In intermediate energy we must use:
𝐸𝐸2 − 𝐸𝐸02 = 𝑝𝑝2𝑐𝑐2

𝐸𝐸2 − 𝐸𝐸02 = e2𝑐𝑐2𝐵𝐵2𝐵𝐵2

Again, dividing by e to have energy in eV:

𝐸𝐸𝑘𝑘 = 𝐸𝐸02 + 𝐵𝐵2ρ2𝑐𝑐2 − 𝐸𝐸0
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Magnetic forces are necessary for focusing particle beams (quads)
and higher order (sextupoles, octupoles, etc…) are needed, too.

Quadrupoles are needed  for focusing. When 
focusing in on plane (example: x-z) it defocus 
in the othe plan (y-z). So a doublet of FD or DF 
quads are needed; total effect is focusing 
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Magnets are key compoennts of any aprticle accerator
for circular accelertors fills most of the tunnel

About 80% of the 27 km long 
Large Hadron Collider of 
CERN, the superaccelerator
that has allowed the discovery 
fo the Higgs boson, is filled by 
a continuous lattice of 3 dipole 
(45 m) and one quadrupole –
with HO magnets (about 5 m)
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Series of dipoles in the LHC tunnel  
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Comparison between meeds for accelerator and detector magnets 

• Magnetic fields needed for 
- electric charge identification
- momentum spectrometry
- p = mv = q ρ B;   φ = q/p   B L
⇒ BL is often the comparison 

parameter
• If momentum analysis is done by 

tracking inside the field volume:
- ∆p/p ∝ 1/BL2 ⇒ large volume 

pays off better than high field 
- Field homogeneity appreciated 

but NOT critical 
(field knowledge of 0.1% usually 

suffices)
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Toroids: a perfect transverse field with a heavy toll to efficiency

Toroidal field is always perpendicular to the 
particle trajectories , inany direction they go.

So they ae used for spectroscopy ATLAS

Howeer the ratio bettwe useful fiel and peak
field onthe coil si very bad. They are used only
when realy needed like detectors or magnetic
confinenement or when no magnetic moment 
is alowed (becuase of the closed field lines)
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type Buseful/Bcoil

Solenoids 0.8-0.99

Dipoles 0.7-0.95

Toroids 0.25-0.6
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LHC and its four large detectors
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Field computation (no ferromagnetic material)
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flowing from r1 to r2 (from 
Wilson book)
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If there us iron  use FE codes
Or a quick evaluation by IMAGE CURRENT  methods
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Use of iron yoke to contain the stray field is very common. Then image current methods 
(magnetic mirror) could be used, either with infinite (first guess) or finite µr. 

 The method is actually applicable when: 
µr is constant and known

 the iron has a shape that respects the symmetry of the problem (infinite iron plane, 
or circular iron fully surrounding the current region), see picture below. 

1
1

+
−=

r

rII im µ
µ

Tip:

If iron is fully saturated, and the magnetization is known, the 
field is the sum of air core coil current plus the 
magnetization surface currents, Js = M × n
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Solenoids – field computation
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L
NItJJB s 000 µµµ =⋅==

Js = linear density of the surface current (A/m)
J = current density,   t = coil thickness
IN/L = ampereturns (total current) per unit length

Most solenoids are not so far from this very easy computation. 

When L/∅ = 1.25 the central field is about 15% less than the field infinite 
solenoid (with the same peak field on the coil.

Note that whatever long is the solenoid, at the ends Baxis is about half Bcentral
and that inevitably there is a large radial field (this is important for HTS tapes)

LUCIO ROSSI - UNIV. OF MILAN & INFN-MI-LASA - SC MAGNETS  FOR HITRIPLUS 
SPECIALISED COURSE ON HEAVY ION THERAPY RESEARCH

Lucio Rossi - U
niversity of M

ilano - H
ITRIplus Course



Solenoids – computation of field in any point
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The formula of the loop can be analytically 
integrated only along the axis
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Transverse fields: any field can be represented as a sum of various 
multipoles
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Courtesy of D. Tommasini, CERN, CAS Varna, 2010

Key point: 
A dipole magnet generate 
“only” dipole field (the other 
components are inevitable 
errors… usually very small of 
the order of 10-5 to 10-2
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How to generate multipoles field with currents:
overlapping cylinders or overlapping ellipses
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 Field shape DIPOLE
 Half the field of a solenoid for same J and coil thickness

 J = J0 cosϑ
 Field shape QUADRUPOLES

 J = J0 cos2ϑ
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=d is the separation between center 
of the cylinders, or coil thickness a,b elllipses parameters

Field of a long solenoid with N 
turns and lenght L
B= µ0 NI/L or B= µ0 J d 
So, a dipole of same J and 
same coil thinckness d
gives half field of a solenoid 
(but is transverse field)
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If the d (coil thickness) is constant ? (easy to manufacture)
on can vary the J as costheta
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Constant internal radius, sector coils:  
Js = J⋅d·cos(θ) , Js = J⋅d⋅cos(2θ), …

d = t =coil thickness
These generate perfect dipole
(quadrupole) field inside a circle

Approximation of cosθ with coil blocks
(left) and multiple shells (centre) and 
of intersecting ellipses.

DEVIATION FROM PERFECT FIELD: 
10-4 (0.01%) that is taken as the unit.

(from M. Wilson book)
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Again: a dipole 3D and 2D scheme of dipole, 
quadrupole, sextupole, both for iron and coil dominated 
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But how to get much current? 
Superconductivity… but at low T
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Why we need superconductivity
Superconducting LHC

Tunnel: 27 km

Field : 8.3 T

Cryoplant power at the plug: 40 MW: always on

∼ 70 MW for LHC. 150 MW for  the accelerator
complex

180 MW for the whole CERN complex

Normalconducting LHC

Tunnel 120 km

Field : 1.8 T

Dissipated power at collision: ∼
2,200 MW
Average power (0.4 coefficient): 
900 MW only for accelerator

However, power is required only when operating 
while power in SC magnets is needed to keep it 

cold… a factor 2 favorable in energy for NC
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Zero resistance: really?
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Gallop experiment on the current decay in a superconducting loop: 
ρ < 10-26 Ωm 

One experiment lasted two years, with no sign of current decay and had to stop because the 
supply of LHe was interrupted by transport strike ! 

Materials ρ (Ωm)
↓ ↓

Vacuum ∞
Insulators 1020 ÷ 1010

Semiconductors 105 ÷ 10-3

Metals 10-5 ÷ 10-10

Superconductors ≈ 0

Resistivity table
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Superconductivity: more than zero resistance
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Meissner-Ochsenfeld effect

 

f3(J,B,T0) f2(J,T,B0) 

f1(B,T,J=0
) 

J 

B 

T 

Superconductivity is a thermodynamic 
state defined by T, B, J
similar to T,P,V for the ideal gas: P ⇔ B,   
V ⇔ J
Superconductivity exists only below the 
critical surface: increase one parameters 
depress possible value of others...
B and J are linked by consideration of 
free-energy and by Maxwell 
equations… So inevitably an increase in 
current brings also an increase in field…
Deception! Bc is very low: 
∼1-10 mT !
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Fluxoids or quantum magnetic flux
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Flux penetration in the material 
is in quanta:

Φ = h/2e ≅ 2 10-15 Wb
B

J
F

Lorentz force : Fp = -Jc × B  : to avoid movements and heating it is needed a pinning 
given by defects. 

NbTi: Fp max≈ 15 GN/m3 (or 15 N/mm3 !!) ⇒ Jc ≈ 3 GA/m2 (3000 A/mm2 ) at 5 T 
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Stability margins…  
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I 

T TLHe 

Iop 

Superconductors are NOT stable against perturbation albeit very small. ∆E of  µJ are enough 
to drive superconductor normal!

Heat capacity drops at low temperature (T<< TDebey) : 
C ∝ T3 ⇒ ∆ T = ∆E/γC.  So even small ∆E generates sensible ∆ T 
⇒ operating point of the magnet beyond critical surface ⇒ QUENCH

TEMPERATURE

CURRENT

Ic curve

Imagnet
All current
in sc

Current in Cu

Current in sc
T
C 

TC

All current in Cu

TEMPERATURETCTCS

JOULE 
POWER

Electrodynamic stability: intimate contact between the 
superconductor and a good conductivity material. 

Adiabatic (or intrinsic)stability: to cure the flux 
rearrangement that generates heat

Direct cooling : LHe and more HEII are very good coolant, 
capable to remove heating in milliseconds! Latent heat 10-
1000 times that of solid specific heat! 
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Cortesy of D. Valentinis, 
KIT, Karlsruhe

Critical temperatures on the Mendeleev table
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Critical temperature vs time…
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Thanks to C. Senatore, 
Univ of Geneva
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Critical field vs. temperature (at zero current)
Critical current density (eng.) vs field at fixed T
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Plot courtesy of C. 
Senatore, Univ. of Geneva
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logo
area

Multi-wire cable: the way to 10-100 kA!

Very complex architecture
Thousands of fine Nb-Ti filaments well
separated along km of wires Cable of 15 kA!)
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Innovative materials: Nb3Sn with high Jc
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Inovative Materilas: HTS 
Bi-2212 and especially YBCO / REBCO
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Max current in SC: Ic,  E-J curve
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Transition at fixed temperature: V = k In , so we have to adopt a criterion to define Ic.

Electric field. Ic is the current generating an electric field Ec= 10-5 V/m ⇒E = Ec (J/Jc)n

Resistivity. Ic is the current showing an apparent resistivity of ρc = 10-14 Ωm.
The exponent n, called also n-value or n-index, is related to the homogeneity of the material or of the superconducting 
properties.  For good superconductors n ∼30 – 60 or more. Near critical surface, B > 0.9 Bc2 the n-values drops down 
to 20 or below.
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area

Resistive magnets of PS accelerator at CERN (1.5 tesla)

SC magnets at Tevatron at Fermilab (USA) 3 times more 
powerful!

2 m

Carrying a lot of current: what a difference for magnets! 
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shielding current layer in a superconducting 
filament (persistent currents)

M ∝ 1/Bn

n = 
0.5...1.5

M ≅ JcDeff

Courtesy of L. Bottura

(Dia)Magnetization and fine filaments
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Multipoles generated are
proportional to 1/Bn

If M is symmetric only allowed
multipoles are present Courtesy of L. Bottura

Effect of magnetization 
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Multipoles generated are


proportional to 1/Bn

If M is symmetric only allowed


multipoles are present
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Accelerator magnets : basic - field 
The basic shape : mix between cosϑ
and shell

Shells with const J is a very good 
approximation

Field expansion
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Accelerator Magnets: Basic Design - forces

Reality


e.m. forces

NOT SELF-
SUPPORTING

How to contain them

More difficult in twin 
magnets!

Joverall ≈ 500 A/mm2 ! e.m. forces are not kept by 
conductors but tend to torn apart the winding.

Principle 
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Accelerator magnets : total quality
All in series
◦ The worst performing determines 

the  accelerator energy
◦ They must be all equal (within few 

units , 1 u=10-4)

The field quality is typically 
controlled at a fraction of unit 
over a wide range.
◦ Coil positioning and e.m. forces

39
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AVR NCS, CS, SS

		

		186.311275		186.3772875		186.5596053571

		186.360325		186.412525		186.623575

		186.328		186.3718875		186.6038714286

		186.360675		186.402675		186.6175410714

		186.36775		186.384225		186.6006732143

		186.3629875		186.37835		186.7217464286

		186.29735		186.2959125		186.6083767857

		186.3814		186.349775		186.62155

		186.37775		186.39865		186.5952910714

		186.302875		186.341975		186.5679767857

		186.292125		186.3278125		186.5591303571

		186.306175		186.3319625		186.5930071429

		186.2811875		186.303425		186.5158803571

		186.308675		186.3034		186.5064410714

		186.2750625		186.3109375		186.5220857143

		186.3699833333		186.34995		186.5239

		186.32565		186.3761166667		186.5067375

		186.3645333333		186.4071166667		186.503675

		186.3325166667		186.3775		186.50935

		186.3257833333		186.34585		186.490075

		186.3203		186.31555		186.50721875

		186.2854333333		186.3178		186.51405625

		186.3083833333		186.2889333333		186.53656875

		186.28505		186.2958		186.53731875

		186.31275		186.2932333333		186.57949375

		186.3116333333		186.3344333333		186.6076875

		186.2740166667		186.29995		186.6919875

		186.2831666667		186.3139333333		186.680975

		186.26075		186.3084833333		186.742675

		186.30685		186.3234666667		186.5703

		186.38335		186.3603833333		186.5897125

		186.3441		186.3572166667		186.593525

		186.3053833333		186.3612666667		186.50875625

		186.3703666667		186.3877166667		186.51490625

		186.2969166667		186.3034		186.6685625

		186.3293333333		186.36		186.6386625

		186.2749666667		186.2931833333		186.54778125

		186.22615		186.2318833333		186.55335

		186.3005666667		186.3281333333		186.595075

		186.18115		186.2140666667		186.56866875

		186.2298		186.2294166667		186.5736625

		186.2247333333		186.2978666667		186.51058125

		186.2395333333		186.2123833333		186.51003125

		186.2554		186.2747666667		186.51916875

		186.2974666667		186.33905		186.46349375

		186.26285		186.3159333333		186.46075625

		186.2329333333		186.2754333333		186.539675

		186.2245833333		186.2408666667		186.4887625

		186.1870333333		186.2208833333		186.4634125

		186.2031		186.3387833333		186.5748

		186.2562		186.2518833333		186.590225

		186.2455166667		186.2569333333		186.6196

		186.2462		186.2475		186.6150375

		186.2072833333		186.2190166667		186.56706875

		186.2162666667		186.2499		186.5490625

		186.2194666667		186.25495		186.576825

		186.2680166667		186.2789333333		186.603025

		186.2060833333		186.2140166667		186.65943125

		186.2351		186.2026		186.6065375

		186.2002833333		186.2228333333		186.62115625

		186.21625		186.2311166667		186.66695

		186.3348333333		186.3387833333		186.570925

		186.2102833333		186.2120166667		186.64485625

		186.3080166667		186.3449166667		186.61989375

		186.2581333333		186.2594666667		186.66936875

		186.32035		186.3058333333		186.67601875

		186.2268666667		186.2365		186.64621875

		186.2458333333		186.27115		186.6308625

		186.2446		186.2929833333		186.6707875

		186.2717666667		186.2871333333		186.724575

		186.2103833333		186.25555		186.69326875

		186.2789833333		186.2925		186.67725625

		186.2862666667		186.3103666667		186.63515625

		186.2977		186.3065		186.6493375

		186.3823		186.3597666667		186.70901875

		186.2623666667		186.3002		186.70103125

		186.28185		186.2503		186.70661875

		186.2728833333		186.2725833333		186.7065125

		186.2119166667		186.25085		186.7141375

		186.3043166667		186.3198166667		186.7332625

		186.3005333333		186.2918		186.68591875

		186.3094		186.3211833333		186.67559375

		186.3150833333		186.2904333333		186.6885

		186.2923		186.27935		186.6355125

		186.2599166667		186.3137166667		186.63066875

		186.2840333333		186.2975333333		186.71905625

		186.2936333333		186.3179333333		186.715175

		186.3314666667		186.3264		186.7109

		186.2781333333		186.3111333333		186.7129625

		186.3644		186.3078666667		186.72445

		186.3716333333		186.3464333333		186.7338125

		186.3482666667		186.3617		186.6541

		186.286		186.3485333333		186.7257125

		186.3158		186.3393333333		186.743725

		186.2936666667		186.3086		186.656875

		186.2751		186.2972		186.6283

		186.39785		186.3458166667		186.57871875

		186.3147		186.3276		186.68545

		186.3529333333		186.3406333333		186.6768375

		186.3202		186.326		186.6549

		186.3414		186.3106333333		186.66518125

		186.2915666667		186.3059		186.68333125

		186.35525		186.3192833333		186.61605

		186.3769		186.3283833333		186.6593375

		186.2938333333		186.2764333333		186.7291

		186.3192833333		186.3609333333		186.74165

		186.3446166667		186.32075		186.62955

		186.3529		186.3845666667		186.62115625

		186.2922166667		186.3104166667		186.6089875

		186.3678833333		186.3696166667		186.60945

		186.3372333333		186.3585		186.65654375

		186.3463		186.3191666667		186.61571875

		186.3496333333		186.3336166667		186.60149375

		186.2903833333		186.3341666667		186.599675

		186.3467		186.36005		186.63516875

		186.3043333333		186.3072		186.60555

		186.3084		186.3268833333		186.601425

		186.3206		186.3544166667		186.601525

		186.3222		186.33945		186.61351875

		186.2396666667		186.3311833333		186.69905625

		186.3488166667		186.3380333333		186.6530625

		186.32175		186.3298		186.69145

		186.2714166667		186.29665		186.646175

		186.3334		186.3258333333		186.60919375

		186.2822333333		186.29985		186.62618125

		186.2717833333		186.27085		186.57720625

		186.3698833333		186.4126		186.68814375

		186.3057		186.3308166667		186.6664125

		186.3147166667		186.3085833333		186.67493125

		186.3640333333		186.3254333333		186.6619

		186.2733833333		186.30285		186.5888

		186.2452166667		186.2810333333		186.60653125

		186.3744666667		186.4014333333		186.593125

		186.4442		186.4119166667		186.60050625

		186.3237166667		186.3431666667		186.66816875

		186.3349333333		186.3332666667		186.68393125

		186.3704		186.3836666667		186.59526875

		186.3207		186.2955666667		186.69985

		186.3965333333		186.3854833333		186.5981

		186.4368		186.37115		186.58580625

		186.2327666667		186.2766		186.5843

		186.3979833333		186.4388833333		186.61715625

		186.3176		186.3006		186.54294375

		186.3016333333		186.3025		186.551775

		186.3346833333		186.3469333333		186.546625

		186.33505		186.3012166667		186.6371375

		186.2942666667		186.3411		186.634175

		186.40955		186.3565666667		186.59686875

		186.3517833333		186.3048333333		186.70653125

		186.4443333333		186.38445		186.66080625

		186.4748666667		186.4253		186.57638125

		186.40405		186.3852833333		186.64909375

		186.4322333333		186.4131666667		186.5975875

		186.45345		186.4309166667		186.594

		186.43765		186.4479666667		186.639225

		186.36165		186.3493333333		186.6641125

		186.4464666667		186.3985		186.573325

		186.41275		186.4110666667		186.6228375

		186.4628333333		186.40025		186.633775

		186.4891666667		186.4077833333		186.6534375

		186.4338		186.3732666667		186.6139625

		186.3351333333		186.4135		186.63740625

		186.4033333333		186.41185		186.6323

		186.4363333333		186.4049833333		186.60956875

		186.4133		186.4018		186.61671875

		186.4754		186.44755		186.597

		186.39195		186.4079		186.60319375

		186.40045		186.3846333333		186.6307625

		186.41545		186.3647333333		186.59696875

		186.4246666667		186.4237833333		186.5948375

		186.42255		186.4085166667		186.58365625

		186.4328333333		186.3972		186.5888

		186.403		186.3608666667		186.61323125

		186.4151833333		186.4029		186.57856875

		186.41985		186.4015666667		186.5603625

		186.4079666667		186.3976666667		186.6571375

		186.4325333333		186.3957666667		186.5570375

		186.42725		186.37385		186.6532

		186.4292666667		186.4125		186.6167875

		186.4270666667		186.3950333333		186.6694875

		186.4224833333		186.4109666667		186.6131375

		186.4222333333		186.4061666667		186.57244375

		186.4111833333		186.417		186.67136875

		186.4221666667		186.43165		186.5761875

		186.4352166667		186.3944333333		186.5933875

		186.46465		186.4473666667		186.6678875

		186.46105		186.4671833333		186.67383125

		186.45115		186.4209666667		186.6493125

		186.4631		186.4414666667		186.65289375

		186.41055		186.4064833333		186.58274375

		186.4604333333		186.4445166667		186.69960625
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AVRG (S3 & S7) (NCS coil end)

AVRG (S3 &S7) (CS coil end)

AVRG (S3&S7) (coil SS)

Collared coil ID

CCD [mm]

Firm 3. CCD for CC of firm 3 (CS, NCS of coil end and SS)



Firm 3 Inner layers coil size

		1		11.9464642857

		1		11.8067142857

		1		11.8526071429

		1		12.45025

		2		11.7502857143

		2		11.9739642857

		2		11.9588928571

		2		11.6591785714

		3		11.9261785714

		3		12.2406428571

		3		12.1841785714

		3		12.2592857143

		4		13.1396785714

		4		12.5683214286

		4		12.7188571429

		4		12.5067142857

		5		12.5093928571

		5		12.3572142857

		5		12.4911428571

		5		12.5454285714

		6		12.5656785714

		6		12.3342142857

		6		12.6621071429

		6		12.5458571429

		7		12.7886428571

		7		12.7981785714

		7		12.9146428571

		7		12.9006785714

		8		12.8083214286

		8		12.6452142857

		8		12.7280357143

		8		12.9242142857

		9		12.5666785714

		9		12.9366785714

		9		12.8684285714

		9		12.8465714286

		10		12.10475

		10		12.5102857143

		10		12.8053214286

		11		12.6298928571

		11		12.4680714286

		11		12.7996785714

		11		12.7198571429

		10		12.6101071429

		12		11.5763571429

		12		11.4420714286

		12		12.0755357143

		12		12.1878214286

		13		12.1702142857

		13		12.3904285714

		13		12.7947857143

		13		12.0586428571

		14		13.4546071429

		14		11.0208214286

		14		12.4138928571

		14		12.2594642857

		15		12.2819642857

		15		12.6418571429

		15		13.3915

		15		12.4865

		16		12.28775

		16		12.3373214286

		16		12.3118571429

		16		12.3793571429

		17		12.1422142857

		17		12.2557142857

		17		12.0213928571

		17		11.9105714286

		18		12.0317142857

		18		12.0421785714

		18		12.3579642857

		18		12.1693571429

		19		12.0706428571

		19		12.3322857143

		19		12.56375

		19		12.5450357143

		20		12.8007857143

		20		13.7268214286

		20		12.9206071429

		20		12.9894642857

		21		12.4031785714

		21		13.5351071429

		21		12.7896785714

		21		12.7011785714

		22		12.7983214286

		22		12.7815714286

		22		13.1579285714

		22		13.1530357143

		23		12.6248571429

		23		12.3464285714

		23		12.8041071429

		23		13.5016428571

		24		12.5881428571

		24		12.6327857143

		24		12.4613214286

		24		12.3986071429

		25		12.61625

		25		12.7068928571

		25		12.9716428571

		25		13.0408214286

		26		12.5743214286

		26		12.7811428571

		26		13.2688571429

		26		13.2232142857

		27		12.4424642857

		27		12.35275

		27		12.5081071429

		27		12.4874642857

		28		12.7436071429

		28		12.892

		28		12.5832142857

		28		13.2994285714

		29		13.1396071429

		29		12.6920714286

		29		13.3622857143

		29		12.561

		30		12.7203214286

		30		12.2621785714

		30		12.6883214286

		30		12.83525

		31		11.7246428571

		31		10.8175714286

		31		11.427

		31		11.4981875

		32		11.445125

		32		11.17075

		32		11.3891875

		32		11.4494375

		33		11.1763125

		33		11.1805

		33		11.61875

		33		11.691875

		34		12.6603928571

		34		12.6223214286

		34		12.3093571429

		34		12.1971071429

		35		12.4024285714

		35		12.5968928571

		35		11.9975357143

		35		12.18375

		36		12.8076785714

		36		12.9458571429

		36		12.4739285714

		36		13.1981071429

		37		13.1030714286

		37		12.6726428571

		37		12.8946428571

		37		12.8335714286

		38		11.9156428571

		38		12.475

		38		12.2751071429

		38		12.9723214286

		39		12.27075

		39		12.3265357143

		40		12.6030357143

		40		11.63325

		40		13.4786785714

		40		11.9245625

		41		13.865

		41		13.1079642857

		41		12.8474285714

		41		12.8468928571

		42		13.2580357143

		42		13.1543928571

		43		12.9597857143

		43		12.4094642857

		43		12.0013214286

		43		12.6151071429

		44		12.25925

		44		12.323

		44		13.18125

		44		12.6549285714

		45		12.28275

		45		13.1720357143

		45		12.8983928571

		45		11.9053571429

		46		12.4888571429

		46		13.0041071429

		46		11.9909642857

		46		12.0738214286

		47		12.1646428571

		47		11.6305714286

		47		12.6461428571

		48		12.2551785714

		48		12.2218214286

		48		11.959

		48		12.1702857143

		49		11.8509285714

		49		11.96325

		49		11.8185357143

		49		12.1413571429

		50		12.6091785714

		50		11.5655357143

		50		11.7263928571

		50		12.1112142857

		51		11.5536785714

		51		11.5944642857

		51		11.6073571429

		51		11.6008928571

		52		11.94475

		52		11.8230714286

		52		11.6128928571

		52		11.7661428571

		53		11.3198214286

		53		11.5162857143

		53		11.6547857143

		53		11.2471071429

		54		11.4539285714

		54		11.1910357143

		54		10.9816071429

		54		11.2461071429

		55		11.7489642857

		55		11.6294642857

		55		11.8655

		55		11.6309642857

		56		11.9088571429

		56		11.3559285714

		56		11.59425

		56		11.7075357143

		57		11.3303571429

		57		11.2735

		57		11.2731071429

		57		11.5971071429

		58		11.79475

		58		11.6640714286

		58		11.6831428571

		58		11.4114285714

		59		11.5540714286

		59		11.1760714286

		59		11.2240714286

		59		11.4657142857

		60		11.2491428571

		60		11.293

		60		11.6128571429

		60		11.5761428571

		61		10.916

		61		11.1663571429

		61		11.3191428571

		61		11.0948571429

		62		10.905

		62		11.0264285714

		62		10.984

		62		10.7088125

		63		10.7703125

		63		10.684375

		63		10.9615

		63		10.6735625

		64		10.796125

		64		10.7949375

		64		10.6963125

		64		10.4150625

		65		10.8331875

		65		10.8485625

		65		10.94825

		65		10.8344375

		66		10.4481875

		66		10.4603125

		66		10.3830625

		66		10.2405

		67		9.9895

		67		10.2994375

		67		10.1184375

		67		10.44925

		68		10.24175

		68		10.2313125

		68		10.2888125

		68		9.7745

		69		10.4455

		69		10.4266875

		69		10.3504375

		69		10.2685

		70		10.3785

		70		10.3655625

		70		10.391875

		70		10.623

		71		10.822

		71		10.2809375

		71		10.588125

		71		10.6931875

		72		10.1876875

		72		10.863375

		72		10.5638125

		72		10.410625
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		198		12.267

		199		12.22825
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		200		12.441625

		200		12.211375
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		202		12.25975
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		209		12.31075
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Inner layer coil size (average of left & right sides)

Inner layer E-modulus at 80 MPa

Collared coil number

Coil size at 100 MPa [mm]

Coil E-modulus at 80 MPa [GPa]

Firm 3:   Inner layers coil size and E-modulus
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Dip X-sect
Twin Concept:

MB Main Bend (Dipole)
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MQY wide aperture quadrupole

• Four-layer, graded shell coil.
• Free standing collars, fully 

supporting  the forces.
• Two-in-one iron yoke.

70 mm ID coil 
G = 160 T/m at 4.5 K
I = 3620 A
E = 141 kJ/m/aperture
Lmag = 3.4
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LHC MB X-sect: conductor 
(Rutherford cable)

Conductor position 
optimization:

Control of harmonics
Balance of margin 
among blocks

Stable against 
inevitable errors

Minimum shear among 
conductors

Balance between T 
margin of inner/outer

No quench anymore in 
straight part

designed with the ROXIE code 
developed at CERN for the LHC 
(S. Russenschuck)
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The basic relation: B vs I

Field (T)

J su
p

(A
/m

m
2 )
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LHC MB X-sect: conductor 
(Rutherford cable)

Conductor position 
optimization:

Control of harmonics
Balance of margin among 
blocks

Stable against inevitable 
errors

Minimum shear among 
conductors

Balance between T 
margin of inner/outer
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Cu Spacer

Precise at ±20 µm

Used to steer 
production

Change of Cu wedge 
0.2-0.5 mm of inner 
wedges in July 2001 (3 
CM, 15 CC).

Effect in 2002.

~35 CM old Xsect.

LHC MB X-sect: copper wedges

Profile II
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Profile I - averages

		Batch PROT		Batch PROT		Batch PROT		Batch PROT		30		0		0		NaN		NaN

				-30		-0.3173213316		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch A		Batch A		Batch A		Batch A		30		7.3701444786		5.2222014836		NaN		NaN

				-30		-14.1361857561		-30		30		NaN		NaN		7.3676989982		5.2173105228

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 1		Batch 1		Batch 1		Batch 1		30		4.3825884317		3.5044144553		NaN		NaN

				-30		15.6519315683		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 2		Batch 2		Batch 2		Batch 2		30		0.8775625742		1.7477887071		NaN		NaN

				-30		15.6519315683		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 3		Batch 3		Batch 3		Batch 3		30		2.048381303		3.6420573985		NaN		NaN

				-30		13.6073168701		-30		30		NaN		NaN		2.0446146982		1.0223073491

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 4		Batch 4		Batch 4		Batch 4		30		1.452815552		0.7337442172		NaN		NaN

				-30		14.6296242192		-30		30		NaN		NaN		1.0223073491		2.0446146982

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 5		Batch 5		Batch 5		Batch 5		30		6.3576197401		3.1788098701		NaN		NaN

				-30		9.3065399192		-30		30		NaN		NaN		6.3453916491		3.1726958245

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 6		Batch 6		Batch 6		Batch 6		30		2.6291169911		2.6108733773		NaN		NaN

				-30		6.1338440947		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 7		Batch 7		Batch 7		Batch 7		30		2.62574627		2.6258450698		NaN		NaN

				-30		3.0669220473		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 8		Batch 8		Batch 8		Batch 8		30		11.6427822039		6.3212786657		NaN		NaN

				-30		-4.1950031737		-30		30		NaN		NaN		4.1950031737		5.3230843

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 9		Batch 9		Batch 9		Batch 9		30		3.7969987324		4.5270754175		NaN		NaN

				-30		-11.5627021718		-30		30		NaN		NaN		2.0446146982		1.0223073491

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 10		Batch 10		Batch 10		Batch 10		30		7.2186752155		7.5528965532		NaN		NaN

				-30		-9.4123136964		-30		30		NaN		NaN		6.3453916491		3.1726958245

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 11		Batch 11		Batch 11		Batch 11		30		0.2955831783		0.1487084894		NaN		NaN

				-30		-11.5627021718		-30		30		NaN		NaN		2.0446146982		1.0223073491

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 12		Batch 12		Batch 12		Batch 12		30		6.8548921133		3.6521951214		NaN		NaN

				-30		-2.0446146982		-30		30		NaN		NaN		2.0446146982		1.0223073491

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 13		Batch 13		Batch 13		Batch 13		30		7.2189905776		4.9253950832		NaN		NaN

				-30		-9.4123136964		-30		30		NaN		NaN		6.3453916491		3.1726958245

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 14		Batch 14		Batch 14		Batch 14		30		0		0		NaN		NaN

				-30		-3.290314665		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 15		Batch 15		Batch 15		Batch 15		30		2.19354311		1.096771555		NaN		NaN

				-30		-2.19354311		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 16		Batch 16		Batch 16		Batch 16		30		4.1623640555		3.7263393603		NaN		NaN

				-30		-2.19354311		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 17		Batch 17		Batch 17		Batch 17		30		7.2406479408		5.2839693417		NaN		NaN

				-30		1.096771555		-30		30		NaN		NaN		5.483857775		4.38708622

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 18		Batch 18		Batch 18		Batch 18		30		3.0684305156		2.8465463661		NaN		NaN

				-30		10.539961133		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 19		Batch 19		Batch 19		Batch 19		30		2.6247918642		2.6224336384		NaN		NaN

				-30		0		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 20		Batch 20		Batch 20		Batch 20		30		2.2697615599		1.9194477071		NaN		NaN

				-30		-3.1477298593		-30		30		NaN		NaN		3.1477298593		6.2954597186

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 21		Batch 21		Batch 21		Batch 21		30		1.6183702433		2.5738959993		NaN		NaN

				-30		-4.2445014143		-30		30		NaN		NaN		4.2445014143		5.1986881636

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 22		Batch 22		Batch 22		Batch 22		30		6.6505412737		6.4995109195		NaN		NaN

				-30		6.2954597186		-30		30		NaN		NaN		3.1477298593		6.2954597186

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 23		Batch 23		Batch 23		Batch 23		30		2.8496508803		5.0373460196		NaN		NaN

				-30		2.19354311		-30		30		NaN		NaN		1.096771555		2.19354311

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 24		Batch 24		Batch 24		Batch 24		30		4.1643901933		3.0680457307		NaN		NaN

				-30		13.830275798		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 25		Batch 25		Batch 25		Batch 25		30		3.5884113578		2.5644635552		NaN		NaN

				-30		8.4890028286		-30		30		NaN		NaN		4.2445014143		5.1986881636

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 26		Batch 26		Batch 26		Batch 26		30		5.039359843		2.845716473		NaN		NaN

				-30		13.830275798		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 27		Batch 27		Batch 27		Batch 27		30		2.6293779052		2.6288684146		NaN		NaN

				-30		16.0238189079		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 28		Batch 28		Batch 28		Batch 28		30		3.2831040543		1.971445783		NaN		NaN

				-30		13.830275798		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 29		Batch 29		Batch 29		Batch 29		30		1.9734006869		1.3169139781		NaN		NaN

				-30		14.9270473529		-30		30		NaN		NaN		1.096771555		2.19354311

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 30		Batch 30		Batch 30		Batch 30		30		3.286931616		3.945504308		NaN		NaN

				-30		13.830275798		-30		30		NaN		NaN		2.19354311		1.096771555

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 31		Batch 31		Batch 31		Batch 31		30		4.2436956793		4.3024483253		NaN		NaN

				-30		11.7793174936		-30		30		NaN		NaN		4.2445014143		5.1986881636

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 32		Batch 32		Batch 32		Batch 32		30		1.0709207483		1.0625013557		NaN		NaN

				-30		11.7135021933		-30		30		NaN		NaN		3.3528256898		3.2574070148

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 33		Batch 33		Batch 33		Batch 33		30		0.6350584837		0.4088164103		NaN		NaN

				-30		14.5848438193		-30		30		NaN		NaN		0.7249646468		1.1208978271

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 34		Batch 34		Batch 34		Batch 34		30		0.8988269148		0.4821247833		NaN		NaN

				-30		15.0904541551		-30		30		NaN		NaN		0.5483857775		0.7677400885

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 35		Batch 35		Batch 35		Batch 35		30		0.8499292689		1.2021941486		NaN		NaN

				-30		15.4052271411		-30		30		NaN		NaN		0.5626442581		1.0825130744

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 36		Batch 36		Batch 36		Batch 36		30		0.1961278355		0.1454121318		NaN		NaN

				-30		14.8996168053		-30		30		NaN		NaN		0.7392231274		0.8631587634

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 37		Batch 37		Batch 37		Batch 37		30		1.0058423819		0.5596108345		NaN		NaN

				-30		14.4609081833		-30		30		NaN		NaN		0.5198688164		0.3816746997

				-30				-30		30		NaN		NaN		NaN		NaN
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Profile II - averages

		Batch PROT		Batch PROT		Batch PROT		Batch PROT		Batch PROT		0		0		NaN		NaN

				-30		-35.0661286409		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch A		Batch A		Batch A		Batch A		Batch A		5.3442646117		4.2022450202		NaN		NaN

				-30		-24.6612779535		-30		30		NaN		NaN		5.2024253437		7.3645200781

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 1		Batch 1		Batch 1		Batch 1		Batch 1		3.6469155607		2.0292324539		NaN		NaN

				-30		11.5535018854		-30		30		NaN		NaN		1.0134435364		2.0268870728

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 2		Batch 2		Batch 2		Batch 2		Batch 2		3.7737660198		4.9281295962		NaN		NaN

				-30		-2.0268870728		-30		30		NaN		NaN		2.0268870728		4.0537741457

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 3		Batch 3		Batch 3		Batch 3		Batch 3		0.8779216014		1.744852702		NaN		NaN

				-30		-3.0403306093		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 4		Batch 4		Batch 4		Batch 4		Batch 4		5.0614081583		4.4652066543		NaN		NaN

				-30		-4.1889818073		-30		30		NaN		NaN		4.1889818073		5.3376330053

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 5		Batch 5		Batch 5		Batch 5		Batch 5		4.7878202076		3.9122434544		NaN		NaN

				-30		-0		-30		30		NaN		NaN		3.0403306093		3.0403306093

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 6		Batch 6		Batch 6		Batch 6		Batch 6		4.5086172989		3.7744739541		NaN		NaN

				-30		-1.0134435364		-30		30		NaN		NaN		1.0134435364		2.0268870728

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 7		Batch 7		Batch 7		Batch 7		Batch 7		3.7716153326		4.5083959182		NaN		NaN

				-30		-2.0268870728		-30		30		NaN		NaN		2.0268870728		1.0134435364

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 8		Batch 8		Batch 8		Batch 8		Batch 8		3.3583604782		1.8868964929		NaN		NaN

				-30		-2.0268870728		-30		30		NaN		NaN		2.0268870728		1.0134435364

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 9		Batch 9		Batch 9		Batch 9		Batch 9		10.4784170144		5.2392085072		NaN		NaN

				-30		-6.0806612185		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 10		Batch 10		Batch 10		Batch 10		Batch 10		3.4519527254		3.8709014346		NaN		NaN

				-30		-8.2427559529		-30		30		NaN		NaN		5.2024253437		7.3645200781

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 11		Batch 11		Batch 11		Batch 11		Batch 11		1.9810339588		2.2991565059		NaN		NaN

				-30		0.1352076616		-30		30		NaN		NaN		6.3510765417		3.1755382708

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 12		Batch 12		Batch 12		Batch 12		Batch 12		3.6797686843		4.6108165495		NaN		NaN

				-30		-6.2158688801		-30		30		NaN		NaN		9.6618224741		6.3510765417

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 13		Batch 13		Batch 13		Batch 13		Batch 13		0.4659197908		0.2366231919		NaN		NaN

				-30		0.2704153232		-30		30		NaN		NaN		12.7021530834		6.3510765417

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 14		Batch 14		Batch 14		Batch 14		Batch 14		1.74880482		3.4940094407		NaN		NaN

				-30		2.4446129192		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 15		Batch 15		Batch 15		Batch 15		Batch 15		3.4928091627		1.750005098		NaN		NaN

				-30		2.4446129192		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 16		Batch 16		Batch 16		Batch 16		Batch 16		2.6213685967		2.621445664		NaN		NaN

				-30		2.4446129192		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 17		Batch 17		Batch 17		Batch 17		Batch 17		1.4810689221		1.1427175982		NaN		NaN

				-30		8.9090065979		-30		30		NaN		NaN		3.2321968394		6.4643936787

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 18		Batch 18		Batch 18		Batch 18		Batch 18		7.111584897		3.5638953993		NaN		NaN

				-30		11.3263324642		-30		30		NaN		NaN		0.8148709731		1.6297419461

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 19		Batch 19		Batch 19		Batch 19		Batch 19		2.6590881936		4.8624614498		NaN		NaN

				-30		7.3065517046		-30		30		NaN		NaN		4.8346517326		4.8619387855

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 20		Batch 20		Batch 20		Batch 20		Batch 20		4.1045465596		2.9612881465		NaN		NaN

				-30		8.9090065979		-30		30		NaN		NaN		3.2321968394		6.4643936787

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 21		Batch 21		Batch 21		Batch 21		Batch 21		2.5639074922		2.5042602057		NaN		NaN

				-30		11.3263324642		-30		30		NaN		NaN		0.8148709731		1.6297419461

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 22		Batch 22		Batch 22		Batch 22		Batch 22		0.0566467236		0.1132934473		NaN		NaN

				-30		12.9560744103		-30		30		NaN		NaN		1.6297419461		0.8148709731

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 23		Batch 23		Batch 23		Batch 23		Batch 23		13.4454599179		8.5195407517		NaN		NaN

				-30		16.1882712497		-30		30		NaN		NaN		8.0941356248		4.0470678124

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 24		Batch 24		Batch 24		Batch 24		Batch 24		5.0395266875		4.8249730653		NaN		NaN

				-30		19.420468089		-30		30		NaN		NaN		2.4173258663		4.8346517326

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 25		Batch 25		Batch 25		Batch 25		Batch 25		2.0767291789		3.176886949		NaN		NaN

				-30		16.1882712497		-30		30		NaN		NaN		8.0941356248		4.0470678124

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 26		Batch 26		Batch 26		Batch 26		Batch 26		5.566626695		4.9234309738		NaN		NaN

				-30		25.8848617678		-30		30		NaN		NaN		8.0941356248		4.0470678124

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 27		Batch 27		Batch 27		Batch 27		Batch 27		6.4402244371		6.846101018		NaN		NaN

				-30		13.7436583305		-30		30		NaN		NaN		5.6495227057		4.0470678124

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 28		Batch 28		Batch 28		Batch 28		Batch 28		5.4423998287		3.0257641461		NaN		NaN

				-30		17.0031422227		-30		30		NaN		NaN		4.8346517326		2.4173258663

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 29		Batch 29		Batch 29		Batch 29		Batch 29		0.9315813206		1.6880971199		NaN		NaN

				-30		12.9560744103		-30		30		NaN		NaN		1.6297419461		0.8148709731

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 30		Batch 30		Batch 30		Batch 30		Batch 30		3.4958408647		4.3663743062		NaN		NaN

				-30		14.5858163564		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 31		Batch 31		Batch 31		Batch 31		Batch 31		0.9932426118		1.8057907196		NaN		NaN

				-30		13.7709453834		-30		30		NaN		NaN		0.8148709731		1.6297419461

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 32		Batch 32		Batch 32		Batch 32		Batch 32		0.8243958382		0.4535987626		NaN		NaN

				-30		-2.9226206819		-30		30		NaN		NaN		1.7003142223		1.9420468089

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 33		Batch 33		Batch 33		Batch 33		Batch 33		1.3279120332		1.6792463835		NaN		NaN

				-30		-3.6478184417		-30		30		NaN		NaN		2.1892368061		1.9420468089

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 34		Batch 34		Batch 34		Batch 34		Batch 34		1.1495133369		1.8458950698		NaN		NaN

				-30		-2.6754306847		-30		30		NaN		NaN		1.216849049		0.9669303465

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 35		Batch 35		Batch 35		Batch 35		Batch 35		0.6100811019		1.2054564514		NaN		NaN

				-30		-0.6518967784		-30		30		NaN		NaN		1.8578310063		1.0511461491

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 36		Batch 36		Batch 36		Batch 36		Batch 36		2.351510778		2.1025106949		NaN		NaN

				-30		-1.5427974382		-30		30		NaN		NaN		0.0842158026		0.1602454893

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 37		Batch 37		Batch 37		Batch 37		Batch 37		1.0495939038		1.7864237941		NaN		NaN

				-30		-4.1340123203		-30		30		NaN		NaN		2.1865081008		1.7003142223

				-30				-30		30		NaN		NaN		NaN		NaN
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Profile III - averages

		Batch PROT		Batch PROT		Batch PROT		Batch PROT		Batch PROT		0		0		NaN		NaN

				-30		-20.0682059089		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch A		Batch A		Batch A		Batch A		Batch A		5.4213696665		4.1533373634		NaN		NaN

				-30		-6.3401615155		-30		30		NaN		NaN		5.4213696665		4.1533373634

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 1		Batch 1		Batch 1		Batch 1		Batch 1		5.4362026038		2.723571592		NaN		NaN

				-30		10.5364753834		-30		30		NaN		NaN		1.9235367069		0.9617683534

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 2		Batch 2		Batch 2		Batch 2		Batch 2		12.9424871575		9.0922319626		NaN		NaN

				-30		-21.3792147164		-30		30		NaN		NaN		14.6898127468		7.3449063734

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 3		Batch 3		Batch 3		Batch 3		Batch 3		0.5188965081		0.3921733536		NaN		NaN

				-30		-11.8045076865		-30		30		NaN		NaN		5.1151057168		7.3449063734

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 4		Batch 4		Batch 4		Batch 4		Batch 4		2.6188443768		2.6207587818		NaN		NaN

				-30		-16.2641089996		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 5		Batch 5		Batch 5		Batch 5		Batch 5		0.657689455		1.0561168457		NaN		NaN

				-30		-20.417446363		-30		30		NaN		NaN		4.1533373634		5.4213696665

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 6		Batch 6		Batch 6		Batch 6		Batch 6		3.8113213205		2.6359405839		NaN		NaN

				-30		-19.4556780095		-30		30		NaN		NaN		3.19156901		3.4978329596

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 7		Batch 7		Batch 7		Batch 7		Batch 7		1.8400616675		3.6728334516		NaN		NaN

				-30		-17.225877353		-30		30		NaN		NaN		0.9617683534		1.9235367069

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 8		Batch 8		Batch 8		Batch 8		Batch 8		10.2520418992		7.8712586765		NaN		NaN

				-30		-0		-30		30		NaN		NaN		2.8853050603		2.8853050603

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 9		Batch 9		Batch 9		Batch 9		Batch 9		2.0631505631		1.7536091215		NaN		NaN

				-30		3.19156901		-30		30		NaN		NaN		3.4978329596		3.19156901

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 10		Batch 10		Batch 10		Batch 10		Batch 10		6.9523092908		4.3317343098		NaN		NaN

				-30		12.4600120902		-30		30		NaN		NaN		9.5747070299		9.5747070299

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 11		Batch 11		Batch 11		Batch 11		Batch 11		4.2870397553		5.9501349679		NaN		NaN

				-30		10.5364753834		-30		30		NaN		NaN		1.9235367069		0.9617683534

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 12		Batch 12		Batch 12		Batch 12		Batch 12		0.5611862382		0.8713952386		NaN		NaN

				-30		3.19156901		-30		30		NaN		NaN		3.4978329596		3.19156901

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 13		Batch 13		Batch 13		Batch 13		Batch 13		3.927874922		6.1583431971		NaN		NaN

				-30		4.1533373634		-30		30		NaN		NaN		8.3066747268		7.0386424237

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 14		Batch 14		Batch 14		Batch 14		Batch 14		1.7544107771		0.8772053886		NaN		NaN

				-30		6.2061587559		-30		30		NaN		NaN		0		8.88178419700125E-16

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 15		Batch 15		Batch 15		Batch 15		Batch 15		2.1261672975		2.6866034937		NaN		NaN

				-30		2.0687195853		-30		30		NaN		NaN		7.3881695454		5.3194499601

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 16		Batch 16		Batch 16		Batch 16		Batch 16		0.3154338493		0.6308676985		NaN		NaN

				-30		4.1374391706		-30		30		NaN		NaN		2.0687195853		4.1374391706

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 17		Batch 17		Batch 17		Batch 17		Batch 17		2.9772786987		4.9028059473		NaN		NaN

				-30		9.3584551328		-30		30		NaN		NaN		6.3045927538		3.1522963769

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 18		Batch 18		Batch 18		Batch 18		Batch 18		6.8553197935		3.6275693317		NaN		NaN

				-30		14.6779050929		-30		30		NaN		NaN		4.2358731685		8.471746337

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 19		Batch 19		Batch 19		Batch 19		Batch 19		9.2829817689		8.0567379873		NaN		NaN

				-30		12.5107515097		-30		30		NaN		NaN		3.1522963769		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 20		Batch 20		Batch 20		Batch 20		Batch 20		4.0285868757		2.8003769955		NaN		NaN

				-30		12.5107515097		-30		30		NaN		NaN		3.1522963769		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 21		Batch 21		Batch 21		Batch 21		Batch 21		1.4032263823		1.221322868		NaN		NaN

				-30		12.5107515097		-30		30		NaN		NaN		3.1522963769		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 22		Batch 22		Batch 22		Batch 22		Batch 22		2.6261848458		2.6262898854		NaN		NaN

				-30		15.6630478865		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 23		Batch 23		Batch 23		Batch 23		Batch 23		2.6338506235		2.631495432		NaN		NaN

				-30		6.2061587559		-30		30		NaN		NaN		0		8.88178419700125E-16

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 24		Batch 24		Batch 24		Batch 24		Batch 24		8.7633669724		4.3826062127		NaN		NaN

				-30		18.9137782614		-30		30		NaN		NaN		0		0

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 25		Batch 25		Batch 25		Batch 25		Batch 25		1.0774267555		2.1548535109		NaN		NaN

				-30		17.8302014698		-30		30		NaN		NaN		1.0835767916		2.1671535832

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 26		Batch 26		Batch 26		Batch 26		Batch 26		6.4043620949		3.6774927275		NaN		NaN

				-30		21.9676406403		-30		30		NaN		NaN		6.4030267517		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 27		Batch 27		Batch 27		Batch 27		Batch 27		10.1627524325		9.8088979443		NaN		NaN

				-30		21.9676406403		-30		30		NaN		NaN		3.1522963769		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 28		Batch 28		Batch 28		Batch 28		Batch 28		2.6912391196		3.8065309451		NaN		NaN

				-30		10.3435979264		-30		30		NaN		NaN		5.3194499601		4.1374391706

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 29		Batch 29		Batch 29		Batch 29		Batch 29		2.8983010281		4.5513071654		NaN		NaN

				-30		21.9676406403		-30		30		NaN		NaN		6.4030267517		6.3045927538

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 30		Batch 30		Batch 30		Batch 30		Batch 30		3.0631935809		3.4969317938		NaN		NaN

				-30		12.6091855076		-30		30		NaN		NaN		3.053862379		6.1077247579

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 31		Batch 31		Batch 31		Batch 31		Batch 31		2.6674183265		3.9599465289		NaN		NaN

				-30		16.7466246782		-30		30		NaN		NaN		2.1671535832		4.3343071664

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 32		Batch 32		Batch 32		Batch 32		Batch 32		1.2687933854		1.9308304441		NaN		NaN

				-30		14.352751774		-30		30		NaN		NaN		2.7582392594		3.5955704933

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 33		Batch 33		Batch 33		Batch 33		Batch 33		2.4192519704		2.297164585		NaN		NaN

				-30		10.4517950427		-30		30		NaN		NaN		1.2806053503		1.2609185508

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 34		Batch 34		Batch 34		Batch 34		Batch 34		2.3029686465		2.3654656747		NaN		NaN

				-30		13.2987051817		-30		30		NaN		NaN		0.3250730375		0.3250730375

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 35		Batch 35		Batch 35		Batch 35		Batch 35		0.7203596466		1.4146095395		NaN		NaN

				-30		9.722821488		-30		30		NaN		NaN		1.6845058676		3.0734688971

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 36		Batch 36		Batch 36		Batch 36		Batch 36		0.3929134778		0.4718469713		NaN		NaN

				-30		11.1019411177		-30		30		NaN		NaN		1.2806053503		1.5859915882

				-30				-30		30		NaN		NaN		NaN		NaN

		Batch 37		Batch 37		Batch 37		Batch 37		Batch 37		1.5148822649		1.2085893757		NaN		NaN

				-30		12.9736321442		-30		30		NaN		NaN		1.2707619506		0.9456889131

				-30				-30		30		NaN		NaN		NaN		NaN



P1out

limu

P2out

limu

mm

Profile III

-36.9158790545

-30

-30

30

-42.337248721

-30

-30

30

-3.4999191946

-30

-30

30

-19.6318891271

-30

-30

30

-11.8057585038

-30

-30

30

-11.0204013122

-30

-30

30

-11.6798216868

-30

-30

30

-4.6058760235

-30

-30

30

-7.6140285442

-30

-30

30

21.0105836768

-30

-30

30

13.6922785081

-30

-30

30

17.707181493

-30

-30

30

15.7850992808

-30

-30

30

15.4452200708

-30

-30

30

13.7850499097

-30

-30

30

7.0833641444

-30

-30

30

4.6987898845

-30

-30

30

3.258792958

-30

-30

30

8.4844154528

-30

-30

30

9.4339092176

-30

-30

30

14.2628967432

-30

-30

30

11.6344610108

-30

-30

30

14.2598215043

-30

-30

30

15.662942847

-30

-30

30

14.0968802686

-30

-30

30

25.9243097336

-30

-30

30

30.9728287382

-30

-30

30

24.5960760098

-30

-30

30

22.8455509059

-30

-30

30

18.2273441626

-30

-30

30

22.8441257645

-30

-30

30

17.8590803863

-30

-30

30

20.2473298653

-30

-30

30

12.4251834029

-30

-30

30

11.9408891368

-30

-30

30

12.5102442772

-30

-30

30

14.3657164683

-30

-30

30

13.379892979

-30

-30

30

11.3965389211

-30

-30

30



Profile IV - average

		Batch PROT		Batch PROT		Batch PROT		Batch PROT		NaN		NaN		0		0

		-31.3428030231				-30		30		0		0		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch A		Batch A		Batch A		Batch A		NaN		NaN		7.3901124335		5.3142557931

		-16.5674975969				-30		30		7.3876527131		5.3167155135		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 1		Batch 1		Batch 1		Batch 1		NaN		NaN		2.8371625331		2.4285467524

		11.622442122				-30		30		1.0819261046		2.1638522093		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 2		Batch 2		Batch 2		Batch 2		NaN		NaN		0.406276605		0.2031383025

		-8.3766638081				-30		30		2.1638522093		1.0819261046		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 3		Batch 3		Batch 3		Batch 3		NaN		NaN		4.2347894089		5.2274905259

		-0.989011095				-30		30		4.2347894089		5.2238005039		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 4		Batch 4		Batch 4		Batch 4		NaN		NaN		4.7048560779		3.1950554355

		-2.0709371996				-30		30		2.0709371996		4.1418743992		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 5		Batch 5		Batch 5		Batch 5		NaN		NaN		7.5418976248		4.5512105728

		-3.1528633042				-30		30		3.1528633042		6.3057266085		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 6		Batch 6		Batch 6		Batch 6		NaN		NaN		2.3647407028		1.4837030917

		-6.2128115988				-30		30		3.2457783139		3.2457783139		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 7		Batch 7		Batch 7		Batch 7		NaN		NaN		1.6030461891		3.2042472567

		-0.989011095				-30		30		4.2347894089		8.4695788177		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 8		Batch 8		Batch 8		Batch 8		NaN		NaN		4.1816216968		3.7137000054

		10.5405160174				-30		30		2.1638522093		1.0819261046		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 9		Batch 9		Batch 9		Batch 9		NaN		NaN		6.552061144		4.5926824547

		13.7862943312				-30		30		2.1638522093		1.0819261046		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 10		Batch 10		Batch 10		Batch 10		NaN		NaN		5.5785611658		4.9480016389

		16.8462426258				-30		30		2.0709371996		4.1418743992		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 11		Batch 11		Batch 11		Batch 11		NaN		NaN		2.8339818309		5.0603936549

		11.622442122				-30		30		1.0819261046		2.1638522093		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 12		Batch 12		Batch 12		Batch 12		NaN		NaN		4.3888560378		6.1462536527

		9.4585899127				-30		30		0		0		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 13		Batch 13		Batch 13		Batch 13		NaN		NaN		6.1409116031		9.6506799717

		12.7043682266				-30		30		0		0		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 14		Batch 14		Batch 14		Batch 14		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 15		Batch 15		Batch 15		Batch 15		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 16		Batch 16		Batch 16		Batch 16		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 17		Batch 17		Batch 17		Batch 17		NaN		NaN		2.1277643023		2.6886167612

		8.5624938274				-30		30		7.3876527131		5.3167155135		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 18		Batch 18		Batch 18		Batch 18		NaN		NaN		5.2629169905		2.6314584952

		3.2457783139				-30		30		0		0		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 19		Batch 19		Batch 19		Batch 19		NaN		NaN		4.3477728631		2.4827341274

		7.4805677228				-30		30		5.2238005039		4.2347894089		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 20		Batch 20		Batch 20		Batch 20		NaN		NaN		2.6676202372		4.269210572

		11.7153571316				-30		30		4.2347894089		5.2238005039		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 21		Batch 21		Batch 21		Batch 21		NaN		NaN		2.799439181		2.0169418825

		9.644419932				-30		30		6.3057266085		6.3986416181		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 22		Batch 22		Batch 22		Batch 22		NaN		NaN		1.4376007904		1.1871061843

		8.5624938274				-30		30		4.1418743992		2.0709371996		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 23		Batch 23		Batch 23		Batch 23		NaN		NaN		6.1017951165		7.5521524577

		7.4805677228				-30		30		8.4695788177		13.6933793216		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 24		Batch 24		Batch 24		Batch 24		NaN		NaN		4.7920400439		3.7083735093

		4.3277044185				-30		30		2.1638522093		1.0819261046		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 25		Batch 25		Batch 25		Batch 25		NaN		NaN		3.2982876718		4.5877622043

		-5.1308854942				-30		30		2.1638522093		1.0819261046		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 26		Batch 26		Batch 26		Batch 26		NaN		NaN		5.9864247365		9.3453964816

		2.2567672189				-30		30		4.2347894089		8.4695788177		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 27		Batch 27		Batch 27		Batch 27		NaN		NaN		4.5530565049		7.5345622991

		9.644419932				-30		30		6.3057266085		3.1528633042		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 28		Batch 28		Batch 28		Batch 28		NaN		NaN		0.9371171488		1.2543783791

		1.1748411143				-30		30		5.3167155135		7.3876527131		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 29		Batch 29		Batch 29		Batch 29		NaN		NaN		3.7116443202		4.797366245

		5.4096305231				-30		30		1.0819261046		2.1638522093		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 30		Batch 30		Batch 30		Batch 30		NaN		NaN		3.1562694482		4.7335615077

		3.3386933235				-30		30		3.1528633042		6.3057266085		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 31		Batch 31		Batch 31		Batch 31		NaN		NaN		0.8732666551		1.7465333102

		6.4915566278				-30		30		0		0		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 32		Batch 32		Batch 32		Batch 32		NaN		NaN		1.3966586333		1.4963072257

		0.3743407373				-30		30		1.0633431027		0.5316715513		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 33		Batch 33		Batch 33		Batch 33		NaN		NaN		0.5356998142		0.779408999

		-1.9627445892				-30		30		2.9643525862		3.0632536957		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 34		Batch 34		Batch 34		Batch 34		NaN		NaN		3.5153259033		2.2600976489

		0.8562493827				-30		30		2.3059054225		2.7479673653		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 35		Batch 35		Batch 35		Batch 35		NaN		NaN		0.8287999721		1.3986493779

		-1.5392656483				-30		30		4.4325916279		2.5408736453		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 36		Batch 36		Batch 36		Batch 36		NaN		NaN		1.6568542903		1.068475569

		-2.8993120795				-30		30		2.009202094		3.3971230281		NaN		NaN

						-30		30		NaN		NaN		NaN		NaN

		Batch 37		Batch 37		Batch 37		Batch 37		NaN		NaN		0.5474440251		0.7085353427

		-0.4666310446				-30		30		2.4419725358		2.9643525862		NaN		NaN

						-30		30						NaN		NaN
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Polyimmide
insulation

Around cable and 
around coils

Important elements 
are dimensions, 
±3% of thickness, 
and creep (Apical 
creeps less than 
kapton)

Rutherford Cables Insulation
Ground isolation
Four layers 125AH 

LHC MB X-sect: conductor and 
ground Insulation, Interlayer

Inter
layer
To allow 
HEII to 
flow

-2 layers of 
Apical 200 AV 
insulation
-1 layer Pixeo to 
glue cables 
together at 185°C 
(-0,+5 critical)
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LHC MB X-sect: insulated CBT

CBT

Cold bore tube

StSt tubes

Insulation done at CERN
Special Insulation 
technique > 20 kV
Clearance between coils and 
insulated CBT is about 0.5 mm 
over the 15 m length
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LHC MB X-sect: Quench Heater

Strips of stainless steels 
partially coated with copper  
to adjust resistance

Encapsulated like a sandwich 
in two foils of 75 µm of 
polyimide

Fired by current pulse, heat 
must diffuse from strip to 
coils in 20-50 ms !! 
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LHC MB X-sect: Collars

Collars and collaring are 
the main controllers of 
the final coil shape 
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LHC MB X-sect: magnetic insert

Introduced to ease the 
mechanical assembly

It serves for FQ

By tapering we cured 
unwanted quadrupole
and octupole
components

The iron Insert
Punched together 
with the yoke 
lamination
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The iron yoke:

Stray field

15% field increase 
(but big gain in 
protection)

If saturates affect FQ 
(sextupole)

Trim of magnetic 
length 

LHC MB X-sect: yoke laminations
One supplier for the steel 
45,000 tons

Precise vertical gap

Temperature probe

Regular Nested
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LHC MB X-sect: Bus Bars & fillers

Bus Bars

Quad BB 
Focusing

Quad BB 
Defocusing

Corrector circuit 
bus bars on top 
of Quad BB

Dipole circuit BB

160 km of main BusBars!!
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LHC MB X-sect: Shrinking cylinder 
and support

Two half shells, 
welded on the 
magnet

Many difficulties

Curvature released 
from ± 1 to ± 2.5 
mm: still not OK. 

To c ure this we 
went to sorting

Precise 
support
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LHC MB X-sect: beam screen and HXT

Copper Heat 
Exchange Tubes

HEII satur.

Beam Screen

Inserted at CERN 
just before 
insertion in the 
tunnel
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3D
Inner layer lyre side

End Spacers: critical for Quench
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3D
Connection side
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LHC MB - end part
CBTs and Yoke  
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LHC MB -end part
end plate
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LHC MB-end part
Bus Bars postioning
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LHC MB -end part
Shrinking cyilinder
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LHC Main Dipole -end part
Cu HXT 
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LHC Main Dipole -end part
Corrector Magnets (spool pieces) 

Assembly in 
CMAs is purely 
mechanical

(tolerances of 
B axis wrt
mech. frame 
given by 
supplier
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LHC Main Dipole -end part
End covers

One supplier
Powder technology
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LHC Main Dipole -end part
« Cold foot »

Very 
accurate 
positioning
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LHC Main Dipole -end part
Bellows and N-line
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Interconnection between SC LHC dipoles
6 superconducting bus 
bars 13 kA for B, QD, QF 
quadrupole

20 superconducting bus 
bars 600 A for corrector 
magnets (minimise 
dipole field harmonics)

42 sc bus bars 600 A for corrector 
magnets (chromaticity, tune, etc….) 
+ 12 sc bus bars for 6 kA  (special 
quadrupoles)

13 kA Protection 
diodeTo be connected:

• Beam tubes
• Pipes for helium
• Cryostat
• Thermal shields
• Vacuum vessel
• Superconducting
cables  Lucio Rossi - U

niversity of M
ilano - H

ITRIplus Course



But Industry can make it… when there is a series… 
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Steering production (and check assembly) 
Field Measurements - CERN supply

It has also helped to 
detect a number of 
defects.
It has also been used to 
detect subtle electrical 
shorts

Introduced first to steer 
the FQ toward beam 
dynamics targets.
Note the uniformity 
among different 
manufacturers
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Cold test at 4.2 K or 1.9 K: training curve…
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Second Generation Dipoles MBL1N1, MBL1AJ2, MBL1AJ1, MBL1N2, and MBP1A1
(all training quenches at superfluid helium)
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Why SC Magnets quench?
Tiny energy release (distubances) suffice to lose SC status

4th of July 2022 70

SpaceTime

Point Distributed
Transient Energy (J) Energy/Vol. (J/m3)
Continuous Power (W) Power/Vol.(W/m3)

Continuous Distributed Perturbances:
• AC losses (hysteretic and coupling losses, eddy currents)
• Intrinsic dissipation due to smooth transition (Iop too near or above Ic!)
• Thermal load (vacuum degradation,…). This could be a serious effect in cryocooled system.
These perturbations are usually predictable and estimate must be done at design level
 coupling losses can depends on interstrand resistance, i.e. on manufacture technique and on 
prestress and e.m. forces ⇒ more difficult to evaluate
Continuous Point Perturbances: 
• Joints inside coils 
• Release of mechanical energy (hysteresis of the stress-strain relation)
• Localised heat input (suspension rods with bad thermal anchoring)
These effects are well understood and predictable (it does not mean easy to cure !)
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The big enemy: The transient perturbances
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Transient Distributed/Point Perturbances
• Flux jumps. This effect is cured almost definitely for NbTi. Effects could be seen on NbSn with very high 
current density and very large effective filament diameter. This effect can be detected at low field, during current ramp.
• Mechanical origin: movements, friction, sudden release of elastic energy…
• crack in the resin
Basically these last two mechanism are now understood, in principle, and acoustic emission experiments did prove it 
almost visually. 
Still they are less predictable and more difficult to avoid. They depend on magnet geometry, material properties, local 
conditions and on many details. They can depend on magnet history (previous quench, overheating, thermal induced 
stress, etc.) 
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HiLumi LHC: 
preparing technology for next big steps
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Technology landmarks

LHC is already
highly optimized… 
an upgrade need a 
broad spectrum of 
new technologies, 
especially (not only) 
for magnets…

HL-LHC is a 
technology
intensive project!

Actually the next step started in 2010…The High Luminosity LHC 
project aims at increase the luminosity by 10 time
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Nb3Sn : high Je also at 12- 16 T but it is brittle and 
needs thermal treatment of whole coil @ 700 °C !
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New way to keep the stress : HiLumi paves the way to 
reach a controlled precompression of ∼130 MPa

New concept: bladders and keys Cross section of the Quad for HiLumi
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The HiLumi Quad: 12 T in ∅=150 mm
∼ equivalent to a dipole 15 T-∅50 mm
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Other development with classical Nb-Ti: nested X-Y dipole
Steering – Bending with compact magnet, space is precious…
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Superferric magnet technology: 2-3 T iron driven by SC coils
very convenient in terms of performance/cost

Sextupole Octupole Dodecapole

Skew quad

OD=320 mm OD=320 mm OD=320 mm OD=320 mm

OD=460 mm Decapole

Physical lenght:
- 90-120 mm from 6-pole to 

10-pole 
- 430 mm 12-pole normal
- 840 mm 4-pole skew

Conductor type: NbTi
Peak field on cond.: 2-3 T
Operating current: 120-180 A
Margin on load line: 40%
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Next step for superferric: going cryogen-free
HTS or RCSM design with MgB2
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Can we extrapolate linearly from the past
beyond HiLumi: 16-20 T  FCC? ⇒ ELN?
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ELN

2050
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Future Circular Collider

LHC FCC

Circumference (km) 26.7 97.5

Dipole field (T) 8.33 16

C.o.M. energy (TeV) 14 100

Courtesy of M. Benedikt, FCC
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Exploration of new 
concepts and 
technologies

Development of robust and 
cost-efficient processes

HL-LHC 11T

Fresca2
MDPCT1

LHC

HTS

Robust Nb3Sn

D20

HL-LHC QXF

Ultimate Nb3Sn

Logical step for a next 
phase (2027-2034)
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Activities – Topics matrix
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Towards the ultimate performance of Nb3Sn
Performance target for FCC-hh Jc(4.2K,16 T) = 1’500 A/mm2

Grain refinement from 120 nm (left) to 60 nm (right) 

Internal Oxidation Reference

Enhanced grain boundary pinning

REFERENCE SAMPLE

Bc2(T=4.2 K) = 29 T measured at
LNCMI-Grenoble

And record-high upper critical field !! 
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1750 A/mm2 @ 15T, 4.2K
≈ 1400 A/mm2 @ 16T, 4.2K
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If advanced superconductors are there, magnets come

cos(θ) blocks common coil CCT
Current (A) 10000 11230 16100 18055
Inductance (mH/m) 50 40 19.2 19.2
Stored energy (kJ/m) 2500 2520 2490 3200
Coil mass (tons) 7400 7400 9200 9770

OD = 600 mm
L = 2 m
50 mm aperture
Bultimate = 16 T
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HD2 (2-decks, 36 mm), 13.8 T FRESCA2 (4-decks, 100 mm), 14.6 T

RMC/eRMC (2-decks, no aperture), 16.5 T
Exploring new coil lay-out (again with bladder-key 

system)
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New structure to support forces/stresses
Effort in making magnets with huge energy safe
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CCT Canted CosTheta design : 
from FCC  Hadron Therapy
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Bsum

G. Ceruti & E. DeMatteis,
INFN-Mi-LASA

SIGRUM heavtìy ions gantry
CERN-TERA
Cnao-Medaustorn-INFN
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The CCT is perfect Costheta (in the bore)

4th of July 2022 89

Curved 4 T – 0.4T/s

Combined dip-quad

LUCIO ROSSI - UNIV. OF MILAN & INFN-MI-LASA - SC MAGNETS  FOR HITRIPLUS 
SPECIALISED COURSE ON HEAVY ION THERAPY RESEARCH

Lucio Rossi - U
niversity of M

ilano - H
ITRIplus Course



But also the “classical” CosTheta is ebing conidere for curved 
dipole for gantry (INFN-SIG project inde the SIGRUM project)

90

Sketch of a curved cost dipole
M. Karppinen et al., CERN

SIG project
INFN-LASA
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Opening a 
new page?

High Temperature Superconductors – HTS: next technology  step

Plot courtesy of 
C. Senatore, UNIGE
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High Temperature Superconductors – HTS
The dream of 20-25 tesla! (2 x HilumiLHC!)

A 5 T, 40 mm bore HTS based dipole 
demonstrator 92
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HTS for accelerator magnets: Eucard2 results
CERN Feather_M2: flare end race track, 
REBCO Roebel cable, 40 mm bore 

> 3 T in 2017; 1st magnet
> 4.5 T in 2019; 2nd magnet
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Trying the magnets of the future… 20 tesla or more...
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HTS dipoles with HTS superconductor
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2-layer insulated CCT dipole of 88 Turns considering Frenet-Serret path without hardway bending, suitable for 
using HTS tape,  under study in H202-I.FAST by CEA and INFN-Mi-LASA. 

Inner layer

Outer layer
Courtesy of Xiaorong Wang, LBNL 

By Advanced Conductor
Technologies

CCT program at 
LBNL for various 
applications: HEP, 
Hadron therapy…

Courtesy of Th. Lecrevisse, CEA, Saclay FR
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A big leap forward by a private company…
Bruker Biospin
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The First 1.2 GHz (28.2 T) NMR Magnet Reached Full 
Field in 2019, with HTS insert coil
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SC Magnets for ramped operation 
RCS for hadrons, Muon-C acceleration, Hadron Therapy

B= 0.3 T
dB/dt ∼ 300 T/s
RepRate: 10 Hz
For RCS, for Muon-C…
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The new frontier: why to insulate a coils?
The raise of NI (non-insulated) coil… 

Insulation LNCMI/CEA Nougat 
HTS insert 

32.5 T in 50 mm 
(12. 5 T HTS + 20 T resistive)

Sunam NI one-body 
HTS magnet 

26.4 T in 35 mm 
(26.4 T HTS multi-width)

Need to understand and control transient effects 
and control Field Quality during ramping up
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A few refeences (only -old- books)
for papers you can google th ename reported in the paper or few other colleagues (E. 
Todesco, CERN, Soren Prestemon & P. Ferracin, LBNL, A, Ballarino (CERN), ecc…) or the 
CAS school on Superconduting magnets (2013)

 M.N. Wilson, Superconducting Magnets, Clarendon Press Oxford
 H.A. Brechna, Superconducting Magnet Systems, Springer Verlag 
 K.-H. Mess, P. Schmüser, S. Wolff, Superconducting Accelerator Magnets, World Scientific
 E.W. Collings, Applied Superconductivity, Plenum Press
 B. Seeber (editor), Handbook of Applied Superconductivity, IoP Publishing
 L. Dresner, Stability of Superconductors, Plenum Publ. Corp.
 Y. Iwasa, Case Studies in Superconducting Magnets, Plenum Publ. Corp.
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Thank you!
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