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μ-e conversion
stopping μ− Muonic atom
Decay modes
1. Muon Capture ~60%(Al)
2. Muon Decay in Orbit ~40%(Al)

τ=0.88sec (Al)
3. μ-e conversion
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Detect monoenergetic electrons 
from μ-e conversion





Requirements on Muon Beam

Pulsed beam
Bunch spacing ~muon life
can mask prompt BG

High intensity negative muon beam
Br<10-16 1018 μ−
1011 μ−/sec for 2 year operation

Low energy muons
<~70MeV/c
to form muonic atoms
to avoid Decay-in-Flight BG



pulsed proton beam@J-PARC

J-PARC E21
Pulsed protons by slow 
extraction from MR
8GeV x 5~7microA
Proton extinction <10-9

O(10-7)x10-6

J‐PARCJ‐PARC

1.8



Muon sources
Quadrupole

PSI, TRIUMF, RAL, J-PARC MUSE D-line (50mSr)
Solenoid capture

Normal solenoid of SuperOmega
embedded target : MuSIC

Requirements for capture magnet
Large aperture
High magnetic field

Radiation hardness

MuSIC
CW muon source@RCNP

GM Cryocooler

φ900

SuperOmega
Ultra slow muon beam@J-PARC MLF

MIC normal
solenoids

SC solenoids

φ380

400W proton beam (100W on target) 
~3x108 μ+/s, ~108 μ−/s

1MW pulsed beam (50kW(5%) 
on target)
400mSr
~4x108 μ+/s, ~107 μ−/s

D-line
(50mSr)



COMET apparatus 

A series of long 
solenoids from end 
to end

pion capture & 
decay
muon transport
electron focus
spectrometer
detector

Pion Capture Solenoid

Muon Transport
Solenoid

Spectrometer
Solenoid

Detector
Solenoid

proton beam

pion production
target

radiation shield

COMET Superconducting Magnet SystemCOMET Superconducting Magnet System



Large SC solenoids

Heat Load
~1W
Cost
~1M$

Heat Load
~10kW
Cost
~100M$

MRI Magnets
Field: 1~4T
Cooling: He Free?

Detector Solenoids
Field: 1~5T (NbTi)
Al Stabilized Cable
Cooling: Indirect

with cooling pipes

Fusion (ITER CS model)
Field: ~13T (Nb3Sn)
Cooling: Direct

cable in conduit

Heat Load
~100W
Cost
~10M$

COMETMuSIC
SuperOmega

NF/MC



Al-stabilized superconductor

NbTi Rutherford cable with 
aluminum stabilizer
“TRANSPARENT” to radiation

Less nuclear heating

Doped, cold-worked aluminum
Good residual resistance

RRR~500 (ρ0=0.05nΩm@4K)
Good yield strength

85MPa@4K

COMET design value
Size: 4.7x15mm
Offset yield point of Al@4K: >85MPa
RRR@0T: >500
Al/Cu/SC: 7.3/0.9/1
14 SC strands: 1.15mm dia.



Capture Solenoid Layout
Superconducting solenoid magnets with Al-stabilized conductor
High field 5T to capture π−
Large bore 1300mm
High radiation env.
Decreasing field

to focus trapped pions
Thick radiation shielding 450mm
Proton beam injection 10°tilted
Simple mandrel

proton beam

13
00

9501900300 650

30
0

70
0

10
00

36
0

t=100

Radiation shieldSUS

Target

Superconducting coils

CSbMS1MS2 CSa

6.2K6.2K

Load Line of CS,MSLoad Line of CS,MS
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Coil Layout
CS0CS1MS1MS2

TS1
abcd

TS2

TS3

TS4

TS5
a b c

Overlap

Larger coil
Space for monitor
Connection

ST1
1 2

ST2

1 2

ST3
SS

DS

Field Optimization



Magnet
Design target

station

experimental
hall

proton beam

Concrete

CryostatCryostat--11

CryostatCryostat--22

CryostatCryostat--33

The magnet system is 
separated in 3 cryostats:

Cryostat-1: CS+UpstreamTS
Cryostat-2: DownstreamTS
Cryostat-3: ST+SS+DS

Purpose of separation:
• At concrete wall

• Different radiation control level
• Movable Cryostat-2 for install / maintainance
• Vac. separation window / antip absorber at mid. of TS
• Beam monitors

• At stopping target
• inject electron beam into ST
• Muon beam monitor

LHeLHe ControlControl
DewarDewar

LHeLHe Transfer TubeTransfer Tube
outside Iron Yokeoutside Iron Yoke



Radiation on CS

7.9W2.0W1.0W0.7W

0.9W1.4W

Neutron flux (n/cm2/proton)

Maximum heat deposit
10 mW/kg

Maximum dose
0.07 MGy/1021p

Neutron flux
1x1021 n/m2/1021p
fast neutrons 6x1020 n/m2/1021p 
( >0.1MeV)

Neutrons penetrates thick 45cm tungsten shieldNeutrons penetrates thick 45cm tungsten shield
surrounding the targetsurrounding the target

Neutron fluence for experimental lifeNeutron fluence for experimental life--time (~10time (~102121 p)p)
approaches a level of ITER magnets  (ITER requirement: 1022 n/m2)

1MeV



Radiation hardness of magnet 
materials

Insulator, resin
BT resin, Cyanate ester
Polyimide/Glass composite

Thermal insulator
Al-coated polyimide film Less outgas

Support structure
GFRP, Titanium rod

Superconductor
NbTi, Nb3Sn would be OK up to 1022 n/m2



Resin

Epoxy can be used 
<1MGy
ＢＴ resin is good 
candidate

J-PARC accelerator 
magnet
Top part of the 
SuperOmega solenoid

Also Cyanate ester
Kapton-BT prepreg tape

Fabian and Hooker et. al., presented at “HHH-AMT, Topical Meeting 
on Insulation and Impregnation Technologies for Magnets”�



Problematic components
Stabilizer

Aluminum alloy
Copper

Thermal conductor
Pure aluminum
Copper
Aluminum alloy

Thermo sensor
No experience at 1021 n/m2

FastFast--neutron irradiation induces neutron irradiation induces 
defects in metal.defects in metal.

Defects could be accumulated at Defects could be accumulated at 
Low temperatureLow temperature,,
and causes degradation of and causes degradation of 
electrical/thermal conductivityelectrical/thermal conductivity

Problems inProblems in
Quench protection, StabilityQuench protection, Stability
CoolingCooling

LHC Project Report 209LHC Project Report 209



Irradiation effects on 
Al, Cu in literature

pure Al (RRR=2286)
Fast neutron 2x1022 n/m2

Induces ρi=3.8nΩ.m [1]
ρi=0.02nΩ.m for 1020 n/m2

Perfect recovery by anneal 
at RT

pure Cu (RRR=2280)
ρi=1.2nΩ.m [1]
10% damage remains after 
annealing at RT

Recovery after irradiation 2x1022 n/m2 (E>0.1MeV)

Aluminum

[1] J.A. Horak and T.H. Blewitt, J. Nucl. Materials, 
Vol. 49 (1973) p161

Copper

How about cold-worked Al-stabilizer
tests at KUR



Cooling in high radiation
Bath cooling could cause helium 
activation

Tritium production by 3He(n,p)3H
Conduction cooling

Remove nuclear heating (max. 20W) by 
pure aluminum strip in between coil 
layers

Thermal conduction can be degraded 
by neutron irradiation

Temperature gradient in coil
0.5mm thick, λ=4000W/m-K 
(RRR=2000) ΔT=0.12K
If irradiation degrade λ=400W/m-K 
ΔT=1.2K

Taking into account margin for 
irradiation damage, thick aluminum will 
be used

2mm, λ=400W/m-K ΔT=0.3K

COMET

ATLAS CS

NIMA584, p53 (2008)

Heat Load
Heat Removal



Quench protection

Aluminum stabilizer
Induced resistivity by 
neutrons

ρi = 0.02-0.03 nΩ.m for 
1020 n/m2

Should keep ρ<0.5nΩm
Thermal cycle to RT  
every a few x 1020 n/m2

100K 150K

COMET CS

ρ=0.05nΩm
ρ=0.5nΩm

ρ=5nΩm



Watch Sample
Monitor degradation of electric 
resistance during irradiation
Specimens made of same 
material as SC stabilizer, thermal 
conductor

If degradation is detected during 
magnet operation

Magnet would be warmed up
Annealing at RT

Cu, Al samples at the top of Cu, Al samples at the top of 
SuperOmegaSuperOmega SC SolenoidSC Solenoid

Cu (RRR=300)
φ1mm x 45mm (28mm for Vsense)

Al (RRR=3000)
0.5x1 x 45mm (28mm for Vsense)

0.3x1020 n/m2/MWyear



Summary

Conceptual design of COMET superconducting 
solenoid magnets has been performed
Solenoid capture scheme is employed to realize 
the intense negative muon beam
Pion Capture Solenoid is operated in severe 
radiation
Radiation hardness of magnet material is 
inspected and is taken into account in the 
COMET magnet design

Stabilizer
Thermal conductor
Thermosensor can be degraded?




