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Conventional DC magnets at TRIUMF
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A superconductor can carry more current density (J) and sustain higher field (B) at
lower temperatures (T). It remains superconducting within the critical surface in
(J, B, T) space. Outside: quench. The critical current density J. = f(T, B).

Schematic. Haubner et al., Appl. Sci. 13, 2765 (2023), Fig. 1(a), CC BY 4.0 [Haubner et al., 2023]
With REBCO tapes the angle between B and J matters.
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With REBCO tapes the angle between B and J matters.
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Electroplating

Copper Stabilizer

Sputtering
Silver Overlayer

MOCVD
(RE)BCO - HTS (epitaxial)
IBAD/Magnetron Sputtering
Buffer Stack

Electropolishing

~0.2 pm Substrate

Left: SuperPower SCS4 coated conductor. Right: © Fujikura.

REBCO tapes are flexible but anisotropic, manufactured using sophisticated thin-film
deposition techniques.

In contracts: conventional NbTi wires are produced by conventional drawing of the
superconductor in a normal conducting matrix.
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Tokamak fusion generator Toroidal field coils
Prototype compact tokamak fusion

generators use an HTS-coated

conductor in D-shaped toroidal field

coils to generate a toroidal magnetic

field that confines plasma for nuclear Outer poloidal feld coils
fusion power generation. (for plasma positioning

and shaping) ﬁ)

Prototype compact tokamak that uses HTS for the D-shaped toroidal coils [Molodyk and Larbalestier, 2023]

Fusion reactor require huge magnets, and very high fields (up to 20T in the coil).

Around 12 companies now build on REBCO tape, and fusion takes >90% of world
production [Sirois, 2026], driving the cost down per kA-m.
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Copper Price Tul 2026

15.0 4 $13,500/t\
0]

2010 2015 2020 2025
Year

T T
2000 2005
Copper price nearly tripled last decade [International Monetary Fund, 2026]

1 m of DC copper cable carrying 1kA at @ 5A/mm? is 200 mm?, or 1.8 kg. This leads
to ~$20/kA.m of raw copper.

Thomas Planche (TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026 7/19



000000

2013
=R 2014 i 0.2
o 10° 4 price « (annual volume) "=
= =0 __ 2017 2019 2020 %10 volume — —37 % price
= 2015 ~ O~ 2021
o) o =0 o 2022
@ 2016 2018~ ~
E 2023, in volume: 150-200 $/kA-m O —_
M 102 4 2023 T~
~ ==
o~ =~
el —
@ 20 $/kA'm
g L e e e
§ 10! 4
S~
&=
n
o)
1073 1072 107! 10° 10! 102 103

Annual volume sold (GA'm per year)

Points and fit [Molodyk, 2024]; scale anchored to 175 $/kA-m [Molodyk and Larbalestier, 2023]. J; is increased by~3 x at 65 K, and ~15x at 50 K

from [Wimbush and Strickland, 2026]

(TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026 8/19



000000

2013
z 3 2014 i 0.2
© 10° 4 price « (annual volume) "=
E =0 __ 2017 2019 2020 x10 volume — —37 % price
= 2015 O~ _ 2021
[ L X0 o 2022
@ ~ - 2016 2018~ ~ =
E 2023, in %1&1&1&:;15\0—200 $/KA-m O —_
M 102 4 ~ 2023 o~
~ - ~
l[: =~ S~ = ~~
-
® =~ _ @65K =~
20 $/kA'm -~ o
e o ————————————————————————————— e g = - - ————
£ =
< 10! 4 =
S~
&=
n
-}
1073 1072 107! 10° 10! 102 103

Annual volume sold (GA'm per year)

Points and fit [Molodyk, 2024]; scale anchored to 175 $/kA-m [Molodyk and Larbalestier, 2023]. J; is increased by~3 x at 65 K, and ~15x at 50 K

from [Wimbush and Strickland, 2026]

(TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026 8/19



000000

Point:

2013
=R 2014 i 0.2
o 10° 4 price « (annual volume) "=
= =0 __ 2017 2019 2020 %10 volume — —37 % price
= 2015 § O~ _ 2021
[ L X0 o 2022
@ ~ - 2016 2018~ ~ =
E 2023, in Volwme; 150-200 $/KA'm O —_
=~
M 102 4 S~ 2023 T~
~ ~ ~~ —_
D~ M~ -~ - =~ ~ - =~ -~
® oS~ — ~ < _ @65K =
$/KA-m ~ - -~ —
8 —————————————————%.g—\— ——————————————————————— =-g—:————
5 -~ - -~ -
S 10! 4 T~
= ~ — _ @50K
g -~ —
-~ —

D ~

1073 1072 107! 10° 10! 102 103

Annual volume sold (GA'm per year)

s and fit [Molodyk, 2024]; scale anchored to 175 $/kA-m [Molodyk and Larbalestier, 2023]. J; is increased by~3 x at 65 K, and ~15x at 50 K

(TRIUMF)

from [Wimbush and Strickland, 2026]

TRIUMF-KEK Symposium 2026 September 28, 2026 8/19



@00000

Superferric electromagnet: superconducting coils driving an iron yoke with
shaped pole pieces. An advantageous configuration around 2—4T:

@ simpler coil geometry: the field shape is set by the steel, not by the
winding;

@ less field in the coil: a large part of the flux is carried by the steel;

@ fewer amp-turns needed than with no steel.
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NSERC awarded Polytechnique Montréal + U. of Victoria + TRIUMF a 2-year project
grant to “design an energy-efficient cryocooled HTS dipole magnet for TRIUMF
beamlines”, with 4 main objectives:

@ Determine suitable dipole magnet geometry & HTS wire/cable/coil configuration.
@ Devise and demonstrate the quench detection/protection strategy.

© Design and quantify the economics of the magnet cryocooling system.

© AQuantify the impact of radiation on REBCO degradation at TRIUMF.

This is a design study, not a magnet build. Building it is the job of a follow-up
equipment proposal, with the goal of a first HTS magnet on a TRIUMF beamline within
five years.

Thomas Planche (TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026 10/19
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Target: a ~3 T superferric dipole bending
500 MeV protons by 45°, 60 mm pole gap,
drawing ~2 kW at 50K in place of the
30-100 kW of the copper magnet it replaces.

Design tools: COMSOL/OPERA for the first

sizing, then BELFEM [Messe et al., 2023], the
LBNL-POlyteCh REBCO COde’ for Screenlng Winding a CORC cable. Advanced Conductor
currents, losses and quench dynamics.

Technologies [Sirois, 2026]

One of the expertise at Polytechnique is with cables: a round cable is isotropic and
easier to wind, at the cost of manufacturing complexity [Wang et al., 2021].

PhD student Simon-Mathieu Bergeron Hartman has been hired at Polytechnique to
work on the magnet design.

Thomas Planche (TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026



[e]ele] lele}

A hot spot can destroy a magnet in seconds. In REBCO it
propagates up to two orders of magnitude slower than in LTS:
the voltage signal stays small while the temperature runs

away [Marchevsky, 2021].

|}
It is the primary concern of the HTS magnet community today,
and the specialty of Polytechnique Montréal: \,ﬂ

@ Current Flow Diverter tape architecture, which raises the Prof. Frédéric Sirols
normal zone propagation velocity [Lacroix et al., 2022]; Polytechnique Montréal

@ optical fiber detection embedded in the cable itself;

@ modelling of intra- and inter-tape current transfer, to settle
whether a 3T magnet can be left self-protected or needs a
dump resistor.

At LBNL a single quench destroyed a subscale REBCO accelerator
dipole [Sirois, 2026]: detection has to fire in milliseconds.
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Choosing the operating temperature is the main economic lever.
Relative to the critical current at 77 K and 3T, a tape carries
roughly x100 at 20K, x15 at 50K, x3 at 65 K (wimbush and strickiand, 2026].

Choosing the operating temperature and the cooling concept is a
main economic lever. So the colder the magnet, the less tape it
needs, but the heavier and the hungrier the cryogenics:

@ 20K: two-stage cryocooler and a radiation shield — a larger,
costlier cryostat, eating the gain from the smaller coil. Still
~10x less power than copper.

@ 50K: ~7x more tape, but single-stage cryocooler, no shield,
4 x less electricity than 20 K.

@ 65K: subcooled LN, helium-free. At 77K J; is too low to
pay; at 65 K, worth quantifying.

Prof. Tobias Junginger

UVic & TRIUMF

Cryocooler expertise at UVic: T. Junginger’s group built a vibrating sample
magnetometer on a two-stage cryocooler, and brings the thermal design and
simulation tools.

Thomas Planche (TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026 13/19



[e]e]e]e]e] J

500 MeV protons at up to ~100 A on BL1A: the
magnets sit in a field of protons, fast neutrons and
gammas, both of which degrade the critical current
of REBCO tape, the electrical insulators and epoxy
impregnation [Jirsa et al., 2018].

Dr. Camille Bélanger-Champagne

PIF & NIF Facilities Coordinator

A similar issue is met by the fusion community. R

BEAMLINE 2A
450-500 MEV
(ISAC) Control

Plan: expose REBCO samples in a representative Room S~
accelerator environement near an operating i
beamline, and under controlled conditions at PIF &
NIF, then measure the critical current degradation
at Polytechnique. Ideally in cryo-vacuum, to
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Superconducting - B Superconducting  Cryostat
Cryostat Coils o

AHO Bending
Dipole

Copp Vertical
Coils
29m

Iron Poles

“ : Iron Yoke

Left: the normal-conducting AHO dipole (1.45T). Right: mechanical assembly of the HTS version [Mariotto et al., 2025]

Iron Yoke

Keep the iron, replace the copper coils by a REBCO winding at 50 K inside a cryostat:
warm enough that no thermal shield is needed.

The copper coils draw 190 kW (715 MWh/year). Two single-stage cryocoolers would
draw 3.4 kW or 5.8 kW depending on the cold head: an energy saving factor of 33 to
58, paying back the cost of the superconducting coil in ~3 years [Mariotto et al., 2025].
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3 flagship demonstrators

= L=29m

-

GSI/SIs18 PSI/ TATTOOS CERN /FCC-ee
Two conduction-cooled quads, ~4 T peak. A compact 4 T bending dipole for HIPA. A superferric combined quadrupole-sextupole:
Replaces a ~60kW normal-conducting system. Expected saving 0.3 GWh/year. 2T peak, 50-65K.

All three panels from [Sanfilippo, 2026].
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Scope: Realize prototypes and testing (TRL 6): magnet, cryogenics, powering.

0 12 20 30 48 (4 years)
Phase 1 Phase 2 Phase 3 Phase 4
framework; first cable coil manufacturing demonstrators complete;
conductor R&D prototypes starts qualification on the beamline
Months from the 1 September 2026 start [Sanfilippo, 2026

Started 1 September 2026. Demonstrators are due 2030.

7.57 M€ in total, 5.0 M€ of it from the EU. 8 partners: PSI with Bruker, CEA, CERN,
CIEMAT, GSI, INFN and UMIL.

A life-cycle analysis is also part of the study for the 3 demonstrators.

Thomas Planche (TRIUMF) TRIUMF-KEK Symposium 2026 September 28, 2026
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What HTS4SRl is working on is also very similar to what we are working on:

@ Low-ish fields: Peak field levels in the 2-4 T range;

@ radiation hardness of REBCO: irradiation campaigns at PSI and
GANIL/SPIRAL-2 feeding back into the coil design;

@ quench detection: combining electrical, magnetic, acoustic and optical signals
@ conduction cooling at 20-77 K.

But they have a head-start.
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