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KEK-TRISTAN MZEZZF(NS)
E—LAUNREA, KR ERHA

KEK-B B factory ZZR., #A
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KEK Compact Energy Recovery Linac
STF SC Linac (for preparing ILC)

A. Yamamoto, 2022/9/7




ThB SO NESR-MEEBRADBEERN ISR 10ERYEH

KEK-PS SC (n1) beamline
TOPAZ solenoid for TRISTAN

BESS solenoid ballooning in Canada
Muon g-2 storage ring

1990s WASA solenoid
Belle detector solenoid (assist)
MEG solenoid
LHC-IRQ,accelerator
LHC-ATLAS detector solenoid

BESS-Polar balloon in Antarctica
SC p-beamline for T2K v-beam (assist)

1980s

2000s

SRF R&D & STF linac (S1-Global)
2010s ILC Global Design Effort
Muon g-2 ring, moved and revived

A. Yamamoto, 2022/9/7
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Ph. Lebrun, JUAS-2019

Advances in Particle Accelerators based on SC Technology

BiER TR EREL-RFINERORENFEE :LHC

e
Lawrence /
B Pl
5 Te c.u.lunhadmﬂmni = :'«Q) cLic
19832: 1%t Cyclorotron 2 ., ot o
(LBL) : 1 e 2008; Large Hadron Collider (CERN)
- Diam. 0.13 m, Té; 1TeV | l?,R%I;fi'//%Qj - Diam. 9km,
a T oY
- Energy 80 keV 1Gev - Energy: 7214 TeV
B - Factor: 9 km/0.13m: > 6.9 x 104
1 Mev ;d/o‘— —
14TeV /80keV : >1.8x10¢8

1930 1940 1950 1960 1970 1980 1990 2000 2010 2020 2030 2040

A. Yamamoto, 2022/9/7



Circular/Linear Collider Accelerators realized

O - E#RE R E - INERDER

Colliders with

SC Magnet & RF

Colliders w/ SC magnets

(Bi=zEMA)

,v\ A \

Colliders w/ SRF system

(B85 EK)

100000 :
M Hadron Colliders
. Electron-Proton Colliders
> 10000 ® Lepton Colliders LHCP-P -
] # Heavy lon Colliders ——
EIJ g Tevatron_ -~ "oy
o [ - _ “LHC lead-lead
c 1000 — _
o PPy -” HERA :
4= : - -
E:I o .- RHIC
= © -7 -
T £ 100 SR ‘.’SLC LEP-Il
> O u @ - TRISTAN
[%2] ~
$ b4 DgRls o=
£ 10 e =
| < SPEAR ," KEKB Super-KEKB
: @ ADONE !
o) e
s 1 "9 ® VEPP2 —
3 PRIN-STAN 43 4= 5w 4
Courtesy, A. Ballarino
0.1 I I I I I
1960 1970 1980 1990 2000 2010
Year

A. Yamamoto, 2022/9/7
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E. Todesco, P. Ferracin, JUAS-2019

Particle Accelerators based on Lorentz Force
B S (Lorentz Force) ’é%ﬁ&'ﬁ'éh??]ﬂﬁ%ﬁ

* Principle of circular accelerators:

« Particles accelerated n the same circular orbit, multiple times,
according to Lorentz Force: ' = e( E + v xB)

H.A. Lorentz
(1853-1928)

» Particles accelerated — momentum, P, increased o LSS
. g . . ¢ Arc
— magnetic field increased (“synchro”) to keep the particles
on the same orbit of curvature p

* Electro field accelerates particles
spcEgme F=ek

il LSS

- Magnetic field steers the particles in a ~circular orbit

MBETHENS®  F=cy,B

A. Yamamoto, 2022/9/7

p=eBp
\

Constant

12



CAS Vysoke-Tatry, 12-Sept-2019, SC magnets, GdR

Critical temperature T, [K]

HEInE

A. Yamamoto, 2022/9/7

1 LS T T l 1 I ||
Hgm(a(u() @ 50 (.P1 THyS @ 155 GPa
150 b TIBACACHO: /6 OHngBa(aLu() -
BiSrCaCu0 @ ' || lig. CFy4
O HL,BH(_J(_L:I() FeSe Im
alC
: SrFFeAs / < lig. Np
507 P -~
? Cs3Cg0
@ 1.4 GPa MgB,
40 : v © -
LaSiCu0 o RbV
LaBaCuO :
30 : o o i -
. NbyGe BKBO | YbPd; By C LaOFFeAs :
Nb3Sn (o) O PuCoGas
20 | ~ <€ lig. H,
Q e K: (nu Li @ 33 GPa CNT
ok o : NbTi RhGas ]
Nb u I dlam nd
CeCu,Si, = UBej3 UPty Py Al‘ CeColns LaOFeP < lig. He
0 Hg p— T —_ AC Nl i i 1
1900 1940 1980 1985 1990 l‘)‘) ] ’()(l() 2005 2010 2015
. Year

W EYCIE]

Nb 9.2 (0.25) 0.18 0.21 0.28
NbTi 9.2~9.5 - 0.067 - 11.5~14
NbsSn 18.3 (0.54) (0.05) 043 | 28~30
MgB, 39 (0.43) (0.03) 0.31 39
YBa,Cu30, 92 0.01 100
(REBCO family)
BI;Sr;Ca1Cu05 | gy 0.025 >100/30
(BSCCO-2212)
BI2Sr2Ca,Cus010 | 449 0.0135 >100/30
(BSCCO-2223)
Application RF Magnet
13




Courtesy, CZ. Antoine, H. Padamsee

Superconducting Phases and Applications

HIZEREIZE L=

SC Magnet > Mixed stateby (GE&#)

Bc2 : reaching high field

NbTi (Bc2,Tc): 11.5T,9.5K
NbsSn (Bc2, Tc): 21.5T,18K

Bgy : Limit Meissner +
Nb (Bsp) : 210 mT
Nb3Sn (Bsh) : 430 mT

A. Yamamoto, 2022/9/7

BCZ

1 Mixed state with Vortex
(i.e. N. cond. flux line + screening current)

=

side view

- BInEHMA

=
—_~~
—
—
—

- B EZER

\ Meissner state Tc T

Screening current over 1, no mag. field deeper

14
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Progress in SC Magnets for Collider Accelerators
I8 (HA) MERORER

e
AL

LHC.D (NbTi)

4 6. J-PARC-T2K viRH) 8 - #{nE KK 1
E—hSA . B

scale ISR-IRQ
‘?%i

4 7. SuperKEKB &— A At R (8
WHA Y AT L0 Belle KL HEF~ DM A5A T,

A. Yamamoto, 2022/9/7 17
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Courtesy, L. Rossi

CERN-HL-LHC, Nb3sn B {EE# A, MgB2 BIZEEE

IR Quad. (MQXF): . . : ::Jig:zleJ-H-T
Nb3Sn, : ' ~ -
IR Dipole (D1):

D2 D1 D1 D2

o
Triplet Triplet

11 T Dipole
w/ Collimator

superconducting (L [ BEIAINIZY ... o G el ey < \\
Link; 6,18 m (Lcy) 6,18 m (Lcy) \
M g B2 5.3m (Lyag) | 2.27 m (collimator) 5,3 m (L)
<———> < D ——
— —
= -1
A. Yamamoto, 2020
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Courtesy, L. Rossi

CERN-HL-LHC, Nb3sn EE{EE# A, MgB2 BIZEEE

IR Quad. (MQXF): — | s Ao
Nb3Sn, D‘I;: o , .
IR Dipole (D1): e <l = |
s \';ﬁeld

D2 D1 D1 D2

o
Triplet Triplet

18 [——
16 HTS
‘-Eld e
] e Nb,Sn
=10 f——— —
[
§ & " mbm
i L SUI0 0
Superconducting 2 0 FRALTALST S
Link; 0 'SPS & Main Ring (resistive) , ,
M g B 2 1975 1985 1995 2005 2015 2025
Year
A. Yamamoto, 2020/8 M— - 4 a2l

-~ /
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A. Yamamoto, 2022/9/7

Future Energy-Frontier Colliders expected

BT MEB DT KA E

® Lepton Colliders i FCC-pp
M Hadron Colliders e oS — SppC ,
& Linear Colliders ;’,f'
WLHC |
e CLIC
M Tevatron ILC
M Spps —— 1lC ge FcCee
-~ N rat ! ® cuc
| _ ;:’R LEP II _ CEPC
& ; TRISTAN 2
poris® PEP |
-Tm_g CESR @ KEKB () Super-
KEKB
® ADONE '
@® VEPP 2 Future ——
PRIN-STAN
. , -’ :
1960 1980 2000 2020 2040 2060

Year of commissioning

A (1P)
{ 30mrad

J(RF) D (RF)

22
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Courtesy, M. Benedikt, L. Bottura, D. Tommasini, S. Prestemon

Multiple R&D Approaches for 16 T Dipole in Europe and US

Cos-0

Common coils

~
Eur::CirCol
/ ey 1o New Physicy

CHART2

Swiss Acc. Research & Technology

Canted Cos-0 (CCT)

U.S. MAGNET
DEVELOPMENT

PROGRAM £ . W fie. )\ CCT,
- ) -~ Pioneering work at LBNL

HFM — i Eucard2->ARIES-S IFAST

/ High Field Magnets



US-MDPCT1b (Nb3Sn): Quench performance in TC1 and TC2 (July 2020)
Compared with LHC Main Dipole (NbTi)

TC2 test target: achieve ~14.5 T in magnet aperture @1.9 K

MDPCT1
(FNAL-MDP)

~=45K © 19K -4-FNAL45SK A FNAL19K

15
LBNL CERN/CEA @ A
14 LBNL (HDAZC) (FRESCA2) AA FNAL
o (D20) "/ (MDPCT1)
£ 14 4 :
2
2 12 4
® - A A/
8 uy | . FNAL / FNAL
(MSUT) (MBHSP02)  / (MBHDPO1)
A
10 1 maL A
(HFDAOS) g
9 L} Ll Ll Ll Ll
1995 2000 2005 2010 2015 2020 2025

Year

A. Yamamoto, 2022/9/7

Bore field (T)

LHC-NbTi #H

16 — All main dipole training quenchesin the
12000 7Tev
15 s of MB
-3 ured dt
11500 o
go” .»"m~ !
14 A < 11000 . 8&:3TeXE . ]
13 4 % 10500 /K b 2;;
g gy ®
s i o534
é 10000 N bTI S45
12 N —-556
| * o500 || (Courtesy of MP3, chaired o567
@ MDPCT1b by A. Verweij, CERN 578
11 4 Analysis by MP3 -e-s81
Quench performance in TC2 (July 2 o e m o e w e
Z Quench number
10 T U 1 T T T /

0 10 20 30 40 50 60
Quench number -

4
/

No retraining, all quenches in coil 5y RE, pole turn

MDPCT1b reached its conductor/ﬂmlt at both temperatures J:L/JF : N bTI T ‘i
18% performance degradatlon/Wrt TCA Traini ng AN ;ﬁ j]

Nb3Sn MRS : 2RO A7 Degradation”

26



Performance of series HL-LHC, 11T Dipole S1 to S4  Courtesy: A Devred,
R4k 7258 (Degradation)?SHL-LHC, 11 T Dipole THH LT > T 5 G. Willering

S2:
MBHA-001 All quenches  May-June 2020

* S1 met specified performance.

« S2, S4 showed degradation after— £ . o
thermal cycles

= No quench

[\
H
)
)
(]
]
]
)
)
)
)
9 H = = = Nominal current
]
H target current
)
8 E ----- Thermal cycle

Nov'19! Feb'20 May '20 é June 20
7 !
0 5 10 15 20 25 30 35
Eventnumber
S2 — MBHA-001 NCSS Fperue 2 i Root-Cause Analysis
T /o) T . .
S ADETrE : Ap 1 Lower (in progress)
A
o ‘Ne) .
( Awre 2 A \\«;Azf»; b ' Cable of interest detailed examination s_hows:
$4 - MBHB-003 bcss AT . L AP 2, UPPET | = i s or pukeana el sl
<

other strands of the cable)
\\ \ = Pop-out/pop-in strands are embedded in resin

et N (some porosities are observed)
*Addltlonal quench locations related to, but * Quench location at | * Copper composing the strands is in annealed state
away from defect location.

(approx. 55-60 HV0.1)

defect location.

=

——

uwgoe 062 0
\\hlvhlv\wl\hh\l‘v!v\mlvl\lv!rh

Filaments belonging to different strands are
affected by cracks in the SC phase




Courtesy, L. Rossi

CERN-HL-LHC, Nb3sn EE{EE# A, MgB2 BIZEEE

IR Quad. (MQXF):
Nb3Sn,
IR Dipole (D1):

,,,,,,,

11 T NDNinnala

& Fag Y1l Installation

S ducti | i s o Ol b2 — |
upercL?:k;uc ing ' SC Llnka——T;HT_ =g - R 5 p O St p O n e d )\\
MgB — T : ) | g | : g
gb, 5T 7 CP Q3 | ijj : < =
A. Yamamoto, 2020 AN 29
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Courtesy: L. Bottura, A. Devred

Mechanical Constrain to consider Operating Margin

§d-

NBZ

F o B*> )
F
= o~ — o JB
w
w oo —
J P
250
—_ I 1
g 200 FCC#
2 150 /
7 QxF
£ 100 1t A
wv /
> 5o LHC &
[J] /
o Vi
0
0 5 10 15 20 25

Bore field (T)

A. Yamamoto, 2022/9/7

Attention : |; (J;) reduction:
« irreversible above~170 MPa.

S

2

Measurement at Univ. Geneve o

©

180 T T T T T <

| (o))

©

160 p200900008200 060 0 0,4 | 95% 1, %

)il I kS

140 [ I ° S

| o g

— 120 F . &
< ] =)
. £
100 - RRP 132/169 #114163 @ = 1.0 mm (O]
—&@— sample #1 round 8.’

80 L < sample #1 round after force unload 4+
sample #2 15% rolled e

sample #2 15% rolled after force unload o

| )

60 - RRP Wi 226,197 * 7] =

I ”:e 1 ‘ /4 ’ 1 @©

50 100 150 200 250 &)

Transverse stress [MPa]

0.9

0.7

+ Large Impact of Strain on Jc,
reduction,

*  NDb3Sn superconductor
much different from NbTi

_L T T T T | T T T

I T S N R R

1
-1 -0.5 0 0.5 1
Strain [%]

A.Godeke, F. Hellman, H.H.J ten Kate, and
M.G.T. Mentink et al.
Supercond. Sci. Technol. 31 (2018) 105011.
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Personal Scope for HFM Development Timeline
for reaching Accelerator Construction and Operation

12~14T

i Short-model R&D Proto/Pre-series Construction Operation
3
14~16T ' '
Nb.Sn Short-model R&D Prototype/Pre-series Construction
3
=16 Fundamental and Short Model R&D Prototype/Pre-series
NbsSn + HTS

Note: LHC experience: NbTi (10 T) R&D started in 1980’s
--> (8.3 T) Production started in late 1990’s, in ~ 15 years
- LHC Operation started in later 2000’s, in ~ 25 years

A. Yamamoto, 2022/9/7 31



SIS AIZEITANDTI, Nb3Sn, HTS DES

EuCARD2: Feather-M2

10‘: P RN I [ JM) VAN OO N (CRO MDY G N JHES SSNT SNSH TS GBS ! ‘: (CERN)’
:*“t o * flared Ends coil
! 4\* - '“‘"“_‘"{' ) ReBCO, Roebel cable,
: 3 e e stand alone tested Apr
L >t - ‘i‘*f 8i22128-05T | | 2017:
H 7 \ bar OP, nGimat powdets
I R | , %;\ i gt Reached 3.37 T @
r & . , ®-0 \vaco @ 20x . 4.2K (I=6500A)
[ &8 A O——0 (812223 Sumitoma)
| s il : ‘ ‘
o \l‘ —— * 4 8.1 tape surface ]
MgB, ASG i
ol B .\ T mmeost |
| | and Migh Field MR1 HL-LHC - 11 T dipole
10° b "‘ e
@4.2K
A L A L A | - A | A L A R L A | TV | " St L A .
0 2 4 6 8 10 12 14 16 18 20 22 24  Eucard2+ HTS-insert
to be tested in 2019
JU |

Nb-Ti Nb,Sn  HTS

A. Yamamoto, 2022/9/7 32
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Potential Nb and Nb3Sn Applications (@ < B,)for
Superconducting RF Cavity

B B
Material cl(o) Bsh(o) cz(o)
[T] [T] [T]
Nb 9.2 | (0.25) | 0.18 | 0.21
. 9.2
NbTi ~9 5 - 0.067
NbsSn 18.3 | (0.54) | (0.05) | 0.43
MgB, 39 | (0.43) | (0.03) | 0.31
Application RF e o '\ Te T
A\ /N _
E ‘/:’\?“,i Meissner state for
a7l SRF
{

A. Yamamoto, 2022/9/7 34
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Gradient  Surface y Material
~
\1‘nax _ 7"HC‘I"it,RF
e~ Bmac-(Hpk/Eacc)
Thermal Surfa\ce Shape
conductance ’ P

A. Yamamoto, 2022/9/7

S RIKEREERAE BADELFL
HIRFFIE R E(Q) AE (1010
E—L/NILARERSTES (~10°8)
RKAZEIELTE(>50mm)
BI{EREE$%E~1 GHzL N )L IZ i@

E—LEE-BREEZSDHHL.
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Courtesy: S. Michizono

~ 1.3 GHz, SRF Accelerators, worldwide

European XFEL
(in operation, 2017~)

-800 cavities
-100 CMs
-17.5 GeV (Pulsed)

A. Yamamoto, 2022/9/7

(under construction)

(under construction)

- ~600 cavities
-75 CMs
-8 GeV (CW)

S1 Global:
DESY, Fermilab, KEK
8-cavity string Test,

2010

LCLS-II
(under construction)

-280 caviti

D

S

ILC (planned)

- 8,000 9-cell cavities
- 900 CMs
- 2x 125 GeV (Pulsed)

—— ~ 2,000 1.3 GHz SRF cavities being realized, even in

-35 CMs
-4 GeV (CW)

JLab-CEBAF

(in operation)
40 CMs
6~12 GeV(CW)

these 10 years | ——— .



Courtesy: S. Michizono

~ 1.3 GHz, SRF Accelerators, worldwide

. 50 100% ~—_ L Liss
E N S . 1Y Superheating field of Niobium I _
% 40 f 60% |\ [N Con Structlon)
— / R N ' : vities
E 30 v P ‘ © ILC ﬁS
European XFEL 2 T QW)
(in operation, 2017~) -(-S @European XFEL
-800 cavities o 20
-100 CMs oo ® .
-17.5 GeV (Pulsed) c Spallation
w 10 Neutron Source
-
8_ ® CEBAF Courtesy: S. Posen 3
o 0 "
1990 2000 2010 2020 2030 2040 %

A. Yamamoto, 2022/9/7 ~ 2,000 1.3 GHz SRF cavities being realized, even in these 10 years ! 38



SRF': Key Technology at ILC:

Damping Ring

e+ Source

e- Source e- Main Linac

Parameters

Interaction point

e+ Main Liinac Beam Energy 125 GeV
Detectors
Beam Rep. rate SHz
Pulse duration 0.73 ms

pre-accelerator X .
few GeV o £, Il it 31.5 (35) MV/m +/-20%

N ‘.‘ﬁm Q, = 1E10 (1.6E10)

/ damping ’ # 9-cell cavity (1.3 m) 28000 (x L.1)

SRF Main Linac

/
L LI e

compressor main finac collimation # Klystron ~ 240

A. Yamamoto, 2022/9/7 39




KEK-STF: HB{zEIMRIFIZLDE — L\hna_d)ﬁ

X 11. KEK-SRF B i i% (STF) HEEESR 33
MWmLiét AM&L&%

A. Yamamoto, 2022/9/7

384.9 MeV @Max. |
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Compact ERL (cERL) has been constructed in 2013 at KEK to
demonstrate energy recovery with low-emittance, high-current CW
[(§f beams of more than 10 mA for future multi-GeV ERL.

CompaghRL (cERL)

e
9-cell SC cavity x 2
RF frequency= 1.3 GHz ~ 17.7 MeV

ln]eFtor LINAG Design parameters of the cERL T

Nominal beam energy 35MeV > 20MeV

Nominal Injector energy 5 MeV >2.9MeV

2-cell SC cavity x 3 Beam current 10 mA (initial goal)

KEK ERL

* Compact Energy Recovery
249

A. Yamamoto, 2022/9/7
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£ et 11 i} o
£ [ Vvacuum pressure  memees T - e SO
Floor =105 Pa : ] ~10% Pa
i L ¥
&Rl scattering with SCRIT
18GHZECRIS,
e~
5
RILACII A
28GHZECRIS CSM " RILAC

Rars Rl fing
(2013 ~)

SHARAQ

BMEAFT U BEESATYY

SRF Linac
INFN Legnaro _ MEBT CEA/Saclay
JAEA Tokal CIEMAT Madrid  CIEMAT Madrid

iy HEBT

CIEMAT Madrid
. Beam Dump

. G 2 CIEMAT Madrid

CEASaciay
CIEMAT Madrid

QST-IFMIF BIZES ATV
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History of Detector Solenoids

Experiment  Laboratory R(m) B(T) I(kA) X (Xo) E/M (kJ/kg) E (MJ) Year
PLUTO DESY 0.75 2.2 1.3 4.0 2.3 4.1 1972
ISR point 1 CERN 0.85 1.5 2 1.1 1.8 3.0 1977
CELLO Saclay/DESY 0.85 1.5 3 0.6 5.0 7.0 1978
PEP4/TPC  LBL/SLAC 1.1 1.5 2.27 0.83 7.6 11 1083
CDF KEK/FNAL 1.5 1.6 5 0.84 5.4 30 1984
TOPAZ KEK 1.45 1.2 3.65 0.70 4.3 19 1984
VENUS KEK 1.75 0.75 4 0.52 2.8 1.7 1985
AMY KEK 1.2 3 5 N/A N/A 40 1085
CLEO-II Cornell 1.55 1.5 3.3 2.5 3.7 25 1988
ALEPH Sa,clay/CERN 2.75 1.5 5 2.0 5.5 136 1987
DELPHI RAL/CERN 2.8 1.2 5 1.7 4.2 110 1988
ZEUS INFN/DESY 1.5 1.8 5 0.9 5.2 10.5 1988
H1 RAL/DESY 2.8 1.2 5 1.8 48 120 1990
BESS KEK 0.5 1.2 0.38 0.2 6.6 0.25 1990
WASA KEK/Uppsala  0.25 1.3 0.9 0.18 6 012 1996
BABAR INFN/SLAC 1.5 1.5 6.83 0.5 N/A 27 1997
DO FNAL 0.6 2.0 4.85 0.9 3.7 56 1908
BELLE KEK 1.8 1.5 4.16 N/A 5.3 37 1998
ATLAS-CS KEK/CERN 1.25 2.0 7.8 0.66 7.1 38 2001
BESS-polar KEK 0.45 1.0 0.48 0.156 9.2 0.34 2005
CMS CMS/CERN 3.0 4.0 19.5 N/A 12 2600 2007
BESIII THEP (China) 1.45 1.0 5 N/A 2.6 95 2008
CMD-3 BINP 0.35 1.5 1 0.085 8.2 0.31 2009

A. Yamamoto, 2022/9/7 44
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NFRHFABGERAICHETHERT

s [m] =r (l-cosq/2)

Deflection:

Sagitta:

Magnetic Field:
Stored Energy:
Coil Mass:
Pressure:

Hoop Stress:

Wall thickness:

E/M ratio:

dp/p~{B *R} " //I\
L2
R

S~ {B ¢ RZ}'1 0,2

rot B = poJ

E = 1/2yg Int. B2 dv
M = Veoir v

p = B2%/2q

Ghoop = (R/t) * p

t=(R/on) *p
E/M = (B2/2,) * R/2y
= on/2y - high-stress / material-density !!

~ prg /8

= qBLZ%/8r
=03 BL? /8r
[Tm?/Gel//c]

magnetic field
magnetic permeability
magnetic volume

coil volume

effective density

hoop stress

coil radius

coil thickness




25 BA7S k 355 (22 [6]) ~ (D BB

Wiszsad, MAaymExEHIC. | .
fg3% (B): rot B = puyJ
BHAE-EHRX) tocRBZ/(E/M) o€ v/ oy
= E/M (BEIRIILX—aMLEE)EZEL
» BIEEHEETR]. ..

DI FREE:
s GHEZTEC S BHEICEELER (TRILF—IRIR)

EZESH (REENSDIZESH)

= 2EFHHe 3&%l70— or Y—FHATA4Y
DoAF RV LZFEEL, BRI, .

A. Yamamoto, 2022/9/7

E/M > Enthalpy (H)
H: Integral {C,} dT
20 kJ/kg > ~100 K
10 klJ/kg > ~ 80 K
5 kJ/kg > ~ 65 K

Enthalpy [ kU]

0.125 T T T
[ 30 GeV electron
0.100 |~ incident on iron
=~ N o
é 0.075 [~ e A\
3 0050: nu Energy e
< U - %
=} C o \Photons . nﬂu
0.025 F A x1/6.8 /c'. o
C ) Electrons e\ %,
WF A | LT
0.000 0 5 10 15 20
t = depth in radiation lengths
Enthar
b3 /_
10k e ]
10° —
10"
o
10° , Temp.
10 100 [ K]

Temperature [ K]
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LHCETE IZHTHAl ZEAL BB A DER
LHC - ATLAS, - CMS

= Reinforcement of Al
= with keeping low resistivity

= Uniform reinforcement
= Micro-alloying and cold work

= ATLAS-CS SDC / ATLAS CMs

= Hybrid reinforcement Tl B Y
= Welding Al-Alloy with pure-Al T e AT Mult - ayer Coil
- c M S “Pure Al Strip
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25 BT R 35 (Z2 ) ~ D PR ES

. . \ SDC/ATLAS CMS
Wiz, Wama=3EHIC, | .
W% (B) - rot B = puyJ _—Cooling Tube __ e . Cooling Tube
B . a+— Sup. Cylinder
ERE - BPERNX)  tac RBE/(E/M) o y/ 6 | 77777 Sup. Cylinder 1n(nrne Al Alloy
- E/M (BREIRZLEX— /M LEE) #5< T[4 HghSte AL ] ] N pure Al
- BIREKEEL, . . ||||||‘*""”"$"T:f;‘m ———— " NbTicu
1AL e AlSip ﬂ | _______ l | Multi - layer Coil

g T FIREE
e EIREAELS DHFICEELR (ZRLF—IRIV)

Pure Al Strip

EESE (SHE L S DOEESH)
2B He @S 70— orY—FHA T+
JT7AFAZy baBEL FHRIC, .
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25 BA7S ik 355 (22 [R]) ~ DR B

B ESC MAMEESBHIC. | —

15 (B): rot B = pJ [ 0 erueamated
_ | BessP-Proto # Half E absorbed
BUE-EHEX) tCRB/(EM) o y/0, = 3
= — =
= E/M (BEIRLFX—A/VEE)EE< 510 beesp (1 057 . el eoriamion”
» BEEEHEZTEL .. = | Spcepreto I
— @® ATLAS-CS (27) ]
HIFRE- L . | % B;b.s ZEUS (OOF o o aLepH o |
VFIREE: ‘ ) EWASAC;B_Z ToPAZ ¢ BELLE :DE[II;HI — ]
s EEEECS> BHFITEELR (IRILF—IRIR) i 4 > ’CLBi\%-AIH W/thalftec?ergy
: VENUS extracte
EEAE (BB HSDEEAHD) 0 B {
= 2BfiHe ®&I7O— or Y—FEH A T4V 0.1 1 10 100 1000 10
D24 R8BI, . Stored energy (MJ)
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25 BA7S ik 355 (22 [R]) ~ DR B

Mimzad MAaEMEZSEHIC. (.
fgim (B): rot B =puyJ

BEAE -BETR(X) toc RBZ/(E/M) o€ y/ oy
= E/M (BEIRILX—aMILEE)ZEL
s BEEEHEER. ..

DI FIRE:
s EIEEECD BFICREELR (IRIILF—IRIR)

PV

Sl AT EEEE

S V6= 050 - LT AT T
§ MAEMOTFEEEE:
S w V,= (kz/k¢)1/2-|/¢

EZESH (RHENLDIEZESHD)
= 2FiHe B&%lo0— or Y—FE Y AT+
DoAF RFvEFEL, EHRIC. .
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Wimem . WaMBZEHIC, | .

Hi% (B) : rot B = pyJ

EHHE - BERX) t ¢ RBZ/ (E/M) o¢ v/ oy,
-EWHEEI$»¥—/:4wEE)€E<
- BizEREEL., .

gLV F{RE
e AR D BEHISEELR (ZRLF—RIN)

ZEAH (FHEEH S DIZESH)
e 2FEFHe®E|7E— orY—FEHYA T4V

TI7AF ARy b BRIC, .

A. Yamamoto, 2022/9/7
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Balloon-borne Experiment with a Superconducting Spectrometer: BESS

A. Yamamoto, 2022/9/7




History to Search for Cosmic-ray Antiparticle

Fist Observation (Golden et al)
Excessive Flux? (Buffington et al)
ASTROMAG

Proposal of thin solenoid
spectrometer

1987: = BESS proposed by Prof. Orito
1993: = BESS:6 antiproton observed

Energy spectrum
1996:

Primary origin?
1998:  AMS-1
2000: @ Solar maximum
2004: = BESS-Polar, PAMELA
2007/8 , BESS-Polar II

20011:. AMS-02

A. Yamamoto, 2022/9/7




RHFTHRDNAFEDE

R¥ED?
o ELAEIZNTLVRLY
*  (He/He DTFTELE EBRIE: 7x10°7)
- FHYEITER?

73 iy
. (ENICERAEZTNTINS
FBFICHLT< 109

o [FEALIR. FEHBFOERZIRIR?
:mﬁ%

R Y BT I
= )75y - oS - /

A. Yamamoto, 2022/9/7

IRTE: 137{84

-energy loss
-flux surpression




THMNMARLEZ? RO - FTERRNZEAL-ERRER

FHIXE DDIAE-S
f=EIniE. FEE
[CIXYELEZFEEDRY
BhHol=139,

-

® o

(@) D@JE‘p;Mc?‘;:ug?
X
2

S s

l;/q’SI,\ uo,

|7
@

o [ g

..{w‘s

Particle Data Group, LBNL, © 2000. Supported by DOE and NSF

e 137{B4E a

FHOELCORPTRMENHAAE 2

A. Yamamoto, 2022/9/7

HAEDFEHIC

IRYEIFR
DMBIELY,

HAR2TWEHRR

LEMITETER
t\gf:'ifa




FH#R R DR

SRLF

FHERRETF
hHZB?

/ N % N
T S°C U S5y Im—)b ’ /:;x B
] e DEFENS S=BHER

// [ N
S HuBR
)]

FHEHEZRREE U RNBREFNIFEFEAE, ULHUL
EBEIXIF*F—7Tld,. SZBHZEERFREITDIREBFHNREDODNZHNE LA,
REFODERN%ZELU THHEFEORNTFRERS |

FEHEOERYE 4;

1
EDEFENS V

3>

A. Yamamoto, 2022/9/7




PARTICLE
ASTROPHYSICS

>400 Km
Direct Study
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Deep underwater
Detectors :
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A achievment
for a cosmic-ray spectrometer
for scientific ballooning

Coil thickness/diameter
~ 0.34%

A. Yamamoto, 15/06/17 SR2, CEA-Saclay
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Progress of BESS Experiment

11 scientific balloon flights over Canada and over Antarctica

i =Future

' ~ oot T BESS-93,94 BESS-95 BESS-97,98 BESS-99,00 BESS-TeV BESS-Polar

9\ . . 7 — $ é
1993~ 2000, BESS, North Canada M) ()
2002 . BESS‘T@V Larger Vessel Larger Vessel ' No Vessel

Shower  New ODC's i New Mag

’,‘ P v-..". gr'v =300 ps ror=TT0 ps T:::ge? gs Counter New JET/IDC's é (ultra thin)
1999, 2001, BESS-Ground, Japan M T i
o 4 98 n=1.02 p/He up to 1 TeV ! i

p 0.2-0.6 GeV D 0.2-1.4 GeV p 0.2-4.2 GeV p 0.2-4.2 GeV  p 0.2-4.2 GeV E

" 4 6,2 43 415,398 668,558 <No.of p’s||

2001, BESS-TeV, Fort Sumner

b |
2004 BESS-Polar I, Antarctica
/2007/8 BESS-Polar I

4500— Bartol Neutron Monitor

‘e 4 B
EEss-s.é W J‘U\‘V. BESS-97

BARTOL Neutron Monitor Counting Rate

KEGEEN DB /NEA D ERI A ZH R B
A. Yamamoto, 2022/9/7 71




BESS Polar-ll history
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Williams Field(~15km from McMurdo)
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BESS-Polar |l Launch - December 22, 2007

A. Yamamoto, 2022/9/7




Scientific Ballooning of BESS Detector at Antarctica
- for Cosmic-Ray Observation -

Williams Field,McMurdo,

y ‘, in Antarctica M OVl e

12/23 2007

A. Yamamoto




BESS-Polar Long Duration Ballon Flights over ANtarctica

New Spectrometer with a ultra thin solenoid, with solar power system

jé;nél Neutron Menitor First F|Ight 2004.12.13-22 Second F|Ight 2007.12.23-1.21

| Gesseowi | eEsseomn
Dec. 13" 2004
,

»
(=3
o
o

BARTOL Neutron Monitor Counting Rate
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End of BESS-Polar Il Flight

* Flight termination January 20, 2008 ~30 days
«Location 83 ° 51.23" S,73° 547" W

* On West Antarctic ice sheet - 225 nm from Patriot
Hills Camp, 185 nm from AGO-2, 357 nm from
South Pole

» Data successfully recovered February 3, 2008!
A. Yamamoto, 2022/9/7




BESS-Polar || Recovery

A. Yamamoto, 2022/9/7
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LHC: ATLAS Central Solenoid

using the same tech
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BEE-EIRI/LX—NEROR
Linear Colliders:

ILC e+e- ( 250 GeV > 1 TeV) :
e SRF: for High-Q (1019 and high-G (31.5 MV/m)
*  Highest efficiency and AC-power balance

e- Main Linac

e+ Source
Beam dglivery system (BDS
> .
Z ~ e- Source
Damping Ring

e+ Main Liinac

Circular Colliders :
FCC-e+e- (90 = 350 GeV):

*  SRF: with staging for efficient energy extension
*  Synchrotron radiation (SR) to determine the energy
e Highest luminosity at Z and H,

FCC-pp (2 x 50 TeV):

e  High-field SC magnets (SCM: 16 T) for energy frontier
*  SRF: for acceleration for good energy balance w/ SR J RP)

= Higgs Mode
= —

W & Z Mode
—

Collider Ring

CEPC e+e- (2 x 120 GeV):

e SRF: for acceleration,
e  Synchrotron radiation to determine the energy

SPPC- pp ( 75 TeV): o
*  High-field SCM (12 T) for energy frontier
*  SRF: beam acceleration

11 .

(EIC lonee-(275/100 GeV/n v.s. 18 GeV, under constr.)
* SCM and SRF

MC p+p— (3-14TeV)

* SRF and NRF with very high-field SCM

* AHighenefficiency/at > 3 TeV, although short life-time.

cccccccccccccc
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