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Mainspring

Superconducting technology has been and
will be inevitable to approach any
energy/power frontier particle accelerators




Superconducting technology for accelerators »

magnets accelerating structures (RF SC)
Material Tc Be1 Ba Ba applied
[K] [T] [T] [T] for ..

| ND 92 018 021 0.28 SRF Pure (bulk) Nb cavities
NbTi 9.2  0.067 --  11-14  Magnet

NbsSn 183  0.05  0.43 2830 Mag./SRF Thin-layer sputtered Nb
MgB: 39 0.03 031 39 Link/Mag.

YBCO 02 0.01 -- 100 Magnet

B-2212 04  0.025 -~  >100  Magnet

B-2223 110 0.0135 -  >100 Magnet




Project Energy  Field SC Operation
[GeV] BI/E material [years]
SRF (hadron acc.): [MV/m]
SNS 1.25 15 Nb 2007 -
LHC 2x3500 5 Nb/Cu 2009 -
~2x7000
FRIB 0.2/u 5~8 Nb (2022)
ESS 2 9-20 Nb (2023)
PIP-II 0.8 10-20 NDb (2025)
FCC-hh 2x50.000 tbd tbd (study)
SppC 2x50000 tbd tbd (study)
SRF (lepton acc.): [MV/m]
CEBAF 6—=>12 5-12 Nb 1985 -
Tristan 2x30 5 Nb 1986-1995
LEP 2x105 5 Nb 1989-2000
HERA 27.5 n/a Nb 1990-2007
KEKB 3.5+8 5 Nb 1998-2010
BEPC-I  2x1.89 5 Nb 2008 -
S-KEKB 4+7 5 Nb 2016 -
E-XFEL 14 24 Nb 2017 -
LCLS-II 4 16 Nb (2020)
ILC 2x500 31.5 Nb (plan)
FCC-ee 2x350 10-20 Nb/Cu (study)
CEPC 2x240 5-20 tbd (study)

SCM (hadron acc.):  [Tesla]
Tevatron 2x980 4.0
HERA 920 4.68
RHIC 2x100 3.46
LHC 2x3500 4.18
~2x7000 ~8.36

FAIR 29 1.9
HL-LHC  2x7000 11
HE-LHC 2x14000 16
FCC-hh 2x5e4 16
SppC 2x=5e4 16-20

NbTi
NbTi
NbT1
NbTi

NbTL
Nb3Sn
Nbs3Sn
Nb3Sn

Nb3Sn/HTS

1983-2011
1990-2007
2000 -
2009 -

(2018)
(2025)
(study)
(study)
(study)

Akira Yamamoto, Proc. of IPAC2017 - MOYBA1



Accelerating Chinese science

Chinais ramping up its capacity in accelerator physics with several machines nearing completion or coming online
in the next decade. Particle physicists hope the buikdup will climax with the Circular Electron Positron Collider.

FACILITY {LOCATION) RESEARCH TARGET COsT STATUSSSCHEDNLE

China Spallation Neutron Materials science, physics, 327 mallion  Opening to users in spring
Source (Dongguan) chemistry, and life sciencas

Shanghai Soft X-ray Free- Materials scence and 110 rrillion ot x-ray FEL apening to
Electron Laser (FEL), Hard X-ray e sciences ugars in mid-2019

FEL (Shanghai) Hard x-ray FEL online in 2025
High-Energy Photon Materials science, chamistry, F30milkon  Mad-2025

Source (Beijing) and biomedicine

China Initiative Accelerator Mutlear waste transmutation F2B0 milsen 2024

Driven System (Huizhou) and future energy technologias

High-Intensity Heavy ion Atomic and nuclear physics F240millian 2024

Accelerator Facility (Huizhou)

Circular Electron Positran Particke physics 36 billian Under sludy

Collider {site TBD)

D. Normile // Science 02 Feb 2018: Vol. 359, Issue 6375, pp. 507-508 H



Accelerating Chinese scien

Chinais ramping up its capacity in accelerato
in the next decade. Particle physicists hope th

~2022
ADS Exp. Facility
Reactor: 80~100MW
Accelerator: ~600MeV/>= 10mA

]

FACILITY {LOCATION) RESEARCH
China Spallation Neutron Materials
Source (Dongguan) chemistn ~2017

ADS Demo Facility

Shanghai Soft X-ray Free-

chenial. ADS Testing Setup
WAt Reactor: ~SMW

Reactor: ~1000MW
Accelerator:

Electron Lasu. (FEL), Hard X-ray e =cianc Accelerator: A S EATmA
FEL (Shanghai) 50MeV/ > 10mA B

\ Cavity
High-Energy Photon Materials i RFQ
Source (Beijing) and hiarm H+
China Initiative Accelerator Mutlear waste transmutation F2B0 milsen 2024
Driven System (Huizhou) and future energy technologias
High-Intensity Heavy ion Atomic and nuclear physics F240millian 2024
Accelerator Facility (Huizhou)
Circular Electron Positran Particke physics 36 billian Under sludy
Collider {site TBD)

D. Normile // Science 02 Feb 2018: Vol. 359, Issue 6375, pp. 507-508



Conventional layout of high-energy proton/ion linac

RF focusing
H-type cavity

SC H-type SC elliptical
cavities cavities

!

20-30 MeV

|

PIAVE SRFQ - first (and alone) superconducting RFQ,
LNL INFN




SC cavities: types and typical energy gains

QWR and HWR p=0.01-0.17, 6-7 MV/m
(LNF INFN+E.Zanon, TRIUMF+PAVAG, ..., bulk Nb), 5-6 MV/m  CH, p=0.1, 5-7 MV/m (GSI, IAP FU, RI
(LNF INFN, Nb/Cu) 325 and 360 MHz)

=

Elliptical cavities, p=0.5-1.0, up to 35 MV/m (1300 MHz, KEK, Spoke-cavity, $=0.1-0.25,
DESY, FNAL ...), 15-16 MV/m (704 MHz, ESS), 30-40 MV/m 8 MV/m (ANL, 324 MHz)
(800 MHz, LANL) 12-16 MV/m (FNAL, 324 MHz),

15-18 MV/m (ESS, 325 MHz),
8 MV/m (JFZ, 700 MHz)




A short-pulse neutron source,
driven by a 1.4 MW proton
accelerator

1 GeV superconducting H- linac

Accumulator ring with ~1000
turn charge exchange injection

60 Hz rep. rate

Operation started October
2006

Now routinely operating at
~1 MW for almast 5000 hrsiyr,
with 85% availability

13 neutron scattering
instruments




- ) Bies M Hz y HEBT
 CCL el SCL8=061 |« SCL B=0.81 |

t 1 I Linac dump
186 MeaV 401 MeV 1GeV
p=0.55 p=071 p=0.87

Linac 260 m, 96 independently phased RF cavity/tanks
Normal conducting from H- lon source to 186 MeV

Superconducting from 186 MeV to 1 G& s
Charge exchange injection into accumu I rin




Some examples: ESS

European Spallation Source
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Some examples: MYRRHA

The MYRRHA accelerator reference scheme

$C !puk.a SC elliptical cavities:
;;;iaﬁi — 600 MeV
§ e
H | | | i i
p=035 p=047 p=065
50 kel 1 MeV 17 Mev o) MeV 190 MeV
& Spallation target
& sub-critical
. Independemly-phnsec! core
Linac Front End Superconducting Section

.._+ ﬂulﬂmﬂm“lflﬂ , -

A . "

Belgian Nuclear Research Centre (SCK.CEN) proton beam: 600 MeV, 2.5 mA,
Pb-Bi target, based on TRASCO (TRAsmutazione di SCOrie)
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HLI
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Technological background in Russia
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ECR proton/ion sources Solid State RF sources for 1.5-3.0 MeV
MHz and GHZ bands linacs

NC and SC linacs of
3-30 and 1-1.5 GeV

Compact sources for
industrial ion sources

“Focused ion beam” facilities

Ion implanters

High-power SS for:
- accelerators

- Locators

-TV

Compact “University class” sources of protons / ions / neutrons

Astrophysics

BNCT

Compact high-flux neutron sources

Activation analysis

SC linacs for proton / ion therapy (250 MeV for proton beam and 300-350 MeV/u for ions)

Pulse 1 GeV driver linac for Spallation Neutron Source

CW 1.0 — 1.5 MeV proton driver linac for Accelerator Driven System




Contemporary projects of CW and high-power »
oroton and ion linacs

e Accelerator Driven Systems (ADS)

«  EUROTRANS (Europe), OMEGA (Japan), TRASCO ({taly), C-ADS (China),
ADSS (India), ...

* Spallation neutron sources
e SNS (US), CSNS (China), ESS (Sweden),
* Radioactive ion beams

 FRIB (USA), RIKEN (Japan), SPIRAL2 (France), SPES (Italy), HIAF (China),
RISP (Korea),...

* Injectors and secondary beams (Neutrino/muon factories)

* Linac4+SPL (CERN), Project-X (US), IDS-NF

* Irradiation facilities

e IFMIF (Europe/US/Japan) + EVEDA (CEA), FRANZ (Germany), SARAF (Israel)




Contemporary projects of CW and high-power »
oroton and ion linacs

* Accelerator Driven Systems (ADS)

« EUROTRANS (Europe), OMEGA (Japan), TRASCO (Italy), CADS (China),
ADSS (India), ... MEGAN-Upgrade (INR RAS)

* Spallation neutron sources
e SNS (US), CSNS (China), ESS (Sweden), NEPTUN (JINR)
* Radioactive ion beams

 FRIB (USA), RIKEN (Japan), SPIRAL2 (France), SPES (Italy), HIAF (China),
RISP (Korea),...DERICA (JINR)

* Injectors and secondary beams (Neutrino/muon factories)
* Linac4+SPL (CERN), Project-X (US), IDS-NF, new SC injector for NICA
* Irradiation facilities

* IFMIF (Europe/US/Japan) + EVEDA (CEA), FRANZ (Germany), SARAF (Israel),
BELA (NRC-KI ITEP), Multipurpose linac in Minsk




Dubna Electron — Radioactive Ion Collider fAcility —
project of RIB-factory for rp-process study

General layout

Experimental hall EH-1:
Application science

50m

LINAC-100 (Ey:

100 AMeV)

H lon Sources

DERICA Fragment

Separator DFS

Velocity filter

Fast Ramping Ring
Synchrotron FRR:

Gas jet target
p,d,*4He

- Gas cell - lon trap
- Charge breeder

LI\

~MN4
C--.‘?
0
6\
Experimental \\'B 30 \\
hall EH-2: RIBs \*‘9 l’)
15-70 AMeV

Stage 2: Buildings, LINAC-100, DFS, EH-1, EH-2
Stage 3: LINAC-30 relocation, FRR, EH-3
Stage 4: CR, e-RIB collider, ring experiments

Electron
cooler

Collector Ring CR:

e-RIB collider

Y3 bury
uonos9lg

Neutron source
2 108 n/cm?

Experimental hall EH-3:
reaccelerated RIBs
5 - 300 AMeV

‘ (A2 00§ :°3) O¥NIT-2




initial layout and beam dynamics

EF) N cavities
81 or 162 DIHz 162 hHz

¥ L J
0.7-0.75 keVim 2 MeVin 230 MeVin 100 LIeVin

First version of DERICA’s driver LINAC-100 general layout
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DNS-IV (Dubna Neutron Source of the MEGAN-Upgrade
IV Generation or Superbooster Neptun)

\

Dubna Neutron Source
of the Fourth Generation

SUPERBOOSTER NEPTUN

o -,
JOINT INSTITUTE FOR NUCLEAR IiE')i'.’Ajl{_ H
FRANK LABORATORY OF NEUTRON PHYSICS

Dubna 2018 INR RAS -- discuss plan of MEGAN (MMF)
upgrade by a SC linac




BELA: New “basic facility” for ITEP
Center for LINAC based compact facility
development for different applications,

industry, medicine et cetera

Injection complex RFQ DTL
Tons p-U p p
Currents, mA 0.01 -20 10 10
Energy, MeV/n up to 0.15 1.5(3) 2/3/4/8...
Duty factor dc up to cw
Frequency, 148.5 (200)
MHz
Quadruple Accelerating
MEBT P Perind N lenses resonalor
'M‘ . ‘M L = —~
2.8 MaB 1.8 MaD 3.2 MaB 65MsB [ | 8.0MoB
= a4 - >
370m 415w 270 415mn 2T70n 415w 2T0na 4 15mm
P=115xH1 P=95EHT P=95EhT P=OAEET
B 2E40nm (P=400xBT) il

HoBbi YyHMBEpCanbHbIN
MOAY/IbHbIN YCKOpUTENb
npPoToHOB B benapycu

p / D linac with energy of 20-25 MeV
New electronic components
(implantation and modification)
Radiation studies of electronics
Material sciences
Compact neutron source




SSRS-4 Linac general concept »

_ injection in booster ring injection in storage ring

Energy ~200 MeV 6 GeV
RF gun (s) Thermionic+RF SW buncher Thermionic+RF SW buncher
Photo
10 MeV 10 MeV
Current ~ 400 mA ~ 400 mA
Linac operation injector in booster ring injector in storage ring
mode provide beam for X-FEL

2l

/
[
Photogun, f”
P /
1] < //

s
— L 7
One full-s / FEL
- Linac
ﬁ?.‘g'ﬁn/. - 6-7 GeV
thermocathode .

~10 MeV
- 1-2A




Joint Dubna-Moscow-Minsk SRF activities

New collaboration for SRF technology
development:

Joint Institute for Nuclear Research,

National Research Nuclear University — Moscow Engineering
Physics Institute,

Institute of Theoretical and Experimental Physics of NRC
“Kurchatov Institute”,

Institute for Nuclear Problems, Belarusian State University
Physical-Technical Institute NASB

Belarus State University of Informatics and Radioelectronics
Scientific-Practical Materials Research Centre NASB

JOINT INSTITUTE
FOR NUCLEAR RESEARCH




Joint Dubna-Moscow-Minsk SRF activities
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Joint Dubna-Moscow-Minsk SRF activities




R&D Focus on: »

* Development of accelerating cavities for 25MeV SC proton accelerator

* Investigation of the features of obtaining and metrology of the coating of
the Nb and Nb,Sn system based on Cu in order JINR to create
superconducting high-frequency resonators for mega-rate accelerators

* Linear proton accelerator SC cavities simulations and parameters
optimization




Nuclotron-based lon Collider fAcility

LU-20 - SCinjector

Clean Room

Detector Electronics
BM@N (Detector) [ = S

Extracted beam (Detector)
‘ ,.r‘\
N

Collider

\‘/‘ E-cooling

| | IIHH | O . ‘
) g

\»‘/k’/- il .. Cryogenics || l'l“ Magnet factory

Internal target

Fo< L]
Heavy lon Linac & A
lon source — A

LU-20

Nuclotron

NICA Facility, JINR, Russia, Dubna




New Russian projects with SC cavities »

General layout of new injector for Nuclotron — NICA

Warm Cold
QWR SC QWR SC HWR SC HWR or CH or
p=0.12c, 3=0.12c, Spoke ?
=162.5 MHz =162.5 MHz B=0.21c, f=325MHz
2.5 MeV 4.9 MeV 13.5 MeV 31 MeV 50 MeV

RFQ linac with RF and vacuum components
installed on resonator in tuning area (ITEP)




Beam dynamics, Version #4

The number of cavities in the 1st and the 2nd groups should be increased due to lower
accelerating gradient £ __.. (6 MV/m instead of 7.5 MV/m).

The beam dynamics of deuterium ions was studied also.

The slipping factor will be not higher than 24 % for proton and deuterium beams.

Number of cavities in the 1st group should be enlarged from S to 8, length of the 1st
group will 1.9 longer than for Variant #3.

et | Pasete Cintme: St yharmese Ve | T Dynamnc = orarmonc bt

57 Fotarea hurcton Comecten Leras

it ot e 471 BT

— Ik - [ — B g e i , 45 o e Seiior

Simulations were done by means of BEAMDULAC-SCL code,
Coulomb field and beam loading self-consistently, versions for all main types of RF linacs




Cavity group | | 2

Proton beam Deuterium beam

P, 0.12 0.21 0.12 0.21
F, MHz 162 324 162 324
T, % 24.0 24.0 24.0 24.0
Ny 2 2x2" 2 2x2™
L.,,m 0.222 0.39 0.222 0.39
L,,m 0.2 0.2 0.2 0.2
L,,m 0.1 0.1 0.1 0.1
L, m 0.622 0.79 0.622 0.79
N, 3 8 8 3 8 8
L, m 1.87 4.98 6.32 1.87 4.98 6.32
E,.,MV/m 4.50 5.86 6.4 4.50 5.86 6.4
U, .MV 1.0 1.3 1.25 1.0 1.3 1.25
D, deg -20 -20 =20 -20 =20 -90
B ,T 1.35 1.3 1.9 1.8 2.0 1.0
w., MeV 2.5 4.9 13.47 2.5 3.65 8.3
B., 0.073 0.102 0.168 0.073 0.088 0.133
W ., MeV 4.9 13.47 31.0 3.65 8.3 8.3
B,.c 0.102 0.168 0.251 0.088 0.133 0.133
K, % 100 100 100 100 100 100




SC cavities design parameters

Parameter

Value

Frequency, MHz

Geometrical velocity, f3,

Maximal RF field on the axis, £, .,
MV/m

Ratio of the peak electric surface field to
the accelerating field, £/E, .

Ratio of the peak surface magnetic field
to the accelerating field, Bp/Eacc,
mT/(MV/m)

Effective shunt impedance, 7/Q,, Ohm
Geometric factor, G=R /0, Ohm

Transit time factor, 7TF),

162.5
0.12

6.0

6.4

11.4
488
37
0.88

The simplest design with cylindrical central conductor was chosen.

ED, thermal and mechanical design was done.

The sat-file was prepared and sent to PTI NANB for copper model design

and construction.




SC cavities design parameters

Parameter Value
Frequency, MHz 162.5 . —tﬁ— “_ -
Geometrical velocity, f, 0.12 B ’ s
Maximal RF field on the axis, £ .., .,
MV/m 6.0 L s
Ratio of the peak electric surface field to E’m, SR L e ’
the accelerating field, £ /E, 6.4 o [—] e
] 2
Ratio of the peak surface magnetic field - i 1
to the accelerating field, Bp/Eacc, i i W
mT/(MV/m) 114 I l=
Effective shunt impedance, 7/Q,, Ohm 488 T
Geometric factor, G=R /0, Ohm 37 ) F
Transit time factor, 7TF), 0.88

The simplest design with cylindrical central conductor was chosen.

ED, thermal and mechanical design was done.

The sat-file was prepared and sent to PTI NANB for copper model design
and construction.




6% —
5%
4% —
N 39—
2% —

1% —

Multipactor studies:

not observed for operating
RF field amplitudes

0%

Mechanical deformation studies:

Eacc, MV/m

the Nb cavity wall should be not thin than 2.5 mm




25t sroup HWR design

HWR type

Cylind- Conical
rical

Operating frequency, f, MHz
Geometrical velocity, B,
Cavity height, mm

Cavity radius, mm

Ratio of the peak electric surface field
to the accelerating field, £ /E .

Ratio of the peak surface magnetic
field to the accelerating field, Bp/Eacc,
mT/(MV/m)

Effective shunt impedance, /Q,, Ohm
Geometric factor, G=R /O, Ohm

324

0.21
431 448
97 97
3.9 3.3
7.3 5.6
252 303
57 58




Mechanical simulations and tuning

N

3 2 4 3 2
Top and bottom planes are fixes
-0.24  -041 -0.82 -0.35 -0.57 -1.26
124 157 203 152 176 184

-10.7 -16.8  -26.9 -18.5 -29.5 -574

Drift tube 1s fixed
5.12 10.57 30.39 499 9.68 24 .81

Central plane is fixed
3.85 8.19 2506 1.13 3.63 11.45
467 453 437 478 458 411

-16.9 279  -5.99 -2.24 -47.3  -93.6

-74.7 -38.8




Cavity technology

_ﬂ W /,—_

General design  Cavity & aux elements assembly EB welding workflow
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