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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)

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 2



nnnnnnnnnn

eeeeeeeeeee

Fundamental Cavity Performance
High Purity Niobium Production
Toward Higher Q and Higher Gradient

1

2

3

4. Performance Recovery Techniques
5. Breakthrough for the next step

6

Summary




\Center for

2. Recent Progress on SRF Cavity Performance @

Accelerators
l ! —

©

Chapter 4: Prospects of bull: Niobinm cavities

This lecture is based on a Review Paper by E. Kako.

Book project: New Horizons in SRF technology: towards
future High-Energy Physics Colliders

About the Book:

Thiz book will introduce the dimensions of SRF systems neaded for the Nest generation
of high-energy physics colliders. The sheef size of these systems motivates the need to
reduce cost and U0 lowear the electrical power consurmption and hence the urgency o
Tollow wp on R&D paths that keve the potential to significantly reduce the investment
wosl and emdronmental footprint. In subsequent contributions various R&D lines will be
described that have already reduced the electrical surface resistance of
supsrconducting resonators, ussd o accelarats particles in axisting paricls
acceleratons. Furthermore, emerging technologies are introduced, which are pursued
invarious laboratories around the world, and which promize a step change in today's
perfomance. The thearetical background for all technologies will be introduced, their
potential assessed, along with the nesded RED path and the anticipated timeline for
Operational readiness. As examplas for & future HEP collider, the book stans with the
requirerments and challenges fof the ILC, the Futwre Circular Collider study at CERN,
and the muon collider. These machines will be taken as an example to ilustrate the
technological impact of the presented RED initiatives.

Table of Content:

Eiji Eako (EFE) and Akire Yamamoto (EFE)

4-1.  Introduction

From the lata 8Os to the sarhy %%, large-scals accalarator projects nsing mpearcondacting
radicfrequency (SRF) cavities made of bulk miohium materials, mch 2 TEISTAN st EEE [1].
HERA at DESY [2], and CEBAF at JLab [3], wem saccessfully constucted and operamd in
thres regicos: Asi, Eurcps, and Amercas Following this, the developosnt of kigh
scoelarating gradient 5RF cavities expenenced remarkshle progmess worldwids. This was
achigrwed through clowe cooperation and come=emiration cxszoplified the TESLA collaboration
[#] and the comstruction of Fure-XFEL [ 7], for which approximachy B00 13 GHz 9-call bulk
michium 5RF cavites were produced The dechoology for ackisving highes accelarating
madient in a pulied mods bas bean tramfamed to EBF cavity technolomy development for ILC
[6]. sxpected to becons a global project. Eecantly, FRIS at MSU [7] and EAON at IBE [B]
heve b constrocted a supercomdncting lmear acceleramn with low-be@ fype cavaty
structurss for heavy ioms. Furthermers, SEF accelarators sach as LCLE-ITHE [9] and SHINE
[10] & CW operation, and E5S [11] in kigh duty-factor operation ars ender constmction in the:
thres mgiczs. Foture paticls accelecator projects for high energy physics aim fo budld

1. Infroduction
Pages: 15 - 20 sxtma-ordinary large circular colliders. Thewe projects are plazmed for the FOC [11] in Europs
2. RFaystems for ILC, FCC and muwon colliders and CEPC [13] im China. Wumarons 3RF cavities made of belk xichium materals hae ben
Papes: 15 - 25
developed and are sapectad for many accelerator projects worldwide. These cavities will make
. pm;m.s;f an & v 2 significant contitration to the relisble and mstainable oparaticn of accalerator.
4. Proapacts of bulk Nioblum cavitiss Sevaral types of acoslerting stmctimes with a wids rmmpe of cperatng frequency bave
paor [l oo, KEK besn devaloped using nichinm SRF cavities for worldwide accelsmator projects. The cawity
4.1 Introguction {1 page3)

4.2, Buik Micbium Properties (S pages)

43, Recent Progress on High-0 and High-Gradiant Perfomances (3 pages)
4.4, Perormance Cutiook Tor the Next Decade Bulk Mioium Cavies (& pages)
4.5, Timailne for i readiness (2

45 Tmine o anicipated echnobogea {2 page)

47, Reforences 2 pagss)

5. MB350 on Micblum: the recipe to operate at highar temperatures ?

sucturss am clamifed by el bem-valne (mtic of a particls speed to the spesd of Lght).
Low-bety stractares ke quarter-wave mscmton (JWE), half-wrave mscnators (HWER) and
smgle-spoke Tescmators (S5E) kave bean med for proton amd heavy-ion accaleration with
relathvely low particls speed. The Sregeancy range iz mostly betwesan 70 MHz and 350 MH=z.
O the erther hand, alliptical stmsfmes have bean nsed for accalaration of alecinons and profoms

Pages: 15 - 25
with high bota-valess larges than (.5, The fequency razges fom. 500 MHz to 3.9 Gz, The
6. Thin fim fechnology on copper
Pa;-ea:m-zs - development of thess niobiuny SEF cavities mequimes high quality comfrol for high party
7. W?hmmmm7 mickinm prodaction, cavity Sbcication eckmology, surface preganticn procsasss, and a strict
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2. Recent Progress on SRF Cavity Performance
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F, Ry
Ideal (Constant Q = Constant R, )
Quench
Quench
additional loss
Eacc,max
Quench
[/2 >
Eacc [MV/m]

1
Epe = | E. ,ycos(k-z)dz=E,-T

—1/2
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High purity Nb material (Fine-grain, Large-grain, Medium-grain)
Forming (Hydroforming, Deep drawing, Spinning)

Joining (EBW, TIG, LBW, Brazing, ....)

Surface removal treatment (CP, EP, cold-EP)

Rinsing (Detergent, Ultra-pure water, Ultra-sonic, HPR)

Clean room environment (Slow pumping/venting)

Assembly procedure (Robotic with Al)

\
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Cavity performance : Residual magnetic field

©

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.

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 8
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Inspection of
inner surface

Hot bath rinsing
by ultra-sonic agitation

X I
\ with ultra-pure water

Suppression of Field Emission

R Y -

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

P ® Rinsing by ultra-pure water
® Assembly in class-10 clean room

\\ g
" A

Vertical Test

\ Eiji Kako (KEK, Japan) Class 1000
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RF system for Vertical Tests : VT

Driver amp Directional coupler

Electron monitor Power
I -\\,  meter
inear
Signal Generator _0//;3—0/0_ modulator — g/"l
_| Agilent N5181A Cryostat
MOD. INPUT Freq. counter J

| Agilent 53132A I

| Band Pass I714AAZY b
Local Oscillator Filter REH : ~#Torr
F-1MHz

Frequency
P L L : Converter

ZRAREE :
<10€Pa
Phase Lock Loop | ;"
B
A B Monitor HOM2
- S.G
Eﬂdﬁﬂ]‘:]H Phase ] Power Meter RF an:p oscilloscope
ontroller Detector Agilent E4419B | prefioct He:<2K Input port
Out FB In| Det.Out P=P-P _ -P
Pir it 0 in re ext
A B Power Meter Ansmt ry f
Agilent E4418B Pprobe
| —
P HOMI = li y R‘ezf/])m
Power Meter = T )8 -_—
Tok = 5 , AT ref/ T in
[ |Pecay tume |

ﬁ’fﬁ :ﬂ* '(1+ﬁa‘cf)
: ﬂm =Paw’/Po
S QL:27Z'fo'T1/2/10ge2
K Qo:QL'(l-i_ﬁin-i_ﬂexr)
o | Qexf = PO .QO /Pexf

&t ! (e ) )
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o’ A
A QO = G/ RS Ry :RBCS(T) + R, Rpeg :A76Xp (_ kB 'Tj
Ideal (Constant Q = Constant R,)
- v
Multipacting Quench (Hegg)

v

v 3

(Hc =~ 2000 Oe)
Q Slope
with no x-ray\

v Global Heating

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

/
Q. - Switch™

Field Emission

Hydrogen Q - Disease , :
with x-ray v

Eacc [MV/m] >

———
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Cure methods against Performance limitation

@ A
Qoz G/RS Ry :RBCS(T)+Rres’ Ryes :ATGXP(_.

Ideal (Constant Q = Constant R,)

Multipacting H
¢(RF confitioning) O‘(Llj_lenChz(oHog(%F)))
c=" e
* Q Slope
with no x-ray
/. (120°C baking)

v Global Heating

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

Q- Swm

1 ° i ..
-\,( 400°C HT, removal) Field Emission

Hydrogen Q - Disease with x-ray :
(800°C anneal, fast cool-down) (HPR, clean room) ¥
Eacc [MV/m]
>
Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07
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Performance limitation : Q-switch

©

Q - Switch M - 5 Cavity ; Quench Location

M-5 Cavity EBW seam at lower Iris

Sputtering balls / welding imperfections

0 E o M5

e wsp

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.

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 13
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Performance limitation : Multipacting
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15t Order 2nd Order 3rd Order MUItipaCting

ﬂ Multipacting is usually processed-out by RF conditioning.

Bzam
Axis

%1 Secondary Emission Coefficient

Multipacting at equator region

Multipacting is a low RF power, electron multiplication
based on resonance breakdown phenomenon in

'y

Ei Euu E: Electron energy

A N ~100eV ~1000eV
vacuum. For a cavity shape such as a pill-box cavity, the SRR R RS I R
. . . . 0 T f time [fowur|
cavity performance is frequently limited by a ST aEmumt e Sn/0 TS &m0 4x/9
: . . = "Eacc ~ Pt0-5 =
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

=
[

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

e [ Frarar)

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

—
*
i b
'
>
L]

e [Rowr|
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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
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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)

2
Apy (BFNESUTT(ED e FrNEsurp(t))

J = ; [
)

—Bpy @ A
51

Py : field enhancement factor

3.0% 10" | o
25x 10" =100 E. . : surface electric field
10 _ .

2010 1 Phase=30 @ : work function of Nb
L5107 Eacc=[0-30]MV/m
LOx10™ -

: VEdegp==

10 15 20 25 30 [‘ i }
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5/18/2017 Martina Martinello | IPAC 2017

Eiji Kako (KEK, Japan)
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©

G0, Fe, G, Ni

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

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.

[P. Kneisel, SRF'93 at JLab]

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 pressure {18). .
[Ph. Bernard, EPAC’92 at Berlin]
—';)';;;-'"-"-‘"*" 7 R L“;\ 100 -
1.5GHz, Nb/Cu cavity after HPR
M at CERN ) S L T
LT
.U.g...nﬁ
ot | before HPR g T
ui e} b—i U] + —
0 2 4 6 | (] { 14 103 6 1 » P 4 4
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-pressure waT NESIAg. o

Eiji Kako (KEK, Japan)
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Figure 1: Schematic of High Pressure Rinsing System

Experimental results of performance

¥ gy recovery by high pressure water rinsing

Demonstration of the effectiveness
of HPR

2026 Accelerator Summer School at Korea University, 2026 July 07
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1g" Gl:":"itf L) _3'4'5‘

& After high pressurs rinaing
= Bafore high pressure rinsng
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! 5
Eocc [MV/m]

Figure 3 : Results of Production Cavity Pair IAZ45TA299 before

and after High Pressure Rinsing { measuremenis hawe boen

17



Performance limitation : Hydrogen Q-disease @

Accelerators
SRBEEMERS / N—Y 32—

©

(40+90um BCP)

b) ! i
— T~ N
f? First cooldow?l
& - D e e 1 Suc;é:éive cooldowns|i
H—_Em'--v— O
0.4 . . e 2 - -
Eacc [MV/mI]
' - L [SRF'91 at DESY]
HERA cavities and cryomodule (in 1991 at DESY) A —— . a— i |
Heat capacity in the cryomodule is large, so that the fast cooling h
like vertical tests is very difficult. ’ | '
A . . oy - [ *, \é{ex-“a“—ﬂ_.__a#__@;\
Therefore, hydrogen Q-disease was observed in this condition. @ N _\f\}?%%%}ﬁ ﬁormal coolmg
. . . :::g . B .‘ I rd* ;\‘ 1st le l(
HERA cavities (DESY) : BCP + no Anneal = Q-disease A e 3 ‘*féft ioo"”g
5 %“H«\m 1 2”‘15‘* slow coolmg -
TRISTAN cavities (KEK) : EP + 800°C Anneal - no Q-disease 1 S igmms s

Facc (MV/m)
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Performance limitation : Hydrogen Q-disease @?ﬁéﬁ?’

Cool-down condition in Cryomodule

nnovation
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1.5 GHz Nb 1-cell Cavity at Saclay

400
300 N\
a) Thermal cycles
on the 1.5 GHz Cavity
~ 300 T ....... L —
¥ 200 150K = Fast cool-down ||: 3
- T \ 250".:.. P _:
= f::::":'.'-:_::":7:::":"_:_":"::—?_::.?-. _[_ b ] - : : J
E4 200: .
100 J[.Z.!;./_Z_E-_L/..Z;]_JZ_ZJ_[.J__ _!_J{__ZJZ.J{_{_ZJZ. g
90 K ~ 140 K . e
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
- ° e
1E9 b XX x %
E % o *xx 9h
L %"" <
°° 370 h
1EB llllllllll .
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)

2026 Accelerator Summer School at Korea University, 2026 July 07

Another cure method is an annealing at 800°C
of Nb cavities for hydrogen degassing.

19
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Performance limitation : High field Q—slope G
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2 Saclay cavities tested at Saclav 3 KEK cavities tested at Saclav

10" — T

Q, 0,

]:}W ]'}lﬂ K

. Kako : SRF’'97]

lﬂg ;: F— " é — i E " :i " JE -E ].I:'?
0 5 10 15 20 a5 30 35

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.

5. C1-10ZFORE:RE 5 Fh(Eacc=29MV/m) (NO Field EmISSIOn) 6. K1-02Z R0 RE:RE 5 f(Eacc=28MV/m)

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 20



Performance limitation : High field Q—slope @zz:fsonduct.ng

Study on 1-cell cavities at KEK

Innovatlon
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Improvement of cavity performance by EP

1300 °C HT | V1000 °¢

HT.

RRR=320

10°

RRR=200

0o §-1/C114
® S-2/C109
+ S-3/C103

108

Eacc [MV/m]

CP cavity @ Saclay

Eiji Kako (KEK, Japan)

=

0 5 10 15 20 25 30

QD
10" L
Quench
10° no x-ray
O $-1(13000C HT, RRR=320)
® S-2(10000C HT, RRR=200)
¢ 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]
2026 Accelerator Summer School at Korea University, 2026 July 07 21
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Study on 1-cell cavities at KEK
Effectiveness of baking

at 120°C

C HT, RRR=200] 1ot
- 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.)

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 22
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Current Surface Preparation Techniques @
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Inspecton of "~ Pre-EP + EP-I (51100 um)
inner surface o

N

Hot bath rinsing
4 with ultra-sonic

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

Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 23




Question (5)

What is the essential surface preparation procedures

as a current standard?

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 24



Superconducting RF (SRF) Cavity

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

Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 25



2. Recent Progress on SRF Cavity Performance
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History achieved accelerating gradients (Eacc)
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Single-cell (blue) and Multi-cell (red) 1.3 GHz Bulk Niobium Cavities in 1970’ - 2020’

Eacc [MV/m]

50

40
30

20

10

60 T
Re-entrant cavity
() °
] (lower B,../rac)848  Theoretical Limit:
I _ BC"‘190 200 mT
| | — | Bpeak/ Eaee = 4.3 mT/(MV/m)
ANPYSE ¥ :,‘ ,i: 4 ] Eacc, theoretical ~ =46.5M V/ m
°
HPR. ) /rEP/)
RRR>§)O/
/ * A
Single-Cell Cavity /
MuItIi-CeII Cavity
Kako’s
R starting point
1970 1980 1990 2000 2010 2020 2030 Courtesy of RongLi Geng
Y (JLab, USA)
ear
Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 27
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High Purity Niobium Production

©

700
Courtesy of H. Umezawa
(Tokyo-Denkai )
600 @ 00 mgm e
DENKAI
|
oo ©
v 400 R o0 o
> N,
300 000%®"®
o®
200 o0®
100 o
° ... ® Maximum RRR
0

1980 1985 1990 1995 2000 2005 2010 2015 2020

Year
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Niobium Sheets Production by Tokyo-Denkai
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) ) ) Courtesy of H. Umezawa
Project Country/Region Year Weight (ton) Frequency (MHz) (Tokyo-Denkai )
SNS USA 2000-2001 2.1 805 T 0 I( Y 0
TTF/FLASH Germany 2002-2006 1.6 1300 DENK Al
Spiral-2 France 2006-2007 3.0 88
CEBAF-UG USA 2009-2010 2.5 1500
Euro-XFEL Europe 2011-2013 13.0 1300
FRIB USA 2012-2014 9.6 80.5, 322
LCLS-II, 1 USA 2014-2015 5.1 1300
ESS Europe 2017 3.8 352,704
RIKEN Japan 2017 0.6 73 1.8 kg /sheet
for 1.3 GHz cavity
LCLS-II, 2 USA 2017-2018 6.5 1300
SARAF Israel 2018 1.5 176 1.0 ton = 580 sheets
=32 9-cell cavities
LCLS-II, HE USA 2020-2023 4.0 1300 = 4 cryomodules
SHINE China 2022-2025 5.0 1300
85,000 yen / kg
Total * 2000-2025 58.3 73-1500 153,000 yen / sheet
2,754,000 yen / 9-cell cavity
Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 29



Niobium Disks for SRF Cavity Fabrication @7 ..

(a)

Fine Grain

Grain size: 5—-50 um
Mechanical Property: unform
Manufacturing process: complex
Manufacturing cost: high
Strict quality control
Reliable cavity performance

———

Accelerators
ISRBEEMESET / N—3avera2—

©

Large Grain Medl_um Grain

Grainsize:1-10cm Grain size: 0.2 - 2.0 mm
Mechanical Property: inhomogeneous Mechanical Property: isotropic
Manufacturing process: no forging & rolling Manufacturing process: no rolling
Manufacturing cost: significant reduction Manufacturing cost: reduced
Partial decrease in stress Suitable for large scale project
Excellent cavity performance Under evaluation of cavity performance
Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 30



Cavity Performance of Large-Grain SRF Cavity

Fine Grain (11, 9-cell cavities at KEK)

Test Results of 9- cell CaV1ty Performance at STF

1.0E+11 = -] OKEK-12
—--| OKEK-13
| OKEK-14
| AKEK-15
_ | OKEK-16
AKEK-17
.| OKEK-18
Q OKEK-19
0 OKEK-20
1.0E+10 — OKEK-21
--| OKEK-22
l—— for ILC: £ ; ;
gy S— ... Eacc=31.5MV/m |l ] N
2013" |...... QO = 1 X 1010 {rrrfrmmergoe S
1OE+09 | . i i 2 ! i
0 5 10 15 20 25 30 35 40 45 50
E,. . [MV/m]

Figure 1: Best Qg vs. E, .. curves obtained from performance
tests for KEK-12 through KEK-22.

Y. Yamamoto, H. Hayano, E. Kako, S. Noguchi, T. Shishido, K. Watanabe,
“Achieving high gradient performance of 9-cell cavities at KEK for the
international linear collider”,

Nuclear Inst. and Method in Physics Research A, 729 (2013) p589-595.

———
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Large Grain (11, 9-cell cavities at DESY)

1x10™ -
& 1x101
for ILC:
Eacc =31.5 MV/m
Qo =1 x 1010
1x10° - ; .
0 10 20 30 40 50
Eacc [MV/m]

FIG. 13. Final QO-Eacc performance of the LG cavities
AC112-AC114, AC151-AC158 at 2 K after EP.

W. Singer, S. Aderhold, A. Ermakov, J. Iversen, D. Kostin, G. Kreps, A.
Matheisen, W.-D. Moeller, D. Reschke, X. Singer, K. Twarowski, and H. Weise,
“Development of Large Grain Cavities”, PHYSICAL REVIEW SPECIAL TOPICS -
ACCELERATORS AND BEAMS 16, 012003 (2013)

2026 Accelerator Summer School at Korea University, 2026 July 07 31



2. Recent Progress on SRF Cavity Performance

/.
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1
2
3
4.
5
6

Fundamental Cavity Performance

High Purity Niobium Production

Toward Higher Q and Higher Gradient

Performance Recovery Techniques

Breakthrough for the next step

Summary

=

Eiji Kako (KEK, Japan)
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Toward higher Qo and higher Gradient

_ Cryogenic Efficiency
Qo (QO' (DWS/PO) 1Wat2K = 4.5Wat4.2K, (1:4.5)
3Wat4.2K > AC1kW, (0.3%)
AC1.0 MW = 3kW@4.2K, 700 W@2K
11 p=- Air it ettty
10 High Qo for cost reduction
ERL/FEL

High Gradient

(lower loss)

1010 __________________________________________________________________

Pulsed operation
(low duty factor < 1%)

Eacc [MV/m] 10 20 30 40

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 33



Toward higher cavity performance : high-Q, high-G @%F?SFLL“

———
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Mid-T bakin
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Vs A iy 5/120C
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120C bake

75/120
N-Doped
120C
M-Infused
800C HT

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

o N-infusion

10°

10

Eiji Kako (KEK, Japan)

| | ® N-doping
| EP \ ® N-infusion
m ® Two step baking
® Mid-T baking
® Cold-EP
20 30 <o ® Fast cooling speed
Eacc(MVIm)
2026 Accelerator Summer School at Korea University, 2026 July 07 34



Nitrogen Doping for High-Q e ..

Accelerators
)"Fﬁiﬁmﬁm&%ﬁ»{//\ vavera—

- ©

The procedures of Nitrogen-Doping are annealing at 800°C in a UHV vacuum furnace for 3 hrs,
followed by injection of about 2 x 102 Torr partial pressure of pure nitrogen for 10 min at 800 °C,
followed by surface removal of 10- 30 um EP, HPR and RF testing. N-dope

10"
- taz | el = | = 3% 10
” [ S p to Labs | Cavily after
- : -
0¥ e T g, [ Equator Welding
. rr’mvd\l dope 4x10"° v‘ﬁ_. ) -':’.‘ |'d
V‘ e e o o R i d %S --.u-n.u._.
b4 ° '\'-‘. Lo ' | HOM Tuning | v o
P — " ~ * 4 @ 2:10'7 =
.“Il .~ 0 5 10 15 20 : 0 5 10 15 2 25 30 T | R | 140Mm
S EP "‘\ I e oo .o | Leak ;:hach | = D:HPR | T ey, -
B0°F  eonmsons T B Vendor A Boseline
[ 6x10° (2= | Final A mily | l @ ‘vendor A Dopad
u 1E1igggﬂé-tg{pical eiectro;;olisGhed FG 1 a""‘“m oo T T : :z;gﬂb:g g{;s;::;{:
T I Ko External 20 m 10" — -1
S EAen s | Long HFR | BCP o 5 10 15 20 25 30
10° L 1 L I | L I 0 5 10 15 'f 1 tac:[MvJ’mj
0 5 10 15 20 25 30 - E,.. MVim) | WT Assambly | | Ethano| Rinse |
E,.. (MV/m) o Bcpranc 1 = -
I ' ' : ‘ JE: e R Helium Tank ! S ¢ m g dope
" e ol L mmiz BCP, +120°Q Welding |_UHVHTBake | 800°C,3h = ¢ o
] BCP, EP . | Pracadure B 4
10¢ e / 3 | 2
_ +120°C, +3* S _ :
a G 24 -m-ace G | Long HPR | | MN=Dloping | 2min. 2émTorr
E 8 //v/ﬂ - 8cPuaoc £ . f I o 21 [ ® TEvamsDe
8 radd v Pﬂzn 3 i ]
8 1 et e i : . 6min. 800°C O Tonesos
6F * : @ EP+nitrogen treatment | -t | Elhanul R|r‘|ﬂﬂ | | RF Turllm | ”2/6 N-doping” 0 i
E T ‘T 4 ! 0 5 o 15 20
; N-dooe % 1 o | N dope | — | EPs7im ] 5-7um E__IMV/m]
0 20 40 60 80 0 20 40 60 80
B (mT) B (mT) “ T . . . - ”
“Nitrogen and argon doping of niobium for superconducting radio Industrialization of the nitrogen-doping preparation for SRF cavities for LCLS-II
frequency cavities: a pathway to highly efficient accelerating structures” by D. Gonnella (SLAC, USA), NIM-A 883 (2018) p143-150.

by A. Grassellino (FNAL, USA), Supercond. Sci. Technol. 26 (2013) 102001
\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 35
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Mid-T Baking for High-Q (1) @

The Mid-T baking is performed as the last step of the cavity surface treatment. The cavities are
heated at 300°C for 3 hours in a UHV vacuum furnace, followed by HPR and natural drying at CR.

Jemperature Dependence Sensitivity of Fqu Trappmg nQ/mG

o] E
o E g F ] 300 |- 300 C 3h —— Temperature (°C) ]
238 F wﬁ%mmr : —— Pressure (P2)
1 x = 2 350C3 h baking (ILPnacs bak M
;::;lz 4 } ;E 'E 300°C - vm:nmn«;gummmg: N & ] ot _
AL T or i : 5 < Process of N5, N6
e 3 - E ®r @ L= Process of N9
=t F . o 5 3 N7, N8, N10
o*® ::: |.‘: 350 c 0( OC EEI- ] 107 E
el 5 i IR A 400 " | Bulk EP Bulk EP
g :l::ran::' C L vy - . L 1 l l‘
il [ o lgee! . e 800°C3h 900 °C3h
e Teefsey® " 120°C| of : L A | '
I 'ﬁ“""ﬁ"“"i?l'“f"""i:-*:"?'"uip _""J""io""is""z ""25""33””35””;I1 5E10 T T 'I‘""-'“I T T T ngr;t F EKPDSHIE —
aec [MVim] Eocx MVIT] 300°C, 3h
- S ARRRARARES o 10 3 v oo Vertical test Mid-T furnace
E y E » | 3 X e > > N o i
o ¢ i : 4610 £ o0, b o wE : 300°C, 3h baking
12 * P ﬁ:mﬂ:::m ] 4 — t > X ."- > N10 EP 900°C3h i
i :;1:55.].4..1.T ? 4 4305 3 hbaking [ TE1AES02 T V] 3 r . ® £ 5 = * & NS midT ! Vertical test
1 ] T IT5T ] H * ﬁ:hhﬁgm'::$ 3 aF10 F# LELS-I spac * v No m?; T %
¥ . T ] i A E T capcape — ¢ ;; E—% Exposure to air
L 'l' 1 5§ ] I ] o %ia0 - LELSI HE spec ® N9 nig-T |
Fintiad ']‘-H- ] ] £ 3 e e EP+12(QoC = o mdTh Mid-T furnace
F } 1 E Y, E = Fogy Ly s baking 300°C, 3h
of | TR | S EE A " 3 i*qs = %5 !
. - A E 10 f e Car— !
=f ,OODC' 3h ;ﬁ:::% n:::n-m'u: Ei Iy ﬁ l:*%‘"‘i‘ E lz}];: Iht?.ﬂlf T T E”Eul'm Elp%no <>| VEI’tICH‘ test
r # o b g [ 1889 ] 1 G 3
T T e e SR E o 5 10 15 2 25 30 35 40
1] il 15 = 55 &0 &\ 40 U:,E'—L'J-—T-'-T—'%‘-T-'—'Jg'—'-'-g' = £ (V/m)
Bt . Excx MV . . : . .
“Influence of furnace baking on Q—E behavior of superconducting accelerating “Medium-temperature furnace baking of 1.3 GHz 9-cell superconducting cavities
cavities”, by H. Ito (KEK, Japan), Prog. Theor. Exp. Phys. 2021, 071G01 (8 p). at IHEP”, by Feisi He (IHEP, China), Supercond. Sci. Technol. 34 (2021) 095005 (7p).
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Mid-T Baking for High-Q (2)

. . . 5 T T T
PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 092003 (2024) First Mid-T Baking 1.3 GHz Cryomodule at IHEP -
o N VT
4 . [_lcm
High Q and high gradient performance of the first medium-temperature sl
baking 1.3 GHz cryomodule 8
,E
Weimin Pan,'*" Jiyuan Zhai®,'* Feisi He,'” Rui Ge,"* Zhenghui Mi,"* Peng Sha,'* Song Jin,' 3 ol — - _
N | R
1 i =] }Qf‘\ ‘x
T o S . | H %Q%%%%
5x10™ E Mid-T Baking at 300°C for 3 hours ; 45 20 25 35
b R Bu'h:ii : : Gradient (MV/m)
4x10" F B ¥ § L O 3 E
El}b ““"t'ﬂﬁ D‘t“ﬂb -
PR tzz tug"‘uv " Dw"r"-" 2 3 '
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F|| ==cMtest @ 18 Mvim SN
# LCLS-ISSHINE spec # LCLS-I-HE spec % CEPC spec Fl| === CM test @ 21 MV/m N N
- C . . S N
1n'|l:I....|....|....|....|....|....|.... E - - - QO specification :\
0 5 0 15 20 25 30 35 || - - - Average Q0 ; |
20 25 40 45 50 55 60

E_..(MV/m)
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Cold-EP for High-G
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The key parameters in the cold EP are a low temperature of 15°C at the cell surface, (32°Cin a
standard EP) and a lower EP current of 15 A, (40 A in a standard EP). The temperature of electrolyte
in the acid tank was maintained below 12°C with the chiller unit during the cold-EP process.

01
Cell
16C

L

Zone Separators

Zone3
Right Beamtube
6C

L

Parameter

VALUE

Voltage

Current

Beamtube temperature

Cell temperature

Electrolyte temperature
Electrolyte flow rate

Cavity rotation speed
Electrolyte volume

Material removal rate

Kiohinm surface current density
Open cathode area

Cathode surface current density

I8V

15 A (average)

6C

16C

6c

I L/min

1 revolution/ min
2L

5 pmy/h

10 'mu’l,l'i:m2 (averaze)
100 em®

150 mA fem” (average)

“Extreme diffusion limited electropolishing of niobium radiofrequency Cavities”,
by Anthony C. Crawford (FNAL, USA), NIM-A 849 (2017) p5-10.

———

Parsemeters [Uniff  HotEP  Cold EP Em’;f““ -
Target removal [um] =10 10 or less ~30
EP voltage [\ 18 18 18

| EP current [A] 40 15 8 | &
Equator temp. [de=C] 32 15 4
Beam tube temp. [de=C] 3 0 -8 LW
Acid temp. [de=C] 20 12 4
Removal rate [um/hour] 13 3 3
Acid circulation [Lmin]  15-23  1.5-23 1.5-23
Cavity rotation [RPM] 1 1 1 —
MNirogen gas flow L. ] 1 1 [ o

Eiji Kako (KEK, Japan)

-

P
-
[l —
P
W é | Shower
Flow adjust head
Valve

43 ‘.‘i 1 2
t l Zone sleparator

Drain pan
Chiller @
#2

M&Sdm:]f Cold EP

Extra Cold EP

& Bazeline; Cold EP + 120Cx48hrs bake
® Post Exara cold EP + 120Cx48hrs bake

5 10 15 30 2] 30 s 40 45
Eiet [MVim)

“EXTRA-COLD EP PROCESS AT FERMILAB”, F. Furuta (FNAL, USA), SRF2021, East
Lansing, MI, USA (2021) p230-232.
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Nitrogen Infusion for High-G
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After heat treatment at 800°C for 3 hours in a UHV vacuum furnace, the temperature was lowered to a range of
120°C and the cryopumps are shut down. Then, high-purity nitrogen gas was injected into the furnace at a
pressure of ~25 mTorr, and the pressure was maintained by roughing pumps. Following the nitrogen infusion at

(b) N-Dope

(800°Cx3h+2.7PaN2x20min)

120°C for 48 hours with low pressure nltrogen only HPR was applied.
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“Unpreceaentea quality tactors at accelerating gradients up to 45MVm-1 in
niobium superconducting resonators via low temperature nitrogen infusion”,

by A. Grassellino (FNAL, USA), Supercond. Sci. Technol. 30 (2017) 094004 (10p).

—
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(a) 800°Cx3h

(¢) 800°C,3h+120°C,48h

(d) N-infusion

(800°Cx3h+120°Cx48h w/oN;)  (800°Cx3h+120°Cx48h w/3 3PaN,)
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“TRIAL OF NITROGEN INFUSION AND NITROGEN DOPING BY USING JPARC FURNACE”,
by T. Konomi (KEK, Japan), SRF2017, Lanzhou, China (2017) p775-778.
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Two-step Baking for High-G

Innovat|on
Centerfor
\Applled
Superconducting

Accelerators

ISR CE®EE A/ N—

©

varveria—

Two-step baking at 75°C and 120°C was accidentally discovered during a standard baking.
The discovery showed that the simple addition during the mild baking of a step at 75°C for a
few hours before the 120°C baking for 48 hours, systematically increases the quench fields.
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"Acceleratlng flelds up to 49 MV/m in TESLA-shape superconductlng RF
niobium cavities via 75°C vacuum bake”

https_arxiv.org_pdf1806.09824

———

, by A. Grassellino (FNAL, USA),

Eiji Kako (KEK, Japan)
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“VERTICAL TEST RESULTS FOR ITN SINGLE CELL CAVITIES”, by E. Viklund
(KEK, Japan), SRF2025, Tokyo (2025) p125-128.
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Influence of Residual Magnetic Flux (1)
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Fast cool-down is highly effective for efficient expulsion of external magnetic fields.
Slow cooling leads to almost complete flux trapping and higher residual resistance,
while Fast cooling leads to much more efficient flux expulsion and lower residual resistance.

{a) Top (d)
60 T
i —— UpMid - fast
ol ——LoMid-fast | |
= UpMid - slow
e g I — LoMid - slow
z 2wt 1
UpMid g £ =
LoMid | g »p i {
oM g £ "I"Fast cooling (35mK/s)
iy g o}
- o
: i . i Slow cooling (5mK s)
Bottom G000 7000 BO00 a000 10000 11000 12000 B4000 BE000  BBOOD B0000 92000 84000 80 at 92 a3 ad a5
Time (sec) Time (sac) Temperature (K)
(a) (b}
Normal conducting
Fast cooling

Slow cooling

“Dependence of the residual surface resistance of superconducting radio
frequency cavities on the cooling dynamics around T,
by A. Romanenko (FNAL, USA), J. Appl. Phys. 115, 184903 (2014).

\ Eiji Kako (KEK, Japan)
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“Efficient expulsion of magnetic flux in superconducting radiofrequency
cavities for high QO applications”,
by S. Posen (FNAL, USA), J. Appl. Phys. 119, 213903 (2016).
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Influence of Residual Magnetic Flux (2)

©

It was shown that a cavity could be converted from poor expulsion behavior to strong
expulsion behavior after higher heat treatment above 900°C in a UHV vacuum furnace,

resulting in a substantial improvement in quality factor.
(It is preferable to control the amblent magnetlc field at caV|ty surface less than 0.5 uT, (= 5. nG). )
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“Role of magnetic flux expulsion to reach Q, >3 X 10*in superconducting rf “MAGNETIC HYGIENE CONTROL ON LCLS-Il CRYOMODULES FABRICATED AT
cryomodules”, by S. Posen (FNAL, USA), PHYS. REV. ACCEL. BEAMS 22, 032001 (2019)  jLAB”, by G. Cheng (JLab, USA), SRF2017, Lanzhou, China (2017) p153-157.
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Performance Recovery Techniques

Cavity performance has been gradually degraded due to contaminated particles
in Cryomodules during long term beam operation.

- In-situ performance recovery is a key technology!

» High-power RF Pulsed Conditioning
» Helium Processing

» Plasma Processing
>

Ozone Gas Processing
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High-power RF Pulsed Conditioning

©

High-power RF conditioning with a short pulse at low temperature in CW cryomodules
is effective to mitigate field emission and reduce X- ray radiation level.
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Ten 73 MHz QWR Cavities in SRILAC:
Three 1.3 GHz 2-cell Cavities in cERL: SRF2017 by E. Kako (KEK) SRF2023 by N. Sakamoto (RIKEN)
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Helium processing is conducted at cryogenic temperature using inert gas, with gas pressure

around 0.1 mTorr and an electric field level in the order of 10 MV/m.
(After the helium processing, warming up to 20 K was conducted for removal of the remaining helium gas inside the cavities.)
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CEBAF 1.5 GHz 5-cell cavities: PAC1997 by C. E. Reece (Jlab)
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Plasma Processing

©

Plasma processing is performed at room temperature using a chemically reactive plasma with

gas pressures of about 100 mTorr and electric field levels of around 0.01 MV/m. (This technique
increased the work function of the cavity surface and removed hydrocarbons on the cavity inner surface.)
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“In-situ plasma processing to increase the
accelerating gradients of superconducting radio- °
frequency cavities”, by M. Doleans (SNS/ORNL),

NIM-A 812 (2016) p50-59. et SRF2025, Tokyo (2025) p293-299.
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In-situ ozone-gas processing was performed at room temperature without RF power with
a concentration of 6 wt% in an oxygen gas flow of 1 |/min. Chemical reactions with ozone-

gas remove organic and some inorganic surface contaminants. (The ozone-gas processing is a
simple cleaning method for cavities and cryomodules already installed into accelerators.)
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“Reducing field emission in superconducting cavities with ozone”
By Roger Ruber (JLab), USA),
PHYSICAL REVIEW ACCELERATORS AND BEAMS 27, 122001 (2024)
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Breakthrough for the next Step

» Robotic Technology with Al
» New Cavity Structure
» New Superconducting Material

» Young Power for Innovation
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Contaminated particles causing field emissions are generated by the presence of
workers in a cIeanroom — Robot-assisted automation assembly technology is requwed

at CEA (France) T at FNAL (USA)

“STATUS OF ROBOTICS AND AUTOMATION IN THE SRF COMMUNITY AND gt |IMIP (China)
REAL APPLICATIONS”, L. L. Popielarski, FRIB/MSU, SRF2025 (2025) p589.
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©

Traveling wave (TW) technology can push the accelerating field of a niobium SRF cavity
beyond the fundamental limit for SW structures to 70 MV/m or more.

~52Ilmm \
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Twin-Axis Cavity

Traveling Wave Cavity Structure with Traveling Wave Type Structure

Courtesy of Fumio Furuta and Sergey Kazakov
Fermilab (USA) Courtesy of Kaoru Yokoya, KEK (Japan)
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Nb,Sn Coating on Niobium Cavity by Vapor Diffusion Method:
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Nucleation of Sn (SnCl,) at 600°C = Crystal Growth of Nb,Sn layer at 1300°C = Annealing at 1100°C for 3 hours.

The—

High eprare

Vacuum Furnace (1300°C)

———

Nb3zSn layer

—— SnCl2 crucible

Eiji Kako (KEK, Japan)
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Sn crucible “Nhb3Sn Coating and Conduction Cooling R&D at KEK”,
SRF2025 by T. Yamada (KEK, Japan)
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Nb,Sn (T.=18.3K) cavity can be cooled by a cryocooler (He-free system). srr2025 (WEA04, WEAOS, WEAOS)

Cavity Performance Comparison 10E+10
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Cornell (USA): 1.3 GHz 1-cell cavity IMP (China): 650 MHz 5-cell cavity Jlab (USA): Two 1.5 GHz 5-cell Cavities
Conduction cooling by 1 Cryocooler Conduction cooling by 10 Cryocoolers Cooling by Lig. Helium at 4.3K
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TTC2025 at IBS, Korea ASSC2026 at Korea University SRF2025 at Tokyo Univ., Japan

Young Power for Innovation
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® 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.

® R&D efforts towards Higher-Q and Higher-Gradient of SRF cavity performances
have continued to produce new results and open exciting possibilities.

® Higher-Gradient must be accompanied by measures to mitigate field emission
in SRF cavities installed in cryomodules.

® Related technologies must be saved development costs and power consumption.

® Inthelonger-timescale (longer 10-years), TW SRF structures are anticipated to

be developed and gradients to be increased to ~70 MV/m or more.

\ Eiji Kako (KEK, Japan) 2026 Accelerator Summer School at Korea University, 2026 July 07 57



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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Questions !
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