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LHC commissioning

September 10, 2008
First beams around

April 2008
Last dipole down
(Total: 1232 dipoles)

September 30, 2008

First collisions planned ...

Sgptember 19, 2008
Disasier: . Ramping the dipole current to 9.3 kA (6.5 T)

At 8.7 kA, an electrical arc developed in a
LHC dipole magnet interconnection
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EIectrlcaI arc between C24 and Q24

~6 tonnes of liquid He lost
contamination of the vacuum tube
damage of 53 superconducting magnets
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LHC commissioning

° November 20, 2009
Beam back

Lk ‘ /,‘ :' A "‘#l
September 10, 2008
First beams around

April 2008
Last dipole down
(Total: 1232 dipoles)

Repair and Consolidation

March 30, 2010
First collisions at 3.5 TeV

September 19, 2008
Disaster
Electrical arc developed in a LHC
dipole magnet interconnection
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Circular accelerators: the synchrotron

accelerating device

bending magnet
vacuum chamber

DESY. | Introduction to Accelerator Physics | Pedro Castro, 25th July 2022 Page 5



Circular accelerators: the synchrotron

accelerating device
bending magnet
vacuum chamber

injector f \
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Circular accelerators: the synchrotron

accelerating device

bending magnet
vacuum chamber
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Circular accelerators: the synchrotron

Low Energy Antiproton Ring (LEAR) at CERN (built in 1982

(3

bending magnet
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Circular accelerators: the synchrotron

©
2 = qiJ x B
| / ‘\ magnetic field

momentum charge veI00|ty

(perpendicular)

of the particle

(circular motion) i
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Circular accelerators: the synchrotron

accelerating device

magnet
vacuum chamber

, B mv P mv fant
S ve rqb =—— - = — = constan
Flv - F= mF R CIB

(circular motion) J | = Increase B synchronously

with p = mv of particle
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Circular accelerators: the synchrotron

accelerating device

magnet
vacuum chamber

(circular motion) i
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Electromagnet
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Electromagnet

Magnetic Field permeability of iron = 300...10000 larger than air
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Dipole magnet
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Dipole magnet cross section

increase B = increase current, but power dissipated P = R « [
=>» large conductor cables
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Dipole magnet cross section

water cooling channels
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Dipole magnet cross section
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Dipole magnet

iron

current
loops
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Dipole magnet

Low Energy Antiproton Ring (LEAR) at CERN
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Dipole magnet cross section

B beag B

C magnet + C magnet = H magnet
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Dipole magnet cross section (another deS|gn)
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Dipole magnet cross sectlon (another design)
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water cooling tubes
Power dissipated: P = R [[2

current leads
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Superconductivity

1 12.5 KA

ABLE
12.5 KA
superconducting cable
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Superconductivity

Tin
resistance ! A 5n Copper
/u
: ' - T
0 Te 10K |

\

critical temperature (Tc):

DESY.
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increase B & increase current, but power dissipated P = R « [?
=» large conductor cables
=» saturation effects

B

A U : permeability

paramagnets

Mp }uo free space

o diamagnets

H

-

-

DESY. | Introduction to Accelerator Physics | Pedro Castro, 26th July 2022 Page 25



Saturation of iron: 1.6 -2T

# B vs H curve for iron

N

Inefficient use of the current

Saturation

Ideal Working Point

Inefficient use of the iron

Flux Density B (Tesla or Webers/Sq Metre)

Magnetic Field Intensity H (Amps/metre)

>
TA]
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Superconducting dipole magnets
' . LHC

superconducting dipoles
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Superconducting dipole magnets: cross section

Tevatron

HERA

RHIC

LHC

Fermilab
Chicago (USA)

DESY
Hamburg (Germany)

Brookhaven
Long Island (USA)

CERN

Geneva (Switzerland)

45T

53T

35T

8.3T

DESY. | Introduction to Accelerator Physics | Pedro Castro, 26th July 2022

Page 28






Dipole field inside 1 conductor

J: uniform current density Ampere’s law:

\

%ﬁ - ds = Bds = 2nrB = uom‘

enclosed
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Dipole field inside 2 conductors

J =uniform current density
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Dipole field inside 2 conductors

J = uniform current density

one conductor: <

superposition:
B, = Ho (—rsin@, +r,sinb,) -
7
B, = ,u; (i cos 6, —r, cos b,)
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Dipole field inside 2 conductors

J = uniform current density

B, = A/ rsin @
2
one conductor: < ;
B, = Fo rcos@
. 2

_ HJ : : _a
B = 5 (-1 sing, +r,sin6,) = 0.
; | h=rsin6 =r,sin0,
_Hy !
B, = 5 (r,cos8 —r,cosb,) |
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Dipole field inside 2 conductors

J = uniform current density

J .
B, = ~Hd L ing
2
one conductor: <
J
B, = Fol \ cos
. 2
B = Ho (-rsin@ +r,sind,) =0 - P R
X 2 1 1 2 2 ;
i \‘H h=Fsing =r,siné,
J L TN\ |
B, =t (r,cos8, —r,cosb,) | G

b2 | Lo ] :
| d =r1,cosf +(—r, cos G,)
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Dipole field inside 2 conductors

J = uniform current density

B, =/ rsin @
2
one conductor: < ;
B, = Fo rcos@
2

B, = ) (<rsin6+r5in6) =0 -
=1, sin 6,
J u,J
By:’u; (rlcosHl—1”200892):*;'1'1L | N

< > ,
d =1,cos6 +(—r,cosb;)
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Dipole field inside 2 conductors

J = uniform current density

constant vertical field
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LHC dipole coils in 3D

p beam

Aluminium collar



LHC dipole coils in 3D
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LHC dipole coils in 3D
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LHC dipole coils in 3D
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... Computed magnetic field
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nonmagnetic collars
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LHC DIPOLE : STANDARD CROSS-SECTION

_—| ferromagnetic iron

_| nonmagnetic collars

superconducting coils

beam tubes

steel container for He

insulation vacuum

~] vacuum tank

supports




Superconducting dipole magnets
LHC dipole magnet interconnection:
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Superconducting dipole magnets
LHC dipole magnet interconnection:

-
Y
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Electrical joint between superconducting modules

l,'ﬂ_; ""'"'""‘

dipole bus bar splice
(electrical joint)

Bus bar well reconstituted
after soldering

bar from

Longitudinal section of the
joint, entirely filled with Sn-Ag

bz
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Electrical joint between superconducting modules

* Resistance measurements and X-ray pictures have shown the
presence of many of such defective joints in the machine
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Electrical joint between superconducting modules

September 19, 2008

Ramping the dipole current to 9.3 kA (6.5 T)

At 8.7 kA, an electrical arc developed in a
dipole bus bar splice, which punctured the
helium enclosure

The magnetic energy stored in one dipole
string (1 octant) at 8.7kA (6.1 T) is 600 MJ
which could heat and melt 900 kg of copper

Longitudinal section of the
Cross section of the joint joint, entirely filled with Sn-Ag

- |
Copper stabilizer < &—— Superc. —/——3

e
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Electrical joint between superconducting modules

September 19, 2008

Ramping the dipole current to 9.3 kA (6.5 T)

At 8.7 KA, an electrical arc developed in a
dipole bus bar splice, which punctured the

helium enclosure
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The LHC repairs in detail

54 electrical interconnections
14 quadrupole magnets 39 dipole magnets fully repaired. 150 more Over 4 km of vacuum
replaced replaced needing only partial repairs beam tube cleaned

(

A new longitudinal Nearly 900 new helium pressure 6500 new detectors are being

restraining system is being fitted release ports are being installed added to the magnet protection

to 50 quadrupole magnets around the machine system, requiring 250 km of cables
o~ to be laid
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New electrical joint between superconducting modules

Phase |
Surfacing of bus bar and installation of redundant shunts by soldering
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New electrical joint between superconducting modules

Phase |l
Application of clamp and reinforcement of nearby bus bar insulation
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New electrical joint between superconducting modules

Phase |l
Application of clamp and reinforcement of nearby bus bar insulation
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New electrical joint between superconducting modules

Phase Il
Insulation between bus bar and to ground, Lorentz force clamping
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New electrical joint between superconducting modules
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New electrical joint between superconducting modules

Phase Il
Insulation between bus bar and to ground, Lorentz force clamping
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New electrical joint between superconducting modules

| e

Phase Il
Insulation between bus bar and to ground, Lorentz force clamping
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Summing-up of this part

Circular accelerators: the synchrotron

RF cavities: ==

Dipole magnets:

gumm—

“—
p—

pill-box cavity
superconducting cavities

normal conducting dipoles
superconducting dipoles
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L cannot teach anybody anything,
I can only make them think." (Socrates)

Contact
DESY. Deutsches Pedro Castro
Elektronen-Synchrotron MPY

pedro.castro@desy.de
www.desy.de



