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Overview

• Shell-based support structures

– With LHC dipole, and RD3 and SMC missing
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Overview
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Overview
The LD1 design study 
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Overview: MQXF
First “attempt” of accelerator quality magnet
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General concept

• Room temperature pre-load provided by 
bladders
– About 30-50% of total pre-load
– Large force, easily adjustable

• The rest from shell cool-down
– Offset!

• In general, targeting 150-200 MPa on 
the coil at cold
– 35 MPa in the LHC dipole

• Generally, less than 100 MPa coil stress 
at warm

• Peak stress reached from below
– No “collaring peak”

• Yoke gap always open
– Shell force directly to the coil
– Still quite rigid
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Bladders: 45 MPa (700 μm gap)
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Key: 550 μm
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• We impose a coil stress based 
on shell stress, not a coil strain 
based on a cavity

– Less sensitive to uncertainties 
on elastic modulus 



Cool-down to 1.9 K
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132.6 T/m
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2D ANSYS model
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• Potted Nb3Sn coil „glued” with
contact elements

• Contact elements between the
structure parts model the friction
– Friction coefficient μ=0.2

• Continuous analysis of the
magnet life-cycle
– Bladders operation
– Key insertion
– LHe vessel installation
– Cool-down
– Magnetic forces

• From ANSYS magnetic model

• “Plane stress”



Criteria (Frascati 2012)

• Pole-coil contact in pole-turns midpoint

pcont ≥ 2 MPa

• Max bladder pressure 

< 50 MPa

• Bladder should open the interf=interfnom + 100μm

• σeq coil max ≤ 150-200 MPa at 

4.3K and 155 T/m

≤ 100 MPa at 293K

• All components σ ≤ Rp 0.2

• For iron at 4.3K (brittle) 

σI ≤ ~200 MPa 
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Material Rp 0.2 [MPa]

293 K 4.3 K

Al 7075 480 690

SS 316 LN 286 930

NITRONIC 40 353 1240

MAGNETIL 180 723

Ti 6Al 4V 827 1654



Shell

• Thickness
– It sets the cool-down force

• 80-100 MPa of stress

• more or less (Al-iron)Eal

– Probably, an “healthy” 
condition is with shell 
providing 50-70% of the 
total force

• Diameter
– Mainly given by what’s 

inside
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Yoke

• General size

– At cold one of the most 
critical target is σI ≤ ~200 
MPa 

– Keep an eye also to the 
room temperature peak 
stress < 180 MPa
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Pad

• General size

– Some bending during 
bladder operation

• Sometime made of stainless 
steel to increase limits

– With keys, normally no 
issue

• Shape

– Maximize bladder size

– May include axial rods
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Bladder

• Max pressure, assume 50 
Mpa for the “short 
sample condition”

– In reality 70 MPa

• Assume over pressure to 
produce clearance for key 
insertion: ~0.100 mm
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Bladder
MQXFS1
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Key

• Horizontal
– Optimized to minimize coil 

stress at cold and with e.m. 
forces

– Interference/shim of ~0.5 
mm: easy fine tuning of 
room temperature stress
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Key

• Vertical

– Just tight at warm

• In any case it is not easily 
controllable

– At cold, usually not much 
force intercepted

– Vertical pre-load provided 
by bending of the yoke
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Coil

• A cut-out in the pole may help 
a lot to reduce peak stress at 
cold
– But no strain gauges

• Hard to have uniform contact 
pressure on the pole with e.m. 
forces
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28Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

assembly

Assembly of the coil-pack with 

dummies…
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29Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

assembly

Sliding the shell around the yoke-

halves…
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30Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

assembly

Handling the shell & yoke…

Gap-keys 

insertion
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31Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

assembly

Sliding the coil-pack in…
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32Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

loading

Bladder operation…

Horizontal bladders

Vertical bladders

Horizontal bladders Vertical bladders
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Assembly steps
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Mechanical analysis
End region

• Axial force at 15 T: 780 kN

• Full axial support at 4.5 K

– No coil – pole separation in the 
ends

• Axial force shared between end-
shoes and wedge (bullets)

At 15 T

Displ. scaling: 20



36Jorge Enrique MUÑOZ GARCIATE Magnet Seminar | July 22nd, 

2014

Rod pre-tension…

loading

Rotating the assembled structure…

Structure fully assembled

Structure ready for test
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Axial preload system

End-plate (lead-end)
• Nitronic 50 HS, 75mm thick

• minimum YS: 515 MPa (in RT)
• minimum UTS: 795 MPa (in RT)

• Negligible plate deflection due to 
magnetic forces (few  microns)

• Displaced by 50μm during powering 
(stretching of the rods)
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Rods
Fz [MN]

Rods
σz [MPa]

Plate
σeqv [MPa]

Warm 0.76 185 316

Cold 1.23 304 541

Forces 
140 T/m

1.25 307 545

Aluminium rods M36

Axial magnetic force at 140 T/m

Fz = 1.29 MN



Stress and preload in the coil return-end
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σcool-down < 200 MPa σ140T/m < 160 MPa

Contact pressure against poles and spacers

Layer 1 Layer 2

Below HQ Below HQ
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MQXF

• Aluminum collars

– No pre-load

– Bolted on pole 
keys

– Minimal 
interception of 
shell forces
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Effect of friction in end region
Model results

• In a frictionless model the shell 
slides axially with respect to the 
yoke  

– Poisson effect

• z = 
– Higher thermal contraction

• Friction between shell and yoke 
limits shell sliding

• The shell axial strain varies 
along the length depending on 
friction factor

• Similar behavior is expected on 
the dummy coils

41



3D mechanical analysis
Axial strain in the aluminum shell

• During cool-down, shell shrinks more than yoke
– Friction limits the shell contraction

• High measured axial strain in LRS01
– Effect on azimuthal stress

• LRS02 and LQS01 with segmented shell
– Reduction of axial strain
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Liquid helium vessel

• OD of the structure shrinks by ~2mm

• LHe vessel requires tensioning to
maintain contact and alignment (weld
shrinkage)

• Vessel of 8mm thickness modelled

• Weld shrinkage simulated with contact
elements features

• Contact between the shell and the vessel
maintained (locally) after cool-down

• Vessel linked to the yoke through the
backing-strip (tack-welded) and welding
blocks between the shell segments
(bolted to the yoke)

Fweld kN σweld

MPa
σvessel

MPa

Warm 760 95 120

Cold 128 16 51

Forces 224 28 71
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Appendix
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Coil and G10 pole key

• Ti alloy pole impregnated with the coil
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Aluminum bolted collars

• 50 mm thick laminations
• Radial contact with coil and azimuthal contact with pole key (for alignment)
• No coil pre-load function
• Kapton shim used it to adjust radial contact between coil and collar
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Iron and stainless steel bolted pads
Coil-pack sub-assembly

• 50 or 8 mm thick laminations
• Alignment with respect to collars
• Stainless steel laminations in the ends 
• No coil pre-load function
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Iron masters and alignment-loading keys

• Slots for
– Bladders
– Loading keys
– Alignment 

keys

• Flat surface
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• Nested into 
features in the 
load pads (and 
yokes)



Yoke-shell sub-assembly

• 4 stacks of lamination 
assembled with ties 
rods

• Shell pre-load with 
temporary keys

• Tack-welding blocks 
bolted to the yoke

• Segmented shell with 
cut-outs for cold-mass 
assembly
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Coil-pack sub-assembly in shell-yoke-sub-
assembly and pre-loading
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Aluminium axial rod insertion and 
assembly of end-plate 
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Backing-strip
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Welded LHe vessel (stainless steel shell)
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3D ANSYS model
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3D ANSYS Model
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3D finite element model 
Lorentz forces

• ANSYS

– (x, y, z) coordinates of each coil 
element center

• OPERA

– Computation of J x B (N/mm3) 
at each (x, y, z) coordinate

• ANSYS

– Computation of J x B · Vel (N)

– Final force applied to each coil 
node
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Bladders: 45 MPa (700 μm gap)
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-105 MPa



Bladders: 45 MPa (700 μm gap)
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Key: 550 μm
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-67 MPa



Key: 550 μm
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Cool-down to 1.9 K
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-156 MPa



Cool-down to 1.9 K
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132.6 T/m
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-148 MPa



132.6 T/m
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132.6 T/m
Pole contact
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Mechanical analysis

1. ~30% of shell force 
intercepted by collars

2. Spring back

3. Full pre-load at 1.9 K

4. Coil still compressed at Gop

– Alignment maintained
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-105 MPa -67 MPa -156 MPa -148 MPa

AZIMUTHAL FORCE

Coil peak azimuth. stress



Coil OD
ΔUr [μm]

SHELL OD
ΔUr [μm]

Warm -80 +420

Cold -430 -960

Forces (140T/m) +45 +30
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Structure rigidity

Effect on the coil displacement on the field 
quality

• Room temperature assembly and cool-down

• B2: +1.23 T/m

• b6: + 0.95 unit

• Magnetic forces at 140 T/m

• B2: -0.07 T/m

• b6: -0.02 unit

14 μm

65 μm

NEGLIGIBLE

45 μm

Rout 140T/m = Rout - 457±7μm



Stress variation (MQXFS)
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• Optimised layout
– 1 normal shell (0.755m long)

– 2 half-shells at extremities (0.377m)

• Preload guaranteed at 140 
T/m

• Stress variation under 
central segment 
+/- 5 MPa
(affected by ends)

• Half-shells at the 
extremities decrease the 
stress variation



Stress variation (3m)
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• Stress variation under 
central segments

+/- 10 MPa
• Half-shells at the 

extremities decrease the 
stress variation (affect 
adjoining long segments) 

• Optimised layout
• 3 normal shell (0.755m long)

• 2 half-shells at extremities (0.377m)



Magnet design 
MQXFB

• Second iron master
– Coil-pack sub-assembly
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Magnet design 
MQXFB

• Iron yoke laminations
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Magnet design 
MQXFB

• Segmented aluminium shell
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Magnet design 
MQXFB

• Backing strip
– For Lhe vessel welding
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Magnet design 
MQXFB

• Axial support system
– Aluminium rods and end-plates
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Pre-loading sequence

• Target:
– Coil pre-load = e.m. force

• Room temperature
– 45 MPa bladder pressure

• Overshoot to insert shim

– ~30% of force on collars
– Marginal impact of vessel
– Coil peak stress <100 MPa

• 1.9 K
– 0.4 mm coil radial displ.
– Minimum force on collars
– Vessel still in contact
– Coil peak stress ~175 MPa
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Excitation to 140 T/m

• Coil under pressure
– Capability to pre-load to 155 T/m

• Coil peak stress ~140 MPa

• Structure rigidity
– ~0.045 mm on the mid-plane

• No impact on field quality
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Peak cool-down stress (3m)
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• Peak stress after cool-
down below 182 MPa 
(below TQ/HQ)

• Optimised layout
• 3 normal shell (0.755m long)

• 2 half-shells at extremities (0.377m)



Peak mid-plane stress (3m)
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• Peak stress with 
magnetic forces at 140 
T/m below 
138 MPa  (below 
TQ/HQ)

• Optimised layout
• 3 normal shell (0.755m long)

• 2 half-shells at extremities (0.377m)



Liquid helium vessel

• OD of the structure shrinks by ~2mm

• LHe vessel requires tensioning to
maintain contact and alignment (weld
shrinkage)

• Vessel of 8mm thickness modelled

• Weld shrinkage simulated with contact
elements features

• Contact between the shell and the vessel
maintained (locally) after cool-down

• Vessel linked to the yoke through the
backing-strip (tack-welded) and welding
blocks between the shell segments
(bolted to the yoke)

Fweld kN σweld

MPa
σvessel

MPa

Warm 760 95 120

Cold 128 16 51

Forces 224 28 71
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Bronze vs Titanium - island

Axial scan of axial stress along the mid-island ir 
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MQXF ANSYS model materials
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Material E [GPa] pr (L4.3K-L293K)/L293K

293 K 4.3 K 293 K/4.3K 293 K -> 4.3K

Coil EX = 44
EY = 52

GXY = 21

EX = 44
EY = 52

GXY = 21

0.3 X = 3.36e-3
Y = 3.08e-3

Stainless stell 193 210 0.28 2.84e-3 

Aluminum 
Bronze

110 120 0.3 3.12e-3 

Iron 213 224 0.28 1.97e-3

Aluminum 70 79 0.34 4.2e-3

G10 30 30 0.3 7.06e-3

Titanium 130 130 0.3 1.74e-3

Nitronic 40 210 225 0.28 2.6e-3 


