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Introduction of KEK &
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High Energy Accelerator Research Organization
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y life at KEK for 39 years.

Eiji Kako (KEK, Japan)

My experience on SRF Cavity
for 39 years.
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Cryomodule
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He Tank
Monitor Coupler

HOM Coupler

Magnetic
9-cell Superconducting Cavity Shield

Frequency Tuner

Niobium Material taput Coupler | Stable Beam Operation
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Superconducting RF (SRF) Cavity

Superconductivity
and material science

Superconducting Ultra-high vacuum &
RF cavity system clean technology
RF technology

Cryogenic technology
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Typical Properties of Superconductor

Type-1, Type-2 Superconductor DC Resistivity

Superconducting
Accelerators
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Meissner effect

203 Superconductor
200 Nb:Tc=9.2k  RRR=PE5K)
Type-1 Type-2 p(9-3K)
Hel. : & Normal-corjducting
. g State _,
g 100 d"-'_'—'-l:f,‘- Cool
: Hc2 % . vees® ' flelol - -
o o e E Superconducting
Pb Nb, Nb3Sn o) b PSR
0 5 10 15
Temperature [K]
Phase diagram RF Surface Resistance
1 \ _____ e Flux trapping
B $ BC (T) <) ; N —R_res Normal Core  Magnetic Field Lines
o 107 —R-
normal phase = \\ R
. (o b % 10 ‘."‘-."‘“
superconducting n{
phase — g ™
‘ - T 3 10° :
a Te R = Ry ay T R, e
Hei(T) = Hey(0) X (1-(T/T,)2) U820y e as as or suprbrns
2
A ~
T<Tc/2 Rys =A% exp| ———— R.os = 0.370.4 [nQ /mG]
T ky-T
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Accelerators
SRBEEMERS / N—Y 32—

00 T ! T T T T T T d
g f HgRaCa{'uﬂ @ 30 GPa f Hazs @ 155 Gl
150 | e oot TIBaCaCu® /ﬁ@” (;.HsTlBaCﬂtuﬂ R SRRTRRTPTI
: BLSrCaCuD @ : < lig. CF,
P ; HanLa{,u(J FeSe Im
£ 100 }-- R T TR r e e crweee ;[;ﬁlcﬂ & R A R C
kY o 5 5 StFFeAs_ " | <= lia. N,
ot A : : . ' A y
5 S Cs3Ce0 i r T
= _ @14 GPa MgBy . ;
o : I W |
40 - — : . g ? e .® . " -
g W s Thin film on Nb
i 10 Thin film ....... : .9 RioRs AT R N d s )
9 lon N, - =< Nb3Ge BKBO - YbPd;B,C : LaOFFeAs. 1:
= ( Nbysn 3 © z o .Puf:ucas '
O ) g P Pt eheeciiiiad v R TTE HEEPREANEL AL ol i ~ = liq. H;
il : : : ; c;a3 g 5 :
Thin film on Cu : O . jamgnd 1 9.2 K 0.20T 40 nm
u,Si, : UBeg UP[-; timafla : cftn":.'ﬁ,___/bcw]_ . [ LaOFeP: <& lig. He
0 L= e— — L LA L ' ! NbN 16.2 K 0.23T ~350 nm
1900 1940 1980 1985 1990 1995 2000 2005 2010 2015
by P. J. Ray Year Nb,Sn 18 K 0.54T ~100 nm
© BCSHE{REIK ¢ R tmBEER [ HKREBEERK

MgB, 40 K 043T 140 nm
Y B % BVETR

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 12



Question (1)

What is the advantage using Niobium for SRF cavities?
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Superconducting RF (SRF) Cavity

What is the advantage using Niobium for SRF cavities?

® Suitable critical temperature (Tc) at 9.2 K

— Cooling by liquid He: at 4.2 K and 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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Rest Energy of Particles

1 Joule =1 Nm= 1 kgm?/sec?
1eV=1.6x107 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 Enerqy
E.=m_,c?=0.511 MeV

E,=m, c?2 =938 MeV

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 16




Kinetic Energy of Particles

Rest Energy E, =m, c> (v=0)

(v>0) e m, c _ m, C
Vi=(/ef  1-p
E.=myyc’—m,c’ =m,c (y-1)

7:1/‘\/1_182 p=vie =1 (v=c)

[£<05 (v<<o¢) L~=05~0.7 £>0.7
Low-[3 Medium-f3 High-3
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Kinetic Energy of Protons and Electrons
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Accelerating Structures for Proton and EIectrons

- @
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2.0 MeV CW e-beam

B=0.07 p=0.24 | <~ - f=0.88
QWR: HWR: \ f=0.47 500 keV CW e-beam
Quarter-wave Half-wave ’33 9 " SSR: 500 kV
Resonator Resonator 1 Single-Spoke DC-Gun 1.3 GHz, 1.5-cell
Resonator

SRF-Gun Cavity
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Accelerating Structures for
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Proton/lons and Electrons
cERL, STF,
Existing developed SRF cavities 1-3GHz,fB‘=.1.0 1.3GHz, B=1.0

1000 =
RAON Spoke
325MHz, ESS Double Spoke
B=0.3 | =—"SW 352.2MHz, $=0.5

Frequency (MHz)
=
=)

== 175MHz, 0. 11
i
RIKEN, QWR |
L N 73MHz, B=0.08 |
LNL RFQ :
80MH
. ! 3.9 GHz
B=0.5
o : R TN DORS T N TR (IHEP : CEPC)
$=0.1 Particle Velocity [[3=v/c] b=1
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SRF Cavity Production in Worldwide Projects
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TESLA/ILC 1.3 GHz
T;i‘-\"’.thl(l(l ‘ | ‘ | ‘ 1"- -t

FERMI 3.9 GHz

LEP 0.352 GHz

Half

Wave ) )
Resonators i
Elliptical (HWR) |
multi-cell

cavities

Spoke

Wave ‘
Resonators |\
(QWR)
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Beam Acceleration by RF Fields (v = c) .
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Beam axis —> z

=g 2=ve
i ) E=E,sin(o?)
= E, sin (k z)

1.3 GHz, 9-cell Cavity Time

G e S e o O Synchronized condition
N DA I DI £ DI e V=c, (ﬂ:l)
| . pi) b bl g bl i 4 b _w _C
Accelerating Electric Field f — —
(TMO010 m-mode) AVATATATATAYA 27 A
@
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Several important equations and useful formulas are now introduced in order to
better understand the behavior of the electromagnetic fields inside an RF cavity:

® Maxwell's equations: ) )

diVBZO lel_jZP I"OZ‘HZJ-I-G—D rotE :_a—B
ot ot

® \Wave equation: ) = 0 0’
(1 ’ V7 }1— _'CTIU8 _[{'+ 6?/125——1[{

{ t

—

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

® Bessel equation and Bessel functions:
o0 m n+2m
d’R 1dR (,, n’ 7 (DR r/2)
B

dr® r dr ° m=0

23
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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.

o
/
rt{ > o
t ®
a ®
®
| >
giv ®
®
®
A pill-box cavity, (circular cylindrical resonator): o
The symbol a and / represents the radius and the PY
cavity length of the pill-box cavity, respectively.
®

Resonant frequency: f,
Stored energy: W.

RF loss (dissipation power): P,
RF surface resistance: R
Quality factor: Q
Geometrical factor: G
Transit-time factor: T
Accelerating gradient: E___
Shunt impedance: R,

R over Q: R/Q

Energy gain
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Accelerating mode (TM010) @7 ...

TM,,o mode is known as “accelerating mode”. The boundary conditions of electromagnetic

ISRBEENRES / N—2aver2—

fields of the accelerating mode inside a pill-box cavity can be written as follows: )
E 4
H. =0, g
------------ E,
Er — O’ Z at . ( 0)
ataxis (r=
-l/2 0 2
H =0, / /
I 1, r
E,=0. © \
------ > J A\ I
5 Ez . 1(kr) J o lkr) 2 405
Only two components of E, (r) and H,(r) exist. N > | ! z H, /| |E; z :
H { Bessel functions
E \=E,J ¢ - ‘
() = £o0 Jo (kr) COSD Accelerating mode (TM,,, mode) . -
Magnetic field r " Electric field
- Eo . e l
Zo

where the following relation holds:
Z,=Ey/Hy=(11,/¢,)°> =120t =377 Q).
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The essential RF parameters can be summarized as follows:

%

® Electric RF field E [V/m]: Eexp(jot)

® Magnetic RF field H [A/m]: ;[ exp {] (a)t+%j}

® Accelerating gradient E___ [V/m]:
/2

|
E =- J.EZ(Z, ) COS (k-z) dz
L5
® RF Loss / Dissipated RF power P, [W]:

2
dA

P, :%ﬂﬁ
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Summary of Main RF Parameters (2) Q/

® Stored energy W [J]: W, ﬂoJ‘ dV— &y
2
® (Quality factor Q: 0 - oWy G
P, R
® Geometrical factor G [Q2]: dVv
G = @, 4y —

® Effective shuntimpedance R, [€)]: » Vazcc Eacc 2

sh — cavity
P d P d

R B
® R/Q[Q]: Q) ow, “"
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Temperature Dependence of Surface Resistance @ C
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R=G/Q,
S— 0 T b e b T VT, Eace=d SMVim 3
.- With Cav. Magnetic Shield-Ohtama

-~ - ~~With Cryo. Magnetic Shield-Tokin -
AW ] Rs=ASIT)exp-AKTHRres ||
Value Error

| AQE] 0.00011076 9.22326-05 ||

1.3 GHz, 9-cell __ > : -
Superconducting Cavity 107 s Vg Wl L9 . Different condition of
' 4. ZK PR S LS | emq o2 xai o Residual magnetic field

Iag. Shield-Tokin Chisg. -
- = -, expi-AET+Rres . .
Value Error "

| A@E] 00011559 9387305 | 0 WL

| AE[K] 17.82 20795 |
H Rres [Q] 14.927e-08 5.7945e-10 | He-l

- 7 Rres=28.TnQ
S s R
_ es=11.5n res

Surface Resistance
Rs=277/Qo [Q]
S

| Chisq. 026119 Al S E—— — -
B VT Eace—3. M Vim """Qiili'."ﬁ“ i'pOInt e ONGG e
FWith Cryo. Mag. Shield-Tokin - - With | N
Without Cav. Mag. Shield-Tokin Without Cryoe. Mag
]_{|'9 . Rs=A*L'T ) exp-A'KT H+Rres Rs=A#LT¥ 39\'; 2 OK
1 Value Error
0 A[QE] 0.0001181 0.00010986 A[QK] 0.00011924 00001085 [
1 AE[K] 18.117 272586 || AE[KE] 17.793 I3ge [T

|Rres[@] 13.046e-09 20463209 || Rres[Q] 28.663e-09 L15s3e09 |

Chisg. 0.13752 _Nj; Chisq. 038429 }|-‘L 1.7K S RBCS(T)

R 0.99633 NA R 0.98983 NA

101°
0.2 0.3 0.4 0.5 0.6 0.7

l/Temp. [1/K]

2

0, A
R,.=A—exp| ——
BCS T p kB-T
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Surface resistance of RF Cavity: Cu and Nb @

Normal-conducting Cavity :

® Surface resistance; R [ (]

R = [OH_1 [
20 00

f=1.3GHz, G=270
Cu (20°c) ; o=0.58 x 108 [1/0Qm]

Rc=9.4m(2 (6=1.8um)
Q=G/R,=2.9x10"

———

Eiji Kako (KEK, Japan)
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Superconducting Cavity ;

® Surface resistance; R [ (]

R = RBCS(T) +R,,

2
0, A
R =4—eexp| ——
T p[ kBoT]

f= 1.3GHz. G=270 .0 Rgcs : BCS resistance
' g R, : Residual surface resistance
Nb (2k) ; Rges =7 [n€)]

Rres =/ [nQ)] A: Gap energy of Cooper pair

Rc=14n() (A,= 44nm)
Q=G/R.=1.9x101°

kg : Boltzmann constant
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Question (2)

What is the advantage of superconducting cavities?
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Superconducting RF (SRF) Cavity

What is the advantage of superconducting cavities?

® |ow surface loss =2 higher Q > higher Ws
® high acceleration gradient

— higher energy in smaller space
® better efficiency to beam power

- smaller RF power source

® CW operation at higher fields
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1. Fundamental of SRF Cavity System
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Fabrication and Surface Preparation

A A

Summary
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Fabrication Process of Nb Sheets @ .
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Fabrication process of Nb sheets for 9 Rolling 3. Annealing WLTRA MIGK PUBITY RARE METAL
Superconducting Cavities Rolling | e=E= T o K ‘v' o
i Toiyo Denkai Co, Ltd, S | Annealin
Electron Beam Melting — o [ .
1. Mother Material 5. EB Melting | |
(2nd, 3rd) °, | .
EleCtron 10. Polishing 14. Testing
Beam /
Melting ‘[ Polishing
2. Pressing _ 6. Cutting
=
11. Rolling 15. Polishing
Rolling Polishing
3. Out gassing 7. Forging -"‘° - @
and Sintering
12. Cutting 16. Packing
&0 Forging
4. EB Melting{1st) 8. Mechanical
grinding
Electron
O Note:
Beam
Melting

[by H. Umezawa (Tokyo Denkai)]
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Material certification of Nb: (Mill sheet) e @&
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Customar  Massrs. MATERIAL TEST RESULTS

HiA i Al i A T B ﬁ ﬁ EE ﬁ ﬁ LLL

TOKYO DENKAI CO., LTID.

28378

Surveyor .
Aues ® Date Bt HpkInFE3iH4E EEEMSESSH
Material #HE Article [ff Quantity ! aechanical properties ol
ik Bk i T.8 .8 Elongation| Hardness
. GlaRsEs wh HTE ek
Specification No. THEES E:E iy p— 5 -
gr Spec | min 120 Y 35 -
Lot No. Size ~ti& mm ey —
Longitudingl :
3T = -} = . S ] -
4378 2Bt %258 456 ¢ 58 pes . 162 7 sl 208 |
il 5l 54
| |
Element Chemical Composition (in Wt%) JEEERE Ay

Lot Na. )i = Ta W T Fe Si M Ni S
_” M | max 0,15 0.02 0,005 0.005 0005 0.5 0,005 .01
Test
Results 0.0115 <0.001 <0.001 £0.001 <0.001 £0.001 €0.001 0,001
[ J [ J [ J
waes | Ta | W Chemicall Compositi
Element Chemical Composition (in Wti) LSRRy
| RS o N H C
Spec | min
max 0.015% 0.01 0.002 0.01
\:ﬁ\ £0.001 0,001 <0.0005 <0.001 /

Inspection Section

Purity, Thermal property M'Brox -
RRR = 298 . L DENKAI

T.5.=Tensile Strength ¥.5.=YIield Strength E.V.=Erichsen Value [by H Umezawa (TOkyO Denkai)]

% Starting [ngot Lot Mo, NC-1830
RRR Value of Sheet: 208
Grain size ASTM &6
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Characteristics of Nb materials: (RRR) @

O RRR measurement system
THES |
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Residual Resistance Ratio

RRR

_ p(300K)
- P (9.2K)

B ‘_" - -
s Tl - ol

©

CuzA s 1 (300K) = 2x10°5 O cm p(9.2K) = 1x107Qecm RRR =200
p (300K) = 2x10°° Q cm p(9.2K) =6x108Q2cm RRR =330
10, | 200
A : J € Nb Normal-cgnducting
5 107 — ; Tc=9.2K] |state
G: 10_65 £ 100 v - 2-t.|mes melt.lng
= S . o ¢ * 1 3-times melting
E [ ( "%‘ ’...0
1) °
podle 1 11| | % 5 10 15
0 100 200 300

Temperature [K]

/

Eiji Kako (KEK, Japan)

Temperature [K]
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Material Properties: Thermal conductivity@%@éﬁ%ﬁm

©

2 Thermal conductivity of Nb RRR : Residual Resistance Ratio

IO

< 1 asreceived RRR=228 : RRR = P (3 OOK)

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

. il 3  Heraus welded p~1e-4 torr RRR=158 1] p (9 2K)
S E 4 production weld heat treated RRR=596

= 5  heat treated RRR-816 ) .. . :
e el sk S i K': Thermal Conductivity Wiedemann-Franz’s law
> - | ’ _—
o e 200 W/m K KXo =
5.t o - W /m-K] 0
I // RRR~ 800

o 107k E .

© 3 50 W/m K 1 Hgyencn: Quench field

(E) i RRR™ 200, : Ruefect : Resistivity of Defect
EJ . H _ 4 x (Tc —T1 He) a : Radiaus of Defect

= W - 1 ] quech a Rd T.: Critical Temperature

10 10 | 10 gfect Te : He Temperature

Temperature (K)

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)
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700
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I oot
// 400 I, : :
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I
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—t— RER L
100 .. 1 ® Titanification
. . . . . e
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No. of EB Melt 1980 2000 2010 2020
N 160 I Year
. v L & BCP,Ref.[21]
14E-05 = # 180mm 3T imes 140F © EP.Ref.[21] . {+e— 35MV/m
o . ) Ak ol = BCP 3¢ o
-_E 1.2E-05 - * - l- .;::!C'ﬂﬂ.l 3T !.u_es Q 120 ¢ EP 1 A § 1e— 30 MV/m
£ o LOE-0S | o ang 4 230mm 5T imes = o o S 2
= & L ‘ & . ~ i »Eﬁ§ A H -
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= 2 0E-05 Hi
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0.0E+00 .
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Performance improvement for 25 years at KEK

TRISTAN 508MHz 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

S Test Results of 9- cell Cav1ty Performance at STF

1.0E+11 OKEK-12
1989’

--| OKEK-13
_| OKEK-14
AKEK-15
OKEK-16
AKEK-17
OKEK-18
OKEK-19
OKEK-20
OKEK-21
OI\LI\ 22

Qy

1.0E+10 §---

Qo

Eacc = 6 MV/m T - : ¥
1 Qo =2x10° S ::::E:.-_:I Eacc 31 5 MV/m :%::::;Z::::?:::
e xxx #6a—1st 2013’ [ 1Y QO 1 X 1010 -------- --------

c8e  m - @ bt JULS | T
07 ooco #6a—2nd

06 +++ #6a—3rd ) 1.0E+09 : i : : : : : ; :
— Lt 121 0 5 10 15 20 25 30 35 40 45 50

0 2 4 6 8 10 12 E,..[MV/m]
Eacc (MV/m)

Figure 1: Best Qg vs. E, . curves obtained from performance tests

T. Furuya, SRF’'89
[ y ] for KEK-12 through KEK-22. [y yamamoto, NIM-A (2013)]
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SRF cavities developed at KEK S i

Accele ato rs
J"'Fﬁim WHEB A /N—23vEri—

vl

J‘k!*t*‘f%ﬂ‘lﬁ‘*"“ P

J-ADS 972MHz
9-cell Cavity g
(B=0.73) |

TRISTAN
508MHz 5-cell Cavity

»."\ ;‘.‘ \ )

|
[ "4
e RLR TR TR

cERL Injector ¥ -
1.3GHz 2-cell Cavity cERL ML 1.3GHz 9-cell Cavity STF 1.3GHz 9-cell Cavity
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Cryomodules developed at KEK @ "-...

Accelerators
SRBEEMERS / N—Y 32—

508MHz Cryomoudle
Ly ] ‘; R _:F‘}r ‘?;j‘ﬂs%:"'}f: 2 ‘7" .

‘

CERL13 GHz CERL 1.3 GHz

Injector Cryomodule ML Cryomodule STF 1.3GHz Cryomodule
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STF at KEK for future Linear Collider (ILC) @

Accelerators
RREENESRS / N—V a3 a—

©

. - &
Superconducting RF Test Facility ‘ 12 KW
STF2 Accelerator Beam Dump
(Pulse, electrons) I

& 1.3GHz, 9-cell Cavit

Cold Box -1 # = < BT Capture Cryomodule
- R o (two 9-cell cavities)

3 MeV
Photocathode RF-Gun:

(1.3 GHz, 6 mA, 1 ms, 5 Hz)

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 41




Superconducting RF cavity system for STF *@zz':sm.ng

Cryomodule

# 300 GUS
RETURN PIPE

$965.20

CAVITY

STF Cryomodule

———

Innovat|on
\Center for

_ ©
W",’ ‘f’ M Mu Ol ‘vfig'-“e

“‘&"u;‘

-

Accelerators
ISRBEEMESET / N—3avera2—

-‘1’“3 GHz,9-cell.Nb.Cavity

1 ~ Magnetic Shield
Slide- Jack Tuner & He Jacket (Ti)

Cold-mass
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cERL at KEK for future Light Source: ERL @

Energy Recovery LINAC

Compact-ERL
(CW, electrons)

Recirculation loop

\ Merger ® Deceleration

0.5 MeV

(500 kv, CW, 10

Eiji Kako (KEK, Japan)

Injector module
nree 2-cell cavities)

Photocathode DC gun

Accelerators
SRBEEMERS / N—Y 32—

1 . 50 kW

ﬂ ﬁﬂm J Beam Dump
I’I 1\9 5

Dump

35 MeV

Main-linac module
(two 9-cell cavities)

® Acceleration

mA)
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Superconducting RF cavity system for cERL@?EéE%?ZLm

Accelerators
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Cryomodule

5K Duct

Vacuum Vessel

5K Panel 5K Panel

80K .
Shield 1.3GHz, 2-cell Cavities

K He: Jacket Input Couplers

2K Gas _
Return Pipe ; .
Input Coupler
e Magnetic shield 80K Base-plate
10 mA 2-cell Cavity
0.5 — 5.5 MeV HOM Coupler &

RF Feedthrough

cERL Injector Cryomodule

1. 3GHz 2- ceII CaV|ty Cold Mass Assembly
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Superconducting Accelerator Projects in Japan

Accelerators

ISHBEEMER T/ N—3vEva—

©

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

B SuperKEKB (e e* collider)
8 : 508MHz, 1-cell cavity

B cERL (elecrons)

RIKEN-Nishina

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 2+12 : 1.3GHz, 9-cell cavity
underline: future project Multi-MW SC Proton Driver (protons)
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Accelerators
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Superconducting Accelerator Projects in World @

21—
T

F=-ARIUF

&

@ Operation @ Construction @ ruture Plan
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Superconducting Accelerators in Worldwide

® Elemental Particle Physics: (S-KEKB, BEPC, LHC, CEPC, FCC)

® Radiation Light Source: (DIAMOND, CLS, TPS, SLS, PLS, NSLS-II, 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-11, HIPrDr-KEK)

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

® Heavy lons LINACs: (ISAC-II, SPIRAL-2, RILAC, FRIB, RAON, HIAF) fc)g:;:rtlz:ion
® Linear Colliders for High Energy Physics (STF, FAST, ILC) Future Plan
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Main Accelerator Laboratories for SRF R&DE ==.... @

Bk

® Cryogenics (Lig. He) ® Surface preparation ® Vacuum Furnace ® HPR @ Cleanroom @ VT
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Question (3)

Why our international collaboration is important for

R&D of superconducting cavities?
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Superconducting RF (SRF) Cavity

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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1. Fundamental of SRF Cavity System

———

1
2
3.
4
S5

Introduction

Fundamental of SRF Cavity

Overview of SRF Cavity System

Fabrication and Surface Preparation

Summary

Eiji Kako (KEK, Japan)
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Superconducting RF Cavity System (1)

77K
Faliarn Ll
g, |

e

STF Cryogenic

System

Refrigerator

[ g .

Ly

Hebu e T i Biag
ZlJZl( T Oty A
i | T Listsed
41PK |ma
Heat
| | Eachanger
A
L B '
1T L Ciash Fwtiom Pips -l
.HIII ."J':r“ ..-"_"-\.-'_'H.-'_'H.-'_'H.-'
b Feperueriening Gy
2K
2K Refrigerator Cryomaodule
Codd Box

Cryogenic Efficiency
1Wat2K
3Wat4.2K > AC1kw,

€ AC1OMW = 3kW@4.2K,

2> 45Wat4.2K, (1:4.5)

(0.3%)
700 W@2K

———
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©

Cryomodule

INPUT

[ E = 2!
COUPLER | o

¢ 300 GUS
RETURN PIPE

g W o
Pty [l S gt

‘ CAVITY

|

1l
[ T ]

5K SHIELD

STF Cryomodule
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Superconducting RF Cavity System (2) @' ...

Accelerators
SRBEEMERS / N—Y 32—

@ Cir;ul\ator RF Transmission Line I N p ut cou p | er

| High Power Input Coupler

RF Power Source

Load

Beam ——

AN

ty

RF Transmission Line

: ) f —~ CI%!:OI’ RF Transmission Line
RF g
: "
<€ >

HOM Coupler ‘ LbEd RF Power Source

—) HOM Absorber Load /\
[\ /T |
Beam =— ( } _ Cavity

Beam == fo

\
\ / Heat Load

Cavity

High Power
Input Coupler

Tuner

HOM coupler and absorber Freqguency Tuner
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Superconducting RF Cavity System (3)

Eiji Kako (KEK, Japan)

Accelerators
Fﬁﬁiﬁﬁséhu;i%rf/’\ vavera—

.’W wM' MM W ‘T?

o .. * . u_" ‘

L

- Magnetic Shield
Slide- Jack Tuner He Jacket (Ti)
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Superconducting RF Cavity System (4) @

Accelerators
SRBEEMERS / N—Y 32—

©

He Tank

Monitor Coupler HOM Coupler

HOM Coupler Magnetic
9-cell Superconducting Cavity Shield

Frequency Tuner /

Input Coupler

STF 9-cell SRF Cavity Package
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Superconducting RF Cavity System (5) @

Accelerators
SRBEEMERS / N—Y 32—

©

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

Forming and joining properties of Nb

(Deep drawing , EBW: electron beam welding)

w«'—'"f’ ‘f’irw mm ),,\f’f:l=

‘L“;;‘

. |
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Cavity fabrication companies in the world & @

Buomi

lceland SVenioe

©

research
instruments
e (Germany)

A
Canad Kingdam Palska; .
j S _Niowave (USA) . ,?/ Zanon (ltaly) ; ‘!’ Zanon

YrpaiHa

| ¢ France. . _ "y Kazakhstan

@ NIOWAVE P /AESWSA) il &

www.niowaveinc.com United Espatia N Tibrkl o e -

StatM “TTHIT e - - aba

= _ - ATghani=tan

= 52 Roark (USA) | *~=Ningxial \ g, HONNEE
: OTIC HERTw o 4 N W
Méxlco - (Aorea) Arabi Indi

VITZRO TECH | ¢ Vitzrotech . . .
ZAYAL HIXSEHT o Eﬁf"' E..:”"i‘('.']apan)

Xio

ﬁ';:'.'.:" aio ®
@uenmns‘rscnuanv o m} ngha'/ ﬁnu.— l-'.‘, Egw \ lnl_slpli-rl;%gbll_:!t TDSH I BA
Hitachi

Biswire
RN (). 4 47 % 4

(Chlna) MTWPEN, KA ":“n : Leading Innovation >>>

.!1 ‘e

1':

% HARBIN INSTITUTE OF TECHNOLOY 1'5"‘ "u. TOSh|ba '.‘ “““!!|§nlt'lls?l.tlllss.ﬂnl. ‘ MITSUBISHl

FHESEVROERAD “ﬂ"H EC, HQO ﬂﬂ.. . MHI-MS Our Technologles, Your Tomorrow,_ e Sl
NINGXIA ORIENT TANTALUM INDUSTRY CO. LTD :I:Ir | _.‘;I:. n@ ! .I-.__l:?: E:*I M e ' c o
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Essential technologies for cavity fabrlcatlon @m;:d e

Design

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

- Thermal analysis (ANSYS)

- Elastic-Plastic analysis (Deep-drawing)

nnnnnnnnn
eeeeeee

-

eeeeeeeeee

- Pressing
Machining

Vacuum brazing

Engineering \/

Chemical polishing
Electron beam welding (EBW)

=

N
4

Assembly and Inspection

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

Precise alignment
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. Freq |

" £Nb sh uency measurement -, .o tic pre tunihg machine
Eddy current scan of Nb sheet ¢ - cell/dumb-bell
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Fabrication Process of Nb Cavities

©

Electron Beam Welding (EBW) ¢ MmiITSUBISHI

AN HEAVY INDUSTRIES, LTD,

1. MHI’s work for ERL (SRF Electron Gun)

o MUTSUBISH,

Qur Technologies, Your Tomorrow
. _—

Procedure of press of half-cells

In the middle of press

Press machine

2by K. Sennyu
(MHI-MS)

Before press
Deep Drawing

Trimming
(machining)
CP
Joining
(EBW)

. Special Technology
| 4 x 9-cell cavities
& (all 36 EBW seams)

per
PUNCH DIE Wrinkle holder Nb sheet Half-cell 1 vac. Pumping
No wrinkles, cracks
at MHI-MS

© 2015 MITSUBISHI HEAVY INDUSTRIES, LTD. All Rights Reserved. 5
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Cavity fabrication (EBW: electron beam welding) @
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©

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

J E -~

f’ WH(¢H"H \u u

I;AW_A

na
e L

e R R
8 2 K R P G Q)

KEK 1.3 GHz 9-cell cavity
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Materials and joining methods in SRF cavity @5\?555"} i

Accelerators
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©

= =5 Nb/Ti

KEK 1.3 GHz 9-cell cavity

7
v

VIV TV =
A

s
ALANA

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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Tensila Strangth [MPa)

Nb Cavity
at 1.5 times of design pressure

(test with water : 0.3 MPa)
CERRIEET SR =

e

'i r\'x &
et

Inspection by

Innovat|on

\Center for
\Applled
Superconducting
Accelerators

©

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

Inspectlon by

a KHK staff Cavity str|ng assembly

a KHK staff B e ¥ A :
I\/Iechanlcal properties of Nb, Ti and Nb/Ti (EBW-joints)
00 TenSIIe Strength Of Nb 0. 2% PrOOf Stress of Nb 0 Charpy Impact Value of Nb
-t—.uS'rype 7 (nld SEndard] 1000 ' [ ' |
@ JIS Type 138 (current standard) —.-JIS Ty'pe?'{ulcl st,andaldj
800 | | . JIS T)rpe ISEI (nurrem st.maard] - 400l
o g 2
] §
% i A
39 MPay _ _ . |
¢ ﬂu 50 ulm 150 zm- 250 200 i 50 100 150 200 250 300
T Tt Temperature [K] Test Tempeaure 14 Temperature [K] e T [by H. Nakai (KEK)]
Fiz. (5)a Tensile strength of Nb. Fig. (5)b  0.2% proof stress of Nb. Fig. 5(b) Charpv impact value of Nb (10 mm wide).
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Surface treatment (smooth and clean)@ ...
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L

Inspection of
inner surface

Hot bath rinsing
4 with ultra-sonic

Baking (120°C, 48h) B
Assembly (Class 10) (Class 1000) Hanging stand with T-map
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Electro-polishing: EP e ..

Accelerators
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| NIIMIIRA PLATING 1998’

BuzanBHES

Electro-polishing Device 1993’

S
by K. Saito (4t SRF-WS in 1989’)

E. ZANON/DESY
Ningxia/IHEP
Wuxi/SINAP

= \ e .
STF/KEK
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TRROy

i _.I\\\unﬂl

New clean vacuum furnace with cryopump
for N-doping and N-infusion:

max. temp. = 1200 °C

1.x10° Pa at RT

Vacuum furnace wnth dlffusmn -pump
for hydrogen degassing: YIS 3
max. temp. = 800 °C 194
1. 10 Pa at RT A
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High pressure rinsing: HPR

HPR-1 at STF

Particle size Count

0.30-1.20 pm 5825

Pressure = 8 MPa
Purity =18 M(2 * cm

1.20-2.01 pm 405
2.01-3.00 pm 2720
> 3.00 um 1069

ERe Total loors

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

PSRt TN o Particle size Count

0.30-1.20 pm 646 -
1.20-2.01 pm 52
2.01-3.00 pm 282 HPR'Z at COI

. Nozzle: fixed Nozzle: rotation
Fig. 7 Residual particle on a wafer surface ater PR~y K, S@ito (SRF91’) Ca\[ity: rotation’ up/down CaVity: up/dOWh
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Cleanroom Assembly (class-10, ISO- 4)

Accelerators
SRBEEMESES / N—avera2—

- ©

Parts cleaning
UPW rinsing
Ultra-sonic bath
lonized gun
Particle counter
Ar gas flow
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Question (4)

What is the essential technologies for achieving

higher cavity performance?
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Superconducting RF (SRF) Cavity

| Applie
ducti
A
ISRBGEENNESRS / N—Ya vy a—

What is the essential technologies for achieving higher
cavity performance?

Essential technologies for higher performance:
® Smooth Surface
® C(Clean Surface
® C(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. Fundamental of SRF Cavity System

Introduction
Fundamental of SRF Cavity
Overview of SRF Cavity System

Fabrication and Surface Preparation

. & W b=

Summary
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Summary (1) e .

r*&n

- ©

® 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.

® [nternational collaboration is essentially important for R&D of superconducting

cavities.
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Thank you for your attention.

| believe you are interested in SRF cavity developments.
We welcome your visit to KEK.

R
.ﬁl *H !E

Emeritus Prof. Eiji Kako

) | Tmpm CASA, Accelerator Laboratory,
e W2 KEK, Japan

~ voice: +81-29-864-5200 ex. 4325
fax:  +81-29-864-3182

email: eiji.kako@kek.jp
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Outline of the Lecture

1. Fundamental of SRF Cavity System

(60 min. Lecture + 10 min. Discussion)

Break (10 min.)

2. Recent Progress on SRF Cavity Performance

(60 min. Lecture + 10 min. Discussion)
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Questions !
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