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Training

Training of all models at CERN:

14000 - All single aperture magnets show their first quench

: :
! H MBHSP101
; : - between 8 and 9 KA.
13000 e | 4 MBHSP102 - DP101 went immediately to 12.2 kA.
_ : ~0—MBHSP103 - DP102 went straight to a conductor induced limit.
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45 12000 . .......................... +MBHDP101
£ ~ " ; —%— MBHSP104 . . :
< 11000 v \:\ Quench curves give only half the information:
5 PoL N —O—MBHSP105 Quenches typically come in two fashions:
c 10000 P e N —e—MBHDP102 - Induced by mechanical movement (slip-stick, epoxy
i : te N i
: : } 5 N ~0—MBHSP106 (4.5 K and 1.9K) cracking, etc.) o .
9000 81 : 1S 5 - Induced by conductor limits (degradation, current
ol H V= \ ¢ MBHSP106 at 1.9K . . . .
o | E N distribution effects, flux jumps, etc. )
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Special high-Mllts training, see later slide
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Details of MBHSP106 powering tests
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Ouench events of the last SP106
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Quench Event

Full quench history including ramp rate studies (before high-Mllits studies).
In light-blue are the quenches limited by the conductor.

In the following slide the data is split up:
1. Training curve with clear mechanical movements causing the quench.
2. Quench at conductor limit, placed in the ramp rate dependency curve

HiLum Y ()
L o HL-LHC PROJECT . . .
el o MDP-FCC-EuroCirCol - 7-3-2018 - G. Willering - 11T model test




Ramp rate dependency of model SP106

4.5K first and second cooldown combined.
12.4

A T | il IR
Coil 116 has a clear limit in 17-18 and I18-19 at 1.9 and 4.5 K. 12 r—— #-\2
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At 4.5 K another limit was found in coil 116 113-114. £5 2 times repeat Neren
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Training of model SP106
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- First training was at 4.5 K, looking rather similar to training of other coils at 1.9 K.

- Second training at 4.5 K showed good memory up to 11.3 kA without quench

- Training continued at 1.9 K and showed two important detraining quenches at 11.2 and 11.3
KA, but stable performance after the end of training.
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(de)Training in head coil 117 inner layer connection side
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' Very prominent training and detraining location is the connection
side head of coil 117 where the following quenches originate
7, 8,10, 11, 13, 14, 15, 17
Quench 12 and 16 started in coil 116 and 117 simultaneously. . o i@ % . o
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High QI studies

Quenches at 1.9 Kand 10 A/s
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« After all the high QI quenches (except the first one), the quench current increases
* We have reached a maximum quench current of 13.23 kA

» All the high QI & verification quenches were in the same location
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High QI studies — location

Quenches at 1.9 Kand 10 A/s

13.5 -
@ All those quenches were
13 o0 in the same location
S SN Y IO ® 5000 7" | _ _ !
2 Joos oo *®° ¢ block 3 of coil 116.
R Y Quenches in 116 17-18 & 18-19
—(C(j 12 ® Standard protection .
g © ® HighQl "
11.5 PY ® Quench after AC loss
® — = Ultimate current
11
0 5 10 15 20 25
Quench number
Important conclusion: After all these quenches we don't:
« Have any mechanically induced quench (training)

« Have any detraining, even in the “loose head” of coil 117
iLUMI ’ cErn)
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How do high-Ql studies improve the quench current?

How do high-QI studies improve the quench current?

Difficult question to answer.

The only firm conclusion we can draw from the measurements is:
We don’t see degradation up to 13.2 kA with hotspot temperatures up to ~430 K.

Can we expect the same phenomena in other coils too?
No statistics: we did not test it in previous models.
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Degradation in mid-planes in MBHDP102
and in block 3 of MBHSP106
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VI curve — block 3 coil 116

File: Comparison Splice Resistance Measurement
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| VI curves — midplanes DP102
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V-l curves and n-value in magnets

Find the best fit for
)(fnn(B))

ypically n-value is used with constant magnetic field for (I/1.)" and cannot
e compared to (I/l,)". However, we can fit the curve with the following E(I,B) = Ec< —
formula, using for 1(B) and n(B) the values from extracted strand data. Jicle(B)
(with E, = 10 uV/m)
I e
14 . ' + - Measured 116-17-18
¥ i X Measured 109 |11 |, reduction factor (f,.) 0.62 0.26
12 ! .
' ] Peak field, expected n-value reduction factor (f,)  0.20 0.12
10 'I ,,' Block 3, expected
1 K ——— Midplane, expected
8 XI ," ----- Reduced strand Icand n - block 3
; ! ! - - —Reduced strand Ic and n - midplane Notel: Very rough estimate.
/ ,"l Note2: the approach is very simple, it assumes homogeneous conductor degradation,
4 ¥ which in very unlikely.
/ II
2 . ,”I *4'* Note3: The magnetic field gradient over the cable width is taken into account by calculating
0 $-=¥" 4 +_;|=-'|=* the average E at the thin edge, the mid point and the thick edge of the cable, all using n(B)
and Ic(B). This can be further improved, but it gives a gond firet ardar annrnach
8.0 10.0 12.0 14.0 160 Both the midplane turn in coil 109 as the block 3 in coil 116 00
Current (kA) show a SC to normal transition with 7,
- very little hysteresis
- alow n-value
- Nno decay at constant current. /
il sy Interpretation: All this info points to a distributed degradation 3
\ of the conductor over at least a twistpitch, but likely more. T—
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Midplane limit

The V-1 measurements were only done for DP102 and SP106 on the 1.4
m straight midplane segments.

DP102:
4 out 8 mid-plane segments showed a SC-NC transition below 11.5 kA

S P 1 O 6 : m Average azimuthal excess of coil arc (mm) m Applied pole shim per aic e -
0 out of 4 mid-plane segments showed a SC-NC transition up to 13.2 = E stress! S‘;;S::k f Revised collaring )
KA E o “ ."I"_“_“ii
- to
%': 0.6
Soft conclusion: the revised collaring procedure seems to give the R
expected improvement. Would be good to see more statistics. = "
0.1
0

__________

! (DP102)

Courtesy C. Loffler, E. Nllsson
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Coll Iimit overview
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Coll limits overview

16000

A —lIssat4.5K 15000 At1.9K _ —lIssat 1.9K
15000 =™ At4.5K ® Midplane limit 4.5 K 14500 - = —_ T = O Midplane limit 1.9 K
—14000 X Layer jump limit 4.5K 14000 — = X Layer jump limit 1.9K
<
= — - imi < 13500 A Other limit 1.9 K
£ 13000 — — — A Other limit 4.5 K :g 0 A
g —— < 13000
S 12000 x x _ N 3 12500 - |_ultimate
]
11000 x X 12000 X % |_nominal
. 11500 o
10000 3 . 11000
S S &
07 7 O Q7 O O O O O d > L DO N> O QL
DS SS S
S TR XS R FES S & &S
Model name
1.10 At1.9 and 4.5K
1.05 . . . . .
A All coils, except the mirror coils, were limited well
— 1.00 e
> 095 @ o O Midplane limit 19K below the short sample limit, at 4.5 K and at 1.9 K.
_
= 0.90 x X ® X layerjump limit 1.9K
X ] .. . .
085 o Q A~ o Other limit 19K The limit location varies.
X
0.80 | ® Midplane limit 4.5 K
0.75

X Layer jump limit 4.5 K Many investigations are ongoing to address these
A Other limit 4.5 K limits due to the conductor.
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successes
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sSuccesses

Splices
All 24 Nb;Sn to NbTi splices were excellent with a resistance below 0.5 nOhm.

Holding current tests
Except for coil 113 (layer jump issue) all magnets could hold the current for 1 to 12 hours very close to maximum
guench current.

Memory
Every retraining of a coil after thermal cycle, including after re-collaring and re-assembly from single to double
aperture, showed a very good memory.

Protectability

The high-Mllts studies for SP106 did not show any degradation up to 13.2 kA up to ~430 K using only nominal
protection by the outer layer quench heaters. This gives confidence for the prototypes and series magnets protection.
Flux jumps at low current seem to be easily ignored by variable threshold detection cards.

Understanding

With all effort put in to the measurements throughout the lifecycle of the magnet, issues seem well identified and can
be solved.

In MBHSP106 there is no sign anymore of the midplane limit.




Coll performance assessment

12.8 kA reached at 1.9 Erratic quenches | Midplane limit at | (Near) Layerjump | Mid plane limit in % of |(Near) Layer jump limit in % ASSGSS ment

Magnet Memor
& K? y below lymace 1.9K limitat L.OK | I/lss (at 1.9 K /at4.5K) | of I/lss (at 1.9 K / at 4.5 K)

Combining the data
makes an overview more
clear.

>11.9 kA >11.9 kA

>82 % />86%
> 88 % / >90%

>82 % />86%
> 88 % / >90%

No (limit in other coil) | Good to 11.4 kA
Good to 12.2 kA

??
Good to 12.2 kA

Goodto 11.4 kA | Goodto 11.4 kA

??

Coil 112 ?? Good to 12.2 kA
MBHDP102 W No (limit in other coil) | Goodto 11.4 kA | Good to 11.4 kA
?? quite ok to 12.2 kA
Coil 114 ?? Good to 12.4 kA
MBHDP102 W No (limit in other coil)| Goodto 11.4 kA | Good to 11.4 kA
?

?7 Good to 12.4 kA
| [mBHDP102 [ No (limit in other coil) | Good to 11.4 kA
7?7

Good to 11.4 kA
?2?

>11.9 kA

>82 % />86%
> 88 % / >90%

>88 % / >90% .
Single aperture model

SP106 and double

aperture DP101 are
assessed to be good in all
important aspects.

>11.4 kA

>78 % />78%
>90 % />92%

>90 % />92%
>12.2 kA >11.7 kA >87 % />85%
>11.4 kA >11.4 kA >78 % />78%
>12.4 kA
>11.4 kA

>11.4 kA

>87 % />85%
>78 % [ >78%

>12.4 kA
>11.4 kA
>12.4 kA
>11.4 kA

>85%/>85%
>78 % /> 78%

>78 % />78%

>85%/>85%
>78 % />78%
>85%/>85%
>78 % />78%

Color codes

As criterion for Iqg >12.8 kA is used as good at 1.9 K

Yellow - No conclusion due to limit in other coil Note that the assessment is made using somewhat arbritrary criteria.
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Conclusions

Last magnet was a good magnet, as was the first double aperture.
We have a large amount of measurements: understanding so much data is not always easy.

It is clear from the measurements that the conductor is strongly degraded in the midplane for
DP102 and for block 3 in SP106. This is the main issue that is being addressed by all teams

at CERN.
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Thank you.
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11 T coil branch Eige— coils 0.9

thickness of the pole shims (...

Shimming of magnet models

«—| Applied pole shim

0.9
0.8
0.7
0.6
0.5
0.4
0.3

Excess of

Azimuthal excess (mm)

0.1

The pre-stress depends on the sum of the azimuthal oversize of the coils with the
and also on the mechanical properties of the coil)

m Average azimuthal excess of coil arc (mm) m Applied pole shim per arc (mm)

Excesswe stress! Stress ok Revised collaring
But ? procedure

SP102 SP103 SP104 | SP104b SP105 SP105b | SP106 i
1

Average inner layer
azimuthal stresses @ 12 T

\ Applied pole shim

LI:KN y

Courtesy C. Loffler, E. Nilsson
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(DP101) /‘ P oRe PR 7 '
Midplane turn -147 MPa Midplane turn -127 MPa
Pole turn -29 MPa Pole turn -7 MPa

Status of the 11T Dipole Project and Task Force Activities



High QI studies — before and after
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Ultimate current
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