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Main features, cable & conuctor charateristiq

 Single aperture

* 6-block Nb3Sn coils of @ 60 mm aperture
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Thin Edge I

B. Bordini
S

* Coil 106 recovered from previons model MBHSP101

e Coil 108 new

Coil 108 |

Strand type

Billets

Max | (4.22 K, 12 T) — Virgin wire
Min | (4.22 K, 12 T) — Virgin wire
Max RRR — Virgin wire

Min RRR — Virgin wire

Copper — Non Copper ratio

Cable characteristics

Transposition pitch
Mid thickness
Width

Keystone angle
Number of strands

é Core width

wuy Core thickness

RRP 108/127, Ta-Doped RRP 132/169, Ti-Doped

13925, 13926

480 A
466 A
230
88
1.22

15917, 15918, 15919
472
417
271
103
1.22

Coil 106 Coil 108

100 mm
1.2491 mm
14.717 mm
0.783 deg
40

12 mm

25 pm

_saaln

[y ’
Conductor for coil 108 much better

(thanks to adequate HT parameters):
* The critical current is at least 4.5 % larger

* The minimum integral RRR is significantly
larger (128 instead of 32 on extracted
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Test plan

* PART I: Powering tests (with mechanical measurements included)
* Training at 1.9 K, 10 A/s, including a thermal cycle

* First target current of 12.5 kA, giving some margin w.r.t. the limit resulting from the
mechanical design

* Then, after thermal cycle, target current pushed to 12.8 kA (12 T) corresponding to the
mechanical design limit (not ‘sharp’)

* Holding current tests included

* Ramp-rate dependence

* Training at 4.2 K in the end of the test campaign

* Training not mixed with other tests, only splice measurement

* PART Il: Magnetic measurements
* Transfer function
» Allowed multipoles, and non-allowed
* Comparison with ROXIE model, with MBHSP101
* Influence of coil geometry on harmonics
* Inter-strand coupling currents
* Ramp-rate dependence
* Integral field
e Cold/warm correlation

* PART lll: Protection studies
* |Initial quench propagation
* Quench heater performance
e.ﬁgh » Assessment of AC losses contribution

Luminosity

e e Quench integral studies August 2015 / HL-LHC 26t TC / FSY

f'_—t



e ————————— T ———————

G. Willering

Training - MBHSP102

In brief:
13000

T 12.8kA- 12T-7.6TeV
e re * 6 quenches to |y, of 11.85 kA
I T . ot AR | |
ah [ omkid . : | ~*» 10 quenches to 15t target of 12.5 kA
12000 ik K-------% 11 85kA- 11.2T-7TeV .
""""""" ; r*‘l‘ * Only 3 or 4 re-training quenches for
< L Lok ! . a3k | - coil 106 after de-collaring and re-
T 11000 : | tiooooot collaring
= : : : ! . ..
3 : l Quench location: | * Coil 108 had only 4 or 5 (de)-training
= wl . | . .
= 10000 : S A Coil 106-nerlaver 1 yp to 12.3 kA, it never quenched again
§ E: ® Coil 106 - Layer jump up to 12.8 kA
: = I B Coil 106 - Quter layer
. Q 1 .
% < AcCoil 108 mnerlayer | * Memory after thermal cycle is good,
2000 T . m Coil 108-Outerlayer . With one quench just below nominal
I Undefined locati i
; : *ondetinediocation o Target of 12.8 kA (12 T) reached after
: | ® No quench !
8000 A . thermal cylce
0 10 20 30 40

Quench number

Very good compared to previous models
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G. Willering

Comparison with MBHSP101

13000 e L B A e gt 76 TV, 12T
| 12.5 KA test target. | W oazk |
A~ | T | :
12000 R A WA R | L O A I ‘“““"11‘.85'k75:,‘nt:pm'rna1‘c0'rrent;‘7"FeV'§
® Fo====- (172 2 G~ s Sttt dms-sssssossssgmees 1
i A oA :
MBHSP102 —_ . | : : . | MBHSP101
_____________________ Y/ IS U S S W AU i
= 11000 | | | . | ——MBHSP101
- : A coil 106 inner
(- 1 ! ! . .
O | I | | @ Coil 106 layer jump
00 B e |
> | | i 3 | B coil 106 outer
%), . L z A coil 108 inner
c | gl s @ coil 108 outer
v . R S
© 9000 i *'*l 5 o undefined
a 5
I s No quench
: - &= Series15
8000 '
0 10 20 30 40

Quench number




G. Chlachidze, S. Stoyney, A. Zlobin
Models from Fermilab

MBHDPO1

TLNEL: ~ 3EFermilab [Messeo:

Smaller collar-

yoke shim Re-collaring
_100um +75um Kapton
Jn : Same collar-
,’c«o"“"o‘ 1 yoke shims
—I ———————
1
Y * First 2-in-1 11 T dipole model
1
: * 11.5T (~ 12.1 kA) reached after 36
i quenches
1 . .
! * 80 % of SSL, which is ~ 15.1 kA,
bh bh .
000 4 5K ¢ mbhepdz £monse0s SNEEMT reached in 41 quenches
_—. 7000 I I T I
B e 0 20 40 60 80 100
¥ LHC
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Quench location — Coil 108

MBHSP0001-102 training

G. Willering

4 quenches in coil 108:

13000 ' Test target, 7.6 TeV, 12T h 1 2 7 9
RS Quench 1, 2,7,
12000 Nominal current, 7 TeV
h |
Z 11000 1 | 4.3 K —+—MBHSP101
= | \/ A coil 106 inner
@ : ! @ Coil 106 layer jump
§ 10000 o : = @ coil 106 outer
S §| fg A coil 108 inner
§ E : g @ coil 108 outer Outer & 5
& 9000 = 2 o undefined 3 4
: No quench
8000 ! -@-Series15
0 10 20 30 40
Quench number 5
Inner 11 12)
A
9
0O 20 40 60 15 C‘R(
0.075 4— Diff_tot V(/
Diff_106 — Diff_tot
Diff_108 014 Diff_106
EE8|11-EE8I10 — Diff_108 -
0.05 + — EE8O6-EEBOS
= 0.075 +
s s
@ <
1 . y
%0.025 % 0054
> >
0 Y N 0025 +
et i b Al I v
Q A
-0.025 (A
0.025 +
t t ; t } t t t - - -
T T T
-0.03 -0.025 -0.02 -0.015 -0.01 -0.005 0 0.005 -0.025 -0.02 -0.015 -0.01 -0.00¢
Time (s) Time (s .
[ ]

4 different quench locations
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Large precursors in the two low-current quenches (8) and 9.2 kA)




Quench location — Coil 106,

MBHSP0001-102 training

13000

12000

11000

10000

Quench current (A)

9000

8000

————— T —

Test target, 7.6 TeV, 12T

0 10

——MBHSP101
\ A coil 106 inner
‘ @ Coil 106 layer jump
B coil 106 outer
A coil 108 inner

B coil 108 outer

thermal cycle SP101 -

Thermal cycle

o undefined

No quench

-«@- Series15

20 30
Quench number

40

(CE Outer jj
/
(o™ Inner 1 x @
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first 3 quenches

Quenches close to the
head of the inner layer,
high-field turn

Confirms the quench
location of the training of
coil 106 in MBHSP101




G. Willering

Quench location — Coil 106, further training @ 1.9 K

MBHSP0001-102 training

13000 Quench location different from that
"""""" * of the first 3 training quenches and
12000 Nominal current, 7 TeV . . .
""""" e * of the training quenches in MBHSP101
— | ' 43K MBHSP101
T<_,’ 11000 : A coil 106 inner
g ! ) O QOB e Analyses of the V-tap signals and of the
3 10000 1 2 B coil 106 outer ) '
5 g & colios mer magnetic measurements shaft give
[ 3 E B coi outer . .
S 9000 o o undefined consistent results in terms of quench
. No quench . .
8000 ! - o= Series15 |Ocallsat|0n
0 10 20 30 40

Quench number

- e .
C( 1 Quter
2 3 4

10 0 Inner ﬁ‘ A ?2)
5
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Stability test

2.5 hours at 12.3 kA, no gquench

Test Day 6 - 27 May 12.5 kA training
2.5 hours plateau 12.3 kA

No quench

14000
trip

trip trip  trip
12000 = —
10000

8000

Current (A)

6000
4000

2000

0 -

6 8 10 12 14 16 18 20
Time of day (h)

G. Willering

10 hours at nominal current, 11.85 kA,
followed by a magnetic measurements
cycle and a ramp to 12.5 kA without quench

Test Day 11 - 3 June

14000

12.5 kA

12000 10 hours nominal current

10000

8000

Current (A)

6000

4000

Magnetic i
2000

measurement J
o L

6 8 10 12 14 16 18 20
Time of day (h)

Note the length of the test days from 8 hto 20 h

No sign of any instability
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G. Willering

Ramp-rate dependence

14000 Test Day 7 - 28 May
12000 200 A/s 300 A/s » No quench at 200 A/s up to nominal
10000 no quench quench current
2 5000 to nofninal at 108 kA > Quench at 300 A/s at 10.8 kA
3 6000 » No further ramp rate dependence
S 2000 tests were done, considering:
2000 * Quench back results
. . B | * High ramp rate without quench

8.0 8.5 9.0 * Limited test time

Time of day (h)

August 2015 / HL-LHC 26t TC / FSY
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M. Guinchard, C. Léffler

Mechanical measurements

6mm cuts in instrumented collar
to minimize to prevent stress
from the sides influencing the
measurment

2x Strain Gauges at
90°; Half bridge
connection with
poisson ration
compensation

L

e

Instrumentation design, assuming only bending and compression on the
collar nose

Connection side

High
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M- Guinchard, C. Loffler

Stress histo [y MBHSP101&102// Stress collar-nose (error +-1 stdev)

-300
< Construction | < Cool down — Testing — Warm-up

-250 -233

222
-200_18\6 210 -8 169 =
. -169 i -185 176
’ et X 179
-150 158 e - oL 133 10 -128
1sh 1151 14588 155 124 B Neeennn ] 106
-100 Al 1 111
-101
70
-50
J'/-1 }

©

o

s

w

w

2

%)

0 J T
5
35 29 40
50 47 27| |38 25 46
50 47 49 4 54 42
57 44
100 Collaring - | Collaring - Keys | Welding press - | Aftershell | g o qpyqg 1.9K 1.9K after Q7 293K 1.9K 1.9K after Q16 293K
34MN of force inserted no load welding : : er : - aner

s AV, Traction 101 -186 153 145 145 222 185 17 208 176 121
m— AV. Traction 102 233 178 151 156 155 124 70 111 2101 79 111
s A\, Bending 101 50 57 47 47 37 27 44 40 25 46
s AV, Bending 102 A 5 20 35 29 49 a8 49 54 42 49
o oo FEM Traction 210 158 158 169 169 179 133 133 140 128 126

High
e furninostty. mmmmmm AV/. Traction 101 AV Traction 102 s AV. Bending 101 == AV. Bending 102 -+ - FEM-Traction
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C. Loffler
c/In2
2 \ 14000
i
1.8 L S S R
.............................................................. I °t Seqessc® 12000
Lo\ e | ;D
=
O
1.4 L2 10000
S
1.2 L E 8000 <
g | 2 =
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——14 6000 =
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0.6 \{ oo 4000
: o
0.4 “’ ..-' :
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N
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©
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Magnetic measurements
—

* Measurements @ RT and cryogenic T
* Measurements cycle:
« At 1.9K
« Stair-step cycle
* 3 x machine simulation cycles

« Ramp-rate study at 20, 50, and 100 A/s
* Long flat-top (10 h) before a machine cycle

* No measurement at 4.3 K

Standard
program

14000 Test Day 7 - 28 May
Ramp rate depence
12000 200 A/s no quench
300 A/s quench at 10.8 kA ﬂ
10000
< 5000
] QH test coil 108
S 6000
(]
4000
2000
0 A
6 8 10 12 14 16 18 20
Time of day (h)
High A measurement is the average over 250 mm
tnrginosity
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A measures

=

(2778)

(2272)

(434)

(249) (249) (249) (249)

(249)

(434)

T

j

C

C

j

L. Fiscarelli
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0 _—7
_50 .
Transfer function 0 N
TF £ -200 Ny \
1.02 - - 3 -250 .\‘\\
\ —e— Meas pl F -300 S XN
1.01 —e— Meas p2 | -350 SN
—o— Meas p3 -400 s
1 - <
Meas p4 -450 \
0'99 —.—Meas ps u ‘500 T T T T T 1
_ — 2D Model 0 2000 4000 6000 8000 10000 12000
& .
= e= o ROXIE BH nom = = == ROXIE BH LHC measured
0.97 * Measurements and ROXIE model in agreement for geometric TF
0.96 » Saturation overestimated by the model
* Results of measurements on MBHSP101 and MBHSP102 are
0.95 .
consistent (not shown here)
0.94 3 L : NG
0 2 4 6 s 10 12 . \
KA — bhiron2
Possible sources of errors: 25 * LHCproduction — \"VF
* Iron properties (the main source of errors) ——— nMOTl :
. T T 7 S I a“l.
* When using data measured during the LHC 2r o 11T Modif BH
production, discrepancy decreases by 20 units
~ ~ H ||:| L : %
(from 70 to ~50 UnItS) oM 1.5 W' Modification on the BH data based on

Wlodarski empirical relation.
Nom. Correspond to the parameters

* Packing factor of the yoke laminations
* Can explain up to ~15 units 1
* Geometric
* Rather big displacements are needed to explain 0.5~

reported in S. Russenschuck book
M(H)y=M, L(%) + M} tanh (“%) L(‘;—:)
» iy, Other 35 units (350 um smaller coil gives ~15 units)
Luminosity
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Reference radius 17 mm

Allowed multipoles Comparison with ROXIE (2D)

60 ': . lor‘lg pit ]
50 ‘a\ ~uaedey b3 changes by ~22 s — .
o\ - soas’ | units during ramp * = | ° Offset of +5 units on
2 30 \ © 100 AsT ] g S Z T b3
g 20 * loadline | E 0 \ / — —e—Meas pl |
0 * Offset on allowed ' //'f —e— Meas p2
. -5 —o— Meas p3 |1
0 v multipoles after long f vens || ¢ Offset on other
. -10 —e— Meas p5 |1 H
10 plateau at nominal 30 Mede allowed multipoles
0 2 4 kfx 8 10 12 15 2 4 6 3 10 12
kA
b5 bs * Discrepancy on
10 5 .
persistent currents
\
5
I N
‘E 0 % 0 \\,
= —e— Meas pl
—e— Meas p2
-5 —o— Meas p3
Meas p4
—®— Meas p5
10 ! 5 ——2D Model
0 2 4 6 8 10 12 0 2 4 6 8 10 12
kA kAl
b7 b7
2.5
5 0.5
s 1 /,./‘./.—‘.—-"
. 0 ‘%W,
2 1 2 — |
] 0.5 5 : 05k / —e— Meas pl |
—e— Meas p2
0 5 \/ —o— Meas 23
Meas p4
-0.5 1 —e— Meas p5 ||
- 1 —.2D Mm.lel
@'&jgh[ 0 2 4 6 8 10 12 0o 2 4 6 8 10 1z
= I_Hml . . kA . kA
“"1. Fiscarelli, S. Izquierdo Bermudez mugust 2015 / Hi-LHc 267 Tc / sy —
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Ramp-rate dependence

20As! [ 50As?!| 100Ast? 20As! | 50As?! | 100As?

n A Bn A An

2 -0.01 -0.07 -0.06 -0.13 -0.31 -0.42

3 0.08 0.16 0.27 -0.02 0.02 0.06

4 0.01 0.02 0.04 -0.08 -0.14 -0.19

5 -0.07 -0.04 0.01 -0.03 -0.01 -0.01 mT
6 0.00 0.01 0.03 0.01 -0.01 -0.03

7 0.01 0.01 0.02 0.00 0.00 0.00

8 0.00 0.01 0.04 0.00 -0.01 0.00

9 0.01 0.00 -0.01 0.00 0.01 0.01

= A Cn — ngnamic(l) _ C%tatic(l)

= Small effects: the cored cable is well performing

Bl High
Luminosity
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S. Izquierdo Bermudez, G. Willering
Quench heater test set-up in SM18 - layout in model

* Coil 108 has a ground wrap between the QH and the C|rcu|t 1 Circuit 1

outside surface of the outer layer (0.1 mm S2 Glass) \
* No ground wrap in coil 106 %\ f%

 Standard LHC Quench Heater Power Supply:
V=4 450V, C=7.05 mF C0|I

* Maximum current =150 A
* Voltage is fixed to a total of 900 V, additional % Coil | 1108 %

resistance in series with the circuit is setting the

current %ﬁﬂ \%@
* In the previous assemblies, three different current

levels in the heaters were explored: 80 A, 100 A and

150 A. For MBHSP102, quench heater tests were
performed only for |o,= 1%0 A

Pur
R

() E —C 41.3 25.9
- 64.5 40.4 52 64
iR
145.1 91.0 118 42

High
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S. Izquierdo Bermudez, G. Willering
Quench heater test plan — Results in high field region

* Measure QH delay as a function of the magnet current for a quench heater
current of 150 A

* Compare the performance of the heaters in coils 106 and 108
* Quench onset delay consistent with the measurements in MBHSP101

50
o

45 \\ * Model, coil 106

40 <O ¢ QO-108 HF (P102)

35 T~ & QO-107 HF (P101)

Model, coil 107 & 108

m .
£ 3 — Ce ® QO-106 HF (P102)
> \
© -
225 — O QO-106 HF (P101)
T 5o @
I
O 15 ° © o

10

5

0

30 40 50 60 70 80
1/Iss (%)

e LHC
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Quench heater efficiency

S. Izquierdo Bermudez, G. Willering

* The quench heater delay for the low field region is much longer than expected

* The behaviour is reproducible in coil 106
* The discrepancy is stronger for coil 108 than for coil 107 but both coils have
the same insulation scheme so in principle the behaviour should be similar

Coil 106
80 80
70 70
60 60

(%4
o

QH delay (ms)
S
o

QH delay (ms)
o
o

30 30
20 20
10 10
0 0
30 50 70
1/1ss (%)

© QO-106 HF (P102) @ QO-106 LF (P102)

Model, coil 106 HF = == Model, coil 106 LF

Q0O-106 LF QO-106HF (P101)

_

Coil 107

80

~
o

AN

D
o

MG

w
o

QH delay (ms)
S
o

w
o

N
o

=
o

o

50 70

1/Iss (%)

30

© QO-107 HF (P101) @

Model, coil 107 HF = == Model, coil 106 LF

QO-107 LF (P101)

Coil 108

o
AN
R NEIN
A\Q

v
S
)
-

-

50 70

1/1ss (%)

30

© QO-108HF (P102) @ QO-108LF (P102)

Model, coil 108 LF == «= Model, coil 108 HF
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S. Izquierdo Bermudez, G. Willering

Quench heater efficiency

* Quench heaters of coil 108 are much less efficient than those of coil 106

* In coil 108, the energy dissipated in the inner layer is about the same as the
energy dissipated in the outer layer = quench back is observed and its

contribution is not negligible

12.
=

11.36
= 10.73
= 10.10
=

9473
[ 8.842
= 8.210
7578
6.947
6.315
5.684
5.052
4421
3.789

Heat deposition distribution, 10 kA, all

Coil 106,

=
= E

Coil 108 2

¥/

180

160

140

m
=
N
o

100

Resistance (mOhm)

Resistance growth inner and outer layers, 10
heaters fired simultaneously, I = 150 A kA, all heaters fired simultaneously, Iy, = 150 A

High
Luminosi
LHC o

——R_108_in
——R_108_out 50
——R_106_in

—R_106_out

—Rtot using tau

Resistance (mOhm)
w
o

0.1 0.2 0.3 0 0.1 0.2 0.3
Time (s) Time (s)

Resistance growth HF and LF blocks, 10 kA,
all heaters fired simultaneously, Iy, = 150 A

August 2015 / HL-LHC 26t TC / FSY
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Conclusions

* Quench performance
* Rather fast training curve up to nominal current
* A few detraining quenches in coil 106 up to nominal current
* Only 4 quenches in coil 108 (consistant with cable of better quality/performance)
» Stable powering during 10 hours
* Magnetic measurements and analysis
* TFin agreement for geometric
* Model overestimates saturation
» Offset on allowed multipoles
* Quench protection studies

* The important differences in the two conductors and coil insulation layout
complicates the quench protection analysis

* Behavior of coil 106 is very reproducible in aperture MBHSP101 and MBHSP102

» Heater performance in coil 108:

« Heater delay as expected (very close to coil 107 measured in MBHSP101 with the same
insulation layout)

» Heater efficiency lower than expected. Not clear reason to explain the differences between low
e{ﬁgh B field quench heater delay observed in coil 107 and 108
C

August 2015 / HL-LHC 26t TC / FSY
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‘Much’” more information available in Indico:

 http://indico.cern.ch/event/406942/
Debriefing on cold tests of 11T model MBHSP102 - Part 1

* http://indico.cern.ch/event/407058/
Debriefing on cold tests of 11T model MBHSP102 - Part 2

* Including further details, and additional topics as:

* Mechanical measurements and analysis
* Analysis of non-allowed harmonics
* Inter-strand coupling currents

» Assessment of AC losses contribution:
* Magnetic measurements
* Ramp rate study
 Energy extraction tests

* Quench integral studies

il Luminosity
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High
Luminosity
7’ LHC

Next model, MBHSP103
is nearly finished
will be installed on the test bench in week starting 7 September 2015

‘? The HiLumi LHC Design Study is included in the High Luminosity LHC project and is partly funded by the European Commission within the Framework Programme
B 7 Capacities Specific Programme, Grant Agreement 284404.
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