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LHC











8

Tevatron

HERA

RHIC

LHC

Superconducting Magnets and 

High Energy Proton Accelerators
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The world's superconducting 

accelerator dipoles
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Progress in H.E. Proton Accelerators with 

Superconducting Magnets

Accelerator Tevatron SSC HERA RHIC LHC

Lab. FNAL SSC DESY US CERN

Energy [TeV] 0.9 20 0.82 0.1/anm 7

Radius [km] 1 14 1 0.5 4.5

Ring 1 (p+p-) 2 (p+p) 1 (e+p) 2 (p+p) & 

ion+ion

p+p

B-dipole [T] 4.4 6.6 4.7 3.5 8.3

G-quad [T/m] 76 205 91 72 220

R-coil [mm] 38 25 37.5 40 28

#Dipoles 774 7986 (676) 422 288 2x1232

Temperature 

[K]

4.5 4.4 4.5 4.5 1.9

Complete year 1985 Canceled 1990 2000 2008

Note First SC large

Accelerator

Few 

training 

quench

First 

industrial

contribution

Economical Highest 

field

SF-He 



Magnetic stored energy

Magnetic energy density
o

B
E

2

2

 at 5T    E = 107 Joule.m-3 at 10T    E = 4x107 Joule.m-3

LHC dipole magnet (twin apertures) E = ½LI 2 L = 0.12H    I = 11.5kA    E = 7.8 x 106 Joules

the magnet weighs 26 tonnes

so the magnetic stored energy is 

equivalent to the kinetic energy of:-

26 tonnes travelling at 88km/hr

coils weigh  830 kg

equivalent to the kinetic energy of:-

830kg travelling at 495km/hr
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LHC Superconducting Magnets

• Diameter: 27 km

• Energy 2 x  7 TeV

• SC Magnets 8.4 T,  ~ 5,000 units





LHC dipole collars
sub-units 

of several 

alternating 

pairs are 

riveted 

together

stainless 

rods lock 

the sub-

units 

togetherphoto CERN



Adding the iron

• they are forced into place, again using 

the collaring press

• remember however that pure iron 

becomes brittle at low temperature

• the tensile forces are therefore taken 

by a stainless steel shell which is 

welded around the iron, while still in 

the press

• this stainless shell can also serve as 

the helium vessel

stainless 

shell

• iron      

laminations        

are added around 

the collared coil

iron 

laminations

photo CERN



Dipole inside its stainless shell

photo CERN



Complete magnet in cryostat

photo Babcock Noell

photo CERN

photo CERN



Make the interconnections -

electricalphoto CERN



Make interconnections -

cryogenic
photo CERN
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CERN-LHC Beam Interaction Region 

Focusing Magnets 

CERN KEK-Fermilab Coollaboration



• LHC dipoles achieve magnetic field of 8.4 

Tesla, which is almost the maximum 

achievable magnetic field by NbTi cables.

• To reach above goal, large scale 2 K He II 

cooling is used at LHC.



we expect the magnet to go resistive 

'quench' where the peak field load line 

crosses the critical current line 
usually back off from this extreme point 

and operate at  

10

*
quench
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To date, all 

superconducting 

accelerators 

have used NbTi.

Of the 

intermetallics, 

only Nb3Sn has  

found significant 

use in magnets
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Nb3Sn and Nb3Al for 

Future Application  

Remark on Nb3Al

• Mechanical toughness and potential for “React and Wind”

• High Jc in high magnetic field at > 15 T 

0

500

1000

1500

2000

2500

3000

3500

4000

0 2 4 6 8 10 12 14 16 18 20 22 24 26

NbT i(4.2K)

NbT i(1.9K)

(NbTa)3Sn(PIT )

Nb3Sn(RRP)

Nb3Al(RHQT)

Nb3Al(RHQT)

Jc
 (

A
/m

m
2

)

B(T)











Latest Jc vs. B Master Plot
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2212
round wire

2223
tape B| _

At  4.2 K Unless

Otherw ise Stated

Nb3Sn
Internal Sn

2 K

Nb-Ti-Ta

Nb3Sn
1.8 K

NbTi+HT 

2223
tape B| |

Nb3Sn
ITER

Nb3Al: ITER
MgB2

film
MgB2

tape

Nb3Al:

RQHT

1.9 K LHC

Nb-Ti

YBCO B| | c

YBCO B| | ab

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

Updates at: 

http:/ / magnet.fsu.edu/ ~lee/ plot/ plot.htm
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http://magnet.fsu.edu/~lee/plot/plot.htm


Few 100 turns on September 10

41Courtesy R. Bailey



Capture with optimum injection phasing, correct 

reference

42Courtesy E. Ciapala



Beam 2 first beam – D-Day 

43



Corrected closed orbit on B2.

Energy offset of ~ -0.9 permill due to the capture 

frequency.

44Courtesy J. Wenninger



September 19 Incident

• Due to bad connection of cables between C24 

dipole and C24 quadrupole, connection part was 

heated up and finally evaporated.

• This lead to arching and made a hole to helium 

enclosure and made helium to go into insulation 

vacuum.

• High pressure of helium damaged ~50 magnets. 



Make the interconnections -

electricalphoto CERN



Busbar splice

Cable Junction Box 

Cross-section

Upper Tin/Silver 

Soldering alloy Layer

Inter-Cable Tin/Silver 

Soldering Alloy Layer

Superconducting 

Cable in Copper 

Stabilizer

Upper Copper 

Profile

Lower Copper U 

Profile

Lower Tin/Silver 

Soldering Alloy Layer

Completed 

Junction



Cryostat and cold masses longitudinal displacements

51Courtesy JP. Tock



Q27R3

52



LHC Summary

• LHC has succeeded in storing current at 450 GeV last September.

• September 19 incidence is a big tragedy (one interconnection error 
among ~10,000 has damaged a few x 10 magnets); however, CERN 
is working hard to repair the damaged magnets, and modified QPS, 
etc.  Beam will come coming autumn.

• 8.3 T dipole filed at 1.9 K is a great achievement of high-energy 
frontier accelerators (including large scale 2 K cryo-plant).

• I expect that luminosity of LHC will reach its design goal within 4-6 
years.

• Future upgrade to reach higher luminosity is MUST for LHC and 
R&D is of great importance. 



ILC
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– 11km SC linacs operating at 31.5 MV/m for 500 GeV

– Centralized injector

• Circular damping rings for electrons and positrons

• Undulator-based positron source

– Single IR with 14 mrad crossing angle

– Dual tunnel configuration for safety and availability

ILC Reference Design

Reference Design – Feb 2007



SCRF Technology Required

Parameter Value

C.M.  Energy 500 GeV

Peak luminosity 2x1034 cm-2s-1

Beam Rep. rate 5 Hz

Pulse time duration 1 ms

Average beam current 9 mA (in pulse)

Av. field gradient 31.5 MV/m

# 9-cell cavity 14,560

# cryomodule 1,680

# RF units 560

56



Technical Design Report 
to be completed by 2012

Reference Design, 2007 >>  Technical Design Phase, 2008-2012

We are now at the stage of progressing from the RD to TD

572009-3-20 Indian Acc. School



Why Field Gradient Limited in SC Cavity ?

58

• Field Emission

– due to high electric field 

• around “Iris”

• Quench

– caused by surface 

heating from dark 

current, or

– magnetic field 

penetration. 

• around “Equator”

• Contamination

– during assembly



Progress in Single Cell Cavity 

• Record of 59 MV/m achieved with the RE cavity with EP, BCP and 

pure-water rinsing with collaboration of Cornell and KEK



Standard Procedure Nearly Established

Standard

Fabrication/Process

(Optional 

action)

Fabrication Nb-sheet purchasing 

Component (Shape) Fabrication

Cavity assembly with EBW  (tumbling

Process EP-1  (Bulk:  ~150um)

Ultrasonic degreasing (detergent) or 
ethanol rinse

High-pressure pure-water rinsing

Hydrogen degassing at 600 C (?) 750 C

Field flatness tuning

EP-2  (~20um)

Ultrasonic degreasing or ethanol (Flash/Fresh 
EP) (~5um))

High-pressure pure-water rinsing

General assembly 

Baking at 120 C

Cold  Test 
(vertical test)

Performance Test with temperature  
and mode measurement

Temp. mapping

61

Key technology

• Fabrication

Material

EBW

Shape

• Process

Electro-Polihsing

Ethanol or 

Ultra sonic. + 

Detergent

High Pr. Pure 

Water cleaning



Status of 9-Cell Cavity 

• Europe (DESY, Saclary)
– Gradient: > ~ 40 MV/m (max) , and  ~ 31.5 MV/m (av/)

– Industrial (bulk) EP demonstrated ~ 36 MV/m (av.)

– Field emission reduced with ethanol rinsing

• Americas (Jlab, Cornell, FNAL/ANL)
– Gradient: > ~ 40 MV/m (max), and widely scattered  at 20- 40 MV/m

– Field emission reduced w/  Ultrasonic Degreasing & Detergent

• Asia (KEK, China, India)
– Gradient: 36MV/m (LL, KEK-JLab), 32 MV/m (TESLA-like, KEK)

– More global cooperation of Indian institutions with

• Fermilab, Jlab, DESY, and KEK



ILC operation：
• <31.5> MV/m

R&D Status：
• ~ 30 MV/m to meet 

XFEL requirement

9-Cell and Cavity String  

Field Gradient Progress at DESY

•20 % improvement required for ILC



Accel-Zanon cavities
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AC EP 

Eacc=29,3+/- 9,7

AC BCP Flash 

Eacc=30,2 +/- 4,9

Z BCP Flash 

Eacc=24,9 +/- 3,8
Z EP Eacc=24,9+/-

4,4

- Max gradient, FE marked, if starts below 20 MV/m

- With He-vessel

- Without HOM pick up
Remark: some Z-Cavities might have suffered from fabrication problems so that the shown result 

could be independent of the final surface preparation process, i.e. wait for final analysis

Preliminary RF statistic of 6th cavity fabrication at 

DESY 

fe fefe

XFEL Spec. Eacc=23,6 MV/m

fe

2009-3-20
64

Information 

provided by 

W. Singer

Indian Acc. School



Cavity gradient may be improved by ‘ethanol rinse’, and

Field emission  significantly reduced. 

20 MV/m                         30                                    40

DESY: Ethanol Rinse Effect

2009-3-20 Indian Acc. School 65



9-cell Progress in Americas
with Japanese contribution for ICHIRO-5 

A (Accell), AES: TESLA shape, ICHIRO: LL shape 

67
67
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Most Updated Results from Jlab
as of Feb. 18, 2009  

2009-3-20
Indian Acc. School
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- Five 9-cell cavities: built by ACCEL, and processed/tested at Jlab.

- All of them processed with one bulk EP followed by one light EP and by  

ultrasonic pure-water cleaning with detergent (2%). 
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JLab: Effective Ultrasonic Degreasing
“KEK-ICHIRO-5” 9-cell cavity  Processed/Tested at Jlab

Ultrasonic Cleaning with degreaser effective to reduce 

field emission 



KEK: 9-cell Cavity in VT/Cryomodule 

high power test, one by one

high power test, with 4 cavities

Finally reached 32 MV/m 
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One Vendor Yield

(A6, A7, A8, A11, A12, A15, AC115, AC117, AC122, 125, 126) 

0

0.2

0.4

0.6

0.8

1

1.2

>15 >20 >25 >30 >35 >40

Gradient (MV/m)

F
ra

ct
io

n
 

Global Yield of Cavities Recently Tested at 

Jlab and DESY

23 tests,  11 cavities

One Vendor 

All Vendor Yield

(A6, A7, A8, A11, A12, A15, AES 1- 4, Ichiro5, J2,AC115, AC117, AC122, 

125, 126, Z139, 143)
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48 Tests, 19 cavities 

ACCEL, AES, Zanon, Ichiro, Jlab

50%

Yield 45 % at 35 MV/m being achieved 

by cavities with a qualified vendor !!

72
A Summary from TTC-08 (IUAC), 
ILC-08 (Chicago) by  H. Padamsee



A New High Resolution, Optical Inspection 

System 

camera

white LED half mirror

EL EL

mirror

motor & gear for mirror

camera & lens

sliding mechanism of camera

tilted sheet illumination

by Electro-Luminescence

perpendicular illumination 

by LED & half mirror

Camera system (7µm/pix) 

in 50mm diameter pipe.

For visual inspection of cavity inner surface.

~600µm beads

on Nb cavity

75

Iwashita (Kyoto) and 

Hayano (KEK) et al. 

DESY starting to 

use this system in 

cooperation with KEK

2009-3-20 Indian Acc. School



Understanding of  Sources for Quench

• Sources for quench below 25 MV/m have been identified 

• Thermometry first used to locate quench regions 

followed by optical inspection.  

• Quench sites are predominantly bumps and pits on the equator 

e-beam weld (EBW), or in the heat affected zone of that weld. 

A13 Cell #5 FE28, pit inside equator EBW

HAZ 100-200 m dia.

JLab DESY

Z130 Cell #5  18deg, 
pit at equator EBW ~500 m dia.

Picture example reported

quench at 18-22MV/m

A Summary
from TTC 
(H. Padamsee)

2009-3-20 79Indian Acc. School



Grinding Effort at KEK
Grinder Head with 
Diamond compound seat 

before after

Grinding machine was delivered in last week.

Diamond compound seat

#400 (size = 40 ~ 60 um)

as for 1st test

EBW bumps

sample plate (Nb)2009-3-20 81Indian Acc. School



Rinse Effect to Remove 
Sulfur precipitation/contamination 

U.P.W.  
ultrasonic 

rinse

Ethanol rinse 
(vibration)

Ethanol 
ultrasonic 

rinse

Detergent
FM-550

2 %

Detergent
FM-550

5 %

Detergent
FM-550

10 %

Detergent
FM-550

20 %

Cleaning 
Result × △ ○ △ △ ○ ○

Before rinse

After rinse

Many white 

dots are sulfur 

contamination

Ethanol ultrasonic rinse FM-550 (>10%) rinse

Sulfur 

removed

Sulfur 

removed

U.P.W. ultrasonic rinse

Teflon texture

82



DESY: Field Emission Analysis

Cavity grad ient shifted  to High Gradient by „ethanol rinse‟,

except for “lowest two” (due to d ifferent reasons)

20 MV/m                         30                                    40
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Summary of R&D Efforts/Subjects 

• Establish technology for defect-free production, with 
“quick” feedback using inspection camera results
– Upgrade “inspection camera”, and 

– Develop other inspection tools,

• Identify, more accurately, origin of field emission after 
surface treatment
– Research and improve “surface-analysis”: XPS, SEM ,,,

• Establish and Demonstrate countermeasures:

– The final treatment to remove FE source such as sponge wipe, 
degreaser rinse, ethanol rise, 

– Repair method such as grinding tool for curing damaged 
cavities

090226 85ILC-GDE SCRF
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Cavity  String Test in Cryomodule

with Plug Compatibility

• Cavity integration and the String Test to be 

organized as a global cooperation (S1-Global):

– 2 cavities from  EU (DESY) and AMs (Fermilab) 

– 4 cavities from AS (KEK (and IHEP))

– Each half-cryomodule from INFN and KEK

• A practice for the plug-compatible assembly 

2009-3-20 Indian Acc. School



SRF Test Facilities



KEK, Japan


DESY
FNAL

TTF/FLASH

~1 GeV

ILC-like beam

ILC RF unit
(* lower gradient)

NML facility

Under construction

first beam 2010

ILC RF unit test

STF (phase I & II)

Under construction

first beam 2011

ILC RF unit test



Beam Acceleration Test Plan
with RF unit at Fermilab and KEK

in TDP-2
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International Linear Collider：ILC

• Construction
– One in the world

• Development
– Americas, AS, EU: 

• Three region’s cooperation

– Asian Team-Work to be 
crucially important

• GDE
– Global design effort

– Technical Areas

• SCRF

• CF&S

• AS

2009-3-20 Indian Acc. School



Global Plan for SCRF R&D

Calender Year 2007 2008 2009 2010 2011 2012

Technical Design Phase TDP-1 TDP-2

Cavity Gradient R&D

to reach 35 MV/m
Process Yield  

> 50%

Production Yield

>90%

Cavity-string test:

with 1 cryomodule
Global collab. 
For <31.5 MV/m>

System Test with beam

1 RF-unit  (3-modulce)   

FLASH (DESY) STF2  (KEK)

NML (FNAL)

982009-3-20 Indian Acc. School



Global Plan for SCRF R&D

Calender Year 2007 2008 2009 2010 2011 2012

Technical Design Phase TDP-1 TDP-2

Cavity Gradient R&D

to reach 35 MV/m
Process Yield  

> 50%

Production Yield

>90%

Cavity-string test:

with 1 cryomodule
Global collab. 
For <31.5 MV/m>

System Test with beam

1 RF-unit  (3-modulce)   

FLASH (DESY) STF2  (KEK)

NML (FNAL)



ILC Summary

• We have witnessed much progress toward 35 MV/m (31.5 MV/m) ; 
however, progress is rather slow.

• To understand basic phenomena of cavities, such as field emission, 
quench, effect of contamination, is of crucial importance.  Much 
effort is concentrated for this direction. 

• Global coordination should be much more strengthened, among 
regions and especially within Asia.

• We need tremendous effort to start the real construction of ILC not 
long after the completion of Technical Design Pase.



Thank you for your 

attention !


