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CERN-LHC: Large Hadron Collider
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CERN-LHC: Large Hadron Collider
« [{:26.7 km
o ASTIRILF—(SPS): 450 GeV
 p + p Collision Energy:

e 7+7TeV (design)

A LR EE T (2008)
e 4+4TeV (2012)

A M ERSE. £235%K in LS1 (2013-2014)
* 6.5+6.5TeV (2016)

o BEHILE/IT4:1x103% cm2sec?

« X—THo/0 —: BEEEA. KRR
* 2in 1 main dipole at 8.3T: 1232 magnets
- BREINUDLGEL: 100k, 1.9K |
- AHIEE: 35,000~ |
o ANYDDLHEBTSUN: a0MW - e

e LHCEEERXE: > 5000 MCHF
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LHC: 7—2 &R ER#H A SR (3R =)

8 Arcs

— 23 * asingle cell: a FODO lattice (90° phase advance)
— Asingle cell includes: 6 dipoles + 2 quads.
— Two beams separated by 194 mm.

* Concept of “2in 1” dipole and quadrupole magnets
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* Dispersion Suppressor Z

e 8LSS(~530 m)

— 4 experimental insertions
— 1 for beam accelerations (RF)

— 2 for beam collimation
— 1 for beam dump
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LHC-MQXA

Ql & Q3 (MQXA): B TR (168)
Q2a & Q2b (MQXB):(kE7T/LZH (168)

BIZAHE =215 T/m, aMJ/)LOF=70mm ~9T
BAKS=5.50r6.37 m, EE5RE=1.9K

IRERIE <1 unit (1079
E—LHSDAE (BEHR) : ~10 W/m
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Inner Cable
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Iron Yoke

High-Mn Steel Collar Quter Cylinder for LHe Vessel



FEBERET/\TA—F—

EMHEISEE  215T/m
a4 I)LAE 70mm

HA—IUERE 470 mm
AN LRyE)L 490 mm

Wiim& 6.37m -
:|zf)[,|:° — s 8.63T 12— inner cable Ic @ 1.9 K
e T

EIREIR 7150 A S S \\ L -
Eiﬁ\gﬁﬂﬁ 381 % E 10 [ outer cable Ic @19 ------- .,-74\
AVFPFVA 87.9mH s | T
MSIRILE— 2.24 M) 2 L T
B A (1/834)L) 2, ]

YFx 1.19 MN/m g " inner load line /ky G= 240 T/m

: @ . (I/lc= 0.91, 0.88) |
2Fy -1.37 MN/m = . %; G= 215 T/m _
s (I/lc= 0.81, 0.78)

-~ louter load line
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%?)bmawnﬁsﬁ%*% No—Z=2 T O F

' Temp 1 88 K o : L L B : T : r !
! Ramp Rate: 10 A/s | | I )
250 L Energy Extraction: ~50 % | "‘g;: ! ]
‘ | | .
! | o b ogee® | o.’..
:: 230 O XT | ﬁ'.. :. I B
5 lg ® I _
© - | : | :
® | | ]
o 220 | | I .
s ' & | .
= : ® Model #1 l : | :
210 - Model #1a : N | : .
e o Model #1b ' . | <
L ~  Model #2 | | : ]
200 |-, ® Model #3 ! | . ]
- ¢ Models #4 & #5 : | :
- ~ = 7 Thermal cycle | ® s |
190 PR BT R N . S PR BT P B PR IR S N

e Reach to 250 T/m for 1st model.

e Exceeding 230 T/m for all models.

¢ Coil design change for 3rd model and later.
¢ Training memory after the thermal cycle.



EFIIEADOELY  BEmstoromig) g,

B b6
# | Electromagnetic | Notes b6 b10 W b10
Design
Optimization
I-m Model |1 | Original Reach -0.79 1 -0.93 | KEK ! - »
250 T/m | 032) | (-0.98) Im-#1
2 | Repeat -1.62 | -0.90 | KEK _—
3 | Re-optimize b10 -0.72 1 0.03 | KEK .
Re- (0.15) | (000) | (Toshiba) | '™# bi0
optimized corrected
4 | Reproducibility -0.77 { 000 | KEK Jme#4
5 Reproducibility -0.81 | 0.01 | Toshiba S
Full-scale 1 -0.56 | 0.01 | Toshiba
Proto Prototype
- o6
2 Repeat Toshiba Production Sv?{,:e:giem

0.5

Achievement
1-m model reached: 250 T/m
Full-scale prototypes: Multiple tuned << 104
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Bore Inner Tube
Insulation in Vacuum

Bore Outer Tube
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MOXAEE# TDIIUF

Quench Current (A)

Number of Quench Training

8000
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DFEE

Bore modvcation
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30 T/m ]
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- @ : (] o |o ° ° o Q° { ( o ° @ |
- & o | g*!|® °lq 9_;.0.’ °S. ® oo |®|” |
5T o 1 | | o 4 - . oV ° L __
. | | % ° o o | o [® ]
C Thermal o Thermal g [ J ° Thermal P ]
C cycle cycle] cycle ]
C ° ]
C ) .
- o Quench ]
- H  No Quenth ]
- MQXA ]
Lo 2 3 |5 (4|2 11 12 13 111 15 |16| 17 [18 | 19 ]
c -l ’ T 14 Dnd ]
Quench Sequence o
| __ i E Straight-Section -
Lead-End
i [0 Return-End ]
- o o v ¥ A & ¢ 2 » S 2 8 @ %I 2 \w o8 & ® 9
OO OOF OF R oHxOwFOwm OO ox o wm oW ® ® WO W W W
S
Magnet Number

All magnets reached 230 T/m.



19 units of MQXA

MOXAEER: HIZOE. #MEk

Field Gradient (T/m) Magnetic Length (m)
Current r - P
(A) Average ( Standard ‘ Average Standard
& Deviation & Deviation
3923 12.445 0.0096 6.3632 0.0048
2011.3 63475 0.0200 6.3642 0.0010
32079 101.01 0.0341 6.3642 0.0009
61344 186.53 0.0581 6.3670 0.0009
6677.3 201.73 0.0587 6.3675 0.0010
72279 217.07 0.0651 6.3679 0.0012
\
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MOXAEEHR: BREBIS (ZBRS)
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Multipole-coefficients

an, units

n-1

B, +iB, =107*B, 3(b, + ia, )( R, )
n=1 R'ef
2
1 i j 0.
-1L E -0.
-2 L -0.
a3 a4 a5

Normal

N\ ipole coefficients
bn, units

0.

2

units : 10000 x

@216T/m
A, ,B,

Quadrupole (B,)
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N
— 2 —_— S I\ Turn short at 1st turn of 2nd
|~77 )1/1 n 9 / /3 layer: Proto #2

Quench History of Proto#1

8.0 r ]
s . a..-.v.-®.-.-._._..f
75 | . ]
[ v v v ]
S i (OSteeNeEN] EERTIS SERREE | | ISR
S 70¢ ;
E v ]
6.5 o v 7
= ]
2 [ v ]
é 6.0 ¥ Quench Current (kA) ]
i @ No Quench - b
P L Ji  Turn & layer short of Proto #1
3 = Thermal Cycle v 1
= Thermal Cycle ] — o g f?
5'00 MR ; A I N 110 . PR ]154;# 20 H L Fnﬁ LE .

Quench Sequence

Foiay: IVRAR—Y—DRHEE

End spacer for
1st turn, 1st layer
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cSTIL3: RPFa—TDEHIZEDYTFEM

Quench Current (A)

Bore modjfjcation

8000

Mm‘-—gif}—da}-ﬁ-m- W—E’_f_'J_‘ -, ¥ 1 dv 5l elel o ml @

S AN 4 o |*® & ° o % / Mo O~. ° NURIBEIRk

& (Fe e | o7 e FOAN A0 OWENINTE
2000215 Tm @ | P I ° hd ° .' ° P9 ° b E

a I I ° e ¢ ° ° | o |® ]

N Thermal .Therm,,l i (J ° Therghal ° ] I |

r cycle cycle cyfle 1

N ° ] [=11]=
6000 \ ° .

. [ ] Quench ]

[ H  No Quenth ]

[ MQXA ] —_— - |
sooof -1 2 3 [5(4|26|7 (6] 9 [8] 10 1st1T1.c. 12 13 14 lld 15 [16] 17 | 18| 19 ] -

Quench Sequence T 4 . 2 r 5 |
n 1 ] n /
Cold tube Bore Tube Modification ]

Spacer b/w MOXA | - \ o
Warm & /_1——.—57 o

Cold Tube “ Fixing Bracket
S for Cold Tube

S NGBS AR -OENNISEXL%F
E S (FHZF 21— (SUS316L)IZ R 77
MEAE: 100N/m (at 3mm, 215T/m)

HIEEASIASILIZEGRAL, VIUF 1




J-PARC=a2—KJ/E—LSA A : SCFM



Tokai-to-Kamioka (T2K) Long Baseline
Neutrino Oscillation Experiment
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J-PARC and Neutrlno Beam Lme for T2K exp.

T 0.75MW, 50GeV
g Q\
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Orlglnal optics based on FODO lattice
VS.
New optics with "Combined Function” magnets




Sc Combined Functlon Magnet SCFM F B D

and superconducting bus
le for
5 ace for coolant —
> ) r col
v erconducting coi

o2 S Bam
+ BNL-RHICHST D= / g

18 . PR R s f@ T
« 20 Dipole Moot

« 20 Quadrupole
>> 40 magnets

>> 120 coils T e &w > “é 7//
- 2BEORETIY RHIC like Dipole RHIC like Quadrupole

SC Busbar

«—

Iron Yoke

::::%:;‘1:1: Stainless
e Steel Shell B+F B+D
;%‘- 2 % (SHe Vessel)

- HEERES EEHE) RB R
£: SCFM
e 28 magnets, 56 coils

- 1FEEORESAY

OXMEIBE T SEfEEER

Beam

Yoke Stack

Tube /
L/R Asymmetric ‘ 11 o
Coil ¢ vlY "

P Plastic Collar

SC Combined Function Magnet

.




Neutrino Beam Line with SCFM

B Feed Box

J==t=a- Crvostat with Cambined Function Magnet s

O Beam Manitar R aa E‘-e.u'nLill-.e

B Corrector Magnets | o 1 4 Dou b etS

B Quench Relisf Valwe

b-tunrsd @

I e v * 13 Interconnets

4 WY g E * 4 Profile Monitors
nUel ST » 5 Position Monitors
m ﬁDD Sl S « 3 Steering Magnets
oy R * 4 Quench Valves

Final Fogus Section




SC Combined Function Magnet

- 4589 SHe Vessel Hole for SC Bus SC C()]l
- 4348 (SUS Shell) Beam

- 4106 g & Tube
- 3.865
- 3.623
- 3381
- 3140
- 2898
- 2657
- 2415
- 2174
- 1.932
- 1.691

- 1.449 -
- 1.207
. 0.966 Iron Yoke

\ Y Yoke Key

G10 Wedge

- 0724 Yoke Stack Tube
- 0.483
o : . - 0241
Spec for 50 GeV proton beam
Coil ID. 173.4mm Op. Current: 7345 A 8 S B T sl
Mag. Length: 3300 mm Op. Margin: 72% 7 : : '
Mech. Length: 3630 mm Inductance: 14.3 mH 7 S R 10.365
Tmax: < 5.0K Stored Energy: 386 kJ %t N '
(Supercritical Helium Cooling)  # of Magnet: 28 e,t | ..,
Dipole Field: ~ 2.59T SC Cable: NbTi/Cu @ | N A
Quad. Field: ~ 18.6 T/m Rutherford Type Cable °; P Ll el
Field Error: <10"-3 @ 50mm for LHC Dipole Outer-L 2} /1!’,/" : B : Dipole Field ]%-355
tAANRE= TS | T
« "INR'DE—LSA /Fﬂ@iET?)ét&b HiZREEI3103 2R, TR e 0000 S000

« 30GeViBILTId, BRES50%LLT, A—KRSA2h—T EBL/B2LE D ERIKFEMY
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Test Results

lop = 7345 A @ 50 GeV (and I, = 7,700 A) reached with no quench.

@ 500 B 10.000 05/03/04 %{% 03:15:00
31.PV

w TI8
10.000
(s0.00) V7

.000

3 yE
Z fm/52
BVITT1.PV
Rk — & — &Y

GviTie . pv
RE L — & —FF?

15 0.000 BCITTT.PV
€000  <Hx. k

>
B 0.000 0.001kA

/
15:00
3.04

14:00 14:15 14:30 14:45
3.04

B 0.0 0.0 B 0.0 B o 0

® Fast ramping up to 7345A: No quench at 1000 A/s (P/S limit).
® No training quench at the 2nd cold test after thermal cycle.

-

s NEDEMUAZTRE., B,
e« 7700 AZTHOIUF/ELTEIE

Field quality meets optics

requirements.
No feedback to the design for

series production.

- fIHREEET HMISERE. SLBRIE.



J-PARC Neutrino Beam Line
¢ 28BMSCFMEAZE=1—R)/E—LSAVIZERE,
« INFETHELIE—LEE
Construction Completed in Dec. 2008
Hardware Commissioning Jan~Mar. 2009

\

Cryogenics Building  §

& Cryogenic System
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LHC / HL-LHC Plan

LHC

HL-LHC

T
13 TeV
I idalio
7 TeV .ﬂ. .:u::-:::::mlllu:: Ti;::;'g.
[ — regpore

R2E project

caperment

beam pipes 2 x narming Lumi

Dioges Comsolidation

13.6 TeV 13.6-14 TeV

LIU hezalaton
Civil Eng. M4

5% 7.5 x nomingl Lurni

ATLAS - CMS
spgrade phase 1

ningrwed 3000 b

(S

PROTOTYPES

HL-LHC CIVIL ENGINEERING:

DEFINITION

HL-LHC Design Study
(FP7-HiLumi) started in
2011.

rXCAVAT‘ION

0 o o umnosity IEHDRR
Technical limits to e

lumi increase
(Machine &

Experiments)

BUILDINGS

PHYSICS

ANSTALLATION & COMM. | |

HL-LHC: High Luminosity LHC =~

Target: 3000 fb1, 5x1034 cm sec?
(Nominal LHC: 300 fb1, 1x1034 cm™ sec1)

Ultimate: 4000 fb1, 7.5 x 1034 cm2 sec™?




IRITRIRE —LURABH A D MEHRSF A—

predictionfor 1 e big technical bottleneck:

nominal LHC
at 300 fb1

Radiation damage to triplet

peak dose longitudinal proﬁle

Cold bore PRI B3 T

peak dose [MGy / 300 fb™']
> o

)
e

4 7+7 TeV proton interactions

1T qu'ldrupoleq +—
L M(ZBX-Z
MQSX
- MCTX nested in MCBX-3
: MCSOX

insulation

lv

Ql

3] Q2a [| Q2b [

distance from IP [m]
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Beam current

O,

Energy Beam Size
0 2
R=1/ |1+ 2%
20

Geometric reduction factor

(50%,505,507) exvelope for &:=502646 x 10”1, €,=5.02646 x 10 °m, o, =0.000111

IT quats &hd D

Crab cavity Crab cavity

- 4 Collision ) 4
with
Crab cavities

1 t
v 4 1{ 5= \7\

without
Crab cavities

LERDIER X 5.5
* LHC Injectors Upgrade (LIU)
« IZSYRVRZTINEWVEFT
E—LH A ZDfEN X 3.7
* New IR magnets
o KRAFEBEEAMBHA: Nb;Sn(HFEM)
o E—LDBEABEE2BEA D1
« FILLWE—LNXZE . LAT7IL
» Achromatic Telescopic Squeeze

« E—LREADILK

. @y =pRE e Ifnot, x1/2.8

« U57ERDEA(5FTIEHF)

« NNMILTVITRE

o JLS/STrFEEX1034 (2L AN

. L[10** cms!]
20

|\| “Levelling Scheme”

average no level
average level

Luminosity (10%* cm sec™

0 5 10 15 20 25 30 ¢[h]
Ope. Time (hour)



HL-LHCER R E — LR BIEH A AT

Low B (pp)
High Luminosity

Connection to LHC (UL)

Service gallery (UR)

ATLAS, CMSTEZE R DAV AT LETYITL—F
BIZEHADOEMEREL: KAZETOmm > 150mm) . &5

BRI Nb;SntBInELR, BInEISTER

BADEH: E—LNERA A (MBXF) 2788 E ., SHERSFMLCERNIZIZ{H



Design Parameters

1B flux density (T)

A series production (7m) MBXFS3 (2 m)

Colil aperture

Field integral

Field (3D)

Peak field (3D)
Current

Operating temperature
Field quality

Load line ratio (3D)
Differential inductance
Conductor

Stored energy

150 mm
35T m 9.5Tm
Nominal: 5.60 T, Ultimate: 6.04 T — B
Nominal: 6.58 T, Ultimate: 7.14 T -
Nominal : 12.11 kA, Ultimate 13.23 kA E:;z
1.9K .
<104 w.rt B, (Re~=50 mm) 2
Nominal: 76.5%, Ultimate: 83.1% at 1.9 K
Nominal: 4.0 mH/m
Nb-Ti: LHC-MB outer cable
Nominal: 340 kdJ/m

Magnetic length 6.26 m 1.67 m
Coil mech. length 6.58 m 12 ton 2.00m
Magnet mech. length 6.73 m 2.15m
135 W (Magnet total) b = e —

Heat | — Hit =/:

eat load 2 mW/cm? (Coil peak) B ILS /T4 LHEE
Radiation dose > 25 MGy — BRI/ T1L4EMH

Rt FYLD

« KARE:

LI H AR F i 710 H

« BRDEAMIZL DI ERENDFE

o MRS #RIERE . BREV

tHe: R mADOHER.

00 W w0 4> M

— NbTiZFA(7R—IL RS @

4 block<%
44 turns \
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c e 19K e 19K 1 e 19K
® 19K, No quench ® 19K, No quench 1 ® 19K, No quench ® 19K, No quench
1 1 1 1 1 1 1 1 " 1 i 1 L 1
0 10 20 300 10 20 30 0 10 20 30 0 10 20 30 10 20 30/

Quench number

— o HREIZERE No—=2 T REN TR E

S ANSYSIZ & 26 NFH HHER
O - . [ 1 1 .-
B o sof i = i
3= | Ppre. stress| Pre-stress o | MBXFS2 MP
c 2 =111 MPa $ 100/
—— [ _ 100_ ............................................................................
68 .| =65 MPa = :
c o [
O wm N o N R N S i
S o e I I, I S - L O NG o D
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Max displacement s
3.4 mm in MBXF$1
= ~1 mm in MBXFS2
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Axial pre-load

‘Gap filling—>—4
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=

-
=

MBXFS MBXFS1b MBXFS2 MBXFS3

vavr:'ﬁﬂeB")IFeS”f fn‘zf‘nc)ers - 0.9 1.14 1.14
Wet-winding No No Yes Yes
Tightening torque of bullets (Nm) 14 14 20 24
Axial pre-load per coil end (kN) — — 30 -43 25-40
Additional shim on end saddle — — — t0.7 mm at max
Gap filing with epoxy resin No No No Yes
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