‘I
s 5th PBC technology mini workshop: ‘O
Physics o . "'
peSla Superconductivity Technologies SILP
1

" A' . ~7
Karlsruhe Institute of Technology : C-Ol l-l ders
Search for Hidden Particles

High Temperature Superconducting Magnet for the SHiP Muon Shield

Magnus Dam’, Tabea Arndt', Massimiliano Ferro-Luzzi?, and Richard Jacobsson?

! Institute of Technical Physics (ITEP), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany
2 European Organization for Nuclear Research, CERN, Geneva, Switzerland

www.kit.edu

KIT — The Research University in the Helmholtz Association



2

Physics at the “Coupling Frontier” ﬂ(IT

Neutrino flavor oscillation

® Undetected particles beyond the Standard Model must
either be

® very heavy particles OR

® Feebly Interacting Particles (FIPs) (belonging to the
“H idden Sector ”) Total matter Energy balance

® Unsolved problems related to Hidden Sector physics

® Neutrino oscillations and non-zero mass

® Dark Matter

® Dark Matter ® Dark Energ
Gas and Dust ® Dark Matter
@® Luminous Matter Atomic Matter

@® Antimatter < 0.000001%
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https://thespectrumofriemannium.wordpress.com/tag/sterile-neutrinos/

AT

Beam Dump Facility at SPS

® Super Proton Synchrotron (SPS)
® Injector for protons beams for LHC
® Great surplus of high intensity and high proton energy (400 GeV)
® Delivers high intensity proton beams to a number of fixed-target experiments
® Beam dump experiments are ideal for searching for long-lived particles
® Allows exploring Hidden Sector particles with masses up to about 5 GeV/c?

From SPS %@ >

TT90-TCC9-ECNA
(EOI = CDS study)
~

Experimental halls

Underground beam
tunnels, caverns

. Underground
Technical galleries

Service

buildings

ECN3 is hosting NA62
(studies rare kaon decay),
until the end of Run 3 (-2025)
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Search for Hidden Particles (SHiP) ﬂ(I.I.

Karlsruhe Institute of Technology

® Main objective: Search for rare Dual-technique detector
decays of long-lived FIPs with Scattering off atomic electrons and nuclei Visible decay to SM particles
small masses Also suitable for neutrino physics with all flavors

@ Particle beam: The upcoming ADSOrberISHERRET  Heavy target + detector .- Absorber/sweeper Decay volume "n"
Beam Dump Facility (BDF) at the | Potop ol PO

Super Proton Synchrotron (SPS)
® Location: The ECN3

<

1933woa3dadg

(Experimental Cavern North 3)
P Ventilation wall =
beam faCI I Ity Hadron absorber = "»‘5, o Access shaft {4x8m’)

(existing)

Service building
(existing)

Target complex

® Timeline: Approved for Mo/W target
construction in March 2024. '
Construction begins in 2027
Operation starts in 2031

Access shaft (8x8m?2)

Scattering and

Neutrino Detector
Decay volume

Spectrometer

Particle ID
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SHiP Magnet Systems ﬂ(IT

Karlsruhe Institute of Technology
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The Hybrid SC/NC Muon Shield Configuration ﬂ(IT

Karlsruhe Institute of Technology

; ; Core bends muons
A copper coil magnetizes

. . away from center
the iron: Initiates muon Y

deflection

Section 1 Section 2

— 350 GeV u*
------ 50 GeV u~

30
z (M)

Surrounding yoke Opposite polarity
bends muons towards J magnets prevent re-
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the center entr
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Requirements for the superconducting magnet

® Along z-axis: fOL By,(z)dz =35Tm

® B, on z-axis: 4-5T = Length: 7-8.8 m

® Field-homogeneity not required

Core cross section: 0.9 m—1 m x 0.5 m—0.6 m
® The core may be filled with iron

Gap space: 0.2 m surround for cryostat and
insulation

Surround iron yoke thickness: 0.7 m—1.2 m

Stable operation
Stray field at 4 m distance: B < 10 mT
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Assumptions for the base design

® Single-wound ReBCO HTS tape 2 49_30 % Fujikur; FESC

® Width: 12 mm
® Total thickness: 0.1 mm
® No-insulation winding technique
® Epoxy impregnated
® Operating temperature of 30 K
® Closed-cycle neon refrigeration system

® Cooling tubes run thoughout the magnet 0 2 4 6 8
system B |T]

2000 ¢

[A] (12 mm wide)
S
S
S

C

1,

Figure: Assumed minimum critical
current vs magnetic field [from
Robinson Research Institute HTS
database].
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HB curve for the iron yoke ﬂ(IT

RAT default fitting formula (Vinh Le-Van):

2.9
B(H) = poH + il arctan <7r(,ur _ 1)’LLOH>
T 2J5 9|
@ Parameter values for iron:
® Saturation magnetization: Js=2.0T = 1.5+
® Initial relative permeability: p, = 500 E
1
0.5
0 \ !
0 20 40 60

H [kA /m]
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Stacks of long rectangular coils with
inner and surrounding iron yoke

Tape width: 12 mm

Tape thickness: 0.1 mm

Operating temperature: 30 K

Coil inner dimensions: 1000 mm x 7200 mm

Radial coil thickness: 20 mm

Winding turns per pancake coil: 200 (no insulation)
Coil bending radius: 200 mm

Operating current: 678 A

Number of coils: 24 coils

Total tape length: 78 km (3250 m per coil)

Magnetic energy: 61.2 MJ

Total inductance: 343 H

Iron core dimensions: 900 mm x 500 mm x 7000 mm

Outer iron yoke
® Inner cross sectional dimensions: 1500 mm x 750 mm
®  Thickness: 800 mm, Length: 7000
®  OQuter cross sectional dimensions: 3100 mm x 2350 mm

Stray B-field at 4 m: about 21 mT

Mass estimate: 400 tonnes
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Unpracticality of long rectangular HTS coils &‘(IT

Karlsruhe Institute of Technology

Challenging winding procedure
® Corners: Stress concentrations can lead to degradation
® Straight parts: Low radial stress leads to winding defects
® Requires highly rigid and solid support structure
Costly manufacturing and logistics
® Large manufacturing and cryogenic test facilities required
® Limited modularity
® High cost of manufacturing errors
® Expensive repairs in case of coil-replacement

High differential thermal contraction stress
® Stress due to non-uniform cooling or heating over length

Figure: Single long rectangular coil

11 26 September 2024 ~ HTS magnet for the SHiP muon shield [nstitute for Technical Physics (ITEP)



12

Proposal 1: An array of square coils with
inner and outer iron yoke

® Tape width: 12 mm v ——
v Line Calculation - Line z
® Tape thickness: 0.1 mm S Eort €8 settngs 4k Anabie
@ Operating temperature: 30 K 6 .E;
. . . . E z
® Coil inner dimensions: 1000 mm x 1000 mm g
. g,
® Radial coil thickness: 20 mm g
£ 0
® VWinding turns per pancake coil: 200 (no insulation) 5 w u U u U U U W
= -2
® Coil bending radius: 200 mm
. 0 2000 4000 6000 8000
® Operating current: 649 A Positon Along Line [mmi
® Number of coils: 168 coils
® Total tape length: 126 km (750 m per coil)
1 v Pl Calculation - XY-pl
. Magnetlc energy: 68.6 MJ «$ Export % Settings e P
® Total inductance: 365 H : ,
. . LR 2 S s v BEERRy R\
® [ron core dimensions: 900 mm x 500 mm x 900 mm (7 blocks) § (A g S B IS s aal g T
, o 11T e e R T
® OQuter iron yoke " mmikﬁitm“:
E Oy TIriil
® Inner cross sectional dimensions: 1500 mm x 750 mm > e
, soo Yt 4 SRR s
® Thickness: 800 mm, Length: 7800 mm {irs ;:;M::; 73
) ' ' _moozk\: aaaaa AREE Wniotara sk
®  OQuter cross sectional dimensions : 3100 mm x 2350 mm ;R S (A0 e
-1500 -1000 -500 0 500 1000 1500
® Stray B-field at 4 m: about 14 mT xmm

® Mass estimate: 450 tonnes
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Proposal 2: Elliptical Pancake Tilted
Solenoid

Tape width: 12 mm

Tape thickness: 0.1 mm

Operating temperature: 30 K

Coil inner dimensions: 1420 mm x 1000 mm
Radial coil thickness: 20 mm

Winding turns per pancake coil: 200 (no insulation)
Tilt angle: 65 deg

Operating current: 530 A

Number of coils: 200 coils

Total tape length: 153 km (766 m per coil)
Magnetic energy: 76 M}

Total inductance: 725 H

[ron core size: 900 mm x 500 mm x 7800 mm
Outer iron yoke

® Inner cross sectional dimensions : 1500 mm x 1100 mm
® Thickness: 800 mm, Length: 8000

@ OQuter cross sectional dimensions : 3100 mm x 2700 mm
Stray B-field at 4 m: about 30 mT
Mass estimate: 415 tonnes
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Comparisons of coil configurations

Criterion Proposal 1: Array of rectangular coils

Proposal 2: Elliptical pancake tilted
solenoid

AT

Karlsruhe Institute of Technology

Comments

Magnetic field Oppositely directed field between each
coil stacks: rapid field changes along z-
axis

Modularity/ Each stack is a module

Repairability

Mechanical support  Structure between modules

Cooling Cooling channels outside coils, inside the
mechanical structure

Manufacturability Rounded rectangular coils

Radiation proximity  End-coils experience highest particle

density
Cost Seems to require less conductor
14 26 September 2024 ~ HTS magnet for the SHiP muon shield

Slowly varying increase to maximum
field along z-axis. Both y- and z-
components

Slanted modules

Surrounding structure

Cooling channels between coils and
iron core, along the z-axis

Ellipse-shaped coils

[ron core experiences highest particle
density

Seems to require more conductor

About equal

Stacked modulus easier
to assemble and repair

About equal

About equal
Elliptical coils easier to
manufacture

About equal

About equal
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Test winding plan

1) Flat solenoids with 200 mm inner diameter and 400 winding
turns (4 mm width)

® Test different constant winding tensions
® Test variable winding tensions

2) Flat solenoids with 80 mm inner diameter and 400 winding turns
(4 mm width)

® Test VPI approach
® Test different winding tensions (size dependency)

3) Flat solenoids with 40 mm inner diameter and 400 winding turns
(4 mm width)

® Test different winding tensions (size dependency)

4) Flat solenoids with (12 mm width)
® Transfer to target tape width
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Summary: Risk tree for design choices

Risks:

(costs)

stability

- Repair

Full length
rectangular coils

- Manufacturability

- Many inner joints
- Structural

- Transportation

HTS magnet for the SHiP muon shield

AT

Karlsruhe Institute of Technology

Coil configuration

Conductor type
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. Cable
Array of short 1M ized Singl :
e e eIIIpFlcaI ingle tape R|s~ks:
coils coils Risks: - High
m—— Risks: - Exact operating
Less field Difficult Shcaication cqurent
= = ; - Low
homogeneity to design uncertain current
- Electrical modules density
connections

HTS magnet for the SHiP muon shield

Conductor
insulation

Insulated
conductor

Risks:

- Large voltages
when quenching
- Lower
engineering
current density

No-insulation coil

Risks:

- Longer charging
times

- Heat generation
while charging

- Untested for
large-scale coils

Iron yoke

Risks:
- Larger mass

J

Mechanical

structure Coolmg

Stainl il - Cryocooler

in iqui

. ainless stee uarrl:)num Risks: Liquid cryogen
Risks: ) . Y - Lower Risks:

- High density Risks: cooling - Implementation
- Low thermal - Lower capacity - Cryogen
conductivity strength availability

- Low thermal ) J B - Safety
contraction - Maintenance

Dry-wound
Risk:

- Uncontrolled
turn-to-turn
resistance

Epoxy
impregnated

Risk:

- Thermal stress

(cracks in epoxy

or delamination

of HTS tape)

J

Solder potted
Risk:

- Manufacturability
- Very low-turn-to-
turn resistance

[nstitute for Technical Physics (ITEP)



