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(F={}=» PSICD1 Background

* CHART1 goals (mid-2016 to mid-2019) :

1. The design of an optimised 16 T Canted Cosine Theta (CCT) dipole magnet, as an option for
the FCC hadron collider main magnet;

2. The development (design and prototype) of a high-field dipole magnet with CCT technology
and a 90 m? lab.

il 2 1y

f fuf\% .
- = { 3\{

B. Auchmann et al., Electromechanical Design of a 16-T CCT Twin-Aperture Dipole for FCC, |IEEE Trans. on Appl. SC 28 (April, 2018) no. 3. page 4
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BS CD1 Overview

e Design of CD1 done in collaboration and support from LBNL.
e Can be compared to some extent with LBNL's CCT 5 (Conductor supplied by LBNL, Resin...)
* Instrumentation: Strain gauges, vtaps, x4 acoustics sensors (Maxim’s design)

BEEENEEDE coon s reiniled

Nb,Sn  Protective Cable 21 QXF strand, 0.85 Shims
Alu Shell mm, RRP 108/127
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Vertical Keys

Alu-Bronze Pads

Coils
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Bladder Bend &

Pre-stress & keys Shim
Layer Sliding Spars and
interface plane Alu Shell
Pottin Coil Individual
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Vertical Bladders

Iron Yoke IIEFEEE ) e 90 CCT 5
[mm]

Alu Shell

Page 5



PAUL SCHERRER INSTITUT

BS CD1 Overview

* Design of CD1 done in collaboration and support from LBNL.
Can be compared to some extent with LBNL's CCT 5 (Conductor supplied by LBNL, Resin...)

* Instrumentation: Strain gauges, vtaps, x4 acoustics sensors (Maxim’s design)
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CD1 Overview

e Design of CD1 done in collaboration and support from LBNL.
e Can be compared to some extent with LBNL's CCT 5 (Conductor supplied by LBNL, Resin...)
* Instrumentation: Strain gauges, vtaps, x4 acoustics sensors (Maxim’s design)
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(= CD1 Fabrication & Assembly

G. Montenero et al., Coil Manufacturing Process of the First 1-m-Long Canted-Cosine-Theta (CCT) Model Magnet at PSI, IEEE Trans. on App. SC., Vol 29(5), 2019.
G. Montenero et al., Mechanical Structure for the PSI Canted-Cosine-Theta (CCT) Magnet Program, IEEE Trans. on Appl. SC., Vol 28(3), 2018.
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Magnet was shipped to LBNL in Nov. 2019.

(== CD1 Testing Odyssey

-~

reereoeoer] |

BERKELEY LAB

The test preparation was interrupted by COVID 19 and resumed in Aug. 2020.

Magnet test started in Sept. 2020 but interrupted by cryo problem.

Max. current after 2 quenches: 11.1 kA or 62.5% of short sample, 6 T in the bore.

LBNL experience points to debonding and cracking causing excessive training.

20

40 60
Quench Number

ccTaLt
ccTaL2

A
4 CCTS5 L1

80

100

Courtesy D. Arbelaez, LBNL.

%

Protruding cable
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a» CD1 testing at CERN

* Test campaign Nov 2022 — Jan 2023
* lc@45K=17.783 kA;lc @ 1.9 K=19.429 kA

All Quench History for testplan 2822 (PSI CCT CD1)
downloaded by Michael DALY on 28/02/2023 15:35:44
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g A A Provoked Quench 1.9K

A

8 A A A A A Provoked Quench 4.5K
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Event number

https://sm18-carp ~web.cern.ch/tools/pr |_quench_history/testp, 2
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lc @ 4.5 K=17.783 kA
lc@ 1.9 K=19.429 kA
Most quenches occur in
inner layer.

Overall, good memory
after thermal cycle.

CD1 retains training
memory from 1.9 K
training.

Training at 1.9 K with CLIQ
seems to have accelerated
training.

Current[kA]

BS CD1 Training

19

SM18 -4.5K

5 10 15 20 25 30

PSI CCT CD1 quenches
4.5 K 1.9K 1.9K
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Event number
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2.8-2.7

+ B> > B > O O O

Previous CLIQ test

——Thermal cycle

75 80 85 90

Courtesy of Franco Mangiarotti
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e CD1 training tracks nicely with LBNL's
CCT 5.

* Not-so-perfect magnet fabrication
did not drastically limit performance.

I T T

Max Current [kA] 17.903 - é
Max Fraction of Iss [kA] 101% 94% B
Max Dipole Bore Field [T] 9.86 -
Max Conductor Peak Field [T] 10.81 11.05

Field values calculated, no field measurements performed on CD1.

Ic measurements adjusted by taking into account Ic (Ic B)
measurements done at Uni Twente on BOX samples.

11

1.0

0.9

0.6

0.5

IIIIIFI‘IIPN
o®

CD1 Training: Summary

Training Curves Comparisons

® (D1 at 4.5K Updated from BOX IC Data
e (D1 at 1.9K Updated from BOX IC Data
A LBNL's CCT5 4.5K (round wire SSL)

CD1 Thermal Cycle Travel Back To CERN
=== CD1 Thermal Cycle (back to 4.5K)

= CD1 Thermal Cycle (Back to 1.9K)

o

40 60 80
Training Quenches

Note: For the last thermal cycle (“back to 1.9K”),
the magnet was entirely removed from Cryostat and reinserted.
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* Previous simulation considered 9.9 T at 1.9K.
 Validation against Strain gauge data on-going.

B

FEA: Reminder

« Overall trends f | d d powering ble ( > )
verall trends for cool down and powering seem reasonable (€,4| gown > Epowering)-
ANSYS ANSYS
NODAL SOLUTION R19.0 NODAL SOLUTION R19.0
Academic Academic
STEP=3 — STEP=3 —
SUB =1 JAN 21 2020 SUB =1 JAN 21 2020
TIME=3 08:18:14 TIME=3 08:27:03
SY (AVG) SY (RVG)
RSYS=1 RSYS=1
DMX =.379E-03 DMX =.698E-03
SMN =-.320E+09 SMN =-.401E+09
SMX =.105E+09 SMX =.157E+089
-.320E+09 - .226E+09 -.131E+09 —.366E+08 .580E+08 -.401E+09 -.277E+09 -.153E+09 —.290E+08 .949E+08
-.273E+09 -.178E+09 -.839E+08 .107E+08 .105E+09 -.339E+09 -.215E+09 - .909E+08 .157E+09
Short Sample (9.9 T, 1.9 K) Short Sample (9.9 T, 1.9 K)
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Assess protection of CD1 with EE
only and, CLIQ with a EE delay.
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

CLIQ assessed by triggering at
lower currents to gauge max
current in inner coil.
Significantly lower quench
integral than expected (2X to 3X)
CLIQ tests have larger quench
integral because we added some
energy extraction delay.

BS CD1 Protection: Energy Extraction & CLIQ

Inner layer
Current
direction

Al
A Y
Quter layer

DCCT

Cryostat

Coupling-Loss Induced Quench (CLIQ) Parameters:
Capacitance: 10 mF and 40 mF

Voltage: 100, 200 and 300 mV

EE Ryymp = typically 40 mOhms

EE delay: between 200 and 20 ms
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Assess protection of CD1 with EE
only and, CLIQ with a EE delay.
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

CLIQ assessed by triggering at
lower currents to gauge max
current in inner coil.
Significantly lower quench
integral than expected (2X to 3X)
CLIQ tests have larger quench
integral because we added some
energy extraction delay.

BS CD1 Protection: Energy Extraction & CLIQ

Quench Integral i.e. MIITs (MAZs)

23

-
o
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Annotations
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En]lfﬂm
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o < < < ﬁlﬁ:‘@
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< L Aq & q Q Q
< <
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< Quench 4. 5K CLIQ
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O Trigger 4.5K
<| Trigger 4.5K CLIQ

1818.9
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Assess protection of CD1 with EE
only and, CLIQ with a EE delay.
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

CLIQ assessed by triggering at
lower currents to gauge max
current in inner coil.
Significantly lower quench
integral than expected (2X to 3X)
CLIQ tests have larger quench
integral because we added some
energy extraction delay.

20T

125 7T

107]

7.57

BS CD1 Protection: Energy Extraction & CLIQ

Effects of CLIQ on max current in Inner Coil

| CLIQ 300V 10 mF

IL Current

Current Magnet

" 0.02

'0.03 0.04 0.05

Time [s]
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BS CD1 Protection: Energy Extraction & CLIQ

Effects of CLIQ Capacitance and Voltage setting

Assess protection of CD1 with EE i
only and, CLIQ with a EE delay. |
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

Current [kKA]
9 . 9
T r
|
4
S

CLIQ assessed by triggering at 14..

lower currents to gauge max 15t | @ CLIQ 200V 10mF

current in inner coil. !

Significantly lower quench 1T '@ CLIQ 300V10mF

integral than expected (2X to 3X) 1 | @ CLIQ 100V 40mF

CLIQ tests have larger quench 11T

integral because we added some \
energy extraction delay. W05 6 0005 081 0015 082 0.025

Time [s] Page 18
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Assess protection of CD1 with EE
only and, CLIQ with a EE delay.
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

CLIQ assessed by triggering at
lower currents to gauge max
current in inner coil.
Significantly lower quench
integral than expected (2X to 3X)
CLIQ tests have larger quench
integral because we added some
energy extraction delay.

Current [kA]

BS CD1 Protection: Energy Extraction & CLIQ

Effectiveness of CLIQ with increasing current

101
8
6 L

CLIQ settings
. 200V; 40 mF

EE = 200ms
2 L

0.05 0 0.05 -0.1 -0.15 -0.2
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Assess protection of CD1 with EE
only and, CLIQ with a EE delay.
Based on Jiani’s PhD Thesis.
First, EE triggered at lower
currents and extraction quench
integral (MIITs) calculated.

CLIQ assessed by triggering at
lower currents to gauge max
current in inner coil.
Significantly lower quench
integral than expected (2X to 3X)
CLIQ tests have larger quench
integral because we added some
energy extraction delay.

Current |[KA|

BS CD1 Protection: Energy Extraction & CLIQ

Overall Selection of CLIQ Quenches

17.5

154+ 4

12.5 1

0 t | : | : | :
0 0.05 0.1 0.15 0.2
Time after trigger [s]
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e All tests at 4.5 K

e Circuit: 10 mF capacitor and

Rpeate™ 11 Ohm (at 4.5K):
— 27V (8 kA and above)
— 35V (6kA)
— 45V (4 kA)

e Example: At 4 kA with EE delay

of 20ms -> 8.5 J deposited

310
100*
32
15
7.0
4.1
2.3

* Extrapolated to 100mV

2.3-2.2 voltage [V]

(== CD1 Spot Heater Test

0.25

o
S
|

0.15 7]

0.17]

0.05 7

—|Outer Layer
1
121 Heater
l'-'n'hit::l_
L2.9
[rhite)
157
—_— W * -
L 1' T62 Tl | T60
]
| T4 kKA
6 kA
T8 kA
10 kKA
12 kA
" T14kA
u'm,fu'm 16 kA
| | | ! | ! |
| | [ T [ T |
0 0.1 0.2 0.3 0.4

Time from quench start [s]
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CD1, after reaction and impregnation, had a resistance of approx. 3 Ohms to the mandrel.
Coil to mandrel resistance greatly improves when cold (similar to CCT 5)

Resistance to Mandrel

* This transition was noticed for each thermal cycle.

Resistance to coil [Ohm)]

™M ——R_innerMandrel
1 ——R_outerMandrel
100k I
10k I+
1k
100 At
16:00 16:30 17:00 17:30 18:00 18:30 19:00
Cool down »
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RS RRR measurements

. e 6E-05 [ — -
* Fast and uniform transition = 1124 1o
y | L1.1-L1.4_TO
° . 8 L2.8-L2.1_TO
RRR (293/20) values: S| e
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— All magnet: 270 +- 6 i L25.12.4 10
. _ - L2.4-L23_TO
— Outer layer: 290 +- 10 se05 -  3i22To
. L2.2-L2.1_TO
— Inner layer: 250 +- 10 ! 1111270
L1.2-L1.4_TO
Current leads | Y ! Inter layer 3E-05 ™ 127-126 TO
x ! splice
z 1
‘ll.l “; l:Lu
\-\ﬂu!u' (Black) -
s Iﬁ\ ----- \ﬁ 2E-05 x - e . -
i N } o NSV SRS A= S S|
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: I -
21 | I :
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S VA - o
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e . . . l . . . l . . .
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File: CCT PSI__H20230118084105_Splice-VI

CD1: Splice Resistance

File: CCT PSI__H20230118084105_Splice-VT

Sesment L1 4= Segment L1 g
Splice resistanc Splice resistanc (-0.430 = 4.52E-03) uOhmn |
E Spl Cropped E Spl_Cropped
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%E( T —spiFe %ﬁ 4500t 1 —spl Fit
£ £
425n 1
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ool o] » . |
'
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050 } : ; i ; } ; : Layer 2 ! ; : . - ; :
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IDCCT curvent [4] | eoon o =g IDCCT current [4]
User: FMANGIAR — CERN TE-MSC-TM — 2023 01.24 ulmk [ ANGIAR. — CERN TE-MSC-TAL - 2023.01.24
Z__ = B el i) 3
File: CCT PSI__HD0230118084105_Splice-VI | : CT PST_100230118084105_Spiice VI
Segment 12.9- ' o L2 wF'S_I_.
Splice resistance] 12.4 (Gold] resistancd (0.131 = 2 17E-04) nOhm
p— 125 Bagh)
= 1600+ ol Tee> Turn_number \\ ~Spl Cropped
§n 19.00NJ] & Sp1 Pomrs
2 - SplFi
= i
B
1500 1 -19.50 4
. . . . -20.0p 4
woud * No particular issues with splices
=205t
* Vtap 1.5 lost - IL not measured
13.0p 1
H 2nop
oG * Results typically below 1 nOhms -
# Spl Pomts
ELT e | * Splicing method adopted from LBNL 27
0 2500 5000 7500 10000 12500 15000 17500 20000 0 2500  S000 7500 10000 12500 15000 17500 20000
I DCCT current [A] I DCCT current [A]
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= CD1i Test campaign: Concluding Remarks

CD1 but reached = 100% Iy at 4.5 K

Training seems to have been accelerated by 1.9 K and/or CLIQ
— Importantly, memory of training at 1.9 K allowed to reach 100% I, when back to 4.5 K.

Models for CLIQ protection need to be re-evaluated as models do not match with test
results.

Overall, similar behaviour to LBNL's CCT5 — PSI can build a working HF Magnet.

Stress management i.e. CCT, is a “forgiving” design: issues during production were not
particularly limiting performance.

Much more information to analyse and models to validate (Strain Gauges, Acoustics, CLIQ).

What to do with CD1: post-mortem analyses on CD1 ?!?!
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(= Superconductlng Magnets at PSI l_-—

P3 Project, Magnet Section

(3¢ UNIVERSITE
7 DE GENEVE

FACULTE DES SCIENCES

WireChar, WireDev
ETH:urich

MagNum (D-ITET)

ETHzurich
MagRes (D-MAT SMG)

ETH:zurich
MagAM (pd|z, inspire AG)

A

ETH:zurich
MagComp (D-MAT SMG)

@ Empa

Materials Science and Technology

Acoustics/Noise Control
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«(F{j» BOX: BOnding eXperiment Samples

e BOX “Standard”
— Assess Training

* BOX for Transverse Pressure (TP) “Compression”
— Assess a direct load/stress on broad face of cable

» BigBOX (Cable supplied by US-MDP/BNL)

— Assess cable “stack” in racetrack (wax impregnated) in realistic conditions

Standard BOX Compression BOX BigBOX

%mm
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Standard BOX

Standard and Compression (TP BOX)

100 (mm)

o
2
[
B o
[teslag] 1 8 I
Conductor ' Q
/ 8.8 o
(9]
86
83
Solenoid 50 .
78 in
75
72
70
[:
6.4
6.2
59
0 150 300 (mm) ; 50
Shear o

Pull out
When bonded
to channel
walls

Push in

TP “Compression” BOX

5|01_m|n Sample holder

Fixation pin
-— Main solcnoid
Clamping plate
N—— Pressure anvil
N—+ Pressed area

— Extensometer

NbTi upper flat coil
NbTi bottom flat coil

Drawing by Peng Gao (UTwente)

Face plate

Pressure Anvil

Load
-

Cable
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All BOX Plots

Ic (23802 kA)
@ ® Wax 2
CTD-101K - 1
= CTD-T01X
Mix61-1
—_— Mix 61-3
=== Double 52 Sleeve + CTD-101K
Dry -
=== NbTi - Kapton Tape + CTD-101K =

Wax 1

Stycast

CTD-101K -2

MY 750

Mix 61 -2
Cryoset2M (ETHZ)

Sedimentation CTD-101K]

NbTi - S2+ CTD-101K
Weak CTD101K

=== NbTi - Kapton Tape + PTFE + CTD-101K

reduced critical current

' ! ' ! ' I N I

10 20 30 40
# Quench

50 60

1.05

1.00

0.95

0.90

0.85

0.80

0.75

0.70

0.65

0.60

Results from BOX and TP BOX

Reduced current under applied stress

paraffin wax #1

& paraffin wax #2

B epoxy (CTD-101k) #1
epoxy (CTD-101k) #2

® paraffin wax #3

s
- o

R

i
. \\.‘&
= “_‘*
) \\'\ -
% b
50 100 150 200 250 300

average transverse stress [MPa]

BOX samples made from the remaining cable of CD1 (Supplied by LBNL)
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(= Stress Management alternatives to CCT

CCT for Nb3Sn promised reduced conductor stress by introducing stress management.
The BOX program provided a handle on the vexing interface problem.

Other difficulties intrinsic to CCT technology remain for FCC-hh main dipoles.
Stress-managed on other geometries promise to combine the benefits of SM with the
(relatively) easier manufacturability.

Courtesy of D. M. Araujo — images show snapshots of design studies for illustration purposes.
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(13 HTS and More

* Successful test in cryogen-free test station of 4-pancake HTS NI
solenoid, built in-house at PSI and using licensed Tokamak
Energy Ltd technology.

e Coil reached 18.2 T in the center, 20.3 T on the conductor at the

maximum current of the power converter of 2 kA.
e = »

CHART2 FCCee Injector Study:
P3 (PSI Positron Production) Project

Magnitude of Mgn. Flux Density [T]
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(5 PSI Magnet Section: Upgrades and Projects

SLS 2.0 Upgrade Magnets Proton Therapy Upgrade BinT

2"+ %=1 1.36

FCC-ee Quad-Sextupole

Magnetic Measurements

Innovative The magneticflux density of a nested main sextupole—quadrupole system for FCC-ee, looking
0 along thedirection of the electron beam. Page 33
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(== CCT for FCC: Pros and Cons

* Design: * Design:
— Mechanical support of each turn — Every turn must be glued to metal surfaces; delamination would
- reduced coil stress and avoidance of stress-induced preclude good performance.
degradation. — Reduced efficiency by winding angle, rib thickness, and spar
thickness.

— Easy field quality (on paper).

— ldeally suited for LTS/HTS hybrid magnets due to easy
stacking of heterogeneous layers.

— Simpler external mechanical structure = more iron between
the apertures and better magnetic separation = less cross-
talk.

— Hope to fix training: getting one turn “right”, the entire
magnet would work; no discontinuities towards the end
regions

* Fabrication:

— Check FQ variation along z-axis due to lack of control on turn
position.
— Some axial strain on cable in every turn.
— No radial pre-compression possible.
* Fabrication:
— Tricky winding on small ID with wide cable.
— Difficult to obtain reliable insulation.
— Difficult to keep cable in groove on small IDs.
— Interplay between former and cable during reaction.
* Instrumentation and protection

— Simple and safe coil-manufacturing process; little tooling — No heater protection possible.
needed; coil always protected by former. * Scaleup:
* Instrumentation and protection: — Involved former manufacturing; cost and time consuming;
— Efficient CLIQ protection as every turn is a high-field turn. difficult to scale to 15 m.
— Co-winding of instrumentation (fibers, wires, etc.) is — Difficult assembly and alignment for long magnets — assembly
supposedly easy. gaps reduce performance.
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[={J» CHART Network and ESPPU

* “CHART, the Swiss Center for Accelerator Research and Technology, was founded to support the future oriented accelerator
project Future Circular Collider (FCC) at CERN and the development of advanced accelerator concepts in Switzerland beyond the
existing technology. [...] The high field magnet R&D has strong synergies with PSI projects [...]”

[Application for support of the Swiss Accelerator Research and Technology Initiative, 2018]

* Swiss national centers of competence in HFM:

— EPFL Swiss Plasma Centre*:
Infrastructures and Instruments,
Materials

— ETHZ: Materials, Models, Powering

— PSI: LTS and HTS Magnet R&D,
Infrastructures, Materials

— UniGE: LTS and HTS Conductors

e I
PAUL SCHERRER INSTITUT 'mzar‘fch\fs‘nﬂ .

"EE?EE»L e

(415 UNIVERSITE
%%, DE GENEVE
FACULTE DES SCIENCES

* ... no projects in current CHART2 period. . htto://chart.ch
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(== CHART — What, Who How?

* Topics and FTEs of ongoing ASC projects in CHART: f UNIVERSITE
— WireChar — SC wire and tape characterization (1 FTE) Lﬁ- ' DE GENEVE
— WireDev — Nb,Sn wire development (3 FTE)  FACULTE DES SCIENCES

— MagRes —resin development (1 FTE)

— MagComp — coil composite characterization and constitutive modeling (1 FTE) e .

— MagAM - additive manufacturing for coil components (1 FTE) E’"ZUHCh
— MagNum — model-based systems engineering for magnets (1 FTE)

— FCCee CPES - cryogenic power supply development (1 FTE)

— MagDev1/2 - SC magnet development (8 FTE) BANL SCHERRER INSTITHT
— HTS Bulk Undulator — Bulk REBCO undulator technology (2 FTE) —

— FCCee Injector —NI solenoid for injector test at SwissFEL (1 FTE on ASC) l_'—
— FCCee HTS4 — HTS Short Straight Section Demo for FCCee (4 FTE)

Total: 24 FTE

* Other ongoing CHART projects:

— FCC/ LHC Lumi EPFI
— FCCee Beam Dynamics Simulation

— FCChh Stability
— FCCEe SPIN POL

- Fecee Lumi ETHzurich

— Muon Collider Feasibility Studies

— FCCee Injector 'ﬁf UNIVERSITE

— FCC Geodesy o CENEVE
— FCC Geology 3D Model gy == T

—
e

FACULTE DES SCIENCES
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