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Circumference 27 km 
# Sectors 8 
# Main dipole circuits 
per sector 

1 

# Dipoles per circuit 154 
# Dipoles in the LHC 1232 
Stored energy per circuit 
at nominal 

1.1 GJ 
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Twin-aperture Dipole magnets 
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Magnetic length 14.312 m 
Operating temp. 1.9 K 
Short sample 13.2 kA, 9.2 T 
Nominal 11.85 kA, 8.34 T 
Inductance 99 mH 
Manufacturers Firm-1, 2, 3 

Inner coil Outer coil 
Cable width 15. 1 mm 15.1 mm 
Mid-thickness 1.90 mm 1.48 mm 
# Strands 28 36 
Insulation 3 layers of polyimide tape 

Presenter
Presentation Notes
The dipole magnets have been assembled/manufactured by three firms, each producing about one third of the total, with only a few minor differences in tooling and procedures. The coils of the magnets consist of an inner and outer layer, wound from two types of superconducting keystoned Rutherford cable, which have been produced by different firms.



IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), January 2016. 
Invited presentation 1OrCC_01 given at MT-24, Seoul, Korea, October 18-23, 2015. 

4 MT24 - 2015 - Seoul - Verweij 

Period #magnets 
(LHC + spare) 

Current level 

Initial training 2002-2007 1232 + 44 12-13 kA 
Thermal cycle + re-training 2002-2007 116 + 29 12-13 kA 

Re-training LHC in 1 sector 2008 154 11.2 kA 
Incident 19 Sep 2008 
“Run 1” 2009-2012 1232 6.8 kA 
Long Shutdown 1 2013-2014 
Re-training LHC in 8 sectors 2015 1232 11.1 kA 
“Run 2” ongoing 1232 11.0 kA 

storage installation transport 

Timeline 

Presenter
Presentation Notes
About 10% of the magnets have been retrained after thermal cycle, usually within a few weeks after the initial cool-down. The magnets that have been retrained are on average those magnets that showed a longer training during the first cool-down and are therefore not a representative subset of all the magnets.After installation in the LHC, the magnets have only been re-trained to 11.1 kA, so –for comparison- most results will be given for this current level.
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Reception test (2002-2007) – 1st cool-down 
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Firm-1 Firm-2 Firm-3 All 

# magnets 400 420 412 1232 

#Q to 11850 A 244 
(0.61) 

485 
(1.15) 

386 
(0.94) 

1115 
(0.91) 

#Q to 11080 A 47 
(0.12) 

183 
(0.44) 

183 
(0.44) 

413 
(0.34) 

Firm-3 Firm-1 Firm-2 

Presenter
Presentation Notes
All magnets have been individually trained to at least 12 kA. Sorting all quench data of the individual magnets by increasing quench current, makes it possible to build a training curve as if the magnets of each firm were put in series. The result is shown in Fig. 2, in which the number of quenches in Firm-1, Firm-2 and Firm-3 is normalized to the number of magnets, i.e. 400, 420, and 412 respectively. The data show a significant difference among the three firms. Firm-1 magnets trained 2 and 1.6 times faster up to 11850 A than Firm-2 and Firm-3 respectively. Similarly, Firm-1 magnets trained 3.9 times faster up to 11080 A than the other two firms. 
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Reception test (2002-2007), 2nd cool-down 

6 MT24 - 2015 - Seoul - Verweij 

Firm-1 Firm-2 Firm-3 All 

# magnets 33 55 28 116 

#Q to 11850 A 
1st cool-down 54 119 67 240 

2nd cool-down 6 21 10 37 

#Q to 11080 A 
1st cool-down 4 34 30 68 

2nd cool-down 1 3 4 8 

6.5 x  
faster 

8.5 x  
faster 

Magnets from all 3 firms show a good “memory” when tested a few 
weeks later, after a thermal cycle. 

Presenter
Presentation Notes
116 out of the 1232 magnets have been individually re-trained after a thermal cycle, usually within a few weeks of the first cool-down, and without removing the magnets from the test station. These magnets were in most cases those that trained slower during the first cool-down (but always reached at least 12 kA) and are therefore not a representative subset of all the magnets. The number of training quenches needed to reach 11850 A was about 240/37=6.5 times less during the 2nd cool-down than during the 1st cool-down. A reduction of a factor of 68/8=8.5 was observed when comparing the quenches required to reach 11080 A. The magnets therefore showed a good memory, at least over a period of several weeks, irrespective of the magnet manufacturer.
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∆Iq never <0 if 
1st quench<11.3 kA 

∆Iq<0 for 
only 
10% of 
magnets 

∆Iq is 
usually 
large if 1st  
quench is 
small 

Presenter
Presentation Notes
Magnets showing a low first training quench current gained on average a lot after the thermal cycle. Magnets with a first training quench below 11.3 kA during the 1st cool-down always had a 1st training quench after the thermal cycle that was larger. Only 9 out of 116 magnets showed detraining, i.e. the thermal cycle resulted in a deterioration of the quench performance.
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Quenching in a series of 154 dipoles 
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Quench detection based on ∆Uaperture and ∆Umagnet. 
Quench heaters to protect the magnets. 
Cold diodes to bypass the current in a quenched 
magnet. 
Switches + dump to protect the circuit (τ=100 s). 
During decay of circuit current usually several neighboring 
magnets quench due to propagation of warm helium 

Presenter
Presentation Notes
Magnets adjacent to a quenching magnet usually also quench due to the propagation of warm helium. This occurs during the decay of the circuit current, typically after 20-50 s, when the current is already reduced to about 5-8 kA.
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LHC – 1 sector (2008) 
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Firm-1 Firm-2 Firm-3 All 

# magnets 28 42 84 154 

#Q to 11080 A 
Reception 1 15 44 60 

LHC - 2008 0 2 22 24 

Only 2 x  
faster 

Magnets from Firm-1 and Firm-2 behave as expected, i.e. good 
“memory” with about 8 times faster training.  

Magnets from Firm-3 train much more than expected. 

Presenter
Presentation Notes
In 2008 one octant of the machine, containing 154 magnets (28 magnets from Firm-1, 42 from Firm-2, and 84 from Firm-3) was trained up to 11173 A. A total of 24 quenches were needed to reach 11080 A. Successive quenches always occurred at a higher current except for one quench showing a detraining of 190 A. Almost all quenches occurred in Firm-3 magnets. During the initial reception tests (see slides 6-7) the same magnets required 60 quenches. It follows that Firm-2 magnets show good memory, whereas Firm-3 magnets show partial memory. Apparently the good memory that Firm-3 magnets showed during the reception tests slowly vanished in time. 
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LHC – 8 sectors (2015) 
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About 8x faster 
(as expected) 

Only 1.3x 
faster 

Presenter
Presentation Notes
In 2015 all 8 sectors of the LHC have been trained to 11.1 kA. The result is shown in a similar cumulative plot as before, and compared to the results of the individual quench tests during the first cool-down of the reception tests.
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LHC – 8 sectors (2015) 
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Firm-1 Firm-2 Firm-3 

# magnets 400 420 412 

#Q to 11080 A – reception 47 183 183 

Estimate based on reception  
(1st  vs 2nd cool-down) 12 16 24 

Estimate based on sector 
test in LHC (2008) 0-15 20 103 

LHC – 8 sectors (2015) 5 27 143 

8 x  
faster 

Magnets from Firm-1 and Firm-2 are in line with expectations. 

Magnets from Firm-3 have basically lost their memory; training 
in 2015 is only 1.3x faster than during initial reception. 

1.5 x  
slower 

1.3 x  
faster 

Presenter
Presentation Notes
As shown before, the magnets of all three firms showed a good memory after a thermal cycle during the reception tests. As a conclusion, we expected about 52 quenches to train all 8 sectors up to 11080 A. Finally many more quenches were needed, namely 175, mainly due to the much-longer-than-expected training of the magnets from Firm-3.Note that none of the Firm-1 and Firm-2 magnets trained twice. Among the 143 quenches in Firm-3 magnets, 120 magnets trained once, 10 magnets trained twice, and 1 magnet trained 3 times. For those magnets that trained 2 or 3 times, the 2nd quench current was always higher than the 1st one and the 3rd quench current was higher than the 2nd.
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Firm-3 quench behavior along production 
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No clear correlation between training during reception and in the LHC.  

Part of the production seems to quench relatively more. 

Presenter
Presentation Notes
Another interesting result is found by looking in detail to the Firm-3 magnets that quenched in the LHC and compare them to their behavior during reception. The horizontal axis shows the magnet ID in chronological order of production. It is clear that the behavior is not uniform over the production and that especially the magnets in the production batch 140-240 quenched more often in the LHC, and in many cases at currents several kA below their 1st quench during reception. 
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Training quenches during operation 
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Several hundreds of current cycles up to 11 kA in the last 5 months. 

4 training quenches occurred at 10980 A (=11080 A -100 A margin), all in Firm-2 

Presenter
Presentation Notes
After the commissioning the LHC has been operated with daily current cycles to the nominal current of 10980 A. In the first 4 months, 4 more training quenches occurred at nominal current, all of them in Firm-2 magnets, possibly related to slow relaxation processes, setting the cable or coil in a more stable position.
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Conclusions 
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The quench performance of 1232 twin-aperture LHC dipole magnets has been 
followed over many years including thermal cycles and thousands of current cycles. 

Reception (2002-2007):  
 Training: 1115 quenches to reach 11850 A, 413 quenches for 11080 A. 
 “Memory” after a “fast” thermal cycle was good for the 3 firms (8x faster training). 

Sector test (2008):  
 Part of the “memory” was faded away for Firm-3. 

To avoid massive quenching in the LHC, it was decided to run the LHC in 2015 at 6.5 
TeV (10980 A) and train the magnets to 11080 A (i.e. a margin of 100 A). 

LHC 8 sector test (2015):  
 Firm-1 and Firm-2 still had good “memory”. 
 Firm-3 trained only 1.3 times faster than during reception. 

Operation: 
 4 quenches in Firm-2 magnets in 5 months of LHC operation. 
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Thank you 
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