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The COMET
-xperiment
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Requirements for COMET magnets

« Produce high intensity muon beam Goal: 101! u/sec

e Large acceptance to collect pions from production target
« High field on pion production target
« Graded field to focus pions forward

« Reduce pion contamination / high energy muons
* Long solenoids from production to muon stopping target
« Curved solenoid with dipole corrector to select momentum / charge

« Solenoid field for spectrometer
e Large aperture for detectors
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Magnetic Field Design [
(COMET phase-1)

« Pion Capture Solenoid
« 57 on Target embedded in magnet bore

« Muon Tra nsport Solenoid . COMET Magn.etlc field ?Iung the muon Peam axis
« 37 curved solenoid 1
« Correction dipole max. 0.07T a4l
« Detector Solenoid = ]
+Bridge Solenoid 5%
« graded field from 3T to 1T =N
=
14
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Distance from the pion production target [mm]



Superconducting Magnet System
for COMET Phase-1

CurrentLeadBox—____




COMET Pion Capture Solenoia

built-in SUS shield (t170)
as magnet vessel

Superconducting
Solenoid Coils of
Al-stabilized Conductor

Support Shell of
Forged Aluminum Alloy

Production Targe

g:f CS Inner Shield



Coil Structure

Aluminum stabilized SC cable
« for less nuclear heating

 Radiation resistant insulator, resin
« Polyimide film, Bismaleimide-Triazine resin

« Boron-free glass in GFRP

e Pure aluminum strips in between layers

« to cool down a coil inside

DESIGN PARAMETERS OF CAPTURE SOLENOID MAGNET

Item

Value

Conductor

Cable dimensions

Cable insulation

Magnet length

Num. of coils
Operation current

Max. field on conductor
Stored energy

Coil inner diameter

Aluminum stabilized SC cable
Al/Cu/NbTi=7.3/0.9/1

15.0 x 4.7 mm’ (without insulation)
15.3 % 5.0 mm® (with insulation)
Polyimide film/Boron-free glass
cloth/BT-Epoxy prepreg.

~6 meters

10

2700 A

55T (Te=65K)"

47 MJ

1324 mm (CS0~MS2)

500 mm (TS1a~TSle)

800 mm (TS1f1)
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~ LHe cooling pipe

Pure Al strip

Al-stabilized
SC Cable

GFRP(BT) spacer

15cm

Conductor
~ Ramp/Splice

Al stabilized SC cable
n Size: 4.7x15mm

m  Offset yield point of Al@4K:
>85MPa

RRR@OT: >500
Al/Cu/SC: 7.3/0.9/1

s B 14 SC strands: 1.15mm dia.



Coldmass Fabrication
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Wet winding with BT+Epoxy resin ¥ \\ ! ’
CS thermal S?ﬂETd



Radiation Environment for Pion Capture
Solenoid e
. COMET Phase-2 e B e |

c]

Energy Deposition [Gy/se

« bokW 8GeV proton beam E oL 5 7’# e
« Tungsten target % N target{,ﬁj—n - -
« Tungsten shield 100 B | .
« Peak heat deposit e j
e ~40 mW/ kg 0] e e |
- 1MGy for 300day operation F] :gg o Py
» Peak neutron flux 5 |
x 10°F ]
e ~4x1014 n/m?/s < 10| -
> 102! n/m? for 30day operation s ﬁm | ,
10°F :
Radiation-tolerant magnet is mandatory T R TS T AT AT AT 1“02 10°

Kinetic energy [MeV]



Neutron lrradiation / Annealing Effect in Electrical
Resistance of Stabilizer

Resistivity at Cryogenic Temperature (nQ2m)

5.00E-06
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Al: 0.03 nOhm.m for 1020 n/m?
Cu: 0.01 nOhm.m for 1029 n/m?

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),d0i:10.1109/TASC.2022.3178944



Coil Temperature during Beam Operation
(phase-2)

g?.ﬁ;—n T ||||-E

« Simulation including heating by irradiation E ?‘:f,:; - //Tc;s,
« Peak temperature in coil is estimated £ o5 "%l -
assuming irradiation by 56kW beam < 6 :
operation S /_3

« Temperature will rise as thermal s :,,/_E
conductivity degrades by irradiation ;M’””’”

4‘5 T A R PRI R SR T R R SR T BT
» Irradiation damage in aluminum can be L cam Operation Time [days]
recovered perfectly by thermal cycling to
room temperature.

MS2 MSI , 45K +5k(CS04 5%

45K 45K 45K 45
4 3

Max: 48K Max.: 52K Max.: 62K Max.: 5.1 K

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



Field (T)

DSBS assembly

e Field bump between MTS
and DS can be tuned by BS

1000

DS-BS Field along the axis
—BeamAxis 250mm
. -

—BeamAxis 180mm
X
.I-

-

DS Center S O .

DS_BS " DS Back
- | End
| ————

2000 3000 4000 5000
Distance along the beam axis from BS to DS Back end (mm)




Detector Solenoid

1 Tesla on the muon
stopping target

e Large aperture for CDC and
trigger hodoscope

« Cyogen-free magnet
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SPECIFICATION OF THE BRIDGE SOLENOID AND DETECTOR SOLENOID

Bridge Solenoid | Detector Solenoid
« Cooled by 3GMc r'yoOCoO lers Conductor NbTi/Cu monolith wire Cw/NbTi = 4
Strand dimensions ¢l.'2 mm (without insulation)
¢1.3 mm (with insulation)
Cable insulation PVF
Coil inner diameter 460, 620 mm 2140 mm
N Total coil length 1.4 m 29 m
e e I TSR Operation current 155 A 189 A
e T Magnetomotive force 1.9 MAT 2.5 MAT
Field on axis 3T-1T 1T
Inductance 29.1 H 236 H
Stored energy 0.35 MJ 4.2 MJ
Refrigeration conduction cooling conduction cooling
by GM 2 x 1.5W by GM 3 x 1.5W
Quench protection external dump resistor quer;uflzn ng:l?\lfli:ater




Sridge Solenoia

« To be installed between DS and MTS

« Magnet vessel is mounted on DS end
flange, due to space limitation

 Need supports for large magnetic force
and vacuum sealing
o 200kN with DS,MTS
o 430kN with MTS
o 240kN with DS

BS support arms

SPECIFICATION OF THE BRIDGE SOLENOID AND DETECTOR SOLENOID

Bridge Solenoid

Detector Solenoid

Conductor

NbTi/Cu monolith wire Cu/NbTi = 4

Strand dimensions

@1.2 mm (without insulation)
¢1.3 mm (with insulation)

Cable insulation

PVF

Coil inner diameter 460, 620 mm 2140 mm
Total coil length 1.4 m 29 m
Operation current 155 A 189 A

Magnetomotive force 1.9 MAT 2.5 MAT
Field on axis 3T-1T 1T
Inductance 29.1 H 236 H
Stored energy 0.35 MJ 4.2 MJ

Refrigeration

conduction cooling
by GM 2 x 1.5W

conduction cooling
by GM 3 x 1.5W

Quench protection

external dump resistor

semi-active
quench back heater




COMET SCM Summary

e Superconducting Magnets

« Capture Solenoid

e Construction completed

« Soon to be installed to the experimental hall

« Connection to the cryogenics and cold testing in next year
* Transport Solenoid

« Construction and Installation Completed

« Cold testing and field measurements also completed
« Bridge and Detector Solenoid

e Construction completed

« Now waiting for installation



Major Physics Projects at J-PARC with
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« Muon anomalous magnetic moment (g-2)

Ba C kgl’O U ﬂ d « 5.0 o discrepancy between FNAL measurement and prediction

« Measurement (FNAL): 116 592 055(24) x 10-11 (200 ppb)

« SM prediction 116 591 810(43) x 10-11 (370 ppb)
« Can be a contribution from new physics
« Muon EDM

« Upper limit given by BNL : 1.8 x 10-9e - cm (95% C.L.)
« EDM and g-2 can be induced by the same new physics

A. Crivellin et al., PRD 98, 113002 (2018)

Standard
Model
BNL
White = " (2006)
Paper }——@——
(2020) ENAL FR-126 faso1 (202)
—— - -
(2021) e vl a8 24, ctaoos (o)
Phys. Revl A 103, 042208 (2021)
e
S
9,
H - oecon .. J-PARC 9
. *  (projection) o
11 1 | I 11 1 1 | 11 1 1 I 11 1 1 l 11 1 1 I llllllll l 11 1 1 I 11 1 I 11 1 |

|
17 17.5 18 18.5 19 19.5 20 20.5 21 21.5 22
Anomalous magnetic moment (a,x10° -1165900)

= — c
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muon g-2/EDM measurements

Anomalous magnetic moment (g-2)
a,= (g2)2 =11659208.9(6.3)x10"° (BNLE821exp) 0.5 ppm
11 659 182.8 (4.9) x 107° (standard model)
Aa =Exp-SM= 26.1(8.0) x 10 30 anomaly

In uniform magnetic field, muon spin rotates ahead of
momentum due to g-2 # 0

general form of spin precession vector:

. e - 1 Bx E . . E
w=-—\|a B-|a, - P + 1 PxB+—
M H 2
m vy -1) c 2 c
BNL E821 approach J-PARC approach
- y=30(P=3GeV/c) |  E=oatany
- el = -~ - F . e - ~ =
o=-\a B+ pxB+— w=-— aB+Q(ﬁxB)
[z Iz
m 2 c m 2
Continuation at FNAL with Proposed at J-PARC with 0.1ppm
0.1ppm precision (E989) precision (E34) 1

Slide by Mibe !



J-PARC muon g-2/EDM experiment

J-PARC MLF

Prog. Theor. Exp. Phys. 2019, 053C02

Constructed in 2021

Features:

* Low emittance muon beam (1/1000)
* No strong focusing (1/1000) & good injection eff. (x10)
« Compact storage ring (1/20)

The only experiment to check FNAL/BNL g-2 results

Excellent sensitivity to muon EDM about 100 times better than the
previous limit (sensitivity : 1.5 E-21 ecm )

22



Vuon

storage magnet ~ SC So\enmd

* |Important requirement for muon storage region
« Storage region:
« radius:33.3£5.0 cm MRI magnet
« height: =10 cm - technology !
e Field strength 3 T
« Spatial and temporal homogeneity : £0.1 ppm

=

» How to inject muons to the storage region in the center of Sq solenoid

.

Spiral injection scheme

» Inject the beam from magnet end
» Spirally down to magnet center

» Apply vertical kick field to the beam around
magnet center (storage region)

» Apply weak focus field to store the beam in
to the storage region

Demonstration of spiral injection with DC beam ->

23



Specifications

<« Storage region :

radius : 33.3x 1.5 cm, height: £5 cm

Field strength : 3T

Bz uniformity : 0.1 ppm (Azimuthal integral)
< Injection region :

Smooth field for beam injection

<« Weak focus field: B
B =-p=2%, n:1.0x10%4-2.0%x10"

Cold box

| = N | .

N .

[T“Iﬁ”

i

24



Overall Design

>

Superconducting coils : NbTi
» Main solenoid coil
Persistent current operation
» Weak focusing coil
Power supply operation
» Shim coils
Power supply operation

Field tuning system using iron
pieces

Iron yoke
» Adjust field shape

Cooled by liquid Helium
 Cryocoolers to recondense LHe

Separated cold box from magnet cryostat
* [solate vibration

Vibration isolation/control system -

Cold box

B = N =

[ -

Concrete
plate T




\Vain coil parameters

Muon beam

5 coil blocks Shim tray-—
tunnel
DIMENSIONS OF MAIN COIL BLOCKS
MCIU/MCIL  MC2U/MC2L MC3 Shim coils -
Inner radius 801.5 mm 801.3 mm 799.6 mm Weak
Width 54.9 mm 53.9 mm 33.5 mm fO%ﬁ‘ls coil -
Coil center z position  +/-632.7 mm +/-228.5 mm 0 mm '
Height 235.6 mm 96.9 mm 114.5 mm T e
Turns/Layers 107/36 44/36 52/22 I ‘ H
Peak B field 54T 46T 39T 4 t .
Hoop stress 1.3e7 N 5.0e6 N 3.8e6 N MC2U : S
MAGNET MAIN PARAMETERS | I;
. Shim trays g b
Item Value  Unit
Nominal central field 3.0 il
Nominal current 417.5 A
Stored energy 14.6 Ml - e
Inductance 166.9 H E i
Peak field on strand 54 T .
* - . S
Total weight~150 ton Persistent current operation T 1L
Q owEi
= :
1. 5 » SC strand s
1, 4 . . . ) -" } ¥ |
22 ) NbTi with Cu Stabilizer * 400 217 Maghetic Fild
7 N z‘ 2\ ation Surface
e , » Cu/Sc=14 L \Q
. NbTi W W
| e (5 H:,; ) ) C u R R R —~ 1 O O 200 275 35 425 500
\ Radial position R (m)
2023/01. ro.3 ) Load line :~65%

» Expected homogeneity £0.085 ppm

6



Cryogenics

« Basic concept
 LHe pool boiling
 GHe re-condensation system

» Cold box with GM cryocooler
separated from magnet } <- Vibration damping

« Open dewer (GHe recovery)

} <- Temperature stability

Other conditions
» Main coils : persistent current
mode

» Weak focus coil and shim coils
driven by individual PS
100 AHTS lead x 2
10 A HT lead x 24

» Cryocoolers
» 2 stage 1.8W GM : ~4
» 1 stage 160W GM : 1

2023/01/31

27



Schedu

e (Mar. 2024)

JEY

2022

2023

2024

2028 and
beyond

KEK
Budget
Surface v Beam at H1 area % Beam at H2 arex: &D
muon =

1 1 S
Bldg. and Final design % % Completion ‘B
facility é’
Muon V' lonization test|@S2 % lonization test at H2 £
source O

O
LINAC * 80keV acceleration@S2 * fabrication com*l :Ztio VeV
* 4.3 MeV@ H2 P
Injection and * -
Completion of * S
muon injection
storage electron injection test J
% Install
Storage * B-field probe b
magnet el % Shimming done
Detector V' Quoter vane prototype * Mass production ready * Installation
= : . )
DAQ and grid service open ' * small DAQ System
) % common computing operation test

computing resource usage start X |Ready
Analysis % Tracking software ready

*

Analysis softwarg

ready

v' might be delayed, depending on budget approved by government

28
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Superconducting Magnets
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« Being proposed
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J-PARC MLF 2nd Target Station 152

TS2-Pion Capture SO'E“OId ” "_,t._' = "Materlals (Bife Smence Yadlien
(10 years operation) g#=isE i He Nl Experlmental Facility (MEF ) e e Tt

O Heat Deposit: ~450 W 7 S e Ny . L) Facility

-~ (RCS)3GeV FERT Ny e - é

O Neutron fluence: 7.8 x 102! n/m? s
O Absorbed Dose: > 100 MGy

3‘5&'

!A.: - " B ,'

—

Requirements for operation in ;‘;g v | ™NEutrino ;
- At ' Experimental ‘ —
high radiation environments g 3.pARC Failty I?:acmty o MR (Main Ring
427 (KEKIJAEA) e i Synchrotron) 30 GeV [
PHITS Code . .
:""l TIUSY Lelisy ALNNY RROEN TIUSY TAION SISl faTsy TRASy DI 105 Plon Ca ptu re SOIenOId (PCS)
w07 | __for Muon Beamline
g 100k 3
Ng 10° :— E
?ml ool voool voomd dvood vooml ol ool ool ool 1 fm |j SOIenOId
10710%107°10#107°102107" 10° 10" 107 10°
Energy [MeV]

AVG. flux at the top 100 mm
of the coll

Simulation for muon

beam transportation




Challenging issue 1: Conductor

O It is difficult to maintain the 5K temperature range of the LTS conductor
under a heat load caused by nuclear heat of over 450 W.

REBCO coated conductor
High temperature margin (T-=93 K)
- Conduction cooling operation in the temperature range of 20 K
High magnetic field tolerance of Ic

- Potential for 20T class high field magnet

Thermal Conductivity of Aluminium

3

Thermal Conductivity [W/m/K]

Now A Wd

o © ©o o

(=] o o o

S o o o
I

Field =3.5 Tesla
— RRR=2000 1
e RRR = 1000

......... RRR =500
..... RRR =100
—-RRR =50 =

680 720

HTS Solenoid | 200 200‘200

R&D have been performing to realize a conduction-cooled

solenoid at 20K based on REBCO conductors.

Stack of double pancake coll

» ID=1600 mm, T=21 mm, L=10 mm, 70 turns/layer

» Number of double pancake coils: 60 (20 x3)

» Conductor : REBCO, W=4 mm, T=0.1 mm

» Insulation: Mineral, t=0.1 mm

» Operation Temperature: 20 K (He gas cooling with pipe)
» Transport current: 200 A (Load line ratio: 0.48)

» Peak Field: 1.11 T at center, 2.25 T (B//c) at coil (200 A) 0.0

$1600

Iron Return Yoke

Radiation Shield
(Tungsten)

» (XN/(/‘W> A

Proton Beam

Radiation Shiell
(Tungsten)
- o | i |

[ron Return Y@[K.

) ]
0 20 40 60 80 100 120 140

Temperature [K]

LT
42 | 42
..06
.10

Production Target




Design case study of conductor and magnet

Conductor Width
Operating Current
Allowable coil voltage
Inductance
Dump Resistor
Decay Time Constant
Quench detection time
Current Square Integral

O TS2-solenoid quench protection is difficult due
to its large inductance (~36 H)

KEK has begun development of REBCO

conductors with increased stabilizer content

Al-stabilized HTS conductor

> Integration REBCO tapes and CCA ribbon by
soldering
» REBCO tapes with their superconducting layers

facing each other

0.06

REBCO—_,
(t=0.1 mm)

Cu-clad AN,

MIITs/S? [M{A/mm?)Zs]

0.04

12.0 6.0 4.0

A 1200 600 400

V 500 500 500

H 4 16 36
W 0.42 0.63 1.25
sec 9.6 19.2 28.8
sec 1.0 1.0 1.0
MAZ2.s 8.4 3.8 2.5

----------------------------------------------

ribbon 002

(t=2.0mm)

REBCO | 5 |
(t=0.1mm) . M .
. 7/ mm

Copper-clad Aluminum (CCA)

Temperature [K]

Cu_3T_RRR100
- — == Cu_3T_RRR50
Al_3T_RRR1000

Al_3T_RRR500

Al_3T_RRR100
Al_3T_RRR20

Al_3T_RRR6 I

waxt2
wéxt3
==wbxtl

wbxt2

—_ - = wbxt3

=——==wl2xtl

wl2xt2

— - —wl2xt3



Jointing test on short samples

® CCAflat wire : 0.17 mm thick, 4 mm wide
(T¢,=0.015-0.02 mm, Al: 8030 Alloy)

® REBCO: YBCO with AP x2
(SCS4050HM, W4mm, Ic= 70A)

® Joint length: 200 mm

® Temperature conditions:
195°C-2min / 210°C-2.5min / 220°C-4min

3.0 [ o-so ]

® No. of trials: 39 (25 successes / 14 failures) . S5 i
g "o
S - ]
ioi - $20 P o LT

O REBCO and CCA are successfully joined by soldering > 1

5 [ a7 v

O All 17 failures are caused by the tilt of the press jig > |  criteria it

21.0 | et gt

O |- decrease of about 20% has been observed S ;f {
0 Mechanical testing is underway 0> vhv,«' 1
O After further short sample Jointing tests, long tapes will 0.0 | R

60 70 80 90 100 110 120 130
Current [A]

be tried with reel to reel system




HTS Irradiation Effect Measurements
( BR2 @Belgian nuclear

MLF TS2 Summary | o

« MLF Second Target

« Now under consideration
« First proposal is intensively discussed

« Basic technology research for superconducting magnet is started
« HTS solenoid under high radiation environment
« Aluminum stabilizer for quench protection
« Radiation hardness of the magnet
- Irradiation tests of various HTS conductors ...
« Development of inorganic insulation ==
P

lc Measurement Magnet in Hot Lab.

Reel to Reel Ceramic Coating System

ud
Al

------------------
------------------

-----
............

oooo
......

& Automatic |
spray - ERSSZ I

e Succeeded in 25 £ 4.7 (o) ym thick ceramic

LRI o' pulleys coating 40 m length on both sides of a REBCO tape



One more thing
« [TDC Workshop

e Superconducting magnets for Accelerator Sciences

-Prospects and Issues-
« https://kds.kek.jp/event/51828/timetable/#20240925.detailed

1330 —+1324 WS information
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1338

1345

148

14:45
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Introduction 10m

Speaker: Makoto TOMOTO xex irus

Thin solencld type detector magnet ~ past and future ~ 3om

Spealoar: D Yasubiro MAKIDA ex pye

Rebuilding production technology on the Aluminum-stabilized

Spealcer: Makoto YOSHIDA (x ing)

Additional talk (TBD) 30m

Request : Big and strong magnets d

Spesloer: Or ME WA v

q
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ded by dark matter axion searches

up

30m

& FARRE

@ 1FAERE

30m

1546 |~ 1010 S0 magnet for tanget | capture secondary particles

15:85

1615

Rl ]

15300 - 1130 SRS

J-PARC MLF secondary target project F0m

Speaker: Nartioshi KAWAMURS cox mss wsy)

SC magnat far target A

Speaker Of Mukesh DHAKARWAL ®Ex / HPART)

High-temperature superconducting application/high field magnet

Speaknr Satoshi ANAI Tonaks Uneesid

2h30m

1000 = 1330 SC magnet for accelerator

10:00

1015

1045

1115

1145

SC magnet for acoelerator 15m

Speabnr: Tadashi KOSEK ke oo

Supar KEKB Nb35n facusing magnat 3
Speakier Yasuahi ARIMOTO KEx Aol

Dawelopmant of HTS Accelarator magnat for SuparkEKE 30m

Speaker Xudong WANG (KK aco0

Development of wire for strong magnetic field scoelerator magnets

Speaker: Michinaka SUBAMD (xex anLosvc)
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Zhm

FLEEE (2T yF—HE

& 1 FRERT

a0m

Current status and prespects for accelerator applications of high-temparature supercenducton A=

Speabur: Or Macyuki AMEMIYS (Spein Unsemiy)

1330 = 1430 Discussion / Site visit
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