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LHC magnet interconnect in the tunnel

The last arc interconnection of Sector 1-2 was complej{on the'7 November 2007




I@J Major LHC challenges

Centre-of-mass energy of 7 TeV in given (ex LEP) tunnel

e Magnetic field of 8.33 T with superconducting magnets

e Helium cooling at 1.9 K

e Large amount of energy stored in magnets 10 GJoule in total

e Many bunches with large amount of energy stored in beams 362 MJ each beam

e ‘“Two accelerators” in one tunnel with opposite magnetic dipole field and ambitious beam

parameters pushed for very high of luminosity of 1034 cm-2s-1

Complexity and Reliability

¢ Unprecedented complexity with 10000 magnets powered in 1700 electrical circuits, complex

active and passive protection systems,....

e Emittance conservation ey =y ¢ const., related to phase space density conservation, Liouville
¢ in absence of major energy exchange in synchrotron radiation / rf damping

¢ clean, perfectly matched injection, ramp, squeeze, minimize any blow up from: rf,

¢ Kkicking beam, frequent orbit changes, vibration, feedback, noise,..

¢ dynamic effects - persistent current decay and snapback

¢ non-linear fields (resonances, diffusion, dynamic aperture, non-linear dynamics )



Critical Issues

Past

e QRL cryo line (He supply)

e DFB power connections, warm to cold transition
e Triplet quadrupoles - differential pressure

Recent

e Vacuum leaks, condensation - humidity sector 3 - 4
e Magnet powering check / correct : min/max, cabling - polarity

* PIM plug in module with bellow

i Magnet re-training few magnets quenched well below what was reached in SM18




@ Beam vacuum ring aperture check with RF - ping-pong ball

Polycarbonate shell
@34 mm,15¢g
2h battery powered
40 MHz emitter
signals recorded by LHC BPM

PIM issue only relevant after warm-up
localize with RF-ball - fix locally
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Temperature [K]

First cool-down of LHC sectors
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@ LHC commissioning with beam ; Tests in August
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|@§j LHC sector 8-7 : aperture scan with beam 2
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@ First turn. 10 September 2008
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one trace every 10 turns

First attempt at RF capture
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LHC beam 2 with well adjusted RF capture
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I@J After 3 days of excellent progress with beams @

Commissioning with beam interrupted by a series of hardware failures - not related to beams
¢ two large transformers ; 13 - 18 September

e 19 September at 11:18:36, incident during hardware commissioning of sector 3-4 towards
55 GeV/93 kA, at 8.7KkA or~5.2TeV, of the 340 MJ stored energy about 180 MJ or 2/3

went to the dump resistors ; IMJ melts 2.4 kg Cu

press release & interim report of task force :
likely cause : bad (~200nQ) splice at electrical

connection between dipole C24 and quad Q24,
6t He or 1/2 of arc lost

pressure built up in adjacent each 107 m long,
vacuum subsectors

~ 45 dipoles (3.6% of LHC) and 15 quads
involved : inspect and clean,
may have to repair / replace few of these

some typical numbers and back of envelope estimates :

good splice ~0.3 nQ2, I=13kA, U=RI=4 uV (now) possible to check - done for dipoles in 1/2 of LHC
P=R12=0.05W quench would need locally > 10 W - depending on position - less critical in magnet
QPS triggered at 0.1 V (asym) > 10 ms ; ~ 30 - 50 ms for quench heater

LHC dipole L=100 mH stored energy in single dipole 2L /2=845MJ x1232=104GJ



http://press.web.cern.ch/press/PressReleases/Releases2008/PR14.08E.html
http://press.web.cern.ch/press/PressReleases/Releases2008/PR14.08E.html

Sector 6-7,7-8 voltage vs current
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I@J Possible consolidation to avoid / limit similar incidents @

e Upgrade QPS (quench protection system); will be done, details rather well defined
e Insulation vacuum overpressure release
e Improved anchoring of SSS with vacuum barrier to avoid displacement

Powering tests after incident

e validate calorimetric using cryogenic system (few Watt resolution). Monitoring is performed
at the level of ImK around 1.9K

e demonstrated that QPS can measure 0.3 n€2 splice resistances

e found dipole magnet B16R1 in sector 12 (that had been powered to 13kA) with a splice
resistance of 90 nQ2 and B32R6 in sector 67 with ~ 50 n€2

e excellent diagnostics for similar problems in the future
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I@i‘i Next steps in commissioning with beam @

LHC commissioning with beam has just started
¢ Rapid progress when all hardware is available as Wed.-Fri. 10 - 13 Sep.
¢ Long time constants in case of failures affecting cryogenics / cooling 14.-17. Sep.

month’s to change cold magnets
More detailed beam commissioning needed @ injection energy 450 GeV
e complete the BPM checks (70%H, 30% V done)

¢ adjust and capture beam 1

e beam 1 & beam 2 timing

e start to use collimators, increase intensity

¢ check out the beginning of the ramp, ~450 GeV to 1 TeV

¢ full beam dump commissioning

e full ramp commissioning to initial physics energy, probably ~5 TeV - not yet decided
¢ first collisions at physics energy ...  and physics run at 5 + 5 TeV or there about

¢ increase intensity and partial squeeze

18



@ Commissioning Stage A : 5+5 TeV collisions

tentative planning for initial physics

Approx 30 days of beam to
eStablish frst colisions
Approx 2 months elapsed , inosi Events/

Given optimistic machine
availability

Un-squeezed >

Low intensity

10 30
Continue commissioning | R Rl I N
thereafter IR L TR
Increased intensity e foon 3 EARELNE E

Squeeze

crossing

Source : commissioning working group, R. Bailey et al.
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Conclusion

The LHC is the worlds largest and most energetic machine. We also all
know that it is not an easy machine and already faced and resolved
many difficulties.

Interventions which require warmup / cooldown of sectors imply
month’s without circulating beams.

In 2008, we had an excellent start of the LHC with beams : quickly
getting both beams around the ring and good lifetime in only 3 days !

The current repair and shutdown is also used to further improve the
preparations for beams for physics

20
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Busbar splice l
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Cryostat and cold masses longitudinal displacements

: 7—/\ Displacements status in sector 3-4 (From Q17R3 to Q33R3) : P3 side
Based on measurements by TS-SU, TS-MME and AT-MCS
QI7/|AI8|B18| CI8|QI8]| A19[B19]C19 FQ1.L9 A20 | B20 | C20 | Q20 | A21 | B21 | C21 [ Q21]
Cryostat <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2 <2
Cold mass ? ? ? ? ? ? ? ? ? ? <5 <5 <5 <5 <5 <5 <5
Q21 A22 1 B22| C22 Q22 A23 I B23 |C2 B24 I C24 1 Q24 A25 1 B251C251Q25
Cryostat <2 <2 <2 <2 -7 <2 <2 <2 <2 <2 <2 <2 <2 <2
Cold mass <5 <5 <5 <5 -25 | 67 [-1021-144F <5 -130} -60 <5 <5 <5 <5 <5
Q25 A26 | B26| C26 Q26 A27 | B27 | C27 28 | C28 1 Q28 A29 | B29C291 Q29
—p =
Cryostat <2 <2 | <2 ) <2} <2 <2 <2 | <2 | 474 <2 11 <2 <2 <2 | <2
Cold mass <5 <5 <5 <5 <5 57 114 11507 144 50 35 <5 <5
: L1
Q29 A30 /B30 C30 Q30 A31 I B31 |C31 Q31 A32 BB*?Q Q32 A33 1 B33 C331Q33
Cryostat <2 <2 <2 <2 <2 <2 <2 | <2 | 188 @ <2 <2 | <2 < <2 <2 <2 <2
Cold mass = <5 <5 <5 <5 19 77 -’ 148 § <5 | 140 105'.""1’ » 62 18 <5 <5 <5 ?
_SSS with vacuum barrier lOpen interconnection Disconnected ‘_.
=0 Towards P4 Electrical interruptions
[mm] Values are in mm :Dipole in short circuit
? Not measured yet e - Electrically damaged IC
) Cold mass displacement <«— Buffer zones
£ Cryostat displacement
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@]

Beams in full LHC ring : (last) week of 10-September

https://lhc-commissioning.web.cern.ch/lhc-commissioning/dailynews/week37.htm

Day Beam | progress Beam 2 progress Images
Mon 08
Tue 09 Tests from 22h to 24h Tests from 23h to 24h
Wed 10 First turn 9.30 to 10.30 First turn 13.30 to 15.00 screen showing beam on
Makes 2 to 3 turns Inject and dump working and 2nd turns
Few hundred turns
BPM working multiple turns few 100 turns
Measure Q working
Fast BC working tune measurements
Systematic polarity checks | ,
fast BCT
Thu 11 Inject and dump dump dilution sweep
Circulate and dump 50ms
Circulate - dump on request Integer tunes
RF capture working _
Integer tunes OK mountain range
Mountain range working
Systematic polarity checks 2
Fri 12 To TDI with Beam 2 in Circulating beam H beta-beat
RF capture refinement
Beta-beat measurement H wire scan
Wire scanner H and V works

oo
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Damage potential : confirmed in controlled SPS experiment @

controlled experiment with beam

extracted from SPS at 450 GeV in a single
turn, with perpendicular impact on

Cu + stainless steel target

450 GeV protons  =iimm—

r.m.s. beam sizes oxy=1 mm

SPS results confirmed :
8x1012 clear damage

2x1012 below damage limit
for details see V. Kain et al., PAC 2005 RPPEO18

1012 8-1012 6-1012 For comparison, the LHC nominal at 7 TeV :
v * V K 2808 x 1.15x1011 = 3.2x1014 p/beam
at < oxy>=0.2 mm
2 over 3 orders of magnitude above damage
level for perpendicular impact
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http://accelconf.web.cern.ch/AccelConf/p05/PAPERS/RPPE018.PDF
http://accelconf.web.cern.ch/AccelConf/p05/PAPERS/RPPE018.PDF

LHC first beam induced quench, 9 Aug 2008

HE | teaendatrion 5| [oefasiseaie] [Screen Coptuce | [EEERRY Anwysia |
37762763~ - . . - =

35000000~ i t t QPS5 DQAMCMS 0RCEIS-021348 £25_2BLIME LOCU_2 1€} [~
| OPS DOAMCMS 0BOB0S-021348 626 _ABLIMB.LOCU1 [1E+0) | [~
QPS DOAMCMB 0B0509-021948 625_ASL3MB.LOC.U_QSO [1E-1)| [~

34000000~
32000000~

30000000 -|
28000000 -
25000000~

W 1l &

24000000 |
22000000 |
20000000 -

el 200 ms

e, LLOCAl mini-quench
“quenchino”

021948333 021948533 021948793 021948293 02:19.49.193 021949 353 02194 1949723 021949933  02:19:50.147
e )10

followed by : quench heaters, distribute energy, and controlled discharge
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Simulation of injection with 170° injection phase offset

Dt turn O longitudinal phase space
103 Fmmmm e
H | ‘y ’, vw
O N | |
% . |
.................................. RN, USRI RPN UM SRR SR
as | |
5 /) time, phase At, A@, length —
S A [
103 b
) t-projection
BeamTrack simulation, 20 000 particles }\RF 1S 0.75 m or 2.5 ns p J
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Simulation of injection with 170° injection phase offset
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25 distance in m

from central rf-bucket

projection of previous plot : longitudinal charge density distribution

BeamTrack simulation, 100 000 particles
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Luminosity scans and absolute luminosity

@

(pioneered by Van der Meer @ ISR)
2 2

4 Orthogonal x / y scans L — exp |— oz \T [0y

to determine ox;" Lo 20, 20,
. * N; N

L = Ny Na2f LEP example, V-plane, 3 bunches
4oy oy o F .
- 1P2 . 7

10 [

Accuracy : better than 1% at ISR

Aim for early LHC ~10 % L
Contributions :

o . - o4 : 0.96+.13 um AA: 479417
Intensity N1, BCT ~1% P N 2f | an e Tum
. ' . ®C: 06117 °(C:
® Length scale - from BPM, bumps optics, few % § 2 oSpm e R
=l
° o B . ré 0 | L 0 | |
Particles in tails = s aw oo .1 0 "
® Exact shape &%) e E 8
Gauss “— £ 3 g - IP . ow
: ™ g
extreme cases : = 5
Parabolic = -
ﬂ . B 3(5—,7:2) 6 ; 6
atin Semi-Circle [ 20v5 5 5
Phase Vit O : ¢
space 2m 2F x 0.9511 4y 4
! 3 b AA: 1.91+25um 3F : 12,92 +.15 um
I E ®B: 2.84+23um F | mB: 1359+13p
x 0.9578 1L 2 ° C: 2.05+36um 20 e 1255+18 u$
[ 1 B 2.3 um 1 E 13.1 um
: 0 g 1 1 1 1 ‘ 1 1 1 1 ‘ 1 1 1 1 O E\ 1 ‘ ‘
3 2 1 + 1 2 3 -6.1 -0.77 4.6 9.9 10 20

Nominal separation in pLm

principle : H.B. and Per Grafstrom; LHC Report 1019 from 23 May 2007 _http://cdsweb.cern.ch/record/1056691

and H.B., R. Schmidt, Intensity and Luminosity after Beam Scraping, CERN-AB-2004-032
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http://cdsweb.cern.ch/record/1056691
http://cdsweb.cern.ch/record/1056691

Parameter evolution and rates

2
ALY, 5
4me B
All values for nominal emittance, 10m [3* in points 2 and 8

Eventrate / Cross =

All values for 936 or 2808 bunches colliding in 2 and 8 (not quite right)

Parameters Beam levels Rates in 1 and 5 Rates in 2 and 8

N g* 1,5 lbeam E Luminosity Events/ Luminosity Events/

(m) proton (cm-2s-1) crossing (cm-2s-1) crossing

11 1.7 1012 . 8.0 10%° <<1

1.7 1012 . 2.9 1030 0.36 Depend on the
configuration of collision
pattern

6.2 1012 1.0 1031 0.36

1.4 1013 5.4 10°1 1.8

3.7101"3 2.4 1031 2.6 1031

3.71013 1.3 1032 2.6 1031

5.6 1013 2.9 1032 . 6.0 1031

8.410"3 1.2 1033 1.3 1032

1.1 1014 7.2 1031 7.9 10°1

1.1 1014 3.8 1032 7.9 10%1

1.4 1014 1.1 1033 . 1.2 1032

1.4 1014 1.9 1033 . 1.2 1032
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Output energy

Proton flux / Beam power

Linac2

Upgrade Options, Injectors + LHC

Linac4

___________________________________________________________

approved V', ready in 2012

if approved could be
ready by about 2016

LPSPL: Low Power
Superconducting Proton
Linac (4 GeV)

PS2: High Energy PS
(~51to 50 GeV - 0.3 Hz)

SPS+: Superconducting SPS
(50 to1000 GeV)

SLHC: “Superluminosity” LHC
(up to 1035 cm2s1)

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

SLHC 1st step : replace current triplet by new larger aperture triplet, by ~2013
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