ACADEMIC TRAININE 3¢

Technology and applications of
high field accelerator magnets

Lesson 2:

* Magnetic design
« Mechanical design

CERN June 2-6, 2008




@ Outline #

* Magnetic design

» Mechanical design

» Exploring the “limits” of a new technology
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Magnetic design

2D
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Quadrupole field:

Examples
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LHC main dipole and main quadrupole fields

 Dipole field:
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Goals #

A random distribution of longitudinal conductors around a beam pipe
generates all multipoles (dipole, quadrupole, sextupole, ...) in all
orientations (normal and skew).

— Multipole expansion: B, (x,y) +iB,(x,y) =107 x B, ¥ (b, + ia")( xR+ Zy]
n=I ref

n-1

— See references 1n lesson 1

The goals of the magnetic design are:
« To generate “mostly” the required field component

* To have powerful magnets

 To allow sufficient margin for operation

June 3, 2008 G. Ambrosio - Technology and applic. of high field acc. magnets 5



Tools

+ Great tools for magnetic design are available

— ROXIE, Vector Fields codes (OPERA, TOSCA), ANSYS ...

— 2D and 3D analysis with iron saturation, conductor
magnetization, eddy currents, ..

ﬂﬂﬂﬂﬂﬂﬂﬂﬂ

uface contours: BMOD

3D magnetic
analysis for
ends and
yoke /
optimization : e

removed iron
to reduce end
field

* But you should better know where to go before starting!
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@ Analytical tools - T

« A cos(n0) current distribution over a cylindrical
surface gives an ideal 2n-pole field

A constant current in a coil configuration
generated by two intersecting ellipses produces
the perfect dipole or quadrupole fields

N W oY
QD&Y
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@ Cables

* In a real superconducting magnet
cross section there are cables

 Analytical tools for 2D:

e :
Sector coils with uniform current density C -
Angles chose to set to zero the first /, 3o\ f?

higher order harmonic
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@ Iron Yoke - | '

* An iron yoke is needed to:

« But the iron magnetization decreases with
applied field (saturation at ~ 2T)

 Analytical tools:
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@ Iron Yoke - i '

* With Finite Element Analysis (FEM) tools the real
geometry and iron properties can be simulated

Y [mm] 6.0 - -
180.0
) TN
160.0 [N 4.0 / 1
140.0 ?E 2.0 - — \
120.0 8 ; T T — \
100.0 .\ o 0.8 I \\'
| [/ 2.0 Py
// ~ 4.0 ! -
: ///%‘ge 0 3 6 9 13 16 19 22
Bl 7 I, KA
m“lr"’*
980 20.0 60.0 100.0 140.0 180.0 2200 ) .
Component: BMOD X [mm] Figure 8: Sextupole change with magnet current:
kadndd 2477802 1462 1 —no holes; 2 — two holes; 3 — one hole.

G. Ambrosio, et al., “Magnetic Design of the Fermilab 11 T Nb3Sn Short Dipole Model” 1EEE Trans. on
Appl. Superc., v. 10, No. 1, March 2000, pp.322-325.
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Conductor Magnetization - | 3

M~J.d,

« Conductors for high field
magnets have large

Magnetization, kA/m
(=

magnetization
200
-300
-400 '
2 1 0 1 2 3 Bl 5
Applied Field, T
Black: 0.7 mm RRP 54 sb 70um
Pink: 0.8 mm PIT 288 sb 32 um
T Il
Type li S):jp?ar c Courtesy A. Ghosh
B ext Superc B ext P
Type Il Bext | s | Bext
Bext | Superc | Bext N A I
0 | ... 0 0
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‘@ Conductor Magnetization - li
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« Techniques to compensate/correct this problem

0.14

0.12

0.1

0.08

0.06

0.04

0.02

%80 0.02 ())(.2 0
S SN—— S—y— \..v-/[m]

| ‘

Nb;Sn  Bi-2212 Bi-2212  Nb;Sn

- E. Barzi, et al., “Passive Correction of the Persistent Current Effect in Nb3Sn Accelerator Magnets”’, IEEE
Trans. on Appl. Superc., Vol. 13, No. 2, June 2003, pp.1270-1273.
- P Mclntyre, A. Sattarov, “HYBRID DIPOLES FOR FUTURE HADRON COLLIDERS” available at

care-hhh.web.cern.ch
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St

Conductor Magnetization - || &

NO correction

Example: correction with iron strips

Magnetization flux in dipole magnet (no transport current nor iron
yoke magnetization). Flux increment between adjacent lines is
kept constant and equal to 5x10-> Wb/m in both plots.

200 < Operation range >
_ 10 - 4
0 Nz 5 .| A 2
WL
T e ‘ O _——, O
L 0 1016.0 20.80.0 30.030.0 400 40.0 500 K‘\?%nq] 0 TTNT OO """" O ’_é___;,u___;a 0
¥ [mm] ] o -5 -2 o
wd 1ron strips = =
o 8 -10 4 g
304 -15 f -&-b3 w/o correction ( -6
auoff —o— b3 with correction
-20 -A— b5 w/o correction it -8
204 o b5 with correction
e -25 i i -10
ik 0 2 4 6 8 10 12
| ‘ Field (T)
A ] o )
R LR = iy v vty Multipoles in dipole magnet before and after correction
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Ends

* Need FEM optimization for:
— Field quality
— Keep max field in the straight section
(iron)
— Winding

VF_ VECTOR FIELDS

0ooe-000

removed iron
to reduce end
field
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@ Scaling Laws '

« What is the max field/gradient for a given conductor?

« Scaling laws to predict field/gradient when the peak
field is at short sample limit (SSL)

L Rossi, E Todesco “Electromagnetic design of superconducting quadrupoles”
Physical Review Special Topics-Accelerators and Beams, 2006 - APS

Nb-Ti

1.0

Ratio between gradient at
SSL and theoretical limit
(Bo/R)

vs. ratio of coil width
over coil radius

0.2 47/ & =60 mm

—4—r=120 mm
00 I [ [ [ [ |

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Weg/r (@dim)
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Mechanical design

Case study:
Large gradient (220 T/m)
Large aperture (110 mm)
Quadrupole
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(@ Goals #

The goals of the mechanical design are:
* Provide support against magnetic forces

* Maintain the conductor within acceptable limits

(strain and stress) during all stages of magnet
assembly and operation:

* depends on conductor

« depends on conductor

« Minimize coil displacements under magnetic
forces (pre-stress + rigid structure)
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Pre-stress r '

t 1 T {d d=hF/SE=ho/E

l E is the elastic module
h M Fmag = 2 Fcable
| = * Pre-stress is needed to avoid
Y= 078 or reduce excessive coil
= Su " .
. deformation under magnetic
prestress
) forces
I
!
v d=0
if Fprestress > Fmag
| v
A A A Alblt A
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Inner
24
1.000
12.329
1.587
1.943
14.5
1.655
89.0
20.6
2.8
0.0
0.18

g
S Des
CONDUCTOR PARAMETERS

Parameter Unit
Number of strands -
Strand diameter mm
Cable bare width mm
Bare inner edge thickness mm
Bare outer edge thickness mm
Cabling angle deg.
Keystone angle deg.
Average packing factor %
Inner edge compression %
Outer edge compression %
Width compression %
Radial insulation thickness mm
Azimuthal insulat. thickness mm

Copper to non-copper ratio

0.18

1.2

Outer
18
1.000
9.230
1.662
1.867
14.5
1.273
89.0
16.9
6.6
0.0
0.18
0.18

1.2

T 5"38268" " $.11515

EEZET- RIS
4.67421 -  5.39468
ETIEE.  GEISE

[
N = 295374, 5 4:67421
[

463523328214 18.95374

1.001851411.752 307188

I - 1,071 B

581281 3 23328

LECEE- BT
1.79234-  2.51281

EEIERT- R

1. 7507188 . 79234

MAGNET PARAMETERS
Parameter Unit
N of layers
N of turns

Coil area (Cu + nonCu)
NonCulJcat12T,4.5K
Quench gradient

Quench current

Peak field in coil at quench

Inductance

Stored energy

A/mm?
T/m
kA
T

mH/m
kJ/m

June 3, 2008
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84.88
2400

228
12.94
14.04

17.46
1461
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’
Q Electro-magnetic forces

« Computation of electro-magnetic forces at
maximum field, and comparison with present

I MN/m ~ 100 ton/m ]

magnets [
110 mm | 110 mm

(11\{4(;‘/3“7:) (1\11\?/;) (MN/m) | (MN/m)
ROXIE | ANSYS
Fx| 1.6 | 14 | 424 | 416
Fy | -19 | 20 | 423 | -1
Fr 2.8
F, s

¥ LHC-IR Quad KEK design scaled to 228 T/m
* LARP TQC scaled to 228 T/m

G. Ambrosio, “Study of Mechanical Designs for 110-mm aperture quadrupole with 230-T/m Gradient”
FNAL TD-07-012, available at http://tdserverl.fnal.gov/tdlibry/TD-Notes/
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@ Analytical study

// TR

« 1stshell: F, = 1.5 MN/m,

| 0, = 122 MPa

. Bottom half of coil: F. = 1.7 MN/m,

= Ar = 87 um (average)

And this deflection is going to increase the
stress in the 15t shell!
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« Reliable FEM results depend on several factors

Material properties

St

L

=» check simple model with analytical solutions

Magnet Component

Note: material Properties
are in radial coordinates

Cable stack

Layer-layer &
ground insul.

on coil side
Mid-plane &
ground insul.

on coil top
Collar wedge

& ring,
SS outer shell

Yoke

Al outer shell

Impregn. Cu/
Nb,Sn,
+ceramic ins.

Gl10

G10

Stainless
Steel
316

Iron

Aluminum

Elasticity Modulus
293 K 42K
[GPa] [GPa]
X Y X Y
40 38 50 38
14 18 14 18
18 14 18 14
210 210 225 225
210 210 225 225
70 70 81.6 81.6

Thermal Contraction Coefficient

2934.2K [mm/
X Y
33 4.3
7.62 2.75
2.75 7.62
2.97 2.97
2.04 2.04
4.23 4.23

per 1 K [um/m/

X

11.4

26.4

9.5

10.3

6.9

14.3

Y

15

9.5
26.4

10.3

6.9

14.3 29



s\ Infinitely rigid

= boundary con.

—

Stress in the coil with inf. rigid BC

on the outer surface of the collars

— NO pre-stress
— Material properties @ 4.2 K

— Fmag @ 13 kA =228 T/m Ar=87 um

Ly

NO interference, NO cooldown (Mat prop at cold), FMAG

ENSYS 7.0
FEB 19 2004
18:27:21
PLOT NO. 1

PowerGrarhics
EFACET=1
AVRES=Mat

DIST=.045629
XF =.078184
YF =.041481
Z-BUFFER

1 RNSYS 7.0 1
FEB 19 2004
18:27:22

PLOT NO. 1
NCDAL SOLUTICN
STER=1

SUB =13

TIME=1

sy (RVG)
RSYS=1
PowerGraphics
EFACET=1
AVRES=Mat

MK =.114FE-03
SMN =-.152E+09
SMK =.360E+08
-.152E+09
—.131E+09
—.110E+09
—.894E+08
—.685E+08
—.476E+08
—-.267E+08
—.582E+07
.151E+08

. 360E+08

IE0CRACEN

Oy max = 152 MPa

(BCl) NO interference, NO cooldown (Mat prop at cold), FMAG

o, max = 150-160 MPa

(BCl) NO interference, NO cooldown (Mat prop at cold), FMAG
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ANSYS 7.0

FEB 19 2004
18:27:23

PLOT NO. 1
NCDAL SOLUTICN
STEP=1

SUB =13
TIME=1

SX (RVG)
RSYS=1
PowerGraphics
EFACET=1

SMX =.211E+08
NFCR

—.167E+09
N —146E+09
O 125E+09
/= 104E+09
= - 835E+08
— 626E+08
] 417E+08
= - 208E+08
148322
.211E+08

No displacement
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‘ External force
gVl

Stress in the coil with horizontal
force on the midplane
— With some pre-stress <120 MPa

— Fmag @ 13 kA =228 T/m

Ar=203 um ——

ENSYS 7.0

FEB 6 2004
12:05:25

PLOT NO. 1
NCDAL SCOLUTICN
STEP=3

SUB =12
TIME=3
SEQV (AVG)
PowerGraphics
EFACET=1
AVRES=Mat
MK =.310E-03
SMN =213298
o 21305
= LTTTEH08
— - 155E+09
= - 233E+09
/= 310E+09
O - 388E+09
1 - 465E+09
— - 543E+09
T 620E+09
.698E+09

2 MN/m

_---, -lewMat, Rad=.l Az=.13-.lmm, (+osl,—0s3) Force=2MV at 4.2K

1 ENSYS 7.0

FEB 6 2004
12::05:23

PLOT NO. 1
NCDAL SCLUTICN

EFACET=1

MK =.289E-03
SMN =—.167E+Q09
SMX =.574E+08
—.167E+09
—.142E+09
—.117E+09
—.924E+08
—.674E+08
—.425E+08
—.175E+08
TATEFOT
.324E+08
.574E+08

IE0CRO0EN

Oy 15t shell = 140 MPa

(FC4) NewMat, Rad=.l Az=.13-.lmm, (+osl,-0s3) Force=2MN at 4.2K

o, max = 180-190 MPa

(FC4) NewMat, Rad=.l Az=.13-.lmm, (+0sl,-0s3) Force=2MN at 4.2K

ANSYS 7.0

FEB 6 2004
12:05:24

PLOT NO. 1
NCDAL SOLUTICN
STEP=3

SX (AVG)

PowerGraphics
EFACET=1
RVRES=Mat

DMX =.289E-03
SMN =—.215E+09
SMX =.261E+08
NECR

—.215E+09
—-.189E+09
—-.162E+09
—-.135E+09
—-.108E+09
-.813E+08
-.544E+08
—.276E+08
742734
.261E+08

HO00RE0N



With Al
outer shell ——

« Al shell
+ Yoke with gap at 45 deg. 7

« SS keys in contact after
cooldown and at max Grad.

(Yokel0)=Yoke9 except: KeyAngle=0.005,

« Collar-Yoke contact 0-6 deg.

- Bladder technology
O, at 228 T/m

ANSYS 7.0
B 7.0 O, at 228 T/m
16712225 A
PLOT NO. 1 1 >
T f shell till i tact NCDAL_SOLUTICN FEB 25004
Ops o1 shells are stiil 1n contac STEP=3 PLOT MO, 1
SUB =12 NCDAL SOLUTICN
TIME=3 ggpﬁ’z
sY (AVG) TIME-3
RSYS=1
PowerGraphics rsaéysﬂ (Z.WG)
= TG
DMX =.302E-03 B Boom-03
SMY =—.172E+09 SMY =—.207E+09
SMX =.565E+08 %R=.245E+08
—.169E+09 B
- 148E+09 mw - 20TEC
= 3000 e
—-. EiH
R = e
—.640E+08 [
B -la3ce+os o
B —-220E+08 B - 119E+07
B - L00E+07 Ar — 131 Mm 545E+08
.200E+08
—_— o &
O, Max = 160-180 MPa
(Yokel0)=Yoke9 except: KeyAngle=0.005,
0y 1% shell <150 MPa
(Yokel0)=Yoke9 except: KeyAngle=0.005,




’ ¢

'

All steps

» Stresses at all steps, displacements at Fmax

NCDAL SCLUTICIN

\
i
1

—.278E+09 —.232E+09

. 255E409 —.208E409 —.161ms09 - OO
(bf_springback) stresses during collaring before springback

—.185E+09

JUL 15 2004
16:48:47
PLOT NO. il

—.909E+08

—.114E+09 —.675E+08

1

(GCS0) ~YokelO (KeyAngle=0.01) NO GCS, just a gap

ANSYS 7.0SP11
MAY 17 2004
15353251

PLOT NO. 1

.869E+07

Azimuthal stress
During collaring

After assembly

After cooldown

At max forces

(GCS0)~Yokel0 (KevAnale=0.01) NO GCS. ijust a dap

1

(GCS0) ~Yokel0 (KeyAngle=0.01) NO GCS, just a gap

ANSYS 7.0SP11
MRY 17 2004
15:53:38

PLOT NO. 1
NCDAL SCLUTICN

SY (AVG)

PowerGraphics
EFACET=1

RVRES=Mat

DMX =.110E-03
SMN =-.185E+09
SMX =—.274E+08
185E+09
168E+09
. 150E+09
133E+09
115E+09
976E+08
S800E+08
625E+08
450E+08
.274E+08

1E00NE0NN

ANSYS 7.0SP11
MAY 17 2004
15:54:05

SUB =12
TIMF=3
SY (RVG)
RSYS=1
PowerGrarhics
EFACET=1
AVRES=Mat
DMX =.297E-03
=—.168E+09
=.569E+08
—.168E+09
—.143E+09
—.118E+09
—.931E+08
—.681E+08
—.431E+08
—.181E+08
690E+07
.319E+08
.569E+08
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Technology Limits r '

ok

« What are the limits for a given technology?
* LARRP is exploring the limits for Nb,Sn technology

.E 350 ""o...%. // HQ: 4 layers, 90 mm
= a0g d s ] [ Higher | —| TQ & LQ: 2 layers, 90 mm
-'8' SR ) HQ: 2 layers, 130 mm
— KEK &FNAL §
-g 250 | MhTiLHC IR TQ[8][9] """"""""""""""""
'0) 11 &LQ [10]
3 200 i
e NbTi Upgrade
3 CERN-HHH [2]
+ 150 -
2 CERN, 2007 [11]
(V)]

100 u . . l

50 70 90 110 130 150

Coil Aperture [ mm ]

[1] LHC Design Report  [4] T. Senet al, PAC-01 [8] R. Bossertetal, ASC06
[2] R. Osiojic et al, PAC-05 [5] A. Zlobinetal, EPAC 02 [9] S. Caspiet aL, ASC-06
[31S. Caspietal, MT-15  [6] G. Sabbietal, ASC-02  [10] G. Ambrosio et al., ASC-06
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Case study: LARP Magnet R&D "3&

"“Demonstrate that Nb,Sn magnets are a

viable choice for an LHC IR upgrade”
R&D phase:

= Technological Quadrupoles (TQ) for performance reproducibility

lEmilengid0immeapentureaGras=2 00 T/ maBe i 28T Deadline: 2009

coil

= Long Racetracks and quadrupoles (LQ) addressing long magnet issues
k LQs have same features of TQs 4 m long

= High gradient quadrupoles (HQ) similar to the NbTi quads for Phase-I

1 m long, 110-130 mm aperture, Options under discussion

= Long Mirror (LM) addressing long coil & magnet issues FNAL core program task

| rt of LARP
2 and 4 m long, single cos 8 coil, B__; ~11 T TSR e

coil

June 3, 2008 G. Ambrosio - Technology and applic. of high field acc. magnets 28




Outline of the lessons

St

L

a

D2

D3
D4

D5

|

|

%

* Long magnets

June 3, 2008
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