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Type-1, Type-2 Superconductor
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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 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>=938 MeV
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Kinetic Energy of Particles

Rest Enerqgy E, = m062 (v=0)

(V > O) m 6’2 m 6’2
E — 0 — 0
JI-(vje)  1-p°

_ 2
=m, yc

Kinetic Energy F, =, e m, ¢’ = m, ¢’ (7-1)

r=1\1-p> | B=vc

<05 (v<<o) [~=05~0.7
Low_ﬂ Medium-ﬁ
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Proton/lons and Electrons
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FERMI 3.9 GHz

TESLA/ILC 1.3
LRECEETEERS

LEP 0.352 GHz
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cavities
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Wave ‘
Resonators \
(QWR)
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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
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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,
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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A pill-box cavity, (circular cylindrical resonator):
The symbol a and / represents the radius and the
cavity length of the pill-box cavity, respectively.
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TM,,o 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 4
H. =0, ’
------------ 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 > || g Hy, /| |E; z '
H { Bessel functions
E \=E,J ¢ - ‘
() = £o0 Jo (kr) COSD Accelerating mode (TM,,, mode) . -
E Magnetic field r " Electric field
_ 0 : : e |
ZO \\\

where the following relation holds:
3 _ 05 _ _ ~ S pEcErels /
Z,=E/H,=(1y/,)°> =120t =377 Q3. > | H,(r) Dt
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The essential RF parameters can be summarized as follows:

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

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

® Accelerating gradient E___ [V/m]:
1/2
E_. jE (2. re O)COS(k z)dz
L5
® RF Loss / Dissipated RF power P, [W]:
—s|2
P, = dA

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 24
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,
® Stored energy W [J]: W, = %j ‘ﬁ 2 dv

2dV—iﬂE
2

® Quality factor Q: 0 - oW, G
Pd RS
AN
® Geometrical factor G [Q2]: HH 714
G = w1y .
j H| dA

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

o o cavity
P d P d

® R/Q[Q]: ( 0

Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 25
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R=G/Q,
S— 0 Frm e e e e e e e T T U T Eace=3 SMV/m ]
~With Cav. Magnetic Shield-Ohtama -

- ~With Cryo. Magnetic Shield-Tokin -
o Rs=A LT )%expi-AkT +Rres ||

1.3 GHz, 9-cell _';:::;::_T_’:_____:';"""_ S T |
d i i 107} Ao . .. ___|sm v me Different condition of
Superconducting Cavity [ oK

: Rres [0] 11.471e-09 6.5478e-10 [
Iag. Shield-Tokin

0.25151 ~a 1 Residual magnetic field

ey e el Temperature Dependence of Surface Resistance

©

§ - expi-ALT+Rres ok
o G ale Ervar | Rres=28.7nQ
Z o | AQK] 000011559 9387308 | y | Rres=14.9n0
ey 10| AEIE] 17.82 20795 | _|Rres—13.0nQ
CAN { Rres[Q] 14.927e-09  5.7945e-10 | - res
e | Chisg.  0.26119 Na - o TN
=R | R 099391 NA [
S “Tth. V.T. Eace=3AMV/im """tk
) -With Cryo. Mag. Shield-Tokin - -With
Without Cav, Mag, Shield-Tokin
]_{|'9 Rs=A*L'T ) exp-A'KT H+Rres Rs=A% LT r*ex]
i Value Error Va
] A[©QK] 0.0001181 0.00010986 || A[QK] 0.00011924 0.0001085 [
| Ak 18117 17156 || AK[E) 17793 PETITY T S——
|Rres[@] 13.046e-09 2.0463e-09 || Rres[Q] 28.663e-09 1.1583e09 |
Chisy, 01375 wa || coisq. 038425 e 1. 7K R
1070 R 0.99533 NA R 0.98983 NA B C 5 ( T)
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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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;=2.9x 10"

———

Eiji Kako (KEK, Japan)

Superconducting Cavity ;

® Surface resistance; R [ (]

R = RBCS(T) +R,,

2
0, A
R =4—eexp| ——
ses =T PP\ Tk T

f= 1 3 GHZ G = 270 Q RBCS: BCS resistance
Nb ( | ) : R ’ 7 In<y R, : Residual surface resistance
2K) , BCS = n
Rres
Rs=14nL) (i, = 44nm)

kg : Boltzmann constant
=/ [nQ)] A: Gap energy of Cooper pair

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 =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

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 29
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3. Overview of SRF Cavity System
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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 .l ¢
1. Mother Material 5. EB Melting S W | |
(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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EOESESSE NN MATERIAL TEST RESULTS
. - . >
HRA S L e B AT TE B [ 3 3% B E.FZ ﬁ ﬁ Ho. 28378
surveyor - TOKYO DENKAI CO., LTD.
o % Date HAft Em25FEIH40 EE T E R EE R
Material #HE Article [ Quantity ! aechanical properties ol
Hh Dise R T.8 ¥.5 Elongation| Hardness
. GlaRsEs wh af
Specification Ho. SEEs E:E i - T 5 & f‘-sh
i : 35 =
Lot No. Size TJ—E mm aqr ;ﬁ;c L: 120 39 3
Longitudingl :
4378 2.8t X 258 & —56 ¢ 58 pes “R‘:Sm : 162 7 56 o
- a2 51 54
|
Element Chemical Composition {(in Wt3) {bBER Sy
Bt Ta W Ti Fe Si Mo Ni
Lot HNo. nin &
_” M | max 0,15 0.02 0,005 0.005 0005 0.5 0,005 .01
Tast
Results 0.0115 0,001 0,001 <0.001 <0.001 <0.001 <0.001 <0,001
[ ] [ ] [ ]
BmER Ta w Chemical|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 /
Remark % Starting [ngot Lot No, NC-1830 . Inspection Section
RRR Value of Sheet: 208 Pu rItV’ Therma I pro pe ﬂv Mg" VLTRA HIGH PURITY RARE METAL
Grain size ASTM #6 TOKYO
RRR = 298 ——— DENKAI

T.5.=Tensile Strength ¥.5.=YIield Strength

E.V.=Erichsen Value

[by H. Umezawa

(Tokyo Denkai)]
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O RRR measurement system
R N
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s Tl - ol

Cur Ly £ (300K) = 2x10™ €2 cm
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Residual Resistance Ratio

RRR

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

0(9.2K) = 1x107Qcm  RRR =200
0(9.2K) =6x108Qcm  RRR =330

10, 200
= | 3 Nb -
£, 5 J § Normal-canducting
° 107 — : Tc=9.2K| | state
S < v w | 2-times melting
> 10-6_ > 100 F"L . .
= S . vee® * 1 3-times melting
@ 7: ( "%' e ®
o
: | eesodes teame
poole 1 1 [ [ | % 5 10 15
0 100 200 300

Temperature [K]
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Thermal conductivity of Nb RRR : Residual Resistance Ratio

2 (00K )

x 1 asreceived RRR=228 i RRR = P 300K

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 4 production weld heat treated RRR=596

= i 5  heat treated RRR-816 ) .. . :

e el sk S K': Thermal Conductivity Wiedemann-Franz’s law
B . :

> f E K (42x) = RRR /4 1

é i o2 | ' K oCO =—

o = 200 W/m K /

3 - . - Wim-K p

z // RRR~ 800

o5 10°b _

© 3 50 W/m K 1 Hgyencn: Quench field

O § ~ g

= : RRR™ 200, | Rierect © Resistivity of Defect

o . 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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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 Cavity Performance at STF

1.0E+11 OKEK-12
1989’

r--| OKEK-13
_| OKEK-14
AKEK-15
OKEK-16
AKEK-17
OKEK-18
OKEK-19
OKEK-20

Qy

1.0E+10

OKEK-21
--t--| OKEK-22

Qo

Eacc=6 MV/m ~ ]

1 - Qo =2x 10° S R S ........

oo — _ - B oo
n'a = HH R #6& 1St 2013’ | | E E i

0.7 000 #6a~2nd L L LT GUSRI e

06 +++ #6a—3rd 1.0E+09 : i : : : ; : ; :
e S ST SV W W WA SRS [P P R 0 5 10 15 20 25 30 35 40 45 50

10 12 E,. . [MV/m]

0 2 4 6 8
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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U

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

3 #

cERL Injector ! -
1.3GHz 2-cell Cavity cERL ML 1.3GHz 9-cell Cavity STF 1.3GHz 9-cell Cavity
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J-ADS 972MHz
Cryomodule

CERL 1.3 GHz CERL 1.3 GHz
Injector Cryomodule ML Cryomodule STF 1.3GHz Cryomodule
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@

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

N
\\‘ N :

Capture Cryomodule
(two 9-cell cavities)

3 MeV
Photocathode RF-Gun:

(1.3 GHz, 6 mA, 1 ms, 5 Hz)
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Cryomodule] SRR wz‘?N AN .

# 300 GUS | I e S =S 8 ‘ LA LA
RETURN PIPE 1 = ¥

$965.20

’1"‘T§3 GHz,9:cell.Nb.Cavity

CAVITY

.l Magnetic Shield
STF Cryomodule Slide-Jack Tuner & He Jacket (Ti)

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 40

Cold-mass




Sixth Asian School on
Superconductivity and Cryogenlcs for Accelerators

March 23-30, Hﬁlﬂgﬁiﬂ iﬂﬁmamp s, Bei ] gch

nnovation

cERL at KEK for future Light Source: ERL @

Energy Recovery LINAC

Compact-ERL
(CW, electrons)

Recirculation loop

Injector module
nree 2-cell cavities)

0.5 MeV
Photocathode DC gun

(500 kV, CW, 10 mA)

Eiji Kako (KEK, Japan)

ﬂ ﬁﬂm J Beam Dump
I’I 1\9 5

Accelerators
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1 . 50 kW

Dump

35 MeV

Main-linac module
(two 9-cell cavities)

® Acceleration
® Deceleration
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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 5K Support

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-cell Cavity

A

Cold Mass Assembly
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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

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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B

@ Operation @ Construction @ ruture Plan
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® Elemental Particle Physics: (S-KEKB, BEPC, LHC, CEPC, FCC)

® 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-Il, HIPrDr-KEK)

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

® Heavy lons LINACs: (ISAC-I, SPIRAL-2, RILAC, FRIB, RAON, HIAF) fc)gsgiﬁon
® Linear Colliders for High Energy Physics (STF, FAST, ILC) Future Plan
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Main Accelerator Laboratories for SRF R&D @+, . @

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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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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4. Fabrication and Surface Preparation
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Superconducting RF Cavity System (1)

Refrigerator

77K = — ] —

Ty
. DD vt
g B
plihljd ol B Linuse L .].l T l.I.-
- Helium —— - Tix Ciards Biag
e 4_2K Tor O A
Tl Liveed

STF Cryogenic &

System 4.2K = »

| | Eachanger
A
L B '
1T L Ciash Fwtiom Pips -l

T

Hell s P Tt T '
| |, Separaarubuciing Condtisg,

2K Refrigerator Cryomaodule
Cold Box

Cryogenic Efficiency

1Wat2K > 45Watd.2K, (1:4.5)
3Wat4.2K > AC1kW, (0.3%)
& ACLOMW = 3kW@4.2K, 700 W@2K
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Cryomodule

# 300 GUS

RETURN PIPE
O
O
=i

% I

I @ B

o .;‘.H. -=:--_ ': % mal JI
L h/300K |
e S AT .
! - O
INPUT | = { i
COUPLER | H-% 5 5
L N

i o] BOK SHIELD
5K SHIELD
CAVITY
[ T - |
STF Cryomodule
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@ 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 N C'%tor RF Transmission Line
RF ~
(AL)
<€ >

T 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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1.3 GHz, 9-cel™\b Cavity

©

 pa— Magnetic Shield
Slide- Jack Tuner He Jacket (Ti)
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He Tank

Monitor Coupler HOM Coupler

HOM Coupler Magnetic (80K)
9-cell Superconducting Cavity Shield (Vacuum)

Frequency Tuner /

Input Coupler

STF 9-cell SRF Cavity Package
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Center-cells
(Tokyo Denkai ; RRR~300 Nb)

Forming and joining properties of Nb

(Deep drawing , EBW: electron beam welding)

’f’ fh* M !M W, \,4...‘..%

‘L“;;‘

. |
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Cavity fabrication companies in the world
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Design

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

Thermal analysis (ANSYS)

Elastic-Plastic analysis (Deep-drawing)

Assembly and Inspection
Engineering \/ | \ - Fabrication of special jigs

- Pressing / Vacuum leak check
Machining Dimensional measurement
Chemical polishing RF measurement

Electron beam welding (EBW) Frequency tuning

Vacuum brazing Precise alignment

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 56




| Applied
Superconducting

Special cavity fabrication tools developed @g«m
Superconductivity and Cryogenics for Accelerators
e by DESY

Accelerators
ISRBGEENNESRS / N—Ya vy a—

©

._w‘\ E‘ ‘. ] '|' S ———|

dd f Nb sh ¢ Frequency measurement Autmatic pre tunir;g”rzr;échine
Eddy current scan of Nb sheet ¢, £ cell/dumb-bell
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Electron Beam Welding (EBW) ¢ MmiITSUBISHI

AN HEAVY INDUSTRIES, LTD,
o MUTSUBISH,
Qur Technologies, Your Tomorrow

Procedure of press of half-cells

In the middle of press

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

S e 5 > S
i ( e
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B | — S
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KEK 1.3 GHz 9-cell cavity
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= = Nb/Ti

KEK 1.3 GHz 9-cell cavity

VTV
AL

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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Nb Cavity

at 1.5 times of design pressure

(test with water : 0.3 MPa)
CERRIEET SR =

e

'i r\'x &
3

Inspection by
a KHK staff

TenS|Ie strength of Nb

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

Inspectlon by
a KHK staff

Cavity stnng assembly

I\/Iechanlcal propertles of Nb, Ti and Nb/Ti (EBW-joints)

1500
-.-JlSType 7 (Dld slzn:lan:l]
@ JIS Type 138 {cument standard)
w
£ 1000
=
£
o
2
£ =0
=
0

Fiz. (5)a

Tensile strength of Nb.

Temperature [K]

Eiji Kako (KEK, Japan)

0. 2% Proof Stress of Nb . Chatpy Impact Valu1e of Nb

1000
—.—JIS Type T {ulcl standardj

800 | | . JIS T)rpe ISEI (nurrem st.anaard] - 400l
= 5
: R
g 3
% i A

§
5 z
39 MPay___ 8J |
¢ ] 5‘0 HI)D 150 Bfl.ﬂ 2‘:.50 300 0 50 100 150 0a

Test T re K] Test Temperature [K]

Temperature [K] ) [b?my H. Nakai (KEK)]

Fig. (5)b  0.2% proof stress of Nb. Fig. 5(b) Charpv impact value of Nb (10 mm wide).
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Saprcondutityand i torssstesors S rface treatment (smooth and clean ) sy
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- — T cdtiRNR.

Accelerators
ISRBEEMESET / N—3avera2—

©

I'nspetuon of | Pre- EP + EP- | (5+1oo um)  Anneal (756°c, 3h) Pre-tuning (flatness, f;)
inner surface ' &L

Hot bath rinsing
% with ultra-sonic

Vertical Test

Baking (120°C, 48h) !
Assembly (Class 10) (Class 1000) Hanging stand with T-map
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March 23-30, Hﬁlﬂwﬁﬁhﬂuaiiﬂﬁ'ﬁmpus, Beijing, China ¥ L] Superconducting

Accelerators
SRBEEMERS / N—Y 32—

| NIIMIIRA PLATING 1998’

BuzanBHES

Electro-polishing Device 1993’

S
by K. Saito (4t SRF-WS in 1989’)

E. ZANON/DESY
Ningxia/IHEP
Wuxi/SINAP

STF/KEK
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s mcnssenssoassemos \f@CUUM furnace for heat treatmen t

March 23-30, § uairou.Campus, B ]mg China
_ - N

e

1
L
\. .\!\\ _,_I\\\unﬂl

& XB ;
Vacuum furnace with dlffu5|on -pump
for hydrogen degassing:

max. temp. = 800 °C

1.x10% Pa at RT
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New clean vacuum furnace with cryopump
for N-doping and N-infusion:

max. temp. = 1200 °C

1.x10° Pa at RT
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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 um 405
2.01-3.00 ym 2720
> 3.00 um 1069

Total 10019

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

/")7 ..'\ :uln. ) . N
s e ) 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

. s DU Nozzle: fixed Nozzle: rotation
Fig. 7 Residual particle on a wafer surface after HPR. by K- SaitO (SRFgl’) 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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Question (4)

What is the essential technologies for achieving

higher cavity performance?
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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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Outline of the Lecture

Introduction

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

Summary

=
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Q 4 Q @, WS G
O O f— j—
F, R
Ideal (Constant Q = Constant R, )
Quench
Quench
additional loss
Eacc,max
Quench
>

1/2
Eacc [MV/m] I E, . ,qcos(k-z)dz=E,-T

—l/2
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e e Cavity performance : Essential technology @amﬁ;

uuuuuuuu
CCCCCCCCCC

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



Sixth Asian School on . . . .
e Cavity perf . Residual magnetic field
e e npEentes for Accelerators aVvi errormance . nesidual magnetic tie

AR

Normal Core ~ Magnetic Flsid Lines Experiment to investigate shielding
effect of residual magnetic field

(0.3 n2/ mGauss)

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

Sl 5|

Inspection of
inner surface

Hot bath rinsing
by ultra-sonic agitation

\ with ultra-pure water

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

ass-10 clean room

Vertical Test

Assembly (Class 10)|Baking (120°C, 48h} Hanging stand with T-map
Class 1000
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March 23-30, Zi@ IIHEE Huai;:uull:ampus, Beijing, Cilim}h

Signal Generator
_| Agilent N5181A

MOD. INPUT

~ /0_ Linear j\.

RF system for Vertical Tests : VT

Driver amp Directional coupler

modulator

— ~ Cryostat
Freq. counter J
| Agilent 531324
| Band Pass
Local Oscillator Filter
F-1MHz

Frequency
P L L ] Converter
° A
Phase Lock Loop | ;"
B
A B
Feedback Phase Power Meter
Controller| Detector Agilent E4419B| prefiect
jOut FB In Det.Out
Ptr it
A B Power Meter Ansmt 4
Agilent E4415B Pprobe
| —
Power Meter P HOMI Py
Agilent E4418B[pgoam
1 ° ® ae 1.6 58.2mv
06 samme  swom - Decay time
A23.1ms Azi2my ‘m

[

~ 9 :2”]2'71/2/10ge2

(@ <i00mv

(@ t00mv 00s

[‘ )

(t,/, : decay time of P,)

(B2

Eiji Kako (KEK, Japan)
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Electron monitor

meter |

GI4AR2Y b
MEA : ~#Torr

ZRAREE :
<10€Pa

Monitor

HOM2 S.G +

oscilloscope
He:<2K Input port RF amp I—PI
R) = Bn _R"ef _Jgexr

-+

+I

p = L2y /T
1% Py /P,
B, =5 -(1+p..)
Pea = Peur/ P,
0,=0, -1+, +B..)
Our =F, -0, F.,
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ey iuesosso: - Phenomena limiting cavity performance B
2
1) A
A — G/RS e :RBCS(T)+Rres? Ryes :ATGXP(_k-Tj
B
Ideal (Constant Q = Constant R,)
Qo . ;
Multipacting Quench (Hc RF))
v 3 3 (Hc = ~ 2000 0¢)
Q Slope
/ with no x-ray\
) ; Global Heatin
Q - Switch™ \ g

(defect free)

Field Emission (high 2, high Hy)

Hydrogen Q - Disease , :
with x-ray v

Eacc [MV/m] >

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 75



Sixth Asian School on

Sy md oo onsscatmo: CUre methods against Performance limitation

PN,

A Qoz G/RS Ry = Ryegry + Ry Rpes :AG;GXP(_I%A.TJ
Ideal (Constant Q = Constant R,)
Multipacting - H
(RF conditioning) Quench (HC(RF))

———

(Hc =~ 2000 Oe)

¢ ¢ * Q Slope

/ with no x-ray

(120°C baking) :
Q- Switch~a v Global Heating
_\‘(1400% AT, removal) * iald Emission

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

Hydrogen Q - Disease with x-ray :
(800°C anneal, fast cool-down) (HPR, clean room) ¥
Eacc [MV/m]
>
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Q - Switch M - 5 Cavity ; Quench Location

M-5 Cavity EBW seam at lower Iris

Sputtering balls / welding imperfections

Sixth Asian School on

e s cnos—— Performance limitation : Q-switch

©

Lo M5 ().
10 o e (“}

— I.... — *

0 5 10 15
Eacc [MV/m]

The Q-Switch is caused by heating due to the transition from an SC state §
to a NC state at thermally isolated defects.
Typically, around iris region, where surface currents are lower.
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1st Order 2nd Order 3rd Order MUItipaCting
Multipacting is usually processed-out by RF conditioning.
. Boam
hill bl MI; : anl : : : SEC

Secondary Emission Coefficient

Multipacting at equator region

Multipacting is a low RF power, electron multiplication
based on resonance breakdown phenomenon in BN
vacuum. For a cavity shape such as a pill-box cavity, the ST e DT
cavity performance is frequently limited by a
multipacting phenomenon around the equator region.
A spherical cell shape is usually used for actual SRF M FAsL T AN ¥ i V] .
cavities to suppress the multipacting phenomenon by == B

eliminating a flat region around the equator. In the :mmns
design of the cell shape, the ease of forming processes =
and rinsing procedures for cleaning should also be

'y

Ei Euu E: Electron energy'

~100eV ~1000eV

o=

879 Ta  2=0 4 time [fowur|
5m/0 a9 42/0

=
[

lectron activity fml]
= & B
"
va |
]
| -

e [ Frarar)

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

—
*
i b
'
>
L]

e [Rowr|

\ Eiji Kako (KEK, Japan) Lecture in ASSCA2025 at IHEP, 2025 March 26 78




Sixth Asian School on

Superconducthlty and Cryogenlcs for Accelerators
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M"u -

TMO010-mode

-

Performance limitation : Field Emission

@ n-mode Eacc=15MV/m

Emitteriris distance 6.8mm (Z direction)

3rd 4th Cell
Iris

|| Emitteriris distance 3mm (Z direction)

~Z—xInnovation

\Center for

|| Applied
Superconducting

Accelerators
SRBEEMERS / N—Y 32—

Source of
field emitted electrons

Fowler — Nordheim Equation

A

Emitter iris distance Omm (Z direction)

[Thesis by E. Cenri (KEK)]

=

Emitter iris distance 4.40mm (Z direction)

Eiji Kako (KEK, Japan)

A E )2 —Bpy @*
j — FN(:GFN SUT‘f[ :') '[JEFNEaqu{t:']' |77n
2
@
A
()

" Py : field enhancement factor
30x10™ - o
25x10" - By=100 | E. . : surface electric field
2010 1 Phase=30 @ : work function of Nb
1.5x10"  Eacc=[0-30]MV/m
LOx10™ -

S.llxli]’é— - i i - [‘ﬂlp
015 20 25 30 \m }
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G0, Fe, G, Ni

3¢ Fermilab
5(18/2017 Martina Martinello | IPAC 2017 [by M. Martinello (FNAL)]
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Application from semiconductor industries
to accelerator technologies.

The Evolution of Silicon Wafer Cleaning Technology

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-
sures of up to 4000 psi (55, 56). The liquid can be DI water
or organic solvents. The shear forces effectively dislodge
submicron particles and penetrate into dense topography,

but damage to the wafer can result with improperly ad-
justed pres {18). ’ :
Justed pressure [Ph. Bernard, EPAC’92 at Berlin]

(a) 10 &
1.5GHz, Nb/Cu cavity
at CERN

b) o

after HPR
oM 4,

10 L LT g
L]
.U.o...n
“e

i before HPR g

wl N 2 " PER 3 ed w1 " N M a
0 2 4 . £l o 12 N 1e 0 2 4 " 10 12 W e
B, (MY/u) E, [MYim)
Figure 1. (-valee vs accelerating field for the fesdamental mode a1 4 2 K (lower) and 1.6 K (upper), a) before and b) afier
high-fwessure waies nesimg. -

Eiji Kako (KEK, Japan)
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Performance limitation : HPR

[P. Kneisel, SRF'93 at JLab]

-

Figure 1: Schematic of High Pressure Rinsing System

Experimental results of performance
bt e L recovery by high pressure water rinsing
+~—  Demonstration of the effectiveness

of HPR
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& After high pressurs rinaing
= Bafore high pressure rinsng

.Inm__nuuucanuugq 208 0 00 aan 0 A B g g

1 1L'F' i L i i é L i L L Il:l

Eace [Mv/m] 1

Cavity & 299
——t—T T
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o
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4
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Figure 3 : Results of Production Cavity Pair IAZ45TA299 before
and after High Pressure Rinsing { measuremenis hawe boen
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(40+90um BCP)

4 v
b) ,
5 T~ —— I
< .
S iFlrsL cooldow?l
.
s 1 lt\
=) _ _
(e e — 1 " A ]
D e A I Successive cooldownsl ]
) B O
=
0.4 . . . 3 s . .
(o] 1 2 3 4 13 [5] 7 8 =]

Eacec CMV/mI
; ' g e [SRF’91 at DESY]
HERA cavities and cryomodule (in 1991 at DESY) R — e —— i |

Heat capacity in the cryomodule is large, so that the fast cooling h
like vertical tests is very difficult. T o
T . . i - [ "\é{e—"‘a“‘ﬂ—-—-a#—-a;
Therefore, hydrogen Q-disease was observed in this condition. 5 4T _\f\:h%%%}st r‘wrmal coolmg
- . A S 0 ¥t cooling
HERA cavities (DESY) : BCP + no Anneal - Q-disease IR 3 “‘féSt i"o"”g
5 %‘\wm 1 g”d* slowicooling - -
TRISTAN cavities (KEK) : EP + 800°C Anneal = no Q-disease  #&* tiimmmme b,

Facc (MV/m)
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Cool-down condition in Cryomodule

Performance limitation : Hydrogen Q-disease @5\?5525“

nnovation
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1.5 GHz Nb 1-cell Cavity at Saclay

400
300 \
a) Thermal cycles
on the 1.5 GHz Cavity
- 300 T ' : ....... L . !_:
¥ 200 150K = : Fast cool-down ||: 3
- T \ 250".:.. P _:
= :/::::-"::-:-::-':7:::":"':-":"::—;-:"'":’_'"_[_ S _ F 1
E4 200: .
100 J[.Z.!;./_Z_E-_L/..Z;]_JZ_ZJ_[.J__ _!_J{__ZJZ.J{_{_ZJZ. g
90K~ 140 K ] g 150;'5”
1h S 100[ i
A R o 20 30 40 sof-|[}] -
TIME Ch3 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 . 3
F o b
x €
Fast cool-down o d
x W My - LI
1E10 * -
F oo L
E o *y fast
: o
8 L Dﬂn 0D o g o o
- > eeon
1E9 E X% E
2 ) * % xx 9h ]
L %"" <
°° 370 h
1EB .......... .
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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2 Saclay cavities tested at Saclav
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3 KEK cavities tested at Saclav

10"

Q,

5. C1-10ZAORERE S Fh(Eacc=29MV/m)

=

. Kako : SRF’'97]

T ; 1o° == : : :-
15 20 25 30 35 0 5 10 15 20
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.
(No Field Emission)

6. K1-02Z R0 RE:RE 5 f(Eacc=28MV/m)
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Study on 1-cell cavities at KEK

Improvement of cavity performance by EP

Q, fat15K —mm Q,
0000 0 0 o9 | _ 1011 L
1011 L4 0 b
ﬂlﬁﬂ—ﬂ—‘:[;!:::lj ------- s ;. 8\ :
Woe oy * o & en :H: * DHD..
101 RRR=230., DE;;, 10"
1300 °CHT V1000 °C HT Quench
10° RRR=320 RRR=200 10° no x-ray
0 s1/c114 | O $-1(13000C HT, RRR=320)
* s-2ic109 | o 23 et R0
¢ S- | - RRR=
108 " S 3!CI103 108 1 1 1 1 1 1 1 1 1 1 I I I I I I I 1 1 1 1 I 1 1 n n I n n n n
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35

Eacc [MV/m]
Eacc [MV/m]

CP cavity @ Saclay 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

C HT, RRR=200] 101
- o Hig
after baking oo | & no baking o
Quench no.Quench
no Quench ne. 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 L . . . P S R 108 L . . . e —
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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I'nspecon of S Pre- EP + EP- | (5+1oo um)  Anneal (756°c, 3h) Pre-tuning (flatness, f;)
inner surface ' &L

Hot bath rinsing
% with ultra-sonic

Vertical Test

Baking (120°C, 48h) !
Assembly (Class 10) (Class 1000) Hanging stand with T-map
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Question (5)

What is the essential surface preparation procedures

as a current standard?
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What is the essential surface preparation procedures
as a current standard?

Established as an essentially important surface processing :

1.

S s W N

———

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
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_ Cryogenic Efficiency
Qo (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 = A eitiiinints Ittt ettt ettt
10 High Qo for cost reduction
ERL/FEL : :
(lower loss) High Gradient
1010 .9 Cod-eEP o MEMRERESRA T
® N-doping CW operation
® N-infusion Pulsed operation
® 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 @C@pggdg

Accelerators
SRBEEMERS / N—Y 32—

©

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

1011
: > 75/120
* N-Doped
® 120C
A N-Infused
B B800CHT
5/120C
S .10 4 & “q ]
S 1077 | *e  Ninfusion
. 120C bake
m
107 . . . 1
0 10 20 30 40 50
Eacc(MV/m)

Eiji Kako (KEK, Japan)
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1. Reliable operation 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




Outline of the Lecture

Introduction

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

Summary

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

L k|
ad IR

Emeritus Prof. Eiji Kako
Tmpm iCASA, Accelerator Laboratory,
E— e [ A 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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