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The first part of these slides, dedicatedto the magneticfields theory and electromagnets,is mostly from
previouslecturesfrom ThomasZicklerand DavideTommasinj with someadditions

Thesecondpart, on permanentmagnets hasbeenpreparedbasedon materialfrom Pierre Thonet(CERN)Gael
LeBec(ESRF)JohanneBahrdt(HelmholtzZentrumBerlin),and BenShepherd STF®aresburyLaboratory)

A bigTHANK YOt all of them!
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In about 20 km of beam lines

Jérémie Bauche & Thomas Zickler, CEF
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electromagnets, and opermanent magnets

BASICECAS
11th March 2024




Outline

A Producing magnetic fields

A Magnet technologies
I Electremagnets (EM)

» Coil dominated vs. iron dominated
» The iron yoke
» Magnet types in accelerators

I Permanent magnets (PM)
» Materials
» PM types in accelerators

» Comparison EM vs. PM
» Tuneable PM

A Spare slides

Jérémie Bauche & Thomas Zickler, CEF

%)
2
©
c
>
©
=
b
=
©
S
<@
(¢}
O
Q
@©
o
=
=
©
S
S
c
o
o
e
]
=
S
o
P

BASICECAS
11th March 2024



Outline

Producing magnetic fields
Magnet technologies

Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF
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Jérémie Bauche & Thomas Zickler, CEF
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A Interaction with the beam T
I guide the beam to keep it on the orbit N
I focus and shape the beam X @
ALZ2NBY Ul faaFoNDSY . (Right hand ruld b LILX A S &3
i for relativistic particles, B and E effects are equivaler®if o pay attention that for enegative
I to produce effect of= 1 Tyou need£= o 1 &Whm = 300 MV/m ! charge "Osreversed
X LINY OGAOFt fAYAULl 0A &BgmagrkticBeld a 2y f & | TSQS atky
Cartoon byB.Touschek i
T
.

&2\ °.

(@]

{ defthandruléd 6 A G K KA ?2
| also works!

MAGNET pis P aé YYySY2yAO Aa a
N | \ScCcv | i
. = s replaceb by “‘Qvhich stands as a
flow (current) of positive charges s
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E@ Maxweli'sceguiations

In 1873 Maxwellpublished "Treatise on Electricity and Magnetism" where he summariz
discoveries of Coulomijersted Ampere, Faraday, et. al. in four mathematical equation:

Jérémie Bauche & Thomas Zickler, CEF
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James C. Maxwell
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E@‘ Mlaghet varabulz ey

IEEE defines the following terms and units:

A Magnetic field:

I H(vector) [A/m] (1 Oersted = 79.58 A/m)

I magnetizing force produced by electric currents
A Magnetic flux densitgr magnetic induction:

I B(vector) [T or kg/(A%] (1 Gauss = 10T)

I density of magnetic flux driven through a medium by the magnetic field

i NoteY FfdzE 2NJ AYRdAzOGA2Yy A& FNBIdzSyite NBFSNMN
A Permeability:

I Hand Brelate by theconstitutive law for materials B= uH

I U= Ul

I permeability of free spacg,= 4-~ -107 [(V-s)/(A-m) or (kg-m)/(A-S)]

i relative permeability. (dimensionless)i,;, = 1; 1., > 1000(not saturated)

Jérémie Bauche & Thomas Zickler, CEF
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Producirigthecrmiagnetid field

Maxwell & Ampere:

e ,O 7 — ,T“;
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Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF
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of elgctrontagnstisny with othar do

Electrical circuit

Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF

Generator Flow

voltage
supply

hydraulic
resistor
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Analogy of eiectrontagnatismy with other domairiz

Jérémie Bauche & Thomas Zickler, CEF
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Fluid dynamics Electricity Electromagnetism
AP=2xQ AV =R x| NIl ==x ¢
QO=VxA | =] x A G =BxA
Z=L/UVA R=L/0A ==L/pnA

P: pressure \: voltage MI: ampere-turns

& hydraulic resistance R: resistance = reluctance

Q: fluid volumic flow I: current $: magnetic flux

\V: fluid velocity J: current density B: magnetic flux density
A pipe area A: conductor area A: magnetic circuit area
L: pipe length L: conductor length L: magnetic circuit length

U: hydraulic conductance |o: electrical conductivity [ magnetic permeability

[AYATFIN I yIFf23AS5S8 SEA&G 6A0K YSOKI )
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Maghet techinologias

Jérémie Bauche & Thomas Zickler, CEF

%)
2
©
c
>
©
=
b
=
©
S
<@
(¢}
O
Q
@©
o
=
=
©
S
S
c
o
o
e
]
=
S
o
P

[ Magnets }
|
I I
Electremagnets [ Permanent magnet}
I
I I . .
A fixedfield amplitude
A do not require powering
Superconducting Normakconducting A donot requirecooling

adjustablefield amplitude
zeroelectricalresistance
no ohmiclosses

very high current densities
require cryogenic cooling

adjustablefield amplitude
limited by theohmic losses
dissipatedpower to be removed
only moderate current densities
require air or water cooling

To T T Do I
Too T To Too To
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Outline

JBBIEICINg magnetic fields

pEignet technologies

I Electremagnets
» Coil dominated vs. iron dominated
» The iron yoke
» Magnet types in accelerators

IRPermanent magnets (PM)
» Materials
» PM types in accelerators

» = Comparison EM vs. PM
»  [uneable PM

e slides

Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF
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E@ Colll dominatedcs lron dominate:

In coikdominated magnets, the magnetic  In ironndominated magnets, the

Jérémie Bauche & Thomas Zickler, CEF
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field in the aperture is shaped by the magnetic field is shaped by the

position of the conductors respectively the geometry of the poles, which are

current distributionaround the aperture surfaces of constant scalar potential
B,: normal dipole B,: normal quadrupole B,: normal dipole B,: normal quadrupole

-> often superconducting -> often normalconducting
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Magnet techne

[ Magnets

Bauche & Thomas Zickler, CEF
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Electromagnets Permanent magnet

Superconducting

Normakconducting

Coil dominated Iron dominated
* Typical values B<11T* B<2T* B<01T*

Iron dominated
B<2T
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E@ The riggneticditon) girduit

Jérémie Bauche & Thomas Zickler, CEF
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Themagnetic (iron) circuiserves several
purposes:

A confinethe magnetic flux in the circuit to
avoid stray flux

A shapethe magnetic field distribution in
the region of interest

A enhancethe magnetic effect induced by
currents in the coils
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Normalconducting accelerator magnets

BASIECAS

Jérémie Bauche & Thomas Zickler, CEF

11th March 2024

Creatingthecmiagneticifield O

Flux lines represent the magnetic field
Coil colors indicate the current direction




elerator magnets

& Thomas Zickler, CEF
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Coils hold the electrical current
Iron holds the magnetic flux

March 2024
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@‘ Shapingtheariagniztic field

FromDI dzaaQ f1 6> ! YLISNBEQa f1 ¢ | yR 0 K8 fludihesinirdesmniel@weys N
meet a material with infinite permeabilityerpendicularto the surfaced@ dzNJF | OS 2 F O2 vy a)u l v i

Jérémie Bauche & Thomas Zickler, CEF
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Conversely:flwe can shape a material withfinite permeabilitysuch that its surface is everywhererpendicular

to our desired field configuration, then tranly field that can exist around the material will be tligsiredfield!
19
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@ emhearcingdhe enaghisticifield

/= 32 kA /= 32 kA
B.we= 009T B,.....= 0.80 T(for 50 mm of aperture)

Jérémie Bauche & Thomas Zickler, CEF
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Component: BMOD
0.0 1.0 2.0

— I

The presence of aagnetic circuican increase the flux density in the magnet aperturddayors!
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xcitatiomcurreatinia dipale
| Y LIS NB Qa Ofoh ¢ 'O and 6 'O with

Jérémie Bauche & Thomas Zickler, CEF
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leadsto 00O —tOx —t

assuming, thaBis constant along the path

If * O tbthen ——°m
6 Q
then: § 'O —
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Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF

orrelation between magnetic
Hand magnetic flux densit

Permeziilithy

B = il
7= 1gmy

Ferromagneticmateria
permeability {z >>1), but

sheet steel

Flux density
(B)

3000

Measured steel permeabilities

cast steel

the iron
ar be ful

Field intensity (H)

ly
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Flux density B [T]
[l N w £ ul »

o

Saturation Increase oB ™ R
0 0 T " - — —Stabocors00-65 AP
above 1 . 5 T I n Iro n i 6000 \\ ==-=---Low carbon steel —
castion  equires norproportional  { = "\
Increase ofH R NN
T =000 = o
w000 — 00— .'\ “\
4 P s e O
1000 = .
/ 0 ) r——
/, 0.0 0.2 0.4 0.6 0.8 1.0 1.2 14 16 18 2.0
ﬂ Magnetic Induction [T]

o )

e

o

/ e

Vs 4

-4 v |

~ ====\\ithout iron

o

4 =&=Wwith iron (constant permeability

=e=with iron (non-linear)

100 200 300 400 500 600 700 800 900 1000
Excitation current NI [KA]




[@ laeal vss réatmagriats

|ldeal magnets havafinite permeabilityand the poles arextended to infinityin all directions

o

Real magnets havegh,but finite andnon-linear permeabilityand the poles aréruncatedto provide
space for the colls

Jérémie Bauche & Thomas Zickler, CEF
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Dipole

Purpose bend or steer the particle beam
Applications synchrotrons, transfer lines, spectrometry, beam scanning

T

T

Jérémie Bauche & Thomas Zickler, CEF
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== ™~
4 - R = 2
\ t‘::bx 1‘:3\
b - y
\‘\\ //

Equationfor normal (nonskew) ideal (infinitepoles y = "QI¢
A straight linewith A= gap height

Magnetic flux densitjn aperture:B SAr )

A s T 8 wpatutedyole | 1
Magnetic flux density component8,=0; B,= B AT 1008
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Quadriu ,:?‘;'i€i'

Purpose focusing the beanmhprizontally focused beam is vertically defocused)

Jérémie Bauche & Thomas Zickler, CEF
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Equationfor normal (nonskew) ideal (infinitepoles ¢ w& |

A hyperbola with r = aperture radius
5 SSAr bhayi A

Magnetic flux densityn aperture:
(s Tt 8 w Patutedyole) 1

Magnetic flux density component$ —y; 6 —x Al O OI T O
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Jérémie Bauche & Thomas Zickler, CEF

%)
2
©
c
>
©
=
b
=
©
S
<@
(¢}
O
Q
@©
o
=
=
©
S
S
c
o
o
e
]
=
S
o
P

Equationfor normal (nonskew) ideal (infinitepoles cw w I
(r = aperture radius)

Magnetic flux densityn aperture:B 05 A bagi i 4

(s Tt 8 wpatutedyole)l 1

Magnetic flux density componentsd —uxy,; 6 — ® « OI 1 Of Al 6 OA(
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E@ SurnriEryyod magnetlypes

Jérémie Bauche & Thomas Zickler, CEF
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Pole shape Field Pole equation B B, B,
distribution
- R y=°r="° hz B LSAIT' ): CSAZT' 4_)),4@/" /A BX: 0
E B,= B, = const.
“ “l — O 2 O _y
- = ‘ 2xy="°r g SSAvr biwii A
I O  amEl
T 6 —xy
m\lm 3X2yZy3 = ° /3 B 0-1.5’47'[ 4_)7/4@/“ I A ‘
S 0 — G
gl ) _ 6 — o0®
3 A xyzxyd)=-°r g ISAr bamii A
95 \ 60 — W o0Ww
§ S i



Outline

JBBIEICINg magnetic fields

pEignet technologies

I Electrcmagnets
» - Coil dominated vs. iron dominated
» The iron yoke
»Magnet types in accelerators

I Permanent magnets (PM)
» Materials
» PM types in accelerators

» Comparison EM vs. PM
» Tuneable PM

e slides

Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF
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@ Fermelient Mmiagnet materizls

Vd

IN600b.CE a2y Sa 2F aVYlI3aAySGAGSE O0ANRY 2EARSO

Jérémie Bauche & Thomas Zickler, CEF
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[ I
kiinflige Méglichkeiten
neuer Materialien ? l

AINICoalloy of Al, Ni, Co

Ferrites:ceramic compound mixing iron oxide and one . *"f_* BB
(or more) of Sr, Ba, Mn, Ni, Zn

Rare earthstanthanides group (elements 57 to 71 In

0 -y ]

Most popular PM materials: =
|

|

(BH)'rn - 485 kJ / m
| (Iheoretische Gre nze NdFeB)

N (Lanthanoids) . & 400 — it ——
periodic table) . T T T | o |

he g i 2o o7 i [ R e

“ "o oo oI ooy am e o o 5o PO N G N ol l ‘ [ o I

B o e e e e e o 2w e e T e 300 7 ﬂ’

e e e e o P | |

nrAZEhEEELLSETELEu | | e
For accelerator magnets: - ssstsscsscsmse 200 {—| | E

' —_— SmCOr,

SamariurmCobalt:SmCgand SmCao-, (Variants exist | AINICo

|
A . = b Stahl ‘— ' ‘
with Cu, 'Fe or Zr instead of Co) ) | ; /‘;L* Fenri

NeOdymlumIron-BoronNdZFe.|.4B 1880 1900 1920 1940 1960 1980 2000 2020 2040 2060

Jahr

BASICECAS
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Courtesy: Vacuumschmelze GmbH
29




E@ PIVI cngratteristios

ASAa0AYOUGAZY aaz2Fidé¢ | YR 4 50NRZ00 GeMHih&rd t a v
A BH... is themaximum possible energy prodydfe. the capacity to produce magnetic field
A B is themaximum flux densitthat the PM can achieve in a closed magnetic circuit

A H, is thecoercivitywhich tells how much opposite H field is needed to cancel the B

A H; Is theintrinsic coercivitywhich tells how much opposite H field is needed to fully
demagnetize the magnet

Jérémie Bauche & Thomas Zickler, CEF
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For accelerator magnets:

SamariumCobalt:
i BF mMmomFemr | ph5 kKoHl aD)S 6{Y
I Good radiation and corrosion resistance
I Small temperature coefficient0,03 to-0,05 %/C

Neodymiumlron-Boron:
i BF m®p & IMYiR1QWE kpuHlaDhS
I Strong magnetic field
I Larger temperature coefficientd,09 to-0,12 %7C

BASICECAS
11th March 2024
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Maghet techinologias

[ Magnets }

Jérémie Bauche & Thomas Zickler, CEF
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[ Electeragnets} Permanent magnets
I I I I
Coil dominated { lron dominated} [ PM dominated [ lron dominated]
A The position of the A The position of the A The position of the A The position of the
conductorsdefine iron polesdefine permanent magnet iron polesdefine
the field pattern the field pattern blocksdefine the field the field pattern

pattern (Halbach)

BASICECAS
11th March 2024
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@ PIVI-c ominated riggnets

Halbach field pattern defined byposition and orientation of PM blocks

Jérémie Bauche & Thomas Zickler, CEF
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Magnets are placed around
aperture with magnetization
axis oriented along the flux
line path (low ext. stray field)

A Verycompactdesigns =

N ] ] Halbach designs: dipole (left), quadrupole (centre), sextupole (right)
A Sensitiveo magnetization
orientationof PM blocks

n=3

Guiding profile (aluminium)

{CCLLLLLT L]

Pushing plate (stainless steel)

Evaluation oflipole field: =
B=B® 02a6 kao o/

B: remanent field

M: number of segments
R: external radius

r: internal radius

Permanent magnet (Sm,Co,;)

External ring (construction steel)

BASICECAS
11th March 2024

PM dipole design of FASER experimgRt Thonet LINAC 4 PM quadrupole
32




@ [fon-cominatied! R

Thefield pattern is defined by theron | e
pole geometry(like in an iron . —W [ Pole{pureion
——— Side permanent magnet (Sm,Co,;)

dominated EM)

Jérémie Bauche & Thomas Zickler, CEF

%)
2
©
c
>
©
=
b
=
©
S
<@
(¢}
O
Q
@©
o
=
=
©
S
S
c
o
o
e
]
=
S
o
P

+————— External yoke (pure iron)

The PM blocks only provide the i [ el
N N . N . Magnet retainer (stainless steel)
magnetization of the magnetic circuit poe permanant magnet (o)

N-tof separation dipoleg P. Thonet

200 mm

A Held gualityis independent of errors of |
magnetization orientation of the PM 4]
blocks ;

A Fleld amplitudecan be increased w.r.t. E3
Br of PM block with tapered poles B3 =

Pole (pure iron)
L G )
/ \ Rectangular permanent magnet type 1 (Sm,Co,;)
f * Rectangular permanent magnet type 2 used only

'A 4 in the high gradient quadrupole version (Sm,Co,;)

—_

]
‘ Frame (stainless steel)
/>\\ External yoke (pure iron)

— External plate (stainless steel)

l 1 l Adjustable shunt (pure iron)

Trapezoidal permanent magnet (Sm,Co,,)

BASICECAS
11th March 2024

AD target quadrupole P. Thonet



Cormpzrison EMwWsy PN

2

PM have significant advantages over—— Decromagner rermanen meene
] ] ) Materials Soft magnetic material (yoke) Hard magnetic material (PM blocks)
EM, but also some limitations for Can be varied in strength and Fixed in amplitude and polarity
polarity

Jérémie Bauche & Thomas Zickler, CEF
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thelr USG In aCCeleratOr magnetS Magnetic fleld Field varies with temperature and

Stable over time )
ageing (but can be compensated)

Mal n advantages Of P M ) Compact designs, capable to achieve

Generally larger designs than PM . .
high fields for small apertures

I No power consumption Generally not suitable for _ _ -
. S Suitable for installation in vacuum
. N d | Design installation in vacuum
R i th | tecti t
| 0] pOWGI‘Ing ana Ccoo |ng {-e?wlresk )erma protection system No thermal protection needed
: interlocks
Infrastructure . _
Strong fields (< 2T) possible on large| . ..
M , Field limited for large aperture magnets
T T : apertures magnets
| Fail safe and maintenance free : . _ -
In general more expensive to In general similar or cheaper to produce

| Relatlvely COmpaCt and Cheap Powering, produce than electro-magnets than electro-magnets

) Requires powering and cooling (air |No converters, cables, control system,
cooling and

Ma| N Ilm ItatIOnS Of P M . costs or water) infrastructures cooling pumps, pipes etc.

Consumes electricity for powering )
No power consumption at all

| F|Xed fI6|d and for cooling

Electrical and magnetic hazards, but|Magnetic hazard, cannot be stopped,

A A o Safety ) i .
| F|e|d Stablllty (Tdependence) can be stopped including during assembly
Subject to failures Fail safe
§ | Safety (mag netic hazards) Maintenance R-equ-ired for electrica?l and cooling e e T
~ circuits, and mechanics
2 § o . . Can decrease magnetic field (especially
g s Radiations Can damage coil insulation
== for NdFeB)
< &
m -

34




[ Magnets

—

Jérémie Bauche & Thomas Zickler, CEF
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i

Permanent magnets

[ Electromagnets

Tuneable field | { Fixed field J

geometry isstatic
A the field amplitudeis the magnetic circuitgeometry
tuned bypowering isvariable
auxiliary coils A the field amplitudeis tuned by
modifying the magnetic circuit
(with controllers, motors and
mechanical linkage)
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@ Mechaniczilytuneable M

Mechanical modification of the magnetic circuit to tune the field amplitude

Jérémie Bauche & Thomas Zickler, CEF
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Can be made in two ways:

m lL‘ A Frame (stainless steel)
4

& \ External yoke (pure iron
A Changing the reluctance of the magnet o ¥ &
circuit: Ll Al i e
.Il MOVing yOke pieces (1) / - \ :Leta(::t::::)rmanentmagnettypel(Sm Co,;)
A Deriving the magnetic flux to a parallel il e g raion cusdropl verion oo
CIrcult: (1) AD target quad; P. Thonet
I Moving yoke pieces (2) Outer plate (iron) ———1 £ ——— =
A i losed loop for outer plate ===
i Moving the PM blocks (3) o e =
osed loop for beam axis -\__\_“(’
Main limitations: e — 1
\ Magnetic pole (iron) — T
I  Management of the forces and tolerances space for Fe-Ni alloy
A
I Reliability and time response of motors Grron: ey iy —— =2 "
-

Return yoke (iron) | |

I Cost (magnet and control system)
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(2) SPring3-1l dipole (3) ZEPTO quad.
T. Watanabe, et al. B. Shepherd




@ Avirid ENVE PIVE

Combining coils with PM blocks in the same magnetic circuit to creafered magnet

Jérémie Bauche & Thomas Zickler, CEF
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Main advantages:

I Main field can be tuned to a e
significant part of the nominal r';':/f,f:':i/??f;;;;;,, /// |
(up to+20- 30 %) E |

I PM temperature dependence R g
can be compensated by the coils

Main limitations: s Y an ™~
I Risk of demagnetizing the PM
blocks N A

i In designs where the PM and
colls are in series in the magnetic i

circuit, the coil amperéurns
scale with the gap for the PM

~
-

i

il

iu
|

= Permanent magnet

material
(Sm2Col7 or Nd2Fel4B)

Return Yoke
(Steel ALISI 1010)

\\\\\\\\\\

CLIC final focusmg quadrupaé\. Vorozhtsov M. Modena
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Jérémie Bauche & Thomas Zickler, CEF
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EAV AysteresisTyoie

Hysteresis loop of (fermagnetic materials:
ACANRUGO YIFI3IySoArAaldAzy O0aQOANBAY OdzNIISE D
I Dotted line

A Saturation
I No more amplification of B by the material

A Remanence: f

I Residual magnetic flux density when H=0 "E””E”IE”CE

A Coercive force

_ A
i Necessary opposite H to cancel remanence J/coercive foree
A Hysteresis loop

I Relation of B to H when the material is excited
sequentially to +H angH. The surface
corresponds to the dissipated power of the
hysteresis losses

Jérémie Bauche & Thomas Zickler, CEF
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saturation
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Normalconducting accelerator magnets
Jérémie Bauche & Thomas Zickler, CEF

BASICECAS
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Conventionab no<magnet! | ayout |

O
&
T
3

Excitation coil€arry the electrical current creating
Iron yokesguide and enhance the magnetic flux

Iron polesshape the magnetic field in the aperture
around the particle beam

Auxiliariedor cooling, interlock, safety, alignment, ...




Electrcmagnetic design is an iterative process:

Jérémie Bauche & Thomas Zickler, CEF
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\- Collect input Analytical Ngrg/egrg:al Mechqnical Dra\_/v_ing_s&
data design R i design speC|f|cat|ons/

A Field strength (gradient) and magnetic length

A Integrated field strength (gradient) ——

Al LISNIdzNBE FyR 32

A Field quality:

A field homogeneity
A maximum allowed multpole errors

A settling time (time constant)
Operation mode: continous, cycl
Electrical parameters »

Mechanical dimensions
Cooling requirements

o To T I>

A magnet is not a stardlone device!
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E@ Costssancoplintizatian

Focus on economic design!

Design goaMinimum total costs over projected magnet lifetime by optimization of capital
(Investment) costs against running costs (power consumption)

Jérémie Bauche & Thomas Zickler, CEF
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Total costs include: Attention: 0 € DV QIO 1 | WA DI

capital costs of
magnets

Decreasing current density means:

U increasing coil cross section

U increasing material (coil & yoke) cost

U increasing manufacturing cost

But:

U decreasing capital costs for power
converter and cooling system

U decreasing operation costs
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Mlassivecvs Slaminetaciyokes

Historically, the primary choice was whether the magnet is operated in
persistent mode or cyclec:(dy current$

Jérémie Bauche & Thomas Zickler, CEF
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+ no stamping, no stacking + steel sheets less expensive than massive blocks

- time consuming machining, in particular for + steel properties can be easily tailored
complicated pole shapes + uniform magnetic properties over large series

- difficult to reach similar magnetic - expensive tooling

performance between magnets
+ less expensive for prototypes and small series

+ less expensive for larger series
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Yokemanotzeturing

Jérémie Bauche & Thomas Zickler, CEF
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Stamping Iamination%

v

Stacking laminations
| into yokes

v
Gluing and/or weldinq

Q \
Assembling the yokeJ

| parts
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Excitationcolls snanufacioring

Jérémie Bauche & Thomas Zickler, CEF
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Conductor

selection J

|
Conductor

insulation J
v

Coil winding
v
Ground insulation

| )
v
Epoxy
impre{%ﬂation J

Testing

BASICECAS
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@ Colll cooling

Cooling is required to remove the dissipated electrical power from the coils
(Temperature acceptance of typical insulating materials iSGB0

Jérémie Bauche & Thomas Zickler, CEF
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Alr cooling by natural convection:
I Only for low densitieg:< 1 to 2 A/mn%, depending on coil size

I Cooling enhancement
A Heat sink with enlarged radiation surface
A Forced air flow (cooling fan)

I Only for magnets with limited strength (e.g. correctors)

Direct water cooling:
I Typical current density>KLO A/mn?

I Requiresiemineralizedvater
(low conductivity) and hollow
conductor profiles
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NC-magnetsin the 195 §M6S

CERN PS (1959), 25 GeV, 628 m

Combined function magnet: dipole +
guadrupole + higher order muipoles

Jérémie Bauche & Thomas Zickler, CEF
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Water cooled main coils + Figuo&-Eight

windings + Poléace windings
Magnetic fieldB: 0.014 T¢ 1.4 T
100 + 1 magnets in series

e

210.00

Equation of hyperbotic part: {243.00¢r)z 212150 mm?

190.0
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P .
Tolerance within the shaded orea £002mm

Yz

Nnom® 2884 R=70079mm




