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. ® Early Commissioning
; -.> 2008 September 10... Utopia

s 2008 September 19... Disaster

®  WWhat actually happened? First hand account
s Collateral damage

*  Who knew what when!?

QPS Reborn: “nQPS”

® Bus Monitoring redone 500,000 better!

®  Symmetric Quench Detector

Bad News... The Silent Thrillers

Good News... Great Joints (Superconducting)
Why 3.5 TeV ! The Chamonix Decision ==> Howie
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All Quench Heaters in 7/8
performed Admirably except One

This heater was subsequently retired, however the remaining heaters
provided more than adequate protection, thanks to built in redundancy.
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Direct Quench Detection with Shunt
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Diode Performance during 6.5 kA Quench
of Main Quad QbD.12r7

\ QPS DQAMCMQ 070621-093323.253_12R7

e06

+HiR wl |

s
28~
25~
24-
22~
2-
18-
16~
14~
12

04-

.'JZ_
09:35323.100

Legend al right

Quench

Balance
Signal

(2) x10

EZ Artificial Test Rahp Up==>

Inductive

Discharge
Voltage
+1V
0933 I2’3 150 09:33:23 200

Heaters
Fire and

EE Switch
Opens

l

Quench
Driven
Polarity

Reversal

09:3323.250

" «—ITip at
100 mV

| | _Defauit Scate | | Screen Capture | |'Scale#10] | erv. | | FFT | | v Log]

Voltage
going

into™">

Coil

Voltage

coming

out of ..~
Coil

09:33:23.350
Time

R 4

033323 300

093323 400

QPS DQAMCMQ 070621093323 253 12R7:MQLOC U_2_EXT 1 £+0)
QPS DQAMCMO 070621-083323.253_12R7;MQ.LOC:U_1_EXT [1E+0)

QPS DAAMCMQ 070621043

Diode
Switches
ON at

-6 Volts

033323 450

09:33.23.500

033323550

-
-

323.253_12R7:MQ.LOC:U_QS0_EXT (1E-1] |

033323,



—| Multi-Events [~
B2 | tegendatright < | [ Default Scate | [ Screen Capture | [ Scale+10]| Analysis < |
43- ;
40- QPS DQAMCME 080606-143832.306_A16RS:MB.LOGIU
s S QPS DQAMCMB 080606-143832.308_AIGRSMBLOEUfSI [~
35- N4 ‘—\_\_\ QPS5 DGAMCMB 080606-143832 306_AI6RSMB LQC U Qs0 [~
¢ N QPFS DOAMCMB 080606-143913.049_BI16RS:MB.LOCP 2 [~
30 LAY QPS DQAMCMB 080606-143913049_B16RSMB fOCU_1 [~
| P/\V QFS DQAMCMB 080606-143913.049_BIGRSMELOGU_QSO [~
3¢ \ QPs [~
: QPs ;
® ‘\/ QPs D cu_aso |[.
20- NI ) 3
¢ e Switches
15- S
\:\'
€
10~ s
%
05- ,\:\,
~ N\
00- ’
l 4
v
-
\’\/ o’
-1 0-
\
.:s_
20-
25-
-30-
-35-
50 Miits d d int 32 Miit t
o | umpe Oa It magne
45-
48-| 1 ' ' 1 1 1 1 i |
14:39:11 769 14:39:11 969 143912 169 14:39:12.369 1439:12.569 14:39:12.759 14:39.12.969 143913 169 14:39:13420

Time dt(s) 02







. 92008 September 10 ... Utopia!
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Fault Voltage
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s Examples of
Collateral Damage

Peter Limon



U profile

BUS
Cross-section Cu: 282 mm?2
Cross section NbTi: 6.5 mm?
Kapton+isopreg insulation
RRR specification: >120
RRR experimental (D. Richter)
- RB bus: 223-276 (4 data)
- RQ bus: 237-299 (4 data)

JOINT
Joint length: 120 mm
Cu U-profile: 155 mm x 20 mm x 16 mm
Cu wedge: 120 mm x 15 mm x 6 mm
Insulation:
- 2 U-shaped layers of kapton
(240 mm x 0.125 mm thick)

- 2 U-shaped layers of G10
(190 mm x 1 mm)




£

c !
IWYdt=A- A, - | —dT' = F(T
) T’ = F(T)
..\ ;w@\.b!ﬁ&h‘w”w" N 2% s o R,

< PR PRI LB el X, B L ¢ Y s ey e N R T e R A

Adiabatic Temperature vs. MIITS

282 mm? Cu; RRR =80
No voids: 100 s decay

£
g
5
u
<
£

Perfect Joint

4000

MANTS (A-s x 10%)




A The incident: most likely scenario

Bad electrical contact between wedge and U-profile - :
with the bus on at least 1 side of the joint Bad contact at joint with the U-
profile and the wedge

Resistive joint of about 200 nQ

An electrical fuse is a current interrupting
device which protects an electrical circuit in
which it is installed by creating an open circuit
condition in response to excessive current.
The current is interrupted when the element
which carries the current is melted by heat
generated by the current. Most types of fuses
are designed to minimize damage to
conductors and insulation from excessive

9 kA, fast current.

A. Verweij, TE-MPE. 24 Feb 2009, QPS Review

3




1000 | | | | | |

Fast localised thermal runaway at T_max=30 K, P=70 W, V=10 mV, z_ norm=0.3 m

N\
100 — Length normal zone [m]
— Power [W] P=11 W@7 kA
— T _max [K]
— Voltage [mV]
10 — ) -
//
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/ \ Start normal zone ~—,

0.1

0.01
0 1000 2000 3000 4000 5000 6000 7000 8000 9000

Current [A]

A. Verweij, TE-MPE. 24 Feb 2009, QPS Review
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Voltage filtered with 0, 15, 30, 45, 60 s bandwidth [V]

U res on 3-4 gaussian filtered
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©) The landscape Il: motivation

® \We know what is an unsafe resistance (19 September 2008):

o . Calorimetri lysis of test
heating during PNO, sector 34, 19 Sep 2008 TV P A

2008 yields the following value
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m for the excess resistance of the
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Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010



Calorimetry

250 m of magnets —
350t of cold mass

Cryo in strict regulation

Very impressive, and is sensitive to all
bad splices, but good for finding excess
resistances of 40nQ or more

Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010



OPS REBORN: “NQPS”

Bus Monltorlng redone 500,000 better!
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Monitors: One circuit ==> |50 individual segments

Noise Floor: 300 mV ==> |0 pV
Detection Threshold: | Volt ==> 300 pV

Integration Time: | sec ==> |0 sec

Response: Too Late ==> Preemptive Early Warning
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Serious Attempt at Compensation
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Can we have a detection threshold better than 300 pV ?
YES WE CAN !
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»Bad News... The Silent Thrillers

 But wait: there’s more!

‘ No solder |




Resistances at warm

® A copper stabilizer with no continuity coupled to a superconducting
cable badly soldered to the stabilizer poses a real problem (A.

Good joint

Verweij)

Solder

Bad joint

Solder . No solder

Chamonix 2010

Session 1 - Preconditions for operating at 5 TeV in 2010
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Bus Length Compensation
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e O0 = get Bus Length Data.vi Front Panel rev. 23
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name span position [m) length [m)
U LBBRF.BSR1 5 RBAR.[A8R1<->A9R1] 5 284.564 5 39.065
LBARE.A9R1 RBBR.[B8R1<->BIR1] 307.969 39.065
LBBRG.BOR1 RBAR.[A9R1<->A10R1] 323.629 40.465
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Temperature Compensation
Sector 23 QUAD Bus Segments
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Sector 23 QUAD Bus Segments @ 80 K

order

-

15uQ) x 5 = 75uQ @ 300K

Excess Resistance Distribution

Bus Segments

14-

13-

0=}

I I
~-15u ~-10u -5.0u

Excess Bus Segment Resistance [()]

’.

&
C.

-
e, |

I I
5.0u 10u

I
15u 20u

JR [Q]
15.4u
14.7u
13.1u
12.8u
12.3u
10.4u
10.4u

9.8u
9.5u
9.5u
8.6u
8.2u
7.6u
7.3u
7.0u
6.9u
6.6u
6.5u
6.3u

6.1u

X [m]
5369
5316
4140
6224
4942
4354
5583
4193

5423

Hit List

Bus Segment Span

RQOA.[Q28L3 <->Q26L3]i
RQOB.[Q29L3 <->Q27L3]i
ROAT.[Q17R2<->Q19R2]e
RQAT.[Q12L3 <->Q10L3)i
RQOA.[Q32R2<->Q34R2]e
ROAT.[Q21R2 <->Q23R2)i
RQOA.[Q24L3 <->Q22L3]i
RQAT.[Q18R2<->Q20R2}e
RQAS.[Q27L3 <->Q25L3]i
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RQAT.[Q21L3<->Q19L3}e
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6-7 M3 splice resistance (copper)
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Before & After Repair
Sector 45 BEND Bus Segments
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Sector 45 BEND Bus Segments
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Sector 45 BEND Bus Segments @ 300 KK
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Sector 45 BEND Bus Segments
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Sector 45 BEND Bus Segments
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Sector 45 BEND Bus Segments

Hit List Shuffle
w K (hash table) o 3,_,@,_. !K

Hit List
oR [2] x[m] Bus Segment Span

I 13.7u l 12660 RBAL.[B16LS <->C15L5]
I 10.3u l 12735 RBAL.[A15L5<~->B14L5]
I 9.2u l 11773 RBAL.[A33L5<~->B32L5]

9.1u l 11698 RBAL.[B34L5<~->C33L5]

l 9.0u l 12537 RBBL.[C18L5<->A18LS]

8.9u I 12339 RBAL.[B22L5<~->C21L5)

oR [ x [m] Bus Segment Span

709u | 12553 |  RBAL[B18LS<->Cl7L5]
69.6u | 12660 = RBAL[Bl6LS<->CI5LS]
61.9u | 12537 |  RBBL[C1BLS<->A18LS5)
573u | 12339 |  RBAL[B22L5<->C21L5]
57.1u | 12735 |  RBAL[AISLS<->Bl4LS]
520u | 11773 | RBAL[A33L5<->B32L5]
46.0u | 10321 |  RBAL[A9IR4<->A10R4]
446u | 12125 | RBAL[B26L5<->C25L5)
| 443u | 12697 | RBAL[CISL5<->AI5LS]
| 4380 | 12820 |  RBBL[B13L5<->Cl2L5]
| 404u | 12201 RBAL[A25L5<->B24L5)
| 39.0u| 11789 |  RBBL[C32L5<->A32l5]
35.lu | 11698 |  RBAL[B34LS<->C33L5)
|| 340u | 12056 |  RBAL[C27L5<->A27LS]
| 337u| 12789 |  RBBL[A14L5<->B13LS)
| 3320 | 11911 | RBAL[B30L5<->C29L5]

il

1k

8.6u I 12553 RBAL.[B18L5S<~->C17L5)

| 78u | 11239 | RBAL[C26R4<->B27R4]
74u | 11522 RBAL[A32R4<->C32Rd]

| 70u | 12858 | RBBL[CI2L5<->Al2L5]
| 69u 11842 RBAL[C31L5<->A31LS]
69u = 12697  RBAL[CL5L5<->AL5LS]

| 69u 11805  RBAL[B32LS<->C31L5]
| 69u | 11827 | RBBL[A32L5<->B31L5]
e ——
[

|

I 6.lu| 12125 RBAL.[B26L5 <~->C25L5]
I 6.0u| 12842 RBAL.[A13L5<->B12L5)




Sector 45 QUAD Bus Segments Measurements

Bus Resistance [Q]
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Sector 45 QUAD Bus Segments Measurements
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Sector 45 Temperature [K]
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Sector 45 QUAD Bus Segments

Excess Resistance Distribution
80 K 300 K

16-

15

14

13

12-

Y=

Bus Segments
Bus Segments

0_
| I | I I I I I | I I I I I | | I I
0.0 5.0u 10u 15u 20u 25u 30u 35u -60u  -40u -20u 0.0 20u 40u 60u 80u 100u 120u 140u

Excess Bus Segment Resistance [Q] Excess Bus Segment Resistance [(]




Excess Bus Segment Resistance @ 300K [uQ]
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Sector 45 QUAD Bus Segments

80 K Hit List Shuffle 300 K

Hit List (hash tab|e) Hit List

dR [Q] x [m] Bus Segment Span oR [Q] x[m] Bus Segment Span
|| 234u| 11927
|| 2200 | 12248 | RQOAIQ24L5<->Q22LSle
|| 218u | 12675 | ROQAT[QI6L5<->Ql4LS)
|| 1900 | 11393
|| 187u| 12675 | RQAT[QI6L5<->QlalSle 4
| 185u | 11125 | RQAS[Q23R4<->Q25Rdle
|| 174u| 10858 | RQAT[QI8R4<->Q20RdJe
|| 172u | 11286 | RQOA[Q26R4<->Q28R4Je
| 149u| 12782 | RQAT[QL4LS<->QI2LS)i @
| 139u| 11767 | RQOBIQ33L5<->Q3LS
|| 1260 12752 | ROATIQlALS<->Ql2LSle !
| 1l8u 10644 RQAT[Ql4R4<->Ql6Rdle
| 1l5u| 12034 | RQOA[Q28L5<->Q26LSle
|| 106u | 12729 | RQATIQISLS<->QI3LS)i
| 104u | 11713 | RQOA[Q34R4<->Q32LS)i
|| 100u| 12568 | RQATIQIELS<->QI6LSle |

12782
526u | 10965 | RQAT[Q20R4<->Q22Rdle
S2.4u | 10965 | RQAT.[Q20R4<->Q22R4)i
49.8u | 12355 | RQOA[Q22L5<->Q20LSle

124.7u

RQOA.[Q30L5<->Q28L5]e

111.3u

92.0u |

81.4u

RQOA.[Q28R4<->Q30R4]e

76.8u

71.5u

67.6u

[

55.9u

53.2u

IE

:

48.7u

EE

46.0u

45 3u

42.1u

s




The Challenge of VWarm Bus measurements made at 80K

Excess Bus Segment Resistance @ 300K [uQ]
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Bus Resistance [Q]

Temperature [°K]
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External Quad Bus Resistance in 67 at 300 K
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Detailed Differential Inventory of QI7<==>15L7
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. Non invasive Jr)llfe [E€SIStance measurements
o R A e See g

.- ® T B %
M“mv O N £ S R MJ -) i%ﬁi’... o By R - SRy ATV My W MR L e AR b T s

Sector Sector Sector Sector Sector Sector Sector Sector

Circuit 12 34 45 56 67 78 81
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*The most reliable Biddle measurements (RB at room temperature only) are
shown in the table below
*Five sectors were measured at warm and the worst splices were opened up

and repaired
*The table below shows the situation after the repairs

Circuit/ | Temperature | Excess resistance | Highest remaining | Excess resistance
Sector spread (K) spread excess resistance limit 90%CL




Biddle measurements recap

*The most reliable Biddle measurements (RB at room temperature only)
are shown in the table below

*Five sectors were measured at warm and the worst splices were opened
up and repaired

*The table below shows the situation after the repairs

Circuit/ | Temperature | Excess Highest Excess
Sector spread (K resistance remaining excess | resistance limit

A12RQ 1.1 13 37 51
A34 RQ 1.87 10 35 47
A45RQ 0.9 17 53 78
A56 RQ 0.4 9 20 34
A67 RQ 0.6 14 31 48

Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010



| ocal Joint | e Measurements
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Quadrupole joints




[0 Observations:

AR16,,, = 60 uQ

Narrow peak near AR16 = 0

Separated broad distributions

 For dipoles:
<R> ~ 23.9 uQ, rms ~ 1.8 uQ

 For quadrupoles:
<R> ~ 23.2 uQ, rms ~ 2.2 uQ

2" “peak” around 40~60 uQ
unsoldered, moving joints were
observed in this range

R16,,, = 9.8 uQ

16 24 32 40 48 56 64
R16 - R16,,, (n€2)

M1+M2 old

R16,,,, = 16.5 uQ

llq T T T T
16 24 32 40 48 56 64

R16- R16.,, (n€2)




FIREALL HEATERS!
L e

S PROTECTION

AR 3 T 2 : 2 )

® Can only mitigate damage that develops suddenly in less than one second.

® Threatens the hydraulic integrity of the entire cryo system which is never the
less designed to take the pressure.

® Threatens the electrical integrity of the cold diodes which are never the less
' N\ designed to take the voltage.

® Protects against bus arc damage that develops suddenly without any

. & )
warning between one and 50 seconds. Will dump a large amount of He to atmosphere.

B 4 S : ;
® Mitigates bus arc damage that develops suddenly without any Misfires will occur.

warning in less than one second.

® Requires design, cost, and development of significant new QPS infrastructure
which currently doesn’t exist.

® Requires significant veto rejection to discriminate against false triggers.

® Can not be implemented before beam next year.

® The medicine may be worse than the sickness.



. Good News... Great Joints (Superconducting)

B
- j‘r . --.(. - R
o s PN b NS W LR T AR YRS T e e

Preemptive Quality Characterization

Measured all 10,000 Superconducting Bus Joints

Measurement Accuracy 50 p()

All below 3 nQ) (<< 200 n€) on September 19)




NQPS measurements of bus bar
segment resistances

E@13 | e Lod” | ED12
ED14, | ED15 J MBA Iine
\?‘ ///
I i I yd s i I
ERB ERR2 ER19 [ER11

m EE111 EE112  EEL19 EEL13 EEL11 EEL12 EEL19 EF13 m

m WMMJ | Leed |

O, EEL11 EE112 EEL19 EEL13

ERB ERR ER19 ERI11L ERB ERR2 ER19 ER11

[ L I I

MBB line

ED14 ED15

ED14 ED15

L 7

ED13 Re1002 | ED12 EE013 R-1002 ' ED12

For the RB circuit there are mostly 2 or 3-splice bus bar segments
For the RQ circuit there are mostly 8-splice bus bar segments

Resistance is measured during dedicated tests PLI2.s1 (otherwise known as
Maya Pyramid tests)

Progress is posted daily on the HCC pages: http://hcc.web.cern.ch/HCC/
meetings schedules/?version=2009. The file is called StatusBusbarResistances



http://hcc.web.cern.ch/HCC/meetings_schedules/?version=2009
http://hcc.web.cern.ch/HCC/meetings_schedules/?version=2009
http://hcc.web.cern.ch/HCC/meetings_schedules/?version=2009
http://hcc.web.cern.ch/HCC/meetings_schedules/?version=2009

Maya Pyramids

® Using the nQPS system as a series of very accurate voltmeters, we
can measure the resistance of a bus bar segment to <1nQ

\
‘! Y
T
-
-~
-

Series of current plateaus

Top current plateau at 2000A, 30+minutes

Back to zero to reduce systematic errors

Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010



What is a Maya Pyramid?

Fils Ede Vew Fropct Opsmats Toos Window Halp

U_RES (time) | U RES (I MEAS) @ busSplice | U_MAG (time}

Splice Resistance Monitor
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|
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12112008

+ .rg L\ l cursonebie?] - IS 103 DCQDO7L4.R (B10L4_3)

Settings

A45 RQD/RQF, 2009/11/18, 02:20:06-06:18:20, Imax= 2000A

| L} ! 1
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!
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I
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|
S ET- PR b

R & — " 5
d QS

-.18m
: :
06:20000
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|
05:00:00.0
181 1/2008

022017.0 0

EXII

2008-11-18 12:01:18 | )

16 DOQFB.C26R4 L (B2SR4_4) i
17 DOQDE G2sRs 7 (82774 ) [
18 DCQFB.C28R4.L (B27R4_4)
19 DOQDE.C30R4 R (B2OR4_3)
20 DOCOFB.C30R4 L (B29R4_4)
21 DCQDE.C32R4 R (B31R4_ %) [
22 DCQFB.C32R4.L (B31R4 4) e
23 DOQDE.C34R4.R (B33R4_3)
24 DOQFB.C34R4.L (B33R4_4)
25 DCODA.33LS L (B32LS_3) N
26 DCQFQ 3315 R (B321S_4)
erocepasisciesos s
28 DOGFQ31LS.R (B30LS 4) g
20 DCQDA 29L5.L (B28LE_3)
30 DCQFQ 2915 R (B28LS_4)
I

31 DCODA 2715 L (B26LS_3)

Timea 71 ‘-}
I_MEAS S| LY Ty
U_RES_SPLICE 8 | Lyire @9, ‘

nosaStatstcs I

*Test name is PLI2.s1, part of the standard sequence of HC tests
*Current (white) goes through a series of plateaus: 0A, 760A, 1200A, 1600A, 2000A,

1600A, 1200A, 760A, OA
*Coloured traces are the bus segment voltages




From voltage levels to resistance

A34.RB.U_RES: 34 DCBA.B31L4.L (B31L4_1) MB.A31L4<->MB.C31L4

Voltage Drop vs Current
-29.00u-

Voltage [V]

I I 1 J I I 1 1 I
-200 0 200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Current [&]

Fat Top Averaoes [ aml |
Best Linear Fit |
dope

-2.63n

delta slope

370p

intercept

~29.6u

R-scquare
0971665

flatTop [3)
L1 B00

shift [3]
140

v weight?

For each busbar
segment, we take
the voltages at
every plateau and
fit a straight line.
The slope of this
line gives the
resistive part of
the segment.
Error is also
estimated



2, 3 and 8-splice busbar resistances

Busbar resistance
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Pyramid analysis

A45 RQDRQF_20091118_030000-055959.data

bua SplceResiatance
o

+E |

bus Segment Resistance Sorted

aanA Name solceMum | resiatance  deltaRes A
7 DCQDB.CIBR4R 8 2.38E-9 691E-10 *
DCQFE.C18R4 | 8 205E-9 308E-10
9 DCQDB. C20R4.R 8 245E-9 3.9E<10
10 DCQFE.C20R4 L 8 250E-9 4 03E-10
1 DCAQDBC22R4R | 8 280E-9 2e3E~10
DCQFE.C22R4.L 8 2.79E-9 8.59E-10
] DCQDB C24R4R 6 249E-9 SE3E-10
14 | DCQFE.C24R4.L | 8 237€-9 S523t-10 ¥
« | >

L 1 U 1 1 ' U 1 1
35 40 4 S0 S5 60 65 70 ::': 90 a5 100
busSegment
Rexcess = Rous - Nsplce * Rsplce oW exc23s?
Single Splice Aesistance 14-
10!&(bu5\f5ph:e) 5848 12-
analysedibusisplce) | op nag 10~
MBAKIPCE | <560 Ohm E B
S 6-
stalev{spice) | e, 0 ;
gaussanCenter | 517, Dt " i
qwayMStdmv E-j’)l_l"l’l'x 0- - - I .
U | ! 1 |
W average(splice) | <304 ohm 15 P ZCIJD ‘cop O(b 3S0p 400p 4S0p S00p SSOP
' et - single sphice resistance :
il splice ‘+- w L, #bins )20

|

sirghe sphce

bus seament

+cdeita
expecied

-

*Each pyramid is
analyzed with a semi-
online tool (prepared by
Zinur)

*At a glance we can see
the fitted busbar
resistances (red bars) and
the resistance per splice
(in white)

oIf quality is adequate,
data is saved so that it
can be averaged with
other pyramids in that
circuit

...Then all pyramids from

a specific circuit are
averaged
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Excess resistance, RB, all sectors
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M excess resistance A45
I excess resistance A34
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M excess resistance Al12

*At this resolution,
the asymmetry of
the distribution is
clearly seen
*There are clear
outliers, albeit not
larger than 3
nOhms




Excess resistance, RQ, all sectors
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excess resistance A67
I excess resistance A56
B excess resistance A45
M excess resistance A34
excess resistance A23

M excess resistance A12

*Here distribution is
wider as we have mostly
8 splices per bus bar
segment (compared to
less than 3 in the case of
RB)

*Again, distribution is
asymmetric and there
are outliers



@) Interconnect splice resistances

® A rupture of one of the interconnect splices will have serious consequences

® The nQPS campaign of 2009 gave excellent results:
— There is no excess resistance above 4nQ anywhere in the machine
— The splice resistances found above 2nQ) are:
1. 2.87+0.14 (RQ circuit, sector 23)
2. 2.32+0.14 (RB circuit, sector 34)
3. 2.05%0.52 (RQ circuit, sector 34)

® An excess resistance at cold of 2nQ is:
— Poses no problems under normal operation.

- However it might suggest a structural problem or a problem with the soldering procedure
which might be more serious

— See P. Fessia’s talk
— Time evolution would need to be followed closely

® The excess resistances found are natural candidates to be checked by the new X-
ray tomograph.

Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010



warm resistance (uUOhms)

Correlation of splice and stabilizer
resistances

. This is very preliminary.
warm vs cold resistance, RB, A23, A34, No clear correlation is seen between

A45, A56, Ab7 cold (at superconducting
temperatures) and warm (at room
temperature) bus bar resistance
measurements
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Magnet splice resistances

® \We have performed (ad hoc) measurements using the old QPS
system which covered 6 out of 7 magnet splices (RB) and 6 out of
10 splices (RQ).

® Two significant excess resistances found:

- B16R1 (MB2334) (100nOhms)
- B32R6 (MB2303) (50nOhms)

® Any rupture of a splice here might result in the destruction of a
magnet but will not lead to a 19-September-type event.

® Much more accurate results are expected from the nQPS campaign
of 2009/2010.

Chamonix 2010 Session 1 - Preconditions for operating at 5 TeV in 2010
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j * Why 3.5 TeV ! The Chamonix Decision

v v Ry < ‘:- 4 ". o 1" -t : ) - . fa
o s RIS © U e o TR SR R T AV e AT eI A Y

A GRr™ A ey 2L R L T A A

s The splice fault on 9/19/08
s Stabilizer splice concerns
Thermal Runaway Potential

Stabilizer splice survey results

Calculation of Safe Operating Area




[1 Superconducting Splice Precipitated Incident
[1 Stabilizer Splice Also Bad

Gamma rays QBBI.B25R3-M3 before disconnection ( connection & lyra sides)

Courtesy:

Christian Scheuerlein

wedge

bus U-profile bus




» Stabilizer Splice Concerns
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Superconducting splice not protected by cold diode.

Even a perfect Superconductor Splice can be quenched by beam or hot gas from
nearby magnet quench.

If stabilizer splice is open, then quenched superconductor must conduct during the
106 sec energy dump.

At 32 MIIT™ [imit, wire would last .5 seconds @ 8 kA

Bonding to nearby stabilizer critical to survival

| No solder |




» Thermal Runaway Potential

® Resistance of superconductor copper matrix grows with T.

4 ® Longitudinal thermal conductivity decreases with T.
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® Runaway triggers above 30K with 4 to 5 kA current.
® Trigger is dependent on length of superconductor and dump time constant.

s Bend dump time: 100 s to 50 s. Quad dump time: 30 s to 10 s. (@ lower | max)

273 40 1,000 400
80 5 125 557




» Stabilizer splice survey results
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Normal splice = |0 uOhms @ 300K.
36 splices found with between 20 and 60 uohms extra.
Extra R indicates |.5 to 4.6 cm unprotected superconductor inside.

Direct local measurements and statistical calculations give worst expected R.




Estimates from Local Joint Resistance Measurements

the statistic of "the largest value we
nave seen so far" is does not have high
enough significance

since the distributions for the two
us samples are similar we combine all
the data and fit to a cumulative
distribution above the peak value

[l The 90% CL bad joint estimate is:
AR16,,., = 82 uQ

B Assuming this sample represents
5/8 of dipole circuts (20% of joints)

[0 The limit for 90% CL bad joint is:
AR16,,,x = 98 uQ

AR16.,,, = 88 uQ assuming this sample represents
50% of the machine joints
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Conclusions (2/2)

[1 Combining the results of three types of analysis

B Analysis of non-invasive warm dipole measurements
B Statistical analysis of invasive warm R16 measurements
B Analysis of failure modes and of the worst joints found

[1 Our most realistic estimates of the excessive joint
resistances are of the order of:

B For dipole circuits:
Rax = 90 uQ
B For quadrupole circuits:

Riax = 90 uQ
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Typical test run with and without thermal runaway

Measure t;(T,1,B) Switch off
WITCh O
current if V>V,

(100-150 mV)

Current between 2-20 kA

5 <100 ms

. daT
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?ngﬁng>°°°““g)

StableUand T
(heating = cooling)

\ 4

Time

N

v

t:r (typically 2-50 s)
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Correlation experimental and calculated tr(/) curves.

For each sample the effective heat transfer to the helium is individually fitted
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RB in LHe
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Conclusion

» The calculation code QP3 is validated. Different effective heat transfer to helium is

needed per sample in order to have very good quantitative agreement. This difference
has an error of about £500 A on the safe current.

3.5 TeV 50 76 10 80
5 TeV 75 43 15 41
7 TeV 100 11 20 14

» Actual calculations of the safe current are based on conservative values for RRR ;.
and RRR; .. Better knowledge of RRR; ., by means of measurement in several sectors

in the machine, is needed if one wants to push the energy from 3.5 TeV towards 5 TeV,
but 1s of no real interest for operating at 7 TeV.

» For safe running around 7 TeV, a shunt has to be added on all 13 kA joints, also on
those with small R_44;. Joints with high R, 44, or joints with large visual defects
should be resoldered and shunted. A Cu-shunt with high RRR and a cross-section of

16x2 mm? is sufficient, if soldered at short distance from the gap. Experimental
confirmation by means of a test in FRESCA should be foreseen.
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