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Part1: Introduction

Magnets
(Particle) accelerators and (electro-) magnets
Magnetic field



Magnet (X}4d)

Magnésia (Mayvnoia)  ~ Magnétis (Magnesian stone) =~ Magnete
Greek region Ancient Greek Old French & middle English

* Definition
» Amagnet is a material or object that produces a magnetic field.

» Magnets types by materials
* Permanent magnet
+ SRR, XY
o ~14T
* Electromagnet (iron-dominated magnet)
« HAP, M E A, AHE R, A
o ~2T
« <10 A/mm? for the most water-cooling magnets
» Low/medium energy particle accelerators
 Superconducting magnet
. EAME MR, EWE XA, RHA
o« 27
« >100 A/mm?
* High energy particle accelerators
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Introduction: (Particle) Accelerators and Magnets

Particle Accelerators — Particle motion — Force

m d Bending
{ Focusing/defocusing
Correcting

<Lorentz Force>

F =ma = qE + qvXB

Electric field Magnetic field Magnet
(H718) (AH71E) (Rt4d)
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Magnetic field? B? H? Blr=wb/m?  H[a/m]

https://en.wikipedia.org/wiki/Magnetic_field

X|'7| Jg' 2p 1037 210 v
Q|7(e81) 22| BF2| SHAtARH,
X7\ (@FS, 201 magnetic field)0| 2 XtA0|LE M 20l ol Xp71={0] Atgsts 37h Xt7|=i2 oi7Hst A" F@Rp|st
£ HETO|CL DML S0|E Mol, T MF0| 2510 LWL, SRASYAE AR DQO| A \ ‘ \/
TET MEot e 9Ee ¥ 2 QUCH (0/0f M2t ZAHIAIZ FTAHES 7HE 5 QUCH) Xp7| e wate
Rt7|E QHof QUE LEAlgto| 7ha|5|s WDt 20 E3 Ap|Re| Yits daEo2 o2 Mo| 7tH0| &
s342 X715 M7|7t ML
Alternative names for HEE! Alternative names for B!
» Magnetic field intensityl®] » Magnetic flux density
« Magnetic field strength « Magnetic induction!®

Magnetic field Magnetic field (ambiguous)|

« Magnetizing field
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Magnetic field? B? H? (2)

7122t 89 (==,

"Ab7|Fol2tn 22l= 2 BetH £ 747t Lk 0| & BE A% LA Zh@EKLFEE, magnetic flux density)0|2t 22|31, HE Xl Z =
(magnetic field strength)2t2 22C} £ &2 ZZ A= A2 B = yoHZ A2 H[IX| 2 iR toAl= LEtN o2 A2 CH2C} Abg 229t &t
A 227t M2 H|3 5= DfRe MY oj=o|2tD dt=0), O] f H|Z A4=2 OjEC| £Xt8 uo|2t2 SiCt,

B=uH
FHCHAAH M, At L= Bo| SHl= Hla2HT)0|1, AHA Z = He| Thels 2H 0f HO|E(A/m)OIC CGS THIAIOIA, B2l THels 72 A(G)0| 1,
Ho| tH9l= 0| 2 AE(0e)O|CE
A= BE "X7|E0|2tD 813 HE YZQYOLL QsE20l= B7t 23 = 32 ojJfst= O 2250l 0|22 25 BE "A7|&0|2t2 B2Lt
g £0f, EYE LA HAL HA (7|2t Xt7[»0oj Ch21t 2to| M QICk

HX10f BE 7|2 B2 OE: A2 MASOHNE 0| "Ap7| g 02t BEX| ¥= F27F A=, ol SAHH2= "Xp7| 3"
Ol2t= O|§2 H7F HERZ| 20ICt ol= MFEEX X4 E2ICt [..] REl= BE A% "A7|grol2tn EZ 2 ZAo|ch
He| 20 = (CHE o|§2= FAIE B JX|TH REl= 2 "HY" == "H A7|F2= =0

07|M= ity 82 Wet BYS "At7|E"0l2t #2 =5 siCh

https://en.wikipedia.org/wiki/Magnetic_field
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Magnitude of Magnetic Fields

« 31-58 uT: Earth magnetic field at 0° latitude

* 0.5 mT: the suggested e)g)osure limit for cardiac pacemakers by American Conference of Governmental
Industrial Hygienists (ACGIH)

» 5 mT: the strength of a typical refrigerator magnet or Apple iPhone Magsafe

» 1.5 T to 3 T: strength of medical magnetic resonance imaging (MRI) systems in practice, experimentally upto 8 T
* 9.4 T. modern high resolution research MRI system

16 T: strength used to levitate a frog

» 41.4 T. strongest continuous magnetic field produced by non-superconductive resistive magnet (32 MW)

o 45T stro,n%est continuous magnetic field yet produced in a laboratory
(National High Magnetic Field Laboratory in Tallahassee, USA)

+ 45.5 T achieved by S. Hahn with NHMFL

* Pulse magnets
. EJ 08%5 T: strongest (pulsed) magnetic field yet obtained non-destructively in a laboratory (NHMFL, Los Alamos National Laboratory,

730 T: strongest pulsed magnetic field yet obtained in a laboratory, destroying the used equipment, but not the laboratory itself
(Institute for Solid State Physics, Tokyo)

» 2.8 KT: strongest (pulsed) magnetic field ever obtained (with explosives) in a laboratory (VNIIEF in Sarov, Russia, 1998)



Part2: Accelerator Magnets



Multipole Magnets
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Magnet Types by Shapes and Functions

* The conventional (iron-dominat_ed? magnets described herein are those whose fields are shaped by iron poles,
where the maximum field level in the yoke is less than the iron saturation level (1.6-2.2 T) and whose excitation is

provided by current carrying coils. REF: “Iron Dominated Electromagnets”, Jack Tanabe

* The iron dominated magnets
* Dipoles
* Bending the particle trajectory
 Quadrupoles
*  Focusing and defocusing the charged particle beam
» Sextupoles
 Control (correction) of chromatic aberrations
+ Correctors
 \Vertical and horizontal steering (small angle correction)
» Skew Quadrupoles
 Specialized magnets
Gradient magnets (a specialized dipole)
Current Sheet Septum (Horizontal bend)
Lambertson Septum (Vertical bend)
Bump and Kicker Magnets

« Air-core magnets
+ Solenoid
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Maxwell’s Magnet (Steady State) Equations

VXB = up,)
VB =0 (in the absence of the sources)
V-B=0
2 9 3
B da ad o0
B=VxA = 5% dy 0z
Ay A, A
av av  av
B=-V/=-X%

ax_yay_zaz

REF: Electromagnetics (T Xt 7| 2}) textbook
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V2F = up,) Poisson’s Eq.
=
VF =0 Laplace’s Eq.
0B, 0B, 0B,
+—2+—==0
B dx 0y 0z

A function of complex variable, F:
F=A+1iV

A: the vector potential

I/ the scalar potential

* Anideal pole contour can be computed using the scalar equipotential.

» The field shape can be computed using the vector equipotential.
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Maxwell’'s Magnet (Steady State) Equations (2)

VXB =0  (nosources) = Assuming that the Coulomb condition, V- A = 0
B = VXA
VXB =Vx(VxA) =V(V-A)—V?A=-V?2A=0 > |V?ZA=0

Vector identity

V-B=0

B_ vy av oV aV
N ~ Y ox yay ZGZ

V-B=-V?V =0

= V2V =0

The function, F = A + iV must also satisfy the Laplace equation

ATE O 2%} - MX}A{ | O|8f| (£ ALCH-0| K| &)

ViF =0
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The Two-Dimensional Fields

 The function: F = A+ iV
vector scalar
potential  potential
(0B, 0B;
X Two-dimensional field assumption
y 03

0B, 0
B=VxA= +j(—=

9 (G 5) = et + 95+

dB, 0B
+5 =2 - —=
< dx  0dy )

3-dimensional form

0B, 0B,

|Q)><>
|QJ‘<>
QO N

B=VxXA =15 3y oz

Ay A, A,

B vy — oV oV av
a ~ M ox y(’)y Zaz

: two-dimensional magnetic fields (satisfy the scalar equation).

(x,y) plane

ATE O S5t - XA of Ol (£ AHEH-O[X| =) 2022.08.08.



Fundamental Relationships e e, - wikiped

» Geometric interpretation

« The any complex number z(= x + iy) can be represented
by the point (x, y) on the complex plane.

* |n polar coordinate, the point can be represented as (7, 6).

e’ =cos ¢ +ising

sin @

z=x+iy =re® =r(cosf +isinh)

|z| =Vx2+y%=r

0 =tan 1=
X

. where:
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https://en.wikipedia.org/wiki/Euler's_identity

Fields from the Two-Dimensional Function of a Complex Variable

F=A+iV = B?

dF _ JoF dx JdF dy (0F OF oF| |0F
B* =B, —iB, = iF'(z) = i— ( ) ( ) J

dz  \dx dz dy dz dy| |0x

oF oF

o 1= T

x:

0By 0B, 0°F 0°F
o oy Mz = Py 3y —HUHo,

Poisson’s Equation

ATE O S5t - XA of Ol (£ AHEH-O[X| =) 2022.08.08. 16



Two-Dimensional Fields in a Vacuum

0°F 0°F in the magnet (pole) gaps 0°F 0°F
5x2 T guz = Mk gnet fpole) gaps v2F=az+az=
X y no current sources X Y
Poisson’s Equation & permeable materials Laplace’s Equation
Let's find the solution of the Laplace Equation. Z=x+iy
0F dFdz dF OF _dFdz _dF ax 4y _
dx dzdx dz oy dzdy dz. dz dz
0°F 9 0F 9 dF |d°F| 0°F Q0 0dF 0 dF . _d°F ;03 _d*F , | d*F
0x2  0x0x dxdz |dz? dy2 _ dydy dydz _ dz? Yox  dz2' T dz?

0°F 0°F 0°F 0°F

ViF = —— +

0x2 ' dy?2 072 072 N
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Solution to Laplace’s Equation and Ideal “Multipoles”

V’F = — +

0°F 0°F 0°F 0°F _ 0
0x2  0y?2 0z%2 072

Laplace’s Equation

<|deal Two-Dimensional “Multipole” Magnets>

—

n=1
n=>2
F=CzZ" - n=3
n==4

ATE O 28t - F XA 0| O|8f| (L AHCH-O| X| )

L/ VA I

F=A+YV Solution

F =Cz" in another form
z = x + iy = |z|e'?
F = C;z' Dipole
F = C,z* Quadpole
F = C3z>  Sextupole (Hexapole)
F =C,z* Octopole
F =C,z" 2n-pole
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Dipole Magnets (n = 1)

F=Cz=C(x+iy)=A+iV

A o %
X = - Veclor equipotential y = — : Scalar equipotential
Cy C,
Yy Flux Lines x =%
“ Pole Equipotential y =%"°‘e
N4

| ]
| .
| .
| .
| NE
| N
| | |

Scalar Equipotentials y =

N|<
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Quadrupole Magnets (n = 2)

F=0Cz* =C(x+iy)> =C,(x* —y? +i2xy) = A+ iV

A
2 _ o2 2
X y Cz
v
V=9,

ATE O] 28kl - M XA 0] O|3ff (S AHCH-O| X| =)

Flux Lines x2 - y2 = A A-variable

C

Pole Equipotential xy =V§°'E

=\

mEE e
A
::/2////;% Scalar
l— A % . .
_////p 5 ////// Equipotentials
AV AT V
L // /////////# ><y=2—C
[T V=Variable
[ 1T
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Sextupole Magnets (n = 3) in polar coordinates

F = (323 = C3(x +iy)® = C3(x3 — 3xy?) + iC3(Bxy* —y3) = A+ iV

= C3|z|3e'®? = C5|z|3(cos 30 + isin30) = A+ iV

3_3 2
X Xy C3

V
3 2 _ 3 —
Xy y C,

ATE O] 28kl - M XA 0] O|3ff (S AHCH-O| X| =)

Scalar

Equipofenfiols§

1
Flux Lines |z|= [ c éosB@ ]3

A=Variable

V = Vpole

w|-

V
2| [ C sin30 }

V=Variable
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“Real” Multipole Magnets with Multipole Errors

F =Cz" F=%Cz"
(Ideal) solution of the Laplace Eq. Taylor expansion of the function F
— |deal multipole magnets (n = 1,2,3, ...) — must also satisfy the Laplace’s equation.

F = Ciz' + C,z?% + C37° + Cuz* + -

N =1 (dipole) F = Cyzt + 2 C,z"

n*l

N = 2 (quadrupole) F = szz + z C,z"
n#2
General form (N-pole) F = Cyz + 2 C,z"

n+N
Fundamental (desired) field component ~ Multipole error (undesired) component
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Magnetic Field from F(z) (1) Dipole Field

F=A+iV=Cz" = B?

. 0(Cyz")
B* = By — By, = iF'(z) = i——— = inC,z""}
0Z
n = 1: dipole magnet
By, =0
BI = le - iBly = lC]_ —
Bly =—(
S
Force
+ Pole
4
x| | | -4 O
! 11
+ Current In_ 55 + Current Out
N

ooooooooooo
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Magnetic Field from F(z) (2) Quadrupole Field

F=A+iV=Cz" = B?

0(Cpz"
B* =B, —iB, = iF'(z) = i (a"z)
Z

= inC,z" 1

n = 2: quadrupole magnet

B; == BZ.’X’ - iBzy = iZCZZ == lZCz(x + ly) = _ZCZy + lZCZx

—_ + Current In  Force ——
BZX —_— _ZCZy . at

)

Bzy == —ZCZ.X'

Current Out
2
Sa
\\’°
L
Current Out
wn

+ Current In , =—

x coordinate
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Magnetic Field from F(z) (3) Sextupole Field

F=A+iV=Cgz" = B?
a(c z™)
0z

B* =B, —iB, = iF'(z) = = inC,z" 1

n = 3: sextupole magnet
B3 = B3y — B3y, = i3C3z° = i3C3(x + iy)* = i3C3(x* — y* + i2xy)
= i3C;5|z|%e™?? = i3C;3|z|*(cos 20 + isin 20)

X *
\! S Q’/“ 7

B3, = —6C3xy = —3C5|z|? sin 260 RN AN -
5 5 5 Pol’?‘_\‘\ e j s > X
B3, = 3C3(x* — y*) = —3C3]|z|* cos 20 < v*T::"H*l 5 ;))))>>>>>> <<<<<<((((m

NP .
. 2 . - Pole \4‘7‘/ Pole | N N
7 -4 -2 2

+ Current In
Current Out
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Conventions

* Current
« Positive (+) current flows from the positive (+) lead of the power supply to the negative (-) lead.

* Field
« (O: out of the page
* x:nto the page

« Ex: for the positive particle beam

\
+ Current In  Force oV Uy

< - Pole
Force AO/@ X <20\ Flu . O A
Flux - x Y o
+ Pole 8 - / 8 £ .+ Pole ////%i\ + Pole 8
cC [
< ||| [llo s [Of MK [[O]F & [XfH i O] &
c = -} N, 5
! R 3 = S 9 et/ poe O
+ Current In P + Current Out + N N + - Pole - Pole
- Pole O\e P
< % o Lo+
< X ® o ©
’@/7/ + Pole ®<\\
+ Current In O(// (Jo“
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Part3: Superconducting
Magnets



Superconductivity

« Superconductivity (science)

« The set of physical properties observed in certain materials, wherein electrical resistance vanishes and
from which magnetic fields (flux) are expelled.

J

(Perfect) Superconductor: p = 0,B = 0
Critical condition of SC
Temperature
Zero resistance! Current density
Perfect diamagnetism (Meissner effect)! Magnetic field

Normal conductor: p # 0,B + 0

T

» Classification of Superconductor
 Response to a magnetic field: Type I (a single critical field) & Type Il (two critical fields)
* By theory of operation: conventional (explained by BCS theory, T, < 40 K) & unconventional (T, = 40 K)

* By material: chemical elements (mercury or lead), alloys (NbTi, NbGe), cermaics (YBCO and MgB,), superconducting pnictides (fluorine-
doped LaOFeAs), or organic superconductors (fullerencs and carbone nanotubes)

« [engineering] By the critical temperature (LTS: <30 K)
* Low-Temperature Superconductor (LTS): NbTi (~10 K), Nb;Sn (18.3 K),
* High-Temperature Superconductor (HTS): REBCO (YBCO, GdBCO, ~93 K)
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Copper vs. LTS vs. HTS

104

b-Ti 4.2K ‘LHC insertion Maximal l,‘ at 1.9 K for entire LHC NbTi

quadrupole strand strand production (CERN-T. Boutboul '07).

(Boutboul et al. 2006)

103

102

Whole Wire Critical Current Density (A/mm?, 4.2 K)

10

Conventional copper0
(iron-dominatéd)itagnet
ATE O} 5t - T XHA 0| O[3l (FAHTH-0| X| 2)

Reducing the temperature from 4.2 K
produces a ~3 T shift in J, for Nb-Ti

REF: Peter J. Lee, https://fs.magnet.fsu.edu/~lee/plot/plot.htm

\ \
SuperPower tape, 50 um
substrate, 50 um Cu, 7.5% Zr,

measured at NHMFL

\ \
‘ REBCO B| Tape Plane

20 25 30 35 40 45
Applied MagneticField (T) € “MACLAB
2022.08.08.
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Why HTS?

* High overall current density, J, — more compact magnets
» High stability (energy) margin (Aey) — High T, (versus LTS magnets)
NI or MI REBCO coil — Dry winding (no epoxy) — Easier fabrication

i
Q
2

o Z
L 7
)

<
N
<
- L
~ =
L0 N
2 -.
a -
£ %
g -
3 / X o
® Ti K %
g 422 Hghild : '\
£ 1074 e ®
2 ‘\ NbsSn: High J,
s !
v
-g L
2
151 prd
Wine
10 L | . ! ; ! .
0 5 10 15 20 25

Applied Magnetic Field (T)
Conventional iron yoke
electromagnet
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Table 6.4: Selected Values of Top, ATop, and Aep for LTS and HTS

LTS HTS
Top [K] [[ATop (Top)]ot [K] [Aen [T/em™] || Top [K] [[ATop (Top)]ot [K] [Aen [J/om’]
2.5 0.3 1.2x10~1 4.2 25 1.6
4.2 0.5 0.6x107° 10 20 1.8
4.2 2 4.3%x107° 30 10 3.7
10 1 9x10~° || 70 5 8.1

REF: Y. lwasa, Case Studies in Superconducting Magnets (2nd ed.), Ch. 6. Stability, p357

REF: https://fs.magnet.fsu.edu/~lee/plot/plot.htm
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