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Introduction to magnets for accelerators

Normal conducting magnets or iron dominated
magnets
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If we have time : an example of technological issue:
the insulation in normal conducting and

%perconducting magnets
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Magnet types : field harmonics
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Why sextupole ?

g = charge in Coulombs
| c = the speed of light in m/sec
Bp = —\/T2 + 2TE,, T = beam energy
qc EO = the particle rest mass energy
p= radius of curvature in m
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NORMAL CONDUCTING MAGNET
OR IRON DOMINATED MAGNETS
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F=C,z"
C,z" =A+iV
zZ=x+1y

A vector Potential

V scalar potential

Vector equipotential lines

are the flux lines. B is tangent point by point to the
flux lines

i i Scalar equipotential lines
are orthogonal to the vector equipotential lines
defining boundary conditions shaping the field

Equipotentials '\_\::"
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Shaping the field: making material the boundary

conditions |

(7D =4mp Uiz,
10D 41T
< V x H_Zat = - ] Material 2: E2, B2, D2, H2
10B
VXE-l—ZE—O
\ V-B=0
From 2

E: electric field [V/m
fﬁ H-dl=(txn) (Hy,— Hy) Al D: dielectric Induction [Coul/m”2]
¢ B: magnetic flux density [T]
H: magnetic flux intensity [A/m]




Shaping the field: making material the boundary

conditions Il
(32_31)"75:0 o
(H; —Hy) x# =0 777
By =By il
B, B, _ .
ZxA=—x1 —>Bzxﬁ=&81><ﬁ T
H2 H1 H1 19 . ——
—1:5‘!’
B, cosa, = B; cos a; . 127
B. i M2 . 6 - _1.0T
2 Sinay, = — By sina, 08T
! “oa1
tana, = &tan aq " /*‘ H (A/m)
-1.8 T T T T T
‘ul -150 -100 -50 0 50 100 150
s fho Therefore the flux line (to which the
t = t —_—. . . .
T2 T T |B s tangent point by point) is
If mate“a1'2a" perpendicular to the shape of the
tan @, = — tan a, Interface between a material with high
_Ifmaterial 1 iron #ri o lu,. and the air independently of the

WA | mm > 1 = @~5 Ishape of the flux lines in that material



Creating the field->you need coll
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P o Ni? « gap?

Fixed K (Gradient)
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B (weber /ma) g(meter)

Ko = 471 X 107(meter/ampmeter)

NI(ampere turns) =




Field type: shape and function, real
maagnet

Force

Flux
. 33|E/#,f
/
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+ Current In + Current Qut

- Pale

Quadrupoles=Focus
sing magnets: move
the particles back to
the centre of the
aperture

In normal conducting magnet the iron yoke provides the field

guality therefore the yoke shape shall be extremely precise

:\.30
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But iron saturates |,

1.8
B (T) Br . e e
1.2- 1 —17T
/o —15T
98- . A — 427
i — 10T
£ J —08T
/) —05T
8] i/ —03T
-1.2 - ,/J
H (A/m)
'1.8 | ] | 1 1
150  -100 50 0 50 100 150

M\{roh, above 1.5-2 T any increase of magnetic field costs a lot of magnetomotive force



Effect of interaction field with the coll
current:

On a conductor immerged in magnetic field

F=1-LxB
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Example for the Anka dipole:
On a the external colil side with N=40 turns, 1= 700A, L~2.2 m
in an average field of B=0.25T

@ ‘ F=40-700 - 2.2-0.25 = 15400 N =0.015MN~ 1.5 tons;
0.007MN/m

N,



In a coil of cross section S, total current I,
per unit of length |,

P/IW /m]=2
p., =1.72-(1+0.0039- (T —20))-10°Q-m

In the yoke we have losses due to:
* hysteresis: up to 1.5 T we can use
the Steinmetz law

PIW /kg]=n- f - B
with 7 =0.01+0.1, about 0.02 for silicon steel
* eddy currents: for silicon iron, an
approximate formula is

f

PIW /kg]=0.05-(d -B,,)?

lam °

where d,,,, is the lamination thickness
in mm

CERN ‘

To increase the temperature of 1 kg of water by
1 degree C we need 1 kcal=1/4.186 kJ

Q[l/ min] =14.3- PLkW]

To efficiently cool a pipe you need the fluid
velocity be greater than zero on the wall, i.e. the
flow being moderately turbulent (Reynolds >
2000):

R, = dV~1400 -d[mm]-v[m/s] for water at ~ 40°C
v

Small pipes need high velocity, however attention
to erosion (v>3m/s)!

As cooling pipes in magnets can be considered
smooth, a good approximation of the pressure
drop AP as a function of the cooling pipe length
L, the cooling flow Q and the pipe hole diameter
d is derived from the Blasius law, giving:

Q[l/min]®
AP[bar]=60-L[m]- g




Normal conducting magnet
construction



Coill production




lron yoke production
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The limits of NC magnet appllcatlon

Relation momentum-magnetic field-orbit

radius (‘ - 3 }%_)@
Having 8 T magnets, we need 3 Km ’/ 11 rﬁ!"*ﬁ?‘"”' //
curvature radius to have 7 TeV ‘\ﬁ ;&H . 7t
If we would have 800 T magnets, 30 m 'f?{?’e‘i’f;"f et

would be enough ...

100.00 - p=10k
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10.00 4 Resistive

Energy (TeV)

’ / A |Tevatron + HERA
0.10 - ’ o SSC o RHIC
UNK x LEP
/\ e LHC
0.01 | . | 1
— 2 ¢
<) 0.10 1.00 10.00 100.00 | BP = gc VT? +2TE,

SZA Dipole field (T)




SUPERCONDUCTING
MATERIALS
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Superconductivity
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In the 100 years since the discovery of superconductivity, progress has come nﬁlxmd starts. The graphic below shows various types of superconductor
spmlhrlgmuuutunm,fmmﬂm 1o the risa of the copper 5, &3 well as the organics and the most recently

iron oxides. Experi progress has relied on fortuitous puesses, whlls it was not until 1957 that theorists were finally able to explain
how current can flow indefinitaly and 2 magnatic field can be expalled. The idea that the theory was solved was overtumed in 1986 with the discovary
of matarials that superconduct above the percaivad thaoratical limit, hmngmm snaﬂﬁmgmw heactmthls day In this hmnina Hl_vslcs World
charts the key events, the rise in record transition temparatures and the Nobal P
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Advancing Critical Currents in Nh-Ti

25000 |
—*— MFTF Conductor
—&— Tevatron Energy Saver Strand, 1980.
[ ]
1996 —&——— Best Production High Homogeneity, 1985.
20000 - Best UW-Madison HT Multi-Filamentary Composite, '85.
—*—  Best Small Scale HT Multi-Filamentary Composite '86
NE — Revised Equivalent SSC Strand Specification
5 — = Nb-Ti: Best Industrial Scale Heat Treated Composites 1990
_3:-7“' 15000 - 1995 — L Aligned ribbbons, field parallel to ribbons.
g 7 Furukawa APC '94, d =10.5nm
a A —— Supercon APC/HT '95
: : +
= \ sre¥e=== Nb-Ti: Nb-Ti/Nb (21/6) 390 nm multilayer 95 (5°) McCambridge et
o . al. (Yale)
= ¥ '
8 B 1 Nb-Ti: 390 nm multilayer Nb-Ti/Nb (21/6), 50 puViem -
= 10000 + >‘\ S \ McCambridge et al. (Yale) (0°)
-g % ' L] Nb-Ti: Nb-Ti/Ti (19/5) 370 nm multilayer 95 {0°), 50 uV/iem, N.
3 ' Rizzo etal. LTSC'96 (Yale)
5000 +
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Applied Field, T
University of Wisconsin-Madison

Applied Superconductivity Center November 215 1997 - Compiled by Peter J. Lee - nb-ti_progress42.ppt, JCProg40.xls




Current Density SC Cross-Section

YBCO B | Tape Plane
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Superconductor material, but under

which conductor shape

To limit the voltage
long charging time
or high current

The main reason why
Rutherford cable succeeded
where others failed was that
it could be compacted to a
high density (88 - 94%)
without damaging the wires.
Furthermore it can be rolled
to a good dimensional
accuracy (~ 10mm).

*a single 5um filament of Nb-Ti in 6T Note the 'keystone angle’,
carries 50 mA A which enables the cables to
be stacked closely round a
circular aperture

‘Je :ﬂclvvﬁf‘lc

250 Ato 500 A



SUPERCONDUCTING
MAGNETS
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How we can use the SC cable ?

DIPOLE MAGNETS

HERA RHIC

B=47T B=:3.5T
BORE : 75 mm Bore : 80 mm

TEVATRON
B=45T
Bore: 76 mm

Remark: the field here is higher than the saturation limit

. . . ) ; LHC
of ferromagnetic material saturation therefore the iron is B=83T

Bore : 56 mm

pushed out where the field is lower and closes the flux
lines

cEen))
yard




GENERATION OF MAGNETIC FIELDS:
FIELD OF AWINDING
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Approximate expression of the field

«  \Wlly
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In superconducting magnet the conductor distribution provides
the field quality therefore the conductor position and their
deformations shall be kept under tight control




engineering current density
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» we expect the magnet to go

W12 resistive 'quench' where the peak
14 . . ..
field load line crosses the critical
current line *
usually back off from this extreme
point and operate at®
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+‘FNb-Ti ri=30mm
==Nb-Ti ri=60mm
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And what about stresses ?

450
400 ~

~-Nb-Ti ri=30mm
< Nb3Sn ri=30mm
350 1] -4 Nb-Ti ri=60mm

300 4| = Nb3Snri=60mm

/)

S 20 =
£ 200 - = r_—f\é?%a :
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© 150 1@
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0 T T T T T T T T T T T T T T T T T T
0 5 10 15 20
B (T)
200
] k=025 T=19K
150 1 o000
g /
z ]
=~ 100 &—4---&“5"‘3‘&aﬂﬁ£
é 2
Qg : iy / —-Nb-Ti, ri=30mm
50 - IR ~#-Nb-Ti,ri=60mm
] -2-Nb3Sn,r1=30mm
_ --Nb3Sn,ri=60mm
0 T T T T T T T T T T T T T T T T T T T T T T T T
CE{W 0 100 200 300 400 500
P G, (T/m)



Preventing coll movement: preload
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Adding pre-
compression during
cool down due to
differential thermal
contraction of

components.
Mechanical
structure and
assembly controlled
by force

A

4 519.V1
* 515V
* 523,93

0 2 40 60 8 100 120 140 60 18C 200
Current squared [kAM2]

\

\
+
o
\

9 Tesla

H=0.45 HCZM_“I

20

CRITICAL CURRENT (% of zero stress I;)

NbgSn (Reinforced)

STRAIN (percent)
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KEK MQXA /.

o O \, FNALMQXB
Nb-Ti, 6.6 m { “ea 't 0 Nb-Ti, 5.7 m
70 mm apert. § | 70 mm apert.
205 T/m "

%31;_1;()(: LARP LQS

e Nb:Sn, 3.7 m
>n, Lm 90 mm apert.

90 mm apert. \\ 200 T/m

200 T/m

CERN-CEA //

MQXC LARP HQ
Nb-Ti, 2 m Nb:Sn, 1 m
120 mm apert. | 120 mm apert!
118 T/m 170 T/m

150 mm apert.
‘ 140 T/m



Superconducting magnets
construction
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Example of
_ assemb|
LHC NDb-TI main dipgleproceSS: e
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Coll production |

Cable insulation

Coil winding Il | Preparation for curing



o o - ,‘1 3 i i
Collaring press Collared coils ready for cold mass assembly



Cold mass assembly
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Feet and alignment Instrumentation completion



Arbitrary cost unit

—— Crawford model Firm 3
—o— Wright model Firm 3
= B est fit Crawford model
— = Best fit Wright model

20 40 60

LEARNING PERCENTAGE ACCORDING TO CRAWFORD AND WEIGHT MODELS

80 100 120 140 160 180 20
Cumulative production [Collared Coi

COLLARED COILS PRODUCTION

Firm Crawford Model Wright Model
Firm 1 88% 88%
Firm 2 90% 86%
Firm 3 59% 88%

LLEARNING PERCENTAGE OF SELECTED REFERENCE INDUSTRIES

Industry

Lp.

Complex machine tools for new models 75%-85%
Repetitive electrical operations

Shipbuilding

75%-85%
80%-85%

Aerospace 85%
Purchased Parts 85%-88%
Repetitive welding operations 90%
Repetitive electronics manufacturing 90%-95%
Repetitive machining or punch-press operations 90%-95%

Raw materials

93%-96%

TABLETI
LEARNING PERCENTAGE ACCORDING TO CRAWFORD AND WRIGHT MODELS
COLD MASS PRODUCTION
Fim Crawford Model Wright Model
Firm 1 83% 81%
Fum 2 82% 81%
Firm 3 88% 82%




Thanks you for your attention
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An example of technological issue:
the Insulation radiation resistance



And If you have a defect In the
Insulation ?
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Dose on a normal conducting magnet in the

HOHE X,Y Cro ction at the Z of the maxinun ener gy depositi
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‘ Normalization: 1.15 10%¢ p (30-50 fb1).
Computations with E 6.5 TeV relaxed collimator settings




Different epoxy

. . Composition . Viscosity | Service life . Dose for 50% | Dose Range >
Resins Hardeners| Additives Mix Temp (°C Fi
(p-p.) p Q) (cPs) (mn) s flex. (MGy) (MGy)
5.4 1.4 e >
BDMA 100-105-0.2 80 45 >180 5.1 1.6 1-3 . . .
5.4 25 Linear Aliphatic——
BDMA 100-110-0.2 80 40 >180 5.1 2.3

ECC 100-72 80 20 >240 5.5 1.8

VCD BDMA 100-160-05 60 20 >180 5.4 3.7 1-6 H - H
DADD 100-65 80 180 >240 5.4 5.5 Allphatlc amine harderner

DGEBA + 100-20-12 25 5.21 1.3 1-2 9 poor rad|o_res|stance
DGEBA DBP 83-9-17 50 500 few 5.22 1.2
DGEBA 100-35 130 60 180 4.2 5.1
DGEBA + 100-20-30 80 5.21 8.2 5-15 . .
DGEBA 100-27 80 100 50 5.9 13.0 Aromatic amine hardener
DGEBA 100-14.5 65 200 30 5.7 235 23 S
p wDGEES o | | k0040 sy 100 | 150 | w s |wO 2w Oudem b ol u

DGEBA 100-130-1 80 70 120 5.2 4.2 I An hydride hardener
DGEBA 100-80-1 80 80 120 5.2 5.9
DGEBA 100-100 60 69 >1440 5.23 7.1 = H . TOO hlg h Iocal
DGEBA . ’

concentration of benzene
may induce steric hin.«¢y 0—-

BDMA +
Po. Gl.
DGEBA I 70

DGEBA 100-100-0.1-10 60 65 300 5.23 12.1

—_DGPP 100-28 5.6 : : paN
DGPP 100-135 120 5.3 13.0 disturbation @\ 0
EDTC 100-20 80 40 5.9 10.0 5-15 : : c
TGTPE 100-34 125 >20000 5.6 12.1 Good radio-resistance even
TGTPE BDMA | 100-100-0.2 125 >15000 5.3 106 if Cl (tendence to capture n h)
EPN 100-35 100 30 5.6 235 20-40 t
EPN 100-29 100 35 510 37.2 )

100761 | 80 | | 40 | 510 | 130 | Novolac: HIGH Radio-
EPN 100-105-0.5 80 100 |5.3+5.25 15.0 10-20 .
EPN BDMA 100-85-1 100 80 5.10 20.6 resistance
TGMD 100-40 80 50 5.6 20.6
[
TGMD BDMA | 100-136-0.5 60 30 5.3 11.4 10-25 Large nt_) of epoxy groups
TGMD BDMA 100-110-1 80 500 20 5.8 18.0 = Nancihs L rinidihg
TGPAP 100-137 80 <20 5.8 23.5 : A
DGA 100-20 25 120-420 | 5.7 235 20-30 GlyCIdyl amine: HIGH R.
DGA 100-115 25 5-20 | 30-5760 | 5.8 28.6 res
Leg.end | Hardener N ° ernary n
Aliphatic Amine 0 CH, - CH - CH
. . . Ve . 2 oy
CH Linear éhpha.tlc Aromatic Amine Chy -\CH —-0-YH-rR — 0 Ny -R 9 Weak
Cycloaliphatic = - /

Alicyclic Anhydride
Aromatic Anhydride

G, G - i, ¢ rgroup-@Re@l.—lR/’)

= weaknecamina

y; Aromatic



Filler contribution

Resins [Hardeners| Additives

. Composition . Dose for Dose Range
Filler (p.p.) Fig | 50% flex. (MGy)
(MGy)
Papier 100-27-200 |5.14 1.3 1-2
Silice 100-27-200 |5.14 10
Silice 100-27-200 |5.18 11.4
Silice (5 micron) 100-27-20 |5.16 14.8 10-15
Silice (20 micron) 100-27-20 |5.16 14.8
Silice (40 micron) 100-27-20 |5.16 14.6
Silice (40 micron) | 100-27-200 |5.17 12.1
BDMA | Silice (40 micron) | 100-80-2-200 |5.17 <10 <10
Acrosil + Sulphate) 404 57 5150 [s.14| 158 15
de Barium
Magnésie 100-27-120 |5.14 18 18
Graphite 100-27-60 4.6 26.8 25 - 30
Graphite 100-27-60 |5.14 30.5
Alumine 100-27-220 | 4.7 23.5)
Alumine 100-27-220 |5.14 51.7
20-50
Alumine 100-27-100 |5.15 20.6
Alumine 100-27-220
Fibre de verre 100-27-50
Fibre de verre 100-27-60
Fibre de verre 100-29-50
Fibre de silice 100-41-50 .
>100
Fibre de silice 100-40-50 |5.20 >100

Legend

Resin

Linear aliphatic
CER Cycloaliphatic
\ .
Aromatic

D

Hardener

Aliphatic Amine

Aromatic Amine

Alicyclic Anhydride
Aromatic Anhydride

2 Categories of

fillers:
1.Powder fillers
2.Glass/Silice

Paper [celluftigga{CsH,,05),]
—> Strong decrease of radio-
resistance )
The bigger the
powder, the more .
radio-resistant m =\

Hardener choice DL —

not influenced by
filler

High r.-resistance for
Graphite and Alumina

Résistance & ko flexion {kgimm?)
® DGEBA+MDA +Silice [400)-%0-27-20......... ws

© DGEBA+MDA +Silice [20)-00-27-20 .........93

& DGEBA+MDA+Silics (5p):100-2720 ......... 9.5

The more fillers, the
more radio-resistant

i
St

(kgimm?}

P
Rasistonce @ la flexion

@DGEBA + MDA + Alumine (100-27-220). ......n4
ODGEBA+ MDA » Alumine (100-27-100}....... 12

Best Radio-Resistant materials are
obtain with Glass/Silice (influence
of boron) fibers and aromatic
resins (Novolac and glycidyl-
amine) ~v



CEFN 9801/ASE

Material: Epoxy resin TISN
\ No. R 422
Tune ATV 745 (500 = FPN 1138 (30 + OV 221 | | DGEBA+MDA |
Table IIl.le
Effect of nuclear radiation on the
dielectric strength of epoxy resins
Dielectric strength (kV/mm) versus dose (rad)
Resin composition
0 2.3 x 10° 5.6 x 10° 6.8 x 108 1.2 % 10° 1.2 x 10° 2.7 % 10°

1) Araldite F + MDA 21.2 * 0.8 17.7 + 0.8(83.5) 16.1 + 0.8(76)
2) Araldite F + DADPS 21.4 " 18.5 " (86.5) 17.5 " (82)
3) Araldite F + MA 19.0 " 18.2 " (96) 17.8 " (93.5)
4) Araldite B + AP 18.1 " 17.4 " (96) 14.5 " (80)
5) Araldite F + DPA + TETA | 19.6 " 19.5 + 0.8(100) - 16.5 £ 0.8(84) 0
6) EPN + MA + BDMA 22,5 " 21.0 £ 0.8(93.5) 20.0 £ 0.8(89)
7) EPN + MDA 19.1 " 20.0 " (105) 18.5 "7
8) TGMD + MA + BDMA 20.1 " 18.7 " (93.5) 18.0 " (90)
9) TGMD + MDA 23.4 " 23.3 ' (100) 25.2 " (108)

The

Strength

values in brackets represent Lhe percentage of the initial value.

I

10

Absorbed dose (MGy)

® | - Resistance a lo flexion
0 2- Resistonce 0 la traction
A 3- Modue d élasticite
4 4 - Allongement @ la rupture
8 5- Résistance ou choc

06- Durete

% 7- Absorption d'eay =259C , 4 jours

¥ 8- Point de fldchissement o ki cholewr

Bgen By

- G -



Superconducting magnets an
example of technological issue: the
iInsulation

CE?W
\\_/



Stress sensitivity, different materials, new problems, new
technological approaches to coil production

Nb3Sh

The Superconductor is fragile therefore
cable with the SC phase precursors are
used and the SC phase is formed only after
winding
(in the past react and wind was also tested)

Fibre glass

650° C for about 2 weeks

Epoxy or other resin

providing dielectric and
mechanically protecting the
superconductor

Impregnate

v

N |



The environment as dielectric

The liquid helium is a very good insulator,
but the largest voltages in Sc devices appear during quench
Quench normally create local heating and therefore vaporization of He.
Insulation design shall be performed therefore taking as reference
gaseous helium

During component fabrication tests are performed in air.
Therefore the test voltages shall be a large multiple (i.e. x 5) of the
voltages to be withstood in gaseous helium condition

Sc magnet insulation shall be
1) Capable of withstanding few thousands volts in gaseous helium
2) Withstand high stress
3) Working at cryogenic temperature
4) As thin as possible to dilute as low as possible J
5) Provide good heat transfer




And the iron contribution ?

;300 1| +ri=20mm

2200 -
S
£ 150 -

& r1=>5 UTnmT

> o
L 500 A - 1i=40mm 9‘—“
- ri=60mm ] [ ey
= ri=80mm
O FE-ri=20mm

450 T 4op .
ri=20mm - ——— Nb3Sn, k=0.35, T=4.2K
400 - ir!:30mm - " §. wW-30mm Lron yoke. w,.;=30mm o B
“+11i=40mm ‘ "y 500 4 —> w=10mm
350 | --ri=60mm e -
= ri=80mm . ‘
£ %7 © FE-ri-20mm . s "y w=80mm | g 4007
|| ¢ FE-ri=40mm e, ‘ \
€ 250 | o FE i~80mm T =
g > =
‘ s

100 -
100 -
50 ¢ FE-ri=40mm w=80mm
3 Nb,;Sn, k=0.35, T=4.2K e FE-ri=80mm
T T T Y | T T T T T T T T T T T T T T T 0 . T -
0 5 10 15 20 0 5 10 15
B, (T) B (T)
200
©-No iron
160 - b A Tron
M@—@-@@@g@
g
S 120 1
E
_éz 80
40 Nb;Sn, k=0.3, T=4.2K
Iron yoke, w,,;=20mm
0 T T T T T T T T T | T T T T T
CEfW 50 100 150 200 250 300 350 400 450
\

7 G, (T/m)



Insulation for Nb-Ti

Enhan

Temperature increase (mK)

300 Order of applied pressure
—— 5 MPa
—— 10 MPa
250 | e e 25 MPa
1 e el 50 MPa
, e et 75 MPa
200 = s w100 MPa
il' —— 5MPa
150 | , , 4 / :
/] Enhanced insulation ’/
[ . . y :
100 [, :‘ ~' 4.5 times ;”, X |
= 7 A |
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50 ~ A= . R i
F 4 -
0 =g 24 = = :' Z"z';' "'." ' . ' . L
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Power per cable (mW)
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And what about stresses ?

450 =
~1i=20mm —
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Or forces respect to the coll width

14

Fy (MN/m)

~-ri=20mm
=+ 1i=30mm
ri=40mm
=11=50mm
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Nb;Sn x=0.35, T=4.2K
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And If you have a defect In the
Insulation ?

N,




