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Abstract

Superconducting technology has been inevitably re-
quired for guiding and accelerating particle beams in
energy/intensity frontier particle accelerators. Based on a
long history with NbTi superconductor, accelerator mag-
net technology has much progressed to realize higher
magnetic fields abovelO T by using NbsSn superconduc-
tor. It has been applied to specific magnets for the HL-
LHC project at CERN and further effort to increase the
field to with increasing the current density is being inves-
tigated for future frontier accelerators. Superconducting
RF technology has much advanced with pure Nb super-
conductor and the completion of European XFEL acceler-
ator is a very important milestone for future large-scale
SRF accelerator applications. Thin-layer SRF technology
will become critically important for further advances in
the field-gradient and quality performances. This report
will cover the progress and future of the superconducting
technology for accelerators.

INTRODUCTION

Superconducting magnet (SCM) and radio-frequency
(SRF) technologies have been essentially contributing to
energy/intensity frontier particle accelerators respectively
for guiding and accelerating particle beams [1-3]. The
SCM application may work in the “mixed state” of the
superconductivity, up to the higher critical magnetic field,
B in the type II superconductor [4, 5]. In contract, the
SRF application needs to stay in pure superconductivity
condition so called “Meissner state”, below the lower
critical magnetic field, B¢, and more critically limited
with the thermal balancing limit, Bg, a little higher than
Bc1 with the RF superconductivity [6, 7]. Table 1 summa-
rizes these type-1I superconductor characteristics con-
straining the accelerator applications.

Table 1: Characteristics of Type-II Superconductors in
Applications for Particle Accelerator

the applications above 10 T. High temperature supercon-
ductor will be inevitable to realize higher field toward ~
20 T. It may be well understood that Nb is the supercon-
ductor adequate for the SRF cavity application, and
Nbs3Sn may have a potential for higher gradient cavities in
future. Table 2 summarizes superconducting accelerators
based on SCM and SRF technologies [1-11].

Table 2: Superconducting Colliders and Accelerators

Material Tc B B Be applied
(K] [T] [T] [T] for
Nb 9.2 0.18 021 0.28 SRF
NbTi 9.2 0.067 -- 11-14  Magnet
NbsSn 18.3 0.05 0.43 28-30 Mag./SRF
MgB, 39 0.03 0.31 39 Link/Mag.
YBCO 92 0.01 -- 100 Magnet
B-2212 94 0.025 -- >100 Magnet
B-2223 110 0.0135 -- >100  Magnet

For the SCM applications, NbTi has been widely used
in the field below 10 T, and NbsSn is required to extend
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Project Energy  Field SC Operation
[GeV] B/E material [years]
SCM (hadron acc.):  [Tesla]
Tevatron ~ 2x980 4.0 NbTi 1983-2011
HERA 920 4.68 NbTi 1990-2007
RHIC 2x100 3.46 NbTi 2000 -
LHC 2x3500  4.18 NbTi 2009 -
~2x7000 ~8.36
FAIR 29 1.9 NbTi (2018)
HL-LHC  2x7000 11 Nbs;Sn (2025)
HE-LHC  2x14000 16 Nbs;Sn (study)
FCC-hh 2x5e4 16 Nb;Sn (study)
SppC 2x>5e4  16-20 Nb3Sn/HTS (study)
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 Nb (2025)
FCC-hh 2x50,000 tbd tbd (study)
SppC 2x50000 tbd tbd (study)
SRF (lepton acc.): [MV/m]
CEBAF 612 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-II  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)
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Magnetic Field Progress in Accelerators

After the long experiences integrated with the super-
conducting magnet development and operation, based on
NbTi superconductor, in Tevatron, HERA, RICH, and
LHC projects, the accelerator magnet technology with
Nb3Sn superconductor above 10 T needs to be advanced
for energy/intensity frontier accelerators, as shown in
Fig. 1 [1].
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Figure 1: Progress in dipole field with NbTi superconductor
for collider accelerators, and the prospect with the Nbs;Sn
superconductor.

Advances in Nb3Sn Magnets

The high-luminosity LHC (HL-LHC) accelerator pro-
ject is pioneering to apply the Nbs3Sn high-field magnet
with a usable magnetic field level of 11~12 T in two spe-
cific objectives of beam focusing at the beam interaction
regions (IRs), and bending at a specific arc section [12].
Figure 2 shows cross sections of the 11 T dipole and the
IR quadrupole, using Nb3Sn superconductor, being de-
veloped for the HL-LHC project at CERN [13 - 15].

Figure 2: Cross sections of a 11 T dipole and an IR quadru-
pole with Nb3Sn conductor for the HL-LHC.

Both short model magnets have reached the design field
and field gradient for the HL-LHC project within reason-
able training quenches, after long effort between CERN
and US-LARP collaboration [16]. The US-LARP Collab-
oration has been taking a pioneering role to develop ac-
celerator quality NbsSn superconductor and to demon-
strate the NbsSn accelerator magnet technology, having
controlled the brittle feature with bladder technology
introduced to manage strong magnetic pressure propor-
tional to B>. CERN has been leading the international
effort to realize the Nb3Sn accelerator-quality magnet

ISBN 978-3-95450-182-3
20

Proceedings of IPAC2017, Copenhagen, Denmark

technology applied for the HL-LHC project, as an
important milestone for the future.

As a next step, it will be very important to increase the
current density of Nb3Sn conductor with a level of 50%
to be ~ 1,500 A/mm? at 16 T, 4.2 K, as shown in Fig. 3
[17]. Tt will be inevitably required to realize accelerator
quality high-field magnets with a level of 16T, for the
Future Circular Collider being study at CERN [18, 19].
Global cooperation has been formed to realize it. Various
magnet design studies for the FCC are being carried out
under frameworks of EuCard-2/ARIES, EuroCircol, US
Magnet Development Program (MDP) [20-22] (Fig. 4).
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Figure 3: Critical current density improvement required for

16 accelerator magnets to be realized for Future Circulator
Collider (FCC).
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Figure 4: Various high field magnet designs being st-udied
for the FCC.

Prospect for High-field Magnets beyond 16 T

It will be inevitable to apply HTS superconductor such
as YBCO/ReBCO to realize high field magnet beyond
16T. A unique effort for future high-field magnet using
the Roebel (fully transposed) cable is being developed, with
an aligned-block coil configuration as shown in Fig. 5 [23].

Figure 5: An aligned block model coil configuration under
development by using the ReBCO Roebel cable.
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Advances in SRF Technology

Superconducting RF (SRF) technology for beam accel-
eration has been much advanced, since pioneering works
realized with CEBAF at JLab, Tristan at KEK and LEP-II
at CERN in 1980s as summarized in Table 1, and shown
in Fig. 6 [24].
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Figure 6: Progress of field gradient in single and multicell
SRF cavities.

It should be noted that European X-ray Free Electron
Laser (XFEL) SRF accelerator has been completed, as the
installation in to the tunnel shown in Fig. 7, and success-
fully started beam acceleration by using ~ 800 multi-cell
SRF cavities in pulsed operation at 1.3 GHz, 2 K, and to
create the first light for new photon science experiments
to start in near future [25, 26].

Figure 7: The Europea XFEL accelerator with 1.3 GHz
superconducting 9-cell cavities.

Figure 8 shows statistical results of the ~ 800 9-cell
SRF cavities industrially produced and tested at DESY
including additional surface rinsing in some fraction to
reach this result, reaching quality factor, Qo of 1x10'°, as
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Figure 8: Field gradient distribution for the European XFEL
cavities from their individual test.
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usable cavities [27,28].

It should be also noted that three major SRF accelerator
projects of LCLS-II at SLAC in cooperation with Fer-
milab and JLab, FRIB at Michigan State University, and
European Spallation Neutron Source at ESS are under
construction to start their operations for science, in a time
range of 2020 — 2025 [29-31]. The International Linear
Collider (ILC) is being prepared as a global project to be
realized in 2030s [32-34].

Prospects for SRF Technology

The SRF cavity performance, the field gradient and
quality factor (Qo), will strongly depend on the cavity
surface conditions such as material, physical conditions,
surface treatment, and cleanness. Thin-film dop-
ing/infusion and/or coating technology should be an im-
portant to figure out some breakthrough for improving the
performance.

A nitrogen doping (N-doping) technique has been dis-
covered and demonstrated at Fermilab as shown in Fig. 9
[35, 36] and it has been a very important breakthrough to
improve the quality factor Qo resulting in the cryogenics
power saving. It has been well established, transferred to
industry, and applied for the LCLS-II SRF project.
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Figure 9: Effect of nitrogen doping to improve Q.

Further discovery of the “nitrogen infusion” technique
has been also made at Fermilab [37]. It consists of infus-
ing very thin-layer on the cavity surface with nitrogen, at
a lower temperature in vaccum. to control the nano-metric
diffusion depth, as shown in Fig. 10 [38]. It has resulted
in a gradient of 45.6 MV/m with achieving Qo of 2x10'°.
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Figure 10: “Nitrogen infusion” process demonstrated a
Fermilab, resulting in high-Q and high-G.
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Global efforts are being carried out to confirm this pro-
cess and the performance improvement. It will critically
contribute to the energy frontier collider project such as
ILC.

Theoretical efforts have been also carried out to under-
stand the scientific background, and the effort for the thin-
layer and/or thin-film are major subjects for future SRF
cavity advances [39-43]. In this direction, Nb3Sn or
MgB; thin-layer coating on Nb-bulk or other material will
be a very interesting approach for future [44], because of
their much higher B, for the practical upper limit of the
magnetic field for the SRF cavities. Further prospects
including cavity shape optimization are discussed in ref-
erences [2, 3, 45].

SUMMARY

Superconducting technology will be inevitable to ap-
proach any energy/power frontier particle accelerators,
increasing energy and saving power consumption, (Green
Accelerators).

High-field (11-12T) magnet technology is being ma-
tured with NbsSn superconductor, to be applied in real
projects, and further R&D effort to increase available
current density and cost-saving will be inevitably required
for future energy/power frontier accelerators. HTS needs
to be matured in magnet technology and the cost saving in
mass production will be a key for future accelerator appli-
cation.

SRF technology has been much advanced in past 20
years, with bulk Nb technology. Thin-film science and
technology will be a key for extending the field gradient
and for saving cooling power in future application expan-
sion, as well as ERL SRF technology.

The superconducting technology will be extended to
wide range of science and technology including photon
science, material science with spallation neutron sources,
medical applications, and further industrial applications.

ACKNOWLEDGEMENT

The author would express sincere thanks to HiLumi-
LHC and US-LARP collaboration, Euro-CirCol (FCC
study body), EuCARD-2 (succeeded by ARIES), US
Magnet Development Program (MDP), US-General Ac-
celerator SRF R&D program (GARD-SRF), Tesla Tech-
nology Collaboration (TTC), European XFEL, and
LCLS-II, Linear Collider Collaboration (LCC), and Fur-
ther SC magnet and SRF accelerator laboratories/projects.
Special thanks to Drs. L. Rossi, G. Apollinari, M. Ben-
edikt, M. Vretenar, L. Flukiger, T. Taylor, L. Bottura,
G.de Rijk, A. Ballarino, E. Todesco, D. Tommasini,
F. Savary, G. Kirby, J. van Nugteren, S. Gourlay, S. Caspi,
N. Ohuchi, T. Ogitsu, S. Belomestnykh, N. Solyak,
A. Grassellino, A. Hutton, R. Rimmer, R. Laxdal,
K. Saito, J. Gao, H. Padamsee, C. Pagani, O. Napoly,
CZ. Antoine, H. Weise, M. Ross, S. Michizono, S. Stap-
nes, and L. Evans, for their cooperation to provide various
information.

ISBN 978-3-95450-182-3
22

Proceedings of IPAC2017, Copenhagen, Denmark

REFERENCES

[1]L. Rossi and L. Bottura, “Superconducting magnets for
particle accelerators”, Review of Accelerator Science and
Technology, Vol. 5, eds. A. Chao and W. Chu: World Scien-
tific, 2012, pp. 51-89.

[2] S. Belomestnykh, “Superconducting radio-frequency sys-
tems for high-beta particle accelerators”, Review of Acceler-
ator Science and Technology, Vol. 5, eds. A. Chao and
W. Chu: World Scientific, 2012, pp. 147-184.

[3] M. Kelly, “Superconducting radio-frequency cavityes for
low-beta particle accelerators”, Review of Accelerator Sci-
ence and Technology, Vol. 5, eds. A. Chao and W. Chu:
World Scientific, 2012, pp. 185-203.

[4] R. Flukiger, “Overview of superconductivity and challenges
in applications”, Review of Accelerator Science and Tech-
nology, Vol. 5, eds. A. Chao and W. Chu: World Scientific,
2012, pp. 1-29.

[5] L. Bottura and A. Godeke, “Superconducting material and
conductor fabrication and limiting parameters”, Review of
Accelerator Science and Technology, Vol. 5, eds. A. Chao
and W. Chu: World Scientific, 2012, pp. 30-50.

[6] H. Padamsee, “RF Superconductivity for Accelerator”, John
Wiley & Sons, Inc., 1998.

[7] H. Padamsee, “RF Superconductivity”, Wiley-VCH Verlag
GmbH & Co., KGaA Weinheim, 2009.

[8] M. Wilson, “Superconducting Magnets”, Oxford Univ.
Press, 1983.

[9] K.H. Mess, P. Schmuser, and S. Wolf, “Superconducting
Accelerator Magnets”, World Scientific: 1996.

[10] L. Bottura, S. Gourlay, A. Yamamoto, and A. Zlobin:
IEEE Trans. Nuclear Science 63, 2016. pp. 751.

[11] E. S. Fischer et al., “Superconducting magnets at FAIR”,
presented at IPAC’17, paper WEDCB2, 2017, this confer-
ence.

[12] O. Bruning and L. Rossi Ed. “The High Luminosity Large
Hadron Collider”, World Scientific, Adv. Series on Direc-
tions in High Energy Physics —V. 24, 2015.

[13] F. Savary et al, “Progress on the Development of the
Nb3Sn 11T Dipole for the High Luminosity Upgrade of
LHC” to appear in: [EEE Trans. Applied Supercond., 27 Is-
sue 4, 2017, 4000207.

[14] E. Todesco et al., “A first baselyne for the magnets in the
high luminosity LHC insertion regions”, /[EEE Trans. Ap-
plied Supercond., 24 Issue 3, 2014, p. 4003305.

[15] P. Ferracin, G. Ambrosio, E. Todesco et al., “Development
of MQXF: The Nb3Sn low-beta quadrupole for the HiLumi
LHC”, IEEE Trans. Appl. Supercond. 26, Issue 4, 2016, p.
4000207.

[16] US-LARP: US LHC Accelerator Research Program, URL:
http://www.uslarp.org

[17] A. Ballarino, “The FCC conductor development plan®,
presented in FCC Week 2016, Rome, URL: https://
indico.cern.ch/event/438866/sessions/96491/#20160412

[18] FCC: Future Circular Collier Study, URL: https://
fcc.web.cern.ch/Pages/default.aspx#

[19] M. Benedikt, “FCC — High energy collider”, to appear in:
IEEE Trans. Applied Supercond., 27 Issue 4, 2017.

07 Accelerator Technology
T10 Superconducting Magnets



Proceedings of IPAC2017, Copenhagen, Denmark

[20] EuCARD-2: Enhanced European Coordination for Acceler-
ator Research & Development, URL:
http://eucard2.web.cern.ch

[21] EuroCircol: European Circular Energy-Frontier Collider
Study, Horizon 2020 programme, URL:
http://cordis.europa.eu/project/rcn/194962 _en.html

[22] US-MDP: US-DOE Magnet Development Program, The
first general workshop, URL:
https://conferences.lbl.gov/event/73/

[23] J. van Nugteren, G. Kirby, G. de Rejk, et al., “Future HTS
magnet for particle accelerators”, presented at WAMS-
HTS2017, Barcelona, 2017.

[24] G. Ciovati, in Proc. IPAC’13, 2013, paper THYB201.

[25] European XFEL, URL: http://www.xfel.eu.

[26] W. Deking and H. Weise, “Commissioning of the European

XFEL”, presented at [IPAC’17, paper MQXAAI, this con-
ference.

[27] D. Reschke, “Recent progress with European XFEL”,
presented at SRF’15, paper MOAAOQ2.

[28] C. Pagani, presented at LCWS’16, Morioka, 2016, URL:
https://agenda.linearcollider.org/event/7371/sessions/4311/#
20161206

[29] LCLS-II, URL:
https://portal.slac.stanford.edu/sites/Icls_public/lcls_ii/Pages
/default. Aspx

[30] FRIB, Facility for Rare Isotpe Beams, URL: https://
www.frib.msu.edu

[31] R. Garoby, “Progress on the ESS Project Construction”,
presented at IPAC’17, paper MQXBAI, this conference.

[32] ILC Technical Design Report (2013), Publications/Tech-
nical-Design-Report.
URL: http://www.linearcollider.org/ILC/

07 Accelerator Technology
T10 Superconducting Magnets

MOYBA1

[33] A. Yamamoto and K. Yokoya, “Linear Colliders” in Review
of Accelerator Science and Technology, Vol. 7, eds. A. Chao
and W. Chu: World Scientific, 2014, pp. 115-137.

[34] A. Yamamoto, “International Linear Collider — Technical
Progress and Prospect”, presented at ICHEP’16, Chicago,
2016, Proc. URL: https://pos.sissa.it/cgi-bin/reader/
conf.cgi?confid=282#session-2941

[35] A. Grassellino et al., Supercond. Sci. Technol. 26, 2016,
102001 (Rapid Communication).

[36] A. Romanenko and A. Grassellino, Appl. Phys. Lett. 102,
2013, 252603.

[37] A. Grassselino, A. Romanenko, Y. Trenikhina, ef al., “Un-
precedented quality factors at accelerating gradients up to
45 MV/m in niobium superconducting resonators vis low
temperature nitrogen infusion”, arXiv: 2017, 1701.06077.

[38] A. Grassellino and S. Aderhold, “New low T nitrogen
treatments cavity results with record gradients and Q”, pre-
sented at Tesla Techonology Collaboration (TTC) meeting,
CEA-Saclay, 2016, URL: https://indico.in2p3.fr/event/
12928/session/54/contribution/40

[39] A. Grevich, “Superconducting radio frequency fundamen-
tals for particle accelerators”, Review of Accelerator Science
and Technology, Vol. 5, eds. A. Chao and W. Chu: World
Scientific, 2012, pp. -119-146.

[40] A. Gurevich, AIP Advances 5,2015,017112.

[41] C.Z. Antoine, et al., Appl. Phys. Lett. 102, 2013, 102603.
[42] T. Kubo et al, Appl. Phys. Lett. 104, 2014, 032603.

[43] T. Kubo, Supercond. Sci. Technol. 30,2017, 023001.

[44]

44] D.I. Hall, H. Conklin, J.J. Kaufman, et al., presented at
IPAC’17, paper MOOCA2, this conference.

[45] C. Reece and G. Ciovati, “Superconducting magnets for
particle accelerators”, Review of Accelerator Science and
Technology, Vol. 5, eds. A. Chao and W. Chu: World Sci-
entific., 2012, pp. 285-312.

ISBN 978-3-95450-182-3
23



