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Lorentz-equation

Charles Augustin de Coulomb Hendrik Antoon Lorentz
(1736 — 1806) (1853 — 1928)
Coulomb force Lorentz force

F=¢qE F=gvXB
F=qgE +qgvXB

with v = ¢/2, E must be 1.5 - 10° V/cm to get same effect as 1 Tesla
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Examples of current dominated magnets &

Full size curved short SIS 300

Steering magnet for CR
(vertical, BINP 2015)

dipole prototype (superconducting)
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More ampe
same field leve
consumption

Field quality depends ¢
on position of conductors

Complex coil winding




Dipole Quadrupole Sextupole
B = const. B=gr=B"r Sextupol: B =B"-r?/2
Octupol: B=B""r3/6

B, =— Z:(Anr"‘1 cosné + B,r"1sinnd)
n

By = — Z(—Anr’"‘1 sinn@ + B,r""! cosno) r
n

0

Dipole: n = 1, Quadrupol: n=2, ...
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Multipole

Polverlauf 8= w=
z=%r q=8, f%qﬂ
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Dipole types

C-Shape

Accessibility: very good

Shims required: yes

Mechanical stability: poor

Iron weight: high

coil shape: race track

H-Shape window frame
Accessibility: poor Accessibility: very poor
Shims required: yes Shims required: no
Mechanical stability: good Mechanical stability: good
Iron weight: medium Iron weight: low
coil shape: race track coil shape: bedstead

25.06.2015
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Quadrupol Typs

a) Collins quadrupole
(=,,Figure of 8-
quadrupole)

b) 1. Standard quadrupole
(no widening of pole basis)

¢) 2. Standard quadrupol
(maximum widening of
pole basis => reducing of
saturation in pole)

d) Panofsky quadrupole
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Quadrupol doublet

€ Quadrupoles focus in one direction but defocus in the other direction
€ Solution: Two quadrupoles (doublet) focus in both directions

The focal length for a combined . d
system is given by: fees S1 fo [ fe
Combination of focusing and defocusing L N da

quadrupole with same focal length f und —: Jaes 12

(distance between two lenses: d)
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Exotic Magnets

Solenoid

€ Simple coil

€ Magnetic field along beam
direction

€ Focusing in both direction
due to fringe effects

Septum

€ Dipole magnets with small
blade between injected /
extracted beam and
circulating beam

@ Blade: coil and shield

@ as low as possible influence
on circulating beam
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Einschub zur Bestimmung des notwendigen Erregungstromes

Ampere's circuital law:

Maxwell‘s ] Im
experimental
setup to yTAN

1lustrate
Ampere‘s law

André-Marie Ampere
(1775 - 1936)

d
}(H-ds=/j.dA+E/D-dA
0A A A
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g —
/ R —
B 7 Hio
./ m e, = E ist klein, da u grof

Ampere‘s law:

N Bh

Ho

NI

—

/i.dz‘;o, weil B L1
Hito

25.06.2015 H. Leibrock: Normal Conducting FAIR Magnets




ist klein, da u grof3

Ampere‘s law:

B'r?
NI =
2410
/]
A Q
</ Analog fiir Sextupol:

"3
5 NI ~ B; "o
/—-dsz, weil B L[ &

Hio
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Leitermaterialien

Aluminium Kupfer
(rein, > 99.5%) (OFHC- Oxygen free high conductivity)
Preis (01/2003) 2,70 - 3,0 EUR/kg 8 — 16 EUR/kg
Leitfahigkeit 36 S m/mm? 58 S m/mm?
Dichte 2,70 g/cm? 8,96 g/cm?
Linearer Ausdeh- 23-10° K"! 17-10° K'!
nungskoeffizient
Elastizitdtsmodul 72.000 N/mm? 123.000 N/mm?
Keystoning-Effekt Geringer Hoher

Oxydation An Luft, 16st sich elektrochemisch in Gering
gemischten Kiihlkreisldufen mit
Kupferspulen
Schlussfolgerungen ® GroBer € Kleiner
(auf der Basis eines ® Lecichter @& Schwerer
identischen N-1) @ GroBere Transparenz f. Teilchen @ Verringerte Transparenz f. Teilchen
@ Geringere Investitionskosten € Hohere Investitionskosten
€ Hohere Betriebskosten @ Geringere Betriebskosten
= Eher fiir Detektormagnete = Eher fiir Beschleunigermagnete
25.06.2015

H. Leibrock: Normal Conducting FAIR Magnets




Cooling of coils

Air Water
natural forced direct indirect
conv|ecti0n air flow
no measures cooling fan conductor
ith cooli
current density < 2 A/mm? e e
channel

current density < 10 A/mm?
our standard: 5 A/mm?
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Bedstead or saddle coil

for example for
Window frame dipoles

Quadrupoles with widened
pole basis

Racetrack coil

for example for
H-type dipoles

Quadrupoles without
widened pole basis

25.06.2015




/ AN / LTS @ For fast estimation of
/ Tockionime - field quality
% / l @ Draw ,flow lines‘ from
plus to minus current
////////// /// ® Field lines are orthogonal

to ,flow lines®

i G Dipdte Geomeins / @ In prinziple window
// ////////// P i frame dipole gives better
/  — field quality

Field lines orthogonal o
to the Flow lines. theoretically
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improvement of field quality with shims

.

AB) 1
—_— = —expl-2.77(x - 0.75
[ B ),,,,md 700 P2 776 )]

unoptimized pO [QAEJ - ._1_. ~7.17(x —0.39
e, " Toa A 039)
AP pole overhang"
a=pole h half gap
good field overhang h=halfgap
region L
AB
Xum timized [E') = —(). 36 In— —0 90

’ h unoptimized B

optimized pol X optimized = (%) =-0.14 ln% g | 72
optimized

a=pole
ood ﬁcl - overhang h_ha_lfgap
region
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Field quality with and without
optimization

Dipole Field Quality -
as a Function of Pole Overhang

10 °!
B
i =
e,
10 -3 -~ -
B K =
4 N
10 4 4
\\
W
10 S 4 - = lels
AN
10 6 N, :
0.5 1.0 15 2.0 ' 25
o
X =
h
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Cut outs in yoke

€ Reducing influence of saturation effects on the field quality

cut outs

/ \

leading flux lines compensation of saturation effects
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08
07
06
0.5
0.4
03
02

0.1

UNITS
Length

m

Magn Flux Density: T

00 7.0 72 7.4 7.6

Homo%eneity of BMOD w.r.t. value 1.602984 at (8.125,0.0)
-1.2E-04

zm
11—

‘”\\\\‘

Magnetic Field - Alm
Magn Vector Pot - Wb/m
Current Density - Aim?
Conductivity Sim

e Power w
Force N
Energy J
Mass kg
Pressure Pa

MODEL DATA
D:\OperalCR_dipole\Kali
mov_dipole_August_2009
\CRwarmdipole2009.st
Quadratic elements
Axi-symmet

Modified R*vec pot
Magnetic fields

Static solution

Cased of 4

Scale factor: 1.0

5180 elements

10527 nodes

10 regions

1.0
09
08
07
06
0.5
0.4
03
02

0.1

8.2 8.4 86 8.8 9.0 92 94
Rm]
1.2E-04
Length m
Magn Flux Density: T
Magnetic Field Alm
Magn Vector Pot : Wb/m
Current Density - Aim?
— Conductivity Sim
Power w
Force N
Energy J
Mass kg
Pressure Pa
MODEL DATA

00 7.0 72 7.4 7.6

Homo%eneity of BMOD w.r.t. value 1.615674 at (8.125,0.0)
-1.2E-04

82 84 86 88

D:\OperalCR_dipole\Kali
mov_dipole_August_2009
\CRwarmdipole2009_no_
cutst

Quadratic elements
Axi-symmetry

Modified R*vec pot.
Magnetic fields

Static solution

Case 4 of 4

Scale factor: 1.0

5196 elements

10563 nodes

10 regions
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Pulsed or fast ramped magnets
dB/dt induces eddy currents. This could lead to

@ reduces field quality
@ reduces flux density (delay of peak field)

@ could be avoided by using sinter materials (high electric resistivity
but with reduced p,) and laminated yoke.

Ampere‘s circuital law:

d
jp[H-ds — /j-dA+—/D-dA 8 Vo H =
dt ot
dA A A
Faraday‘s law of induction:
ng-r,iS:—d/B-riA aus VXE:—?B
dt ot
HA A
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Welcome eddy currents

Pulsed CR septum magnets

(2]

Yoke

SecondaryCoi

Primary Coil

RIB
Pbar2
Pbar1

]
=
=
i

Iso

CR Vacuum Chamber

Flange
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Sagitta

€ Asymmetrischer
Einschuss i

gestreckten

€ Sagittah, R
8 > Teilchenbaohn =
Ablenkwinl Kreiskogen
Mittellinie des

€ Magnet mu R Magneten

Apertur be gt

oder gebog: Sehne

werden

h=r*(-cos(a/2))
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geblechte Magnete

 Heel corg, Lammnade

P s [j‘ :
: e E R
‘ e 1
: = 7

e EEES TS e

€ Lamellen werden im Bogen gestape
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Design (1/2)

€ Requirements

® Maximum field/minimum field, effective length, bending radius,
bending angle

® Aperture
® Field quality
® Ramp rate
@ Iron blocks or laminated yoke?
® Depends on ramp rate
€ Which type of magnet?
® Depends on field quality, flux density, environment
€ Curved or straight dipole?
® Depends on bending angle
€ Ampere turns
® Depends on aperture and maximum strength
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Design (2/2)

@ Coil
® Cross section depends on N*I
@ First draft of 2d design
® with p,=const.
€ Improved 2d design
® Non linear 2d simulations (u,=u (B))
€ 3d design and simulation
® Check of field quality
€ Making parameter table
® Detailing of yoke, coil, dimenions, cooling, power consumption, etc.

@ Its a iterative process.

25.06.2015 H. Leibrock: Normal Conducting FAIR Magnets




Ablekvinkel
Babnradine

Flubdichte im Gap
pensteilbeit

ke

Lufispaltbreite (cinschlieflich Skims)
imbreite

Shimbshe

‘Homegenitétsbereich

fix AB/B

Endprofil

Banart

Sagitte

efiektive Liage des Bahrbogers

o
Breite der Jochkonstruktion
Eike des Magneten
Spulenfenster Breite
Spulenferster Hehe
Feldvelumen

Lamellendicke
‘mas. Verschiebung benachb. Lamellen
Lamellenzahl

Fillfakter
CGewicht pro Blech
CGewicht des ganzen Jockes
Ampuerdm‘;mh!

je (nur Gap)
Wirbelfeld- Zuﬂmmhnl
‘Wirbelfeld-A;

rel. Permeabilitat im Joch
Hysteresefliche

Gff. Permesbilitit im Jodi
Faktor fir AH./E,, ‘mitt]. Wert
Diviser fir Aps/ps

Jochdaten des H-Magneten

am

BEREREEP""°0 *EREREE-E"*

QF ERFH

P

parameter

Parameter des 15°-Magneten

im UNILAC L

B.Langenbeck

Darmstadt, den 01.04.19%8

Tel.: 449 6159 712369
Fax: 49 6159 712785

Daten des Spulensystems
Wmdnnpn.hl gesamt

ERUREEEEREEEEEEEIE”

25.06.2015

vom 27.111997. In der ven.
Optimierung der Jochlinge
Joch an ud der Biegeradius des

Kupfers wird in & i doze. Flufichs
Pulsleistung li »

fcke Spenmurg indert i sickt hkamlmmhziug 960 A. Fiir die Aufozbme

von Ladungsspekiren hinter dem ersten dieser Magneten sind Stréme bis 1100 A

exforderlich. Erginat wurde eine Tabelle fi e Auslegung von Dm‘m pulen,

die in einer Lage unter di der Banptspulen

Es wid durua hingewisse, dub dio Aufenshmessung der Kammerhohe 589 mm

die Plazung der wm die doppelte Shimboke (1.3

v:lzwm.j
2n den Pelrindem) reduziert werden.

Demagnetisierspulen

2

Anzabl
Position: unter die Grundisolierung

der Hanptspule gewickelt.
Windungszabl pro Spule 16
Zeilenzabl 1
Strom 5500 A
Feldhub 35000 Gauf
Leiterbreite 4000 mm
Leiterhhe 2000 mm
Knlfuqnu:dmiﬂ

Lackisolierun
‘mittlerer Slmhmmbng
Spulead
Widerstand (32 Windungen) o119
pnmu‘ 0660
Leist 3600

Geniht pro Sprle

Datenauszug des H-Magneten

Ablenkwinkel 1800 °
‘Babnradins 1313 m
Flufdichte im Gap 1104 T
Rempensteilbeit 8600 T/s
Luftspalthohe 250 mm
meximele Kammerhthe .50 mm
Luftspaltbreite 112500 mm
‘Homegenititsbereich 250 mm
fir AB/B 200 %
effektive Magnetlinge 30 m
‘Baulinge des Jochs 30 m
‘Baulinge des Magoeten 4T m
Statlgevict 560 to
Leitergewicht 095 to
mhm (mur Gap) 2308 kI
Wincungszabl 60
Strom 90.55 A
Widenstand 13187 @@
Grund - Induktivitat 5500 mE
de- Verluste 227 kW
Withelstromverluste auf der Rampe 1113 kW
Hystereseverluste/Zyklus 16413 ]
Tastverbiltnis 100000 %
‘mittlere Verhuste 2176 KW
Kiklwasserbederf 1689 ¢/min
bei Temperaturanstieg 1500 °C
‘Druckdifferens 1659 at

de-Betrieb fiir Ladungsspektren

Flubdiche in der Apertur 1%5 T
Flubdichte im Joch 163 T
Stro 1105000 A
Stoominating 0000 kAfs
Widentand 18187 w0
Grund-Tndutivitit 5500 wH
db&pnmm! 14572 ¥
0000 V
a.,v.d‘.u.,.. 16102 kW
irbelstromverluste, Spule
und Magnet, anf der Rampe 0000 LW
‘Hystereseverl. pro Zyklus 16413 J
Rempendaner 0000 ms
Tykhsdsner et
Tastverbiltnis 100000 %
‘mittlere Verluste 16102 KW

‘moment Verlustl Rampenende 16102 LY

Z

14572V
3006 kI
15458 ¢/min
100000 %
Rampenzasties. 0000 T/s
‘bei: Temperaturanstieg v 15000 °C
und fix Druckdifferens von 2006 at
Stromungsgeschwindigheit 2187 m/s
Warmeiibergeng 1173 W/em'
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€ Aperture
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Effective magnet length 1 Total weight (to)

Iz (m)

Inscribed radius (mm) 160  Current (A)

Total magnet length 1.16  Power consumption
(m) (kw)

10.6

1470

Effective magnet length 1 Total weight (to)

lese (m)
Inscribed radius (mm) 185  Current (A)
Total magnet length 1.16  Power consumption

(m) (kw)

10.2

1380
50.1

Other not mentioned CR magnets

Effective magnet length 0.7
less (M)

6.7

Total weight (to)

Inscribed radius (mm) 160  Current (A) 1480
Total magnet length 0.9 Power consumption 47.5
(m) (kw)

(TN 7TT
NE?ZZA\\ i/

Effective magnet length  0.545
ez (M)
Inscribed radius (mm) 100

Total magnet length 0.75
(m)

Total weight (to) ik

Current (A) 1210

Power consumption
(kw)

Aperture radius — 201 mm
Sextupole strength — 10 T/m?
Field homogeneity ( in radius 190 mm) £5X 1
Yoke length — 500 mm

Current — 500 A

Usable aperture £215/ =90 mm
Power — 8,75 kW

Total weight — 1350 kg

Total length with coils — 629 mm
Overall width — 884 mm

Overall height — 807 mm

Copper bar — 10x10 mm?

with hole @5mm

s ormal Conducting FAIR Magnets




Radiation resistant Super-FRS Dipole

_ Sheath (Cu)
A - = < Insulator (MgO)

Conductor (Cu)

Hollow for water
cooling

MgO is
hygroscopic

I

C(M1:2.5) D(M:1)

|/ e
7
_

0074
7 W/////’
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Pole
gap
min

Dipole 1 180
Quadrupole 1a 70
a2 8 Quadrupole 1b 95
i 2422920 Quadrupole 2 163
Sextupole 1 195

3.2/3.0/2.1
1.186/1.80/1.80
1.149/1.80/1.80

1.34/1.50/1.50

e
640 2100 300 121 72
981 72 49 20.2 47 27
1408 80 59 26.6 116 67
1944 57 43 18.3 163 94
1800 20 27 6 86 50

0.84/1.6/1.6
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Integrated stray field flux for orbit

vertical position [mm]

-100 -80 -60 -40

horizontal position [mm]

Magnetic flux
density [mT]
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vertical

Integrated vertical flux component

=20

[}
horizontal position [mm]

20

Magnctic flux

density [T]

[
0374
()
osm2
07t
a0
[
[
o367
[
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Some Numbers

@ more than 100 different types of NC-magnets

@ cach magnet type must be designed and specified

@ number of NC-magnets (without experiments): > 630
@ estimated sum of costs: ca. 70 million Euro
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@ Dedizierte Anlage
fir die
Tumortherapie mit
Ionen in Heidelberg

@ Entwickelt von der
GSI

@ Inbetriebnahme des
Beschleunigers
durch GSI

@ Erste Patienten-
bestrahlung Ende

2009

€ Kommerzielle
Anlagen im Bau
bzw. in
Inbetriebnahme

€ Weitere Anlagen in

Planung

25.06.2015
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Schaltdipol

€ H-Magnet
® Gestreckt
¢ 01T

25.06.2015
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MEBT-Dipol (Medium Energy Beam Transport)

€ H-Magnet
€ Gebogen
¢ 057T
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Inflektor

€ Window-Frame-C-Magnet
€ Gebogen
¢ 0.42T
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Bumper

€ Window-Frame-Magnet
€ Sehr schnell:

® Joch aus
Sintermaterial

® Nur 2 Windungen
€ 0.0195T
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Septum |

® Window-Frame-C-
Magnet

@ Gestreckt mit Knick
€ Septum

® Trennt Bereiche mit
konstantem Feld von
feldfreien Bereichen

® Geringe Spulenbreite
an der Schneide

® Spule aus
Einzelteilen
zusammengelotet

& 0.75T

»
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Septum |l

® Window-Frame-C-
Magnet

€ Gebogen
€ Septum

® Geringe Spulenbreite
an der Schneide

® Spule aus Einzelteilen B8

zusammengelotet

@ Betrieb in Serie mit
Synchrotron-Dipolen

® 09T

. N

25.06.2015
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Synchrotron-Dipol

€ H-Magnet
€ Gebogen

€ Demontierbare Endplatten
fiir Ldingenschimming

€ Korrekturwindung integriert
— Horizontalsteerer

€ 1.53T
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€ H-Magnet
€ Gebogen

@ Gleicher
Querschnitt wie
der folgende
Magnet

€ Nullfeldspule
fiir geraden
Durchschuss
integriert

¢ 151T

25.06.2015
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45°-HEBT-Dipol

€ H-Magnet

@ Gebogen

@ Offnung fiir Gerade- Sy RSN B el (0 SR S S
ausstrahl bei 3 B i R S A ey
Magneten \ '

® Jochverstirkung zur

Kompensation der
Offnung

® Nullfeldspule integriert
¢ 151T
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Scanner

€ Window-Frame-Magnet
€ Lamellendicke 0.35 mm

€ Diinnwandige Kammer
¢ 031T
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Rohrsteerer

€ Stromdominiert im cos0-Design

€ Doppelsteerer

@ In den 70er Jahren als Low-Cost-Steerer
entwickelt

® Joch: Standard E-Motor-Stator
@ Indirekte Kiihlung mit Kiihlhemd
¢ 0.05T

25.06.2015

H. Leibrock: Normal Conducting FAIR Magnets




@ Einfachsteerer -> vertikal
€ Window-Frame-Magnet
@ Erhohte Spulensymmetrie
& 0.134T
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HEBT-Steerer

® Window-Frame-
Magnet

@ Einfachsteerer =
Einbau sowohl
vertikal als auch
horizontal

9 Bild: Horizotal-
steerer Gantry

€ 01T
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LEBT-Quadrupol

€ Quadrupol
ohne
Polbasisver-
breiterung

€ Singulett und
Triplett

® 3.2T/m
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IH-Quadrupole

€ Kompakte Bauform bei hochsten
Gradienten
® Maximale Polbasisverbreiterung
® Joch CoFe mit 0.35mm Dicke
® FEinlagige Spule
€ Bis 124T/m

25.06.2015 H. Leibrock: Normal Conducting FAIR Magnets




MEBT-Quadrupol (3.5)

€ Maximale Polbasisverbreiterung
@ Gleicher Querschnitt wie 3.6 und 3.7
€ 18.8T/m

'i:.i
E
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€ Magnet ist baugleich zu 3.5
@ Doppelgestell

@ 1 schiefer Quadrupol

€ 18.8T/m

Gantry-Quadrupol (3.6)

25.06.2015
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HEBT-Quadrupole (3.7)

® Wie3.5und 3.6
aber mit
langerem Joch

€ 19.3T/m
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Synchrotron-Quadrupol

@ ,Figure of 8“-Quadrupol

® Demontierbare Polendstiicke
fiir Feldoptimierung und
Langenshimming

® 7.0T/m

25.06.2015 H. Leibrock: Normal Conducting FAIR Magnets




Solenoid

€ 0.54T

® Feld in Strahl-
richtung

25.06.2015
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Sextupol

@ Joch dreiteilig
aufgebaut

& d2B/dx2=26.7
T/m?
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