KEK
Shin MICHIZONO (KEK)

Innovation Center for Applied Superconducting Accelerator
(iCASA)

e [inear Collider R&Ds

see 2023 CEPC workshop “Progress of the ILC and the CLIC”
https://indico.ihep.ac.cn/event/19316/timetable/?layout=room#all.detailed

e Superconducting RF (SRF) accelerator’s application

Today’s main focus
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Establishment of ICASA
(how we will act for this purpose)

ICASA was established on April, 2022.
( COI merged to CASA - ICASA)

Director General
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ICASA strengthens CASA's activities as the
core center for SRF development and the
expansion of applied research by using
Superconducting technologies at KEK.

By ICASA at KEK, new applied research
like EUV-FEL and making Nb;Sn SRF

accelerator for industrial use will be

accelerated .




Advanced accelerator facilities at KEK

Cavity Fabrication
aFacility"(CEF)

: L= 5 .
- compact ERL (cERL) .

"
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ICASA

Innovation Center for Applied Superconducting Accelerator

https://www.kek.jp/wp-content/uploads/2022/07/KEK-PIP2022.pdf

KEK-PIP2022:
3.1 Accelerator Development for Industrial and Medical Applications

This category includes the superconducting accelerator development that
makes use of the Compact Energy-Recovery Linac (CERL) by the
Innovation Center for Applied Superconducting Accelerator (ICASA) and
the Ibaraki Boron Neutron Capture Therapy project (iBNCT). Both
projects will continue, because both are important as KEK'’s contribution
to society, which will also help improve KEK'’s visibility in society.



Advanced medical and industrial accelerators
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Cancer of Examples after BNCT

For J-PARC g-2/EDM head and neck (Osaka University)

experimentUltra-high precision
superconducting magnets
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Small proton accelerators for medical
applications such as BNCT and small neutron
sources(High—efficiency superconductors are
also being considered)

Low-beta superconducting cavities for nuclear experiments, fusion reactor
material evaluation, physical properties evaluation, medical applications, etc.
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Superconductmg RF (SRF) accelerator

' SRF cavity R&D since 1980s
: 1 Experiences at TRISTAN/KEKB/SuperKEKB

Direct slice Nb R&D for SRF
-— D cavities at KEK
CFF(2011-) cavity fabrication facility by Takeshi Dohmae

T— Chemical polishing
,.': > //
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 KEK has extenswe experlence |n the development of SRF accelerator since TRISTAN
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aterial R&D at CFF

Status of high-Q/high-G R&D
' ‘ at KEK by Ryo Katayama
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Example of SRF activities at KEK

Horizontal test stand Cavity inspection by Kyoto camera

Trial of defect finding using
machine learning
by Hayato Araki

Horizontal test results of LG 9-cell cavity
by Kensei Umemori

Figure 1: A defect observed with inspection camera.
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Compact ERL (cERL) in KEK

Compact ERL (cERL) has been constructed in 2013 at KEK to
demonstrate energy recovery with low-emittance, high-current CW
beams of more than 10 mA for future multi-GeV ERL with SRF cavities.

2019: cERL was re-organized under the (CASA) in KEK
to promote the industrial application by using cERL.

edanny o [
| :
I’I | i/
IfI K> Beam Dump
. | sy R Main LINAC O
Circumference ~ 90m I v A e
Injector & Main linac S, “ - \ / o

> 9-cell SC cavity x 2
Marger

_ RF frequency: 1.3 GHz 17.5 MeV & 19MeV,0.3mA

Injector LINAC T

Nominal beam energy 20MeV

- ; Nominal Injector energy 2.9MeV

©Rey.Hori/KEK —
2-cell SC cavity x 3 Beam current 10 fgg\ rr(]l'zlt(lfallrl1 E;:jlg)al)
Photocathode DC gun
(Not SRF gun) Buncher Normalized emittance 0.1 — 1 mm-mrad
500kV DC Gun Bunch length 1-3ps (usual)

HEP-KEK (Nov-2023) - (hynch compressed) 100fs (short bunch)




Past : Nb Q~1x10%° @2K rg
Now : N dope Q~3x10° @2K
Future @ Nb;Sn Q~3x10%° @~5K gJ
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~20 years

Nb,Sn/Cu
Low-cost cav.

10 years
Nb;Sn/Nb
De-(High Pressure Gas Safe , ...t
& Large-scale cryo-plant)

Small cryogenics

Conduction cooling
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~5 years

High performance of Nb cavities
by new surface treatment

(N-doping, 2-step baking, etc.) Wi
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~200 kW, 5~30 MeV
Mo, compact acc.

300 MeV 10 mA
200 W EUV-FEL light source(~10kW)

20 MeV 10uA Pruee

cERL for SRF

.. = RRRLSITIH
application study

C;/?sdv-pewma&

(E/BIXR) 9



Technical issues and results to be addressed by ICASA

To realize 10kW-class high-intensity EUV-FEL light sources

Subject® : FEL generation under 10mA operation and energy recovery
« -2023:CW-ERL operation (0.3mA) with undulators

To realize a compact Nb;Sn high-current superconducting accelerator

Subject®@ : High efficiency and gradient Nbs;Sn cavity development for industrialization
» -2023: Nb5;Sn coating on the cavity, Nb;Sn high intensity accelerator design

Subject@® 10mA energy recovery Subject® NbsSn cyromodule
Undulators Conduction cooling of Nb;Sn cavity
- CERL -
2016-18:1mA ERL demonstration - CERL

2019: Undulator installation RS el RS 1. 2019-: °°Mo generation
2020: FEL demonstration(NEDO) | ;t; 1 5 S N o sump Wl hase .-i l,::_‘,; 2020: Nb3Sn cav. fabrication
: e -4 S 9021: NbsSn acc. design

10MeV 50mA

-l mector inac - Compact ERL . .ﬁ _
B ccunosecn (CERL) accelerator design -
Demonstrate FEL at cERL with Demonstrate a cryomodule with conduction
high current and energy recovery cooling by a compact cryo-cooler 10
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« 10-kW class EUV sources are required in the future for Next Generation
Lithography

In order to realize 10-kW class EUV light source, ERL-FEL is the most promising
light source (High repetition rate (=1.3 GHz) and high current linac system).

Schematic of EUV (13.5nm) exposure tool
H. Mizoguchi et al., Komatsu Technical Report 59-166 (2013)

Breakthrough for EUV light by using FEL (with ERL)

@

X-ray pulse duration ~ 50 ps

dulator

u

4 Micro-bunching -> SASE lasing = high peak power N
Wi ol X-ray pulse duration ~ 10 fs
[ S ST T —
(b) undu ,
\_ G. Dattoli et al., NIM-A (2001) Vi

EUV of 13.5 nm by LPP (Laser produced
plasma) 250 W level now (peak 400 W) In case of normal conducting accelerator,

Need breakthrough for higher EUV light (>1kw)  The repetition rate of FEL is less than 100Hz
- High repetition with SC cavity is needed for kW laser

IHEP-KEK (Nov. 2023) 12



Challenges for future lithography (from the report of IRDS)
https://irds.ieee.org/editions/2022/irds%E2%84%A2-2022-lithography

4 ( )
H 2 y : . ; y y . '
* Beyon d EUV -> wavelen gt h tunabil ity Table LITH-2 Potential Solutions for Leading-Edge Logic Lithography
2022 I 2025 2028 2031 2034 2037
) -> -
TO aVOId StOChaStICS ngher power Logic node 3nm 2.1nm 1.5nm 1.0nm 0.7 nm 0.5nm
® POIa r|Zat|On CO nt rOI Node G43am24 G45M20 G42M16 | GAOM16T2 | G38M16T4 | G38M16T6
. I‘\/Aln.ltmhum 12nm 10 8nm 8nm &nm 8nm
* Cost reduction for exposure system &-pite
\. J EUV EUV EUV EUV EUV
[ b h hall o h h\ 0.33.NA 0.55.NA 0.55.NA 0.55.NA 0.55.NA
Table LITH-4 e Key Challenges of High-NA EUV Lithography multiple |single single single single
Key challenges patterning |patterning [patterning Jpatterning |patterning
EUV EUV EUV EUV EUV
Resists meeting resolution requirements, with low levels of defects from ' EUV
stochastic phenomena and pattern collapse Pn@ary 0.33.NA
options multiple 0.55.NA 0.55.NA 0.55.NA 0.55.NA 0.55.NA
Light sources that can support photon shot noise and productivity for logic patterning single multiple |multiple Jmultiple [multiple
requirements patterning |patterning |patterning |patterning |patterning
Solutions for meeting small depths-of-focus at 0.55 NA
Beyond Beyond Beyond
Polarization control for maintaining high contrast at 0.55 NA EUVL EUVL EUVL
(2=6.X nm) {72=6.X nm) }(2=6.X nm)
Computational lithography capabilities Potential
solutions Optical + |Optical + |Optical + |Optical + |Optical +
Mask making and metrology infrastructure i iiet DSA DSA DSA DSA DSA
Solutions for large dies reduction,
LER
\ Cost of high-NA EUV lithography IW— Efr&duct?oi 3 EUV + DSA JEUV + DSA JEUV + DSA JEUV + DSA JEUV + DSA
.
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https://irds.ieee.org/editions/2022/irds%E2%84%A2-2022-lithography

Partially modified from the presentation slide of Norio Nakamura: Presentation slide in MNC2022

Electricity Consumption & Cost

Sustainable semiconductor technologies & systems(SSTS) program

- CO, footprint of semiconductor manufacturing is rapidly rising.
- Environmental score is newly added to the traditional ones.

NXE:3X00 electricity consumption
Wall plug power (kW)

2022
1450 8
1400 PreVac & ﬂ
1350 ; -
1300 '?n use of H .j:.

1250 — 3 20C PCW . ;
1200 I
Requirements of chips in technology development 1180 l

L. V. den Hove, Proc. Metrology, Inspection, and Process Control XXXVI, PC1205301(2022). ::)(:;

Electricity consumption {605

» EUV-FEL: ~7.0 MW/10-kW EUV = ~0.7 MW/1-kW EUV(or scanner) s ik i et

> LPP  :~1.1 MW/250-W EUV = ~4.4 MW/1-kW EUV(or scanner) e s don Brink. ITF USA (12%’;;’)““"
The EUV-FEL can greatly reduce the electricity consumption per scanner.  EUV-FEL electricity consumption (tentative)

*) very rough estimation ltems Electric power
» EUV-FEL cost: ~US$400M/10-kW EUV = ~US$40M/1-kW EUV (or scanner) .
> LPP price  : ~US$20M/250-W EUV = ~US$80M/1-kW EUV (or scanner) REEEEIET SYEEm =5, LBl
RF Source ~1.3 MW

Additional comments Other components ~1.0 MW
» EUV-FEL is expected to have no problem of the debris on mirror system e ~1.5 MW
The EUV-FEL can reduce the construction & running:.cests.per-scanner. el ~7.0 MW
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7th WORKSHOP [ Hybrid_

30 January, 2023
. 1:00PM-5:30PM (JST)
Including cERL and STF Sitetour

EUV-FEL Light Source Study Group for Industrialization, iCASA/ KEK

Participants
Number of registers; 186 @29/January/2023
= Company
Country INumber Country Affiliation
Japan 161 Affiliation |Number
United States 8 \‘1\” Company 111| = Research
Chi_n_a 5 W\ Research institution
Taiwan 4 msFltutl.on 51 University TOtal 186
Belgium 2 University 20 ,
Netherlands 2 Consultant 3 ~15% from abroad
Germany 1 Other 1l ™ Consultant
Jersey 1 0
Korea 1 0| = Other
Romania 1 186




e-irradiation



Appllcatlons of SRF accelerator

cERL (CW and SRF accelerator) is the key

to applied research on accelerators. - Acquisition of external funds using cE
-Laser processing

-Mo99
-Asphalt
-Nano-cellulose
-Under application/preparation

Y. A ' e
et lof ¥ siiadiation - Water purification
s porigtion chamber
! -EUV-FEL
" i e ) Mo-99 production and technetium extraction at KEK's cERL
Development of high-power mid-infrared lasers for highly (2019.10 KEK news) Many application of eZirradiation

efficient laser processing utilizing photo-absorption based on
molecular vibrational transitions.” making SASE-IR-FEL with ERL.

o

[V S @) b prowawd
1 vew TN s oy
D e D L )

Water purification by electron beam
irradiation (Japan-India)

Sty of OV VEL g o

A S gt e

~10-kW EUV sources for Next Generation Lithography
ERL-FEL is the most promising light source

Accelerator

ﬁ Superconducting
Technology

Infrastructure

M e -
High efficiency and low cost of

nanocellulose production by electron
beam irradiation (collaboration with

(92 3

d extend its life.
and extena Its lire IHEP-KEK (Nov. 2023) AIST) .

Electron beam onto asphalt to harden it




Nb cavities (based on cERL) Nb,;Sn cavities

He refrigerar in ERL>§OOm2 I ‘ Small refrigerator (< 0.1 m?)-> put on cryomodule
Eg ey -':,‘f el !\nrn |rq.-'!’_i.°'{‘j LeSS heat IOSS C t
=1 ompac

I
accelerator by

Replace large
Nb,Sn SRF cavity

Need large
Helium plant

Helium plant
to small

+**= 2K Helium cryocooler

Vacuum pump
ala
-

Compressor

Nb;Sn cavity X __— 4.2Ksmall refrigerator

Conduction cooling

High current
beam

P Thermal shield

» Thermal shield »~ magnetic shield

Vacuum chamber

s Magnetic shield

Vacuum chamber

Turnkey system is possible ! & make_compact

accelerator with high current beam
IHEP-KEK (Nov. 2023) 18




Nb;Sn development at KEK Nb3Sn development at KEK
by Tomohiro Yamada

Nb,Sn cavity R&D Conduction cooling

Conduction cooling by compact cryo-cooler
e Conduction cooling test
* Preparation for cavity test

Process of Nb;Sn coating

« Qvalue higher than Nb cavity at 4.2K

* Maximum acceleration gradient 10.8 MV/m

* Recently changed to a tin crucible with a large solid angle
to ensure sufficient tin vapor pressure

* Maintenance of a clean booth to prevent contamination
during deposition

* Use of Nb foils to ensure tin vapor pressure

R-9 VT result(15th,16th)

1010
F RN
. s F .
s %
*s
S 10° s
£ X ¥ X ¥ ®s_
@ | Nb3Sn @4.2K *3 u!
® | Nb3Sn @4.2K(After Quenched)
X | Nb@ 2K
108 | ! | . .
0 2 4 il B8 10 12
EaceMV/m]
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Examples of applied research by using high current beam irradiation by using superconducting accelerator
(high-efficient CNF production)

NCev:/I rr;aterlzl ma?.ifrorgl\gv::)od : Merit for using accelerator : make CNF efficiently.
ellulose Nanofiber . . .
! ( ) = - CNF efficiency from a few 10% to 80% by irradiation (CERL)

->need special chemical and multiple mechanical o o _
treatments > Problem : High cost for production CNF are produced with high-efficiency and results in low cost.

The market size for CNF composite resins
Is expected to several trillion JPY in 2030

A CNFHEIOR R ETIRRE wian

high current beam  gE|ectron

M, made by beam
R& superconducting

e S accelerator
- Hydrophilic i (280w ] - (source) Ministry of the
= CNF ! pRen Environment
] § [mAtrone] : > e “Guidelines for the
é 2] menaxs | sew ;=’.rx Utilization and Application
wﬂi c&’n' - w of CNF (Summary)”
! " . 1
R serics- ) http://www.env.go.jp/earth/ )
mﬂ-m | ondanka/enf.html accelerators : 500kW X 2 unit
g Emm (10MeVx50mA : our target)
g
2015 2020 2025 2030
LA x::;ico:icol application
Fig6. Timing of the practical application of CNF materials and market size Sat|Sfy ‘ Assu_rne 80% prOdUCtlon ratio
Source: Professor Yano, Kyoto University CNE demand by this accelerator
Future CNF demand is expected to 30000t/year < CNF production ratio =_24000t/year

This CNF production is one example of using high power accelerator to stimulate new demand.

Key word for industrial application - compact angEy_gErKg,@otvi_lz%Z;uperconducting accelerator
20



Summary

To further promote industrial medical applications, ICASA was established in April 2022.

In particular, the application of ERL (Energy Recovery Linac) to semiconductor lithography (EUV-

FEL) and high-power electron irradiation using Nb;Sn cavities are promising.

EUV-FEL has advantages in energy efficiency. About 5 years of component development is planed

before prototype construction.

For electron irradiation accelerators, the Nb,Sn cavity (with conduction cooling) has the potential to

be a breakthrough that does not use liquid helium, and R&D is progressing worldwide.

These will lead to applications such as °°*Mo, nanocellulose production, and asphalt modification.

IHEP-KEK (Nov. 2023) 21



IHEP-KEK (Nov. 2023)

22



	既定のセクション
	スライド 1
	スライド 2: Establishment of iCASA  (how we will act for this purpose)
	スライド 3
	スライド 4
	スライド 5
	スライド 6
	スライド 7
	スライド 8: Compact ERL (cERL) in KEK
	スライド 9
	スライド 10: Technical issues and results to be addressed by iCASA 　
	スライド 11: EUV-FEL
	スライド 12: Introduction of EUV-FEL
	スライド 13: Challenges for future lithography (from the report of IRDS) https://irds.ieee.org/editions/2022/irds%E2%84%A2-2022-lithography 
	スライド 14: Electricity Consumption & Cost
	スライド 15
	スライド 16: e-irradiation
	スライド 17
	スライド 18: Comparison between Nb cavity and Nb3Sn cavity
	スライド 19
	スライド 20: Examples of applied research by using high current beam irradiation by using superconducting accelerator （high-efficient CNF production）
	スライド 21: Summary 
	スライド 22: Thank you for your attention


