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Motivation: The HL-LHC Project

Tey objectives:

e Extend the LHC lifetime by another decade

* Implement hardware configuration to reach:
* Increase of the peak luminosity by a factor 5-7.5

* Achieve an integrated luminosity of 250 fb! per yearand L, =
3000 fb! within twelve years

* Exceed the expected luminosity reach of the LHC lifetime
by a factor of 10 within 10 years.

At ATLAS and CMS experiments: pra
* Improved interaction region /“i
magnets (e.g. MQXF) ATLAS

Hl IH(

* Cold Powering from service
galleries to interaction region
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Motivation: HL-LHC Cold Powering

Key Function: Electrical connection between magnets in LHC
tunnel and power converters in service gallery

round multi-layer HTS—— f

Matching Sections (M): N
120 m long ,
40| kA DC

74.5 m long
- [117| kA DC

» 3 superconductor types

 NbTi, MgB, & HTS
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Motivation: HL-LHC Cold Powering

Key parameters (X-type):

g %
Room 1
Temperature i
Current
Tresco < 60 K | |[_Leads
REBCO w
Tyge2 < 20 K DFHX
SC Link

¥ 179.2 kA,
lultimate: 85.3 kA

|l upto [117| kA DC
*mHe<55g/s @ |

* mHe controlled by Tgepco

& imposed by current
leads cooling

« SC Link: transfer line
for the helium gas -
low heat load cryostat

nominal*

DFX Ar-Plate

LHe Magnets

42K 19K
MgB,
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Instrumentation snals: 304 \/oltage taps and 105 temperature Sensors
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Cold Powerlng System Superconductmg L|nk

| 17|kA@,“’K
' OD ~90 mm, ~ 25akg/m

78,
77’ G
777!

,,,, Zwall cryostat:
no active thermal ShIE|\9

Results of the Cold Test of the first HL-LHC Cold Powering System CHRISTIAN BARTH



8 Results of the Cold Test of the first HL-LHC Cold Powering System

CHRISTIAN BARTH



Nb-Ti to Nb-Ti
CHRISTIAN BARTH

ical path
DFX layout

_L LR

T T

PTIR

ST

Helium gas return

Helium supply
Level gauge

[FX & vert

D,

ing Syste

[ ]
Results of the Cold Test of the first HL-LHC Cold Powering System

o S
B~

L

Cold Power

Jm |

ol | (T T



Cold Testing: Cool-down

» After pressure test (4.6 bara)
* And leak test (He leak rate <1 - 10 mbar:| - s
* Cool-down to nominal cryogenic conditions (< 1 week)

300 10

w

DFX Temperature

250
— 8
4
‘E; ______________________________________ > 7
D 200 w
3 60
=t
© =
o 150 DFHX Temperature 59
g @
£ ‘o
[
p= 100 Total mass flow ~2.7 g/s T S
U 2
50
1
0 0
& & 8 9 % % Z Z Z
o, T, b, b, 5 % h h %,
4 4 4 v ¥ A ¥ 7 7
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Cold Testing: Thermal Contractions

AV < . 20 PO O dlll OVE -
C s : S (K 0ge ondaitio ollowec
DV DOWE O OT g
ReDE D Dertc - -
F - L }
g e !
F |
Al @ g ——— e
e N —
F rz . :
DFHX GMS
Superconducting Link
: : Movements
F = Fixed Point (up to 3 cm)
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Cold Testing: Powering Scheme
* + & - of each circuit in shorted @ 4.2 K

e Similar circuits connected in series @ RT

3x Nb-Ti Corrector (2 kA): | e eor Nb;Sn Quadrupole
Coaxial: + polarity outside 1\ N ) / =" . (18 KA):
- polarity inside y T = + polarity, - polarity

| Maximum current
I:“Instrumentation wire de“VerEd by the power
" bundle

| converters: 94 kA

Trim (2 KA): —wegz=2225
3 cables in circuit y

/"~ 3% Nb-Ti Corrector (2 kA):
Coaxial: + polarity outside
- polarity inside

REBCO
(20 K to 60 K) /AR —

 —
L T— —

REBCO to MgB,

MgB, to Nb-Ti Four power converters:
18 kA: | =16.23 kA (MQXF)
Electrical shorts 15kA: | =12.11 kA (Dipole)
X 15 kA  2KA: |gming = 2 KA (Trim)
2HA NDTT 2 kA: 1 =1.74 kA (Correctors)

Results of the Cold Test of the first HL-LHC Cold Powering System CHRISTIAN BARTH



Results: Flow & temperatures

15t full X-type Cold Powering System successfully cold tested:

e Within specifications: 79.2 kA (I

* Transported 94 kA @ 5.0 g/s gHe flow

, of HL-LHC magnets) @ 5.5 g/s

nomina
* Avg. current R R ; . T
lead gHe flow: 1004 Tremomsoe L otal system |6
50 mg-s 1. kAL T I N bypassing leads
. REBCO Cab|e E eads, bo om .... :, .......... I throughul'i?ds i
splice & lead £ 80 St
temp. stable © v . .
* Splice temp. % | e T |2
Iipmit: 25 Kp 2 % IS I 3 3
* Lead temp. § I . o
setpoints: = 40T H \ >
* 18 kA: 50 K € ; .
» 15kA: 55K =
e 2kA:50-60K ©

rel. time/ h
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75 m Ul\/lgB2
MgB, | “pa——

current / kKA

T

_Results: Superconductor cables

*QD threshold: 5 mV

REBCO cables lower lead HEX |
I RT
cable - | terminal
splice UREBCO+ lower HEX
15 / 18 KA circuits: MgB, cables 15 / 18 KA circuits: REBCO cables + lower lead HEX
20 ===-lga ' ' ' ' MgB_2 cables: 0-6 REBCO cables + lead lower HEX: ' ' lead upper HEX: €0
== ="liska P 18 kA 0.5 ___—“g&

» Stable, no transition, x10 — x100 below QD threshold*

14

MgB, cable voltage / mV
REBCO cable + lead lower HEX voltage / mV

T T
1.5 2.0 25
rel. time / h

-0.4

lead upper HEX voltage / mV

1 1 . I r I . 1 r 1
15 2.0
rel. time/ h

0.0
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Results: Splices

REBCO to MgB,, GHe @ 20 K

MgB, to Nb-Ti, LHe @ 4.5 K
— — 1

Nb-Ti to Nb-Ti, LHe @ 4.5 K

* Stable, T,

15

rel. time /h

plice

Circuit - REBCO to MgB: splices .| MgB: to Nb-Ti splices | Nb-Ti to Nb-Ti splices
' Rsplice Rsplice v Rsplice Rsplice Rsplice Rsplice
| measured expected || measured expected | measured expected
18 kA [1.4+£0.1 nQ 1714+£01nQ | _ "'0.9+0.1nQ
15 kA A7£01nQ | 0722 0300 <18 10910100 <2010
2 kA - Trim 4.3+0.8nQ 45-65nQ0 | 14+02nQ | <35nQ | 1.2+0.1nQ -
2 kA - Correctors |'10.1+1.1nQ | 9.0-13.0nQ' 24+14nQ  <6.0nQ ,| 1.1+£0.3nQ
U: 15 / 18 kA circuits: REBCO to MgB, T: 15 / 18 kA circuits: REBCO to MgB,
20 . . . . 50 20 . : . . 30
=== liga Uspiices: === liga Topiices:
=== lisa jeemecece———— A 18 kKA == =lisia Jemmemm—————— . - _-- 18 KA
' . 15 kA ' ' ---- 15kA
'.-.' L 440 '.-.' L 1 s
15 1 P S Co 15+ P S Co o
> <
< " /./\.__/\k " {303 < " ) " <
= '_.l‘ll/\ﬂ AT ~d ~,\=|.\ - % - '_."' |.\ - - 20 }.‘.
E A AN AU Yoy 8 t 1oL T »:,_-_-' ‘;f‘t"._" R - ’g_
= J AL/ A o : '." | © g T.___. e b Tt T e e ,:';::—~- -
3 o \ﬂ'g\{\f‘\-. “ § 3 -31_:::::“_:‘.}';—';:‘-:_——-:_-::ff:’___\‘—-_-‘-_—_‘::’ sl PP g
[ ) = hmo T T T T ) Q
R a ; ; 2
\(\" ks 10 ” 5+ .'"::' b &
NS0 - S 5 v d1o
VA L | :
r@i-.u— 0 ;_-_1 .r_-:.
Iy ! \
| | | — 0+-tr—rd—t— ——rt———+——5
1.5 2.0 2.5 3.0 3.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

rel. time /h

independent of current (= 1 K)
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Results: High Voltage Tests

; Voltage Plateau leakage | Test
° At nomlnal Circuit g Time / s | Conditions g
t. / kV current / nA | passed
Opera Ing 18 kA 2.3 180 NOC 32* Yes
conditions & [15ka 2.3 180 NOC 104* Yes
warm gHe 2 kA - Trim 2.3 180 NOC 42%* Yes
2 kA Corrector #1 2.3 180 NOC 20* Yes
e HV bEtween 2 kA Corrector #2 | 2.3 180 NOC 25%* Yes
. . E 3
3 ” circu |t 2 kA Corrector #3 2.3 180 NOC 35 Yes
b. t 2 kA Corrector #4 2.3 180 NOC 24* Yes
compinations 2 kA Corrector #5 2.3 180 NOC 24* Yes
and ground - ector#6| 2.3 180 *accepted leakage current: < 105uA

= Current o = Current |

Current (uA)

T T T T T T " . T u T
50 100 150 250 300 50

* HV tests successfully passed, NOC leakage x100 below limit
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Results: Transient behavior

Successfully validated:

* Cryogenic requirements:
e Capability of operating without liquid helium supply during 10
minutes with MgB,-Nb-Ti splices immersed in liquid helium
* Ability to produce up to 10 g/s gHe with DFX

* Electrical requirement:
* Circuit cross-talk (< 50 uH coupling) allowing 100 A/s ramps

* Quenches of 2 kA - Corrector circuits do not trigger QD of any of
the other circuits

* Very low inductance (0.03 pH) due to coaxial layout

Circuit Test current Ramp rate Inductive coupling (uH)
(kA) (Als) 18 kKA 15 kA 2 KA -Trim | 2 KA - Correctors
18 kA 18 100 8.1 15.0 2.3
15 kA 15 100 0.1 18.0 0.03
2 kA - Trim 2
2 kA - Correctors 2 50 0.03 0.03 0.02
*self inductance
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IT String installation
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Summary & Conclusion

* The first Cold Powering System for the HL-LHC Triplets has
been successfully validated:

* Cryogenic, electrical and mechanical performance all met design
parameters

* Robustness of system in different operating modes was proven

* The system transferred |94| kA* in DC mode with 5.0 g/s gHe:
* MgB, @ 20 K (Operation of MgB, cable possible up to 29 K)
 REBCO cables @ 60 K (Operation of REBCO cables possible up to 70 K)

= ~ 10 K temperature margin
* Spooling & transportability (incl. crane) demonstrated
 Components industrialized after intensive R&D at CERN
* Systems in advanced phase of series production

* Installation in the LHC underground is planned to start 2027
¥ o 179.2 kA, | : 85.3 kA

ultimate*
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- Thank you for your attention -

HL-LHC Cold Powering: 94 kA @ 5.0 g/s gHe




_Results: Superconductor cables

75 m Ul\/lgB2
MgBL T——

*QD threshold: 5 mV

REBCO cables lower lead HEX I
I RT
cable - | terminal
splice UREBCO+ lower HEX
2 2 KA circuits: MgB, cables - 2 KA circuits: REBCO cables + lower lead HEX 06

= ==<l5a-Trim ' ' ' MgB, cables: ’ = ==*l5 A -Trim ' ' ' REBCO cables ' E

= = =5 kA Correct - 2 KA - Trim SR + lead lower HEX: -

orectorsj | 2 KA - Corrector #1 0.5 2kA-Comectors| == 2 kA - Trim Q

- 2 kA - Corrector #2 - 2 kA - Corrector #1| 92 Q

- 2 kA - Corrector #3| 0.4 2 kA - Corrector #2 =

e 3 & - g°”e°:°r zg > 15T 2 kA - Corrector #3 S
.................. 2 omector 03 E 2 kA - Corrector #4| 0.4

<« o i ~~~~~~~~~~~~~~ 2 kA - Corrector #5 T
x g = | e 2 kA - Corrector #6 5
£ S © 103 2
g > o 104 3
- [ t -_—
3 a 3 =
g ©° {02 @

) +

S @

0.1 R

1)

o

carmmmmm—————- —_— {03 a

P SN o0 @

e ——————— ==t 04 ®

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35 3.5

rel. time / h

rel. time /h

» Stable, no transition, x10 — x100 below QD threshold*
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_Results: Splices

REBCO to MgB,, GHe @ 20 K

MgB, toNle LHe@45K

Nb-Ti to Nb-Ti, LHe @ 4.5 K

Circuit ~ REBCO to MgB: splices .| MgB: to Nb-Ti splices | Nb-Ti to Nb-Ti splices
' Rspllce Rsplice v Rsplice Rsplice I Rsplice Rsplice
| measured expected || measured expected | measured expected
18 kA [11.4+£0.1nQ 1114£01nQ | _ " 0.9+0.1nQ
15 kA A7£01nQ | 0722 0300 <18 10910100 <2010
2 kA - Trim 43+08nQ | 45-65nQ (1.4+02nQ <35nQ | 1.2+01nQ @~ <
2 kA - Correctors '10.1+1.1nQ | 9.0-13.0nQ' 24+14nQ | <6.0nQ ,/ 1.1+0.3nQ
15 / 18 kA circuits: REBCO to MgB, 15 / 18 kA circuits: REBCO to MgB,
R T . . T 50 R T . . — 30
=== |2 KA - Correctors 'mt-kA - Trim === |2 KA - Correctors Wb- KA - Trim
-2 KA - Corrector#1| 1 | 2 kA - Corrector #1
-2 kA - Corrector#2(40 | e 2 kA - Corrector #2| 5
s 2 KA - Corrector #3 s 2 KA - Corrector #3
2 KA - Corrector #4 2 kA - Corrector #4 X
-2 KA - Corrector #5 >:_ ------------------- 2 kA - Corrector #5 °
i -2 kA - Corrector #6| 30 — i 2 kA - Corrector #6 5
(<) - 420 S
- 2 2 g
c S ¢ o
g s ¢ S
L > L
3 9 3 {15 2
5 S
* a
51 0
=410
PR S cooTTTTTTTTTT \--\-—\__~
| | 7 0 f—==f ] | | =5
0.0 0.5 1.0 1.5 20 25 3.0 3.5 0.0 0.5 1.0 1.5 20 25 3.0 3.5
rel. time/ h rel. time/ h
* Stable, T, .. independent of current (+ 1 K)
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