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BRUKER

Bruker Corporation and BEST
companies & products




BRUKER OVERVIEW

Premier Provider of High -Performance Scientific Instruments, BRYBER
and Life Science Research & Diagnhostic Solutions

Differentiated. Innovative. Entrepreneurial.

Since 1960 track record of technological
pioneering

Culture of disciplined entrepreneurialism

. . . BrukerPhysikC | Xu " hk t "
Extensive collaborations with renowned A T ST
science labs R
A Sy
Deep chemistry, biology & physics applications N
expertise O
1962:-NMR Iabora;ry i 1980: MM1, the first mobile D8 ADVANCE, Xay powder

with KIS1 detection system diffraction instrument
launched in 1997

Innovation with Integrity | Confidential | 4




BRUKER AND ITS GROUPS

Bruker Corporation T Business Units

Bruker BioSpin Group

Instruments based on
magnetic resonance
technology:

NMR, EPR, MRI, etc.

K 1.2 GHz NMRSpectrometer /

© 2024 Bruker

Bruker CALID Group

Analytical instruments:
Mass, IR and Raman
spectrometres

Special Training course at MT29 for IRIS Project

Bruker Nano Group

X-ray based instruments:
XRD, XREAFM, etc.

K Raman microscope SENTERRA / &(—ray Diffractrometer DISCOVER /

<)
BRUKER
(<)

\ ﬁBruker Energy & \

Supercon
Technologies (BEST)

Superconducting wires and
components
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BRUKER AND ITS GROUPS
BRUKER

BEST Manufacturing site in Hanau, Germany (Bruker EAS GmbH)

m

A Started R&D and production of superconductors as a
business unit of Vacuumschmelze GmbH & Co. in 1962

A Located in Hanau, Germany

A Acquired as part of Bruker in 2003

A Approx. 300 employees

A Continuous growth and expansion since 2012

A Persisting investment in state of the art production lines

A Progressive introduction of higher degree of automatization

A Close quality control by inline process control
*g0"i1 0"fkogpukgp"eqgpvtagn.

A Data warehouse and smart data analysis incl. Al | Bruker EAS plant in Hanau, Germany
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BRUKER AND ITS GROUPS
BRUKER

Bruker EAST fabrication today
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BRUKER

Operating fields of NbTi and Nb,Sn wires




OPERATING FIELDS OMBTI AND NBsSN WIRES
BRUKER

Application window of NbTi & Nb ;Sn wires

104 T _ A Maximal 1, at 1.9 K for entire LHC NbTi ) .
I /' N srmndpmdur:n’an (CERN-T. Boutboul '07). EBLO B ipe Plar
- . : (Boutboul eta\2006) Reducing the temperature from 4.2 K : SuperPower tape, 50 pim
A Operatlng range at 4.2 K Dfﬂd“':EW“'-?TS-"ﬁmefWNb-T! srf:st{w!i (Jir:n{(u /“X/r,
g m{mur{da NHMFL
< y —— o 5
A . <
A NbTi: upto~9-10 T L
212 g ggg 55x18 filoment B-OST strand with NHMFL
L E J 50 bar Over-Pressure HT. L. liang et al.
. -
A Nb;Sn: up ~2023 T < 05 S
) § L 2223: B_n;a;e_r;lane
c r Sumitomo Electric (NHMFL)
A LTS conductors offer g - "Ntitmsnas) e AT #
i 7 LCUEE TR
- L 1= T NG, ' ' R N A TR R o o — —_— s o .
A Long length availability = ot T =l =
O ' ; T REBCO: B || Tape plane
. © Nb-Ti E t"‘f’“;f;;jz i ©- REBCO:B L Tape Plane
i ihi i =2 4.22 K High Field 7 : = ©i(= *Bi-2212: 50 bar OP
A Electrical stabilization concepts £ 100 i O e
< t i ~¥- Bi-2223:B L Tape Place
4 . = - O Bi-2223: B L Tape plane (carr. cont.)
A Mechanical robustness S 35— 52223:8 L Tape plane (rod)
% I MgB,: 2nd Gen. AIMI 18+1 =o=N :5": 'ﬁ'"al Sn RRP®
4 . . . ] Filaments , The OSU/ HTRI, % —E—N Sn: High 5n Bronze
A Industrial fabrication processes s o E T NeTiLC L9k
: PR ﬁben!h" ) ICMC'Of papers w3 = Nb-Ti: LHC 4.2 K
R Brome-16wt. X500, WY \ (. PargfllO15T) |« «Xe « Nb-Ti: High Field MRI 4.22 K
{Mpyuzah—MTI&-JEEE 04} ks MgB; 18+1 FI| I3%FI||
10 . 1 L L 1 | 1 1 L L | L 1 1 L 4 1 1 1 1 1 L ¥ 1 1 1 1 1 1 T T T T | X 4§ T I[
0 5 10 15 20 25 30 35 40 45
pon 2016 Applied MagneticField (T) MAGLAB

https://nationalmaglab.org/magnet -development/applied-superconductivity-center/plots

Download on 06/13/2023
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OPERATING FIELDS ORBTI AND NBsSN WIRES
BRUKER

Bruker ESTT Typical Products

Nb;Sn RRP® Nb;Sn Bronze

NbTi Monolith NbTi WIC
NbTi 3000 A/mm2zat5T Nb.Sn 3000A/mm2z at 12 T
Magnetic fields up t0 9.5 T (4.2 K) 2 Magnetic fields up to 23.5 T (4.2 K)
A Broad range of multifilament round and rectangular A High performance material
shaped NbTi wires as monolithic and wire-in-channel A Applications in magnetic high-field technologies (up

conductors to 10t0 23 T)
A Rtgfwevkgp"wpkvu"wr"vg" 622" miA Preducich Anitsnap to 100 kg
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OPERATING FIELDS OMNBTI AND NB3SN WIRES

Advancing Superconductors & Magnets via Integrated R&D

gUwr gt egpf wevkpi Ocvgtkcnu
are the most critical enabling technology for

cpf

Dt wmgt "cpf " qgwt

"

1991

Acquisition of Hydrostatic
Extrusions, Ltd (Nb;Sn)

© 2022 Bruker

Ewuvgogtuy

.

2025: first 1.3GHz NMR

2020: first 1.2GHz NMR Magnet enabled by HTS
Magnet enabled by HTS technology
. technology
2009: first 1,000 MHz
NMR Magnet 1
Killer argument
Bruker EAS acquired from PIT (Nb,Sn ) Technology 2016 Bruker OST (New Jersey) acquired
Vacuumschmelze (NbTi, Nb,Sn, acquired from SMI, Holland from Oxford Instruments, UK bringing
BSCCQ2223) 2004 2009 RRP®, monolith, andBi-2212 technologies 2021
2003 Bruker HTS acquired from 2006 2009 RI Research Instruments 2016 2021 BEST consolidates HTS &

acquired from Varian Medical, LTS Business into one

USA (Nbcavities, magnets, etc.)

Zfw, Gottingen (YBCQO
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BRUKER

NbTi conductors
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NBTI CONDUCTORS

Diversity of Nb-Ti conductors

Diversity of Nb-Ti superconductors mirror the requirements of
customer's applications

BRUKER
A Round and rectangular monolithic wires

single extrusion (~ 1 to 100 filaments)
A Round and rectangular high/small filament conductors
fqwdng" *qgt"vtkrng+"gzvtwukqgp. e !

(~100 to 10000 filaments)

A Wire in channel, if very high Cu fraction is required

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 13



NBTI CONDUCTORS
BRUKER

Nb-Ti monolithic conductors - basics

General makeup

A Cu matrix

A Nb-Ti superconducting
filaments

Challenge

A Co-deformation of 2 materials
with different mechanical
properties

A Tailoring of SC properties by
deformation procedure

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 14



NBTI CONDUCTORS

What can possibly go wrong during codeformation of materials
with different hardness?

Co-extrusion of NbTi in Cu matrix
This is what we want
Mismatch of material properties is acceptable

Soft shell with hard central core:
Soft material starts to flow due to extrusion pressure
Hard material experiencesstrain and cracks (periodically)

T, U gNbVi m hard CuNi30 matrix

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 15



NBTI CONDUCTORS

Nb-Ti monolithic conductors - basics
— Nb-Ti alloy

A Transport with zero resistance

A critical current density: Performance

J.=[max.current]/[Nb-Ti area]

A J. heavily depends on processing
and alloy properties

Cu matrix -

P\

A Thermal conductivity
A Electrical conductivity

A Mechanical stability Protection reduction of

Filamentization losses

I A Protection against thermal
‘ ‘ instabilities and flux jumps

A Low magnetization losses

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 16



NBTI CONDUCTORS
BRUKER

Why do we need filaments, why a Cu matrix

Problem Solution

2
0 = (?“x 1{)‘9) 2

Q:heat produced due to field penetration
J.: critical current density
a: Thickness of SClayer

m
-
|

T T T T A T AT AT AT AT AT AT AT AT AT A,

e e e Tt Do 2 o] "
W F reneteten
T T T T A T AT AT AT AT AT AT AT AT AT A,

o e e ettt T ]

T T T T A T AT AT AT AT AT AT AT AT AT A,

o e e ettt T ]

T T T T A T AT AT AT AT AT AT AT AT AT A,

ey

Magnetic Field (B) ==

N\\///].

Superconductor

l
1
|
l
o 2a
1

[ER ISP ———

A Low heat conductivity of superconductors
A Distribution of the superconducting cross section in many

A A local weak spot where the current approaches the :
small filaments

critical current or penetration of magnetic fields create

heat U Reduction of heat produced during field penetration
(i Heat cannot be dissipated A Surround the filaments with matrix with a heat
conductivity

U Fast growth of hot spot
u ThermaLstablllgy Kcvg"

UVjgtocn"mexcncpejgy"ngcfou
vg" pgtocn"uvecvg"?"uSwgpej ql uEIectrlcaIstablllty
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NBTI CONDUCTORS
BRUKER

Which Cu types are applied

RRR of Cu is criterion for stabilization

A The Cu matrix surrounding the NW M C b
filaments must have a high 10
N
conductivity at cryogenic o
temperature £
. )
A RRR = Residual Resistance Ratio ;3
is performance indicator = 107
=
. (O]
A Typical requirement for SC ©
L. . N 102
application is o ,
7 )/ "Ideal”
RRR > 100 /

0 Temperatur T 295 K

Rwt lmeahs'[pa,thusTTT" p
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NBTI CONDUCTORS

Fabrication of Nb -Ti conductors -1 1 l{' wE /«,

Drawing

A Gun drilled billets__

Annealing

Drawing

Annealling

Drawing »

Annealing
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NBTI CONDUCTORS
BRUKER

Fabrication of Nb -Ti conductors -2

Drawing,
Twisting

Final wire

k— |
l WIC cladding Enameling
J

Rectangular
rolling

|

.c--- !

Braiding Overdrawing

.

Testing Testing
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NBTI CONDUCTORS
BRUKER

Wire In Channel - WIC

WIC means:

A Production of a long and thin NbTi wire with high NbTi
fraction

A The stabilizing Cu is added in the very end of processing by
soldering a Usshaped channel to the wire

A Fixed cost for e. g. extrusion is distributed over a long length
A Cu channel can be procured separately

A No necessity to co-process the Cufraction through
superconducting wire fabrication chain

A Due to soldering: No varnish insulation possibler varnish
would need heat to be curedt insulation by Polyester braid

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 22



Superconductivity in Nb -Ti

A The magnetic field in technical superconductors
partially penetrates the material in socalled flux lines

A Moving flux lines generate heat and lead to a quench

A Normal conducting islands within the material are
energetic preferred locations for flux lines that pin the
flux

A The density of flux lines depends on the strength of the
magnetic field

Task:

Generate a microstructure with normal conducting
precipitates adapted to the required superconducting
properties

Special Training course at MT29 for IRIS Project

Graphs taken: W Buckel, R. KleinerSupraleitung, WileyWCH, 6.Auflage, 2004

July 1, 2025
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Temperature, °C

NBTI CONDUCTORS

BRUKER
Nb-Ti alloy and superconducting & critical current performance -1
— 14 47 90
Vagfc{)u" i qnf " uvc \Nb4eW%TH" eqor qukvkqgp" ku"
12 4 £ 80
A Achieving highcritical temperature & critical field | .
|_- 10 ‘_ . - 70
Composition, Atomic Percent Niobium A Can be manufacture f B / - 60
00 g 2 0 RN I% with high homogeneity & - f- L
2400 o __———4 in several melting =
Liquid - ) 4 - £ 40
2200 1 - steps despite large | s
R o Tauidep difference in vapor 2 s Resistivity =
1800 ‘;:':/4/ - {
[ | pressure E 0 — v o F g
1600 Nb-47 weight % Ti 0 o 20 40 -0
1400 / . .
/ Weight percent Ti
1200 | p B 1
1000 | " { A HOWEVER nature is against homogeneity:
800 INX~_ 1 < o . . s
sodl) X il | A Below ~ 600 °C ¢-Ti precipitatesstart to grow within the homogeneous Nb-
200 NP T Ti matrix

0 10 20 30 40 50 60 70 80 90 100
Composition, Weight Percent Niobium
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Resistivity, pcm

Graphs taken: ABRIDGED METALLURGY OF DUCTILE ALLOY SUPERCONDUC[TO&Sr J. Lee
Wiley Encyclopedia of Electrical and Electronics Engineering 1999
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NBTI CONDUCTORS

Nb-Ti alloy and superconducting & critical current performance -2

Superconducting slab with
preC|p|tates and plnned flux lines

¢-Ti precipitatesallow the magnetic flux to
penetrate the SC and fix it at specific locations

A Cold work/mechanical deformation create
nuggfu4y"yjgtg”

A They are generated and grow by moderate

heat treatments

T ~ 350 °C -500 °C for several 10 h

A General rules

rtgekr

Final Recrystallization Anneal
Monofilament Composite Assembly

1st Heat Treatment

2nd Heat Treatment |

A More cold work create more precipitates

3rd Heat Treatment __

A More heat treatments create more

precipitates

A More precipitates create higher critical

currents

Final Wire Size

Special Training course at MT29 for IRIS Project

Multifilament Composite Assembly |

© @O N O U B W N = O

Cold Work Strain in Nb-Ti

- o
W N = O

Extrusion
Rod

Drawing

Extrusion
\

Rod
and
Wire
Drawing

y

Critical current density (A/mm2)

* Premp'ltates afte‘

500

y = 41x + 470

8T
| | I | | | |

0 5 10 15 20 25 30 35
Volume of o -Ti precipitate (%)

Graphs taken: ABRIDGED METALLURGY OF DUCTILE ALLOY SUPERCONDUC[TO&Sr J. Lee
Wiley Encyclopedia of Electrical and Electronics Engineering 1999

| July1,2025 | 25



NBTI CONDUCTORS
BRUKER

Nb-Ti alloy and superconducting & critical current performance -3

How about the process?

A The size and distribution of the precipitates need to beadjusted to the operating magnetic field of the wire T
managed by cold work betweenlast heat treatment and final wire diameter

A A specific deformation ratio required for extrusion
A A specific cold work required between extrusion and Ist heat treatment

A A specific cold work required between heat treatments = freedom to optimize thermomechanical schedule

Wire fabrication process

Cold work to
adjust
precipitates

Cold work Cold work

Extrusion 0 15t UT to 2nd HT

Billet Extruded 1%t heat 2" heat nth heat Last heat Final wire
assembly Rod treatment treatment treatment treatment diameter

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 26



NBTI CONDUCTORS
BRUKER

Nb-Ti alloy and superconducting & critical current performance -4

General ruleMore Heat treatments and more strain are good:
A Thinner wires have higher critical current densities: because they can accommodate more strain and more anneals

A Larger wires achieve lower critical current density (less strain and fewer anneals)

Wire fabrication thin wires

Cold work to adjust

i st Id work to 21d HT .
Extrusion Cold work to 1St HT Cold work to precipitates
Billet assembly Extruded Rod 1t heat 2n heat n" heat Last heat Final wire
treatment treatment treatment treatment diameter

Wire fabrication large wires

Cold work to adjust
precipitates

Extrusion Cold work to 15t HT Cold work to 214 HT >

Billet assembly Extruded Rod 1st heat 2"d heat Last heat Final wire
treatment treatment treatment diameter

Equipmentn k mg" gz vt wukgp" r t g dimitthe angotint df strainyakdonumbedr gfheai tredtmerits
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BRUKER

Nb,Sn
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NB3SN CONDUCTORS

Nb;Sn s brittle

A Nb,Sn is brittle. Unlike NbTi, ductile forming cannot take
place.

A The forming must take place at precursors of the actual
superconducting wire.

A These precursors must permit plastic transformation.

A In the preliminary stages, Nb must be formed with an Sn
source in the immediate vicinity of the wire.

A If necessary, the alloying elements must also be
represented in the preliminary stage.

A In a heat treatment, the formation of the superconducting
Nb;Sn phase takes place at the very end of the process
chain. For example, entire magnetic windings are
annealed. This approach is often referred to as WIND AND
REACT.

A The reaction takes place as solid diffusion. Sn diffuses
into the Nb and forms Nb,;Sn.

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 29



NB3SN CONDUCTORS
BRUKER

Most important fabrication approaches

630-700°C

Temp

Time

Bronze
technology

630-700°C

w" 5°C 2

Temp
Temp

Time E

Nb;Sn

Time a

Internal Sn

Nb

630-700°C

Temp

Time

Powder intube

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 30



NB3SN CONDUCTORS

Internal Tin Nb ;Sn products

Single Barrier internal Tin

A single (Tantalum) diffusion barrier separates the
Nb-Cu-Sn region where the Nb3Sn reaction occurs
from the stabilizing copper to maintain high RRR

A Ideal material for lower D, requirement

~ non-Cu J_(A/mm?, .

Distributed Barrier Internal TinT RRF®

A Nb diffusion barrier surrounds each Nb-Cu-Sn sub-
element

A Ideal material for high Jz requirement

© 2021 Bruker Special Training course at MT29 for IRIS Project

3000 g

2500 r

2000 r

500 |

—— OST single barrier wire
—— R-grade RRP type wire
—— M-grade RRP type wire
—— E-grade RRP type wire

1500 7
1000 \

12

13

14 15
B(T)

| July 1, 2025 |
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NB3SN CONDUCTORS

Single Barrier Manufacturing Process Steps

- Billet is hot L -
Gun-drilled Tin inserted into Drawn to
copper billets + —> Cleined &—s extruded to —» subelement —> appropriate shapes
Nb rods packed subelement
rod
Cold draw _ - Wire braid .
Restack — . i final — ere > insulated —> ere
Packed inspected OR inspected

bare size or Cr
plated /

Wire samples
heat treated,
tested

Typically 9 months delivery period Wire shipped

© 2021 Bruker Special Training course at MT29 for IRIS Project
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NB3SN CONDUCTORS

Distributed Barrier Manufacturing Process Steps

RRP® Billet is hot
extruded to Monofilament
_Cu can + Nb Cleaned and monofilament —>  drawn to hex ]
ingot packed rod
Cucan + Billet is hot . /
Nb mono- s Cleaned and ¢ extruded to Tln inserted  Subelement
filaments + packed subelement into — drawn to hex
barrier rod subelement
Restack Cold draw Wire braid _
Packed to final > Wire — insulated —> Wire
bare size inspected OR or Cr inspected
plated /
aAOBS
_ aABOD0
Wire samples oboﬂoﬂ 000%00
heat treated, \ pes  odd
tested Wire \ nﬁﬂ;ﬂbooﬁboﬁc
. . . shioped aARaanes
Typically 12 months delivery period PP
[ July 1, 2025 | 35
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NB3SN CONDUCTORS

Nb3Sn filaments post reaction

Single Barrier Tin

A A single (Tantalum) nonreacting diffusion barrier
separates the Nb-Cu-Sn region where the NQRSn
reaction occurs from the stabilizing copper to
maintain high RRR

Distributed Batrrier Internal Tin- RRP?

A A Nb diffusion barrier surrounds each NbCu-Sn
subelement region

A The Nb barrier is partially converted to Nb3Sn during |

heat treatment

A Optimizing the reaction is needed to preserve high
RRR in the Cu stabilizer

© 2021 Bruker

BRUKER
Prereaction Post reaction
Ta diffusion
. / barrier
" Nb,Sn& Cu

Nb;Sn &

bronze

Cu stabilizer

kit

Post reaction

Special Training course at MT29 for IRIS Project | July 1, 2025 | 36



NB3SN CONDUCTORS
BRUKER

Effective filament diameter of of RRP®? and IT

Single Barrier Tin AT a T en v
.‘.'........‘..' Ses
A the filaments are spaced apart so that after . -
reaction, filaments generally do not touch

U Dy ~ filament diameter

Distributed Batrrier Internal Tin- RRP®

A the filaments have very little copper spacing.
After reaction the filaments merge with each
other and the barrier so that thesubelement
cevu"cu"c"ukping"tnhkncogp\

U Deff ~ subelement diameter

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 37



NB3SN CONDUCTORS

BRUKER
Internal Oxidation to improve pinning
Prior HT el
ncliuae:
. N b a I on A to be oxidized alloying
A Particles in Nb alloy precursor reduce NQSn grain | & +Sn0, 7 element e.g. ZrTi, Hf
e.g + I A Oxygen source e.g. SnQ

size [1I;

A Nucleation centers for Nb,Sn
During HT

A Reduction of Nb;Sn grain growth B . 710 Form oxide particles in Nb

A Particles embedded in Nb,Sn can additionally act g ° 2  alloy before Nb;Sn forms

as additional artificial pins

During HT t‘

7 Oxide particles act as
nucleation centers and

) . . . . Q

A To avoid particle strengthening, oxides must form a ‘ ‘Q,O‘

after drawing . ) reduce grain boundary
@ mobility of Nb,Sn

‘ o ®

[1] Rumaner et al., Effect of oxygen and zirconium on the growth and superconducting properties of Min, MMTA, vol. 25, no. 1, p 20212, 1994

© 2021 Bruker Special Training course at MT29 for IRIS Project | July 1, 2025 | 38



NB3SN CONDUCTORS

Internal oxidation refines Nb ,Sn grain size

A In properly internally oxidized
conductors

A 40 % smaller grain size

A No grain refinement without
oxygen

A No grain refinement without
additional alloying component

© 2021 Bruker

Nb7 5Talzr ref

Special Training course at MT29 for IRIS Project
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NB3SN CONDUCTORS

J. extrapolation from grain size

A Extrapolation of performance:

A ‘]c,layer(:l-6 T)
~ 4100A/mm?

A Assuming 40 %fine grain fraction:

A Jc\ (16 T)
~1640 A/mm?

A ~60% above reference

Jejayer (16T) / Almm?

c

N

N

o

o
]

BRUKER
b LA L B B A A A T T 71
~4100 Almm? 328
A Nb7.5Ta O-free e
m Nb7.5TalZr O-free 7 smallest grai
® Nb7.5TalZr O-free e size measur
s In ring conce

- /A/

| ! | ! | ! | ! | ! | ! | ! | ! |
0,004 0006 0008 0010 0012 0014 0,016 0,018 0,020
1/D / nm?
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BRUKER

Applications of NbTi and Nb 2SN



ANALYTICAL APPLICATION

Nuclear Magnetic Res
Spectroscopy (NMR)—=

—




APPLICATIONS OF LTS WIRES

<)
BRUKER
(>
Superconductors in NMR magnets
NbTi: Monolitic with Cu:NbTi< 4 Bruker's Ascend 1.3 GHz
and < 300filaments Combination of different SC materials:
Nb;Sn: allconductor types in ultra-high field NMR spectroscopy [l | || [|AL#l =
(30551 el T e
| i —
e SO
I
e i
NbTi TR -
HTS NbBSn T A

© 2024 Bruker
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ANALYTICAL APPLICATION

Magnetic Resonance Imaging (MRI)



APPLICATIONS OF LTS WIRES

Superconductors in MRI magnets

1. Helium Tank —
. % -
2. Magnet Coil (Superconductor) 5 <
/‘-'V "’\t o /
3. Gradient Coils R /1
a.  X-Axis 'S
b.  Y-Axis
c. Z-Axis
4. Radio Frequency Coil
5. Special Coils (e.g. Head) To—

A Strong magnets neededin MRIinstruments:
05T: Low-resolution MRI
1.57 3 T: Common MRI
7T: High-resolution MRI
11.7 T: Research
A Largest market sharefor Dt w m$Cwires
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APPLICATIONS OF LTS WIRES

Cost + He Availability Drives Technology Change
Helium Cooled VS

(almost) HEIlum Free

Image: Philips Healthcare

BlueSeal micro-cooling technology
~7 liters of liquid helium

Classic magnet technology
~1,500 liters of liquid helium

Heavy, costly to Light, less costly to

install / maintain

install / maintain!

© 2022 Bruker Special Training course at MT29 for IRIS Project

A All major MRI

producers

GE HealthCare

SIEMENS .,
Healthineers -

PHILIPS

Healthcare

are introducing
product lines with
almost no helium
required for cooling

Helium need reduced
from
>10001to 1-10 | only

This requires partly
new NbTi conductor
concepts

| July1,2025 | 46



Superconductor Offshore |
Wind Turbine Generators




APPLICATIONS OF LTS WIRES

BRUKER

30 years of steady progress in power ratings

S Offshore Wind Turbine Capacity Growth Pathway fexcluded China)

A GEHaliade-X is most ’ | SiEMeNs Ganes
powerful unit in :3 - .
operation (13 MW) 12 Haliade-X offshore wind turbine

A Siemens Gamesaplans :; MV

to introduce 14 MW 9

MV A:Jmen m SIEMENS Gamesa

. 3 T v v
A Greater than 156 MW ] nM/. SIEMEusGams-sa

encounters structural 6 JEigon  genvien

. . . . SALSTOM SIEMENs:deQSd SIEMENS Gamesd

limitations due to size s anau:m_m-ﬁ -

and weight. ‘ EMENS ./

3

@ winwinD  ~‘mesvento

SIEMENS VBslas

A What is next? 2

SIEMENS

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 L,
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Solid line: the installation has been completed; Dashed line: new product was released but the protype is not installed yet.
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Department of Energy Selects Projects to
Develop High-Efficiency, Lightweight

Wind Turbine Generators for Tall Wind
and Offshore Applications

JANUARY 20, 2021

Office of Energy Efficiency & Renewable Energy »
Department of Energy Selects Projects to Develop High-Efficiency, Lightweight Wind Turbine Generators for Tall Wind and
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A Two projects developed superconducting generators, which make a much stronger magnetic field using
superconducting windings. This results in a significant size and mass reduction over conventional generators and

significantly reduces the need for foreign -sourced rare earth materials.

A American Superconductor Corporation of Ayer, Massachusetts developed a high -efficiency lightweight wind turbine
generator that incorporates high -temperature superconductor (HTS) materials to replace permanent magnets in the
generator rotor, potentially reducing size and weight by 50%. The advantage of an HTS design is the higher operating
temperature of the generator windings, which significantly reduces the challenges associated with maintaining
supercritical temperatures in the generator. The challenge with HTS machines is that the winding material is much
more expensive, and it comes in relatively short lengths , necessitating many splices.

A General Electric (GE) Research of Niskayuna, New York developed a highefficiency ultra -light low temperature
<>9.,;,87->,=270!'bOWVc! 0. 7. ;*=8;"15,?2.,;,*0270!27782?2*=287<!]
generator will be tailored for offshore wind and scalable beyond 12 MW. The advantage of LTS generators is the
availability of low -cost LTS wire in lengths needed to wind the generator without splices. The challenge with LTS
designs is the need to cool the windings to about 4 ° kelvin, which typically requires the use of liquid helium.

https://www.energy.gov/eere/articles/department -energy-selects-projects-develop-high-efficiency-
lightweight-wind-turbine
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APPLICATIONS OF LTS WIRES

GE project announcement

A GE is awarded with a $20.3 million from US DOE for an
offshore wind generator

A DOE recognized GE's experience in building LTS
magnets for MRI

A DOE obviously relies on the proven LTS
conductor/magnet technology and the well-established
supply chains in LTS magnet/conductor industries

A Improved cryogenic technology will pave the way for
LTS in energy supply

© 2021 Bruker Special Training course at MT29 for IRIS Project

GE Research

PROJECT

High Efficiency Ultra-
Light Superconducting
Generator

“With MRI, we have worked over many decades to increase the magnetic field
of the superconducting magnets to deliver better image quality. In wind, we're
seeking to strengthen the magnetic field of the magnet to make generators that
deliver more wind power with higher efficiency. And with both applications,
the goal is to enable these improvements while minimizing their size and
weight.” - David Torrey, a Senior Principal Engineer and Project Leader on the
Superconducting generator project.

PROJECT IMPACT

Relative to a 10MW direct-drive (DD) permanent magnet generator (PMG), a 15MW
superconducting generator (SCG) can lower mass by 40%, increase torque density by
218%, increase efficiency by 2%, decrease LCOE by 27%, and reduce rare earth
content by 100%.

LCOE!evelized cost of energy
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APPLICATIONS OF LTS WIRES

Superconductors in particle accelerators

CERN Large Hadron Collider patrticle accelerator

Superconducting magnets as main part

- Dt wmgtyu"eqpvtKk
1232 Dipolemagnets 392 Quadrupolemagnets - NbTi for dipole cable

A 15 m long A 5mlong - Nb;Sn for quadrupole cable

A Bendingthe particles A For beam focusing
trajectories

Rutherford cable
made of RRP

15-m long
" LHC cryodipole
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APPLICATIONS OF LTS WIRES

Superconductors in particle accelerators

Electron-lon Collider at Brookhaven National Laboratory

Collision of electrons with protons and ions Dt wmgtyu"eqpvtKk

A Exploringthe properties of nuclear matter SC with 8670 NbTi filaments
(@7 pm)

Neutron
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APPLICATIONS OF LTS WIRES

Superconductors in fusion projects

ITER = International Thermonuclear Experimental Reactor

Largest experimental tokamak nuclear fusion reactor

© 2024 Bruker

Special Training course at MT29 for IRIS Project

/ \ a}
Q 4 He + 3.5 MeV
n+ 14.1 MeV
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APPLICATIONS OF LTS WIRES
BRUKER

Superconductors in fusion projects

ITER = International Thermonuclear Experimental Reactor

Largest superconducting magnet system for plasma confinement

Dt wngt yu"eqpvt kd
100 t Nb;Sn:

Round wire with 50% Cu
8305 filaments (F 34 um)

18 Toroidalfield coils 6 Poloidal field coils Central solenoid
Nb;Sn: 11.8 Tesla NbTi: 6 Tesla Nb;Sn: 13 Tesla
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APPLICATIONS OF LTS WIRES o)
BRUKER

(<O

Summary

Low Temperature Supercondcutorse

U < dre the workhorse for the superconducting industry .
ie"ucxg"nkxgu"kp"jgcnvij™"
ie"gpcdng"yDki "Uekgpeg" Rt g
bUe"ecp”hceknkvecvg®itggp"gpg W r

‘ctg"rctv"gh"cp"gxgnxkpi "oct mgyv

ue"qhhgt " hwt v | gt"rqvgpvkcn.gt
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Innovation with Integrity

Thank you!

klaus.schlenga@bruker.com
https://www.bruker.com/de/products -and-solutions/superconductors/superconductors.htmi
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