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The HL-LHC Cold Powering System

WP15 - Integration
WP7 - Protection
WP12 - Vacuum

4 WP16 - String
Current Leads (DFLH)

WP9 - Cryo

r=---

LI

WP17 — WP6b [ ‘

|
1
1
-
1
1

To<s50 kLU LU LU LU Interface to WP3
Nb-Ti to Nb-Ti
HTSI [ l
T1<17 K 3 WP3 - Magnets (A-plate with Nb-Ti)

DFH| = | pe e e e e e e ===

2 DF
SC Link (DSL)

LHe
4.2 K

MgB, to Nb-Ti

Tdesign MgB,, > 25 K
Tdesign HTS >60 K

i i ’ CERN
HHL-II-%LPJHOJECTI \

Nl

Nb-Ti—1.9K

_________ Amalia Ballarin



Cold Powering System in LHC underground
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Cold Powering System in LHC underground
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Number of components

Ten SC Links of two different types (4 for ITs plus 4 for MSs plus one
spare per type) for powering the HL-LHC Triplets region and the HL-LHC

Matching Sections
Ten DFH cryostats (4 for ITs plus 4 for MSs plus one spare per type)
Ten DF cryostats (4 for ITs plus 4 for MSs plus one spare per type)

. = 176 HTS Current leads (148 for series plus few spares per lead type) for
powering the HL-LHC ITs + 50 HTS Current leads (40 plus few spares

per lead type) for powering the MSs (226 units in total)

=

Two Cold Powering System topologies (One for ITs and one for MSs)
Four Cold Powering Systems per topology




Electrical baseline
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Electrical circuits

Matching Sections

D2 Orbit Corrector

D2
- DFHmM DFHm DFHm DFHm
- J¢‘—'\/\/\/—‘ =
8 kA Grou © ©

One main 18 KA circuit —/

Two Trims: 2x2 kA (Q1 and Q3) Mk = o004 -

k-modulation: 1x0.035 kA (Qla)
In addition: D1, Orbit Correctors and Higher Order Correctors D2 and its Correctors
individually powered: individually powered

IT Orbit Corrector IT Orbit Corrector

o1 MCBXER SF Order > 2
(MCBXFA) { ) SF Order 2 Corrector Corrector




Design Currents: Baseline for Triplets

Magnet Cold Powering
lue(KA) lpeak(kA) lieaq (KA) lcabie(KA) Nicadgs/Neables
MQXF 17.82 - 18 18 2
TrimQ1 2 2.4 2* 7
Q2a/Q2b Protec. 5.6 2* 7 1
Trim Q3 2 6.8 2% 7 1
MCBXFB 1.73 - 2 2 2+2
MCBXFB 1.59 - 2 2 242
MCBXFA 1.73 - 2 2 2
L MCBXFA 1.59 - 2 2 2
| MQSXF 0.2 - 0.2 0.2 2 !
: MCSXF/MCSSXF 0.12 - 0.12 0.12 2+2 : Local Powering
| | MCOXF/MCOSXF| 0.12 - 0.12 0.12 2+2 | (also k-mod
I MCDXF/MCDSXF 0.12 - 0.12 0.12 2+2 | Wlthln WP3)
| | MCTXF/MCTSXF | 0.12 - 0.12 0.12 2+2 '"ECR
SC Link _E___Dl__ 129 | - | 18 | 1. | 2 |7
ATAS) ot (SCLink) ~ 120 kA (e | o | osowo
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Design Currents: Baseline for Matching Sections

D2 and its correctors

lult lleads/cables Nieads Ncaples
(kA) (kA)
D2 13367 18 2 2
MCBRD 0.422 0.6 8

| Itot|(SC Link) ~ 31 kA

Ratings for series units (ITs and MSs): 18 kA, 2 kA, 7 kA and 0.6 kA




HV Levels - Triplets

( EDMS NO. | REV. ‘ VALIDITY
1821907 2.0 APPROVED
Rating Worst case Acceptance tests of Insulation test Leakage Test
(kA) voltage to components voltage of system current per | duration
ground during to ground (V) to ground (V) component (s)
operation (V) i (nA)
RT NOC RT NOC
18 900 4600 2300 460 1080 <10 30
7 900 4600 2300 460 1080 <10 30
2 540 3160 1580 316 648 <10 30
0.2 540 3160 1580 316 648 <10 30
0.12 40 1160 580 220 360 <10 30
0.035 900 4600 2300 460 1080 <10 30

RT = Room Temperature (20 £ 5 °C)
NOC = Nominal Operating Conditions. For all WP6s components, it corresponds to
GHe at RT and 1.30 £ 0.05 bar




HV Levels — Matching Sections

D2: treated as a 18 kA circuit — conservative

18 kA
Rating Worst case Acceptance tests of Insulation test Leakage Test
(kA) voltage to components voltage of system current per | duration
ground during to ground (V) to ground (V) component (s)
operation (V) (nA)
RT NOC RT NOC
18 900 4600 2300 460 1080 <10 30
D2
Rating Worst case voltage to ground Acceptance of components Insulation voltage of system Leakage current Test duration
kA during operation (V) to ground (V) to ground (V) per component (HA) (s)
RT NOC RT NOC
D2 525 3100 1550 310 630 <10 30

D2 correctors: 0.6 kA rating, Worst case to ground = 590 V, Components test: 5.7 kV (RT) -

Components test 2.860 kV (NOC)
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EDMS NO.
1821907

| REV. ‘
3.0

VALIDITY
APPROVED

Protection Strategy

For the 18 kA and 7 kA cables (HTS/MgB:) and leads, which are part of the inner triplet main circuit, the

baseline protection strategy is that if any of them quenches (for the cables) or suffer a thermal run-away
(for the leads), the entire quench protection system (quench heaters and CLIQ) of all MQXF magnets is
fired. For the 18 kA cables and leads for D1, if any of the cables (HTS/MgB;)/leads quench/suffer thermal
run away, the quench protection system of D1 (quench heaters) is fired. For the other corrector circuits

heaters or energy extraction and power converter crowbar) are fired.

(2 kA, 0.2 kA and 0.12 kA), the corresponding corrector circuit's quench protection system (quench

Rating MIITs di/dt Tn (no quench of 1q (quench of magnets) | Equivalent time
(kA) (MAZs) | (kA/s) magnets) (s) (s)
(s)
18 (*) 32 250 130 0.2 0.1
7 5 250 130 0.2 0.12
2 (**) 1 20 20 s -
0.2 (***) 0.02 0.25 21 0.8 -
0.12 0.02 0.22 5 0.8 -
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System components
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SC MgB, Cable Design - Triplets

Base cable

Cu core

18-strand cable

Cu braid

1,2,3 — Instrumentation wires dext ~ 90 mm

Baseline
i CERN
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MgB, cable design — Triplets

- 18 kA Protective insulation (outer layer)

~7%

® MgB, wire
. Copper stabilizer

O Fill 4 x 18 kA
- +18 kAL AN _
— Insulation £ B y 3x 2 x 2 kA 3x 7KA
' 6 x 2 x 3 kA

3x 7 kA




MgB, cable - Triplets

BmaX:0.76 T

" fﬁ/f(@’s\\v |

+ 13kA - 13kA




SC MgB, Cable Design — Matching Sections

dext ~ 60 mm

1 — Instrumentation wires
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Status of cabling activity

Each cable type assembled and electro-mechanically characterized at
CERN

Cables (18-strand sub-cable, 18 kA cable, 2 kA coaxial-cable) produced in
industry (ICAS, cabling at Tratos cavi) via R&D contracts and electro-
mechanically characterized at CERN (including HV testing in Ghe)

Contracts for full scale prototypes (80 m long, one copper and one MgB,,
- for ITs and MSs) and for series production placed in industry — price
enquiry in 2018 followed by adjudication (ICAS) at FC Dec 2018. Completed
first 80 m long copper prototype cable for IT. Assembly of 80 m long
MgB, cable for Its is on-going in industry (delivery to CERN planned by |
end of October 2019)

Validation of cabling parameters and materials completed for ITs



Example of qualification at CERN

Measurement of cables (2 m long)

14 - I expected from /_(B,T)
* TRATOS_1_C
12 L # TRATOS_2_D |
n (18 kA)_CERN_1_D J
- 10 - 0 (18 KA)_CERN_2_D }
g - ™ (18 kKA)_TRATOS_1_C )
o8l o % 7 (18KA)_TRATOS_1_D (
% I A (18 KA)_TRATOS_2_C '
3 s+ A (18 kA)_TRATOS_2_D
4 -
2 -
L] ' :
0 1 2 3 4 5

Peak field (T)

* Extracted from 18 kA cable
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uitable for the 2 kA and 7

1+12 AL X
(fof the higher (and final!) stage cable assembly)

. All equipped with tension (and many others
parameters) fine control systems; wrapping
machines; .




Production in industry of 80 m long dummy-Cu cable
for Triplets
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Insulation tests at the cables’ manufacturing site

On-line HV tests: DC spark testing at 12 kV

Applied successfully during first 80 m long dummy (copper) cable
for Triplets. No faults detected

Off-line HV tests: 10 kV (50 V/s, 120 s). lleakage < 10 pA ,‘
on final assembly. Each cable to ground and between cables.
Applied successfully during production of first dummy cable for

| Triplets




DFX Cryostat — UK1 Collaboration
University of Southampton

Production of prototype/spare DFX ready to be launched
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DFX Cryostat — Round LTS bus-bar

Tvpe of Detection Equivalent | Quench load | Quench | SCcross- |Cu cross- Hot spot
yp it Current (kA) time (s) time from detection | load total | section section | temperature
cirew 'm constant (s) (MIITs) (MIITs) (mm?) (mm?) (K)
MQXF 18 0.4 0.17 28 157 19 78 44

D1 13 0.4 0.35 30 97 19 78 37
MCBXFA 1.7 0.4 0.17 0.25 14 7.4 19.2 23
MCBXFB 1.7 0.4 4 6 7.2 7.4 19.2 38

Round Nb-Ti cables developed at CERN
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DFHX Cryostat

Drum diameter 3.5m -4 m

Total length with current leads ~ 5.8 m

Possibility of assembling and testing the current leads at the surface
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Demo 1 - System Demonstration
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Instrumentation

RPTDA.SM18.RM.G Pl\Ug

20kA 25V

VT721 VT711

VT821 VTa11

VYT512 VT511

WT531 VT521

VT631 VT621

VTE12 VT611

VHz2

MT152 VT151
vT321 VT3 VT141 VT3
/W V1312 ~VT142 VT132:
V1323 VT3~ VT143 VT133
/fm VT34~ VT144 VT134:
VT325 VT35~ VT145 VT135:
N VT326 VT316+, 146 VT136
/_Mi VT4i1 VT241 V7231
. VTaz2 VTa12 V1242 VT232
VT423 VT413 VT243 VT233,
VT424 VTdi4 V7244 VT234
e V425 VT415 VT245 VT235~
A 7 E— VT416 V1246 VT236+
MT2s2 VT251

SC Link
Feed box

DDFX

SC Link 60 m

VTAPS

DDFH

¥

RT
short circuit

V1211
vT212

HL-HC 18 kA
Current Leads

DDFEX Side for the

MgB2 Cables |<\
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Demo 1 — DDFX, DDFH and SC Link

L‘:‘»

SC'Link, |




Q<1.5W/m
Development done with industry
In-depth qualification at CERN

Feed Box

SC Link Cryostat

Two-wall configuration (no active shield)

X4

Amalia Ballarino

Return Box




SC Link Cryostat for Triplets
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Triplets - Leads vs SC Link Cryostat (L=100 m)

Current Leads

SC Link Cryostat 2 W/m

He Mass flow (g/s)
w

SC Link Cryostat 1.5 W/m
2
1
ATHe=12K, Tmax=17 K
0 20 40 60 80 100 120

Total current (kA) Imax
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Demo 1 -18 kA REBCO Current Leads
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20 kA @ 18 K — No quench

Temperature (K), Current (kA), Heater power (W)

40
38
36
34
32
30
28
26
24
22
20
18
16

12

10.6.
-
- =
Fast discharges (up to ~400 kA/s) | |3
L
- No quenches -
+8
—— Flow F 1980
3 = Current
4 7 |—DoFH-spice B
—— TT801- DDFH gas
- —— TT800 - DDF Xend
TT841 - Link
TE TT842 - Link
L —— TT843 - Link
—— TT844 - Link
T 5 |—TT845 - Link
| —— DOFH - Splice A
:__ e v aporation heater
- + 4
+3
i 2
j' il
-+ 1
,:::{-:n:}:::{A:: lf:'l:f:l ::Ilr:rj
1:00 12:00 13:00 14:00 15:00 16:00 17:00 18:00 19:00

29 Time (hours of the day)
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18.5 kA — 1 hour (Tmax ~ 26 K)
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4 - 9 —_
24 + 43

i = Flow FT990
22 4 Provoked fast discharge T |~ Curent

L —— DDFH - Splice B

——TT801- DDFH gas
—— TT800 - DDFXend
TT841 - Link
TT842 - Link
——TT843 - Link
——TT844 - Link
——TT845 - Link
—— DDFH - Splice A
e = aporation heater

Tin SC Link ==

Temperature (K), Current (kA), Heater power (W)

M R R ;
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T T
13:30 14:00 14:30
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Several quenches — No degradation

> BE-05 -
o 1—vT311vTan [85K-5a k]
n 28E-05
§ 1 vr312vra2
2EE0 1 \T313 VT413

24E-05 - VT314 WT414
22605 4 VT315VT415
WT316 VT416

2E-05

1.86-05 £
166-05 &
14F-05
12605
1E-05 F
sE-08
SE-05
4E-05 F

sE-05 X

current | k.‘\]e

Woltage (V)

SE-08

4E-08

3E-06
2E-06

1E-06 ‘

-1E-06

—VT311VT411
—VT312VT412
—VT313VT413
VT314 VT414
VT3156 VT415
VT316 VT416

328K - 120k
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— I1:

-'f"mh'"""']' |'“f‘“wm"r’|“l"‘p Faner i o .. V

1
0 2
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31.33 K @ 18 kA
32.3K @ 12 kA
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Demo 1 — Cryogenic/electrical operation

"\ SM18 Infra

300K BP Retun

TEMP RACK CRYO 27.2C

Current Configuration A 2PDTB2(
1PDT82(

n st : 72m8 7mB
ol PT

TT990_EH

201.4 K
1522K BLeK

TSH99
TT838 TT839
2855K 1976K

EH990

Current Lead:

TT831 43

1198 press TI832 43K

239K TT834 TT833A4.4 K

TT843 TT844 TT845 PTB01
98K 113K 124K 1208

At 0K Tre2q 164K nm,uax




Demo 1 — Splices

— 5E-05
=
@D
2
3
K=
>
4E-05 4
— e Ot e
3E-05 4 / |
|
2E-05 4 \ MgB2-HTS splices
\ VT311-VT 141
| VT312-VT142
—VT313-VT143
B|IF MgB, to HTS | VTS
/ |l ie0s L 2 VT315-VT 145
e T R I VT316-VT 146
5 GHe @ 17 K VT241-VT411
L VT242-VT412
- VT243-VT413
—VT244-VT414
- L o | | | | | | | VT245-VT415
- 1 T 1 T T T T T
: 945 1000 10115 10030 1045 1100 1145 1130

Resistance of splices in line with e;pectations:
MgB,/NbTi splices:1 nQ (0.9 nQ calculated)
MgB,/HTS splices:1.9 nQ (1.7 nQ calculated)

é> HHL-EI-%LPJHOJEC ?

Time {(hours of the day)

i o bTi/NbTi splices: 0.4-0.7 nQ (0.6 nQ calculated

)
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Conclusions
With the WP6a we are developing a completing new powering
technology

~ > In the last year, major progress has been made on several fronts:
Demo 1, prototype 18 kA REBCO leads, DFX design, DFH design.
Two series contracts were adjudicated to industry:
- 850 km of MgB,, wire — Columbus. About 100 km of wire delivered;
- Cabling of MgB,, wire — ICAS. One prototype Cu cable completed.

» From the electrical point of view, the cold powering systems are designed to meet
the circuits' requirements. All electrical functionalities have been defined.

> Next validation test: Demo 2. Electrical qualification of full-scale MgB,, cable for
Triplets, with simultaneous powering of more than one circuit. The cable is being
assembled in industry, and Demo 1 is being upgraded for installation in November |
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Thank you for your attention !




MgB., wire - Specification

Wire diameter mm 1 +0.2
Wire ovality mm | <0.015
Cu fraction % >12
Cu coating um > 30
Filaments eq. diameter um <60 |
/ Filaments Twist Pitch mm | <100 +5 |
'| Cabling of wire Tensile strain at RT * % | >0.26 ;f
after reaction Bending radius after HT* | mm | <100
Unit Length m > 500 1
{ RRR (Cu) - > 100
\‘ Ic(25 K, 0.9T) A > 186
Ic(25K,0.5T) A > 320
Ic(20K, 0.5T) A > 480
n-value@ 25K and 09T - > 20

. —$¥ % .
Hilumi (C\E/RW Zero Ic degradation
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