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" His life at KEK for 38 years.
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Type-1, Type-2 Superconductor

Type-1 Type-2
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What is the advantage using Niobium for SRF cavities?
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What is the advantage using Niobium for SRF cavities?

® Suitable critical temperature (Tc) at 9.2 K

— Cooling by liquid He: at 4.2 Kand at 2.0 K
® Availability of high purity Niobium metal

— Production by Electron Beam (EB) melting
® Better fabrication property from Niobium sheets

- Forming by deep drawing and joining by EB welding
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2. Fundamental of SRF Cavity
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Rest Energy of Particles

1 Joule =1 Nm= 1 kgm?/sec?
1eV=1.6x1071 Joule
c=2.9979 x 108 m/sec

m, =0.9109 x 10%/ g ; mass of electron

m, =1.6925 x 10** g ; mass of proton

Rest Enerqgy
E.=m_c?=0.511 MeV

E,=m, c?2 =938 MeV
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Kinetic Energy of Particles

Rest Energy E,=m,c® (v=0)

(v>0) m, c? m, ¢
N N
Kinetic Energy E_=m, yC’ - m, 0 = m, ¢ (y-1)

=1/\/1—,B2 p=V/c
pr1 (vxo)

£<05 (v<<c) L~05~0.7 £>0.7
Low-[ Medium-[3 High-3
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Accelerating Structures
for Proton and Electrons
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QWR: HWR: . B=0.47 500 keV CW e-beam
Quarter-wave Half-wave == SSR: 500 kV
Resonator Resonator Single-Spoke DC-Gun

1.3 GHz, 1.5-cell
SRF-Gun Cavity
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1.3 GHz, 9-cell Cavity Time
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HECZEEE SR Z=V-1
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Several |mportant equatlons and useful formulas are now mtroduced in order to
better understand the behavior of the electromagnetic fields inside an RF cavity:

® Maxwell's equations:

divB=0 divD=p rotH—J+@ rotE __98
ot ot

® \Wave equation: V21 0 0
| —O‘ﬂ@tH-FgIUEH

® Helmholtz equation: V2H +k*H = 0
VZE +k2E = 0

® Bessel equation and Bessel functions:
D" (k, r/2)m

d’R 1dR . n? (—
dr? rdr ("c ‘FJRZO o = Z m! (n-+m)!

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 21




uuuuuuuu
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The following important RF parameters for the case of the pill-box cavity are calculated
analytically from the fundamental equations obtained in the previous formulas.

® Resonant frequency: f,

Fe / ® Stored energy: W.
t ® RF loss (dissipation power): P,
m ® RF surface resistance: R
| ® (Quality factor: Q,
y ® Geometrical factor: G
0 j ® Transit-time factor: T
® Accelerating gradient: E,_,
A pill-box cavity, (circular cylindrical resonator): ® Shunt impedance: Rsh
e oymbol o 0 epresents e 10 0C @ R over Q: R/Q
® Energy gain
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TMg,, mode is known as “accelerating mode”. The boundary conditions of electromagnetic

fields of the accelerating mode inside a pill-box cavity can be written as follows: )
E, ;
H, =0,
- E
Er :O’ 02 at axis (r=0)
X1, =
-l/2 0 12
H =0, /. %
I 1, r.
E,=0. © \
------ > . / J ‘ I
o —{—=—tp, — 2.405
Only two components of E, (r) and H ,(r) exist. N > | ! z H, /| |E; z :
®H, Bessel functions
EZ(r) =By Jo (1) COS@1 Accelerating mode (TM,,, mode)
= Magnetic field ' Electric field
Z0

where the following relation holds:
Z,=EyH,=(1/€,)°> =120 1 =377 Q2.

,A g(r)
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The essential RF parameters can be summarized as follows:

® Electric RF field E [V/m]: E exp (ja)t)
® Magnetic RF field H [A/m]: H exp {j (G)H%j}
[V/m]:

1 /2
Eacc _T j (z, r=0) COS(k Z)d

—1/2

® Accelerating gradient E__,

® RF Loss / Dissipated RF power P [W]'
A
_ _s Y
i
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= Summary of Main RF Parameters (2) @
® Stored energy W.[J]: M 1) & [ | =l
gy W, [J]: Ws=—°HH dV:—OHE dv
2 2
® Quality factor Q: o oWs; G
I:)d RS
Vo2
® Geometrical factor G [Q2]: HH dVv
G = w1y y
jH dA

® Effective shuntimpedance R, [€2]: o V2 _E2

__racc acc L2
sh o cavit
P, P '
R E 2 d d
R acc L2
® . o cavity
R/Q [Q]: Q) oW,
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R=G/Q,
S— 0 e e e e e e T U T Eace=3 SMV/m 3
=With Cav. Magnetic Shield-Ohtama

T ~—~With Cryo. Magnetic Shield-Tokin -
____ Rs=A%L/T y*exp(-AKT +Rres

1.3 GHz, 9-cell _'_':;:_'::Tff;_;_______:; ] e 'f

The 70
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of Surface Resistance

: . . :L[:Qﬁ] B.DDD::.E!:E 9.22.12:;3:: . L.
Superconducting Cavit 107 A o AN 5 : Different condition of
P 5 y 42K it SR8 eq i 15 “ i Residual magnetic field

Chisg. 0.25151

g | TLN Saae Eiow W
E E Value Error . N : ) ~ : . Rres=28.7n0
7 o | A 0K oooonisss  oasmsens | NGy : P PP Bres149n0
Lo 108 AEIE] 17.82 20795 | H | . N t RJ‘ES—H ﬂ’ﬂg R
N {Rres[Q] 14927e.09 5794510 = [ 1€=] - o Rres=115n res
] | Chisq.  0.26119 NA |-
=R R 099391 NA 1 '
= =4 “Tth. V.T.Eace=3AMV/im_ ~UUih¥ ﬂ-pOInt N
) -With Cryo. Mag. Shield-Tokin - -With | L
Without Cav. Mag. Shield-Tokin Without Cryoe. Mag
10° Rs=A®LTiexpl-AKLT+Rres Rs_iL*ll_'Tﬁer; 2 OK i 1 nQ
1 Value Error !
1 A[QE] 00001181 0.00010986 || A [QK] u.uuu119.4 0.0001085 [
1 AK[K] 18.117 27256 || AK[KE] 17.793 2389 [T A
| Rres[@] 13.046e-09 2.0463e-09 || Rres[Q] 28.663e-09 11583e09 |
Chisq. 0.13752 NA || Chisg. 0.38429 Na [T 1 . 7K R
1070 R 099533 NA R 098983 NA BCS ( T)
0.2 0.3 0.4 0.5 0.6 0.7

l/Temp. [1/K]

(0,
Rs = Racs 1y + Ry Recs = A? eEXP _—kB T
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Normal-conducting Cavity :

® Surface resistance; R [ (]

R, = [2H -1 [
20 00

f=1.3GHz, G=270 Q2
Cu (20°c) ; o=0.58 x 10 8 [1/0Q2m]

R.=9.4mQ (5=1.8 um)

Q=G/R,=2.9x10*

=

Eiji Kako (KEK, Japan)

e S . .. Surface resistance of RF Cavity:
o U Cu and Nb

Superconducting Cavity ;

® Surface resistance; R [(]

RS — RBCS (T) T Rres

2
0, A

R...=A—exp| ——
BCS T P kB-T

f= 1.3GHz G=270.0 Rgcs : BCS resistance

R.. : Residual surface resistance
Nb (2K) , RBCS =7 [ng) kg : Boltzmann constant
R...=7[nQ]

res A : Gap energy of Cooper pair
Rc=14n€) (,= 44nm)

Q=G/R.=1.9x1010
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What is the advantage of superconducting cavities?
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What is the advantage of superconducting cavities?
® |ow surface loss = higher Q = higher Ws
® high acceleration gradient
-2 higher energy in smaller space
® better efficiency to beam power
— smaller RF power source

® CW operation at higher fields
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3. Overview of SRF Cavity System
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Fabrication process of Nb sheets for 9. Rolling 3. Annealing
Superconducting Cavities Rolling | ===
Tokyo Detikai Co., Ltd. A Umezawa | 1| Annealin g
" | |
1. Mother Material 9. EB Helting --‘o
other Materia t2nd, 3rd) , :@:
EIeCtron 10. Polishing 14. Testing
Beam /
Melting '[ Polishing
2. Pressing 6. Cutting
=
11. Rolling 15. Polishing
Rolling Polishing

3. Out gassing
and Sintering

7. Forging
Forging

Note:

u

12. Cutting| 16. Packing

4. EB Melting(1st) 8. Mechanical

grinding

i 4
il

Electron -
Beam
Melting

[by H. Umezawa (Tokyo Denkai)]

Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd

©

ULTRA HIGH FURITY RARE METAL

TOKYO
DENKAI

31



T Ay Material certification of Nb: movaon -
2026 School on . "';’:P_‘:ﬂgg?gonducting Q
( M I I | S h eet) Accelerators

Superconduct

FSREEEMESR T/ N—avera— o

Customer Messrs. MATERIAL TEST RESULTS
HWAL i RV ¥ — I S TE [ RBREE No. 28378
Surveyor s TOKYO DENKAI CO., LTD.
N ow . Date Bff Yak2543H40 iﬁ ERE XS M
Material #HH Article 4% Quantity l mechanical properties iR
Nb Disc bt T.8 ¥.S Elongation| Hardness
7R wh fw s
5
Specification No. {HREES f,’ﬁ N/mm* N/mm* $ Hv
Lot No. Size ~1i& mm & ;l;c ::: = = = =
Longitudingl | |/ i
4378 2.8t X258 6 -56 6 58 pes “';:sm, i 162 7 56 g I
ko 121 51 54
| |
Element Chemical Composition (in Wt%) V24
53 Ta W T3 Fe Si Mo Ni Nb
Lot No. nin -
s | max 0.15 (.02 0,005 0,005 0,005 0,005 0,005 0.01
Test
Results 0.0115 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 balance
[ ] [ ] [ ]
weex | Ta | W Chemical|Composition
Element Chemical Composition (in Wt%) {LAERRSY
5524 0 N H C
Spec | min
| 84 | max 0.015 0.01 0.002 0.01 /
m €0.001 <0.001 €0.0005 <0.001 /
Remark 4 Starting Ingot Lot No. NC-1830 . Inspection Section
RRR Value of Sheet: 298 P u rItV’ Th e rma I pro pe rtv mag‘ ULTRA HIGH PURITY RARE METAL
Crain size ASTM #6 BT OKYO
RRR - 298 Engine DENI(AI
T.S.=Tensile Strength ¥.S.=Yield Strength E.V.=Erichsen Value [by H. Umezawa (TOkYO Denkal)]
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RRR measurement system
TR '

4

£ (300K) = 2x10~> QQ cm

Characteristics of Nb materials: (RRR)

Innovation

\ "\ Center for

LARY | Applied

/ Superconducting
Accelerators

R GENEE T /A= 3 i—

©

Residual Resistance Ratio
_ p(300K)
- p(9.2K)

RRR

0(9.2K)=1x107Qem  RRR =200

CuZ#+ LA
p (300K) = 2x105 Q cm p(9.2K) =6x108Qcm RRR =330
107 200
g 10-5; _E_.__.I ? Nb Normal-canducting
N C} Tc=9.2K State
St = v 2-times melting
-~ 10-6: ‘a\ 100 F‘!L . .
S = . o * 13-times melting
= 3 — ’.....
p: 10'7;1( F;
2 - 3
: [ sesoddee cquee
T N Y N % 5 10 15
0 100 200 300

Temperature [K]

Eiji Kako (KEK, Japan)
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Temperature [K]
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Thermal conductivity of Nb
102 mrrmmmrmmmmnmmumw TTTT Illll[lllllllll]"llllnlmﬂﬂm]TTTﬂTTmmmﬂmﬂ‘n

as received RRR=228

heat treated RRR-816

llllllll

1

2  CEBAF welded p~1e-5 torr RRR=198

3 Heraus welded p~1e-4 torr RRR=158

4  production weld heat treated RRR=596
5

5
4.2K/\
= 200 W/m K

Material Properties: Thermal conductivity
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RRR : Residual Resistance Ratio

O MR X

RRR

p(300K)

p(9.2K)

K : Thermal Conductivity

' T

10"

K (42K) %

RRR/4

W /m-K]

uencb : Quench field

I IllllII

Thermal conductivity ( W/cm K)

Temperature (K)

Wiedemann-Franz’s law

1

KoCOo=—
yo,

RRR~ 200

H

10! 102

quech —

4K (Tc _THe)
d Rdefect

Raeect - Resistivity of Defect
a : Radiaus of Defect

T.: Critical Temperature

T, : He Temperature

High RRR niobium with high thermal conductivity is preferable for achieving higher accelerating gradient.

=
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Characteristics of Nb materials:
(Improvement of RRR)

700

FRIB
ULTEA HIGH FURITY RARD MITAL — p(293K) l
600 =1 Euro-XFEL I
// T o K v o p©-3K) SNS .: |
/ DENKAI IR
250 | ®
" /" 400 o I, e 11
P 20 [by H. Umezawa (Tokyo Denkai)] % TRISTAN o b I
/ 00 %y |
300 | 000 -
150 |
/ 1 o ]
100 // - 200 pe’ I © Maximum RRR
50 100 .° : ® Titanification
0 : : : : : oo |
0 1 2 3 4 5 6 0 o°
No. of EB Melt 1980 1990 2000 2010 2020
160 —r———y . . — et Year
) L A BCP, Ref. [21]
1.4E-05 o & 180mm 3T imes 140 © ERRLRI {e— 35 MV/m
2 12E0s . m B230mm 3Timn Rt ¢ ©
g - g m -':! 1> ILI:IES Q 120 e EP N § o — 30 MV/m
o — 1.0E-08 EEg & 250mm 5T itnes =i A A S
=T b . € 100 a3 A .
® O » - & ~ I a | _
SE R0 | % _ et gif Em ool T‘gﬁ,ﬂga | Egee (MV/m) =8B, .., (mT) /4.3
e *p of . 2] = ,_._‘@f N
25 6GUE-06 | B T tEim | e F ]
52 e o
= = 40E-05 F 40 -
c - s i
= 2 0E-05 .
. RRR — Vacuum pressure 20} - ]
0.0E-+DD 5
150 200 250 300 350 - e
RRR 100 1000
RRR
Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 35

/



s o S A Performance improvement @
| el W for 25 years at KEK )

Qo

TRISTAN 508 MHz 5-cell Cavity STF 1.3GHz 9-cell Cavity

He temperature at 4.2 K
CW operation

He temperature at 2.0 K
1 ms, 5 Hz pulsed operation

o e Test Results of 9-cell Cavity Performance at STF
e T T FT — 1.0E+11 T T T T OKIEK12
’ OKEK-13
. 1989 AKEK 15
OKEK-16
AKEK-17
OKEK-18
2 OKEK-19
Qﬂ OKEK-20
1.OE+10 DK:EK'-ZI
Eacc=6 MV/m £ ! e mm—
P IS Qo=2x10° o . .Z:;::I:I;[:Z:::E:::Z:
08 xxx #6a-—1st ’ : B p
08 - d 2013 | S SR
07 000 #6a—2nd 5 ; , , ; ;
06 — +4++ #6a-—3rd ) 1.0E+09 . ‘ ; : ; : : i .
e e SIS SRR T A S RS W 0 5 10 15 20 25 30 35 40 45 50
0 2 4 ] B8 - 10 12 E,. [MV/m]
Eacc (MV/m) , .
TF SRE’89 Figure 1: Best Qq vs. E, . curves obtained from performance tests
Pigure 7: Qo and Eace of TRISTAN #6a cavity. L1* | UTUY, ] for KEK-12 through KEK-22.
gu Qo ¥ [Y. Yamamoto, NIM-A (2013)]
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J-ADS 972MHz
9-cell Cavity
(3=0.73) I

g 4

cERL Injector
1.3GHz 2-cell Cavity cERL ML 1.3GHz 9-cell Cavity STF 1.3GHz 9-cell Cavity
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CERL 1.3 GHz
Injector Cryomodule ML Cryomodule STF 1.3GHz Cryomodule

CERL 1.3 GH
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STF at KEK for future Linear Collider:
ILC
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RAEENER T S AN—a v E—

©

Superconducting RF Test Facility

12 kW
STF2 Accelerator 1 Beam Dump
(Pulse, electrons) I é
I B 1.3GHz, 9-cell Cavity

CM1 Cryomodule
(eight 9-cell cavities)

40 MeV

Capture Cryomodule
(two 9-cell cavities)

Cold Box -1 # =

3 MeV
Photocathode RF-Gun:

(1.3 GHz, 6 mA, 1 ms, 5 Hz)
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Cryomodule S _ wi? ' W ‘f’ f W w M M ” .‘\Eg

$ 300 GUS -~ ] = 8 ‘ t A LA
RETURN PIPE _ (1

$965. 20 - = ~ -
S 1.3 GHz,.9-cell Nb Cavity
. -
0K y
COUPLER f :_
N
80K SHIELD
5K SHIELD
CAVITY

| N | N D ' =R Baiade: )
— Magnetic Shield
STF Cryomodule Slide-Jack Tuner & He Jacket (Ti)
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FSRECENER T/ N—a v i—

ERL

Compact-ERL o
(CW, electrons) Iﬁﬂm -

|

A\ X e @
LN pume
Co S «‘i’ :

W L g

& 35 MeV
Main-linac module
(two 9-cell cavities)

® Acceleration
® Deceleration

50 kW
Beam Dump

Recirculation loop

Injector module
hree 2-cell cavities)

0.5 MeV
Photocathode DC gun

(500 kV, CW, 10 mA)
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The 71

Cryomodule

5K Duct

Vacuum Vessel

5K Panel 5K Panel

.....
ol

80K
Shield

2K He Jacket

2K Gas
Return Pipe 5K Support
Input Coupler
e Magnetic shield 80K Base-plate
2-cell Cavity
10 mA

05— 5. HOM Coupler &

PRI RF Feedthrough

cERL Injector Cryomodule

1.3GHz, 2-cell Cavity
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Superconducting Accelerator Projects imovsn
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In Japan o E.,
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QST-Rokkasho

® |FMIF-LIPAc (deuterons)
8 : 175MHz, HWR

A-FNS (deuterons)
8+10+12+12 : 175MHz, HWR

ILC | (e e* collider)
8000 : 1.3GHz, 9-cell cavity

JAEA-Tokai
ADS (protons)

KEK-Tsukuba

China Sea [} SuperKEKB (e- e+ CO||ider)
RIKEN-Nishina 8 : 508MHz, 1-cell cavity
B cERL (elecrons)

B operation B SRILAC (heavy ions) 3:1.3GHz, 2-cell cavity
® under construction 4+4+2 : 73MHz, QWR 2 : 1.3GHz, 9-cell cavity
. . B STF2 (electrons)
No. of cavity : frequency : cavity structure 2412 : 1.3GHz, 9-cell cavity
underline: future project Multi-MW SC Proton Driver (protons)
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B

@ Operation @ Construction @ ruturePlan
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Superconducting Accelerators

o Gl Snat in Worldwide
Elemental Particle Physics: (S-KEKB, BEPC, LHC, CEPC, FCC)

(@ Coie for
(L& YaY || Applied
AN /

FSREEEMESR T/ N—avera—

® Radiation Light Source: (DIAMOND, CLS, TPS, SLS, PLS, NSLS-Il, HEPS, HALF, SAPS)

® LINACs for Nuclear Physics: (CEBAF, S-DALINAC)

® LINACs for Free Electron Laser: (FLASH, E-XFEL, LCLS-II, SHINE, DALS, S3FEL)

® Energy Recovery LINACs: (cERL, bERLinPro, CBETA, PERLE)

® Proton LINACs for N. Source & ADS: (SNS, ESS, CESS, CiADS, MIRRHA, J-ADS)

® Proton LINACs for Neutrino Experiments : (PIP-1l, HIPrDr-KEK)

® Deuteron LINACs for Nuclear Fusion: (IFMIF-LIPAc, A-FNS, DONES)

® Heavy lons LINACs: (ISAC-I, SPIRAL-2, RILAC, FRIB, RAON, HIAF) (C)(F),E;:rtti::::ion
® Linear Colliders for High Energy Physics (STF, FAST, ILC) Future Plan
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® Cryogenics (Liq. He) ® Surface preparation ® Vacuum Furnace ® HPR @ Cleanroom @ VT
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Why our international collaboration is important for

R&D of superconducting cavities?
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Why our international collaboration is important for R&D of
superconducting cavities?

® To advance SRF technology R&D and related accelerator studies
across the broad diversity of scientific applications.

® To keep open and provide a bridge for communication and sharing
of ideas, developments, and testing across associated projects.

® fFree and open exchange of scientific and technical knowledge,
expertise, engineering designs, and equipment.

® New developments are reported, recent findings are discussed,
and technical issues concluded.
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Outline of the Lecture

Accelerators
RSN SN =gt —

- ©

4. Fabrication and Surface Preparation
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. . ° (/i \ Center for
2006 Superconducting RF Cavity System (1) @ ="
W / 5uper|conduct|ng
A
_’—“ﬂ mﬁﬂiﬁﬁhuﬁ%&—rji“e—e;a;gi‘/ﬁ— :

Refrigerator Cryomodule

77K I - _.a;J—.,"- ,.--'J—_.,x.-'J—'!_x,-A"-\ Gucrd Lol _ :E%ﬂgNSg?nE
o (O3 (0 F) (1 5) F- o
e ) 51 35 (05 e S
sl I L T ©
e 42K To v A :_T
. I 1 !
STF Cryogenic | | e L 4 j
System 4K - R oK |
L 1[* S— ! = S E
111 = Gea Rom Plgs T | ~
T -'".-"‘-\-".-"\-"-\.-"\-"-\."H-"- 1 o
(Hell| WM Buperosndurting Caviies |
e 2K b e .a-.; I|_I| _ e BOK SHIELD
5K SHIELD
Eﬂg;‘w Cryomodule CAVITY
Cryogenic Efficiency |
1Wat2K = 45Wat4.2K, (1:4.5)
3Wat42K > AC1kW, (0.3%)
® ACLOMW = 3KkW@4.2K 700 W@2K STF Cryomodule
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Superconducting RF Cavity System (2)

«@

@ Cir;L-”itor RF Transmission Line I N p ut cou p | er

| High Power Input Coupler

RF Power Source

Load

Beam m—

AN

ty
RF Transmission Line

Circulator RF Transmission Line
— e (% Q
(rejection of N
(AL)
<2 >

accelerating mode)

HOM Coupler Load RF Power Source
HOM Absorber oa igh Power
—) é\ o /—\ :—rlngTtF():oupler
Bearm =— (E } Bear — Cavity
\ / — Heat Load fo
Cavity Tuner
HOM coupler and absorber Frequency Tuner
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202 Superconducting RF Cavity System (3) &

KOREA :’T‘v‘-,' : E “-‘ ‘ ‘ o . . |
6 o = - ¢ “ Superconducting @
‘ .\ ’ = \ ' B EEER A /N~ 3 ot — :
s ey
b v) RS
.,'—. S Y
a,zﬁ', ?f ‘f’ fl W “H w\» u"rt*-’%aa

Accelerators
‘ 2 A LA

i — ] . - Mag‘netiéjShievIpd
3 » Slide-Jack Tuner He Jacket (Ti)
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He Tank
HOM Coupler

Monitor Coupler

et/e”

IK)
HOM Coupler Magnetic (80K)

9-cell Superconducting Cavity Shield

tion

Superconducting RF Cavity System (4) @ =", .

FSREEEMESR T/ N—avera—

Frequency Tuner /

Input Coupler

STF 9-cell SRF Cavity Package
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& csfor ol W mﬁiﬁinéhuﬁ%%—?jf\elejztgzze— o

Center-cells
(Tokyo Denkai ; RRR~300 Nb)

Forming and joining properties of Nb

(Deep drawing , EBW: electron beam welding)

_ﬁ ' \RETD
L Mm LIRS

‘;l,;‘
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Cavity fabrication companies
in the world
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©

Suomi
.:.,\\:E\c -y Sverige - research
e ) instruments
E, Sy Pavac{Canada) jioros
A e (Germany) i Z
Canada Kingdom Polska, ar ) anon
Nlowave (USA) DE&EH'& : ia'r.r:'aon (ltaly) v RESEARCH & INNOVATION SRL
@ NIOWAVE = /AES#JSA% M-S X 4. N
www.niowaveinc.com UI'Ii Eg.p.uﬂg : ey . L . _..:-'___.
StatV " HIT _ ity o mias
= RORFRRK

bl Afgha nistan
®rR p

T ceamenmon cs wecore | ROAGTK (U SA) "‘"’"‘Ningxia/ b3 Iran

_ Y Pallstan
VITZRO TECH fesies OTIC HERT" (Korea) prabis

Arabla Indi
: g Vltzro tech--
FAYALHIXZEIT )

b A 2 el mas
- ° orea Hitio
|

: o EEE X8 { a:u ‘-:(Japan)
@Ejﬁﬂuﬂ Vi . geoar mm 25 . ° HITACHI TOSHIBA

B o w s H Inspire the Next Leading | i >
. --e itachi ng Innovation
“(Chmazw ", X "

& 24K

&
y 17,0
% HARSIN INSTITUTE OF L HHOLOS v s WA

L WS Toshiba G mirsumismi @ MTSUBISHI
SEFSELYBRERAD ey il - o MHI-MS Our Technologies, Your Tomorrow AN ELECTRIC
NINGXIA ORIENT TANTALUM INDUSTRY CO,.LTD o I CRER a y 3-\”3 . Melco
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Design

- RF analysis (HFSS, SUPERFISH, CST-MW)
- Mechanical analysis (ANSYS)

- Thermal analysis (ANSYS)

- Elastic-Plastic analysis (Deep-drawing)

Essential technologies
for cavity fabrication

Pressing
Machining

Vacuum brazing

Engineering \/ >

Chemical polishing
Electron beam welding (EBW)

Assembly and Inspection

- Fabrication of special jigs
Vacuum leak check
Dimensional measurement
RF measurement
Frequency tuning
Precise alignment

=
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Special cavity fabrication tools

D096 \ Center for
N \ lICASA ?p;;léego ducti
AN u rconaucting
S, developed by DESY

Edd f Nb sh . [requency measurement Autbmaticpre-tunir;gvfeﬁiééhine
y current scan of Nb sheet ¢ p 515 cell/dumb-bell
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o | o2 SSHESN Fabrication Process of Nb Cavities
Cryoge ! ;,: 5 W]
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= Innovation
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&

¢ MITSUBISHI

AN HEAVY INDUSTRIES, LTD,

Procedure of press of half-cells

Qur Technologies, Your Tomorrow
. _—

In the middle of press

Before press

2by K. Sennyu
Deep Drawing

(MHI-MS)

Trimming
(machining)
CcP
Joining
(EBW)

s Special Technology

4 x 9-cell cavities

¥ (all 36 EBW seams)
per

1 vac. Pumping

e ML= at MHI-MS
. 23 g
\ Eiji Kako (KEK, Japan)
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Wrinkle holder Nb sheet Half-cell

Mo wrinkles, cracks
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Innovation
Center for

Cavity fabrication
(EBW: electron beam welding)

School on = )
Sunercond tivit, =4 - AR Superconductmg
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©

Center-cells
(Tokyo Denkai ; RRR~300 Nb)

-
LI ]

KEK 1.3 GHz 9-cell cavity
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gy Materials and joining methods e <
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R — In S R F CaVIty R aénu,zes—?/(f\ele/ - :

7
T

3 - = Nb/Ti
VIV TV VIV
AR A

T Waterials 1 Joining Methods

Nb (Cavity cells)
Ti (He Tank)
Nb/Ti (Flanges)

Nb - Nb Joining EBW, LBW
Nb - Ti Joining EBW
Ti-TiJoining TIG

Nb/Ti - Ti Joining TIG

Nb/Ti - Nb Joining EBW, LBW
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Innovatlon

High pressure gas safety low in Japan E_,

Superconductmg
Accelerators

Cavity unit with Jacket
at 1.25 times of design pressure
(test with He gas : 0.25 MPa)

Nb Cavity
at 1.5 times of design pressure
(test with water : 0 3 MPa)

Inspectlon by
a KHK staff

Inspection by

Cav1ty strlng assembly

a KHK staff - & &
Mechanical properties of Nb, Ti and Nb/Ti (EBW-joints)
o Tensile strength of Nb o 0:2% Proof Stress of Nb .._Charpy Impact Value of Nb
-.-.llSTpr.- T (Dld SEnl:Ian:I]
i ® JIS Type 135 (current standard) ol | fj@lﬁ?;ﬁmaw] — b
[ I 3
: ! T
F ; i ///;
§ o : ;
Test Temperature [K] Temperature [K] Test Temperature [K] Temperature [K] et Tempersue 14 [by H. Nakai (KEK)]

Fiz. (5)a Tensile strength of Nb. Fig. (5)b  0.2% proof stress of Nb. Fig. 5(b) Charpy impact value of Nb (10 mm wide).
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©

[N

Inspection of
inner surface

Hot bath rinsing
4 with ultra-sonic

Baking (120°C, 48h) ¥
Assembly (Class 10) (Class 1000) Hanging stand with T-map

Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 62




y
KOREA Febmm1-akogga‘uyversmmmxovea e Innovatlon

Electro-polishing: EP
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| NIIMIIRA PLATING 1998’

BuzanrBANES

©

1993’

T -—f g = = -

pdu-u n-& t-o-h--

S
by K. Saito (4th SRF-WS in 1989’)

E.ZANON/DESY
Ningxia/IHEP
Wuxi/SINAP

STF/KEK
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Vacuum furnace with diffusion-pump
for hydrogen degassing:

max. temp. = 800 °C max. temp. = 1200 °C
1.x10% Pa at RT 1.x10® Pa at RT
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for N-doping and N-infusion:
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Particle size Count

Pressure = 8 MPa
Purity =18 MQ2 * cm

0.30-1.20 pm 5825
1.20-2.01 um 405
2.01-3.00 ym 2720

> 3.00 um 1069

Total 10019

ERe

Fig. 6 Residual particles on a wafer surface after the TRISTAN final rinsing.

e

Particle size Count

0.30-1.20 pm 646 3 . . - ‘

1.20-2.01 pm 52 7 N

2.01-3.00 pm 282 . . - HPR'Z at COI

| > 3.00 pm 37

G M e Nozzle: fixed Nozzle: rotation
Fig. 7 Residual particle on a wafer surface after HPR. by K_ Saito (SRF91') caVity: rotation’ up/dOwn CaVity: up/down
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® Parts cleaning
® UPW rinsing

® Ultra-sonic bath
® |onized gun

® Particle counter
® Ar gas flow
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What is the essential technologies for achieving

higher cavity performance?
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What is the essent:al technologies for achieving hlgher
cavity performance?

Essential technologies for higher performance:
® Smooth Surface

® C(Clean Surface
® Clean Environment

To achieve higher performance
® avoid Thermal Quench caused by surface defects
® suppress Field Emission due to dust contamination
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1.
2.
3.
4.
5.
6.

Introduction

Fundamental of SRF Cavity
Overview of SRF Cavity System
Fabrication and Surface Preparation
Cavity Performances

Summary

=
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Performance of SRF cavity: iy
Qo-Eacc curve

2026 | School on

e f 4
Superconductivity anc 2y~ 1y // Superconducting
e ! Accelerators

R GENEE T /A= 3 i—

©

A a, W G
QO Qo =—=
Pd Rs
Ideal (Constant Q = Constant R, )
Quench
RS(T)\$ (He(gr))
Quench
additional loss
Eacc,max
Quench
— >
1
Eacc [MVim] EaCC—T _[ o, r0)C0s(k-2)dz=E, - T
172
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Cavity performance :
Essential technology

High purity Nb material (Fine-grain, Large-grain)
Forming (Hydroforming, Deep drawing, Spinning)
Joining (EBW, TIG, LBW, Brazing, ....)

Surface removal treatment (CP, EP)

Rinsing (Detergent, Ultra-pure water, US, HPR)
Clean room environment

Assembly procedure
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Cavity performance :

Applied

Residual magnetic field
Normal Core ~ Magnetic Field Lines Experiment to investigate shielding
effect of residual magnetic field
(3 nC2 / uT)

This sensitivity is strongly dependent
on the surface condition.

Superconductor

Supercurrents

Residual magnetic field is one of main causes of residual surface
resistance, because magnetic fluxes in a normal conducting state
are trapped when a transition to superconducting state occurs in

a niobium cavity.
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Surface preparation :
indispensable preparation

Inspection of

N

inner surface Hot bath rinsing

by ultra-sonic agitation

»' 0
\ with ultra-pure water

Suppression of Field Emission
# ® Rinsing by ultra-pure water

® Assemblyin class-10 clean room
> % K| | 1 ’ ; NF

C
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RF system for Vertical Tests : VT
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Driver amp Directional coupler

Electron monitor Power
T  meter
~ inear
Signal Generator G—C’/’E’_ modulator p— D)
_| Agilent N5181A Cryostat
MOD. INPUT Freq. counter J
[ |Agilent 531324
Band Pass IG34AR2Y b
| Local Oscillator Filter RER : ~#Torr
F-1MHz
[n] [n]777
N
Frequency ZRAREE :
P L L ° Converter <10 Pa
° \ N ;b
Phase Lock Loop | ;" Phase
B Shifter
A B .
: Monitor
Fgedback Phase Power Meter Pinput none R?’I:n:p oscilloscope
Controller| Detector Agilent E4419B | preflect He:<2K Input port
jOut FB In| Det.Out P _ P _ P _ P
Ptransmit o in ref ext
A B Power Meter 4
Agilent E4418B[5
: P HOMI L1 Pref / L
Power Meter Py )8 =
Agilent E4418B T
Agilen P HOM2 1F./P /P,
ok 5 . ref | = in
B8 atm e - Decay time
A2i1ms AzaZmv ‘m -

B, =B -(1+p..)
ﬂexf =Pexf/Po
QL =27 fo 'Tl/2/ Ioge 2
| Qo:QL'(l'i'/Bm"'ﬂexf)

| § QE.‘C[ = PO ' QO /P&Tf

e — ( [t I ]
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w* A
Q0= G/RS Rs = Recs 1) + Rres: RBCSZATeXp(—.)
Ideal (Constant Q = Constant R,)

Q, - v
Multipacting Quench (Hcgg)
* ¢ * (Hc =~ 2000 Oe)
Q Slope
/ with no X-rayy
0 Sm v Global Heating

‘\ (defect free)
. N\ (high A, high H,)
Hydrogen Q - Disease F'feld Emission
with x-ray v

Eacc [MV/m] >

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 75



e~ by~ ~ e ! -
A February 1-9. Korea University Sejong Campus. Korea ’ X i

uuuuuuuuuu

The 7t | Asl SwJnnovation
€ slan -

\\Center for

Cure methods
against Performance limitation

/ Superconducting
Accelerators
R GENEE T /A= 3 i—

w* A
Qoz G/RS RS :RBCS(T)+Rre3! RBCS =A?exp ——.

©

A Kg-T
Ideal (Constant Q = Constant R,)
Qo Multipacting V
¢(RF confitioning) Q\(lIJ_EQCNhZ(OHog%Fé))
v Q Slope ]

/ with no x-ray

(120°C baking) :
Q - Switch~

v Global Heating
_\1(1400% HT, removal) Field Emission

(defect free)
(high A, high H,)

Hydrogen Q - Disease with x-ray :
(800°C anneal, fast cool-down) (HPR, clean room) Y

Eacc [MV/m] >
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- Switch

M-5 Cavity

390 o

oL o M-5 () ..
10 ¢ & M5 (||}_____

0

The Q-Switch is caused by heating due to the transition from an SC state

5

10

Eacc [MV/m]

to a NC state at thermally isolated defects.

Typically, around iris region, where surface currents are lower.

=

Eiji Kako (KEK, Japan)
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Accelerators

M - 5 Cavity ; Quench Location

EBW seam at lower Iris

Sputtering balls / welding imperfections

C-1 Cavity ; iris EBW (6=
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1st Order 2nd Order 3rd Order

N
aVis

Multipacting at equator region

Axis

aVTa Ve

Multipacting is a low RF power, electron multiplication
based on resonance breakdown phenomenon in
vacuum. For a cavity shape such as a pill-box cavity, the
cavity performance is frequently limited by a
multipacting phenomenon around the equator region.
A spherical cell shape is usually used for actual SRF
cavities to suppress the multipacting phenomenon by
eliminating a flat region around the equator. In the
design of the cell shape, the ease of forming processes

and rinsing procedures for cleaning should also be
considered.

\ Eiji Kako (KEK, Japan)

Performance limitation

Multipacting

Multipacting is usually processed-out by RF conditioning.

Innovation
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R GENEE T /A= 3 i—

©

(Clean surface is essential.)

Secondary Emission Coefficient

5

Ey B E; Electron energy

~100eV ~1000eV

o ‘on i ¢ [hour/
879 Tx/9 870 4m0 ¢/
a0y

S -~

[mV]

clron achivity

MHI-07 cavity, 2nd VT (2009. Oct)

le

time [hour]
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TMO010-mode
ANl

n-mode Eacc=15MV/m |

Emitter iris distance 6.8mm (Z direction)

Performance limitation :
Field Emission

3rd 4th Cell
Iris

'/ Emitteriris distance 3mm (Z direction)

= Innovation
Center for

/ Superconducting
Accelerators

©

Source of
field emitted electrons

Fowler — Nordheim Equation

Emitter iris distance Omm (Z direction)

[Thesis by E. Cenri (KEK)]

=

Emitter iris distance 4.40mm (Z direction)

Eiji Kako (KEK, Japan)

2
_ AFN (BFHESHFJ’('E)) E{JEFNE:MT;'{”}

’ b2
)

| B : field enhancement factor
3.0x 10"

2.5x 10" B,=100
2010 Phase=90
1.5x10"™"  Eace=[0-30]MV/m

—Bpn '° A
5]

E. . : surface electric field
@ : work function of Nb

L0x 10"
5.0%10% MV
| i R
10 15 20 258 30 { P }
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Sources of field emission:

2 Innovation

\

A “Center for
(L&YY | Applied
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5 0080 ¥

[TI1 AN

C, O, Fe, Cr, Ni

3¢ Fermilab
[by M. Martinello (FNAL)]
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Performance limitation : HPR

C

1" Cﬂ'll'it}" A ;45.

Application from semiconductor industries j
[P. Kneisel, SRF'93 at JLab] ¢

to accelerator technologies.

& After high pressurs rinaing
= Bafore high pressure rinsng
.Inm__ouuucdnnugq 900 O B8 aso oD @ B

The Evolution of Silicon Wafer Cleaning Technology

o

Werner Kern*®
Lam Research Corporation, Advanced Research Center, San Diego, California 92126

J. Electrochem. Soc., Vol. 137, No. 6, June 1990 © The Electrochemical Saciety, Inc.
High-pressure fluid jet cleanmgl consists of a high-

velocity Jet of liguld sweep over the surface at pres- l

sures of up to 4000 psi (55, 56). The liquid can be DI water

or organic solvents. The shear forces effectively dislodge

—
%

I:IJJLIL‘J

51
Eace [Mv,/m]

submicron particles and penetrate into dense topography, — —
but damage to the wafer can result with improperly ad- ok r
justed pressure {18). . » I .
[Ph. Bernard, EPAC’92 at Berlin] ) I (0Pl 990,528,998 9 95 30 0 0o 0@ o oo
Y. - e ‘ i '
1.5GHz, Nb/Cu cavity after HPR 8 -
Glm " at CERN “ ‘...‘,. v Figurel:Sch:qmlieni’llighl’reasuremnslngSyslm L L
.°.°°n. ) 'FD':— —
“enn,  EXperimental results of performance 3
o before HPR o, TP . .
T LI recovery by high pressure water rinsing
M Ve Demonstration of the effectiveness g

B (MY/mn)

Figure 1. (-valee vs accelerating field for the femdamental mode a1 4 2 K (Jower) and 1.6 K (upper), a) before and b) afier

high-jresswe waler nesing.

=

0

¥, [MY/m)

of HPR

Figure 3 : Results of Production Cavity Pair IAZ45TA299 before
and after High Pressure Rinsing | measurements hawe been

Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 81



iy~ e, Performance limitation :
2026 SRR e

e - ol ) Hydrogen Q-disease (1)

Innovation
\ "\ Center for

/ Superconducting
Accelerators
FSRECENER T/ N—a v i—

©

(40+90um BCP)

b) i
5 T |
< -
S First cooldown
= i |
% 1 &5
S % )
(e} e — 1 " A ]
S —— — I Successive cooldowns | ]
) R e e .
g
oa L . ooy ) . .
o 1 2 3 4 5 (5] 7 8 =]

Eacec [MV/mI]

‘ G > | . [SRF'91 at DESY]
HERA cavities and cryomodule (in 1991 at DESY) 7 JUSR—— A — |

Heat capacity in the cryomodule is large, so that the fast cooling

like vertical tests is very difficult.
A . . oy - &é{g, ag‘““—-ﬂ*—-—-ah_\ﬂ
Therefore, hydrogen Q-disease was observed in this condition. § o \"w\,*_% 1st nor_mal Coollng
. . ] gﬁ . . rd’K ;\‘ 15t test (e na)
HERA cavities (DESY) : BCP + no Anneal = Q-disease 1 3 \féfj ioolmg
5 %%’H*»\H 1 Z”dﬂ* slovv cooling |

TRISTAN cavities (KEK) : EP + 800°C Anneal - no Q-disease o~ tiemmtmm il o

Facc (MV/m)
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1.5 GHz Nb 1-cell Cavity at Saclay

400 T
300 \
a) Thermal cycles
on the 1.5 GHz Cavity
- 300 -1 ' | SR L . ?__
¥ 200 150K = : Fast cool-down ||: 3
- T \ 250".:.. N _:
= :/:::":":‘.":‘::":7:'.‘:":"':"':"::’;7:"."' YT T 1 N b
E4 200: .
100 JZ:&Z.L[J./.Z_E-_([JZ.L[.JZJZJ./.J__ _Z_J{__rZJZ.J(_{_ZJZ_ g
S 450 -
90 K~ 140 K | e
1h S 100[ i
A R o 20 0 40 sof|[] -
TIVME Ch) OE
[SRF'91 at DESY]
Fig. 4: Cooldown conditions to reduce the effect of the Q desease. Time (hours)

Experimental results on Q-disease at DESY :

b) 0=f (Eacc)
after thermal cycles
11 . a
E o b
L x c
L Fast cool-down o d
W My = - o
1E10F * -,
E ™o *y fast
: o
8 L DBD 0D o g o o
"h&' 8o lh
1E9 % XX x % «
F x
Xxx 2h
L %"" <o
°°¢ 370 h
1EB T PR TR TP | -
0 3 6 9 12 15

Eacc (MeV/m)

A cure method by fast cooling around dangerous
temperature region from 140K to 90K

=

Experimental results on Q-disease at CEA-Saclay :

Hydrogen dissolved in a bulk niobium is precipitated on the
surface layer and formed niobium-hydride composition.

Eiji Kako (KEK, Japan)
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Another cure method is an annealing at 800°C
of Nb cavities for hydrogen degassing.
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- High field Q-slope (1)
2 Saclay cavities tested at Saclav 3 KEK cavities tested at Saclav
10" IR ., 10'
Q, Q,
10" i 101 :
10° ; ettt N I B J i g | . : : :
0 5§ 10 15 20 25 30 35 T
Eace [MV/m] Eace [MV/m]
Q- Slope without x-ray
Reproducible observation.
Temperature rises at whole cavity surface were
observed by a temperature mapping system.
B5. C1-102AOFERES H(Eacc=20MV/m) (No Field Emission)
\ Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd
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6. K1-02ZR0ORE:RE S (Eacc=28MV/m)
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Study on 1-cell cavities at KEK
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High field Q-slope (2)
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©

Improvement of cavity performance by EP

L 6 Q D ................ .
-y |—|D59~
1010 RRR=230 ., %Q
1300 °C HT | V1000 °C HT
e RRR=320 RRR=200

O S-1/C114
® S-2/C109
+ S-3/C103

10% : :

0 5 10 15 20 25 30 35

Eacc [MV/m]

CP cavity @ Saclay

\ Eiji Kako (KEK, Japan)

Q

0

101! L

Quench
10° no x-ray
O $-1(13000C HT, RRR=320)
@ S-2 (10000C HT, RRR=200)
4 S3  (noHT, RRR=230)
108 L o B T
0 5 10 15 20 25 30 35
Eacc [MV/m]
After EP @ KEK
[by E. Kako : SRF’99 at Santa Fe]
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Study on 1-cell cavities at KEK
Effectiveness of baking at 120°C

10 10

©

C HT, RRR=200] 101

after baking o | & no baking 29
Quench no.Quench
no Quench no.x-ray. no. x-ray. Quench
no x-ray 9 no x-ray
10° 10
@ Saclay3 (CP10um, HPR /no Baking) @® KEK9 (EP+30um, HPR /no Baking)
< Saclay4 (after Baking at 1000C for 48h) < KEK10 (after Baking at 1000C for 30h)
108 . . . e —— 108 L . .. Y S
0 10 20 30 40 0 10 20 30 40
Eacc [MV/m] Eacc [MV/m]

CP cavity + Natural Drying @ Saclay EP cavity + Pumping & Baking @ KEK

EP+120°C Baking is an indispensable procedure to achieve >30 MV/m
(The initial purpose of baking at KEK was a drying in vacuum for a wet cavity after EP.)
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Inspection of
inner surface

Hot bath rinsing
4 with ultra-sonic

Baking (120°C, 48h) ¥
Assembly (Class 10) (Class 1000) Hanging stand with T-map
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What is the essential surface preparation procedures

as a current standard?
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as a current standard?

Established as an essentially important surface processing :
Electro-polishing: EP

Annealing at 800°C for hydrogen degassing
High pressure water rinsing: HPR

Assembly in class-10 clean room

Baking at 120°C

Clean assembling procedure to suppress field emission

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2026 at Korea Univ., 2026 Fenruary 2nd 89
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2026

_ Cryogenic Efficiency
QQ (QO' (DWS/PO) 1Wat2K > 4.5Wat4.2K, (1:4.5)
3Wat4.2K = AC1kw, (0.3%)
AC1.0 MW = 3 kW@4.2K, 700 W@2K
11 = e Aoty (el =ittty
10 High Qo for cost reduction
ERL/FEL : :
(Iowe/r loss) High Gradient
1010 |8 Cod-Ep .. [KCJTESLA T -
® N-doping CW operation
® N-infusion Pulsed operation
o Two step baking (IOW duty factor < 1%)
® Mid-T baking
® Fast cooling speed

Eacc [MV/m] 10 20 30 40
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Toward higher cavity performance :

high-Q, high-G

Innovatlon
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; Superconducting
Accelerators
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©

P 75/120

* N-Doped
® 120C

A N-Infused
B B800CHT

by A. Grassellino (FNAL)
TTC meeting at TRIUNF
2019 February 05

510N

-120C bake

"' E ,I\hnfu'

107

10

Eiji Kako (KEK, Japan)

20 30 40 50

Eacc(MVIm)
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| ™™ EUPT ISR toward higher performance

1. Rellable operatlon at higher gradient (High-G)
® [mprovement of clean environment to suppress field emission:
a. Development of slow pumping/venting system
b. Development of local clean booth
® Performance recovery of degraded cavity:
a. Surface cleaning by He-processing at low temperature

b. Surface cleaning by plasma processing using glow discharge
c. High power pulsed RF conditioning

2. High-Q technology for reducing cryogenic losses
® Nitrogen doping at 800 °C + EP
® Nitrogen infusion at 800+120 °C + (no EP)
® Development of lower residual magnetic field components

3. Possible operation at 4.2K
® Nb,Sn thin film on Nb cavity with higher Tc and higher Hc
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Introduction

Fundamental of SRF Cavity
Overview of SRF Cavity System
Fabrication and Surface Preparation
Cavity Performances

Summary

=
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= Summary ©

Fundamental knowledge of RF electromagnetic fields in the SRF cavities is

absolutely important in the first step of R&D in SRF technologies.

® Essential surface preparations including EP, 800°C HT, HPR, 120°C baking and

clean assembly was confirmed in many 1.3 GHz 1-cell/9-cell cavities.
® High power input couplers and HOM couplers/absorbers are one of the most
critical components of an SRF cavity system and include varieties of key

technologies in design, fabrication, conditioning and operation.

® |International collaboration is essentially important for R&D of superconducting

cavities.
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I belleve you are interested in SRF cavity developments
We welcome your visit to KEK.
T L]
ﬂﬂ!ﬁ Emeritus Prof. Eiji Kako
|l Tmm CASA, Accelerator Laboratory,
— & [ WA KEK, Japan
> & \voice: +81-29-864-5200 ex. 4325

fax: +81-29-864-3182
email: eiji.kako@kek.jp
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Questions !
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