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Procurement of accelerator-quality 
Nb3Sn conductor for Hi-Lumi was a 
success!

MQXF incl. pre-production:
CERN: 2,477 km, 12.2 tons
AUP: 2,715 km, 13.3 tons

How do we keep this manufacturing 
“warm” for a decade or more, until 
the next major facility starts a 
procurement run?

FCC-hh: 10,000 tons of accelerator 
grade Nb3Sn by 2050?

RRR vs Ic(15T) for the full production data from 1,760 conductor spools

The story on one slide
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A crisis for discovery science realized in 2003
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Technical limits
to lumi increase

(Machine & 
Experiments)

L Rossi & O. Brüning @ DOE HL-LHC Accelerator Upgrade Project CD-1 review – Fermilab 8 August 2017

(Nb-Ti quads) (Nb3Sn quads)

Nb3Sn magnet constructionNb3Sn magnet constructionNb3Sn magnet R&DNb3Sn magnet R&D

T
o
d
a
y

Cooley et al., ASC2022 5PL-01 7

IEEE-CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), 
March 2023. Plenary presentation 5PL1A-01 was given at Applied 

Superconductivity Conference, Honolulu, HI, USA, October 28, 2022.



HL-LHC Accelerator Upgrade Project — Scope
The US is responsible for the outer quadrupole magnets + crab cavities

8 01July2020 M&M seminar — Conductor Development & Acquisition for the HL-LHC Accelerator Upgrade Project

B. Alonzo et al., HL-LHC Technical Design Report

• 2 interaction regions IR
(ATLAS and CMS)

• Q1 and Q3 (identical)
cryomodules CM on
each side of the IR

• 1 spare each IR
• 2 IR x 2 sides x 2 CM =

8 CM, plus 2 spares =
10 cryomodules

• 2 magnets per
cryomodule x 10 CM =
20 magnets

• 20 magnets x 4 coils =
80 coils

M = main ring
Q = quadrupole
X = interaction sector
F = final focus

4.2 m Type “A”, MQXFA
8.4 m Type “B”, MQXFB

4.2 m Type “A”, MQXFA
(type “C” identical to “A”)
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Developing conductor for HEP:
The Conductor Development Program (CDP)

• Port Jefferson workshop 1998:
Push Nb3Sn to 3,000 A/mm2 at
12 T, 4.2 K

• MJR stuck at ~2200 A/mm2

• CDP forms in 1999
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Developing conductor for HEP:
The Conductor Development Program (CDP)

• Port Jefferson workshop 1998:
Push Nb3Sn to 3,000 A/mm2 at
12 T, 4.2 K

• MJR stuck at ~2200 A/mm2

• CDP forms in 1999
• Maximize tin activity
• Avoid expensive Nb

expanded metal
• Get good bonding for

high yield
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The RRP concept

• CDP contracts Oxford
Superconducting
Technology (OST)

• RRP c. 2002 at OST
• Jc > 3,000 A/mm2 achieved

by mid 2003
• Non-copper Jc

• Challenge of Deff also
recognized
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Immediately high Jc was realized

• OST reported at ASC2004 many designs with Jc > 3000 at 12 T
• Advances to decrease Deff were demonstrated as well
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Radial tin reaction from core to (and possibly through) diffusion barrier
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Flux jumps: Conductor requires a 
2-parameter optimization (Jc & RRR)

• Reactions that drive up Jc also possibly drive Sn
through the diffusion barrier  RRR loss

• The entire sub-element behaves like a single
filament
• LARP “baseline” at that time was a 54/61 conductor at 0.8

mm  Deff ~ 80 µm
• Adiabatic stability condition: Jc

2 Deff
2 / Cp V (Tc-Top) < 1

is violated for Jc ~ 3000 A/mm2 and 80 µm
• Dynamic stability: energy released must not exceed heat

conduction to LHe

• Flux jumps were causing quenches in test magnets
• Why? Heat treatments that maximized Jc also reduced RRR

and took away dynamic stability
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RRR
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Instabilities are a real challenge for magnets
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RRP 54/61

Jc(H)

Js(H)

FJ in cableFJ in cable

Strand current = 400 A

2005
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Pushing to small Deff and keeping Jc high 
continues to be a challenge
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9161 127 217169

2007: Nominally identical sub-elements as LARP 8220

61

217

61217

Magnetization reduces
FJ onset at lower field
FJ magnitude reduces

61

217

2014 summary: Critical current always degraded
(and Charlie Sanabria + others identified why – see Sanabria 2018)
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Fortunately, flux-jumps are not as severe at 1.9 K
Magnets could be ramped and protected even with Deff = 70 µm when RRR high
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Ti alloying gives rapid reactions at 
650-665°C where RRR could be kept high

• Reaction rate depends on Nb:Sn, time,
temperature, Dsub, and dopants

• Lots of university work here – tremendous
value of the university collaborations!
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LARP 
RRP 8220

More aggressive HT

Jc

Fp

A sweet spot in parameter space was found
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The RRP design is surprisingly 
resilient to cabling degradation

• Magnets need cables for low inductance
• AUP uses a 40-strand Rutherford cable

• Deformation produces reduction of Jc and especially RRR  keep RRR above 150
• But the Jc loss was modest (not so for PIT)
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RRR
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Mechanically stable cables

Mechanically stable cables

Jc
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Production readiness:
Go with the reduced Sn architecture
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Field et al. 2014 summary: Reducing the amount of 
tin increases manufacturing margins! Lower tin can 
be offset by more aggressive reaction HT

“Sweet spot” reaction 665°C / 48 h
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Production readiness: High performance, 
high yield with 108/127
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Proposed specifications 

Proposed specifications 

HiLumi QXF strand is RRP 108/127 at 0.85 mm, -5% Sn
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A threat imposed by the strain irreversibility cliff 
was not revealed until well into the Hi-Lumi
procurement

A “window” of reaction temperature occurs 
between a point of vulnerability to strain at 
620–640°C and loss of RRR for higher temp.

Fortunately, the reaction strategies to 
simultaneously optimize Jc and RRR using –5% Sn 
architecture and the selection of Ti-alloyed 
material avoided this risk.

An unknown that could have dealt 
the Hi-Lumi project a severe blow

Oct. 28, 2022Cooley et al., ASC2022 5PL-01 24

Standard Sn
No window

–5% Sn
Wide window
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2017: CERN and AUP* update the 2015 drafts to form a 
common specification and quality plan for QXF conductor

• Nb3Sn strand, Ti-alloyed, 5% reduced Sn, 108
sub-elements

• Diameter 0.850 ± 0.003 mm
• 2-axis laser micrometer

• Cu:NC 1.2 ± 0.1 (52.3–56.5% Cu)
• IEC 61788-12: Copper to non-copper volume ratio of Nb3Sn

composite superconducting wires

• Twist pitch 16 mm < p < 19 mm, right-handed
• Pass 6 sharp bends, 720° springback
• Photomicrographs
• “The strand surface at the final diameter shall be

free of any surface defects, slivers, folds,
laminations, or inclusions, and shall not have any
component other than the copper stabilizer material
visible.”

25Oct. 28, 2022Cooley et al., ASC2022 5PL-01

• At 4.2K: Ic(12T) > 632 A, Ic(15T) > 331 A
• Ic(13T), Ic(14T) measured for information
• FYI Jc(12T) > 2450 A/mm2, Jc(15T) > 1284 A/mm2

• IEC 61788-2: DC critical current of Nb3Sn composite
superconductors

• 15% rolled: Ic(12T) > 600 A, Ic(15T) > 314 A
• RRR > 150, 15% rolled RRR > 100

• IEC 61788-11: Residual resistance ratio of Nb3Sn composite
superconductors

• N-value at 15 T > 30
• Not specified: Magnetization at 3 T

• Expensive QC test for little gain in assurance

* AUP = High-Luminosity LHC Accelerator
Upgrade Project in the US DOE
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Magnet margins must be 
determined by fitting and 
using scaling relationships
• Extracted strands (XS) from

cables and a reference wire
as witness make up plot
data

• Measurements at 1.9 K
would be very expensive to
the project

Much credit is owed to Jack 
Ekin for this “ESE” scaling 
workbook!

I Pong, B Bordini, A Ghosh, 
others have also 
contributed 0
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Why specify critical current at two fields
and 4.2 K instead of 1.9 K?

Oct. 28, 2022Cooley et al., ASC2022 5PL-01 26

I [A] to calculate margin at 405.75
Corresponding load line B [T] 11.26

SS curve to calculate margin from
XS Ic Qualification 1 

(01E), 1.9 K
Margins Margin Operating Point (X)
Load line margin (purple arrow) 26.0% 74.0%
Current margin (green arrow) 61.8% 38.2%
Temperature margin [K] 5.3 7.2

Fits to XS data @4.2 
K

Scaling to 1.9 K

Fit load line assuming 
5% cable degradation

Operating point

Scale to temperature where fit 
curve intersects operating point
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Quality plan

Generally:
• 3 measurements of Ic, RRR

• Point, Tail, and first break or cut
• Performance incentive: reduced QC

test frequency if Ic(15) > 360 and 
RRR > 200

• Diameter measurements per
meter: 1.3 (2016-2018), 13.4
(2018-2022)

• Exception: RRR uses R(20K) at
supplier, R(IEC) at lab
• Consistent 15% difference validated by

inter-laboratory comparison

• Supplier’s method is conservative
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Pieces delivered

Pieces for verification testing by the supplier are taken from the extremities of the billet.

STABLE ZONE UNSTABLE ZONE

P Y X Y X T
Billet point Break Cut Billet tail

Production Piece A01 Production Piece A02 Production Piece A03

Pieces sent to labs for verification testing.

Additional verification testing due to break.

dx

dy

IEC: R@cold= ΔV / Imeas
rRRR = R@293K / R@cold

IEC standard

18 K 20 K10 K …

BOST: R@20K= ΔV@20K / Imeas
rRRR = R@293K / R@20K
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Benchmarking and inter-laboratory comparison
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Benchmarking and inter-laboratory comparison
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Statistical process controls:
A lesson from ITER

• We took the attitude that this
procurement cannot fail!
• It is the first large procurement of this type of wire
• The magnets are beyond state of the art  unknowns are certain to be revealed
• We wanted to develop a spirit of trust, instead of mistrust, with the suppliers

• We needed to be able to spot process shifts to work with suppliers to implement
corrective and preventative actions (CAPAs) as soon as possible
• Isolated deviations: individual inquiries without impact on overall production (common sources)
• Process shift: Inquiry, possible production audit (special sources)

• Nelson rules: 9+ points on one side of mean = bias, 6+ points up or down = trend, 14+ points
alternate around mean = oscillation, 5+ points at ±2 = control shift

• Loss of process control: Possible audit and halt, with requalification on restart
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Vostner et al., Supercond. Sci. Technol. 30 (2017) 045004

Specification
–3

+

LCL

UCL
Mean
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SPC as production comes in

• Data came in batches, and did not
include data that went elsewhere

• Communication was needed to
signal problems
• 2018-2019 event: AUP data indicated

a downward trend, but overall data
did not verify a trend.

• Mid-2020 event: Both AUP data and
overall data correlated to an event 
production inquiry was called
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An early test of SPC was
diameter control

• Prior to 2018, supplier’s equipment reported a
diameter and an ovality
• While 2 axes were measured, the larger of the two was

arbitrarily assigned to dx, with dy = dx - ovality

• This led to skew in monitoring diameter.

• CAPAs:
• New 2-axis laser-mic same as labs

• Prevent strand vibration at the laser-mic

• Improved die cleaning and retiring

• After 2018, a 2 µm tolerance was kept
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An early test of SPC was
diameter control

• Prior to 2018, supplier’s equipment reported a
diameter and an ovality
• While 2 axes were measured, the larger of the two was

arbitrarily assigned to dx, with dy = dx - ovality

• This led to skew in monitoring diameter.

• CAPAs:
• New 2-axis laser-mic same as labs

• Prevent strand vibration at the laser-mic

• Improved die cleaning and retiring

• After 2018, a 2 µm tolerance was kept
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Incident: Conductor with surface scratches 
cut into cable guides upstream of turkshead

Threat: crossover and failed cable 
Causes: wire not following guides, leading to 
scrapes; final scan trigger points not sensitive 
to problem
CAPA: improved wire paths and pathway 
locks; revision to final scan settings

Diameter statistics were sensitive enough to 
pick up surface quality issues
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The robustness of the RRP strand 
after rolling is clearly demonstrated 
here

1,751 measurements
Average = 381.7 A
S.D. = 15.1 A (3.9% of mean)
Process capability Cpk = 1.10 (round) 
and 1.15 (rolled)

Cpk = (mean – spec) / 3

A value between 1.0 and 1.25 for a 
one-sided spec is “barely capable”

The process is “capable” for Ic(15T) 
specified at 324 A.

Critical current at 15 T is most sensitive to process variations
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1 – Verification lab did not implement 
new HT schedule (665°C/50h) in 
quality plan, kept old HT (665°C/75h)

2 – Process inquiry related to 
performance drop. Possible natural 
variation due to raw material.

Process tweaks from 
Ic(15T) data
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Inter-lab comparison COV

1 – Verification lab did not implement 
new HT schedule (665°C/50h) in 
quality plan, kept old HT (665°C/75h)

2 – Process inquiry related to 
performance drop. Possible natural 
variation due to raw material.

Process tweaks from 
Ic(15T) data
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3,4 – Loss of reliability of QC measurement, 
supplier 5% low or more. Possible Covid-19 
contribution. 
Production audit – CAPA: (a) 100% lab testing until 
recovery; (b) review of procedure suggested higher 
strain from mounting procedure; (c) P/M of 
supplier furnaces, thermocouple recalibration, 
other steps.
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Rolling the strand simulates 
cabling degradation. Sub-
elements shear, creating regions 
where tin can leak into the 
copper.

Round: average RRR = 308.2
S.D. = 42.5 (13.8% of mean)
Cpk = 1.24 (“capable”)

Rolled: average RRR = 211.0
S.D. = 38.2 (18.1%)
Cpk = 0.97 (“barely capable”)

RRR: Rolled strand must 
withstand ~30% degradation
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Credit to the innovative team at LBNL:
Charlie Sanabria (then postdoc)
Andy Lin
Hugh Higley
Ian Pong
Elizabeth Lee
Mike Naus

Rolled strand is a good predictor of cable performance
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Rolled strand is a good predictor of cable performance
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Excess lubrication: a risk not known 
prior to the project

• Lubrication is necessary at all wire drawing steps, including final
inspection
• The final die size or a guide die is required to maintain tension and

suppress vibration at the laser mic
• Residual lubrication is not captured in the specification

• Too little  strand is not adequately protected from environmental effects
• Too much  possible lost cables and coils

• Strand slips along length counter upon respooling for cable run 
mapping loss

• Cables suffer more strand popping, possible crossovers and stress
concentration in coils

• CAPA: (1) revised procedures at inspection; (2) wiping on respool
line before cabling; (3) various cleaning steps were successful
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Other characterizations now ripe for data mining

Do raw material variations cause the Ic
and RRR distribution centers to move?
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Why do some billets achieve both 
high Jc and high HK ?
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Production length statistics

1 billet drawn in 1 piece = 9,250 m
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Year Spools Length (m) Invoiced Max (m) Avg (m)
2016 144 366,363 349,938 9,900 2,544
2017 270 742,394 702,030 9,570 2,750
2018 467 1,252,695 1,189,360 9,696 2,682
2019 265 913,683 878,560 9,783 3,448
2020 270 990,467 954,200 9,800 3,668
2021 284 772,098 733,460 9,717 2,719
2022 50 154,297 146,460 9,767 3,086
Total 1,750 5,191,997 4,954,008 9,900 2,967

20
18

20
19

20
20

20
21

20
22

3 km
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Overall manufacturing yield was 97%
Total length delivered / total 
possible length 

High yield was due to complementary 
unit lengths for cables

AUP 500 m, CERN 840 m
Spool remnants were exchanged to 
minimize mapping loss

Typical spool length was 3 km
Also seen for ITER manufacturing for 
some internal-tin suppliers

Production summary
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15% rolled strand data cloud
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Accelerator sector Nb-Ti conductor

What happens now that the 
HL-LHC production run is over?

The business model we 
want is not the one we 
have, unfortunately.
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Accelerator sector Nb-Ti conductor

What happens now that the 
HL-LHC production run is over?

The business model we want 
is not the one we have, 
unfortunately.
The accelerator sector 
cannot keep manufacturing 
“warm” by itself.
How might the accelerator 
sector engage more broadly 
with the commercial 
ecosystem to achieve scaling 
necessary for a large facility 
in the future?
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Accelerator sector Nb3Sn conductor
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We know how to do this: A healthy public-private partnership advanced 
conductors and magnet technology for HL-LHC

Bruker-OST
Carteret, NJ –Primary mfr. of 

accelerator-grade Nb3Sn

Bruker-EAS
Hanau, Ger. – Secondary mfr. of 

accelerator-grade Nb3Sn

Small businesses
Developing accelerator-grade 

Nb3Sn at small scale

Suppliers

Bruker-Biospin
Market-leading high-field NMR mfr.

Competing NMR mfrs.

The Accelerator Sector
Requirements often exceed the 

state of the art

Consumers

Non-Competing mfrs.

Innovations Universities and labs in the accelerator sector 
supply basic understanding

Accelerator sector 
invests in R&D

2002–2014

11 T dipoles

HF and UHF 
NMRFunds in

Magnets out

LARP: $6-7 M / yr
(Nb3Sn magnets)CDP+LARP:

$0.5M/yr

Research magnets expose 
unknowns, advance the leading 
edge of technology

LTSW, MEM, 
other workshops
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Threat: Market forces compel consolidation 
by suppliers, innovation cycle breaks
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Bruker-OST
Carteret, NJ –Primary mfr. of 

accelerator-grade Nb3Sn

Bruker-EAS
Hanau, Ger. – Secondary mfr. of 

accelerator-grade Nb3Sn

Small businesses
Developing accelerator-grade 

Nb3Sn at small scale

Suppliers

Bruker-Biospin
Market-leading high-field NMR mfr.

Competing NMR mfrs.

The Accelerator Sector
Lack of innovation does not 
advance the state of the art

Consumers

Non-Competing mfrs.

Innovations Innovations are inadequately supported and 
take too long to bear fruit

Consolidation of 
Bruker mfg.

Innovation cycle 
breaks down

12 T dipoles, 60 TeV FCC
Physics no-go?

HF and UHF NMR

MDP: $5-7 M /yr
several magnet types

Funds in

P5 (2013): more projects, less 
R&D  MDP, CPRD funded 
below LARP and CPD

(but we also get HL-LHC…)

Conductors:
RRP Nb3Sn
Advanced Nb3Sn
Bi-2212

CPRD $0.5M / yr
= $0.17M x 3

Rate of pull becomes insufficient to justify 
business case for advanced conductor 
development  innovation cycle breaks

Consolidated

~5 years to 
ramp up

Magnets out
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Stewardship of the Accelerator Sector by the 
DOE Office of Accelerator R&D and Production (ARDAP)
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US Army Col. (ret.) Steven Rotkoff
Advisor to the Joint Chiefs 
Co-founder Red Teaming School

Prof. Whitney Hischier
Haas School of Business
Univ. California - Berkeley

Themes from stakeholder interviews prior to workshop:
• Distinguish products from development projects. Workforce

for production is different than workforce for development.
• Distinguish systems from components. A magnet is often a

component of a larger system.
• Critical shortages in talent exist, as well as needs for re-

training and retaining existing talent.
• Critical supply chain challenges exist in materials and

manufacturing.
• Timeline to get out of the business is as short as 18 months for

some businesses.
• There are no feasible near term new commercial applications

(for accelerator-grade Nb3Sn conductor).
• Market forces are the single most important component to

manage superconductor manufacturing.
• Must provide actionable items to DOE.
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Chief workshop outcomes

• The accelerator sector (AS) drives technology forward, more so than any other sector.
• The AS must embrace the fact that it is wedded to an industry ecosystem, and

therefore the AS should take actions that also serve the ecosystem.
• For example, improve industry access to facilities at national laboratories and universities

• Funds into a public-private partnership need to triple or more. Upcoming P5 and
National Academies panels should be given justification for emphasizing this message.
• Magnet pull is the single strongest driver to keep manufacturing warm. Invest in magnet R&D.
• A conductor stockpile or repository could help sustain demand, ameliorate supply chain risk, and

possibly facilitate valley-of-death bridges for emerging commercial applications.
• Universities, who supply the talent pipeline, should also take on traineeship roles and

connect with trade schools.
• Communications and marketing are essential to make careers in the accelerator sector

attractive. Make superconductors sexy again!
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A desired scenario for a public-private partnership
that addresses many workshop recommendations
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Bruker-OST
Carteret, NJ –Primary mfr. of 

accelerator-grade Nb3Sn

Bruker-EAS
Hanau, Ger. – Secondary mfr. of 

accelerator-grade Nb3Sn

Small businesses
Developing accelerator-grade 

Nb3Sn at small scale

Suppliers

Bruker-Biospin
Market-leading high-field NMR mfr.

Competing NMR mfrs.

The Accelerator Sector
Requirements often exceed the 

state of the art

Consumers

Non-Competing mfrs.

Innovations Pace of innovation accelerates

Conductor portfolio expands
Competitive supply chain

16 T dipoles with 20 T option
80 TeV FCC with 100 TeV option
Physics go?!

HF and UHF NMR
2 design options

HF and UHF NMR
UHF magnets for lab science

New applications

Funds in, type 1

Funds in, type 2

Funds in, type 3

“LARP x 4”: $30-40 M / yr

Emerging technologies advance fast enough to 
catalyze market factors and meet the anticipated 
requirements of physics

Conductors:
RRP Nb3Sn
Advanced Nb3Sn
Bi-2212
REBCO cables

CPRP: $2-4M/yr
$1.5M R&D
$2.5M stockpile

Magnets out

Margins support 
R&D investment
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How soon?
The helium-free accelerator?
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Bruker-OST
Carteret, NJ –Primary mfr. of 

accelerator-grade Nb3Sn

Bruker-EAS
Hanau, Ger. – Secondary 
mfr. of accelerator-grade 

Nb3Sn

Small businesses
Developing accelerator-

grade Nb3Sn at small scale

Suppliers

Bruker-Biospin
Market-leading high-field NMR 

mfr.

Competing NMR mfrs.

The Accelerator Sector
Disruption of Nb-based 

technology  new designs

Consumers

Non-Competing mfrs.

Innovations

REBCO mfrs.
Supply cheap REBCO in 

large quantity
Fusion

MRI ElectricityScenario 3

Dipoles of unknown design, very 
capable 15-20 T
Helium-free FCC

HF and UHF NMR

New Markets
100-1000 ton/yr
!!!

What if fusion and sustainable energy 
(wind turbines, e.g.) drive REBCO 
demand above 50 ton/yr, drive price 
below competing conductors’ $/kA-m?

P5 and EPP make 
a muon collider a 
high priority.

CPRD

CPRD

Private

Funds in, cables

Private

Conductors:
RRP Nb3Sn
Advanced Nb3Sn
Bi-2212
REBCO cables
Other REBCO forms

Magnets out

Magnets of all kinds broadly drive the 
ecosystem. Partnerships between accelerator 
sector and commercial applications form.
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Discussion and Summary

• The ARDAP workshop motived the stakeholders to think more broadly in terms of the return on
investment to the nation (or the world) for enhancing public-private partnerships in the accelerator
sector. We need to keep improving the message!
• The Accelerator Sector must embrace and improve its relationship with the commercial magnet sector.
• Ziad Melhem and the SC Future consortium have picked this up in a big way!

• Magnet builds are the currency unit of the technology advancement cycle.
• While a  potential 10,000-ton Nb3Sn procurement for a future collider is not yet certain, Nb3Sn will

continue to be the conductor of choice for at least the next decade. We must continue to be stewards
of this vital resource for magnet technology.

• Accelerator magnets (and NMR magnets) need homogeneous fields. Round-wire multifilamentary
conductors (e.g. Bi-2212) have advantages.
• Much credit to Bruker Biospin for proving REBCO NMR magnets at 1.2 GHz and 28.3 T! Will REBCO work in

accelerator magnets?

• 1,000-ton/yr production of REBCO is like printing newspaper. How are we going to do this?
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Thank you
White paper on conductors in the accelerator sector: 
Challenges and opportunities to assure future manufacturing of magnet conductors for 
the accelerator sector
Cooley, D Larbalestier, K Amm - arXiv preprint arXiv:2208.12379, 2022 - arxiv.org

The ARDAP workshop final report will be posted on OSTI.gov and ArXiv.org in ~1 month.
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