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Outline
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➡ BNL focus areas 
➡ FNAL focus areas
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environment

2

Wednesday, February 20, 13



CERN: Frontier Capabilities for Hadron Colliders Soren Prestemon– LBNL February 21, 2013

Technology development

3

Wednesday, February 20, 13



CERN: Frontier Capabilities for Hadron Colliders Soren Prestemon– LBNL February 21, 2013

Collars

• First introduced in the Tevatron

— Since used in most accelerator magnetsSince used in most accelerator magnets

— Provide some or all of the pre-stress
— Precise cavity (~ 20 microns)

LHC

Precise cavity (  20 microns)
— Composed of Al or stainless steel laminations

Key and Bladder (LARP/LBNL TQS Quad) 

• Four pads or collars transfer load to 
coils

• Yoke is contained by aluminum shell
• Preload provided by inflating bladders 

and held via keys
• Coil pre-stress increases during 

cooldown due to the high thermal 
contraction of the aluminum shell.

Technology development

NbTi LHC wire (A. Devred, [1]) NbTi SSC wire (A. Devred, [1]) 
 OST 169-stack

Rutherford Cables

• Cable cross-section is rectangular or trapezoidal
• Packing Fraction (PF) ranges from 85% - 92%
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— Too much compaction – damage to filaments
— Too little compaction – mechanically unstable

Final Assembly

• Iron yoke
— Shields and enhances field
— In some cases provides additional preload

• “Skin” or shell
— Yoke is contained within two welded half-shells of stainless— Yoke is contained within two welded half-shells of stainless 

steel (the “skin”) or a shrinking cylinder of aluminum 
• Outer shell contributes to coil rigidity and provides helium 

containment

• End support or loading
— Thick plates provide axial support

 ___________________________________________  

* Work supported by Fermi Research Alliance, LLC, under contract No. 
DE-AC02-07CH11359 with the U.S. Department of Energy. 
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STATUS OF NB3SN ACCELERATOR MAGNET R&D AT FERMILAB* 
A.V. Zlobin†, FERMILAB, Batavia, IL 60510, U.S.A.

Abstract 
New accelerator magnet technology based on Nb3Sn 

superconductor is being developed at Fermilab since late 
90’s. Six short dipole models, seven short quadrupole 
models and numerous individual dipole and quadrupole 
coils have been built and tested, demonstrating magnet 
performance parameters and their reproducibility. The 
technology scale up program has built and tested several 
dipole and quadrupole coils up to 4-m long. The results of 
this work are summarized in the paper.  

 

INTRODUCTION 
Dipole magnets for the LHC energy upgrade scenario 

with operating field of ~20 T would require using high-
field high-temperature superconductors such as BSCCO 
or YBCO, which have highest upper critical magnetic 
field Bc2. However, due to the substantially higher cost 
and lower critical current density in magnetic fields below 
15 T, a hybrid approach with Nb3Sn superconductor in 
fields below 15 T is a quite attractive option even though 
the Nb3Sn and HTS materials require different coil 
fabrication techniques. 

During the past decade, Fermilab has been developing 
new Nb3Sn accelerator magnet technologies in the 
framework of the High Field Magnet (HFM) program. 
Nb3Sn accelerator magnets can provide operating fields 
up to 15 T and significantly increase the coil temperature 
margin. Such magnets are being developed for the LHC 
IR upgrade, Muon Collider Storage Ring, and present and 
future high-energy hadron colliders. The program began 
in 1998 with the development of the small-aperture arc 
dipoles for the Very Large Hadron Collider (VLHC) [1]. 
Since 2003, the emphasis of the program was shifted 
toward large-aperture Nb3Sn quadrupoles for an LHC IR 
upgrade [2].  

The High Field Magnet R&D program started with the 
development of basic technologies and studies of main 
magnet parameters (maximum field, quench performance, 
field quality) and their reproducibility using a series of 
short models, and then proceeded with the demonstration 
of technology scale up using relatively long coils. Along 
the way, the HFM program has made several 
breakthroughs in Nb3Sn accelerator magnet technologies. 
The most important of them include the development and 
demonstration of high-performance Nb3Sn strands and 
cables, reliable and reproducible coil fabrication 
technology, and a variety of accelerator quality 
mechanical structures and coil pre-load techniques. The 
status and the main results of the Nb3Sn accelerator 
magnet R&D at Fermilab are summarized in this paper. 

 
Figure 1: HFDA dipole cross-section. 

MAGNET DESIGNS AND PARAMETERS 
A. Dipole and Quadrupole models 

The design and main parameters of Fermilab’s dipole 
models of the HFDA series are described in [3]. These 
magnets have been developed as baseline dipoles for  the 
Very Large Hadron Collider (VLHC) which was 
extensively studied in the U.S. around 2000 [4]. The 
cross-section of the dipole cold mass is shown in Fig. 1. 
This magnet was designed to provide a nominal field of 
10-11 T (Bmax~12 T) in a 43.5 mm aperture at an 
operating temperature of 4.5 K. The main R&D goal of 
this model magnet series was to develop robust Nb3Sn 
coil technology and an inexpensive mechanical structure 
suitable for industrialization. This goal dictated the 
philosophy of magnet design and technology. The magnet 
design is based on a two-layer shell-type coil and a cold 
iron yoke. To reduce the magnet cost, a compact collarless 
mechanical structure with Al clamps, a 400 mm iron yoke 
and a 10 mm stainless steel skin was used.  
The   design   and   parameters   of   Fermilab’s   quadrupole 

models of TQC series are described in [5]. These magnets 
were proposed and used as a technological model of a 
new generation of large-aperture IR quadrupoles being 
developed by the US-LARP collaboration [6] for the 
planned LHC luminosity upgrade. The TQC cross-section 
is shown in Fig. 2.  

 
Figure.2: TQC quadrupole cross-section. 

From conductor to magnets 

Conductor Cable Magnetic design Structure design

Coil fabrication Magnet assembly Magnet test
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Technology development

Accelerator Magnets

Then . . . And now . . .

• The Tevatron (Fermilab) 1983
— 4.4 T , NbTi, 4.2K

• LHC 2007
— 8.3 T, NbTi, 1.9K
— Limit of NbTi

• US LHC Upgrade
— Nb3Sn quadrupoles

• HERA, SSC, UNK, RHIC • FAIR
— High ramp-rate
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Technology impacts machines
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reduction of the problem of magnet protection in case of
a quench to normal state.

In Fig. 6 an artistic 3-D view of the dipole with its
main components is shown.

3.1.2. Current density and its consequences
As remarked in the previous paragraph, Joverall is the

dominant factor: the best intrinsic Jc does not neces-
sarily translate into the best current density in the
winding. All of the following parameters of a super-
conductor, in order of importance, must be taken into
account for what concern current density:

1. Superconductor performance, Jc, the non-copper (su-
perconductor), or non-stabiliser, current density. If
passive materials with bad conductivity are present,
like barriers, bronze, niobium matrix, reinforcing
stainless steel strips, etc., the current of the wire has
to be averaged over the entire cross-section. This al-
lows fair comparison between di!erent materials
and techniques and, actually is the relevant number
for magnet design.

Fig. 4. Scheme of the coil geometry to generate ideal fields. A dipole field is given by intersecting cylinders carrying uniform and opposite currents
(left) and by intersecting ellipses (center), while a quadrupole field is generated by crossed ellipses (right).

Fig. 3. Twin dipole coils to accelerate two counteracting beams. The
field is concentrated along the beam trajectories.

Fig. 2. Cross-section of the main dipoles for some of the projects listed in Table 1.

L. Rossi / Cryogenics 43 (2003) 281–301 283
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STRAUSS AND ST. LORANT: SUPERCONDUCTIVITY AND HIGH ENERGY PHYSICS—A STUDY IN “SYMBIOSIS” 937

Fig. 2. Cryostatic stability defined, and its author.

[5] In that paper the authors wrote “Backing the superconductor
with a high-electrical-conductivity normal material such as
copper, and exposing the normal material to the liquid helium
so as to obtain good cooling of the combined conductor. To
achieve stabilization it is necessary that the amount of normal
material and the amount of cooling surface exposed to the
helium be such that with all the current flowing in the normal
material the superconductor temperature be below its critical
temperature in the presence of the magnetic field (but at zero
current in the superconductor). Under these circumstances the
superconductor will short-circuit the normal conductor and
all the current will transfer back to the superconductor”. This
theory was tested by building a stabilized coil of heat treated
niobium-zirconium, the performance of which matched ear-
lier short-sample tests precisely. Stekly (Fig. 2) subsequently
formalized this concept mathematically and cryostatic stabi-
lization was born [6], [7].

In 1968 a seminal event occurred: the “Woodstock” of Super-
conductivity, the six week long Brookhaven Summer Study on
Superconducting Devices and Accelerators [8]. Here cryostatic
stability gained respectability: the Argonne National Laboratory
12 foot hydrogen bubble chamber superconducting magnet was
under construction based on this principle. Designed to generate
a uniform field of 1.8 T in a volume of 15 the magnet had a
stored energy of , a very daring project given the rela-
tive ignorance of the behavior of large superconducting magnets
at the time.

At the Summer Study the participants also heard the first
whispers of ‘intrinsic stability’, transposition of filaments, mag-
netization losses and the need for cabling when the material is
not used in dc applications. Much experimentation followed this
event particularly with pulsed accelerator magnets, but not nec-
essarily always marked with success.

Then in 1970 a series of publications emanated from the
Rutherford Laboratory which established the foundation for
magnet construction [9]. “In this set of five papers we present
the results of a detailed study of the behavior of composite con-
ductors consisting of twisted arrays of fine super- conducting
filaments These are usually referred to as ‘intrinsically’
stable conductors A parallel objective is to develop conduc-
tors in which the ac loss is reduced sufficiently for slow cycle
ac or pulsed applications—in particular proton synchrotrons.”
Today the Rutherford cable, shown developed in Fig. 3, has
become the eponymous material of choice of magnet designers
and builders the world over.

Fig. 3. The Rutherford cable.

Fig. 4. Improvement in the of NbTi and superconductors.

III. THE TEVATRON

In the next few years the pattern of activities remained virtu-
ally unchanged: the large hydrogen bubble chambers at BNL,
Fermilab and CERN were encased in superconducting magnets,
beam steering magnets were produced as well as a number of
accelerator prototype magnets. RF super-conductivity received
its share of attention: electron linacs, electron microtrons, RF
separators, heavy ion post accelerators and much cavity related
R&D. In general however this work was pursued in the former
ad hoc manner: the project would be defined, the hardware
designed, procured from available sources, the superconductor
would come from a suitable manufacturer and the components
then assembled in house. Process integration was an alien
concept. During this period a slow but steady improvement in
the of niobium-titanium took place, Fig. 4, as a result of
informal collaboration between the national laboratories and
industry.

The decision to build the Tevatron now moved the particle
physics activities from the laboratory into the industrial scene:
clearly the Tevatron ring had to become superconducting; the
existing real estate precluded any other solution. Also the preva-
lent model of construction had to be abandoned: this accelerator
heralded the beginning of superconductors as a commodity, and
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BNL Magnet Program

• Accelerator dipole and quadrupole magnet programs
➡  HTS magnet is now part of the baseline design of a major 

proposed facility – Facility for Rare Isotope Beams (FRIB)
✓  This is a significant 1st – perhaps a major milestone

➡  High field magnets in a hybrid design for LHC upgrade

• High field solenoid programs
➡  For Muon Collider and Energy Storage

Exposure in the first quad itself: 
!  Head Load : ~10 kW/m, 15 kW  
!  Fluence : 2.5 x1015 n/cm2 per year 
!  Radiation : ~10 MGy/year 

Courtesy Ramesh Gupta

5

Wednesday, February 20, 13



CERN: Frontier Capabilities for Hadron Colliders Soren Prestemon– LBNL February 21, 2013

BNL major results
• HTS Quad for FRIB

➡ made with 2G HTS from SuperPower and ASC

• HTS (YBCO) Cos(θ) demonstration

• Existing Common Coil Dipole at BNL for High Field HTS Magnet R&D
➡  Unique 10+ T Nb3Sn common coil dipole with large open space 
➡  Ideal vehicle to do to R&D with coils made with either Rutherford cable using Bi2212 or Roebel 

cable using YBCO - both providing high current
➡  An HTS racetrack coil can be tested with a fast turn-around to a field of up to 15 T on HTS coil (a 

first demonstration of concept)

• High Field Solenoid for MAP
➡ Plan built on significant results from SBIR funded R&D last year:
➡ Bo>15 T (record), Bpeak >16 T in full insert (25 mm, 14 pancakes)
➡ Bo> 6 T, Bpeak > 9 T in half midsert (100 mm, 12 pancakes)
➡ FY13-14 plan  is to combine the two to create >20 T.
➡ BNL advanced quench detection detects onset of very small pre-quench voltage in presence of large 

noise and inductive voltage. 
➡ Fabricated full midsert (24 pancakes). Successfully tested at 77 K.

➡ Future program is to create >30 T with NbTi outsert
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FNAL High-Field Magnet Program

! The mission of the High Field Magnet Program at 
Fermilab is the development of advanced 
superconducting accelerator magnets and baseline 
technologies for present and future particle 
accelerators.  

! At the present time the focus is on the development of 
high-field accelerator magnets with operating fields up 
to 15 T based on Nb3Sn superconductor.  

!  In the longer term the program will support the 
development of accelerator magnets with operating 
fields above 20 T.  

Courtesy Sasha Zlobin
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FNAL Major Results
• FNAL HFM program developed and demonstrated

➡ Rutherford cables based on Nb3Sn, Nb3Al and Bi-2212 strands (since 2000)

➡ 43.5 mm Nb3Sn dipoles for VLHC with operation fields up to 10-11 T 
(1998-2007)

➡ 90-mm Nb3Sn quadrupoles for LHC IRs with operation gradients up to 200 
T/m (2005-2012)

➡ Nb3Sn coil technology scale up (2007-2011)

➡ Helical solenoids for muon beam cooling (2007-2011)

• Started implementing Nb3Sn magnets with magnetic fields up to 15 T 
into real machines, e.g. LHC, and work on radiation-hard magnets
➡ 11 T dipole for LHC collimation system upgrade in collaboration with CERN 

(since 2010)
➡ MATRIMID 5292 to replace epoxy as impregnation material for Nb3Sn/Nb3Al 

coils

8
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FNAL: Twin-aperture 11 T Nb3Sn Dipole

!  Collaboration with CERN for possible use in 
LHC 

o  2012: 2-m long single-aperture demonstrator 
"  Magnet assembled and tested, Bmax=10.4 T at 1.9K 

o  2013: 1-m long twin-aperture model 
"  First aperture assembled and being tested 
"  Fabrication of the second aperture has started 

o  2014: 2-m long twin-aperture demonstrator  
o  2015: 5.5-m long prototype 

12 February 2013 FNAL HFM Program 6 

Parameter 

Single-aperture 

 

Twin-aperture 

 
Aperture 60 mm 

Yoke outer diameter 400 mm 550 mm 

Nominal bore field @11.85 kA  10.86 T 11.25 T 

Short-sample bore field at 1.9 K  13.6 T 13.9 T 

Margin Bnom/Bmax at 1.9 K 0.80 0.81 

Stored energy at 11.85 kA  473 kJ/m 969 kJ/m 

Fx per quadrant at 11.85 kA  2.89 MN/m 3.16 MN/m 

Fy per quadrant at  11.85 kA -1.57 MN/m -1.59 MN/m 
!

40-strand keystoned cable  

Epoxy impregnated coil 

Cold mass 
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LBNL Superconducting Magnet Program:
Mission

• High Field Magnet Technology:

- Maintain and further develop world class accelerator magnet design 
capabilities - leader in high-field magnet performance

- Develop and establish the technologies associated with high-field accelerator 
magnets 

• Apply our Capabilities to HEP Strategic Goals:

- Provide critical contributions to LARP and LHC upgrades (e.g. Hi-Lumi)

- Prepared to provide support to Muon collider R&D

- Provide state-of-the-art superconducting magnet expertise to HEP 
Stewardship areas

•  Materials: superconductors, insulation, structural 
•  Coil designs: efficiency, conductor compatibility 
•  Structures to handle large forces and stresses  
•  Design, analysis and diagnostics tools 

10
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LBNL SMP major results
• Materials

➡ Manage DOE Conductor Development Program
✓ coordinated effort among DOE labs to focus conductor improvements
✓ dramatic improvements in Jc(12T)

➡ Lead role in measuring and understanding strain-dependence in Nb3Sn

• Technology development
➡ Bladder-and-key concept for coil pre-stressing: now baseline for LARP
➡ Quench protection heater and voltage tap “Trace”, now standard on all LARP and high-field dipole 

magnets

➡ Rutherford cable expertise: long history of NbTi and Nb3Sn cables, primary supplier for LARP, first 
to make Bi2212 cables

• Magnet development 

➡ Lead in high-field dipole magnet development since 1997 (D20; RD3b; HD1) 

➡ Critical role in LARP: Conductor, Cable, Design, Structure, Assembly, Test; Management

➡ Developed dipole subscale models to speed up concept testing

➡ Investigation of Bi2212 racetrack concepts and technologies

➡ Fast-DAQ diagnostics providing time-resolved quench-initiation and propagation data

11
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LBNL: Areas of strength
• High field magnet technology leader

➡ Expertise in superconducting materials
✓ Oversee DOE Conductor Development Program
✓ Leader in Rutherford cabling: NbTi, Nb3Sn, Bi2212

➡ Expertise in analysis/modeling
✓ Integrated 3D analysis

12
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LBNL: Areas of strength
• High field magnet technology leader

➡ Expertise in superconducting materials
✓ Oversee DOE Conductor Development Program
✓ Leader in Rutherford cabling: NbTi, Nb3Sn, Bi2212

➡ Expertise in analysis/modeling
✓ Integrated 3D analysis
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OST RRPOST RRP

Developing next-generation conductors for HEP
Coordinating National Labs, University, Industry

Achievements:

• Doubled the critical current density of Nb3Sn

• Enabled LBNL RD/HD record-field dipoles

• Improved process uniformity & piece length

LARP 2008 review report: “the program has a 

stable conductor design that can be used to study 

magnet behavior, coil variability, and for scaling 

to accelerator magnet parameters.”

Current focus: 

• Exploring methods to reduce sub-element size
Development of 217 sub-element billets

Optimization of sub-element design 

• From 2007, supported Bi-2212 development
• First conductor has been delivered to Labs
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LBNL: Areas of strength
• High field magnet technology leader
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✓ Oversee DOE Conductor Development Program
✓ Leader in Rutherford cabling: NbTi, Nb3Sn, Bi2212

➡ Expertise in analysis/modeling
✓ Integrated 3D analysis
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Developing next-generation conductors for HEP
Coordinating National Labs, University, Industry

Achievements:

• Doubled the critical current density of Nb3Sn

• Enabled LBNL RD/HD record-field dipoles

• Improved process uniformity & piece length

LARP 2008 review report: “the program has a 

stable conductor design that can be used to study 

magnet behavior, coil variability, and for scaling 

to accelerator magnet parameters.”

Current focus: 

• Exploring methods to reduce sub-element size
Development of 217 sub-element billets

Optimization of sub-element design 

• From 2007, supported Bi-2212 development
• First conductor has been delivered to Labs Coil Cable Strand RRP Filament
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LBNL: Areas of strength
• High field magnet technology leader

➡ Expertise in superconducting materials
✓ Oversee DOE Conductor Development Program
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➡ Expertise in analysis/modeling
✓ Integrated 3D analysis
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Developing next-generation conductors for HEP
Coordinating National Labs, University, Industry

Achievements:

• Doubled the critical current density of Nb3Sn

• Enabled LBNL RD/HD record-field dipoles

• Improved process uniformity & piece length

LARP 2008 review report: “the program has a 

stable conductor design that can be used to study 

magnet behavior, coil variability, and for scaling 

to accelerator magnet parameters.”

Current focus: 

• Exploring methods to reduce sub-element size
Development of 217 sub-element billets

Optimization of sub-element design 

• From 2007, supported Bi-2212 development
• First conductor has been delivered to Labs
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Ribs and Spar

Coil

LBNL: Areas of strength
• High field magnet technology leader

➡ Expertise in superconducting materials
✓ Oversee DOE Conductor Development Program
✓ Leader in Rutherford cabling: NbTi, Nb3Sn, Bi2212

➡ Expertise in analysis/modeling
✓ Integrated 3D analysis
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Developing next-generation conductors for HEP
Coordinating National Labs, University, Industry

Achievements:

• Doubled the critical current density of Nb3Sn

• Enabled LBNL RD/HD record-field dipoles

• Improved process uniformity & piece length

LARP 2008 review report: “the program has a 

stable conductor design that can be used to study 

magnet behavior, coil variability, and for scaling 

to accelerator magnet parameters.”

Current focus: 

• Exploring methods to reduce sub-element size
Development of 217 sub-element billets

Optimization of sub-element design 

• From 2007, supported Bi-2212 development
• First conductor has been delivered to Labs
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University Program:
Texas A&M

• Nb3Sn and Bi-2212 Coil Technology for a >20 
T LHC Energy Upgrade
➡ The goal: >20 T dual dipole in ~same size 

cryostat as LHC dipole
➡ 20 T  40 TeV collision energy – the SSC at last!

➡ Clearing electrodes in the bore ... 
✓ eliminate electron cloud for ultimate luminosity

• Enabling technologies at Texas A&M:
➡  Stress management in the windings

➡ Bi-‐2212	  structured	  cable
➡ Textured-‐powder	  Bi-‐2212	  wire	  development

13

Bore%field%(short%sample)% 21% T%

Coil%current% 15% kA%

Aperture% 50% mm%

Maximum%winding%stress:%
%%%%%%%%%Nb3Sn%outer%
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%
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%%90%%

%
MPa%
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Texas A&M: Major results

14
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The role of Magnet Programs:
Example of the LHC Luminosity upgrade

B. Strauss & 
S. St Laurent, 

TAS 2011
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The role of Magnet Programs:
Example of the LHC Luminosity upgrade

B. Strauss & 
S. St Laurent, 

TAS 2011
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Fig. 5. The Tevatron construction process.

Fig. 6. Cross-section of the Tevatron dipole and a site view.

its construction as an industrial enterprise. Fig. 5 illustrates how
this process took place.

To meet the demands of the magnet builders, further con-
ductor development with substantial improvements in took
place, which in turn fed back into other applications. In the back-
ground the clamor for MRI equipment was forcing this tech-
nology to emerge from the experimental stage: significant ad-
vances in fabrication processes were made and an industrial
production basis was established. Manufacturers of supercon-
ducting wire now had a steady market which encouraged them
to enter into their own R&D, thereby adding additional exper-
tise to the particle accelerator community, which by now had
become truly High Energy Physics. Meanwhile a part of this
morphed into construction activities and proceeded to industri-
alize the entire construction project with a revolutionary con-
cept, which is revolutionary only to a scientist, namely “Build
to Print and Process”. The Tevatron, Fig. 6, was and still is a
highly successful ‘how-to’ model.

This systems approach has worked very well in a number of
significant accelerator projects, notably in the cases of RHIC
and HERA and most recently and most significantly in the case
of the LHC. Unfortunately the lessons were not always ade-
quately learned, with dire consequences.

IV. THE PATH TO SUCCESS

As the history of superconductivity is so well bounded and
the phenomenon so extraordinary, it is instructive to examine

Fig. 7. From basic research to large scale applications.

the process or processes whereby a few grams of purified mer-
cury transformed into hundreds of tons of highly processed and
highly demanded material. As we mentioned earlier, the first
fifty years of the study of superconductivity remained in the
realm of the laboratory in a university. This table-top science,
while intrinsically interesting, appeared to have no immediate
applications in spite of known but infrequently available mate-
rial. It was the outside, peripheral, unrelated and by no means
table-top science, which recognized the potential use for its own
purposes and set out to exploit it. Added to this was the ex-
tremely propitious time at which the early events took place:
particle physics needed accelerators, accelerators needed mag-
nets, magnets needed power, but power was expensive.

So basic research acquired a use component, and sought assis-
tance from industry to help fill its needs. Unfortunately industry
is driven by the profit motive; even the needs of the collective
physics community were inadequate for a systematic R&D ven-
ture, the market was simply too small. Enter the overarching
authority, the government, providing the support necessary for
R&D on revolutionary technologies. The U.S. technical com-
munity is exceedingly fortunate in that it possesses an unrivaled
university-based research system. The U.S. has in place a large
and vigorous Federal laboratory structure that has the exper-
tise, facilities and scale needed for large, important technical
developments. The Department of Energy supports short-term
R&D in superconductivity, in the form of SBIR awards and
other similar programs, which have proven to yield interesting
and important results, and which have advanced the science of
superconductivity significantly. It is a process which has been
called “Bridging the Gaps” (Fig. 7), a non-sequential applied re-
search often leading to industrialization of process, frequently
supported by venture capital. Not every grant, award and the like
leads to success, but our science is built up from a pile of facts,
discoveries—a pile of knowledge bricks. Not every brick fits,
but when most of them do, we build and then move to the next
problem.

V. REFRIGERATION

The names of the craftsmen, plumbers and glassblowers, who
built the first liquefier for Kammerlingh Onnes, have long since
been forgotten, yet they should be regarded as the ‘vortrekkers’,
the pioneers of a nascent industry, who anonymously yet so
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is driven by the profit motive; even the needs of the collective
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ture, the market was simply too small. Enter the overarching
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R&D on revolutionary technologies. The U.S. technical com-
munity is exceedingly fortunate in that it possesses an unrivaled
university-based research system. The U.S. has in place a large
and vigorous Federal laboratory structure that has the exper-
tise, facilities and scale needed for large, important technical
developments. The Department of Energy supports short-term
R&D in superconductivity, in the form of SBIR awards and
other similar programs, which have proven to yield interesting
and important results, and which have advanced the science of
superconductivity significantly. It is a process which has been
called “Bridging the Gaps” (Fig. 7), a non-sequential applied re-
search often leading to industrialization of process, frequently
supported by venture capital. Not every grant, award and the like
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Fig. 5. The Tevatron construction process.

Fig. 6. Cross-section of the Tevatron dipole and a site view.

its construction as an industrial enterprise. Fig. 5 illustrates how
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Fig. 7. From basic research to large scale applications.
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• The programs are characterized by...
➡ vertically-integrated capability and expertise
✓ Full range: conductor, cable, coil design and fab, magnet, test

➡ Broad and significant infrastructure
✓ R&D capabilities, fabrication, testing,...

➡ Expertise, and history, in start-to-finish accelerator magnets
✓ Concept development

✓ Concept maturation  / technology readiness

✓ Construction project / implementation
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