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Overview

• A large Hadron collider entails...
➡ A high intensity proton source,
➡ Fast-cycling magnets for the injection chain,
➡ New magnets - probably high-field
➡ A new tunnel 
✓ Exception: HE-LHC could reach Ecm=33TeV with 20T dipoles...

• Dominant cost drivers: Magnets and tunnel

• Other issues:
➡ Synchrotron radiation
✓ cooling, cooling power, vacuum issues,...
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VHE-LHC  

VHE-LHC 
    

VHE-LHC-LER 
    =TLEP! 
    

(Lucio Rossi) 

HE-LHC – LHC modifications 

Linac4 

SPS+, 
1.3 TeV, 

HE-LHC 
    

Photon stops?

New vac technology?
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Magnet structure (usually) grows with field
higher fields and record high energy hadron colliders [8]. The latest of them, 14 TeV c.m. LHC 

at CERN uses 8.3T double bore magnets in 26.7 km circumference tunnel.  

 
 
Figure 4: Superconducting dipole magnets for high energy hadron colliders: Tevatron 

(NbTi, warm-iron, small He plant, 4.5K), HERA (NbTi, Al collar, cold iron), RHIC (simple and 

economical design) and LHC (2K super fluid He, double bore). Courtesy A.Zlobin. 
 
 To remain superconducting, such magnets need to operate within very strict limits on the 

power deposited into the low-temperature components (vacuum pipes, cold iron, SC cable, etc) – 

typically on the order of 1 W/m or less, and that makes them of no practical use  in high energy 

lepton accelerators, as relativistic electrons and positrons quickly lose energy due to the 

synchrotron radiation : 
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The total power radiated into the walls reaches becomes prohibitively high, and, e.g., 22 MW or 

about 800 W/m even in the largest radius e+e- collider LEP (in the same tunnel, which is now 

occupied by LHC), at the beam energy of 105 GeV and relatively low average beam current of 

4mA. Besides the need to replenish electron beam power by accelerating RF cavities, the 

synchrotron radiation leads to significant heating and outgassing of the beam vacuum pipe.  On 

the other hand, the attainment of sufficiently long lifetimes of continuously circulating beams 

requires gas pressures of 1-10 nTorr or better. This technological challenge, though, has been 

successfully resolved in modern (lower energy) colliding “factories” operating with multi-
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Magnets dictate collider cost

4

2nd order reductions: 
Eliminate HEB,  

Main Quads 

Lowering dipole cost is  
the key to cost control 

Collider Ring Magnet Cost Distribution

Main Dipoles
82%

Main 
Quadrupoles

10%

Other Magnets
8%

Main dipoles!
82%!

Magnet cost distribution!

Main !
collider!

57%!

Accelerator cost distribution!

SSC!
   Accelerator !
       and!
    Experiments!

SSC total !
   cost! CERN cost estimates*:

$magnets/$tot

LHC: 57%
HE-LHC: 
- 70% (26TeV; Nb3Sn)
- 77% (33TeV; HTS)

Barletta

*L. Rossi, “TOE” talk
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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

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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The next 
BIG 

machine!

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. 
†zlobin@fnal.gov 
 
 

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 

Evolution of HEP rings...
Tevatron  circa 1983 SSC circa 1987 LHC 2007 

Conductor Cable Magnetic design Structure design

Coil fabrication Magnet assembly Magnet test

5
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Conductor options

6

B. Strauss, 
Erice, 2009
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HEP and Superconductor Industry

• Conductor architecture important for dipoles:
➡ Need small filaments to reduce persistent currents
➡ Need high Cu RRR for stability 
➡ Need high-quality cables to...

✓ Provide for high currents (low inductance)
✓ Minimize conductor degradation

7

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

IGC IT  

How?  
Developing technical, viable, superconductors 

Nb-Ti : mature industrial production 

USA Nb3Sn : industrial production 

EU Nb3Sn : prototypal production 

FP6-CARE-NED 

For Nb-Ti : Jc at 5 T, 4.2 K (or 8 T at 1.9K) 
For Nb3Sn ; Jc at 12 T, 4.2 K 

11/June/2013 LRossi@Eucard workshop 7 

From L. Rossi, Eucard

Nb3Sn nearly ready 
need smaller filaments

HTS has a long way to go
need conductor R&D
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Magnets and conductors
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VHE-LHC

SSC
HE-LHC

LHC
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(or cancelled)

Dipole Field Strength

DOE-HEP GAD Support for Materials

Conductor Development Program (CDP)

- Very successful in guiding industrial 

development of high-Jc Nb3Sn
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AFRD Retreat, November 29, 2011 G. Sabbi – Superconducting Magnet Program 11

Overview of LARP Activities

Accelerator Systems Instrumentation

Accelerator Physics

Collimation

Magnet Systems Materials

Model Quadrupoles

Long Quadrupoles

Program Management Programmatic Activities

• Luminosity monitor
• Tune tracker, AC dipole
• Schottky monitor

• Electron cloud instability
• Beam-beam studies
• Crab crossing

• Rotatable collimators

• Strand characterization
• Cable development

• Technology Quadrupoles
• High-field Quadrupoles

• Coil fabrication
• Structure and assembly
• Instrumentation and Test

• Toohig Fellowship
• Long Term Visitors

Base program primary focus: basic research, incubator: support critical for innovation

                 LARP focus: technology readiness

Planned construction project

R&D - focus on 
understanding 

physics, developing 
concepts

Technology 
Development 

- focus on engineering 
solutions and processes

Systems engineering
- focus on robust 

procedures, QC/QA
Manufacturability

9

GAD Program Role in R&D and transition to project

Distinction between R&D (Concept incubator) and Technology Readiness (Project)

High Luminosity LHC

LHC Energy Upgrade

VLHC

Muon Collider

Friday, August 2, 13
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LARP: Technology Readiness

10

QXF$

Lorentz	
  forcesCool-­‐down

Keys

Bladder

cold

Room	
  

Collaring	
  process-­‐	
  Courtesy	
  of	
  Paolo	
  

With	
  shell	
  structure

Friday, August 2, 13



Snowmass - University of Minnesota Soren Prestemon– LBNL August 2, 2013

Many issues to address...

• Conductor: baseline ok; improvements being investigated
➡ need to demonstrate industrial scale-up

• Cable: new design for QXF (due to 120=>150 change)
➡ Possible issues of degradation, stability
➡ Incorporation of core (first tested on HQ) 

• Magnet reproducibility

• Magnet production QA 

11

• Strand characterization
• Cable development

• Technology Quadrupoles
• High-field Quadrupoles

• Coil and structure

• Performance demo

  Magnet Systems           Materials

                    Model Quadrupoles

                     Long Quadrupoles

                  Prototype Quadrupoles
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High-Field Accelerator Magnets

12

HTS a
cc.

 m
agn

et 
R&D

Stress Limitation

Material Limitation

•Technology configurations have strengths and weaknesses
•Bore affects performance of racetrack design concepts

LBNL records

Record...
- Cos(θ): D20
- Common coil: RD3b
- Block: HD1-3

LARP
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For dipoles>~15T

13

RD3a,b (no bore)
RD3c (bore)

Individual)turns)are)separated)by)Ribs)

Individual)
turn)

Stress)collector)
(Spar))

Ribs)intercept)forces)
transferring)them)to)the)
spar)

HD1 (no bore)
HD2 (bore)

HD3 (bore)

CCT 

STRESS MANAGEMENT IN HIGH-FIELD DIPOLES 

N. Diaczenko, T. Elliott, A. Jaisle, D. Latypov, P. McIntyre, P. McJunkins, L. Richards, W. Shen, 
R. Soika, D. Wendt, Dept. of Physics, Texas A&M University, College Station, TX 77843 

R. Gaedke, Dept. of Physics, Trinity University, San Antonio, TX 78212 

Abstract 

The management of Lorentz stress and preload forces is 
the biggest single challenge in the effort to develop col- 
lider dipoles with ever greater field strength. Were the 
Lorentz forces permitted to accumulate through a coil, 
they would exceed the limit for strain degradation for the 
A 15 and high-temperature superconductors which are 
capable of sustaining such field strength. 

A strategy has been devised for intercepting Lor- 
entz stress within the coil to overcome this problem in 
high-field block-coil dipoles. The coil is fabricated in 
multiple independent shells, in which a high-strength 
structure and a soft-modulus spring are used to bypass 
stress between succeeding layers. Finite-element analysis 
and experimental studies have demonstrated that this 
strategy can limit the maximum stress anywhere in a coil 
so that it nowhere exceeds strain degradation limits for 
fields at least to 20 Tesla. 

1 STRESS IN A SUPERCONDUCTING DIPOLE 
The field strength and field quality of supercon- 

ducting dipoles are the primary challenge in extending 
the energy reach of hadron colliders. The design field of 
colliders has increased over the past two decades from 
4.5 Tesla (4.2"K, Fermilab) to 8.65 Tesla (1.9"K, LHC) 
for NbTi cos 8 dipoles. The state-of-the-art has now 
reached 11 Tesla (Twente) and 13 Tesla (LBL) for Nb,Sn 
cos 8 dipoles at 4.2 "K. Today groups at BNL, KEK, 
LBL, and Texas A&M are developing new approaches to 
high-field dipoles, aimed at 16 Tesla and beyond. A pri- 
mary challenge in that effort is stress management. 

The Lorentz stress in a coil accumulates through its 
thickness, with ?sL = J x B , where j is the current den- 
sity and B the field in the coil. If the coil is supported 
only at its boundaries, this stress accumulates to at least 
the stored energy density So = B 2  I 2p0 At 16 Tesla, So 
= 100 MPa, which is the limit for strain degradation of 
Nb,Sn even when the coil is vacuum impregnated to pro- 
vide isostatic support of cable elements. The problem is 
compounded if we contemplate the use of high- 
temperature superconducting (HTS) inserts to extend 
operation beyond 16 Tesla, because the limits for strain 
damage of HTS is -40 MPa, less than half that of Nb,Sn. 
If this accumulation of stress within the coil were not 
intercepted, it would not be feasible to operate a dipole to 
fields greater than about the current 13 Tesla limit. 

I- 61 cm -4 
Figure 1. Block-coil dual dipole: 16 Tesla @ 4.2"K. 

- k t e r  tope' 'mica p a p e F  

B = 1 6 T  
OUTSIDE INSIDE 

Figure 2. Detail of stress management in a coil block. 
Yon Mlms m) 

0 IM 
0 131 om O M 6  
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Figure 3. Laminar spring under 15 MPa load: stress and 
strain distributions. 

0-7803-4376-X/98/$10.00 0 1998 IEEE 3443 

TAMU

D20 (bore)

Need a new paradigm to 
address stresses

Need to consider efficiency 
(grading), scalability
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How do GAD (R&D) programs serve the HEP community?

• R&D paves the way for HEP magnets
➡ Shell-structure set the stage for LARP

➡ GAD program 13-16T dipoles set the stage for ~15T HE-LHC 
baseline concepts (see recent L. Rossi presentations) 

➡ ongoing dipole development

✓ FNAL - 11T sets stage for first Nb3Sn dipole in accelerator

✓ LBNL - new structure paradigm sets the stage for 
‣ Accelerator-magnet-quality 16T dipoles 

‣ More cost-effective designs: leverage grading, simpler assembly

‣ Possible 20+T designs optimally leveraging HTS for VHe-LHC, 
muon collider

14

Individual)turns)are)separated)by)Ribs)

Individual)
turn)

Stress)collector)
(Spar))

Ribs)intercept)forces)
transferring)them)to)the)
spar)

Coil stresses Structure stresses

FNAL 11T
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Looking forward

• Dipole fields of ~15T are within reach...
➡ But need a focused ~10 year “LARP-like” readiness program

• Dipole fields >15T need R&D
➡ Need to investigate new concepts/paradigms to break through 

the stress-barrier - prerequisite for real application of HTS

• Strategy:
➡ Maintain R&D until clear project on the horizon

➡ Then initiate focused Readiness program before project start, 
e.g. HE-LHC or another Hadron collider

15
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Summary

• Dominant technology challenge is in magnets
➡ GAD programs and LARP provide balanced approach to

✓ innovate for higher fields, cost effective magnets

✓ develop technology for project readiness

➡ Materials R&D translates into magnet performance

• Synchrotron radiation issue
➡ Vacuum issues are significant - need development+experiments

16

US has 

leadership 

role in these 

areas
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