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Why is mechanics important for magnets?

= Superconducting accelerator magnets are characterized by
large fields and large current densities.

= As a result, coils experiment large stresses.

= Those forces have three important effects:

1. Quench triggering. the most likely cause is the release of stored
elastic energy or AC losses when part of the coil moves or a crack
suddenly appears. Due to the low heat capacity of materials at low
temperatures, that energy is able to increase the temperature of
the superconductor above its critical value.

2. Mechanical degradation, both the coil or the support structure:
if the applied forces/pressures are above a given threshold (yield
strength), plastic deformation of the materials takes place.

3. Field quality. the winding deformation may affect the field

quality.




Objectives of the mechanical design

= The magnet parts are produced and assembled at room
temperature, but working temperature is about -270°C:
differential thermal contractions.

= Taking into account the aforementioned risks, the
mechanical design will aim:
= To avoid tensile stresses in the superconductor.
= To avoid mechanical degradation of the materials.
= To study the magnet life cycle: assembly -> cooling-down
-> powering -> quench.

= In short: mechanics is the most likely limiting agent
which prevents a magnet to reach its nominal
performance.

= One should always think of the way to be manufactured.
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Mechanical design strategy

Calculate electromagnetic forces

I

Design a support structure
(if necessary) to hold
properly the conductors

No

Is it compatible with the assembly process
cooling-down and powering?




Outline

= Basic concepts:
= Electromagnetic force, magnetic energy and pressure.
= Stress, strain, Hooke’s law, Poisson’s ratio, shear modulus.

= Material properties: Young’s modulus, thermal contraction,
failure criteria.




Electromagnetic force

A charged particle g moving with speed vin
the presence of an electric field £and a
magnetic field B experiences the Lorentz force:

F[N]=q(E +VxB)

A conductor element carrying current density j
in the presence of a magnetic field B will
experience this force density:

ﬂ[N/ms]: jxB

The Lorentz force is a body force, that is, it
acts on all the parts of the conductor, like the
gravitational force.

£ IN]= (] T.ov
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Magnetic energy and pressure

= The magnetic energy density v stored in a region without
magnetic materials (u,=1) in presence of a magnetic field B is:

B-H B’
L

= The total energy U can be obtained by integration over all the
space, by integration over the coil volume or by knowing the so-
called self-inductance L of the magnet:

~ - 1
.U au—d _H coiIA. Jdv:ELIZ

= The stored energy density may be
seen as a "magnetic pressure” p,,
(force on a surface). In a current
loop, the magnetic field line density
is higher inside: the field lines try to
expand the loop, like a gas in a
container. B2

pm[N/mz] = 2_#0

© www.answers.com
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Stress

= In continuum mechanics, stress is a physical quantity
that expresses the internal pressure that neighboring
particles of a continuous material exert on each other.

= When the forces are perpendicular to the plane, the stress is
called normal stress (o) ; when the forces are parallel to the
plane, the stress is called shear stress (7).

= Stresses can be seen as way of a body to resist the action
(compression, tension, sliding) of an external force.
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Strain and Hooke's law

= A strain ¢ is a normalized measure of deformation representing

the displacement o between particles in the body relative to a

reference length /,. . 5

IO
= Hooke's law (1678): within certain limits, the strain ¢ of a bar is
proportional to the exerted stress o. The constant of
proportionality is the elastic constant of the material, so-called
modulus of elasticity £or Young’s modulus.

LI_F géO'F

- , E AE

o
‘ Question. what is the strain of a st. steel square beam of 10 mm side under 1 ton force?
10° _
/0 Eststeel — 9 — 4.8-10 *
‘ 10*-210-10
7 Tensile (pulling) stress (+): elongation
Compressive (pushing) stress (-): contraction
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Poisson’s ratio & shear modulus

The Poisson’s ratio vis the ratio between
“transversal” to “axial” strain. When a body is
compressed in one direction, it tends to
elongate in the other direction. Vice versa,
when a body is elongated in one direction, it
tends to get thinner in the other direction.
Typical value is around 0.3.

. gtransversal

&

VvV =

axial

A shear modulus G can also be defined as the
ratio between the shear stress t to the shear

strain .
Tyy E

G=_ 9 _
Yy 2(1+V)

r—————————
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Some common material properties

YOUNG SHEAR
o B U el R o e
NbTi 77 0.3 20 1.87e-3 Case Studies un Superconducting Magnets, Y.lwasa
NbTi+Cu 125 0.3 48 2.92e-3 Handbook of Accelerators Physics and Engineering, M.Wu
Copper 138 0.34 52 3.15e-3 Cryogenic engineering, T.M. Flynn
Insulation 2.5 0.35 0.93 10.3e-3 Formvar ©
Epoxy 7 0.28 2.75 6.40e-3 Composites Handbook, INTA
AISI 1010* 205 0.29 80 http://www.matweb.com (*properties at 300 K)
316L 208 0.30 82 2.97e-3 Handbook of Applied Superconductivity, B.Seeber

= In some cases, important differences depending on the
data source, mainly for non-metals.

= More uncertainties on properties at low temperature.

= Very useful for a magnet designer to know rough
values by heart.
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Young’'s modulus of composites

= It is quite often that data is not available for composites.

= An impregnated superconducting coils is a mixture of
strands, insulation and resin, in custom proportions.

= Smeared-out properties are computed, since they are
more easily handled in the calculations.

WINDING SMEARED-OUT PROPERTIES (4.2 K)

Courtesy J. Munifla, CIEMAT

YOUNG

MODULUS
(GPa)

POISSON
RATIO

SHEAR
MODULUS
(GPa)

CONTRACTION
@296-4.2K

94

2.99E-3

35

3.90E-3

35

3.93E-3

0.08

0.08

0.35

24
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Material properties: thermal contraction

= The magnet assembly is 12— T E—
always made at room S PTFE ‘
temperature. 1.0 1‘

= One needs to analyze the |
induced stresses due to ~_ost pesis -
different contraction of z
joined parts during G o6l
cooling down and at cold £
working temperature. - 04— _ALUMINIUM 1

= Composites are usually ——
anisotropic materials. 00 oo T . |
= One should be very _
careful during cooling . |
down... and warming ’ 00 e o0

up' I M. Wilson [2]
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Failure criteria

= The proportionality between stress and strain is more
complicated than the Hooke’s law: o C
= A: limit of proportionality (Hooke’s law)
= B: yield point
= Permanent deformation of 0.2 % A S. Timoshenko [1]
= C: ultimate strength
= D: fracture point 0

= Several failure criteria are defined to estimate the
failure/yield of structural components, as
= Equivalent (Von Mises) stress o, < o), Where

o, = \/("1‘02)2 (005 + (05— )

2

= Be careful: it is an average value. No information on direction or
sign (tension/compression).
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Material properties: NbTi

2500 ———— : , Hﬁ_i
F ///"(—A |
2000 - NBTi /\{{ﬂ/‘ .
/‘A’f

e /

Z 1500 A

= ( /

("))

& /

ol /

“ 1000 -

‘ COMPOSITE
500 T
M. Wilson [2] COPPER

STRAIN %

L L S S S B S R e

300+

NbTi:Cu(1:18)
0.53x 0.68mm
180 FILAMENTS

0 200 400 600 800 1000
STRESS, MNm 2

Ductile material

The properties can be
computed as a weighted
average in volume of
copper and superconductor.

Some degradation of
critical current above 200
MPa, but reversible (non
permanent).
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Material properties: Nb;Sn s o 1010

88/1361-6668/accas0

180 !

=—4— 19 T, under load
<] 19T, after unload
18 T, under load
18 T, after unload
17 T, under load
17 T, after unload
—&— 16 T, under load
A 16T, after unload

= Fragile material 160

= Permanent degradation of ol
critical current above ~150 ool
MPa (many studies sof

sof B=19T

ongoing). :
40 [- RRP 108/127 @ = 0.70 mm
[ Wire ID #073A02 @4.2K

20 .............................
0 50 100 150 200 250 300

120

| [A]

c

Transverse stress [MPa]

TS 1 Figure 1. Dependence of the critical current /¢ on the applied
| Py transverse stress for the 0.70 mm RRP wire impregnated with epoxy
\, ae | F typeL,at T=42Kand B= 16T, 17 T. 18 T and 19 T. Solid and
| o Er open symbols d to the me: ts under load and aft
\ l - 0o Ll pen symbols correspond to the measurements under load and after

% unload, respectively.
9

RUPP x a e
EKIN © caw

e *.w Tensile stress may increase
\ | s o the critical current... but

\ | EASTON B SCHWALL @ 0.6+

\ 1 - dueto an internal state of
oo T T compression.

| Y
R = No dependence on intrinsic

STRAIN *a M '/’///50,7 [2] St ra i n .
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Material properties: nonlinearities

s[MPa]

Stres

120%
100%
805
60%
40%

204

...................................

1 unloading section
140

O. Sacristan (CERN)
EDMS #2706612
MCBXF impregnated
cables

In many cases, modulus of
elasticity varies with
applied stress: nonlinearity.
Typically, it happens with
impregnated
superconducting cables!

It also depends on
temperature. Usually,
rigidity increases at low
temperature.

Virgin loading is quite
different from cyclic
loading.

Loading and unloading
follows different paths:
hysteresis.
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Outline

= Solenoids:
= Thin wall
= Thick wall
= Real case
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Why starting with solenoids?

= It is the simplest geometry, it helps to understand the
concepts.

= It can be studied analytically... numerical results have
to be checked analytically!!

= Itis also an accelerator magnet, used for focusing.

= Large magnet detectors are usually based on
solenoids.

= Some other magnet layouts are based on solenoids:
Helmholtz coils.

22




Solenoid: thin wall (I)

= In an infinitely long solenoid carrying current
density j, the field inside is uniform and outside is
zero. Lorentz forces are pushing the coil outwards
in pure radial direction, creating a hoop stress ¢, on

a
—_—
I
the wires.
= Using Ampere’s law: Az
§I§-dfzyol = B,AZ = 11, jWAZ .

= Assuming that the average coil field is By/2, the ;
magnetic pressure is given by the distributed
Lorentz force:

w.

B
F. 0, = fi,(aM0Azw)T, = ]70 (ahOAZW)T, = o5(ahOAZ)T,

_ B

= So, ina 10 T solenoid, the windings undergo a
pressure of 398 atm.
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Solenoid: thin wall (II)

= The simplest stress calculation is based on the
assumption that each turn acts independently of its
neighbors:

2F = jﬂ/z f, coséwadd =2 f aw
/2

B? B, a a
F=f,a=pa=>oW=—a=o0c,=——=p,—
214, 24y W w

= In general, assuming that Bis the field at the
innermost turn, at radius a:

o, =Blaocl?

= In our example, assuming radius of 10 cm and thickness of 10 mm,
stress is about 400 MPa. It is too high for Nb;Sn (~150 MPa) and likely
for NbTi (~500 MPa), if one takes a filling factor of 70% in the winding...

= What is the solution? To fit an external cylinder with interference, which
makes a pre-stress on the winding, decreasing the tensile azimuthal
stress o,.
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Solenoid: thick wall

Q.
[~ | Thin coil I::) P
<] in coil: @
o Rout/Rin=1.3 je
©
‘ 5
| £
| R 5
} Z
(a) (b)) - of
Thick coll:
Short solenoid: field map (left) and Lorentz forces (right) Roul/Rin=4 -0 - % 3

= The Lorentz forces in a solenoid tend to push
the coil:
= Outwards in the radial-direction (£, > 0)
= Towards the mid plane in the axial direction (£, < 0)
= Radial stresses are not neglected (label o).

= When radial stresses become tensile
(positive), there is a risk of resin cracking,
which may induce a quench.

= In summary, long and thin solenoids are
mechanically more stable.

3

Q
o

Normalized stress O/ P

o

Normalized Radius «

M. Wilson [2] Normgalized Radius «
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AMS solenoid: real case (I)

§ Thermal shield

SC solenoid

[ G11bobbin

Spacer

SC switch

Cryostat

A)

Current (

Training test

300

250

N

o

o
L/

150
100

Re-training

a1
o

o

0 2 4 6
Quench number

Length

Inner diameter
Outer diameter
Number of turns
Nominal current
Peak field

Bore field
Current density
Working point
Self inductance

123.75 mm
188.72 mm
215 mm
1782

450 A
580T
425T

493 A'mm2
75%

0.5H

= A short solenoid was trained with poor

results, below 50% on the load line: a
mechanical design mistake limits the
performance.

S. Sanz et al,, "Development of a superconducting solenoid
to test AMS power supply’] CIEMAT, 2006
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AMS solenoid: real case (II)

Current (A)

NODAT, SOLUTION A‘N
AFR 28 2004
STEP=1
SUB -1 12:07:23
TIME=1
oY (BVE)
RE¥Z=0
DME =.742E-03
SMN =-.824E+08
SMM =.457E+08
li i)
frd
-. B24E+08 -.539E+08 - 2G5E+08 301E+07 315E+08
-. 6BZE+08 -. 397E+08 -.112E+08 L1T2E+08 LASTE+02
NODAL SOLUTION AN
STEP=1 MaR 16 2005
SUB =1 07:36:32
TIME=1
5T (BVE)
RS¥S5=0
DM =. B0ZE-03
SMN =-. 305E+09
SME = 127E+09
B
1
2S05E+03 203E+03 113E+03 172E+0% TETE+0E

——————————

———————————————————

UUUUUUUUUUUUUUUUU

Training test

T
500 T |
400 : —
T
300 Jd al |
2
200 S :. : : E—
M Re-trainin
100 12 | Re-lra | g
11|
0 T '
0 5 10 15 20

Quench number

Post-mortem analysis: the thermal
contraction of G10 bobbin is smaller
than that of the winding.

The bobbin core was split in two: the
axial stress distribution is now
completely different, no tensile stress
on the winding.
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IFMIF/EVEDA solenoid: lessons learnt

Horizontal bl e
steerer (two ~, (two racetrack
racetrack coils).

secondary
solenoid (serial
connected to the
main solenoid,
current in
opposite sense). Outer SC solenoid

Steerer coils in support structure

Main solenoid.

= Two concentric solenoids powered in opposite senses.
= No need of external support because they are thin and long.

= No bobbin to avoid differential thermal contractions and increase
superconductor efficiency.

= Complex structure to hold the corrector coils.

= Only 1 quench below critical current in 8 powering tests!

S. Sanz et al. "Fabrication and testing of the first magnet package prototype for the SRF Linac of LIPAC”, IPAC 2011

Mechanical design of SC magnets 28
F. Toral, CAS, 2023




What have we learnt by now?

The mechanical design of a superconducting magnet aims to
avoid tensile stresses in the coil and mechanical degradation
of materials.

Electromagnetic (Lorentz) force is a body force.

We have reviewed basic concepts of strength of materials,
such as stress, strain, modulus of elasticity, failure criteria...

Material properties are strongly dependent on temperature.
Coils are a composite of insulating materials and
superconductors.

Magnetic pressure induces hoop stresses in the solenoid
conductors.

Long and thin solenoids are mechanically more stable than
thick and short ones.

Differential thermal coefficients may induce premature
quenches in superconducting magnets.

29



Numerical methods (a bit of philosophy)

= Analytical expressions are generally valid only for simplified
models.

= Numerical methods are able to model a magnet very accurately:

Anisotropic material properties.

Complicated geometry.

“Sophisticated” boundary conditions: sliding/contact surfaces, joints.
Load steps: assembly, cooling down, energizing.

Transient problems.

= Personal opinion: there is a common mistake... to forget about
analytical approach and come directly to the numerical
simulation. Analytical methods are NECESSARY :

To understand the problem.

To make a first estimate of the solution.

To simplify the numerical simulation.

To check and UNDERSTAND the results of the numerical simulation.

30




Numerical methods (more philosophy)

= The most used one is the Finite Element Method.
= Commercial software: ANSYS, COMSOL, CAST3M
= Take your time to think of the most adequate model: do not
include all the features in the first simulation:
= Is a 2-D model enough for my needs?
= Do I need to include friction?
= Should I model all the screw holes?
= Which are the boundary conditions?
= Where do I need a fine mesh?

= Material properties must be so realistic as possible: rubbish in,
rubbish out,

= Analyze carefully the results. Is what you expect?

= Do not make a parametric analysis if it is not necessary: better to
understand how your mechanical system works.

31



Outline

Accelerator magnets:
= Coil dominated field:
= Winding approximations: thin shell, thick shell, sector.
= End forces.
= Support structures: low, high and very high field magnets.
= Iron dominated field.

32



Accelerator superconducting magnet types

Coil dominated field

= Field quality dominated by the
coils (iron is optional).

= High fields (>3 T).

= Usually complicated coil
geometries: cos-theta, canted

cos-theta (CCT), block,
common-coil.

Iron dominated field

Field quality dominated by
the iron yoke.

Moderate field (2-3 T).
Flat coils.

Mechanical design of SC magnets
F. Toral, CAS, 2023
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Cos-0 type magnets: Lorentz forces (I)

= The Lorentz forces in a n-pole magnet tend to push the coil:
= Towards the mid plane in the vertical-azimuthal direction (£, £, < 0)
« Outwards in the radial-horizontal direction (F,, £, > 0)

Tevatron dipole

TQ




Cos-0 type magnets: Lorentz forces (II)

In the coil ends, the Lorentz forces tend to make the coil longer:
outwards in the longitudinal direction (F~, > 0).

In short, the field lines try to expand the coil, like in a current loop.

However, the coil is unable to support the magnetic forces in tension.
These forces must be hold by an external support structure.

Fz
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Approximations of cos-0 winding cross-sections

In order to estimate the force, let’s
consider three different approximations
for a n-order magnet:

= Thin shell (see Appendix I)

= Current density J = J, cosné (A per unit
circumference) on a infinitely thin shell

Orders of magnitude and proportionalities '
= Thick shell (see Appendix II)
= Current density J = J, cosné (A per unit
area) on a shell with a finite thickness |
First order estimate of forces and stress

= Sector (see Appendix III)

= Current density J = constant (A per unit
area) on a sector with a maximum angle

¢ = 600/30° for a dipole/quadrupole
First order estimate of forces and stress

R Ferracin [5]
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Thin shell (current sheet) (I)

Beth’s theorem: the complex force on a current element (per unit

length in the longitudinal direction 2) is equal to the line integral of
magnetic pressure around the boundary of that element in the complex

plane:

force [N/m] on half a coil is:
1

2ty *°

z/2n 9

IE = (Bli o Bout

= If current density is given by J=J,cos n6
[A/m], and assuming iron with p=co at

radius R, the density force 7

/JO\](}2

—

f = f,+if, =

For a cylindrical current sheet, the total

)aede

2
If:FeriFX:—iijB z
214,

[N/m?] is:

a

loda)

8

e—i0(2n—1)_ ei0(2n+1) n 2(

e

37




Thin shell (current sheet) (II)

One can get the tangential and normal components by dot product with
the tangent and normal unit vectors:

Il
!
=1
Il

2 2n
f f.e @(gj [1+cos(2n0)]

' 4

R .JZ a 2n
= felt20) = _ oo {H(E) }sin(Zn@)

Il
I
""1

i
¢ 4

= For a dipole, the force on half the coil is:

o 2 2
F [N/m]= O/Z(fr cos@ - f,sin 9)ad9=MF+(Ej }

2

2
Moo la

F,[N/m]= 'Oﬂ/z(fr sin @+ f,cos@adl = —

= It is proportional to the square of the current density (and field) and the
bore radius.

= See Appendix for expressions on dipole and quadrupole without iron.
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Thin shell (current sheet) (III)

= One can consider a real winding like a sum of current sheets and solve
the problem by superposition.
= It works fine for the field, the stored magnetic energy and the forces.

= Application to a corrector quadrupole prototype magnet developed for LHC,
MQTL.

2 R A ———
> I
2
Y os Te SHEET ROXIE FEM Units
e
o 2.99 3.00 2.99 T/m
S osf 98.4854 98.4616 98.1640 units
it 1.1899 11871 14283 units
Q 0.0152 0.0152 0.2352 units
T o4t 0.366 0.368 0.379 T
g 0.0547 0.0546 0.0548 mH/m
= 5174 50.30 48.955 N
02t 1 118.26 11657 115207 N
% 5 e s @ B W w0

Angular position (deg)

F. Toral et al., "Further Developments on Beth’s Current-Sheet Theorem.: Computation of Magnetic Field, Energy and
Mechanical Stresses in the Cross-Section of Particle Accelerator Magnets’, MT-18, 2004
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Thick shell (I)

We assume
« J=J,cosn6 where J,[A/m?]is L to the cross-section plane
= Inner (outer) radius of the coils = a, (a,)
= No iron

The field inside the aperture is .
B,. :_ﬂono rn_l(ag_;::f_njsin ng B, :_,Uono r”‘llag_;:f—n}osng

The field in the coil is

2-n _ 2-n 240 24N 2-n _p2-n 240 _ o 2+n
a —-r — J a r r —a
B, __Hodo | naf %2 R 4 |lsinng B, =-2070 ] 1) 72 1 —— ||cosng
2 2—-n 2+n pln 2 2—-n 2+n pln

The Lorentz force acting on the coil [N/m3] is

2 [ 2-n 2-n 2+4n 240\ | .
3 _ Hodo | | @2 T 1 (r7 —a; 2 f, =f, cosd—f,sind
fo="Bpd =" 2-n | 2+n| &n cos™n?
i 2-n 2-n 2+n 240\ | .
3§ a; —r 1 (re-a _ =
f, =B,J :_ﬂozo il 22 S . 1+n1 sinngcosng f, =f,sind+f, coso
—nN +n r

R. Meuser [4]
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Thick shell (II)

= In a dipole, the field inside the coil is:

B :_luo‘]O

y 2 (aZ_al)

= The total force acting on the coil [N/m] is:

F=—">—a +-|Ih—=+—|a —=a

2 9\ a 3
2
F :_M £a§+g |nﬁ_l a13
! 2 |27 9\ a, 3

= A simple approximation of the maximum stress at
the midplane is:

F
ay[MPa] =5 _ya

41
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Sector: dipole (I)

= We assume
= Uniform J=J,is L the cross-section plane
= Inner (outer) radius of the coils = a, (a,)
= Angle ¢ = 600° (third harmonic term is null)

= Noiron
= The field inside the aperture

2n

(az—al)sin¢sin9+g( ' ( L _ nll]sin(zn+1)¢sin(2n+1)9]

—~ (2n+1)2n-1)( aM! a]

00 2n
. 2,”0‘]0 I:(az _al)sin ¢C039+Z ( r ( 1 r:ll-lJSin(zn +1)¢C05(2n +1)9:|
T n=1 a2

B, :_2/”0‘]0 [
By =
= The field in

~ (2n+1)f2n-1)( aft

the coil is

[e¢]

B 2;%J0 - - ) EL 2n+l r - ) - )
B, _——J(az—r)smgésméhrZ[l (rj }(2n+1)(2n—1)sm(2n Lgsin(2n 1)49}

BHZ

T

_ 210 ¢ )
7T

n=1

[e¢]

2n+1
. a, r .
_ = 2n —1)p cos(2n -1
(a, —r)sin gcosd 3 {1 ( rj ](2n+1)(2n_1)5m( n—1)¢ cos(2n )H}
) R. Meuser [4]
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Sector: dipole (II)

= The Lorentz force acting on the coil [N/m3], considering the
basic term, is

20035 . ’-a) .
f, =—B,d =+00 ging (az—r)—r 2611 cosé f, =f, cosd—f,sing
T 3r
2158 r?-ad| _
f,=B,J=— ﬂ; 0 sm¢{(a2—r)+ 3r21 :lsme f, =f, sing+f,coso

= The total force acting on the coil [N/m] is

2
FX=+2ﬂ°J0 ‘@{Zﬂ_ﬁaéﬁélnﬁafw4ﬂ+‘@af—£a2af:|
T 2 36 12 & 36 6
2
F, = 2Hods VB[ 1 s Tpas 1o
x 2|12° 4 a ' 12

Mechanical design of SC magnets
F. Toral, CAS, 2023



Sector: dipole (III)

s Stress due to the accumulation of forces in the midplane for

a sector coil of angle a on the bore radius
= B: bore field (T)
= j: overall current density (A/m?)

s, (r,0)= (cosa - 1) Bjr

= 1:aperture radius (m)

50

= o0 will be in Pa

= For a 60° sector coil cos(60°)=1/2

_ 1.
Sqq(r,O) = —EB]r

Courtesy E. Todesco
44




End forces

Virtual displacement principle: the variation of stored magnetic energy
U with the magnet length equals the axial force pulling from the en
keeping constant the other dimensions.

ouU
T a
That is, the stored magnetic energy per unit length equals the axial force:
in LHC main dipole, it is 125 kN per coil end.
In the case of a thin shell, it can be written as:

2n
FZ[N]:%{H(EJ }Jga2

For the same current density, the end forces on a quadrupole coil are half
than in a dipole.
Please find expressions for thick shell and sector approximations in the

Appendices. Calculations are made writing the stored energy U as a
function of the magnetic vector potential A, obtained from the field:

1 O0A OA
Br(r"g):F 592 B@(r’g):_ al’z

F.[N]
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End forces: other useful approximation

= Magnetic pressure or energy density of magnetic field

BZ
o Pm = 0p = 200
= Note that this is a pressure (N/m?) Ho
= Indeed, it is also an energy density (N.m/m?)=]J/m?>
7 \ 2
. _ .\ BB(x,y.2)f
= Stored energy in a magnet U= o dxdy dz
= Can be approximated by 2 ' ’
= B: bore field U » B p(r+w)°l
: 2m "
= 7: aperture radius 0
= w: coil width
= | :magnet length Courtesy E. Todesco
U _ B

F=—»_—p(r+w)’
m

= Forces in magnet heads [ 2m,
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What have we learnt by now?

= There are two main types of superconducting accelerator
magnets: coil and iron dominated field magnets.

= In cos-0 magnets, the winding cross-section may be
approximated in different ways: thin shell, thick shell or
sectors.

= Axial forces on coil ends equal the stored magnetic energy
per unit length.
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Support structures (I)

= One of the main concerns of the mechanical designer is to avoid tensile
stresses in the superconducting conductors when they are powered.

= The classical solution is to apply a pre-compression: arch bridge.

a4 ‘ \1‘ X\-\.

\
\

A7

s ,:J

'Y
2
7 i

>

% )
o TSI AT
oSt e

~J

2 {
T
|

= For cos-0 winding configurations, the external structure usually applies a
radial inward compression which is transformed into azimuthal compression
inside the coil which counteracts the formation of tensile stresses that
would otherwise appear under the action of the electromagnetic forces.

Mechanical design of SC magnets
F. Toral, CAS, 2023
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Support structures (II)

The outer shell must be stiff enough.

A simple approach is to assume the radial Lorentz force
as a uniform pressure or take the horizontal component:

F[N/m]_P-a
)

GQ[MPa]: %

o,|MPa]=

The maximum stress in the shell at cool-down is usually
about 200-300 MPa.

For n-pole magnets, one can compute the maximum
bending moment in a thin cylinder under radial forces
separated by an angle of 26:

M Fa(cos(x)_ 1—05}

2 \sin(g) o6
52
o=
12a°
6M
Oy :?

Roark’s formulas for stress and strain, McGraw-Hill
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Low field magnets: LHC correctors

= Let's assume as low field magnets those with
peak field below 4 T. Conductors are usually Shrink ring
monolithic wires (fully impregnated coils).

= The coils of most of LHC corrector magnets were  Scissors laminations

(stars mark

pre-compressed by scissors iron laminations: positon of "
maximum widt
= The pre-compression is provided by an outer

aluminum shrinking cylinder. Coils
= The iron cannot be a hollow cylinder because it
contracts less than the coils. Position of

maximum

= Using eccentric paired laminations with different
orientations, the inwards pressure is made
alternatively on neighbour coils.

= The iron is placed very close to the coils for field
enhancement.

= It is a simple system for series production: fine

. “—— Shrink ri
blanking. = e

Coils

Scissors
laminations
(iron)

A. Ijspeert, J. Salminen, "Superconducting coil compression by scissor laminations’] LHC Report 47, 1996
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Low field magnets: MQTL

Lessons that can be extracted from one of the quadrupole LHC corrector

prototypes, MQTL, which was 1.2 m long:

Holes in the iron to improve the field quality are elliptic to decrease the stress
accumulation at the hole inner edge.

Slow training test, with no improvement from 4 to 1.9 K: mechanical problem.

It is not solved with increased interference (ModA). Detraining suggests “slip-stick”
movements between the iron laminations and the coils due to axial forces.

* NOC0N0ONN :

LON(

G _TRIM QUADRUPOLE 4.2K+900A

OPT. Hi

OLE (INSUL Erad/3)

ROCONDONN £533573%:

i Current level at quench [A]

650
600
550
500
450
400
350
300
250
200

Re-training / training MQTL

\
{
\
<

7
\
\1

N
= T

- MQTL2ModA @ 1.9K

- MQTI2ModA @ 4.4K
— MQTL2V1 @ 4.4K

/ -~ MQTL2V1 @ 1.9K
I I I

I

2 4 6 8 10 12 14 16 18 20 22

Quench Number

24

F. Toral, PhD Thesis, Madrid, 2001
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Low field magnets: TESLA500 quadrupole (I)

If the coils of a quadrupole prototype for TESLA500/ILC project were
energized without any support structure, they would experience tensile
(positive) stresses. Nominal current is 100 A, at 50% on the load line.

NODAL SOLUTICN
STEP=1

SUB =17
TIME=1

Uy (AVG)
RSYS=1

DMX =.21401
SMN =-.022152

SMX =.961E-03
F

-.022152 -.017016
—.019584

EDISON QUADRUPOLE COIL 100A

-.01188
—-.014448

-.008312

-.006744

-.004175

APR

AN

18 2013
12:00:03

001607

.961E-03

AN
NODAL SOLUTION APR 18 2013
STEP=1 12:04:16
SUB =17
TIME=1
sY (AVG)
RSYS=1
DMX =.21401 y
SMN =-40.236
SMX =49.232
F
Gl\ ER GLASS-FIBRE
%\ BANDAGE
ni_"!
i
N
G-11 SPACER
I
-40.236 -20.354 -.472256 19.41 39.291
-30.295 -10.413 9.469 29.351 49.232

EDISON QUADRUPOLE COIL 100A

Deformations (mm) in azimuthal direction

Stresses (MPa) in azimuthal direction

F. Toral et al., "Fabrication and Testing of a Combined Superconducting Magnet for the TESLA Test Facility”, MT-19, 2005
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Low field magnets: TESLA500 quadrupole (II)

= The coil assembly was protected by a wrapped ’ oF

glass-fiber bandage. The pre-compression was
provided by an outer aluminum cylinder.

= The iron was split in four sectors. Each sector
had radii which fitted with the coils and the
shrinking cylinder at cold conditions.

AN

APR 18 2013
STEP=1 12:59:04
SUB =16
TIME=1

sY (BVG)
RSYS=1

DMX =.465495
SMN =-105.843
SMX =84.521

F

NODAL SOLUTION

AN
APR 18 2013
13:02:23

—-105.843 —-63.54 —-21.237 21.066 63.369
—-84.692 —42.389 —.085509 42.218 84.521

EDISON QUADRUPOLE COIL 100A

Deformations (mm) in azimuthal direction Stresses (MPa) in azimuthal direction

Mechanical design ot SC magnets
F. Toral, CAS, 2023
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Low field magnets: TESLA500 quadrupole (III)

The first training test was quite poor.

Two of the iron sectors were shimmed to
balance the pre-compression: second training
improved a lot.

Training did not improve cooling down to 1.9K:
a mechanical problem limits performance, likely
the end forces or the nested dipole coils.

- # -h=150 mm

—a&— h=15 mm

Aluminum outer d/amZter before re-assembly

140 1
X X ® 24 2
130 *— 2 3
AAA ¥kxXK X Vi 6
120 A o 22 = 4
I/ 6 O k-
_ 110 - 21 267 - 5
< S
= 100 - 267,
zZ /. A
x 9 &Y / '
8 19 - g h 7
80 // —e— training 4K quad e d
- . ~ 0\ .’
70 —— training 4K combined 18 . D 8
/ —a— training 4K quad 3
60 —¥— training 2K quad \
/ _e- - 17 . . 9
retraining 4K quad .
—— first campaign 4K
50 T T T T " y 16 = —8—h=285mm
0 5 10 15 20 25 30 35 " a | A -h=150 mm
QUENCH NUMBER " 1 ——h=15 mm

Aluminum outer diameter after re-assembly
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Support structures: high field magnets

= Let’s consider as high field magnets those with
coil peak fields in the range from 4 to 10 T.
Conductors are usually cables with polyimide
tape insulation.

= In the case of the Tevatron main dipole (8,,,,
4.4 T), assuming a infinitely rigid structure
without pre-stress, the pole would move off
about -100 um, with a stress on the mid-plane
of -45 MPa at nominal current.

AN PLOT NO. 1
NODAL SOLUTION
STEP=1

—.492E-04
—.369E-04
—.246E-04
=.123E-04

SMIN

||

—/

.
—.615E-04
—

(-

|

] 0

Nominal field

Nominal field

Azimuthal displacements P, Ferracin [5] Azimuthal stress distribution

PLOT NO. 1
NODAL SOLUTION
STEP=1
SUB =1
TIME=1
SY (AVG)
RSYS=1
PowerGraphics
EFACET=1
AVRES=Mat
DMX =.110E-03
SMN =—.471E+08
xS
= +
B - 418E+08
mm - 369E+08
am - 312E+08
mm -259E+08
O —-206E+08
—-.152E+08
(==
—.994E+07
— Rty
665522
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Support structures: pole turn

Coil azimuthal pole stress (MPa)

We focus now on the stress and
displacement of the pole turn (high field
region) in different pre-stress conditions.

The total displacement of the pole turn
is proportional to the pre-stress.

= A full pre-stress condition (-33 MPa) minimizes
the displacements.

a

0.00 -

-0— No pre-stress
——25% pre-stress

B e S e . RS N LI N S
| i ‘ | | | , ‘ ‘ 0.02 i i : - 50% pre-stress
10 i i A o : . AN -0 75% pre-stress
-0.04 ’ R — —< Full pre-stress

S i s e e
| | : | | ; § ; § | -0.06 ~

Coil azimuthal pole displacement (mm)

-20 R A
[ <~ No pre-stress 0.8 1
A e i B {| —— 25% pre-stress
| —~50% pre-stress -0.10 -
-30 o o {| = 75% pre-stress
s ; %.Fu‘” gre-lstrfassr 012

After cocol-down -
20% Fnom
40% Fnom
60% Fnom -
80% Fnom
100% Fnom

After cool-down -

20% Fnom
40% Fnom
60% Fnom -
80% Fnom
100% Fnom

R Ferracin [5]
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Support structures: pre-load

= The practice of pre-stressing the coil
has been applied to all the accelerator
large dipole magnets:

= Tevatron (K. Koepke, et al., IEEE Trans. Magn.,
Vol. MAG-15, No. |, Jan. 1979)

= HERA (S. Woilff, AIP Conf. Proc. 249, 1992, pp.

1160-1197)

= SSC (A. Devred, AIP Conf. Proc. 249, 1992, pp. 0
1309-1372 and T. Ogitsu, et al., IEEE Trans. Appl. I
Supercond., Vol. 3, No. |, March 1993, pp. 686- I EE A
691)

o]
= RHIC (3. Muratore, BNL, private communications) o e

= LHC (CERN-2004-003-v-1, 2004)

o e e T B
-30 e P PR im N e o prromme
et AT e

Coil azimuthal pole stress (MPa)

= The pre-stress is chosen in such a way &7~ m= T o b o
that the coil remains in contact with the 3 -so s 0 s5C
pole at nominal field, sometime witha = | © Tearn
“mechanical margin” of more than 20 : ; ; ; 5 5
MPa. S R T T

: 3
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Support structures: collars

Collars were implemented for the first time in the Tevatron dipoles.

Since then, they have been used in all but one (RHIC) the high field
cos-0 accelerator magnets and in most of the R&D magnets.

They are composed by stainless-steel or aluminum laminations few
mm thick.

The collars take care of the Lorentz forces and provide a high
accuracy for coil positioning. Its shape tolerance is about +/- 20
micron.

A good knowledge of the coil properties (initial dimensions and £) is
mandatory to predict final coil status.

In addition, collar deformation must be taken into account.

main djpole collars

L. Rossi, "Superconducting Magnets’], CERN Academic Training, 15-18 May 2000.
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Support structures: collared coil assembly

Since the uncompressed coil is
oversized with respect to the collar
cavity dimension, at the beginning of
the collaring procedure the collars are
not locked (open).

The coil/collar pack is then introduced
into a collaring press. L

The pressure of the press is increased B
until a nominal value.

Collars are locked with keys, rods or
welded, then the press is released.

Once the collaring press is released,
the collar experience a “spring back”
due to the clearance of the locking
feature and deformation.

The pre-stress may change during LHC dipole collaring
COOl'dOWﬂ due tO the dlfferent L. Rossi, "The LHC from construction to commisioning’,
thermal contraction of the collars and  Avar seminar; 19 Aprir 2007,

coils, .

-

. 4 _ ;’ ) =
-




Collars: calculations

Hard to find analytical approximations for collar
design.

The force supported by the structure depends
also on the azimuthal Lorentz force.

Thin sheet and sector coil approximations are
used!

faun wf2

-1 2

—
fe.in -
o "

J. Garcia-Matos, PhD Thesis, 2022
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High field magnets: support from iron

For fields above 6T, it is usually
necessary that the rest of the structure
contributes to support the Lorentz
forces.

In that case, the collars can be thin
and the iron is placed closer to the
coils (enhancing the field at the
aperture)

This approach is implemented in D1
HL-LHC magnet (or RHIC dipole
many years ago).

The disadvantage is that you need
more parts produced with high
dCcuracy. T. Nakamoto, T. Sugano et al.
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High field magnets: axial support

= TWO common solutions:

= Stoppers welded to the shell: LHC,
SSC, 11 Tesla dipole.

= Rods and nuts: MQXF, MCBXF.

= Preload can be applied by means of
grub screws. Typically, it is about one
half of the electromagnetic force. The
aim is to avoid quenches due to sudden

.

TQ guadrupole (P. Ferracin)

axial movements: friction, thermal o
contraction?? e =

= Iron is usually laminated. Packing cat _
factor comes into play at the same BN ;
time. \8 T

= The outer shell can act as liquid iogreres o
helium container. gLy

= Be careful with long magnets: L

Poisson effect cannot be neglected. s moe 4 pevreg) ' !
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Application case: MCBXF nested corrector

Two nested dipoles. o C ....... b ...... dﬁ
. . ; ombine
Impregnated NbTi coils. e ea|  divole fiéld
. . . . field ( Variable
Me;hgnlcal clamping of torque: high (2.]/87_) oriéntation)
radiation dose. L/
Horizontal
dipole field
(2.17)

J. Garcia-Matos, PhD Thesis



MCBXF prototypes: poor training in combined powering

= In case of problems, look at the information that you can gather:
= Visual inspection
= Powering tests
= Effects of design modifications: preload increase did not change the test results

= The quench could be triggered by shear stress between cable blocks
and end spacers.

MCBXFBP2b, Q2 (Polarity - +)

100%
ry A

90%

N Y

70%

60%

50%

% of nominal torque

——~MCBXFBP2a
——MCBXFBP2b

40]

=z

20%
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

Quench #

J. Garcia-Matos, PhD Thesis
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MCBXF: unsupported coil ends

Iron removed

.

= Coil ends are not K ' I o [—originai design L
§.‘ 1 l ——I|ron removed from the coil heads l
supported under torque. sE | |
= Removing the iron is not ;EM ;
effective. S04 y
S 02
= The torque at the coil 0 l 1 : : J J
300 350 400 450 500 550 600 650

end |S the Same tO . Distance from magnetcentet[m]
provide the same 5
integrated fields.

Inner Dipole

Outer Dipole

J. Garcia-Matos, PhD Thesis
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MCBXF: fine-tuning of the design (I)

= The inner dipole coil is e
shortened: both pole windows  g5_,.| - Hond . Ol 1
have the same length. . . ' '

= In the initial section of the coil 222 fcigionn
end, the torque is higher to [ I
provide the same integrated et ™
fields, but... ; e I I TE

Original Inner Dipole

= The angular deformation of a
tube depends on the square
of the length.

= First check with a simple FEM
model.

Shorter Inner Dipole

Outer Dipole

J. Garcia-Matos, PhD Thesis
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MCBXF: fine-tuning of the design (II)

= End spacers are also enlarged to increase the rigidity of the coil end.

Old end-spacer configuration New end-spacer configuration

J. Garcia-Matos, PhD Thesis

Mechanical design of SC magnets 69
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MCBXF: fine-tuning of the design (III)

1 ‘—[A] Original design
=== Original design: 15 GPa coils
08 ‘ + Original design: All parts 29 GPa
*+++ [B] Shorter ID: Original Endspacers|
0.6 4—[C] Shorter ID: Longer Endspacers | ,*
Shorter 1D: All parts 29 GPa !

Final results with a more detailed
3D model.

Outer dipole is not modeled:
torque computed with Roxie.

Smeared-out properties.

1
>

e
Y

Azimuthal displacement along
locked pole path [mm]

wo
8

f ) { § \
350 400 450 500 550 600 650 1
Distance from magnet center [mm]

Original Inner Dipole

Outer Dipole e

Shorter ID
(Longer endspacers)

J. Garcia-Matos, PhD Thesis 20




MCBXF: test results

= Successful test results with the fine
tuning of the design!!!
= Magnet is tamed!

= Never lose your faith. Keep thinking!
Trust on numbers and equations.

40
99.9% Nominal Torque = = o _

35 60% Nominal Torque ~
30

\.

25
20
15
10

# of Quenches before nominal

0 11

J. Garcia-Matos, PhD Thesis
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Support structures: very high field magnets

= Let’s call very high field magnets
those beyond 10 T.

= Most of the collared magnets |
presented so far are characterized 27

by significant coil pre-stress losses: <«

= The coil reaches the maximum |

compression (about 100 MPa)
during the collaring operation.

= After cool-down the residual pre- LI |
stress is of about 30-40 MPa. S L e

-140

= What if the “required” coil pre-stress
after cool-down is greater than 100
MPa?

-80

Coil stress (MPa)

-100 ~

20% Fnom
40% Fnom
60% Fnom 4
80% Fnom
100% Fnom -

Collaring press -
Before cool-down -
After cool-down -

R Ferracin [5]
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Very high field magnets: aluminum shell (I)

= One solution consists of using an aluminum
shell to provide the pre-load.

= The TQ quadrupole coil is surrounded by ... ..
four pads and four yokes, which remain
open during all the magnet operations.

= Initial pre-compression is provided by water-
pressurized bladders and locked by keys.

= After cool-down the coil pre-stress increases
due to the high thermal contraction of the
aluminum shell.

R Ferracin [5]




Very high field magnets: aluminum shell (II)

0

In the case of TQS prototype T T
quadrupole (LBL+FNAL), the collaring B e A L
press operation was substituted by the B R e e SDE bz O B
bladder operation. S R WA
A spring back occurs when bladder AN N V22 A 1 T T T O G T O T T T
pressure is reduced, since some 8 5 I T s D

. . . 100 - e S RHIC
clearance is needed for key insertion. BT %
The coil pre-stress significantly g U e Tevatrn
increases during cool-down. -
This approach has been successfully Bt £ £ £ £ 3
implemented in one of the HL-LHC 3 & ¢ )

magnets: MQXF (140T/m gradient in
150 mm aperture).

It is specially good for superconductors
sensitive to high pressures.

R Ferracin [5]
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Support structures: aluminum shell vs. collars

= Advantages: E. Todesco
= Better control of stress
= Maximum stress is reached at 1.9 K, when it is needed
= No heavy tooling

= Disadvantages

= Contrary to collars, you do not impose position but you impose stress — so
field quality could be more problematic (but FQ is found to be good)

v ) , . QR 0
L Pins/key insertion Q ;
@ * = 3 . Cool-down
QY Press release QU Y
3 x S |
3 Cool-down ;Q
S Y S key insertion
S i S X Bladder removal
3 g *
SN . < |
* Room 1 9 * Roomm 1 g k¢
temperature | temperature |

Stress during assembly and cool-down, collars Stress during assembly and cool-down, ALeshell




VHFM: block magnets

FRESCAZ magnet (CEA, CERN)

iron yoke

vertical pad i end plate

rod
R2D2 = Research Racetrack Dipole Demonstrator
Al Shell Aperture None
ook Outer diameter 480 mm
SS Kevs
Structure length 20m

Iron X-Pad Nominal central field 111 T

S— Ultimate central field 12.0T
SS Yoke Nominal peak field 127 T

A Ultimate peak field 13.7 T
» E. Rochepault

Iron Y-Pad

Al Rod

SS X-Pad

Return End-plate

Mechainuar uesiyii ur ou ayiies

F. Toral, CAS, 2023




VHFM: common coil magnets

A dipole powered like a quadrupole.

= The yoke is used as support
structure

= Upper part is made in stainless [vertical pad
steel: it may help to contain the | (stainless steel

large Lorentz horizontal force
Loading Plate

= Aluminium shell also (Stainless Steel)
contributes to hold the forces

= The coil would lose contact with
this part during cooling down: it
could move horizontally without | Middle Yoke

(Iron)

Coil

friction
= Assembly with bladder and Pl
. (Iron)
keys is not modeled yet
= Slight preload just to keep Courtesy C. Martins

contact between parts

Mechanical design of SC magnets 78
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VHFM: stress management of a coil block I

Aluminum shell 510 mm

= A novel stress management system (TAMU,
Texas A&M) is based on intermediate coil

supports.

= Each coil block is isolated in its own compartment
and supported separately.

= Lorentz force exerted on multiple coil blocks does not
accumulate, but it is transmitted to the magnet
frame by the Inconel ribs to Inconel plates.

= A laminar spring is used to preload each block. / X /

Inflatable
bladder

Iron yoke Yoke gap Coil
package

Cable turns Laminar spring

NN

LT —

Inconel ribs and plates Slip plane

B=16T

C. Gooazeit [7]
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VHFM: cos-theta stress management

= A cos-theta magnet with stress
management is under development in
Fermilab (A. Zlobin et al).

Mechanical design of SC magnets 80
F. Toral, CAS, 2023



VHFM: canted cos-theta stress management

= Each cable is supported by a rib, and each layer has its
own former.

s Efforts made at LBNL and PSI.

i ¥ Intercepting

\\ ,
/ N \\\ '(//< /.. Conductor

Shrinking
Al tube

Courtesy Tengmin Shen

Courtesy E. Todesco
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Pre-stress: controversy (I)

As we have seen, the pre-stress avoids the appearance of tensile stresses and

limits the movement of the conductors.

Controversy: which is the right value of the pre-stress?

In Tevatron dipoles, it was learnt that there was not a good correlation
between small coil movements (<0.1 mm) and magnet learning curve.

In LHC short dipole program, the coils were unloaded at 75% of nominal
current, without degradation in the performance.

In LARP TQ quadrupoles:

= With low pre-stress, unloading but still good quench performance
= With high pre-stress, stable plateau but small degradation
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R Ferracin [5]
82




Pre-stress: controversy (II)

CURRENT(A)

In LHC corrector sextupoles (MCS), a specific test program was run to
find the optimal value of pre-stress.
Coils were powered under different pre-compressions immersed in the

same field map than the magnet:
= Learning curve was poor in free conditions.

= Training was optimal with low pre-stress and around 30 MPa. Degradation was observed
for high pre-stress (above 40 MPa).

= Finally, nominal pre-stress for series production was 30 MPa
IRON LAMINATIONS
LONGITUDINAL ACTUATOR \

~COIL TO BE TESTED
AZIMUTHAL ACTUATORS

1200+

B 60MPa AZIMUTHAL
PRE-STRESS

O050MPa AZIMUTHAL
PRE-STRESS

H 10MPa AZIMUTHAL
PRE-STRESS

H 3MPa AZIMUTHAL
PRE-STRESS

OO0MPa AZIMUTHAL
PRE-STRESS

1000

80011 1

600+

400 1A

200 (I

1 35 7 9111315

Nr.OF QUENCHES

M. Bajko et al., * Training Study on Superconducting Coils of the LHC Sextupole Corrector Magnet”, LHC Report 236, 1998
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What have we learnt by now?

= Pre-compression is the classical way to avoid tensile stresses
on the coils when energizing a superconducting magnet.

= There is not a unique solution for every magnet.

= Different construction/design methods, depending on the
electromagnetic force/field values:
= Low field: shrinking outer shell
= High field: collars + outer shell, iron support
= Very high field: bladder and keys, intermediate coil supports.

= If @a magnet training does not improve from 4.2 to 1.9K, there
is likely a mechanical limitation.

= Controversy: which is the right value of pre-compression?
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Outline

= Motivation
s Basic concepts
= Solenoids

= Accelerator magnets:

= Coil dominated field:
« Winding approximations: thin shell, thick shell, sector.
= End forces.
= Support structures: low, high and very high field magnets.

= Iron dominated field.
= [oroids
= Final example
s Measurement techniques
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Superferric accelerator magnets (I)

= The stress distribution in the coil is different from that in the cos-0
magnets: when powered, each coil experiences in-plane expansion
forces, and it is usually attracted by the iron.

= In small magnets, simple support structures (like wedges) are
sufficient to hold the coils.

&

g

0 20.71 41.43 62.14 32%1 03.57 124.29

F. Toral et al. "Development of
Radiation Resistant Superconducting
Corrector Magnets for LHC Upgrade”,
ASC 2012




Superferric accelerator magnets (II)

= Large superferric magnets are very common in fragment separators
(NSCL-MSU, RIKEN, FAIR) and particle detectors (SAMURAI, CBM).

= Usually, the iron is warm. Then, the Lorentz forces on the coil are
hold by a stainless steel casing which is also the helium vessel. In
some cases, part of these forces may be transferred to the external
structure by means of low-heat-loss supports.

SUS304 GFIRZ
A Cryostat cylinder cylinder — Support
\/ sussoa) [11 77\ yoke |/ e
L - ——
Fy=625ton R sox |
shield
@y N5
Fr=1918ton |
L 20K R Soi
N el shield “ b
n (Al) WX
A ZMZ ’l \\\ pOIe
: ’ \ |
/ \ _
GFRP Heater (Cu wire)
Coil vessel c ” "
(SUS316L) ross-sectional view

H. Sato, "Superconducting Dipole Magnet for SAMURAI Spectrometer”, ASC-2012
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Toroids (I)

As the magnetic pressure varies along the coil, it is
subjected to strong bending forces.

If one wants to simplify the support structure:
= Each coil experiences a net force towards the centre

because the field is strongest there: it is wise to flatten the

inner edge of the coil, to lean on a support structure.

= The rest of the circumference will distort to a shape
working under pure tension, where no bending forces are
present. This tension must be constant around the coil.
Assuming R as the distance to the center and p the local
radius of curvature of the coil, the condition for local
equilibrium would be:

T = B(R)Ip = constant | F
R 1.6
B(R) = B, B
/2 5
p:{1+(dR/dz)2}3 TR n .

d’R/dz?  B,R,l

0.4
There is no analytical solution. Figure on the right t

040

EO\\
020
2
12

@)

shows a family of solutions. o

04

R/R

M. Wilson [2]

¢}

16 2.0 2.4




Toroids (II)

Toroids are usual in fusion reactors. Nominal currents are large. Coils
are used to be wound with cable-in-conduit conductors (CICC).

EDIPO project: a superferric dipole to characterize conductors for
ITER coils. Bore field is 12.5 T. Magnet length is 2.3 m.

Lorentz forces are huge: F,=1000 tons F,=-500 tons F,=400 tons

IRCCHNEN -

J. Lucas, EFDA djpole, 2005
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Toroids (III)

= There are two different FEM models for mechanical analysis:

= A general model, with less details, to study the support structure deformation.

= A sub-model of the coil to analyze the stresses on the conductors, mainly in the
insulation:

= Lorentz forces are transferred as pressures
= the contact with the support structure is modeled as a boundary condition

Pressures
equivalent to
Lorentz forces

i | |

'\-,
|
|

ARMAAAAARE
SERBRRERAD
|

J. Lucas, EFDA dipole, 2005

Mechanical design of SC magnets
F. Toral, CAS, 2023
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Final example: AMIT cyclotron (I)

= AMIT project (Sedecal-CIEMAT): a H e
compact, 4T superconducting COILS \
C SUPPORT PN
cyclotron. Iron pole radius is 175 mm. N[ =
= Warm iron concept. S
= Electromagnetic forces between the N [ RN
coils can be attractive or repulsive, L \ L
depending on the relative position and HELIUM VESSEL
the current. \ CRYOSTAT /
= Design choice is repulsive, about 100 kN per J. Munilla, CIEMAT, 2012
coil. COIL FORCE VS CURRENT
150000
X
100000 —
= 50000 / \
o . \
50 100 1\5{ 200
-50000 \‘

-100000

I (A)
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Final example: AMIT cyclotron (II)

= Support structure must hold:

= Radial forces will induce a pressure in
the winding. Since the coil is thick, it is
very likely that POSITIVE radial
stresses will appear in the center of the
coil. In any case, they will induce high
HOOP stresses in the superconductor.

= Axial forces will pull both coils towards
the iron, thus inducing POSITIVE axial
stresses in the windings.

= Axial forces will induce BENDING
MOMENTS at the corners of the
support structure (hollows are
necessary to introduce the vacuum
chamber).

J. Munilla, CIEMAT, 2012
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- Final example: AMIT cyclotron (I1I)

Stresses in the coil and aluminum cylinder have been
calculated at warm, cold and energized conditions. Figures
show radial distribution of radial and hoop stresses in those
conditions. Radial stresses in the coil are always negative
Path definition for stress evaluations:  While hoop stresses are positive and limited to 50 MPa in the

FROM INTERNAL Face of COIL To ¢Coil and 150 MPa in the cylinder.
EXTERNAL FACE of Shrinkage

COIL| Al COIL| Al COIL‘ Al
yAXlS 0,0 T T T __>_ T T T T _‘> T T T T T f 160
(MPa) 0 A i L - 140
o Radial (Left Axis) L Radial (Left Axis) 4 L Radial (Left Axis) | L 120
L L 1 l L 100
=0 Hoop (Right Axis) I Hoop (Right Axis) | Hoop (Right Axis) 20
4,0
- - - 60
5,0
i L - 40
6,0 | L - 20
v v
7,0 . | o
X Axis
(mm) -8,0 -20
Stresses at Warm Temp. Stresses at 4.2K Stresses at 4.2K and Magnet ON
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Final example: AMIT cyclotron (IV)

Stress distribution in the stainless steel support structure has been calculated from the
magnetic forces and the thermal differential contractions using FEM. Maximum values
are located in the corners (see figure) due to the bending moments induced by the
axial magnetic forces. Their value is in the order of 80 MPa.

: Equivalent (von-Mises) Stress - Case
Body Force Density Type: Equivalent (von-Mises) Stress
Unit: N/m® Unit: Pa
2340142012 6:34 Time: 1
23/01/2012 6:32

7,1026e8 Max T M

6,3437¢8 7132807

558488 6,2418¢7

4,8250:8 5,3507¢7

40678 L y 4,4596e7

3308128 g::‘;‘;:;

2540208 Lis6aer

1,7902e8 8,9535¢6

103138 42771 Min

272427 Min

\

Max 80 MPa
Magnetic Forces at Coil Stress distribution in the Structure

J. Munilla, CIEMAT, 2012
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Final example: AMIT cyclotron (V)

Magnetic Force from
c000 Non-Perfect Alignment of Coils Case
5000 A VA
/ — F,,~4000 N/ ..
> 4000 / AV RN
Y 3000 ~ ——X Fyy”3400 N/m‘rr.
o
S /
Y~ 2000 — =y
A —r—7
1000
0
0 0.2 0.4 0.6 0.8
Off-Axis Distance (mm)

When the coils are not centred with the iron poles, some forces will arise. These forces have
been calculated in three axes (X & Y axes are different due to the presence of the vacuum
chamber hole in the iron). The forces are in the direction of the misalignment with a positive
slope (trying to increase the off-axis error).

J. Munilla, CIEMAT, 2012
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Final example: AMIT cyclotron (VI)

Stresses in the supports have been calculated at both, centred and off-axis conditions.
Upper rods will develop larger stresses since the coils hang from them on the one hand
and they are used to align the magnet, developing thermal contractions on the other
hand, while the lower rods are free until the magnet is cold and in position and then the
nuts are closed exerting to them a certain tension to provide assembly stiffness.

Equivalent [von-Mises) Stress - §
Type: Equivalent (von-Mises) Stre:
Unit; Pa

50172012 10:15

3,6137e7 Max
3212167
2,3106e7

op
55

2,4001e7

2,0076e7

1,6061e7

1,2048e7

8,0304¢6

40152¢6

11,436 Min

) (%
1
v b

z

0,000 1,100 0,200 (rvi)
I TN

1,050 0,150

Stresses in the G10 Rods.

CONDITIONS: Cold, adjusted, magnet ON
Maximum value: 36 MPa

11370)

NI S

Equivalent (van-Mises) Stress - Sopdiie / J[S @%
Type: Equivalent (won-Mises) Stress a0
Unit: Pa ﬂ:}:\}
25/01/2012 10:19

5,8805¢7 Max

5,227 LeT

4,5737aT

392037

3,260e7

2,613567

1,9602e7

130687

§,5330e6

40,951 Min

| I z
) !
| &
v b

0,000 0,100 0,200 (1)
I .

1,050 1,150

Stresses in the G10 Rods.

CONDITIONS: Cold, 0.5 mm off-Y axis, magnet ON
Maximum value: 59 MPa

J. Munilla, CIEMAT, 2012
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Outline

= Measurement techniques

Mechanical design of SC magnets
F. Toral, CAS, 2023
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Measurement techniques: stress

Capacitive gauge: the basic principle is to
measure the variation of capacity induced
by a pressure in a capacitor.

Being Sthe area of the two parallel
electrodes, ¢ the thickness of the dielectric,
and ¢ the electric permittivity, the capacity

Kapton film 25 pm
M610 bend

\ Stainless steel foil 50 pm

100 mm

Cis given by
_C onnections
C=&1/6
When a pressure is applied, the capacity
will change
o3 T ¥ =0.00160x+7.184 o5 f
C:gS/ 5 1__ y 7.25 + 6.55 _;
E % 723 1 - e 6.53 F;
Calibration: the capacity can be measured = ™| J I -
as a function of pressure and temperature. ; | . .
” 13 E"/‘///*V/ T 6.43 5
0 10 0 30 Ple“:i . 50 60 70 80

N. Siegel, et al., “Design and use of capacitive force transducers for
superconducting magnet models for the LHC', LHC Project Report 173.
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Measurement techniques: strain

The basic principle is to measure the
variation of resistance induced by a strain
in a resistor. |

The gauge consists of a wire arranged in a
grid pattern bonded on the surface of the
specimen

The strain experienced by the test
specimen is transferred directly to the
strain gauge.

The gauge responds with a linear change in =
electrical resistance.

The gauge sensitivity to strain is expressed
by the gauge factor

AR/R

Al
The GF is usually ~ 2.
Gauges are calibrated by applying a known

pressure to a stack of conductors or a
beam.

C.L. Goodzeit, et al., IEEE Trans. Magn., Vol. 25, No. 2, March 1989, p. 1463-1468.

alignment marks

|
:h‘galaec labe
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Measurement techniques: coil properties

= The elastic modulus E is measured by

§120 r
compressing a stack of conductors, usually <.}
called ten-stack, and measuring the 80 F
induced deformation. 60

= The thermal contraction is given by iz
Iwo B Ico 0

o =

wo

where /,,and /,are the unloaded height of
the specimen respectively at room and cold
temperature.

= [t can be also evaluated using the stress
loss in a fixed cavity.

M. Reytier, et al., IEEE Trans. Supercond., Vol. 11, Issue 1, March 2001, p. 3066 — 3069.
K.P. Chow and G.A. Millos, IEEE Trans. Supercond., Vol. 9, Issue 2, June 1999, p. 213 — 215.
D.R. Chichifi, et al., IEEE Trans. Supercond., Vol. 10, Issue 1, March 2000, p. 1317 —1320.

Inner layer
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Final summary

= A deep knowledge of mechanics basic concepts is essential.

= The mechanical designer of superconducting magnets should
avoid tensile stresses in the coils and the mechanical
degradation of materials.

= Pre-compression is the classical way to avoid tensile stresses
on the coils when energizing a superconducting magnet.

= Numerical methods provide better modeling, but analytical
approach is very valuable.

= Magnets are providing higher and higher fields: Lorentz
forces are proportional to the squared field.

= Thereis not a unique solution for every magnet.

= Final remark: we must be creative, but one should always
review the previous experience, it is not necessary to
reinvent the wheel.
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Thank you for your attention!
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Appendices

&

All the Appendices are taken from Unit 10, USPAS course on
Superconducting Accelerator Magnets, 2012 (P. Ferracin et al.)
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Appendix I

Thin shell approximation
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Appendix I: thin shell approximation

Field and forces: general case

o Wae assume

o J=],cosn8 where |,[A/m] is B to the cross-section plane
o Radius of the shell/coil = a
o Noiron

o The field inside the aperture is

J r n-1 J r n-1
B, :_ﬂoz 0 (—j sinng B, =00 (—j cosng
a

o The average field in the coil is

J, .
Br:—ﬂozosmné? B, =0
o The Lorentz force acting on the coil [N/m?] is
f. =—B,J =0 f,=B,J = — 200 6in ngcosnd
I

f, =f cos@—-f,sind f, =f,sind+f,coso
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Appendix I: thin shell approximation

Field and forces: dipole
o In a dipole, the field inside the coil is

B, _/JoJo
2

o The Lorentz force on a dipole coil varies
o with the square of the bore field
o linearly with the magnetic pressure
o linearly with the bore radius.

o In arigid structure, the force determines an azimuthal
displacement of the coil and creates a separation at the pole.

o The structure sees F..

Superconducting Accelerator Magnets, January 23-27, 2012 1. Electromagnetic forces and stresses in superconducting accelerator magnets 108



Appendix I: thin shell approximation

Field and forces: quadrupole

o Ina quadrupole, the gradient [T/m] inside the coil is

G = B, :_,UoJo
a 2a

o The total force acting on the coil [N/m)] is

B 42 G 42

F
* 2uy 15 2u, 15

Bl 4248 G 4248

214, 15 214 15

F, =

o The Lorentz force on a quadrupole coil varies
o with the square of the gradient or coil peak field
o with the cube of the aperture radius (for a fixed gradient).

o Keeping the peak field constant, the force is proportional to the
aperture.

Superconducting Accelerator Magnets, January 23-27, 2012 1. Electromagnetic forces and stresses in superconducting accelerator magnets 109



Appendix I: thin shell approximation

1l | | Stored energy and end forces: dipole and quadrupole

o For a dipole, the vector potential within the thin shell is

A =+ﬂ°2‘]° acos 4

and, therefore,
2

F, = 5\ o
2
o The axial force on a dipole coil varies
o with the square of the bore field
o linearly with the magnetic pressure
o with the square of the bore radius.

o For a quadrupole, the vector potential within the thin shell is

A = ekt Hodo 0 2 00529
and, therefore, 2 2

B , Gfa*® ,
ma’ = na

2 1, 214,

o Being the peak field the same, a quadrupole has half the F, of a dipole.

F =

z
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Appendix I: thin shell approximation

] IJJ Total force on the mid-plane: dipole and quadrupole @]

o If we assume a “roman arch” condition, where all the f, accumulates on
the mid-plane, we can compute a total force transmitted on the mid-plane
Fy [N/m]

o For a dipole,

z B2
F, = |2 fjadg =-—2a
Hy

o For a quadrupole,

B’ G*
a =———a
2 1, 214,

F, =] f,ad0=-

o Being the peak field the same, a quadrupole has half the F, of a dipole.
o Keeping the peak field constant, the force is proportional to the aperture.
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Appendix II

Thick shell approximation
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Appendix II: thick shell approximation

Field and forces: general case

o We assume
o |=],cosn@ where J,[A/m?]is & to the cross-section plane
o Inner (outer) radius of the coils = al (a2)

o Noiron
o The field inside the aperture is
B. :_/UO‘]O rn—l(ag_n _a12—n Jsinnlg Bé1 :_'UO_JO n_l[ag_n _ 12_n Jcosng
" 2 2-n 2 2-n
o The field in the coil is
. :_,UOJO 1 ag—n _rZ—n N 1 I’2+n _a12+n sinng Bg :_:UO‘JO rn—l a%—n _r2 n ) 1 r_2+n _a12+n cosng
2 2-n 2+4n| o 2 2-n 2en| g
o The Lorentz force acting on the coil [N/m?] is

fr = Be\] =

fe :BI'J =

,Ung

1

r 2+n

2+n

rnfl . —
2-n 2+n plen
0 2-n 2-n
4035 T " —af"
2 2-n 2+n pin

Superconducting Accelerator Magnets, January 23-27, 2012

1. Electromagnetic forces and stresses in superconducting accelerator magnets

cos’ ng f,=f cosO—f,sind

sinndcosng f, =f,sind+f, coso
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Appendix II: thick shell approximation

Field and forces: dipole

o In a dipole, the field inside
the coil is

y 2 (a2 _al)

o The total force acting on the
coil [N/m] is

2
Fx = ’UOTJO|:lag +1(|n ﬁ_kgjaf _lazaiz:|

Superconducting Accelerator Magnets, January 23-27,
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Appendix II: thick shell approximation

Field and forces: quadrupole @)

o In a quadrupole, the field
inside the coil is

B . 2 _ 2
Gov__thlo 2 being % &%
r 2 a 2

o The total force acting on the
coil [N/m] is

J7NK ﬁ11a3—27af+5ﬁ a4
2 |540  a, 45\ a, 15

3

8

2 4 B 4 B
y :_uOZJO 54110 1132 + 7 4;2(81 212 h 415 647 -5)r % +4ﬁ3 2],

Superconducting Accelerator Magnets, January 23-27,
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Appendix II: thick shell approximation

Stored energy, end forces: dipole and quadrupole

o For a dipole,

A =+ﬂ°2‘]° r{(a2 —r)- -4 }cos@

and, therefore,

Fz=+ﬂ°‘]§£ 3 _2 “a +6114
2 2{6 3

o For a quadrupole,

4 4
AZ=+”°—JOL rin%2 T ~% lcos29
2 2 r 4r

and, therefore,
2 4
Fz :+/,l0—\]01 a_2_|_ In ﬁ_l af
2 8|8 a, 4
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HTTTU Appendix II: thick shell approximation
|

Stress on the mid-plane: dipole and quadrupole

', | g
AL b

o For a dipole,

No shear

O-e_mid— plane —

Ge_mid—plane_av -

o For a quadrupole,

-150
~157.08,_
-160
-165
-170
S gmidd(N-175
-180
-185
-190

— 192158, 1%

=200
0.025 0.03 0.035 0.04 0.045

al r a2

Stress on mid-plane (MPa)

5 L . Radius (m)
uperconducting Accelerator Magnets, January 23-27 . . .
20{)2 & snets,J y ! 1. Electromagnetic forces and stresses in superconducting accelerator magnets 117



Appendix III

Sector approximation
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Appendix IlI: sector approximation

Field and forces: dipole

o We assume

o J=],is [ the cross-section plane
Inner (outer) radius of the coils = al (a2)
Angle ¢ = 60° (third harmonic term is null)
o Noiron

o The field inside the aperture
B, __2Heds (a, —a, )sin gsin ¢9+Z il ( L _ nlljsin(2n+1)¢sin(2n+1)«9]

(2n +1)(2n 1)

<

T | ap
200y | _ 20 1 1.
B, :_% (a, —ay )sin ¢cos@+nZ:; (2n+1)(2n—1)[a1“1 - aglJsm(Zn +1)¢ cos(2n +1)6’}

o The field in the coil is

o0

__2,Llo\]0< ) - - ) ﬂ 2n+1 r - ) - )
B, =—— (a, r)sm¢sm¢9+Z[1 (rj ](2n+1)(2n_1)3|n(2n L)gsin(2n 1)0}

n=1

[e¢]

( 2n+1
B, = _2”%4 (a, —r)sin ¢cosH—Z[l—(a—r1j } (2n+1)r(2n_1)sin(2n—1)¢ cos(2n—1)6>}

n=1
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Appendix III: sector approximation

Field and forces: dipole

o The Lorentz force acting on the coil [N/m?], considering the
basic term, is

2115] 2 3.3 _
fp=—Byd=+—— Ho sing| (a ( r)— ' 2611 cos @ f, =f, cos@d—f,sing
V4 3r
211595 . r’-a’| . _
f,=B,J z_%sm¢|:(a2—r)+ Brzl:lsme f, =T, sino+f,coso

o The total force acting on the coil [N/m)] is

2
FX=+2ﬂ°‘]O I{ZE ‘f £In 1+4ﬂ+‘@af’—£a2af:|
T2 a 36 6
2ud23[1 5 1 a 4 1
F =700 a+=Ih=2>a’——a’
! 04 2{12 T, 12
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Appendix IlI: sector approximation

Field and forces: quadrupole

o We assume

o J=],is [ the cross-section plane
Inner (outer) radius of the coils = al (a2)
Angle ¢ = 30° (third harmonic term is null)
o Noiron

o The field inside the aperture

4an 4n
B, =—2ﬂ7°zJ° {r In a—lsm 2¢sin 2¢9+Zm{( ' ) —(é} }|n(4n+2)¢sm 4n+2)«9}

By Zﬂfjo{rl a —=sin 2¢c0520+2m{(LJ " —(é} n}sin(4n+2)¢cos(4n+2)‘9}
o The field in the coil is

<

_ 21pdo ap —_ @ d - B - _
B, =—— {r In— 2 sin 2¢sin 29+22n(4n 2 -~ sin(4n—2)psin(4n 2)49}
245 = [ a, )
B, =— =400 I In 22 gin 2 cos 260 - 1-| 2| |sin(4n-2 4n-2
) - {r n—=sin 2¢ cos ;2 2 : sin(4n—2)¢ cos(4n )6’}
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Appendix III: sector approximation

Field and forces: quadrupole

o The Lorentz force acting on the coil [N/m?], considering the
basic term, is

2 JZ 4 4 -
f,=-B,J =+—— 070 gjn 2¢(rln — % jcosze fy ="f,cos@—f,sing
22 r 4’
20038 . a, r*-a; ). .
f,=B,J =070 gin2gl rin 22 4 L Isin20 f, =f, sing+f,coso
2 ro 4

o The total force acting on the coil [N/m)] is

21,2 4 12a% —36a’
FX :+m_3 i a2 & +!In i-{-l af
T 12|72 a, a, 3

—-21a
Y 7r236212a26a2192

. 2;100[[5 23 5 lal 2-43 & , 1(\@ J
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Appendix III: sector approximation

Stored energy, end forces: dipole and quadrupole

o For a dipole,

A = Zﬂo‘]O rsin ¢{(a —r)
T

and, therefore,

FZ:+21u0J§§ ; 2
2\ 6 3

T

o For a quadrupole,

A=+ —‘]Lszan;b(rln——r _
T 2

and, therefore,
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HTTTU Appendix III: sector approximation
|

Stress on the mid-plane: dipole and quadrupole

', | g
AL b

o For a dipole 73 2132 /3 r*-a’ .
p ’ Op mid—plane — I fardg :_%T r (a2 o r)_ 3r2a1 o
0

219235 5 1. a 2), 1_,
Oy =— —|—a,+=|Ih—=+=|a; —=a
6 _mid-plane_av T 4 36 2 6 a2 3 al 4 2a1

a—aq

o For a quadrupole, o6 ) 4 o
Gy mid—plane = _[ fgrdH:—Mﬁ r(r n% ! _31 j
- ] T r 4r

__2;@5@{1 7a§+9af+1(lnﬁ+ﬁj 3} 1

O - =
6 _mid-plane_av T 2 36 az 3
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