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Akceleratory
Akceleratory elektrostatyczne
W 1919 roku Rutherford wskazat na korzysci z przyspieszania czgstek.

Najprostszym akceleratorem czgstek jest pole elektrostatyczne:
np. kondensator

Problemem jest uzyskanie odpowiednio wysokiej
050 = | = roznicy napiec:
IR g — generator Cockrofta-Waltona (1932): 750 kV
- generator Van de Graaffa (1931): 1.5 MV
+U-

Uzyskiwana energia:
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Akceleratory I

Generator Cockrofta-Waltona
Schemat Wspotczesne urzagdzenie
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Tekst maszynowy


Akceleratory I
Generator Van de Graaffa

Schemat Historia Wspotczesne urzgdzenie
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Van-de-Graaff-Generator

Obecnie réznice napiec jakie potrafimy wytwarzac ograniczone sg do rzedu 30 MV
= F ~ 30 MeV = zbyt mato dla fizyki czastek...



O Tandem generator:

experiment
pressu re tank

+ Z negative
+ - high voltage terminal ion Source
+ + + + ++ + + + i - - - - - - - - - -

J

striping foil = spraycomb 50 KV
or gas de

charge conveyor belt

> \/ =25 MVolt

max




AGS Complex at BNL

> \/ =29 MVolt

max

— E =29 MeV (p); 385 MeV (U)

max



Akceleratory

Akcelerator liniowy
|ldea: Gustav Ising 1924. Pierwsze urzadzenia: Rolf Wideroe 1927, Lawrence 1931.

Czastka przechodzi przez kolejne Przy odpowiednim dobraniu dtugosci kole-
“kondensatory” jnych elementow i czestosci napiecia za-
silajgcego, czgstka trafia zawsze na pole
przyspieszajace.

= zwielokrotnienie uzyskiwanych enerqii

q>0 E
Co- 1 1 e - T —
‘E ‘ ‘ Czesto$¢ jest zazwyczaj stata. Dtugosci
kolejnych elementow rosng proporcjonal-
J nie do predkos$ci czastki.

Dla E > m, predkos¢ 3 — 1: L=const.



Symmetric line:

= =V T/2

mm 1928 demonstrated by Wideroe

1MHz, 25kV oscillator

> 50kV potassium ions



mm Alvarez: 1946
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= Tubes are passive
» We can use high frequencies!

(f = 200 MHz gives good tube size)




Pre—accelerator for

most accelerators:

e.g. at CERN



Liniowy akcelerator protonéw
w osrodku Fermilab (USA)



Interdigital H Structure (TE—Modes)

used for the Pb i1on acceleration at CERN



SPS at CERN



Akceleratory

Wneka rezonansowa

Do dalszego przyspieszania czastek wykorzystujemy tzw. wneki rezonansowe:

Klistron

Wewnatrz wneki wytwarzana jest stojgca fala elektromagnetyczna.

Dlugos¢ fali/wneki jest tak dobrana, ze czgstka zawsze trafia na pole przyspieszajace.
Czestosci rzedu 1 GHz - mikrofale.

Wneki rezonansowe pozwalaja uzyskiwac natezenia pola rzedu 10 MV/m

— dla uzyskania energii 1 GeV potrzebny jest akcelerator liniowy o dtugosci ~ 100 m



Wneka rezonansowa



LHC RF system

0 The LHC RF system operates at 400 MHz.

0 It is composed of 16 superconducting cavities, 8 per beam.

Q Peak accelerating voltage of 16 MV/beam.

For LEP at 104 GeV : 3600 MV/beam |

Synchrotron
radiation loss

LHC @ 7 TeV 6.7 keV /turn
LEP @ 104 GeV ~3 GeV /turn

The LHC beam radiates a
sufficient amount of visible
photons to be actually
observable with a camera !
(total power ~ 0.2 W/m)
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Akceleratory

Akcelerator kotowy

Zamiast uzywac wielu wnek mozemy Schemat pogladowy:
wykorzystac pole magnetyczne do —
“zapetlenia” czastki. S .. ~®B

Czastki moga przechodzi¢ przez wneke A
przyspieszajgcg wiele razy... R I I

Pierwszy tego typu akcelerator (cyklotron)
zbudowat w 1931 roku Ernest Lawrence



Akceleratory I
Cyklotron

Ernest Lawrence Schemat Pierwszy cyklotron




Akceleratory I

Synchrotron

19585

Rosngce pole magnetyczne
utrzymuje czastki na statej
orbicie



LHC Tunnel view



Beam 1
3
2 SPS
< TI2
protons  Booster 1
LINACS CPS ) Top energy/GeV  Circumference/m
: Linac 0.12 30
Ions PSB 14 157
CPS 26 628 = 4 PSB
SPS 450 6911 =11 x PS
LEIR LHC 7000 26'657 = 27/7 x SPS

Note the energy gain/machine of 10 to 20 - and not more !
The gain is typical for the useful range of magnets Il



Akceleratory

Akcelerator kotowy

W praktyce akceleratory kotowe zbudowane sg
z wielu powtarzajgcych sie segmentow:

Schemat akceleratora:
Kazdy segment sktada sie z

e wnek przyspieszajacych (A)
e magnesow zakrzywiajacych (B)

e ukfaddw ogniskujgcych (F)




HERA, DESY, Niemcy



Energy Frontier and Accelerator Tech.

| ' Superconducting Dipoles

THE ENERGY FRONTIER
(Discoveries)

(GeV)

1000 g Hadron Colliders

{top quark) Tevatro

(W= ,Z bosons)

fx‘i’THIEThN
lfPETFIA, PEP ({gluan)

2 Superconducting RF Cavities
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&
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Constituent Center-of-Mass Energy

ete~ Colliders

1960 1970 1980 1980 2000 )
Year of First Physics 4.C Cavi@ty_lsmngf _ﬁ 1\\

ISLCOS8 - Lecture 1

Carlo Pagani 21 Oak Brook, October 20, 2008



Ogniskowanie

Magnesy dipolowe pozwalajg utrzymac przyspieszane czastki na orbicie
kotowej. Pole w magnesach definiuje energie wigzki - rosnie w trakcie
przyspieszania.

Same wneki przyspieszajgce | magnesy dipolowe nie wystarczajq.
Wigzka ma naturalne (w chwili wstrzykniecia) rozmycie przestrzenne i
pedowe, rosnie ono tez na skutek niedoskonatosci pol i oddziatywania
wigzki.

Wigzka "puchnie" w trakcie przyspieszania i gdybysmy temu nie
przeciwdziatali utrzymanie wigzki wewnatrz rury akceleratora przez pare
godzin bytoby niemozliwe.

"Silne ogniskowanie" (strong focusing):
1959 PS @ CERN (25 GeV) 1960 AGS @ BNL (33 GeV)



The First Collider: AdA @ Frascati (1961)

ISLCOS8 - Lecture 1

Carlo Pagani 20 Oak Brook, October 20, 2008



Quadrupolar field - focusing

O A quadrupole magnhet has 4 poles, 2 north and 2 south. A

Q The poles are arranged symmetrically around the axis
of the magnet. N s

Q There is no magnetic field along the central axis.
Q The field increases linearly with distance to the axis.

Aky

Q Ina given plane, the quadrupole has the same
properties like a classical optical lens.

><VV

K7

11



Focusing

But a quadrupole differs from an optical lens :
It is focusing in one plane, defocusing in the other Il

Looking in the direction l ‘—>

of the particles M

Xy
?

horizontal plane 4 vertical plane

v

/' Defocusing in the y Focusing in the

12




Accelerator lattice

horizontal plane

Focusing in both planes is achieved by a succession of
focusing and defocusing quadrupole magnets :

Z The FODO structure
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vertical plane
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LHC arc lattice

QF dipole decapole QD sextupole QF
magnets magnets ma nets

e i )

small sextupole
corrector magnets

LHC Cell - Length about 110 m (schematic layout)

a Di

pole- und Quadrupol magnets
Provide a stable trajectory for particles with nominal momentum.

O Sextupole magnets

Correct the trajectories for off momentum particles (.chromatic' errors).

O Multipole-corrector magnets

Sextupole - and decapole corrector magnets at end of dipoles

Used to compensate field imperfections if the dipole magnets. To stabilize trajectories

for particles at larger amplitudes - beam lifetime !

14



Beam envelope

| Beam 1 size /7 TeV CMS Cf>||iSi0n
= 1600 point |

ﬁ-Honzontal

= 1400
©

—Vertical

1200 -

1000 |

800

600

400 -
< Fits through the

. H WAS ‘ /‘ hole of a needlel!
| | | | i i~ 7

200

¢ -600 -400 -200 0 200 400 600

Distance to IR5/CMS (m)

QO The envelope of the size beam is given by the so-called B'-function (< optics):
* In the arcs the optics follows a regular pattern.

* In the long straight sections, the optics is matched to the ‘telescope’ that provides
very strong focusing at the collision point.

Q Collision point size (rms, defined by 'B*"):
CMS & ATLAS : 16 um LHCb : 22 - 160 um  ALICE : 16 um (ions) / >160 um (p)

17



W jednorodnym polu magnetycznym czastka natadowana zawsze wréci do punktu
wyj $cia (w ptaszczy znie prostopad tej do pola)

O Geometrical Focusing:

sample trajectoriy

’\\ -~ AN
S ,/ \\
N \p
//|\\ /N
e N //
- - N
- - s
P ~.___--P

Opis ruchu czgstki upraszcza sie jesli zamiast rozwazac pelen jej ruch
opisujemy odchylenie od nominalnej (idelanej) trajektorii


Filip
Pływające pole tekstowe
W jednorodnym polu magnetycznym cząstka naładowana zawsze wróci do punktu wyjścia (w płaszczyźnie prostopadłej do pola)

Filip
Tekst maszynowy
Opis ruchu cząstki upraszcza się jeśli zamiast rozważać pełen jej ruch 
opisujemy odchylenie od nominalnej (idelanej) trajektorii


Equation of Motion

(O Rotating Coordinate System:

X(t) = as sin(ws t+9Q,)

w:wrev

W =2 Te —~

rev L
V

W = —

rev p




Opisujac trajektorie czgstki mozemy wyeliminowaé z rownan czas - t
zamieniajgc na droge wzdtuz nominalnego toru ruchu - s

Optic Functions

O Hills Equation:

dz 0) drift
x2 +K(s)* x=0; K(s)={1p" dipole
ds 9 quadrupole

K(s) =K(s+ L)
[ general: K(s)-x =F/ (p ) ]

K(s) = const. —3 x=A-sin( /K-s+@)


Filip
Pływające pole tekstowe
Opisując trajektorię cząstki możemy wyeliminować z równań czas - t 
zamieniając na drogę wzdłuż nominalnego toru ruchu - s


O Floquet Theorem:

X =|/A B(s) » Sin(@ (s) +@;)

B(S)=pR(s+L); @(s)= g% ds

—> (differential equation for 3 !




O Envelope Function:

— y(s):\/A-B-sin(
AN

amplitude term amplitude term
due to injector due to focusing

ZZE'Q'S-I_ (‘)O)

sorage ring circumference

== f(s+ L) =P(S)

mmm Number of oscillations per turn




Orbit Stability

B dipole error and Q = N:

> the perturbation adds up

/\ watch out for integer tunes!




Orblt Stability

B field errors:

the perturbations add up for Q = 1/n

/\ watch out for fractional tunes!

= Minimise field errors

and avoid strong resonances!



Tune Diagram

B resonances: n.Q, +m+*Q, + rQ, =p

Nn+m-+s

strength: hxA

> avold low order resonances!
Q. 1

0.8 \

0.4







Tune variations
during ramp
Beam 1

Beam 2

LHC: Third Ramp to 1.18 TeV
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Progress with beam - 2 December



Transfer matrices

Let x(s) = [z( (Ss))J be the "position vector”

x(s) = M(s|sg) x(so)

where M(s|s,) is the betatron transfer matrix

The passage through a magnetic element can be
described by a 2x2 matrix, which transforms the
"position vector" of a particle before the element to
the position vector after it



4

Solutions with constant K

y'+K(s)y=0; y=xorz

Y(s) = a cos(VKs +b) K >0 focusing quad

Y(s)=as+b K = O drift space

Y(s) = a cosh(V-Ks +b) K < O defocusing quad
(1 L

K = O drift space of length L

. 0 1
(cosd sing/V|K| K > 0O focusing quad
QVIKI sing coso o= sV|K]|
Eoshq) sinh¢o/V|K] } K < O defocusing quad

- V|K| sinh¢  cosho



Ruch czagstki w uktadzie magneséw ("optyce") akceleratora: trajektorie w przestrzeni fazowej (x, X") i (y, ")

Phase Space (for x motion)

Beta function 3 characterize optics 6
=X
Emittance € Is phase A
space volume of the O =¥00 =VF | — —
beam — optics analogy

is the wavelength / |
' - X

Tilt is parameterized with a / N
Beam size: (g B)12
Divergence: (g /B)Y/2 g% = <x2><x’2>—<xx'>2

Squeeze on beam size = increase angular divergence
Beam emittance is not conserved during acceleration -
normalized emittance should be ye

ISLCOS8 - Lecture 1

Carlo Pagani 51 Oak Brook, October 20, 2008


Filip
Pływające pole tekstowe
Ruch cząstki w układzie magnesów ("optyce") akceleratora: trajektorie w przestrzeni fazowej (x, x')   i   (y, y')


Luminosity challenges

The event rate N for a physics process with cross-section c is proprotional to the
collider Luminosity L:

N=Lo

k = number of bunches = 2808
5 N = no. protons per bunch = 1.15x101
| = KN “ f f = revolution frequency = 11.25 kHz

o 472.0*0* o*,,0+,= beam sizes at collision point (hor./vert.) = 16 um
X2y
To maximize L: High beam “brillance” N/g¢
* Many bunches (k) _ 27 (particles per phase space volume)
-
* Many protons per bunch (N) <” - > Injector chain performance !
~
* A small beam size o*,= (f %) S~ -
B *: characterizes the beam envelope (optics), T~ <\  Small envelope

varies along the ring, mim. at the collision points. > Strong focusing !

¢ . is the phase space volume occupied by the beam
(constant along the ring).

Emitancja wigzki nie moze by¢ zmniejszona - musimy zadbaé, zeby byta jak najmniejsza od samego poczagstku !!!
(odpowiednie zrodio, dobre prowadzenie na wszystkich etapach przyspieszania; ew. chtodzenie wigzki - pézniej)

Rozmiary wigzki w punkcie oddziatywania - mozemy zmniejszac, ale tez nie bez ograniczen...


Filip
Pływające pole tekstowe
Emitancja wiązki nie może być  zmniejszona - musimy zadbać, żeby była jak najmniejsza od samego począstku !!!
(odpowiednie źródło, dobre prowadzenie na wszystkich etapach przyspieszania; ew. chłodzenie wiązki - później)

Rozmiary wiązki w punkcie oddziaływania - możemy zmniejszać, ale też nie bez ograniczeń...


Beam envelope

| Beam 1 size /7 TeV CMS Cf>||iSi0n
= 1600 point |

ﬁ-Honzontal

= 1400
©

—Vertical

1200 -

1000 |

800

600

400 -
< Fits through the

. H WAS ‘ /‘ hole of a needlel!
| | | | i i~ 7

200

¢ -600 -400 -200 0 200 400 600

Distance to IR5/CMS (m)

QO The envelope of the size beam is given by the so-called B'-function (< optics):
* In the arcs the optics follows a regular pattern.

* In the long straight sections, the optics is matched to the ‘telescope’ that provides
very strong focusing at the collision point.

Q Collision point size (rms, defined by 'B*"):
CMS & ATLAS : 16 um LHCb : 22 - 160 um  ALICE : 16 um (ions) / >160 um (p)
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B

Final Focus : Fundamental Limits (hour glass effect)

-different vertical g* values

Note: negative beta just plot to
show the “hour glass” shape

T |
beta at IP: 0.50

P /
/ \

-0.8 -0.6 -0.4 -0.2 0 0.2

s(m) to IP

o
.
o
> F
o

.8

Transverse beam sizes cannot
be considered constant but
vary with (3 near IP. Beta has
guadratic dependence with
distance s

p(s)=p* [H(ﬁ*ﬂ

Beam sizes vary linearly with s
at IP

0,(8)=,£,(9&,

Important when By @ ¢, since not all particles collide at minimum of transverse
beam size - reducing luminosity.

“hour glass” effect from shape of 3

Beam Delivery System 28



Single Bunch Kink (2)

Single bunch kink due to 1% initial offset between beams

- 50 : . . . . . . S0
. : H : : : H
A0 S P AP 40
30k T 30
o} 0
1o} 10
£ —
S of £
= - y
ok -0
20f -20
T -30
40 : : : : ! : -40
i i ! i i i | -50 ! i i . i i i i 50 i i | i i i i |
B0 -4B0 200 0 200400 800 800 <G00 00 200 g 00 400 BOO 0D go0 600 -a00 200 0 0 s00 60D g00
z, micron 2, micron 2 micron
. S0 50
ol sl
30l st
20l 20p
ol 10b
£
-0 “0F y 4
-20f 20f
a0f
Ll 40}
&0 i ; | i H i i ; 50 ; : : : ; i ; ; 50 i i i i i
‘800 500 400 -200 0 200 400 600 800 n ey o0 200 7 00 a0 &0 80 00 800 400 -200 0 200 s00 600 800
Z, micron Z, micron

Carlo Pagani

Z, micran
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CERN source of protons: duoplasmatron source

Protons are produced by the ionization of H>
plasma enhanced by an electron beam

Anode E :
Xpansion cup

H; inlet =—>

 —

Hydrogen supply (one lasts for 6 months) To Linac

Electron cathode Plasma chamber

Proton exiting from the about | mm? hole have a
speed of 1.4 % ¢, v ~4000 km/s

The SPACE SHUTTLE goes only up to 8 km/s



How to get antiprotons

»

&S >

Starting from high energy p ptp — ptptp +F
and with a very low efficiency

See lecture on Antimatter



Stochastic Cooling

The antiprotons leave the target at a wide range of energies, positions and angles. This
randomness is equivalent to temperature so we say that the beam coming off the target
is “hot.” This “hot” beam will have a difficult time fitting into a beam pipe of reasonable
dimensions. Also, this hot beam is very diffuse and not very “bright”. Bright beams are
needed in the collider in order to increase the probability that a rare particle might be
created.

Stochastic cooling is a technique that is used to remove the randomness of the “hot”
beam on a particle by particle basis. Simone van der Meer won the Nobel prize for its
invention.

Stochastic Cooling systems are used in both the Debuncher and the Accumulator.

Stochastic cooling uses feedback. A pickup electrode measures an “error” signal for a
given particle. This “error” signal could be that particle's position or energy. The pickup
signal can be extremely small, on the order of 2 trillionths of a Watt.



Many of the pickups are cooled to liquid Nitrogen tempertures (-320°F) to reduce the
effect of thermal noise. In the future, the temperature of some of the pickups will be
reduced to liquid Helium temperatures (-452°F).

This signal is processed and amplified. The gain of some systems is about 150 dB (a
factor of 1015)

The opposite of the “error” signal is applied to the antiproton at the kicker. The kicker
signal can be as large as 1500 Watts.



chtodzenie stochastyczne

Simon van der Meer
Nagroda Nobla 1984



Electron Cool

How does electron cooling work?

The velocity of the electrons is made equal to the average
velocity of the ions.

The 1ons undergo Coulomb scattering in the electron
“gas” and lose energy, which is transferred from the ions
to the co-streaming electrons until some thermal
equilibrium Is attained.

Electron Electron
Gun Collector

\ Electron beam /
/ L > ‘| \&ge ring
h |

lon beam 1-5% of the ring
circumference

Sergei Nagaitsev (Fermilab/AD)







COoler SYnchrotron COSY



The price of high fields & high luminosity...

When the LHC is operated at 7 TeV with its design luminosity & intensity,

U the LHC magnets store a huge amount of energy in their magnetic fields:
per dipole magnet Ecorea = 7 MJ

all magnets E =10.4 GJ

stored

U the 2808 LHC bunches store a large amount of kinetic energy:
Eouncn = N X E =1.15x 10" x 7 TeV =129 kJ

E,... =kXE,, . =2808xE,., =362M]

beam

To ensure safe operation (i.e. without damage) we must be
able to dispose of all that energy safely !

This is the role of Machine Protection !



Stored Energy

Increase with respect to existing

accelerators :

* A factor 2 in magnetic field

LHC -
10000.00 — A factor 7 in beam energy e"efﬂyti" S5
— *A factor 200 in stored energy adnes
= 1000.00 ,
E LHC tOp energy i‘ ]
= W
% LHC injection
o 100.00
o
= L]
= SPS fixed
s 10.00 ISR target £ HERA
T i —
et 0 = —
S SPS batch to N % -+ TEVATRON
Z 1.00 LHC
~ B
2
@ RHIC
T 0.10 LEP [ proton
= sNs — =1 sPs
] ppbar
0.01 T H
1 10 100 1000 10000

Momentum [GeV/c]



Comparison...

The energy of an A380 at
700 km/hour
corresponds to the
energy stored in the LHC
magnet system :

Sufficient to heat up and
melt 15 tons of Copper!!

* 90 kg of TNT
The energy stored in one

LHC beam corresponds * 10-12 litres of gasoline

approximately to... . 15 kg of chocolate

It's how easily the energy is
released that matters most !!




LHC beam impact : energy deposition

7 TeV LHC beam into a 5 m long Copper target

Specific Energy (kI/g) Specific Energy (kIfg)
Time = 300 ns Time = 4500 ns
19!.22
E : e
Specific 2! |
a 100 00 = 400 s o 110 210 0 401k s g
Length (cm) Energy Length {cm)
Deposition
Specilic Encrgy (kIfg) Specific Enerey (kl/g)
Time = 2500 ns Time = 9500 ns oo
28.36 2 {
100 bunchis § Saturates to 380 bunchedl
25kljle B
g “on
g
(=]

The 7 TeV LHC beam™ . @ o o o B
"is able to drill a hole Leogtts (em)

Copper




Schematic layout of beam dump system in
IR6

When it is time to get rid of the beams (also in case
of emergency!) , the beams are ‘kicked’ out of the
ring by a system of kicker magnets and send into a

dump block !
P Ultra-high
Septum reliability system
magnets deflect 1

the extracted

beam vertically Kicker
magnets to
paint (dilute) Beam dump
the beam block

\"\ about 700 m
I

15 fast ‘kicker’
magnets
deflect the
beam to the
outside

about 500 m

The 3 us gap in the beam
gives the kicker time to
reach full field. quadrupol

es




The dump block

UThis is the ONLY element in the LHC that
can withstand the impact of the full beam !

UThe block is made of graphite (low Z
material) to spread out the showers over a
large volume.

QIt is actually necessary to paint the beam ,
over the surface to keep the peak energy |
densities at a tolerable level !

beam absorber
(graphite)

\
\
\
3
Béam dump at 450 Ge
A i f

concrete

shielding
B Sept. 2008




Dump installation




Failure detection example : beam loss
monitors

Olonization chambers to detect beam losses:
- N, gas filling at 100 mbar over-pressure, voltage 1.5 kV
- Sensitive volume 1.5 |
- Reaction time ~ % turn (40 pus)
- Very large dynamic range (> 10°9)

OThere are ~3600 chambers distributed over the ring to
detect abnormal beam losses and if necessary trigger a
beam abort !

in
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: !.
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¥
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Operational margin of SC magnet

Appli Field [T The LHC is ~1000
PP ed Field [ ] times more critical

than TEVATRON,

Bc critical field HERA, RHIC

quench with fast

\ loss of ~1067
protons

Normal state

8.3T/7TeV

QUENCH

Superconducting
state

Tc critical

temperatur
e

quench with fast

0.54 T /450 GeV - loss
of ~4x10° protons

1.9K 9K

Temperature [K]



Quench

0 A gquench is the phase transition from the super-conducting to a
normal conducting state.
0 Quenches are initiated by an energy in the order of few millijoules

- Movement of the superconductor by several um (friction and heat
dissipation).

- Beam losses.
- Cooling failures.

O When part of a magnet quenches, the conductor becomes resistive,
which can lead to excessive local energy deposition (temperature
rise !!) due to the appearance of Ohmic losses. To protect the
magnet:

- The quench must be detected: a voltage appears over the coil (R > 0).

- The energy release is distributed over the entire magnet by force-

quenching the coils using quench heaters (such that the entire magnet
quenches !).

- The magnet current has to be switched off within << 1 second.
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Quench - discharge of the energy

Power Converter _-_

Discharge resistor

L(VYW\I_(YYYY\I

Protection of the magnet after a quench:
* The quench is detected by measuring the voltage increase over coil.

* The energy is distributed in the magnet by force-quenching using quench
heaters.

* The current in the quenched magnet decays in < 200 ms.

* The current flows through the bypass diode (triggered by the voltage increase
over the magnet).

* The current of all other magnets is dischared into the dump resistors. 30



Dump resistors

Those large air-cooled resistors can absorb the 1 GJ stored in the
dipole magnets (they heat up to few hundred degrees Celsius).
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Dipole magnet protection - again

QO In case of a quench, the individual magnet is protected (quench protection and
diode).

O Resistances are switched into the circuit: the energy is dissipated in the
resistances (current decay time constant of 100 s).

>> the bus-bar must carry the current until the energy is extracted !
DFB Magnet 2 Magnet 4 Magnet 152 Magnet 154 DFB

rwmm . mmm . -ﬂm ----- {Ym .
Magnet 1 Magnet 3 A Magnet 5 Magnet 153
Energy i Energy
Extraction: Bus-bar must carry the Extraction: Power
switch current for some switch ul Converter
open minutes, through open 40
interconnections




Complex interconnects

Many complex connections of super-conducting cable that
will be buried in a cryostat once the work is finished.

This SC cable carries 12'000 A
for the main dipoles

CERN visit McEwen
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Bus-bar joint (1)

O Superconducting cable embedded in QO Joint resistance ~0.35 nQ (@ 1.9
Copper stabilizer. K).

QO Bus bar joint is soldered (not Q Protection of the joint during
qu ' jood joint quality.

Upper Coppe
Profile Superconducting
Cable in er
Upper Tin/Silver StabilizC:F: :
Soldering alloy Layer
Inter-Cable Tin/Silver N & 4
Soldering Alloy Layer w#‘

Profile Cable Junction Box SRR cm

Cross-section




Bus-bar joint (2)

»
e

0 A post-mortem analysis of the data from the
sector with the incident revealed the presence

of a 200 nQ anomalous resistance in the cell
of the primary electrical arc. This acted as a
heat source that quenched the
superconducting cable.

>> Unfortunately the evidence is destroyed..&

0 An inspection of accessible joints revealed
non-conformities like poor soldering and/or
reduced electrical contact as in the example
to the right.
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Awaria LHC

Wadliwy kontakt miedzy dwoma magnesami doprowadzit do
utraty nadprzewodnictwa na ztgczu, przepalenia kabla i luku el.
=> wydzielenie duzej ilosci ciepta
=> wyparowanie duzej objetosci helu
=> eksplozje kriostatu (zbyt mate zawory bezpieczenstwa)



The LHC repairs in detail

54 electrical interconnections
14 quadrupole magnets 39 dipole magnets fully repaired. 150 more Owver 4 km of vacuum
beam tube cleaned

replaced needing only partial repairs

replaced

6500 new detectors are being

A new longitudinal Mearly 900 new helium pressure

restraining system is being fited release ports are being installed added to the magnet protection
to 50 quadrupole magnets around the machine systern, requiring 250 km of cables
to be laid



MNew pressure release ports fitted

— Upgrade of magnet protection system

= Cleaning ofvacuum beam tube

— Dipole and quadrupole magnets replaced and electrical interconnections
LHC ring

X Incident



Magnet protection and

DN200 on dipoles *

732/1344 installed
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SSS anchoring
104/104 installed
; 92/96 installed
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Decision on Initial Beam Operating Energy

(August 2009)

Highest measured value of excess resistance (Riong) in 5 sectors
measured at 300K was 53uQ.

Operating at 7 TeV cm with energy extraction times of 50s, 10s
(dipoles and quadrupoles)

— Simulations show that resistances of <120uQ are safe from thermal
runaway under conservative assumed conditions of worst case conditions
for the copper quality (RRR) and no cooling to the copper stabilizer from
the gaseous helium.

Operating at 10 TeV cm with a dipole energy extraction time of 68 s

— Simulations show that resistances of <67uQ are safe from thermal
runaway under conservative assumed conditions of worst case conditions
for the copper quality (RRR), and with estimated cooling to the stabilizer
from the gaseous helium.

Decision: Operation initially at 7 TeV cm (energy extraction time of
50s, 10s) with a safety factor or more than 2 for the worst stabilizers.
During this time

— monitor carefully all quenches to gain additional information.

— Continue simulations and validation of simulations by experimentation (FRESCA)

Then operate at around 10 TeV cm.



CMS Experimeant at LHC, CERN

Data recorded: Tue Mar 30 12:68:48 2010 CEST
| Run/Event: 132440 / 2737921
\| Lumi section: 124

Orbit/Crossing: 32323764 / 1

High - Energy Collisions at 7 TeV
LHC @ CERN
30.03.2010
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