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Introduction of myself

Starting job at KEK Photon Factory (2002)
» Normal conducting 500 MHz cavity
» R&D for future project of ERL light source

Design and development of cERL main linac
cavity/CM

» Design and fabrication of HOM damped 100mA
CW main linac cavity

» Construction and operation of cERL main linac
cryomodule

High-Q/High-G study for CW SRF cavity
» N-doping, flux expulsion, mid-T baking (high-Q)
» N-infusion, 2-step baking (high-G)

Development of ILC prototype CM
» One prototype CM fabrication in under going
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RF absorber

Radial HOM damper
(Without filter structure)

Filter structure
for 1.3GHz

Design of cERL main linac cavity

~ cERL main linac
— cryomodule
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Typical SRF cavity

* Used for acceleration of particle
with (mostly) speed of light
Normally made by Nb

Variety of SRF cavities are under

operation.

e 350 MHz, 500 MHz, 650 MHz,
1300 MHz, 1500 MHz, 2600 MHz,
3900 MHz, etc.

e 1-cell, 2-cell, 4-cell, 5-cell, 6-cell,
7-cell, 9-cell, etc.

* Nb, Nb coating on Cu

SBA26, Super gonductmg accelerato
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Accelerators

,; Elliptical cavity — the de facto standard for SRF

FERMI 3.9 GHz

TESLA/ILC 1.3 GHz

AREEEEEE e

LEP 0.352 GHz

SNS f = 0.61,0.81, 0.805 GHz

cells ¢

TRISTAN 0.5 GHz
3]s,
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H Padamsee
Low-Velocity Structures for Heavy lons

p=v/c:0.28-0.62

115 MHz p=0.15

Steering-
corrected QWR

172.5 MHz

345 MHz p=0.4
$=0.28 HWR

double-spoke



Performance of elliptical SRF cavity

High-Q (low loss), High-Gradient and High current

e Surface resistance (Surface loss)

»Surface resistance . several nQ
»N-doping, mid-T baking push up Qo up to 3e10(@2K, 1.3 GHz)
» Benefit for CW operation accelerator

* Accelerating gradient (accelerating voltage)
» High gradient of 40~50MV/m is possible
» Close to theoretical limit of critical magnetic field (~200mT) at cavity surface.

* High current operation
»CW high current operation is benefit of SRF accelerator!
»Storagering: > 1A
»Linac: (100~) 10mA with ERL scheme

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Very important parameters for SRF cavity @ |

Q-value(Q,) and Accelerating gradient (Eacc) =

Accelerators

1.0E+11
........ |

1.0E+09
0 10 20 30 40

Ecc [MV/m]

Target of our study for SRF cavities
High gradient & high Qo (low loss)

2026/10/21 Kensei Umemori

Qo=2nfxU /P

U:Stored energy [J]

P:Surface loss [W]

f: Resonant frequency
Qoc<1/Rs

Rs: Surface resistance[Q]
Eacc: Accelerating gradient [MV/m]




Surface loss and Eacc (Vacc) @

CW operation vs pulse operation S

. . 2
* Surface loss is proportional to Vacc? (or Eacc?) v

* Following estimation Qo~1e10 is used for L-band 9-cell cavity. R
»~ 10/40/90W loss for 10 /20/30 MV/m (CW)

* For the case of CW linac (200 cavity x 20MV/m, 4GeV, 100% duty)
»Eacc = 20MV/m, surface loss ~40W (100% duty)
> Total loss = 40W x 200 cavity = 8kW High-Q is essential for CW machine.

* For the case of pulse linac (8000 cavity x 31.5MV/m, 250GeV, 1% duty)
»Eacc=30 MV/m, 1% duty, surface loss ~1 W
» Total loss = 1W x 8000 cavity = 8 kW

»If operation is CW(100% duty), IMW(@2K) class He refrigerator is
needed and 1GW level AC power is needed.




- Innovation 8
° \\Center for
|| Applied
O u t | I n e Superconducting
Accelerators

ISHBEEMER A/ N—aver 82—

e Superconducting cavity
* Introduction
* Pillbox cavity and mulch-cell cavity
* Performance limitation
* Basic RF parameter

* Surface treatment for higher performance
e Surface treatment and hydrogen
* Various high-Q/high-G surface treatment

* Cryomodule
* Cryomodule design
* Cryomodule components

e Superconducting accelerator
* Future challenge
* Summary

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Innovation

Center for y
° i Applied [
// Superconducting ) ¥
Accelerators \
SRABEENESS /N—YavEyg—

Pillbox cavity : Most basic shape of TM cavity
* Only the shape which EM fields can be analytically calculated.

\\ Ghostview. version 1.5

¥ Ghostview, version 15
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m: Axial ()

Pillbox CaVitV n: Radical {p) @ | E«

p: Longitudinal (z) .ooes S99,

Solve Maxwell equation, with boundary Complete set of TM,,,,, mode of pillbox cavity
condition of
nx E=0 (E: perpendicular to surface) Ez = E, cos (ﬂ) Jm (M) cos(meo)
d R
n * H=0 (H: parallel to surface)
pTmR . (pmzZ\ . u, p
Solution for TM,, E,=—E,_——sin (T J'm (T) cos(me)
Half model of 2.405p Ey,=E, mm:Rz sin (E)]m ( m”p) sin(me)
pillbox cavity Ez =E,J, R cos(wyqq £) paw’,, d
Hz =10

Eo,  (2405p) mw,,,, R Tz u

E,=E,=H,=H,=0

P W, R mZ u
2.405¢ H, = iE, ——cos (pT)]'m ( 7:;'0> cos(me)
Wo10 =~ ncumn
c (speed of light): 2.9979e8 m/s u -
ymn = R’ wmnp - \/(yzmn) + (?) 2

n (vacuum impedance): 376.73()




Long pillbox cavity effective? e ..

Accelerators
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VVVVY

* If we fabricate long pillbox cavity, can we make high-energy machine?

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Long pillbox cavity effective? e . O

ISRBEEMER T/ N—23ver 4’

VVVVY

* If we fabricate long pillbox cavity, can we make high-energy machine?

(answer) RF flip the phase = acceleration/deceleration alternately = no energy gain

—C—

Acceleration

V.VVV Y

After half RF cycle...

———~

Deceleration

A AAA A

\
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Multi-cell structure with m-mode operation e .. @

Cavity cell length = halfwave of resonant frequency
* Particle pass one cell 2 180 degrees phase change
* Most efficient acceleration using pi-mode

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



How many cells are optimum?

e Packing factor
e Beamtube does not contribute to beam acceleration
* More cells are basically better.

* Higher order mode
e Multi-cell makes huge amount of HOM’s = Control of all HOM'’s becomes difficult
* Multi-cell tend to generate trapped modes

* Handling of cavity
» Too long cavity is difficult for handling of EP, HPR, assembly, test, etc.
* 171.5m optimum?

* Limitation from peripheral equipment
* Input coupler could be limitation for high current CW linac.

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator
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Performance limitation

Superconductor has critical magnetic field and critical temperature.
Cavity performance was limited by break of superconductor.

* Magnetic quench
* Quench at critical field
» Defects (enhance magnetic field on surface)

* Thermal quench
* Field emission
* Multi-pacting
* Normal conducting material

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator
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Performance limitation(1) ~Defects™ . 0

Magnetic
Quench

* Defects on cavity surface

lead to quench.

e Cause of defects

»Bad electron beam welding
»Scratch

* Edge of defect enhance
magnetic field on surface

Target
Cavity surface should be defect free

Cavity fabrication without scratch, welding defect, etc.
Make smooth surface by Electropolishing.

\026/10/21 Kensei Umemori
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20, 100, 100| 100/ 100

Miobium material
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o /\
e hi

] 200 1000 1500 2000
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Correlation between defect size and quench

SRF2009, K. Watanabe

e Larger and deeper defects
cause quench.
* Edge angle is important

* Normally we can not find
defect at quench > 30 MV/m
for 120C baked cavity.

* Also, we can not find defect
for N-dope or mid-T cavity,
even quenci< 20 MV/m.

* Quench at high field, > 30
MV/m, mostly come from
surface condition (bad
superconductor)?

Current my question?
2026/10/21 Kensei Umemori

"

XxuJInnovation
\\\Center for

|| Applied

Superconducting
Accelerators

ISRBEEMER / N—2a vy a—

()

Correlation of spot size and heating (Rough estimation)
supercnnductlng rf test famllt}r D —————————————————————— I

Relation of Spot size and Heating detected by T-map
( Preliminary result )

@ Depth [um] Pit @Heating
200 —| .4 Height [um] Bump @Heating —
[l ® Depth[um]Pit @No Heating less than 30 - 39MVIm
¥ Height [um] Bump @No Healing less than 30 - 39MV/m E
[ A Depth [um] Pit @No Heating less than 20 - 30M\ | E
— 150 - { =
= - - -
= L , .
= | Heating observed < 23 MV/m
o t -
2 100 E
L \Wall Gradient: 22 deg _ -~ =
o .l |
c :
=1 Wall Gradient:11 deg
5 l. .
O 50 - |
0 I No Heating less than ~30MV/m
100 200 300 400 500 600 700 800 900
Diameter [um]
Sample: MHI-01 - MHI-09, AES-01 : 10 cavities.

Number of cell = 90 cells, Number of detected spot = 49 spots.

1{]D|

STF Baseline cavity #4 : After Phase 1.0 project
#1-cell equalnr t=087 degree
Height [um]E

- Niobium Materlal

-~ Wall Gradient Plulted line
45 o
0+ | _
. Depth
% {
50 - Pit | unai|
+ Diameter > Vac. side

600 800 1000 1200 1400
Z-axis [um]

Larger, deeper (or higher) pits
(or bumps) seem to cause
quenches.

However,

* Not all of the optically observed
defects lead to problems.

* Note: preliminary results of
analysis which utilizes *both* the pi-
mode and pass-band measurements.

STF KCANGtanate Syt 22-2009,SRF2009 in Belrin 8



Performance limitation(2)

Thermal
Quench

~Field emission™

\026/ 10721 KensetUmemeripyamnle of field emission calculation’{don&°by Entico Cenni)

* um to sub-um dust on
cavity surface could
become field emitter.

* Field emission can easily
reduce Q-value.

Target

Dust free assembly is important

1e+009
0
e Clean assembly in clean room

1e+011 :

1e+010 |

1e+011

ERL 9cell / .

——— &

1e+010 v"""*""vvv .

.';......... PRI 1 /N

Example of field emission

T T,

_onducting

prators

avers—

: 2nd
.§ o % It e
J TR |10 T S SR— . : E : :
1e+008 i
0 5 10 15 20 25 30 35
Eacc [MV/m]
T T T - T ‘1DD
ERL 9-cell #3 2nd(2K-final) ®
radiati 4
: radjal ﬂh;% ¥ 410
@99900000000000i, KX
5 - ®ones 1
: b g .. 1
- : K * 4 01
KK ¥ KK
5 I
w2 ' T - 0.01
5 10 15 20 25 30

©

A-ray [arbit. unit]
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Parameter for acceleration @ @

ACCeleratlng VOltage SRBESIES T/ N~ 3 e -

[V] Cavity length(1.3GHz)

1cell: A/2=0.115m
9cell: 9A\/2=1.038 m

Vacc = UEZ(T = 0,z)e*?dz

Accelerating Gradient

Vacc 1 -
Eacc = = jEz(r = 0,z)e'*?dz| [V/m]
Lcavity Lcavity
Transit Time Factor
e || Ez(r=0,2)e*?dz]|
| Ez(r=0,2) dz|
Shunt impedance (Rsh) Rsh = (Vacc)?/Ploss
Rgn  (Vacc)? ‘fEZ("” = 0,z)e"“dz|? Q) Rsh/Q
¢ wUy wUy >¢ Only depend on cavity shape
1 (RSh)(PQ) Eacc=Zx SQRT (Pt X Qt)

2 —
Eacc- =
. 2
\026/10/21 Kensei Un(e“r%vlty) Q ISBA26, Super conducting accelerator



Q-value
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Large stored energy (Uo)
Small surface loss (Po)

\ ¢

Large Qo

Uo: Stored energy
Po/f: Energy loss / RF cycle

G: Geometrical factor
(Only depend on cavity shape)

ISBA26, Super conducting accelerator
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These are the field for cERL cavity.

Other important parameters
* Epeak / Eacc

10 10
[ ] | d [ ] [ ]
= Field emission G .3
20 40 €0 80 15& 12‘0
C:\UMEMORI\SUPERFI SH_HORK\RIK_ERL_EDPHI_VJ. 7_9CELL\HODEL2\FI {16MV)\ERLSC.AF 10-27-2008 3:11:44
|Zoom level 1 of 2 4

* Hpeak / Eacc

Tablpl0t7.17mGeneralPurposePIoTtingProgram File SEGS_tmp.TBL — m} X
Eile Edit Data HardCopy Fit Display View Zoom |ntegrate Help

: Magnetic quenCh Fields and power on segments 1 through 100

SEGS tmp.TBL 10-27-2008 3:12:40

& WSFPplot 7.17 --- Poisson Superfish Plotting Program  File ERLICT3S - u] X
Fle HardCopy Display View Zoom Help

Sample problem for tuning elliptical cavity F = 1299.9359 MHz
1 1 1 1

12 — 12

=10

80 100 120 140 160 180 200

-
P z e T ' S (cm)

C: \UIE}WRI\EUPERFISH_HDRK\KIK_ERL_E OPHI_V17_$CELL\MODEL2\PI GL:}:V) \ERLSC.AF 10-27-2008  3:11:44
i ISBA26, Super conducting Bt taftor 4

A i

2




Typical parameters for TESLA cavity

PHYSICAL REVIEW SPECIAL TOPICS - ACCELERATORS AND BEAMS, VOLUME 3, 092001 (2000)

ISHBEEMER A/ N—aver 82—

/ Innovation -
\\Center for
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Accelerators

> Definition of R/Q is deferent.

Superconducting TESLA cavities This number is half.

TABLE Il. TTF cavity design parameters.® ;l;lhilr_.nE} III. Half-cell shape parameters (all dimensions
Type of accelerating structure Standing wave Cavity shape parameter =~ Midcup  Endcup 1 Endcup 2
Accelerating mode TMgpg. ™ mode
Fundamental frequency 1300 MHz Equator radius Rqua: 103.3 103.3 103.3
Design gradient E,_ 25 MV/m Iris radius Rirs 35 39 39
Quality factor Qg =5 % 107 Radius R, of circular arc 42.0 40.3 42
Active length L 1.03% m Horizontal half axis a 12 10 9
Number of cells g - Vertical half axis b 19 13.5 12.8
Cell-to-cell coupling 1.87% Length / 57.7 56.0 57.0
Iris diameter 70 mm
Geometry factor 270 02
R/Q 518 0}
IE|:-:a|I-: |"Il-Eui:i: 2.0
Break { Ence 426 mTMV-'m equator

cavity axis
\026/10/21 Kensei Umemori FIG. 6. ContowSef® Balfwplbr conducting accelerator
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L-band SRF Linear Accelerator Technology

Impact to Nuclear, Elementary Particle, and Photon Sciences and Medical Applications RREEBIER( /N~y 3 VY 5
En 2 2 2 » 1 M 2 2 2 1 M 2 2 2 [ 1 2 » 2 2 1 2 2 2 2 1 M 2 » 2
L CW SRF Linacs: .
LSCA Stanford Superconducting Accelerator o
_I".-'IUSL: llinois Microtron Using a Supersoducting Linac | R . Ge ng (-l LAB)
CEBAF: Continuous Electron Beam Accelerator Facility ILC 1 TeV upgrade
"JLAB FEL: Jefferson Lab Free Electron Laser High Gradient R&D 4
50 FELBE: HZDR Electron Linear accelerator with high Brillance and Low Emittance ------gfg - b rmeremeeee- =
L ALICE: STFC Accelerators and Lasers In Combined Experiments o
LARIEL: TRIUMF Advanced Rare IsotopE Laboratory d
| LCLS-lI: Linac Coherence Light Source extension 2 i
SHINE: Shanghai High Brightness Photon Facility P E
b " = g L
40 [FPulsed SRF Linacs: il ggi - e SRRE
—_— LFAST: Fermilab Accelerator Science and Technology Fag -1 il & o
E L STF: KEK Superconducting RF Test Facility g = E, + i ° E BW
—_— | E-XFEL: European X-Ray Free Electron Laser L] - *-E = E ILC construction
> ILC: International Linear Collider ICGoal © oS% x 2x125Gevinac| | © EP
s i f o mx HWm= 1
) o Y w E-XFEL construction . L
O I E  TTF SASE FEL un 17.5 GeVlinac  E-XFEL photon science
= [ = I 1/ * Clean assembly
LIJ 5 CEBAF 12 GeV upgrade . E H
20 oo o CEBAFT2GeVmucearphisics 11 Above are important for the
[ CEBAF 12 GeV Upgrade Goal 1 51 improvement of SRF
w 2
i SHIME constructi 1
[ senee “ene 1| performance
10 & ....5oencE ]
I E ARIEL .
" . dici
L CEBAF Goal ] CEBAF 4 - 57 GeV physics run " oroductonrun 1
3 " % & SCA ics and FEL run 0 Bl SCA FEL run (85 MeW') for physics, chemistry, bicl , medicine Tadayr h
ﬂ MUSL-l  MUSL-l nuclear ics rum (80 Me') I
—-—-—-—-—.—M-—J—. I 1 — 17—
1970 1980 1990 2000 2010 2020 2030
Yea r RLGENGZEDEC2018
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Superconductmg

CaVitV Fabrication Each parts are welded by EBW (electron beam weldmg) cAp;Itg O

£ gy
- ¢ t = y 4,’ .ﬂ,

e

=

i ell (male&female) (h
!
1

T

Pres to prepare
half @II v

-
) Beam pipe

/S-uripoprt plate X 2

Cavity complete!

EBW of equator
\026/10/21 Kensei Umemori conducting accelerator




Surface preparation
(Standard recipe)

O Bulk EP(Electro-
polish)~100um

0 Heat treatment 800deg x 3h

O Frequency tuning

O Final EP ~20um

O Ultrasonic cleaning with
detergent

O HPR(Ultra-pure water High
Pressure Rinsing)

O Cavity assembly

O Baking 120 deg x 48h

O Vertical test

O Inspections

lishin

]

| ;
=3 [}
g o
[
o [ LN

Cavity inspection

TACN DY "I’I—‘m.-:

\026/10/21 Kensei Umemori BAZ0, T




Effect of hydrogen

H-desease(Q-disease)

1M T T T T T T
Cool cavity at > 1 K/min
10 . * 0 L - . »
07 e * e, -
s
Slow cooldown
m’..\"“ -
v e ., .
" aa,
”}a‘l ] | I ] 17
0 3 f 9 12 15

Eucc (MV/m)

[ The “Q disease” in Superconducting Niobium RF Cavities | , J. Knobloch

Innovation
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HFQS(High Field Q-Slope)

If cavity, with some amount of H, stay around
100K, it shows strong Q-degradation from
very low gradient.

1.E+11
@ EP (No baking)
® EP + 120 C baking
............
°
rYYY u......J%SS::::::-ou....,...
e
§ 1.E+10 4
°
°
]
1.E+09
0 10 20 30 40
Eacc [MV/m]

No low temperature baking(ex. 120C, 48h
baking) after EP process makes Q-degradation,
above 25 MV/m.

Hydrogen clearly give bad influence on Nb surface

2026/10/21 Kensei Umemori
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Accelerators

NbH at low temperature From Shuichi Ooi (NIMS) O

J"'Fﬁﬁﬁ:'#ﬂﬂﬁi‘é'f/’\ vaverie—

If cooldown Nb which contain large amount of H (for example, no annealing)
Cluster of NbH appear on surface during cooldown, the diffused into inside during warm-up process.

128K (During cooldown) 300 K (Cooldown->warmup) Phase diagram of NbH

Atomic Ratio H/Nb

Of course, no structure before cool-down

Nb and H have an extremely high affinity, and H within Nb moves relatively freely while
undergoing phase changes. = It's a real pain for us.

\ 2026/10/21 Kensei Umemori ISBA26, Super conducting accelerator
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1 ® EP (No baking) ‘Applled
E e Ct O a | n g Superconductmg
® EP +120 C baking Accelerators

(120 C x 48 hours) SHHOS TP o

. e Does ideal treatment

i : | : inst H i it
* De-gassing (especially water) \ against i Improve cavity
- performance?

* Improve high field Q-values . 120C baking ideal

1.E+09

0 10 20 30 40 approach?

Eacc [MV/m]

One hypothesis of effect of 120 C baking

Not 120C baked sample Cooling down of 120C baked niobium

Oxide Oxide Oxide Oxide
v iines a2, l50m O 9 ® QN0 E s S NG, I

‘ ey y No/smaller hydrides are fc:rmed
|nter5t|t|a| hyd rogen Niobium hydrides due to significant portion of
- i ydrogen trappe
(non-superconducting) hyd trapped

.
llfast)i (lfastn
cooldown cooldown

* L .

T= 300K T=2K T= 300K T=2K

A. Romanenko, F. Barkov, L. D. Cooley, A. Grassellino, Supercond. Sci. Technol. 26 (2013) 035003
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Several surface,treatment proceduye = Cavity performance largely depend on surface treatment
1 I

Standard . . . :
==c == Mid-T baking N-doping
(EP+baking)

O

N-infusion

O

2-step baking

|
EP-1 (> 100 pm)

2 2

+ 1200@,24%31 Kgndei Umemori ISBA26, Super conducting accelerator

e, (120°C, 48h) '
\\\ :

-

: :
| |
: . :
| | ! ! 1
; Heat treatment ( > 800°C, 3h) !

O : O O i O ; g

EP-2 (~20pm) | |EP-2 (coldEP,| | EP-2 (10~20pm) ; |EP-2 (cold EP,~20 um) || EP-2 (~20 um)
- ' | 10~20 pm) N | s : s

! '| Heat treatment | !| Heat treatment(800°C, 3h) E Heat treatment( 800°C,3h)
! '| (200~400°C, 3h) | !| + N-dope (800°C, #43) || + N-infusion (120°C,48h)
[ I - I U : —
! ! : I EP-2 (cold EP, ~5 um) I !

Vv i v LV i U i vV
: : HPR, Assembly !
' N : : :

Baking || Baking (75°C, 4h | i :




2-step baking (75 C+ 120 C)

A. Grassellino et al., [ Accelerating fields up to 49 MV/m in

TESLA-shape superconducting RF niobium cavities via 75C

vacuum bake |

10" ——

g 10"}

Results from FNAL

ACC003: EP+120C - regular
1DE3: Modified 120C bake
1DES3: Re-calbrate/check
AES009: Modified 120C bake
AESQ009: cooldown #2
AESQ009: cooldown #3

109 L=

0

Figure 3: Comparison of 1DE3 for regular 120°C bake and

5

10 15 20 25 30 35 40 45
E,.c MV/m)

for 75°C+120°C bake.

2-step baking was proposed by FNAL, which can

improve Eacc up to 49 MV/m.

\026/10/21 Kensei Umemori
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—IDE3
IDE20
=—TEIAES009

Atomic Ratio H/Nb

n
=]

0.1 0.25 0.5 0.75 1.0 1.5 20
T T T T T T 3 450
o'+f
o oo , 4 400
a
350
o+ p B+ 300 -
__________________________________ o
+ i
¥ A 250
. =
1) 1] a
o {200 €
= K
b 1150 =
a+e X
. 4100
8‘ [
T
: :?nd 150
"
1 L 1 1 1 ! 1 gl ) 1 1
10 20 30 20 50 60 70

Atomic Fraction Hydrogen, %

Manchester (Materials Park, OH: ASM International) pp 115-37
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2-step baking

QO value
£
p—
o
3

Cold EP + 2-51:5ep bake

Rvo Katavama. TTC high-Q/high- 0®
G WG, 2022/Sep R LT A

Single-cell

KEK STD EP + KEK STD bake | * .

* R8
* 1-cell, TESLA like, fine grain

* VT1 (baseline)
e STD EP + STD bake

* \VT24
* Cold EP + 2-step bake (70°C)

* Q-value of VT24 was
significantly enhanced
compared to VT1

[}

Radiation Level (uSv/h)

o

 Combination of Cold EP ( air 9;1053 L f : - S S — f f )
8)(109'_ SN S

cooling) + 2-step baking(70- AR Correspondentx rav

75.C. 4h + 120C, 4h) was ?12 . ’5’ i o ‘:‘ . + Quench field was not

applied to SRF cavities at IO IOV VO IOV OO IOV OO O improved.

0 5 10 15 20 25 30 35 40 X5

K E K Eace (MV/m)
« Q-value was improved by A0 ' e " MT6
i ) ' Cold EP + 2-step bake + ? 0° * O-cell, TESLA, fine grain
the combination of cold-EP Additional Cooling+ Cooling Speed up VT9 (basel
. e ot . aseline
and 2-step baking, whereas ;. .y ( )

: S | * STD EP + STD bake
quench field was not D CT R PRI . VTS
I{EI{ STD EP+I{EI{ STD bake » ° 05

improved' +Add|t|onal Coolmg+CooImg Speed un '.. e Cold EP + 2—step bake (7000)
7 S G T SR S N

9-cell T N N TN S RO W * Q-value of VT8 was
BA0° SRR S— B o B S S, e s|gn|f|cant|y enha nced

i ; i ; L%
BT 0 [ SRR SR - )
I A . | * Quench field was not

2026/10y21 Kensgi-trterhor a5 15826, 1 Per conducting accelerator
Eacc {MWm}

_I_I.I_La]il IIEIIIII|§ IEII!EIIM. L1l

QO value

te |
| [ ]
s v
: g e
210" | : .
j j '

- e
Radiation Level (uSv/h)




Nitrogen-infusion (N-infusion) e:. ©

q . i b —
After high temperature heat treatment, ~Pa of N2 is N ... 800C
fed into the furnace at ~120C for several 10 hours. BINED e
w f
=
Nitrogen goes into depth of ~ 10 nm. o yl \|
| -
No need of additional EP after N-infusion. o / - 48h o
Achieve better-Q | ~ N S 120 C
Also can get better Eacc f - —
T T T g T ]0” .
10 | g \ [
E : IIY 3I0 SIO 7'0 9I0
o 19 depth [nm] _ .
§ 10 Pt ] O? 10'° :_]2:] C[;:’Iiggz]f;ed
pa ~ 5 nm nitrogen enriched layer 4 pavOlo
™ H120 C
@ aes014
10'® - L : :EE%; FE limited
e > aes005
00 02 04 06 08 1.0 1.2 1.4 10 0 5 ' 1'0 : 1'5 ' 2‘0 ' 2'5 : 3‘0 ' 3'5 : 4'0 : 4'5 S0
depth [um] E . [MV/m]

Sebastian Aderhold / Anna Grassellino (TTC@Saclay) .

\026/10/21 Conent U N-infusion can improve acceleration gradient.




2nd Trial N-infusion @ J-PARC (R8c single cell)

N—|nfu5|on results 10
C ® 2nd trial N-infusion
DI e e | " Beference GLC recpe
name | cell (MV/m) | : : H
2018/lun R-6 800C, 3h + 120C, 48h, 3.3Pa N2 No Q-degradation ' i i
2 2018/Jun, Jul R-0b 1 FG 800C,3h+120C, 48h,3.3PaN2 No Q-degradation 26 Defect limited
3 2018/Jun, jul R-10 3 LG  800C 3h+120C 48h,3.3PaN2 No Q-degradation 27 F.E.limited
Summer shutdown
4 2018/Sep, Oct R-2 1 FG 800C,3h+160C, 48h,3.3Pa N2 _ 19 No defects found
5 2018/0ct R-6 1 FG 800C, 3h+120C, 48h (without N2) 3 | 32 =
Apply dedicated burning run after this peri C:"
6 2018/Nov, Dec R-8 1 FG 800C, 3h + 800C, 2h + 120C, 48h, 36
3.3Pa N2
Improve cooling of cryo-pump by adding
7 2018/Dec R-9b 1 FG 800C, 3h + 800C, 2h + 160C, 48h, 24 Defect limited
2019/lan 3.3Pa N2
8 2019/Jan, Feb AESI8 1  FG  800C,3h+800C, 2h+120C, 48h,3.3PaN2 NoQ-degradation 38 i
Modify N2 injection line -
9 2019/Apr R-4 1 FG 800C,3h+120C, 48h,3.3PaN2 Q-degradation 39
10 2019/May AES1I8 1  FG  800C, 3h+120C, 48h,3.3Pa N2 i 31 ! : : :
Remove ling-water type shielding plate due to water leak trouble l 09 1 l l l
11 2019/1un, Jul MH31 9 FG ggupf; ;h; 800C, 2h + 120C, 48h, _ 37 0 10 20 30 40 50
12 2019/sep R-4 s ) FG  800C,3h+800C,2h+ 120C, 48h,3.3PaN2 Q-degradation 36 Eacf (_\I"Jl’m)
1.E+11
* Half of N-infusion at KEK / J-PARC showed veoe ® 160-173K
® ® 1.68-1.72K
. o & o °
[
Q-degradation due to the furnace I X ® 1.80K
e o ° !o' 1.90K
. . . .
contamination. * 2 : lO' e © 2.00€
e S ful lts sh d § 1410 RS T
ome successtul resuits snowe $ 8%,
[ ] [
. . . L -1
L
improvement of Q-values, which is caused Gy,

by lower R_res. Example of Q-degradation
* No cavity showed improvement of -

0 5 10 15 20 25 30 35

\acceleratl ng grad Ie Nt26/10/21 Kensei Umemori ISBA26, Super conducting agselekalon]



N-doping (Nitrogen-doping)

min.

<

Achieve high-Q
But Eacc decrease

During high temperature heat treatment, ~Pa of
N2 is fed into the furnace for a few to a few 10

Nitrogen goes into depth of several 10 um.

Xunnovation
\\Center for
|| Applied
Superconducting

Accelerators

©

= T 1e+002
I@e;rsﬂﬁi‘ Temperature
800 Pressure
700 4 1e+000
'y 600 Inject N2
2 1 1e-002
=, 500
1k}
E
@ 400
z 1 1e-004
E 300
@ L
200 ¢ | 16-006
100
0 . . . 1e-008
12:00 0000 12:00 00:00

\\\2026/10/2T1W@ensei Umemori

Vacuum pressure [Pal]

]

-

ISBA26, Super conducting accelerator

I&egglts for KEK 1.3GHz single-cell cavity
1E+11 ..DDDDDDDDDDDDDD °
E Apply several ~
esmnennese e s
s ¥ oo | 20um EP after
1.E+10 DDEDDDD .
"t N-doping
O 1.4K(reference) O 2.0K(reference)
® 1.4K(N-dope, 25um EP) ® 2.0K(N-dope, 25um EP)
1.E+09
0 10 20 30 40
Eacc [MV/m]
c Furnace with diffusion
£19.6 #54.3 pm #521.9 pm i
o | Gu— ¢ pump did not work.
| Furnace with
A T s == cryopump work well.
S|



Furnace baking Hayato Ito

Mid-T furnace baking for single-cell cavity oo e S

= Innovation
Center for
|| Applied
Superconducting

Accelerators

o 10"
@]

5x10'°
4x10"°

3x10"°

2x10"°

LCLS-11 & SHINE (2.7E10 at 16 MV/m)

10"

5x10° H
4x10°H

3x10°H

2x10° H

T I T s T oo

@ 120C 48h baking (R-9 15th VT)

A 200C 3h baking (R-4 11th VT)

[] ™ 250C 3h baking (R-4 16th VT)

|| @ 300C 3h baking (R-4 10th VT)

Ll A 300C 3h baking (R-8 13th VT)
350C 3h baking (R-4 13th VT)
400C 3h baking (TE1AES018 7th VT)
500C 3h baking (R-8 16th VT)

¢ 600C 3h baking (R-4 12th VT)

== 800C 3h baking (R-8¢ 5th VT)

4 Radiation of 300C 3h baking (R-4)
Radiation of 350C 3h baking
Radiation of 400C 3h baking

Radiation of 500C 3h baking : : :
IIII'IIII|IIII|II‘IIiIIIIIIIIIIIIIIIIII

-1
0 5 10 15 7 20 25 30 35 20
E.cc [MV/M]

-y,

IIII!IIII!IIII!IIII‘!IIII:IIIII!IIII!IIII1()6

—

300°C furnace baking (R-8)
5.3E10 at 16 MV/m
e5.0E10 at 21 MV/m

2~3 times higher Q value than
standard treatment
->1/2~1/3 times higher heat load

e Oxygen diffusion is important process to
control the performance of Nb cavity.

e Suppression of HFQS is important to
reach high gradient.



Effect of magnetic Magnetic Flux Magnetic Flux )

field surrounding Expulsion Trappin
cavity P Magnetic field PPing

enhancement

Slow cooldown
* Magnetic flux tends to be

No field
trapped to the cavity
* This trapped magnetic flux enhancement

is source of surface
resistance R Full zero
. expulsion | expulsion

Fast cooldown Inside No flux Much flux

* Magnetic flux te.nds to be cavity > Small > Large "
expelled to outside of i\
Rres Rres

cavity

* Important technique to Outside Large No
achieve high-Q cavity enhancem enhancem
performance of cavity ent ent

| . _ 2 Fermilab
\026/ 10/2L Kensel {gnemorh213/2017 Sam Posen Sam Posét TTC ¥opichI et 3t FNAL (2017)




Qo and flux expulsion

Flux expulsion is controllable.

\\Center for
|| Applied
Superconducting
Accelerators

@ 100 -
N . ¢
el 90 ‘

c S

O 80

2 |
- — 70 =

a & ¢

X s 60

v 5 * (=

x 3 50

5 £
= Q 40 * ._r
o E [ |

o * 30 L

m 4 900 degree (R-8b)

o -

'.g 20 u M 800 degree (R-8c)
10 u -
(a'd [ 750 degree (R-8)
0 r‘ f f
0 0.5 1 15 2 2.5 3 3.5
T (Equator - Bottom iris) [K]

Temperature difference at equator and iris[K]

Higher annealing temperature is effective
for flux expulsion.

Larger temperature gradient at Tc
transitiomisceffectivefor flux expulsion

. O Ny, -

S|
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R-8c N-infusion : Dependence on magnetic field Qo-Eacc@2.0K
1.E+11

~0mG 2.0K

1.E+10 ...'Ooo...
19mG trapped

® \VT2(0mG with expulsion)

® VT3(19mG trapping)

1.E+09
0 10 20 30 40

Eacc [MV/m)]

If magnetic flux is trapped to the cavity,
the flux are shaken by RF field and
become source of resistance.

= Degradation of Q-value (Increase of
senze p@sicdualresistance)



I novation

Accelerators

Sensitivity [nQ/mG] comparison @ .. QY

1.8
1.6 i Py
1.4 i L N-doping N-infusion |
o
O 1.2 L o ®
£ + o ® +
@
g 1 o ® ® ® 400¢ 3h
z o°® "’ # T
S 0.8 @ é
5 0.6 ’_._é é 20C bakin
’ g8
0a 9888
® EP + 120C baking @ N-infusion@J-PARC
0.2 ® N-dope ® 400C, 3h
0 | |
0 10 20 30
Eacc [MV/m]

\026/10/21 Kensei Umemori

r"Fﬂﬁ{ ThNEBFA /N— 32—

Sensitivity (trapped flux to
residual resistance) for 400C,
3h is middle of N-
infusion/EP+baking and N-
doping.

ISBA26, Super conducting accelerator



140°C/12.3hr

Oxygen diffusion study 5
21070 = 107! = 10
(JLAB) . £ £
3= = 2
. S d f dff . d d % 2l . .~ E , 330 °C/0.5hr % ;
tudy of oxygen diffusion dependence S 10| Ny S107) N S0
d . 40 OC/[,I. ghfo 0('/]9. 7’,“?80 °C/3 "
on temperature and time. -Ohr
0 5000 10000 0 1000 2000 3000 4000 5000 0
* Measurement results by SIMS and X (nm) X (am)
H H * Measurements are consistent with Ciovati’s
simulation results are compared. e cver Ficial dissolved oxvon
° Try to Optimize the best Condition Of * Predictability and ability to tune interstitials by Vo =3.5 0% nm
changing only temperature and time of
. . | E,p =119.9 kl/mol
oxygen diffusion for best SRF vacuum anneal o g :
*  Oxygen source is the native oxide Dy =0.075 cm?/s
performance. ®) E, oo (MV/m)
]70 4.7 9.4 14.1 18.8 7235 Tuning Nb SRF Cavity Performance via Oxide Dissolution
T !U -
Ig . 0 T=198K
v T=198K
¢ = > T=180K
300C 2.6hr]' KK & T=160K
E W;&%Jﬁ 4 T=150K
VY.
7 10" 3
& Dppbbbbbpbbbwpbm
"~ e0® o000 120C/12hr
000 OOOODCD/OQOOO
3 : : o 0P8 10'0 |
0 100 200 300 400 500 0 20 40 60 80 100
X (nm) Bpeuk (mT)

Electropolish 180 nm off the surface to

-

High Q, still exists! Oxygen is the main

50 100

X (nm)

150 200

oxide dissolution
ug = 200 O % nm
E.; =131 kJl/mol
A=09x10°1/s

13 .

Je

on Lab

One-dimensional diffusion equation [1]

remove any contribution of C and N alloying interstitial

E. Lechner, “Tuning Nb Cavity Performance via Oxide Dissolution”, TTC meeting (2022)

e ..




Solidifying the Role of O in the M

i-l-inn-l-inn nf HENQ
Results show correlation between depth of oxygen

HFQS Onset (MV/m)

45 Onset of HFQS vs O Diffusion Depth diffusion and HFQS onset.
Sequential Bakes @ 90 C . .
® TE1AES014 Before bakmg After 120C baklng
A TE1AES019 T=300K T=2K T=300K T=2K
40 ||Sequential Bakes @ 120 C ~ Nb,o, M Noo, B Nbo. M NbO,
m TE1AES010 0P ®@® ;.U -clre ez eeles
¢ TE1RIO03 ® e P B I
¥ TE1AES017 et e, t ARESE I @ e
35 Sequential Bakes @ 150 C f Niobium hydrides !
- = HFQS Hyd t d Niobi hydrid
® TE1AES021 Free hydrogen b: c;"ﬁe” rappe d;p':r“l h‘zl’;;';;d ;
onset or no HFQS
30 - : _
32.787x ] % Bocusomn
decrease S i
25 - T
0.01¢ Diffusion Depth : Supports Romane S 107
0 5 10 15 - ]
Depth (nm) shows that diffust
20 1 ! 1 ¥ | ! 1 ¥ ] ¥ ] ' ] ¥ ] ¥ ] ' ] ¥ ] ¥ ] ' >
0 5 10 15 20 25 30 35 40 45 50 55
Diffusion Depth (nm) I
D. Bafia et al, Proceedings of SRF'2021, THPTEV016 .
2 Fermilab
7 1/31/2022 D. Bafia | TTC'2022

e, Tt -



Diffusion Depth vs Quench Field | High gradient  O-Doped
ST eEme L Regime  , Hish-Q

— 50 _
I "® TEiAcsom
32.787x i TE1AESD19
Q_Du 1. 1 d Sequential Bakes @ 120 C
av ecrease B TE1AESD10
—] 45 - CEET |
0.01{ Diffusion Depth | E "® TLiAcany B
o & 0 % = O Teiaoor
Depth (nm) > A 4 <] TE1RIO06
< 40 Yoo |
« Highest achieved quench field vs e ._ @ ToiAzaos pos 190 o
. . Mid-T Bake Posen ef al.
calculated diffusion depth L‘IJ—_J A TetPavcs
— Only tests w/ no field emission shown S 35+ _
+ Mid-T Bake data comes from Posen & } } +
-
S. Posen et al., PRA 13, 014024 (2020) C
30 s
« Not clear if O diffusion depth or O +
concentration is relevant parameter l i
25 L] L] LEBLLELEL I'|

L LA LA L
1 10 100 1000 10000
Diffusion Depth (nm) .
- : 3¢ Fermilab
13 11312022 D.Bafia | TTC'2022 | The Role of Oxygen in Enabling High Gradients and High QO, D. Bafia TTC2022 |
=



A=\ Innnua tinn ,.:\
Possible Model: B Enhancement Due to SS Bilayer ~—
A,
T. Kubo, SUST, 30, P 50— ' — ;ﬂ il 213.0
023001 (2017) | 3=
B TE1AES010
Clean bulk 45 - 3 reiRes - 191.7
0 L — Seguential Bakes @ 150C
——l " = s.u;fiﬁgfﬁ:; 160 C
“Drffusion depth = S e
- Dirty layer drives B enhancement due to < 4°1 it e 1704
counterflowing current induced by E & Tereav “‘%
substrate S 35 , 1494 o5
« Calculation parameters: o % + }
i c
Dirty Layer Substrate 30 . I 1578
Ay, =1050m > £ = 6.6mm A, .=40nm I % 1 |
BDif‘t\"LaYer:]'go mT Bsubstrate:140 mT BSub"rﬂfZ
25 T T T T TITTT] T LI L) | T LI L LY | T T T T TITTT] 1065
« Disagreement could be due to diffuse vs 1 10 100 1000 10000
discrete interface = future work Diffusion Depth (nm)
3F Fermilab
14 1/31/2022 D. Bafia | TTC'2022

Naﬁa, “The Role of Oxygen in Enabling High Gradients and High Qo’, TTC meeting.(2022)
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Cryomodule consists from

C 'yOm Od U | e SRE2025 tutorial various components to

Yasuchika Yamamoto

accelerate beam
Detailed Drawing of ILC Cryomodule (TDR in 2013)

The cryo-vessel installing a cavity/cavities is called "cryomodule”.
Based on TESLA Technology

: Al
Support posts -!1 Dozens of “super-insulation” layers

Helium gas return line (GRP)

40K Helium supply line

5K Helium supply line

2K Helium supply line
Cavity

ISBA2E Supercondictinc aceelerator

Cross-sectional view (courtesy of DESY) | ]




Yasuchika Yamamoto | E
ASCCA2017 o 2

Cavity Package 1OM coupler
Power coupler X o
STF Cavity Package Cavity (Niobium)

sl LE

Frequency tuner (SUS316L)

F | a—

Cross-sectional view of power coupler —
(double ceramic windows w/ TiN coating) |Ji

SRF CAVITY SYSTEM AND CRYOMODULE

\
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Fundamental power co

Waveguide FPC

: utoria =
upler overview | wemonx | &P

Coaxial FPC (circular Planar and
cylindrical shell window )

O Simpler design

O Lower RF losses

O Lower surface electric field

O Easier to cool, but higher thermal radiation
O Fixed Qext

0 More compact

O Smaller heat leak

O Easier to make variable

O Easier to handle multipacting

O Tunable Qext, but is complicated

Coupler feed RF power to
the cavity.

Cavity vacuum and air is
separated by ceramics.
Connect warm to cold
sections.

. .,
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Tuner system of STF cavity I — TN E“

| —

S = ol
D —— — R 7

Frequency tuner

P ..., S—

* Coarse tuning

» Mechanical tuner

»3mm stroke for ~900kHz
change(typical spec.)

»Max. Torque ~ 1ton

» Controlled by motor through
shaft

* Fine tuning
»Piezo tuner
» Stroke > 4um at low temp.

| F ixe end Movable end

(80um at room temp) Cavity frequency is controlled by frequency tuner
> Controlled by voltage - Thermal shrinkage from RT to 2K: a few MHz
(100~several 100 V) - He pressure, vivration: afew 100 Hz

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Yasuchika Yamamoto, SRF2025 tutorial

Magnetic shield

i | -

Generally, permalloy (mainly Fe-Ni) is used as magnetic shield.
E-XFEL is single shield and LCLS-IT is double.
| You need to consider the balance between running cost and production cost.

LCLS-TT CM

E-XFEL CM

CW high-Q operation require ~1mG level magnetic field
T e « i s ——

| o L
Pulse operation,require.~10mG level magnetic field
s ]



SRBEEMESES / N—2a vy 2—

HOM coupler / HOM damper @

HOM: Higher Order Mode excited inside cavity

by beam.

e HOM degrade beam quality. Could source of
beam loss and beam current limitation.

e HOM is taken out by HOM coupler or
absorbed by HOM absorber.

HOM can

gap

HOM |
Feedthrough RV
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SRF accelerator in the world @ @

Many SRF accelerators are
operated and constructed world-

wide.

Example of electron accelerator
* Euro-FEEL (17.5 GeV, pulse)

* LCLS-II (4~8 GeV, CW))

- SHINE (8 GeV, CW)

. Operation

A Construction
Example of proton, heavy ion

accelerator
| 1 | " _ ke * FRIB (Heavy ion)
Fig. 7 Accelerator projects with SRF cavity system around the | ESS (Proton)

world. . PIP-Il (Proton)

MEA0R [BEEZERE AW R OIRIK & RE ] {KRILF Vol.54 No.4 2019
\ 2026/10/21 Kensei Umemori ISBA26, Super conducting accelerator

Future Plan
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SRF Accelerator in Japan @"&‘*@‘%’r

QST-Rokkasho

® |IFMIF-LIPAc (deuterons) RILAC — -
8:175MHz, HWR

A-FNS (deuterons)

Yamada, Sakamoto @TTC(CERN)

[SRILAC| ——————» i

Liquid Helium Transfer Line

8410412412 : 175MHz, HWR = e
o Dirren;;ﬁ ﬁh(n;;:;;_s‘;;lem i
M '[E' 'E+ l:ﬂ"idﬂ'r] Existing RT linac -~ Side VIewE
8000 : 1.3GHz, 9-cell cavity ] ' CM% _— CM%TE . w3
ﬁ!fﬂif\ -ﬁﬁﬁ 4 'K_k\
JAEA-Tokai s
ADS rntnnS RT quadrupoles

KEK-Tsukuba Easygtai, ﬁth Partizc(l)fl ?ccelerator
B SuperKEKB (e" e* collider) ociety of Japan )
RIKEN-Nishina 8 : 508MHz, 1-cell cavity
_ M cERL (elecrons)
W operation ® 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)
2+12 : 1.3GHz, 9-cell cavity

underline: future project Multi-MW SC Proton Driver (protons)
Eiji Kako, Journal of Cryogenics and Superconductivity Society of Japan (2019)
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E LI I"O p ea n_X FE L TTC meeting 2022, Julien Branlard and Nick Walker @ﬁﬁfm

The European XFEL Accelerator : one RF station for 32 cavities

I 1 |_1 L2 L3 ‘VKIystron |:| Cryomodule - RF station

Y Y Y Cryostring 1 Cryostring 2 Cryostring 3 Cryostring 8 Cryostring 9 T4D
BC1

| AMAH1 1D Y Y Y Y

RF

5 MeV 130 MeV

CM1 (8 cav.) CM2 (8 cav.) CM3 (8 cav.) CM4 (8cav.)
— o — 1| KLYSTRON ——— B
PS/Diagn. [ LLRF | wasse;"::ha'te' LLRF I Vacuum

average coupler peak power 102 kW (140 kW) for low (high) runs
average gradien 18.5 MV/m (22.5 MV/m) for low (high) runs

10 MW klystron to power 32 cavities
one accelerating field RF control FB loop
average detuning +/- 10 Hz

average Q. =4.6e6 average Q,=1e10

remote frequency tuning (motor / piezo) / cavity
remote phase and external coupling tuning / cavity

\ Pulse SRF accelerator qunggI;EuIBegceog &9%29;@ Iesrgtgr SRF cavities are used.




LCLS-II-HE: beamline installation starting in 2026 SRF2025,

Lauren Alsberg

Cryoplant _1l
For more details, see - LCLS-II-HE
J. Smedley THB04 —r Energy upgrade from 4 GeV (LCLS-II)
LCLS-IFHE A Ll o to 8 GeV (LCLS-II-HE)
LEI Tunnel Injector Gun
LCLS % Warm Soft X-ray Near Hall Far Hall
S ducti - Accelerat Undulat
UpAiEC;;Qral;(;rlﬁg ﬁ@_f{ cceleratar E‘ nauilator _ - .

¢ L1
LCLS-SC
Injector Gun

LCLS-II-HE
Superconducting

A A10

Hard X-ray
Undulator

Beam
Switchyard

Hutches
Beam

3-8 GeV SC Linac —— Dumps |
3-15 GeV Cu Linac

Add 23 additional cryomodules (L4 linac) to double the LCLS-SC accelerator energy: 4 GeV to 8 GeV
Install new cryogenic distribution box and transfer line between the cryoplant and the new L4 linac
New long period soft X-ray undulator

1
2
3
4. Upgrade XPP instrument & enable hard X-ray photon beamlines for high average power and MHz beam rates
5. Construct new tunnel for future Low Emittance Injector (LEI)

6

Develop prototype SRF gun for the LEI High-Q cavities with N-doping

| SLAL L Alsberg, LCLS-SC Operations Status and LCLS-II-HE Upgrade
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RIBF(RIKEN)

Heavy lon accelerator.
SC-QWR are used for energy
upgrade.

RI

RIKEN S. Kamigaito, TTC meeting 2018
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28GHz SC-ECRIS
L

E: 6.5 MeV/u for Miq=5 = Super Heavy Elements: Z = 119

7.5 MeV/u for M/q=4

12 MeV/u for M/q=2 \ RI production for “@%
medical research
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Liguid Helium Transfer Line

Figure 9: Photos of jacketed cavity: (1) Pre-assembly and
(2) Assembly #3 prepared for VT
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RIKEN N. Sakamoto, LINAC2018

Yamada, Sakamoto
@TTC(CERN)
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SRF2025, T. Ebisawa

E IFMIF & LIPAc project

IFMIF (International Fusion Materials Irradiation Facility)
IFMIF & LIPAc(Linear IFMIF Prototype Accelerator) LIPAc SRF cryomodule E

Injector RFQ

ECR IS+LEBT 0.1—5 MeV Liquid LI% Neut
Deuteron beam < eutron
(40MeV/125mA) == —

x 2 beamline /

Current lead “==A

SRF linac
MEBT 5 .40 Mev

Beam dump

Li target

LIPAc: 9 MeV/125 mA

- H
Phase B+ D. . o
£ 405 RFQ:0.1 -5MeV . -

e o - Bibimia . BD n(~14 MeV) Pumplng line &
source Rl Cryostat &=/ = &= vacuum manifold
Injector HERT SMJL::' 212%4 A RF coupler Solenoid coil x8 (B,,,=6.0T)
Bl cro o1 s Me‘U’M eV/ m HWR (Half-Wave Resonator) cavity x8

. ~ 0
(SR lnac: 59 MoV @DC ~8.75 % (f= 175 MHz, T=4.45K, E,_= 4.5 MV/m)

ECR 1oy " BD :
-*-0""37: . tLF et 4 Iﬂ,‘:ﬁ;;‘ﬂ‘,‘,‘;’;::,‘:’" - HWR & cryogenics components : CEA
meeter TUPO8 J. Hyun - Solenoid & current lead : CIEMAT
The LIPAc project is ongoing at QST Rokkasho under the - RF coupler : CEA / conditioning : CIEMAT
Broader Approach (BA) coIIaboratmn between EU and Japan. | - Assembly : FAE / Iegal & onsite support : QST
10/21 Kensei Umemori [SBA26. Super conducting accelerator

-2025 SRF2025| PROGRESS OF ASSEMBLY AND INSTALLATION OF LIPAC SRF CRYOMODULE UNDER THE EU-JA COLLABORATIVE FRAMEWORK



1LC project

® Higgs factory machine (250 GeV @E )
® Superconducting cavity/cryomodule technology as mass production
® Based on TESLA technology
® ~800 cavities and ~900 Cryomodules (challenging number, but
not impossible!)
® Nano beam technology

IVEVTUYY

D ing Ri
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RTML

BFMMES e

Electtron Accelerator

BFR

Electron Gun

ERELYER Positron Source - P

Beam Delivery System

ISR SR
Beam Delivery System

- = —— Detectors (ILD & SiD)

Positron Accelerator

ILCHN:E 2R D8RR =R

Schematic illustration of ILC

©Rey.Hori/KEK

ILC Spec. E Qo

acc

Vertical Test 35 MV/m 0.8 x 1019 >90% (successful rate)

: Cryomodule test 31.5MV/m 1.0 x 1010




Parameter

Specification

Wavelength

Output power

Bunch chare

Beam energy
Accelerating gradient
Number of SRF cavity
Beam repetition

Beam current

13Enm Proposal of 10kW cla

ss D
10 kW ERL based EUV-FEL ()

60 pC > EUV: 13.5 nm light for lithography

800 MeV Presented by Norio NAKAMURA
12.5 MV/m (main linac) ERL2015 (https://www.bnl.gov/erl2015/ )

9-cell cavity X 64 Bunch compressed

162.5 MHz

9.75 mA 10MeV, 10mA

Dump

High current (10mA) CW SRF

Linac)

accelerator applying technology of
SRF linac and ERL(Energy Recovery

10kW FEL
generation

Injector Linac
Gun  10MeV, 10mA

\ decompressed 2026/10/21 Kensei Umemori ISBA26, Super conducting accelerator


https://www.bnl.gov/erl2015/

JAEA-ADS

JAEA J. Tamura.

SRF2021
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©

JAEA-ADS Linac

Multi-cell transit time factor

Proton beam
Max J0MW

| CW proton linac

T

If

Electric power

Electric power feeding

w |IIJ ‘\/\\ selling Fission energy
CW proton linac wi [ o . — —
P .o || I %_ Number of cavity required for JAEA-ADS
- final beam energy : 1.5 GeV u | i . i Electric power generation
L2 i T f -
. T— o ot oma pec _ _ = Spallation target
- beam current : 20 mA af [ o e e Pg=(0.1,0.2,0.4,05,0.8) lear tr — - i
. || | —amameresl _ ED=(8.0, 8.0, 8.0, 16.0, 16.0) P — ' o (Pb-Bi: lead-bismuth)
b Al G G, e (00 L. able nwcli ]
RFQ || HWR | [SSR1| [SSR2 | [ ELL1 | [ ELL2 M e e s e - (Ps=-30deg Shart-tog rofiide
1620 Hz 162MHz 324MHz 324MHz | | 6a8MHz | | B4BMHz f=uie <l MA fuel, Pb-Bi cooling
H is-Frequer ua iy o Kum. of ¢ Eo BRAJE | Canity L | Wout | Num.of | Tolal L Spallatian target gl Subcritical reactor core
HWR - Lol Weve Roconator oot | e | O | P L) | m) |l | e | ity | . MA: Minor Actinoid
SSR1: Single-Spoke Resonatar (low- ) MR 162 2 010 a1ig gl ones|  oges 16 14 76 :
S8R2 : Single-Spoke Resonator (high- 31 SSR1 328 7| 020] oz 3| o023  0.18s B 50 5.3 Nuclear ﬂ_’_""“ chain reaction Highly important feature of ADS
ELL1: Elliptical eavity (low-8) 55A7 324 2l  nao] oam | 01| oam 141 31| 187 - subcritical state reactor Stop accelerator -> Chain reaction stops
ELLZ: Elliptical eavity (high- 81 FLL1 528 5| 080| &5 16  0.138] 0.694 209 I = in no danger of runaway reaction
ELLZ 548 5| _oeo| osa 16 01| 0025|1508 115 1064
&% 256 1508
Prototype SpDkE' CG'Vl:ty (SSRI) Cavity parameter of the prototype spoke cavity
™ i S Frequency @ fy Ky ) MHz
Tifs) = TH0.24) = 051 Geometrical beta : A, [L188
_om — Optimal beta : Sy 0.24
= T — ’ b Beam aperture 40 min
'f; o T £ ii Gap length 54 mim
£ 3" " Cavity diameter = 500 min
% "1 o E Cavity length 300 mm
'E ,j 5 -5 Effective length 1 Leq = 2 % (Buud/2) 222 mm
E w el o Geometry factor : G = QofRs a0 £
—— mnifne Tead] Transit time factor : T{ﬁupl} = me“rq. .81
ww (19 uy ua un " ET] L w u w o uu-m R D‘I'EI.'Q H R,ﬁfﬁu = '.-"Tmfmw 240 0
. . f=wic . Z-(mmJ- . EMJ"EJEC 4.1
E-field H-field Transit time factor and optimal beta Ez field distribution Bt/ Ence 7.0 mT/AMV/m)

—
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ADS proposed in JAEA

JAEA has been proposing an ADS as a future nuclear system.

In the JAEA-ADS, a high-power (30 MW) proton beam with a final beam energy of 1.5 GeV is required.

Because the accelerator needs to be operated in CW mode, a SC linac would be a suitable solution.
SIECIa

L3 . ———

“n

4th J-PARC symposium

J. Tamura g Particle : Proton
E;-; Energy : 1.5 GeV
= Current : 20 mA (CW)

30 MW

Proposed acceleration structure of the JAEA-ADS linac

. RrFQ | ELL2
] 162MHz 648MHz

HWR
162MHz

SSR1 SSR2
324MHz 324MHz

ELL1
648MHz

RFQ: Radio-Frequency Quadrupole
HWR : Half-Wave Resonator

SSR1: Single-Spoke Resonator (low-B)
SSR2 : Single-Spoke Resonator (high-B)
ELL1: Elliptical cavity (low-B)

ELL2 : Elliptical cavity (high-B)

ISBA26, Super conducting accelerator



Design of compact Nb3Sn accelerator >-Posen (TTC@CERN) |
. . . . ~22 MV/m
for irradiation experiment -'""---\4’/
* Nb3Sn SRF cavity can achieve Q > 1e10 at 4K. He free o ——— -
 Conduction cooling by cryo-cooler can be » compact SRF SUMISES [
possible. accelerator T T T T
Oliga Tanaka, TTC meeting at Aomori NS aceearaon ! % Fermilab
1 Input couplers o nact refrigerator x 12 Magnetic  1-cell NC
Bending Quadrupoles s o o P4

Heat shield shield buncher

100kV thermionic
DC gun

Extraction window

By T. Yamada, 2022

\ 2026/10/21 Kensei Umemori ISBA26, Super conducting accelerator
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e Superconducting cavity
* Introduction
* Pillbox cavity and mulch-cell cavity
* Performance limitation
* Basic RF parameter

* Surface treatment for higher performance
e Surface treatment and hydrogen
* Various high-Q/high-G surface treatment

* Cryomodule
* Cryomodule design
* Cryomodule components

e Superconducting accelerator
e Future challenge
* Summary

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Challenge for high gradient SRF cavity

Nb SRF cavity is now close to theoretical limitation of surface

magnetic field.
How to improve the performance higher?

With Nb SRF cavity
* Traveling wave structure

Trial for non Nb cavity
e Coating technology, Nb3Sn, etc.
* Multi layer structure

\026/10/21 Kensei Umemori ISBA26, Super conducting accelerator



Trave | | Ng wave CaVitv If we can go to Nb theoretical limit with

structure, > 70 MV/m is possible

In ovation

\\Cénter for

|| Applied
uperconducting
ccelerators

IN=2averi—

Feature of TW cavity
- TW cavity is efficient, have higher transit
time factor.
= Can achieve higher accelerating gradient
- Most technology is common with SW cavity

swisa Iy comprion

Epk/Eacc
Bpk/Eacc
Rsh/Q[Q/m]

PRAB 25,
021001 (2022)

1.64 18% lower
2.73 56% lower
2367 137% higher

TABLE 1V. Parameters of an optimized cell with the limiting

surface  fields  Ej =120 MV/m  and By, =200 mT;
L — A =5 mm, aperture radius R, = 20 mm. Ej.. is the accel-

erating rate when the limiting surface fields are achieved.

TTC2023, Fumio Furuta

\026/10/21 Kensei Umemori

Optimization 120/200
Phase advance 6, deg 90
A, mm 23.826
B, mm 35

a, mm 3.874
b, mm 6.777
Ey/Eq 1.639
By /Eyee» mT/(MV/m) 2.732
Req/Q. Ohm/m 2367
a, degrees 91.74
Ry, mm 097.990
Vg /€ 0.009315
Eic. MV/m 73.2
E;..x2L, MV 422

ISBA26, Super conducting accelerator



Create videos with https://clipchamp.com/en/video-editor - free online video editor, video compressor, video converter.




Nb3Sn cavity development

> 20MV/m performance of Nb3Sn
cavity

Xunnovation
\\Center for
|| Applied
Superconducting
Accelerators

ISHBEEMER A/ N—aver 82—

TTC@Aomori, Hayato Ito

Meets LCLS-II spec N

Nb3Sn coating inside Nb or
Cu cavity ; |
\-\

Feature of Nb3Sn
e High Tc: ~18K —-»-.....\
= high Q (1e10) at 4K |
* High Hsh: 430mT 4,4,(

= Eacc ~ 80MV/m e
* Possible to realize compact
World record CW gradient for
He fr‘ee SRF accelerator’ Nb,Sn accelerator cavities!

£& Fermilab
cooled by cryo-cooler

 Beam test of Nb3Sn cavity
performed at IMP and JLAB.

\026/10/21 Kensei Umemori S. Posen (TTC@@E/RZN)SU

per conducting accelerator




Multi-layer / SIS structure
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\Center for

e

* Multi-layer structure on cavity surface is promising approach to improve acceleration

gradient (~100 MV/m?)

 Could enhance the theoretical field-limit from theoretical studies

* Itis confirmed at the sample level
* Now trial is also on going for cavities

S’ - | - S structure

urface
magnetic
field

Vortex

Gl
Magnetic penetration depth A ~100 nm

2026/10/21 Kensei Umemori

(a) Nb—Nb (b) Nb3Sn —Nb

05 10 15 2.0 "0 1 2 3 4 5
d/Ag" d /A"
(c) NbN — Nb 13 (d) NBTIN — Nb

dlAg\l’b) dl/‘((]Nb)

ISBA26, Super conducting accelerator

® A. Gurevich, Appl. Phys. Lett.
88, 012511 (2006).

® T. Kubo, Y. Iwashita, and T.
Saeki, Appl. Phys. Lett. 104,
032603 (2014).

® A. Gurevich, AIP Adv. 5,017112
(2015).

® S. Posen et al., Phys. Rev.
Applied 4, 044019 (2015).

® T. Kubo, Supercond. Sci.
Technol. 30, 023001 (2017).

® V. Ngampruetikorn and J. A.
Sauls, Phys. Rev. Research 1,
012015 (2019).

® T. Kubo, arXiv:2006.12003
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e Superconducting cavity
* Introduction
* Pillbox cavity and mulch-cell cavity
* Performance limitation
* Basic RF parameter

* Surface treatment for higher performance
e Surface treatment and hydrogen
* Various high-Q/high-G surface treatment

* Cryomodule
* Cryomodule design
* Cryomodule components

e Superconducting accelerator
* Future challenge
* Summary
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* | introduced SRF cavity and SRF accelerator.

e Due to superconductivity, very small surface loss is one of merit of SRF
cavity.

* Research have been carried out to improve cavity performance, to realize
higher acceleration gradient and higher Q.

* Cavity performance is very sensitive to surface treatment procedure.
Several procedures have been developed.

* To accelerate the beam, cavity is installed into the cryomodule with
surrounding components, such as input coupler, HOM absorber, etc.

* SRF accelerators have been mainly operated for academical use, but now a
days its usage is extended to industrial use too.

\



Announcement (Job opening at KEK) e
ACCL26-2 Assistant Professor

/) Superconducting

Job No. ACCL26-2 https://www.kek.jp/wp-content/uploads/2026/09/accl26-2e.pdf
Title Assistant Professor https://www.kek.jp/en/career/accl26-2e

Number of Job Opening Afew people https://www.kek.jp/ja/career/accl26-2j

Inst/Lab Accelerator Laboratory Or contact me, e-mail: Kensei.umemori@kek.jp

Term Until March 31st,2030 at the latest with the contract renewal every Japanese fiscal year.

*The contract update is determined by the following: (1) Work performance, Work attitude
(2) Ability of workers (3) Amount of work at the expiration contract period (4) The need for business

(5) Situation of budget
Start of the term As early as possible after acceptance is notified
Appl. Deadline Application due date (to reach KEK) is before noon on Thursday, November 19, 2026 (JST)

Job Description

The successful candidates will belong to the Accelerator Laboratory as an assistant professor employed under “ Fundamental
Technology Development for Free-Electron Lasers Toward an Innovative Next-Generation EUV Lithography Light Source”
project under the “ Next-Generation Semiconductor Processing Technology” of the “ Program for the Development of Key
Technologies for Economic Security (K-Program)”. The candidate will be expected to engage in R&D'’s related to one of the
following areas, (1) superconducting RF cavities and RF technology, (2) high-current electron beam sources, (3) high-power

lasers, or (4) beam dynamics and machine control in energy-recovery linacs. The workplace is the KEK Tsukuba campus.

(In principle, there will be no changes to job description or work location.y®"¢ >uper conducting accelerator
. Ty, -
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