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1.3 GHz, pulsed SRF Technology Applicable for the 
Muon Acceleration to Collision Energy
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Multiple RF station along Acc. RIng
with 1.3 GHz, pulsed SRF cavity  (30 MV/m) 
being studied by F. Batsch et al., 

A. Yamamoto, 2022/10/12

Courtesy: H. Damerau, F. Batsch



Pulse-duration Extend-ability to be investigated
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àN-cavity / RCS1 = 21,000 MV / (30 MV/m x 1.038)  = ~ 674

ILC RCS1 (& RCS2)
Number of bunches, nb 1312 1 each µ+ and µ-

Bunch spacing, tbs 554 ns Trev = 20 µs

Bunch intensity, Nb 2 · 1010 p/b 2.5 · 1012 p/b

Average beam current, Ib 5.8 mA 2 ´ 20 mA

A. Yamamoto, 2022/10/12

Courtesy: H. Damerau, F. Batsch



1.3 GHz, pulsed SRF Technology Applicable for the 
Muon Acceleration to Collision Energy
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Acc. Voltage / CM-B
= 8 x 30 MV/m x 1.038 m / 12.56 m
= 249 MV / 12.56 m  

Courtesy: H. Damerau, F. Batsch

A. Yamamoto, 2022/10/12

preferred
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Summary of RF requirements
Courtesy: H. Damerau, F. Batsch

Parameter Value Remark
Frequency, fRF 1.3 GHz
Tuning range (piezo), Df 2.2 kHz Sweep for acceleration, 

only hybrid RCS2/3/4
Gradient, VRF/l 30 MV/m
Beam pulse length, tacc 0.34 / 1.1 / 2.4 ms

(6.36) ms
RCS-1 / -2 / -3/ 

( -4)
Beam current, IDC 2 ´ 20 mA
Power to the beam (max., RCS1) 2 ´ 250 MW ~ 2 ´ 430 kW/cavity 
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~ 1.3 GHz SRF Accelerators, worldwide

SHINE
(under construction)
~600 cavities
75 CMs
8 GeV (CW)

ILC  (planned)

8,000 9-cell cavities
900 CMs
2 x 125 GeV (Pulsed)

800 cavities
100 CMs
17.5 GeV (Pulsed)

-280+200 cavities
-35+25 CMs
- 4 +4 GeV (CW)European XFEL

(in operation,  2017~)

LCLS-II -HE
(under construction)

A. Yamamoto, 2022/10/12

ESS (0.8 GHz)
(under construction)

~ 2,000 1.3 GHz SRF cavities being realized, even in  these 10 years !

S1 Global: 
DESY, Fermilab, KEK
8-cavity string Test,
2010

Courtesy: S. Michizono

JLab-CEBAF(1.5 GHz)
(in operation)
40 CMs
6~12 GeV(CW)
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~ 1.3 GHz, SRF Accelerators, worldwide

SHINE
(under construction)
- ~600 cavities
- 75 CMs
- 8 GeV (CW)

ILC  (planned)

- 8,000 9-cell cavities
- 900 CMs
- 2 x 125 GeV (Pulsed)

-800 cavities
-100 CMs
-17.5 GeV (Pulsed)

-280 cavities
-35 CMs
- 4 GeV (CW)European XFEL

(in operation,  2017~)

LCLS-II
(under construction)

A. Yamamoto, 2022/10/12

ESS
(under construction)

~ 2,000 1.3 GHz SRF cavities being realized, even in  these 10 years !

S1 Global: 
DESY, Fermilab, KEK
8-cavity string Test,
2010

Courtesy: S. Michizono

JLab-CEBAF
(in operation)
40 CMs
6~12 GeV(CW)

Courtesy: S. Posen



Advances in L-band (~ 1GHz) SRF Cavity Gradient 
Courtesy: R. Geng,
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MaterialSurface

Surface,  Shape  Thermal 
conductance

Gradient

Yield: > 90% 
@ 35 MV/m +/- 20%

A. Yamamoto, 2022/10/12



European XFEL,  SRF Linac Completed and in Operation 

Progress:
2013: Construction started
2016: E- XFEL Linac completion
2017: E-XFEL beam start
2018: 17.5 GeV achieved 

A. Yamamoto, 2022/10/12

Courtesy, H. Weise, N. Walker

1.3 GHz / 23.6 MV/m
800+4 SRF acc. Cavities
100+3 Cryo-Modules (CM)
:  ~ 1/10 scale to ILC-ML
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Courtesy: V. Shiltsev, S. Michizono

Fermilab achieved ILC Gradient Goal ≥ 31.5 MV/m 
with beam acceleration, 260 MeV

Fermilab-FAST Progress, 2017 

Beam Acc. : 260 MeV by 8 Cavities, 
<G> :            32.3 MV/m



Beam Acceleration Achievement 
at KEK/STF 

A. Yamamoto, 2022/10/12 13

Parameters Apr/2021

# cavities incl. CCM used for operation 12 + 2

Beam energy 384 MeV (40 MeV 
@CCM)

Beam intensity 1.8 μA

Beam power 677 W

Total charge per pulse 360 nC

RF power @RF Gun 4.0 MW

Normalized emittance @CCM 10-20 mm mrad

Normalized emittance @CM1/2a 10-20 mm mrad

Eacc from beam energy 32.9 MV/m (9 cavities)

Eacc from RF power (Ptra) 33.0 MV/m (9 cavities)

� ~70 m SC linac (1.65 ms/5Hz)
� SC cavities: 14 (1.3 GHz, 9-cell)
� Cryomodules: CCM, CM1/CM2a
� Klystrons: 3 (5 MW, 800 kW, 10 MW)
� Beam dumps: 2 (Dump2: 37.8 kW)

Courtesy, Y. Yamamoto
LINAC2022 @Liverpool+online



Achievements at KEK/STF

A. Yamamoto, 2022/10/12 14

Parameters Mar/2019 Apr/2021
Number of cavities incl. CCM used for operation 7 + 2 12 + 2
Beam energy 280 MeV (40 MeV @CCM) 384 MeV (40 MeV @CCM)

Beam intensity 0.28 μA 1.8 μA

Beam power 78 W 677 W
Total charge per pulse 56 nC 360 nC

RF power @RF Gun 2.5 MW 4.0 MW

Normalized emittance @CCM 10-20 mm mrad 10-20 mm mrad
Normalized emittance @CM1/2a 10-20 mm mrad 10-20 mm mrad

Eacc from beam energy 33.1 MV/m (7 cavities) 32.9 MV/m (9 cavities)
Eacc from RF power (Ptra) 33.8 MV/m (7 cavities) 33.0 MV/m (9 cavities)

We have demonstrated the SRF linac operation with the ILC specifications at STF!



International Linear Collider : ILC

A. Yamamoto, 2022/10/12 15
main linacbunch

compressor

damping
ring

source

pre-accelerator

collimation

final focus

IP

extraction
& dump

KeV

few GeV

few GeV
few GeV

250-500 GeVSRF Technology

Item Parameter
Energy 125+125 GeV

Repetition Rate 5 Hz
Beam Pulse Width 0.73 ms
Electric Gradient 

Q0
31.5  MV/m( +/-20%)

Q0 = 1E10 
# 9-cell Cavity  (1.3 m) ~ 8,000 ( x 1.1)
# Cryomodule  ((12 m) ~ 900

Poareon Linx

Electron Linac

Damping Ring

Positron ElectronCollision

https://linearcollider.org/technical-design-report/



ILC Accelerator Design Parameters

A. Yamamoto, 2022/10/12 16



ILC SRF 5Hz Pulse Operation Scheme 
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Repetition rate: 5 Hz
Pulse-to-Pulse: 200 ms

# bunch/pulse: 1312 
Bunch-to-bunch: 554ns

# e+,e- / bunch: 2E10 
A. Yamamoto, 2022/10/12

Courtesy: S. Michizono



ILC 1.3 GHz SRF Cavity Parameters 
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Coupler and Tuner: 
See next talk by Y. Yamamoto

A. Yamamoto, 2022/10/12

from ILC-TDR



ILC 1.3 GHz SRF CM Parameters
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SRF cavity Physical Filling Factor (See next page):
- CM (Type-A) : 

9 x 1.038 / 12.652 = 0.738
- CM (Type-B with SCQ)

8 x 1.038 / 12.652 =  0.656

- Cryo-Unit (standad): 
(2x9+1x8) x 4 x 13 x 1.038 / 2008.7 = 0.699 

Beam Pulse

A. Yamamoto, 2022/10/12

from ILC-TDR



ILC ML SRF CM Configuration

20A. Yamamoto, 2022/10/12

from ILC-TDR



ILC-ML CM Heat Load and Cryogenics 
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Cryo AC power: 4.2 MW / unit

A. Yamamoto, 2022/10/12

from ILC-TDR
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• High-Q by N-Doping well established, and 
• High-G by N-infusion and Low-T baking  still to be reproduced, worldwide. 

• N-doping (@ 800C for ~a few min.) 
– Q >3E10, G = 35 MV/m

• Baking w/o N (@ 75/120C) 
– Q >1E10, G =49 MV/m (Bpk-210 mT)

• N-infusion (@ 120C for 48h)
– Q >1E10, G = 45 MV/m

• Baking w/o N  (@ 120C for xx h ) 
– Q >7E9, G = 42 MV/m

• EP (only)
– Q >1.3E10, G = 25 MV/m

EP

N-doping

Baking 75/120C

Baking 120C
N-infusion

Courtesy: Anna Grassellino
- TTC Meeting, TRIUMF, Feb., 2019

23

State of the Art in 
High-Q and High-G (1.3 GHz, 2K)

A. Yamamoto, 2022/10/12



Various Surface Treatment Recipe
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EP-1（ > 100 µm)

Heat treatment
( > 800℃, 3h)

HPR
Assembly

Baking
( 120℃, 48h)

Baseline
(EP+baking)

EP-1（ > 100 µm)

EP-2（cold EP, 
10~20 µm)

Heat treatment
( > 800℃, 3h)

HPR
Assembly

Baking
( 75℃, 4h + 
120℃, 48h)

75-deg. Baking
EP-1（ > 100 µm)

EP-2（10~20 µm)

Heat treatment
( > 800℃, 3h)

HPR
Assembly

Int. Med. T. baking

Heat treatment
( 300~400℃, 3h)

EP-2（10~20 µm)
EP

N-doping

Baking 
75/120C

Baking 
120C

N-
infusion

A. Grassellino, 
TTC Meeting, 2019

75/120 bake: A. Grassellino et al., 
arXiv: 1806/09824A. Yamamoto, 2022/10/12
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2-step Baking for High-G. & High-Q0

Sergey Belomestnykh, mini-Workshop on Cavity Performance Frontier, 16-17 February 2021

• Low-T EP
• 75C,4h＋120C, 48h Baking
• Fast Cooling（in Vertical Test）

Because of 
phase transition of H/Nb ?

High Gradient and High Q0 achieved, 
reported by Fermilab

Courtesy: K. Umemori



Superconducting Phases and Applications
SC magnet à mixed state w. vortex

• Bc2 = ultimate lmit for SC magnet
• NbTi (Hc2, Tc) : 11.5 T, 9.5 K, 
• Nb3Sn (Hc2, Tc) : 21.5 T , 18 K

SRF à Meissner state mandatory !
• BC1 = upper-limit of Meissner state

• Bc1-Nb : ~ 180 mT
• Bsh = upper limit of metastable Meissner state 

(ultimate limit for SRF)
• Bssh-Nb :   ~  240 mT (calculated from GL theory)
• Bssh-Nb3Sn: ~  430 mT (calculated from the BCS theory

using Bsh = 0.8 Bc) 

1. G. Catelani and J. P. Sethna, Phys. Rev. B 78, 224509 (2008)
2. F. Pei-Jen Lin and A. Gurevich, Phys. Rev. B 85, 054513 (2012)
3. T. Kubo, Phys. Rev. Research 2, 033203 (2020) 

T

BC1

BC2

TC

Bsh

Mixed state witz Vortex 
(i.e. N. cond. flux line + screening current)

Screening current over l, 
no mag. field deeper

Meissner state

Courtesy, C.Z. Antoine, T. Kubo 

26

E

B



Recent Progress in SRF Technology
SRF cavity à require Meissner state
• Bsh :  ultimate limit for SRF

• Bssh-Nb :      240 mT
• Bssh-Nb3Sn :  430mT

Courtesy, S. Posen

27

E

B

Nb3Sn Potential in high-G future Nb3Sn progress at Fermilab.
S. Posen et al., SUST, 34, 02507 (2021)

x2

A. Yamamoto, 2022/10/12



An new concept for SRF proposed: 
Travelling Wave (TW) vs Standing Wave (SW)

• Red standing wave – High Peak Fields

• Green (acceleration) and Blue (Return) Waves are Travelling 
Waves  - Lower peak fields

• Guide blue wave in a return wave-guide to avoid SW peak 
fields – attached to both ends 

Courtesy: H. Padamsee, SRF-2021 

A. Yamamoto, 2022/10/12 28



Advantages of TW Structures
• Travelling wave (green) structures lower BOTH Hpk/Eacc and Epk/Eacc

– Because RF power returns (blue) not through the accelerating structure (to form a 
standing wave (red) with harmful peaks)

– But power returns through a separate return Nb waveguide
• + Travelling wave structures offer 2X higher R/Q

– lowers Cryo power and RF power and lower AC power
• By choosing the Low-Loss cell shape + reduced aperture (see below) it is possible 

to lower Hpk/Eacc by 48% over the TESLA structure!
• Opening the door to Eacc > 70 MV/m !!

– Hpk = 200 mT, Epk = 120 MV/m
• Lower aperture is allowed because bunch charge for 3 TeV will about 3 X less to get 

acceptable IP background…
• Putting SRF on the Road to ILC – 3 TeV with Nb

– With Capital cost comparable to CLIC 3 TeV and AC power much less than CLIC 3 TeV
– Without struggling with exotic new superconductors (sorry!)

A. Yamamoto, 2022/10/12 29

S. Belomestnykh | HELEN collider
Snowmass 2021



Possible Consideration and  Layered Models
• 120C bake is known to manipulate mean free path at 

very near surface (~nm) on clean bulk Nb.  
• A dirty (doped) layer at the surface seems beneficial in 

order to increase the quench field above Bc1. 

30

Courtesy, T. Kubo, R. Laxdal,  

λ1 (> 
λ2)

λ2

Slope corresponds to 
the current density. 

• C.Z. Antoine, et al. APL 102, 102603 (2013).
• T. Kubo et al, Appl. Phys. Lett. 104, 032603 (2014).   
• A. Gurevich, AIP Advances 5, 017112 (2015).
• T. Kubo, Supercond. Sci. Technol. 30, 023001 (2017) 
• T Kubo, Supercond. Sci. Technol. 34, 045006 (2021

Surface current is suppressed:
- means an enhancement of  the field limit, 

because of the theoretical field limit to be 
determined by the current density.

A. Yamamoto, 2022/10/12



Layered structures: Next
• Demonstrate the field-limit enhancement using cavities. 
• Stay tuned!

?

A. Yamamoto, 2022/10/12 31

Courtesy: T. Kubo, K. Umemori
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Prospects for SRF Technology in Future Accelerators

• SRF technology has been  advanced to realize the ILC and future energy frontier 
accelerators, based on Euro-XFEL successfully constructed and in stable 
operation since 2017. 

• SRF high-G R&D effort may be extended  for future upgrades. 
– Nb-bulk,  40 – 50 MV/m (SW),
– Nb3Sn, > 50 MV/m: ~ 5 years for single-cell R&D and the following 5 – 10 years for 9cell 

cavities in longer time scale, and 
– Nb-bulk, 70 MV/m (TW) to be feasible in long-term future. 

• The 1.3 GHz, 5 Hz SRF technology with G = 30 MV/m will be applicable for the muon 
beam acceleration at MC RCS Accelerator --> Efficient, common synergy 

33A. Yamamoto, 2022/10/12



Prospects for ILC-TeV and beyond
ILC-250
Initial

ILC-500
TDR

ILC-1TeV
TDR

ILC-3TeV
Study for 

Future

Energy TeV 0.25 0.5 1 3

Luminosity X1034 1.3 1.8 4.9 6.1

SRF Gradient MV/m 31.5 (SW) 31.5 (SW) 35 ~ 45 (SW) 70 (TW)

Q0 1010 1 1 2 2

AC Plug-Power MW 110 164 ~ 300 ~ 450
Time scale for
realizing acc. Years ~15 ≥  20 >>  20 Future

A. Yamamoto, 2022/10/12 34
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Issues for MC-RCS SRF 
• Much higher beam current (2 x 20 mA) and RF power 

• Fundamental Power Coupler:  power loss to be higher
• HOM loss to be evaluated and the mitigation to be found

• SRF CMs to be distributed along RCSs, as high as possible
• Resulting RF filling factor to be lower, and 
• Cryogenics efficiency to be lower, and AC plug-power to be larger

• Frequency sweep during RF pulse duration 
• Tunability of the SRF cavity frequency sweep

• Gradient: 30 MV/m as of today, and scope for future 
• Others?

A. Yamamoto, 2022/10/12 35



Summary 
• ILC, 1.3 GHz, pulsed SRF Cavity technology with 30 MV/ may be 

applicable for the MC RCS SRF. 

• Further studies are necessary for:
• Gradient and the limit, for SRF station faction to be smaller, 
• Fundamental Input Coupler to allow high beam current (2x20 mA)
• HOM loss to be verified and the solution to be settled. 
• Frequency sweep availability with DF ~ 2kHz during beam pulse
• Optimization of # RF and Cryogenics units/station to be a main issue

• The synergy to be maximized between ILC and MC will be anticipated

A. Yamamoto, 2022/10/12 36



Appendix

A. Yamamoto, 2022/10/12 37



Muon Collider Collaboration – Annual Meeting
held at CERN, 11-14 Oct. 2022
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https://indico.cern.ch/event/1175126/

A. Yamamoto, 2022/10/12
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