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Lepton Flavor Mixing
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Searches for Charged
Lepton Mixing

m Lepton flavor violation
- Beyond standard model ©F s

m Muon plays important 07
role in the searches
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The COMET
Experiment
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Detect monoenergetic electrons
from u-e conversion
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Physics Reach: Br<10-1% (Phasell) Signal
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COMET at J-PARC (=
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beam

m Pulsed proton beam
at 8GeV from Main
Ring

m New muon beamline
IS under construction
at Hadron
Experimental Facility
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Muon Source %,

m Inject protons on target

——
m Trap secondary particles by ——]
magnetic field Transport

m Transport pions, muons in Solenoid

Capture

long solenoid Solenoid
Solenoid Focus
charged particles in graded [ |

solenoid field are focused forward

Pt D,

D; : Pi

2
Pt/4 o py x R = const.
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High Intensity Muon Source

2 oA AR

RCSDS | b
m Large aperture and strong magnetic M*UI/ vl W /
field to capture m,u q“ﬁ %
0 Radiation from production target

m Long solenoid to decay =, transport p
jiatiog shield COMET

MuSIC

DC muon source@RCNP
" 6900 Cryogen-free magnets ..
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=400W proton beam (100W on target)
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Goal: 10 u/sec

Requirements on COMET muon beamline

1. Large acceptance to collect pions from production target

-High field on pion production target
- Graded field to focus pions forward

2. Reduce pion contamination / high energy muons

Long solenoids from production to muon stopping target
- Curved solenoid to select momentum / charge

3. Large signal acceptance. Reduce decay-in-orbit BG

- Graded field on muon stopping target
- Curved solenoid to select 105MeV/c electrons



COMET Magnet = s=
(P hase 2) ; N - o
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m Pion Capture Solenoid | |

5T High field on Target :

TungSten Shleld InSIde -0—500 . i 5;]0 1(]'00 1500 2(]'00 25I00 300(].. 3500
m Muon Transport Solenoid e

3T curved solenoid

Correction dipole 0.03T~0.06T 7
m Stopping Target Solenoid

3T 31T graded field *
m Spectrometer Solenoid

1T curved solenoid
m Detector Solenoid

1T curved solenoid

COMET Superconducting Magnet Sf/gtem
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Staging Approach

R —
\ \fl\\

Phase-|

« 3.2kW proton beam (8GeVx0.4uA)

« Sensitivity Br<10-14

» Graphite target

* Pion Capture Solenoid + 90deg curved
solenoid

» Cylindrical drift chamber + trigger
hodoscope

* Physics run will be in FY2024

Phasell
56kW proton beam (8GeVx7uA)

» Sensitivity Br<10-16

* Tungsten alloy target

* Pion Capture Solenoid + 180deg curved
solenoid + Spectrometer Solenoid

« Straw tracker + calorimeter

11
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‘ O I\/I E I I\/I ag n et COMET Magnetic field along the muon beam axis
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COMET Pion Capture Solenoid

Superconducting
Solenoid Coils of
Al-stabilized Conductor

Support Shell of
Forged Aluminum Alloy

Production Targe

g:: Radiation
Shield
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Key Issues
on PCS

m Radiation tolerance of
magnet materials Is
Important

m Organic material
Insulation, structure
Strength
Out gas

m Metal
Cooling path, stabilizer
Electrical conduction
Thermal conduction

m Radioactivation of He

Nuclear Heating : >100W
Peak dose rate in Al : ~1MGy
Neutron fluence : >10% n/m?

MARS2010+nuc.lib.
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Aluminum-stabilized
Superconducting Cable

15mm J

m Developed for detector

solenoids £
needs transparency for =
particles
m  Size: 4.7x15mm
! . m  Yield strength@4K: >85MPa
m Small nuclear interaction = RRR@OT: >500
Cross section = Al/Cu/SC: 7.3/0.9/1
- Small internal heating
m Low residual resistivity RRR=500 RRRD

COMET CS

stabilizing e s

guench protection / y
m High-strength

Doping additives —

Hardened by cold work L " 100K 150K

Trmax (K)

15
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Coil Structure (Pion

Capture Solenoid)

m  Aluminum stabilized SC cable
1 for less nuclear heating (max. 35mwW/kg)

m Radiation resistant insulator, resin

DESIGN PARAMETERS OF CAPTURE SOLENOID MAGNET

Item Value
u Pure alumlnum Strlps In between Iaye I'S Conductor Aluminum stabilized SC cable
71 to cool down a coil inside AI/Cu/NDTi = 7.3/0.9/1

Cable dimensions 15.0 x 4.7 mm* (without insulation)
15.3 x 5.0 mm?® (with insulation)

Cable insulation Polyimide film/Boron-free glass

. cloth/BT-Epoxy prepreg.
CS C oil structure Magnet length ~6 meters
Z ; Num. of coils 10
Lomm Cooling Pipe Operation current 2700 A

(2-phase He) Max. field on conductor 5.5 T(T,=6.5K)"

L
f

Stored energy 47 MJ

e |- Coil i di 1324 CS0~-MS2

g Supgg&ghell PRSP o imer dameter 500 mnr:aHH“S]%TSlei

<« 800 (TS1f)

2T+.Ep°xy Coil length ~1.gnr?1](CSO+CSl}
ULUVU """"l""""" el ~1.4m (MS1), ~0.7m(MS2),
Al stabilized SC cable TUDUUUDUUUDUDUUDUDUDDUDUUU!I BT.GFRP ‘ ~1.6 m (TS1a~TSf overall)
. Size: 4.7x15mm ShbddamG] =T Coil ayrs pcsvash
u Offset yleld point of Al@4K: QVUDDDUUDUUDUDUDUDDDDUUU ‘ o 1~6 (TSia~TSI f)
>85MPa UUDUUDUDUDUUDUDUDDUUD ) Al-stabilized Quench protection active quench back heater

DDUDUDUDDDDUDBDUDDDUU e " T, is critical temperature at the maximum temperature
S “ P perature.
A e

/ 6 B B e 16

RRR@OT: >500
Al/Cu/SC: 7.3/0.9/1
14 SC strands: 1.15mm dia.
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CO I d m aSS Fabrl Catl O n Support .shell of forged A5083

Wet winding with BT+Epoxy resin
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Coil Temperature during Beam
Operation

Coils in Pion Capture Solenoid will be
heat up by irradiation (max. 35mW/kg)

Peak temperature in coils is estimated
assuming irradiation by 56kW beam
operation

Temperature will rise as thermal
conductivity degrades by irradiation

Irradiation damage in aluminum can be

g TS T
5] L *CS0 & (CS1 1
s -+ MSI ¥ MS2 ]
2 6.5F — =
E L pa Tes
— r ;
~ o -
3 . .
= ssp P

C ’_,_-f//:
5_//:”**—/—4/—"_:

'.454':""* ]
gl .

. IR TR AR A T T RSN ST
0 50 100 150 200 250

recovered perfectly by thermal cycling to Beam Operation Time [days]

room temperature.

MS2 MS1
45K 5K

45K 45 45K

asK 45k[CS04 5k

4

¥t} 1312 3RRES
“

------

Max.: 48K Max.: 52K

Max.: 62K Max.:5.1K

Y. Yang et al., IEEE Trans. App. Supercond., 28(3), 4001405 (2018).



" J RRR = 40

Effects of Stabilizer

Degradation

= RRR of stabilizer will
decrease by

1 IIIIII]IIlIIIIIII.II|IIIIII_
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Simulation of Temperature Rise at
Quench

3000
— Non-irradiation
2500¢ — 30 day operation ]
E 2000 — 60 day operation 1
‘é 1500t 90 day operation J
6 1000
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0

0 20 40 60 80 100120140160
Time [sec]

Fig. 5. Predicted current, coil resistance, temperature at hot spot and coil
voltage after a accidental quench is occurred at varied beam operation time. The
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Fig. 6. Maximum temperature at hot spot for CSO (blue line), CS1 (red line),
MSI (green line) and MS2 (golden line) coil as a function of beam operation

time.

Y. Yang et al., IEEE Trans. App. Supercond., 28(3), 4001405 (2018).



Muon Transport Solen

_——
—
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Id
m 3T toroidal field =

m Solenoid + correction
dipole
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m Cu-stabilized SC wire
1.5mm dia. (w/o insulation)
Cu/NbTi=6

m |ndirect cooling with 2-
phase LHe pipe

W\
\%\

= Muon beam duct Sl —
shield at 60K IR
t10mm of SUS
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Muon Transport
Solenoid

m Curved solenoid with
correction dlpole Magnet already delivered at J-PARC.

Design Parameters of Transport Solenoid

Conductor NbTi/Cu monolith wire
Cu/NbTi =6
Cable dimensions $1.5 mm (without insulation)
(Solenoids) $1.56 mm (with insulation)
Cable dimensions $1.2 mm (without insulation)
(Dipole coils) $1.3 mm (with insulation)
Cable insulation Polyamide-imide enamel (AIW),
PVF (TS2-15,16, TS3)
Magnet length ~6 meters
Curvature Radius 3 meters
Num. of solenoid coils 18
Num. of dipole coils 16 pairs
Operation current 210 A (solenoids)
175 A (dipole coils)
Field on axis ~3 T (solenoid)
~0.056 T (dipole)
Stored energy 5.6 MJ
Total inductance 254 H
Coil inner diameter 468 mm (TS2a~TS2-16)
600 mm (TS3)
Refrigeration conduction from forced flow 2-phase

LHe piping (7~10 g/s)
Quench protection semi-active quench back heater
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Trajectory in Curved
Solenoid

Curvature R

Low B High B

Bcor/}\p:O.OLI-T / D
Bs=3T Bs ”

: (p) - 1 Bcomp =Bs x D/s
€0 2)\ Y T s

23
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Detector Solenoid
for phasel

m 1 Tesla on the muon
stopping target
m Large aperture for CDC
and trigger hodoscope
m Cyogen-free magnet
Cooled by 3 cryocoolers

DS coill

< RS ~ ~ ~ NN < ~
RN RN NN N NI \\\‘\\ N o N N
SRR ) SO

IV

© 1800mm |

Strand dimensions

Cable insulation
Magnet length
Operation current
Field on axis
Stored energy

Coil inner diameter
Refrigeration

Quench protection

N =— \nggﬁolenmd
Detec :
[tem Value
Conductor NbT1/Cu monolith wire

Cu/NbTi=4
¢1.2 mm (without insulation)
¢1.3 mm (with insulation)

PVF

~l m(BS),~2.5m (DS)
210 A

3~1 T (BS),~1 T (DS)
~14 MJ

460~620 mm (BS), 2140 mm (DS)
conduction cooling by GM
refrigerators

active or semi-active quench back
heater

24
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Irradiation Effects in Magnet

Materials V

] OrganiC pOlymer L ionizing radiation
Insulator
GFRP i
Adhesive 6 6 b. 6 6 6 o
Impregnation © 0 0™ o0 o o©

P I O O O O O O O

® Pure meta ~___ L= nuclear interaction
Stablilizer 5 6 6 6 6 6 o
Thermal conductor © o o o o o

OOOOOOOO
25



'_
Insulator, Resin

m Need radiation hardness
above 10 MGy

1 epoxy degradation ~1MGy

m Polyimide
m Bismaleimide-Triazine

= MGC BT3309T, BT2160, ...

1 Applied in J-PARC
accelerator magnet, Super-
Omega, etc.

m Cyanate ester
1 Applied in ETER

Irradiated at 340K
Test at 77K

—e—CTD-403
—=— CTD-406

4 CTD-410
——CTD-101K

'S
o

Apparent Shear Strength (MPa)
N
o

o

10MGy
0 1.0E+08 1.0E+09 1.0E+10 1.0E+11

Total Dose (Rads)

Fabian and Hooker et. al., presented at “HHH-AMT, Topical Meeting 26
on Insulation and Impregnation Technologies for Magnets”



Irradiation Tests of GFRP

m BT-based GFRP
has excellent
performance.

Load (N)

a)

Flexural strength (MP:

Flexural strength test w/ G10 sample irradiated at
30 MGy. Delamination of glass sheets is observed.

A. ldesaki et al. / Fusion Engineering and Design 112 (2016) 418-424

1000
(a) V-direction
800 | == e
J".’”i :I
600 4 P
- ! '
Al !
/3 :
400 ¢’ i
/' i
."
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200 ——EBT-GFRP ?B‘cﬁe‘fm
! ==+= G10 unirradiated
A P G10 50MGy
0 e ;
o 1 2 3 4 5 6
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800
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500
400
300
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100 L —e—BT-GFRP
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0 ' ' i
0 20 40 80 80 100 120
Dose (MGy)

1000
{b) H-direction .
| gD
— 600
=3
=]
o
Q
=400
200 - g | -m--- BT-GFRP unirradiated
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==x= 510 unirradiated
reneeee G110 SOMGy
0 A - . . . :
0 1 2 3 4 5 6
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800
(d) H-direction
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— S—
E 6’00‘ 4 _‘—‘——-a
=500k
E=
=] 4
& 400
B
£ 300
=3
g
w 200 —C—CE-GFRP
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100 —8—BT-GFRP
——G10
0 ' . ' .
0 20 40 60 80 100 120
Dose (MGy)

Fig. 3. Change in flexural property of GFRPs after gamma-ray irradiation: displacement-load curves ((a) V-direction and (b) H-direction) and flexu

and (d) H-direction).
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Irradiation Test on Thermal
Conductivitv of Insulation

Thermal Conductivity of Insulation
and Its Radiation Resistance

e Thermal conductivity of insulation tape is measured from 4.5K to 20K and tested
by gamma-ray irradiation up to sMGy.

e kins ~ 0.02W/m/K at 4.5K

e Assuming as polyimide (kins ~ 0.01W/m/K at 4.5K) conservatively in
thermal and quench analysis

» No significant degradation is observed by gamma ray irradiation with total dose
up to 5 MGy.
Sample B (5 MGy)
— Dl T ™

- T 3 1.2p T T
r E . = E 3
4 = - 4 o -
- 049 E - Fit (before irradiation) - g ]‘Isf_ 52+02K E
E0.08 E -~ Fit (after imadiation) -'¥ = = 1.1 =
‘i’ﬂ,ﬂ? E % Before imadiation éﬁ 3 E 3
i E 4 Adter irmadiation ¥ 3 g 1.05 3 3
'EUU(’ 3 5-‘* = 12 R i EE R EE L =
5005 F P E o F
S04k 4 5 0.95F E
20.04 F f; E i=) :
S003F ; 3 D 09F E
CO.03E - 2 1
Eoozf & E - 085F E
E0.0I _ E é 3 1 1 1 1 1 _r
0 E . | — P B E E | [-~1 PRI B PR EE——
0 5 10 15 20 25 0 1 2 3 4 5
Temperature [K]| 18 Total Dose [MGy]

Y. Yang et al., Cryogenics, 89, 107-112 (2018).
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‘OC\\\'\\ 1 wt snnealing
Superconductor g N
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I |
|| o' B=80T
m NDTI |3
. fi TSl
No degradation up to 10%?2n/m? [ e :
= ReBCO ins i
. . o 12 3w
Discussed in the next talk Adv. Cryo. Eng., 32, p853 (1986)
B«125T
/
1.0Q T T T T T 1171 ’,o_'k Jeo ’:‘%
NbTi s ‘ "
0.95~ ¢ HFBR %3?51(1 ] 4.5=10*" m* (E>Q1MeV)
30-Gey PROTONS (4K i
* 30-GeV PROTON a8} ! .
ooor ggs &)RENT NEl.rrncl; ’ i "
F Efb’éﬁf:"zz a7 | e 25%10" m™* (E>0.1MeV)
»085|- Hy=aT 1 !
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35 100 200 . 300
0.75F - |
T ool Lo 4o a il Lo paaril 1 Fig.9.Recoveryofjc/joouptoroomtemperaturefor4d1ffer-
022 10%3 10%* ent samples of Nb-50 wt% Ti (measured at 4.2 K and 1.25 T),
FLUENCE (m~2E >IMev) after [44). The measurements were made on one filament (Nos.
1-3: 11 pm filament diameter, No. 4: 21 um) of multifilamen- 29

J. Nucl. Materials, 108&109, p572 (1982) tary wires.
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Irradiation Effects
In Pure Metal

m Stabilizer
Aluminum alloy
Copper
m  Thermal conductor
Pure aluminum
Copper
Aluminum alloy
m  Thermo sensor
drift at high neutron fluence

0.009 -

0.008 - -~ Cernox
-8 RhFe Wire
00071 | & RhFe Thin Film

0.006 -

£0.005
E 0.004 4
0.003 4

0.002

0.001 A

2E+14
Neutron dose (n/cm’)

0 1E+14

Figure 3 Error on temperature measurement on some
sensors during irradiation (Tbath=1.8 K)

LHC Project Report 209

MITs

200

Fast-neutron irradiation induces
defects in metal.

Defects could be accumulated at
Low temperature,

and causes degradation of
electrical/thermal conductivity

-

Problems in
Quench protection, Stability
Cooling

RRR=50

—COMET CS

RRR=500

150

100

50

//

100K 150K

1 1 1 1
50 100 150 200 250 300
Trna (K)




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

Recovery after irradiation

Pure Metal 2x10%2 nim? (E>0.1MeV)

Degradation by S
o +1 T T T I.'.l 1
- ALUMINUM }ir::' .
Reactor Neutrons
m Electrical resistivity increase with ; -
reactor neutrons f’ g
fast neutrons >~0.1MeV - :
m Irradiation damage can be ] *
recovered by annealing. g 7
perfect recovery in Al R sy oSk
m Effect of impurity and strain?

o] | g ? 1 .’I: § "f § ?Ot(ﬁ)"“bl?l Copper
003N R - - oy T T T T T 71
2% ¢ AT e LI e Nl i  copeer
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M. Nakagawa, K. Boning, P. Rosner, and G. Vogl, Phys. Rev. B 16, pp. 5285-5302 (1977) 100 *'g ks

TEMPERATURE, “K 3 1



He-gas He iy

eturn Pipe ater Shield X
_ peactor Wall/ /AL/SUS Joint .J a CO"C? shield
ol ing AXNIKRAIII T
Water N NN ey g
Low Temperature oy SR
ke ) 7 f////"/ 7%
&
L] L] L] L] /VA
Irradiation Facility 708
VL

Kyoto Univ. Research Reactor Jr

Reactor

|nSt|tUte e . Sample Dropping
5MW max. thermal power
Cryostat close to reactor core

Sample cool down by He gas
loop

1 10K - 20K
Fast neutron flux(>0.1MeV)

Floor ‘yicuum Le ad-wire
| i qu He
=/ 777 1| S SR

[2] M. Okada et al., NIM A463 (2001) pp213 -219

Gate Valve

power

KUR neutron spectrum

dl

E ol el il el el el el il
" 7 6 = " =) 2 -l
10 107 10 10 ]eonergv IHSW 10 10 i 10

KUR-TR287 (1987)




Irradiation Sample

m  Aluminum alloy
EDM cut from aluminum-stabilized SC cable
Immx1lmmx70mm (45mm Vtap)

Al-CuMg OFHC
= 5N Al + Cu(20ppm) + Mg(40ppm) with 10% cold work (RRR~450)
Al-Y 0
= 5N Al + 0.2%Y with 10% cold work (RRR~330-360) 1t
Al-Ni
= 5N Al + 0.1%Ni with 10% cold work (RRR~560)
m Copper
OFHC for SC wire, provided by Hitachi Cabl "’ AN
dLlmm x 50mm (35mm Vtap) 1105 | . a2 20
RRR~300 1.0E-05 | — SERNOX 2014Apr |1 44

(K

m 5N aluminum | S0E06 | 16
provided by Sumitomo Chemical EBOR8 T 1 14
O 7.0E-06 - 1120

éImm x 50mm (32mm Vtap) | 108

tur

8 6.0E-06 |-

RRR~3000 S oree | / g

m  Thermometer £ 40E06 | 7/ I
CERNOX CX-1050-SD, CX-1070-SD 3.0E-06 - 14
Thermocouple (AuFe+Chromel) fgigz i | | | ] 2
-500 500 1500 2500 3500

Elapsed Time (min.)



Resistivity at Cryogenic Temperature (nQ2m)

Irradiation / Annealing Effect In
Electrical Resistance
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irrad. irrad. anneal

Al: 0.03 nOhm.m for 102° n/m?
Cu: 0.01 nOhm.m for 1029 n/m?2

AuFe Thermocouple Temp. (K)

All Al samples show “full” recovery of electrical resistivity after
thermal cycle to RT.

“Repetitive Irradiation Tests at Cryogenic Temperature by Neutrons and Protons on Stabilizer
Materials of Superconductor, M. Yoshida et al., JEEE Trans. Appl Supercond, 32(6), 7100405
(2022) doi:10.1109/TASC.2022.3178944



"
Proton irradiation test at J PARC‘

: cryocooler

» 3GeV-30GeV proton - \ —— - e
beam from MR gri— Dl A RN
Newly installed in 2019 | B -

Pure metal wire cooled by
GM cryocooler

Sample can be inserted to
— the beam line on demand.
s * remote handling 35




Aluminum
Extension
Rod
Sample
purity RRR shape
Al >99.99% 580 wire ¢ 0.25mm
Cu| 99.995% 306 wire ¢ 0.25mm
W 99.95% 28 wire ¢ 0.25mm

1020 mm

Resistance Al (Q2)

3.7E-05 4.8E-05

3.6E-05

3.5E-05

3.4E-05

3.3E-05

Beam ON

Cu

Resistance Cu (QQ)

4.4E-05

200 0.0 20.0 40.0 60.0 80.0 100.0 120.0 140.0
Time (min)

37.0 48.0
—e—Al —8—Cu

w
o
o

47.0

46.0

Resistance of Al (microQ))
[¥%)
v
Q

w
B
o

Resistance of Cu (microQ)

45.0

33.0 44.0

Before profile
meas.
After profile
meas.

After RT
anealing
After 30 GeV
proton irr.
After RT
anealing
After 8 GeV
proton irr.

Pure aluminum and copper was
irradiated by 8GeV and 30GeV protons

Damage rate is reproduced by
simulation with extensive Molecular
Dynamics (arc-dpa model)
Recovery was observed

1 Could be perfect even in Cu in this high energy
range

“Repetitive Irradiation Tests at Cryogenic Temperature by Neutrons and Protons on Stabilizer
Materials of Superconductor,“ M. Yoshida et al., JEEE Trans. Appl. Supercond, 32(6), 7100405 36
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Summary

m Superconducting muon beamline for
COMET phasel is under construction

m Radiation-tolerant superconducting
solenoid, Pion Capture Solenoid, is
developed and under fabrication.

m Radiation effects in magnet materials are
iInvestigated.
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