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SC critical temperature vs. time

NbTi was discovered relatively late; the future (?) is an old material
Typically one work well at T/Tc ∼

 

1/2 , i.e. for  the HTS (YBCO, BSCCO) one 

 
would need operate at 50 K. working at LN one would Tc ∼

 

160 K



Critical field

• NbTi and Nb3Sn are bound to 

 
LHe (or HEII) for large magnets 

 
with heat deposition

• HTS may work at LN or 

 
intermediate/ high field in 

 
gas/solid conduction cooled 

• MgB2 may work at 

 
low/medium field with 

 
temperarure “easy”

 
for 

 
cryocooler or gas cooling.

• Today Bc2 is usable:
– 80% for NbTi
– 70% for Nb3Sn
– 10‐15% for HTS and Mgb2



Jc : mostly dependent on technology 
 and manufacturing issues
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YBCO: Tape, ||ab-plane, SuperPower (Used
in NHMFL tested Insert Coil 2007) 
YBCO: Tape, ||c-axis, SuperPower (Used in
NHMFL tested Insert Coil 2007) 
Bi-2212: non-Ag Jc, 427 fil. round wire,
Ag/SC=3 (Hasegawa ASC-2000/MT17-2001)
Nb-Ti: Max @4.2 K for whole LHC NbTi
strand production (CERN-T. Boutboul)
Nb-Ti: Max @1.9 K for whole LHC NbTi
strand production (CERN, Boutboul)
Nb-Ti: Nb-47wt%Ti, 1.8 K, Lee, Naus and
Larbalestier UW-ASC'96
Nb-37Ti-22Ta, 2.05 K, 50 hr, Lazarev et al.
(Kharkov), CCSW '94.
Nb3Sn: Non-Cu Jc Internal Sn OI-ST RRP
1.3 mm, ASC'02/ICMC'03
Nb3Sn: Bronze route int. stab. -VAC-HP,
non-(Cu+Ta) Jc, Thoener et al., Erice '96.
Nb3Sn: 1.8 K Non-Cu Jc Internal Sn OI-ST
RRP 1.3 mm, ASC'02/ICMC'03
Nb3Al: JAERI strand for ITER TF coil

Nb3Al: RQHT+2 At.% Cu, 0.4m/s (Iijima et al
2002)
Bi 2223: Rolled 85 Fil. Tape (AmSC) B||,
UW'6/96
Bi 2223: Rolled 85 Fil. Tape (AmSC) B|_,
UW'6/96
MgB2: 4.2 K "high oxygen" film 2, Eom et
al. (UW) Nature 31 May '02
MgB2: Tape - Columbus (Grasso) MEM'06



The most relevant parameter:
 Jengineering=Ic/Area

Load line



SC Magnet technologies in LHC ‐
 

1

• SuperConductors • SC Coils and Magnets



SC Magnet technologies in LHC ‐
 

2

• MQX‐A cross section • LHC Q2 and Q1



SC Magnet technologies in LHC ‐
 

3

• Superconducting D2 • Current leads e link

Present LHC application: Ag/Bi‐2223
Current : > 15 kA @ 50 K
Assembly of short strips (< 50 cm)
Rigid conductor
Superconductor expensive



Final focusing: magnet contribution

• The focusing is presently limited by the aperture of the 

 FINAL FOCUS, or inner triplets: quadrupoles

 
Q1‐Q3

– The beta function of the beam in the quadrupoles is  ∝

 
1/β*

– The present aperture of 70 mm limits β*=0.55 cm
– Changing the triplet, one can reach the hard limit of the 

 
chromaticity correction

 
at (keeping distance from experiment as 

 
today)

• Nb‐Ti triplet   β*=0.17 cm
• Nb3

 

Sn triplet β*=0.14 cm

*

*
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Luminosity increase: 
 a local solution based on optics

• Touching the insertion is a “local”

 

action, easier than touching the entire machine.
• Very  high beam intensity, beyond nominal will not be easy to manage and machine 

 
protection might become a real issue. Also NOMINAL seems today difficult

 

Fig. 1 Evol ution  of LHC lu minos ity accordin g to th e refe rence scenari o (LHC pro ject report  626  
(2002) sca led accor ding to empirical law (V. Shiltev, J. P.Koutchouk)  

By change 

 of optics

2 years shift



What we need
• A larger (longer) triplet with a sufficient 

 
focusing strenght G×L
– Aim: have a larger aperture

 

to be able to go at 

 
β*= 15 cm down to the limit

 

imposed by 

 
chromaticity

• Solutions
– Phase I : Nb‐Ti magnets, 120 mm wide, 40 m 

 
long

– Phase II Nb3

 

Sn magnets, around 150 mm, ∼

 
4x10 m long.

• Smaller β*
• Better tolerance to energy deposition

• General challenges
– Large aperture, large stress
– Energy deposition
– Good field quality
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Life not so easy 

• Luminosity is not ∝1/β*
 

‐
 

for β*<25 cm the gain 
 is marginal if the beam current is kept constant

– Going to 25 cm one gains in L
 

∼50% w.r.t. 55 cm
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…
 

but there are remedies

• Crab cavity
– Aim: kill the geometrical reduction 

factor that reduces luminosity for β*<25 cm
– Idea: the bunch is rotated longitudinally

to maximize the collision area

• Early separation dipole
– Aim: as crab cavity
– Idea: Have zero crossing angle but separate the 

 
beams as soon as possible to avoid parasitic 

 
beam‐beam interaction with a dipole (∼5 Tm)

– Challenges: has to be in the detector, in a high 

 
radiation environment

– Status: integration studies ongoing
• Each technologies could  not completely set 

 
F=1 → both could solve it completely

Collision with finite 
crossing angle and 
separation dipole

Collision with finite 
crossing angle

Collision with finite 
crossing angle and 

crab cavity

Positions where D0 could be integrated



What we can get from our SC
• Order zero: Gφ/2 ∼

 

critical field 
– ∼13T for Nb-Ti, ∼25T for 

Nb3 Sn
– This is a bad approximation !

• Results relative to a sector 
coil for φ ∼

 

100 mm
– Nb-Ti: Gφ/2 ∼

 

10 T
– Nb3 Sn: Gφ/2 ∼

 

15 T
– Nb3 Sn: 50% more than Nb-Ti

• Some dependence on 
aperture
– Better for large apertures

• A safety margin of 20% is 
then subtracted on both cases
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Scaling laws for LHC triplets

• Solutions can be found 

 
for both materials. 

 
What we need is a 

 
given focusing 

 
strength: G×lt

• Large apertures: is this 

 
possible?

• Increase of lt, triplet 

 
length < 50 m (today 

 
20, phase 1 lt=40 m)

• Stresses, difficult 

 
beyond φ=120 mm. 

 
We need 150‐160 

 
mm, R&D needed.

• aberrations ?
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Gain of Nb3
 

Sn over Nb‐Ti
• Comparison of lay-outs giving the same chromaticity

– For each technology, apertures and triplet length optimized
– Both technologies used at the limit
– Aperture set at the minimum requirement (energy deposition ?)
– For the same chromaticity, 

– Nb3

 

Sn gives 25% to 30% more

 

than Nb‐Ti;

– reducing l* to 13 m gives 20% to 25% additonal wrt l* =

 

23 m 
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Phase 1 – Lay out

• Scope 2.‐2.5 1034
 

; change of D1‐
 

Q3‐Q2‐Q3

LHC triplet

Phase-I  triplet



First conceptual design of the MQX‐C
• Coil aperture 120 mm
• Gradient 120 T/m
• Operating temp 1.9 K
• Current 13 kA
• Inductance 5 mH/m
• Yoke ID 260 mm
• Yoke OD 550 mm

• LHC cables 01 and 02
• Enhanced cable polyimide 

insulation
• Self-supporting collars
• Single piece yoke
• Welded-shell cold mass



Heat deposition
 (courtesy Elena Wildner)

• Point of peak power 
– Present : 3.5 mW/cm3

– Phase 1 : 3.6 (4.3) 
 mW/cm3

– Max : 12 mW/cm3

• Total power at 1.9 K
– Present : 115 W
– Phase 1: 400 W
– Cryo capacity : 400 W



Heat deposition 1st

 

Layer with overlap

 
(to provide enough 

 
surface current path: 

 
200V/cm  &
to avoid punch 

 
through)

2nd

 

Layer with or 

 
w/out spacing 

 
and glue on 1 or 

 
2 sides
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New insulation: enhanced heat transf.
1st

 

layer
with gap

3nd

 

layer
with gap

2rd

 

layer
with gap

1 tape 4 tapes 1 tape
Easier to apply on Nb‐Ti , but not excluded for NbSn
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Enhanced insulation :
 test in a representative coil mock‐up

The enhanced insulation has been proposed and realized by Davide Tommasini
HT equipment and measurements by David Ritcher
It needs to be tested on a real magnets (electrical robustness is may be reduced)



Phase 1:  new development: SC cables 
 from far feeder box to magnet

LHC upgr. new application: MgB2
Current : > 15 kA @ 20 K
Length : > 60 m
Flexible cable
Cheap Superconductor
Future : development of >150 m cable 15 kA @ 60‐80 K with Ybco

Courtesy of 
A. Ballarino 



Magnet technology roadmap 
 for phase 2, 10x1034

Higher
Field

Larger Aperture
(at same gradient)

Thicker absorbers

More Operating Margin
(at same gradient / aperture)

Longer Lifetime

Lower radiation 
and heat loads

Better Field Quality

Better beam optics

Higher Gradient
(at same aperture) Shorter magnets

Higher T margin

Better IR layout

Stable operation

Easier cooling

More Design Margin
(same gradient / aperture) Lower risk

Faster development
Less cost & time
for small production

More luminosity

High field technology provides design options to maximize luminosity



Technology advancement : conductor
 (from  D. Dieterich – LBNL)

Wire improvements have an immediate effect on applications



HF/large margin SC is an enabling 
 technology but…

• Control of large forces and large stresses
• Magnet protection becomes more and more severe (due to 

 high temperature margin thermal stability is less an issue)



Conductor issue: brittleness, insulation

All HF superconductor are brittle and strain sensitive
This is basically the reason for stress less than 150 MPa
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Sub-scale Quadrupole (SQ)

R&D Goals:

• Conductor performance verification
• First shell‐based quadrupole structure
• FEA models verification
• Quench propagation analysis

Design features:

• Based on LBNL “SM”

 
design

• Four racetrack coils, square bore
• Aperture 130 mm, Length 30 cm

Results:

• Two models tested at LBNL & FNAL
• SQ02: 98% of SSL at 4.5K & 1.9K



Long Racetrack (LR)

• Scale up LBNL SM coil and structure: 30 cm to 4 m
• Coil R&D: Cable, handling, reaction, impregnation
• Structure R&D: friction effects, magnet assembly

• BNL: coil fabrication, magnet assembly and test
• LBNL: magnet design, structure fabrication/assembly 

• Fast training: LRS01 first quench at 84% of SSL
• LRS02 achieved 11.5 T,

 
96% of short sample limit



Mirror Dipoles and Quadrupoles
• Fermilab dipole models: 1m, 2m and 4m 
• First length scale‐up of Nb3

 

Sn cosθ

 

coil technology
• Experience applied toward LARP models
• Quadrupole version to test single LARP coils



LARP Technology Quadrupole (TQ)

• Double‐layer, shell‐type coil
• 90 mm aperture, 1 m length
• Two support structures:

‐

 

TQS (shell based)
‐

 

TQC (collar based)
• Target gradient

 

200 T/m

Winding & curing (FNAL ‐

 

all coils) Reaction & potting (LBNL ‐

 

all coils)

TQC TQS



TQ Summary and Next Steps
TQ01

OST‐MJR 54/61
TQ02

OST‐RRP 54/61
TQ03

OST‐RRP 108/127

61

Achievements:

• Three coil series using different wire design 
• A total of 12 quadrupole models were 

 
tested
• More than 30 coils fabricated
• Distributed coil production (FNAL, LBNL)
• Two models assembled and tested at CERN
• Magnetic, mechanical, quench studies
• Optimized models surpassed 220 T/m
• First quench >200 T/m in optimized models
Issues and Next Steps:

• Coil variability resulting in local degradation
• Coil selection required to achieve best results
• Local degradation leads to instability at 1.9K
• Need to improve coil fabrication, wire design

SSL 4.4K

SSL 1.9K

Results of TQS02c test (CERN)



Present focus: Long Quadrupole (LQ) 
Scale up of TQ design from 1 m to 3.6 m length

• Coil parts, winding and curing: FNAL
• Coil reaction and potting: FNAL & BNL
• Instrumentation

 

traces, strain gauges: LBNL
• Collar structure fabrication/assembly: FNAL 
• Shell structure fabrication/assembly: LBNL
•Magnet test: FNAL



LQ Status and Plans
• April 2009 review following cool‐down test confirmed

 

LQS Structure Readiness
• Four coils received (2 practice coils); last 2 LQS01 coils to be received in May
• Coil instrumentation & LQS01 assembly in June‐July; test

 

in September‐October
• Additional coil fabrication and magnet tests are planned for FY10

LQ coils (2/4)

Bladders

LQS 
Structure

LRS02 Magnet

Practice
coils



HQ Design Features and Parameters

• Coil peak field of 15.2 T at 219 T/m (1.9K un‐degraded short sample)
• 190 MPa coil stress at SSL (150 MPa if preloaded for 180 T/m) 
• Stress minimization is primary goal at all design steps (from x‐section) 
• Coil and yoke designed for small geometric and saturation harmonics
• Full alignment during coil fabrication, magnet assembly and powering     

Aluminum collar

Bladder location

Aluminum 
shellMaster key

Loading keys

Yoke-shell alignment 

Pole alignment 
key

Quench heater

Coil



HQ Status and Plans

Test winding w/RP parts First coil winding –

 

layer 1 pole turn

• Developed 15 mm wide cable, test windings w/RP parts (LBNL)
• Designed and procured stainless steel coil parts (FNAL) 
• Designed and procured winding/curing tooling (LBNL)
• Designed reaction tooling (BNL); procurement underway (LBNL)
• Design and procurement of support structure is underway (LBNL)
• Winding of the first (practice) coil has started

 

(LBNL)

Status:

• First HQ magnet test expected in early 2010
• Several 1 meter models will be needed to optimize the design
• Next: 2 meter models (QA) for field quality study/optimization

Plans:



Nb3
 

Al devel. By KEK (2/3 of goal)

Nb 

 
core

Nb skin

Ta interfilament 

 
matrix

•Strand development (KEK

 

and NIMS)
‐

 

Higher non‐Cu Jc: Target 1500 A/mm2 at 15 T
‐

 

Reduction of low‐field‐magnetization
Ta‐matrix (Non‐superconductor at 4.2K)

Ta sheath wire by KEK
Nb sheath wire by NIMS

‐

 

Cu stabilization technique
Mechanical strength
Electroplating on Ta‐matrix wire
Long piece‐length



EUCARD (CERN+EU)
• We just starting
• Conductor developed (NED program) with success but need to be industrialized

•

 

Ic

 

= 1494‐1539 A

 

@ 12 T, 4.22 K, corresponding to Jc

 

~ 2700 A/mm2,       + 10 %

 

as compared to 

 
standard HT. 

•

 

15 T, 4.222 K: Ic

 

> 818 A

 

(NED spec.), Jc

 

~ 1500 A/mm2

•

 

New record!!

 

B215 strand completely fulfilling NED specification.

•

 

RRR data impressive as well since RRR ~ 220

 

for virgin

 

strands!!  Better for stability.

• Design of  a 1 m dipole for 13‐15 T, to be tested in 4 year



To go further we need to have a goal



LHC energy upgrade: the connection

• 20 T ‐

 
50 mm aperture

• 20 Tesla operational field
– Inner layers: High Tc 

 superconductor
– Outer layers: Nb3

 

Sn

•
 

Operational current: 18 
 KA

•
 

Operational current 
 density: 400 A/mm2

•
 

20% operational 
 margin
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LHC upgrade: the final goal

• The luminosity upgrade even if perhaps will never 
 fully attain its goal is the route that will enable 

 the LHC‐Farthest Energy Frontier


	LHC luminosity upgrade:�Magnet Technology
	Content
	Magnets and accelerators
	SC critical temperature vs. time
	Critical field
	Jc : mostly dependent on technology and manufacturing issues
	The most relevant parameter:�Jengineering=Ic/Area
	SC Magnet technologies in LHC - 1
	SC Magnet technologies in LHC - 2
	SC Magnet technologies in LHC - 3
	Final focusing: magnet contribution
	Luminosity increase: �a local solution based on optics
	What we need
	Life not so easy 
	… but there are remedies
	What we can get from our SC
	Scaling laws for LHC triplets
	Gain of Nb3Sn over Nb-Ti
	Scaling G vs. aperture and real data
	Phase 1 – Lay out
	First conceptual design of the MQX-C
	Heat deposition�(courtesy Elena Wildner)
	Heat deposition
	New insulation: enhanced heat transf.
	Enhanced insulation :�test in a representative coil mock-up
	Phase 1:  new development: SC cables from far feeder box to magnet
	Magnet technology roadmap �for phase 2, 10x1034
	Technology advancement : conductor�(from  D. Dieterich – LBNL)
	HF/large margin SC is an enabling technology but…
	Conductor issue: brittleness, insulation
	Slide Number 31
	Slide Number 32
	Slide Number 33
	Slide Number 34
	Mirror Dipoles and Quadrupoles
	Slide Number 36
	Slide Number 37
	Slide Number 38
	Slide Number 39
	Slide Number 40
	Slide Number 41
	Nb3Al devel. By KEK (2/3 of goal)
	EUCARD (CERN+EU)
	To go further we need to have a goal
	LHC energy upgrade: the connection
	LHC upgrade: the final goal

