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Magnetism in matter

*The magnetic dipole

*Electron and nuclear magnetic moment

e Diamagnetism, paramagnetism, ferromagnetism
* Magnetostatic calculations

* Forces, torques, magnetic levitation

* Galvanomagnetic effects in matter
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The magnetic dipole

Al
m=—|rxJm)dV
2£ (r)

m: Magnetic dipole moment (magnetic dipole)

Example 1. Circular electrical circuit with current /:
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Example 2. Charged particle with mass m,, in circular orbit:

Magnetic moment as a function of equiv. current and as a function of angular

momentum;:

The equivalent current is
1% @

L 1
I I:qTZQZER:qﬁ
—

v
m:ISén = qERén =

:ml

) SA
q% €,

S tlq|

m: Magnetic dipole moment (magnetic dipole)

The angular moment is:

— — A — 2,\
L=rx(m,v)=Rm ve =m oR’e,
=

1 L < q L
m_q27zmpR2 _2mp

Note: We can call this magnetic dipole moment of the particle the
"orbital" magnetic dipole moment of the particle, to distinguish it
from the intrinsic magnetic dipole moment or spin that some
particles (electrons, protons, ..) possess.
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Z 340

Magnetic dipoles of atoms and molecules

The magnetic dipole moments
of atoms and molecules arise from:

1. the intrinsic (spin) angular momentum of the electrons, protons, and neutrons

2. the orbital angular momentum of the electrons

2.5



EPFL

Intrinsic magnetic moment (or spin)

No "classical physics" analogy:

q
" o,

S

(S : spin angular momentum)

For the electron: S=1/2
mg :ZMB\/S(S-I_I) ZHB\E“MB

(the classical picture of the electron
rotates about itself is not correct )

electron

i @
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Orbital magnetic moment

1 1
2jrxJ(r)dV=5kZ=;qk(rk XV,)

= m, = Z
If all particules have the same ¢ / m ratio:

m. = —

L

N

q
2m S

L_

QkL

1 2m,

q

2m

]gkszlnk(lk><V¢)

N
(L= ZL . 1s the total orbital angular momentum)

k=1

For the electron:

—_ € 7
my= 2m6L~,uB

(L, : orbital angular momentum of the particle k)

electron
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Orbital magnetic moment of an electron:
classical computation

/ electron A%

* Equilibrium between Coulomb force and centrifugal force:

2 1
c =mL = v=e I L
Are,r r 4 e m,

 Orbital angular momentum:

L=rmy =(for r~10""m) L=e [ =1x103Js=H

47[8
e The orbital magnetic moment is then:

==~ ) == r=—¢.

where.

0

U, = 2eh ~9.3x10%*  Am? s called Bohr magneton.

e
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Magnetic dipole of the atom

Electrons

Note:
"equivalent atomic current"
;1077 Am’
TS T 0 m
"equivalent atomic velocity"
27RI 10°mx107A

VR ~ - ~10"m/s
e 107°C

=10"A

m . Orbital magnetic moment of the electron &
m . Intrinsic magnetic moment of the electron k

m ,: Magnetic moment of the nucleus

mg, =m,, m,<<mg,,m,,

Total magnetic moment of the atom i:

= al, o e [0,10]

—i~924x10_24 Am?
/uB _27’1’2 — 7
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«Dielectric» materials:
composed by microscopic electric dipoles
(permanent or induced by an external electric field E)

Matériaux «magnétiques»:
composed by microscopic magnetic dipoles
(permanent or induced by an external magnetic field B)

Microscopic:
dimensions of an atom or a molecule
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Polarization P and magnetization M

Polarization P Magnetization M
Electric dipole per unit of volume Magnetic dipole per unit of volume
(effective density of electric dipoles) (effective density of magnetic dipoles)
P= Zipi _ Zipi M= Zimi _ Zimi
AV LS AV LS

[ml. ] = Amz; [M] —Am’! Note: In reality, the electric and
magnetic dipoles are not all aligned in
the same direction, except at very low

- temperatures, under very strong electric
O O O ml' and magnetic fields, or in ferroelectric

O O O ‘O O S and ferromagnetic materials (as will be

seen later in the course).
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Types of magnetism

M=y H

m

X, . Magnetic susceptibility

Type

Typical values

Physical Origin

Diamagnetism

y~-10"°

Non-interacting «induced» magnetic dipoles

Paramagnetism

y=~+(107+107)

Orientation of non-interacting «permanent» magnetic
dipoles

: ~+102 Orientation of non-interacting «permanent» large (many
ST ORI T T “ atoms) magnetic dipoles
Ferromagnetism y = +(0 o 106) Orientation + coupling + anisotropy of «permanent»

magnetic dipoles
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Magnetic susceptibility vs temperature

Ferromagnetic

rrrreet

Below T, spins are
aligned parallel in
magnetic domains

Antiferromagnetic

IRARAR A

Below T,, spins are
aligned antiparallel in
magnetic domains

Ferrimagnetic

ESERE N

Below T, spins are
aligned antiparallel
but do not cancel

Antiferromagnetic

A Ferrimagnetic

Ferromagnetic

Curie Temperature

Néel Temperature

Paramagnetic

\ 4

v

Diamagnetic

A4

Paramagnetic

IRAREAR

Spins are randomly
oriented (any of the
others above T, or Ty,
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M
Diamagnetic materiall <——— H >
- - — B < 4,H (inside the material)
i - _
Y B=yH+M
> h— (everywhere)

B > 1, H (inside the material)

B>y, H (inside the material)
|
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Paramagnetic Diamagnetic

Substance X Substance X
Aluminum 9.8 % 1079 Bismuth -1.66 X 1077
Calcium 1.9 % 1072 Copper -9.8x107°
Chromium 9.9 X 107 Diamond —9292 X 1079
Lithium 9 100 Gold - 36 X107
Magnesium 1.2 X 107% Lead = L7 1072
Niobium 2.6 X 107 Mercury -29 X107
Oxygen e [ Nitrogen - 5.0 X 107°
Platinum 29 X 1074 Silver -26 X 107?
Tungsten 6.8 X 1072 Silicon - 49 X 107"

Values at 300 K
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Diamagnetism and paramagnetism

B=0 B+#0
—)
RERERERE Nz 9o Diamagnetic atom
—0—0—0—0— —0 6o _o—
-9 ? ; . 47.<_._$‘7“ @ Atom without «permanent» magnetic dipole
—0 T T— (__T?T<_T$.T, €—@ Atom with «induced» magnetic dipole
M=0 M =0

A Paramagnetic atom
; | | | 5 | | | | 3 | —> €—@ Atom with «permanent» magnetic dipole
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B=0 = m,=0,M=0

Bx0=

Diamagnetism

«Induced» magnetic diapoles not coupled

B=0

S

-t

B=0

—

Nz Sveo—
<00 00—

?0<—0—$QT
“Fete et

@ Atom without «permanent» magnetic dipole

€—@ Atom with «induced» magnetic dipole

the magnetic field induces a magnetic dipole in the atomes,

by "distorsion" (Lorentz force) of the mouvement of the electrons in the atomic orbitals.

This results in a magnetization M antiparallel to B :

M//-B

b

M=y H with »<0

2.18



=PFL

It can be shown that, for a diamagnetic material:

6m

e

2
_ne’ ,uo (Z’” j H N v __ne i [erzj
' moy moy

n : density of atoms [m ]
v, . distance of the i electron from the nucleus [m]
m, : electron mass [kg]

e electron charge [C]
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Paramagnetism

«Permanent» magnetic diapoles not coupled

R S

B=0= m #0,M=0

B0 =

The field B produces a torque m; x B which tend to align the magnetic dipoles along the direction of the field B

N4

"competition" between
thermal energy (k7))

and magnetic energy (mB)

€—@ Atom with «permanent» magnetic dipole

B#0

—

—o—>0Z o5 &
SIS

-—ls;—‘i¥4i—94k;§
BBtasa e

(the system has the tendency to minimise the magnetic potential energy U, = — Zm -B),

The random atomic/molecular mouvements due to the temperature tends to cancel the aligment due to the field B

(the thermal energy U, = kT tends to orient randomnly the magnetic moments).

The final result of this "competition" is:
M=y H with y >0

M//B

9
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It can be shown that, for a paramagnetic material:

M = Nm coth('uOmH)— AT\ H
kT~ umH ||H]|

Nm? u H 2
«l=> M AE L, _Nm”p,

3kT " 3kT
e AN

Pour x<<1: coth(x) - 1 = %x Loi de Curie
R

Homd

Pour

HomH

>1=> M= Nm

M |

\ Nm*

M= —)H=y H
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Some more details about the paramagnetism:

Energy of a magnetic moment m in a magnetic field B :

E=-m-B=-m-yH=-mu,Hcost
H is the externally applied field (i.e., negligible field produced by
neighbours magnetic moment, non-interacting dipoles)

"Randomization" of the magnetic moment orientation due to temperature:
M. =M, 6 =0

N is the density of magnetic moments (magnetic moments per unit of volume) [m-]

2r Vg
jdszinﬁcosﬁexp(m’uoHcosede
Y kT

Nm<cos 6’> = Nm =

2r V4
j dgo_[sin@exp(m’uoHcosejdH
Y kT

=Nm£coth(m’u°H j __KT j: NmL(mﬂoH j

N

<

I
=
S
o

mu, H kT

L(x)=coth (x) 1
/ x
Langevin function
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Pauli paramagnetism in metals

- Paramagnetism of free electron spins in a metal
- Almost temperature independent

2
o = 3Nug g
Pauli 2EF
H=0 Hi{t120
E
A AE
E!
n n
e £
- | +

(o)

ﬂ.l-ﬂ.
mi=a
-ELII'_'L
mis

2.23



EPFL

Ferromagnetism

Ferrimagnetism

Antiferromagnetism

Types of «ferromagnetism»

Magnetic domain

ST
ST
ST
ST

S TS
~SE S
~SE S
~SE S

S e T e
S e T e
S e T e

S e T e

The magnetic moments are parallel
and have the sample amplitude

The magnetic moments are antiparallel
and have different amplitude

The magnetic moments are antiparallel
and the same amplitude

M=0

M=#=0
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Ferromagnetism

«Permanent» magnetic dipoles coupled

AAAA

\
\
\
\

AAAA
AAAA

ST
ST
ST

\)\)\)@

BeXt — 0

Magnetic domain:
Large number of atomes
with aligned magnetic moments:

——>—>—>
— - —>—>
- —>—>—>
——>—>—>

— > ——>
———>—>
— > —>—>
— > ——>

- —>—>
— > ——>
- —>—>
— > ——>

—_———>
-
———>—>
-

Bext «strong»

>

«Magnetic» atom:
Atom with «permanent» magnetic dipole
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Representation of the magnetic domains

& &
~ &

N KR

~ &
~ &

~ & &

L\

Ly
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Magnetization in the magnetic domains vs temperature:

M (0) A aimantation spontanée (B<X=0)
M

T<T.

-
To T

Magnetization in the magnetic domains vs magnetic field:

Magnetization by Magnetization by
growth of the domains orientation of the domains
" ® ®
! \\
i(\\\\\
Bext= () Bext> () Bext> ()
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Soft and hard ferromagnetic materials

M
Soft !
H

C o
H

Remanent magnetization: small

Hysteresis: small

Coercive field: small

o'
Hard Remanent
magnetization
Hysteresis H
> -
Coercive \ H
field
Coercive
field
Remanent magnetization: large
Hysteresis: large
Coercive field: large
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M

Ideal soft magnet

Real soft magnet

H

M

T

Rmmm:nc;;:,

; Real hard magnet

» H

E

%
Coercivity
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Ferromagnetism: spontaneous magnetization

What is the spontaneous magnetization ?
Non zero magnetization that exists in individual regions (or domains) even when no external magnetic field is applied.

Why do we have spontaneous magnetization ?

The dipolar field created by the magnetic moment of a single atom is too weak to generate spontaneous magnetization at room
temperature. This field is in the order of 1 T at a distance of 0.15 nm, i.e., at average distance between atoms in the solid.

This would generate a significant magnetic order only below 1 K.

A purely quantum mechanical phenomenon is responsible of an equivalent magnetic field in the order of 1000 T.
Weiss called it molecular field. Later it was called exchange interaction.
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Ferromagnetism: Weiss theory

To explain spontaneous magnetization, Weiss introduced the influence of neighbours atoms
as a «molecular field», later called «exchange field».

E=-m-B=-m- y (H+AM) AM : molecular field
_ pHom(H + AM) 2
/Mv_ NmL( kT ) Curie temperature T, =4 4, ]ani

Langevin with «stronger» magnetic field

‘ M(H) s MIT) | /1
Mgl — — — — Mg Paramagnetic above
fﬁ/ T<T Curie temperature
. 2
T>Te Ars>1, = Ho
o ¢ _
H 0 T T, T 3k(T-1T))

Spontaneous magnetization below Curie temperature
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Ferromagnetism: Stoner-Wohlfarth theory

To explain the hysteresis, Stoner-Wohlfarth introduced the anisotropy energy with an easy axis

Zeeman (field) energy:

E_=—-HM cos(y — o)

H : externally applied field
H : anisotropy field

Anisotropy energy: “
E = %HQM sin’ (@)

Energy minima: = determination of ¢

determination of M(H)

Easy axis
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Energy vs ¢

(minimum energy = stable @)

E

total

1

== H M sin’(¢) — HM cos(y — ¢)

=150 -100 50

R
H,=0, H,=0, H,~1

1

0.5

-150  -100 50

100 150(')

-0.5

H=1.1, H=0, H~1

/3

-150  -100 50

H.=0, H=0.5 H~I

-150 -100 — jwo 15o(|)

H=11 H,=05 H,=1

15}

0> b

Easy axis

-150  -100  -%0 50 100 190

0.5

H=0, H=15 H,=1

4

2

/

-150  -1000 -%0 50 100 19
-2
_4

H=1.1H=5 H~I
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Field perpendicular to the easy axis

y
S S g
o 2 Easy Axis
a) Perpendicular field H, with H,=0, H,=1 b) Perpendicular field Hy with H,=1.1, H =1
( \__H
2 s \ 05 G) 05 f 1.5 y2 5 3 0) 3 6 Hy
| | 400 | T | 400
K / ‘ H, M, ~ - H,

—> Hysteresis —>No hysteresis
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		0.76		519.938		-519.938		608		608

		0.78		500.624		-500.624		624		624

		0.8		480		-480		640		640

		0.82		457.891		-457.891		656		656

		0.84		434.069		-434.069		672		672

		0.86		408.235		-408.235		688		688

		0.88		379.979		-379.979		704		704

		0.9		348.712		-348.712		720		720

		0.92		313.535		-313.535		736		736
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		1.26		-0.0000180539		0.0000180539		800		800

		1.28		-0.0000182859		0.0000182859		800		800

		1.3		-0.0000183305		0.0000183305		800		800

		1.32		-0.0000182675		0.0000182675		800		800

		1.34		-0.0000181434		0.0000181434		800		800

		1.36		-0.0000179859		0.0000179859		800		800
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		1.4		-0.0000176304		0.0000176304		800		800

		1.42		-0.0000174487		0.0000174487		800		800
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		1.46		-0.0000170961		0.0000170961		800		800
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		1.5		0		0		800		800
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		1.54		0		0		800		800

		1.56		0		0		800		800

		1.58		0		0		800		800
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		-3.9		-3.9

		-3.84		-3.84

		-3.78		-3.78

		-3.72		-3.72

		-3.66		-3.66

		-3.6		-3.6

		-3.54		-3.54

		-3.48		-3.48

		-3.42		-3.42

		-3.36		-3.36

		-3.3		-3.3

		-3.24		-3.24

		-3.18		-3.18

		-3.12		-3.12

		-3.06		-3.06

		-3		-3

		-2.94		-2.94

		-2.88		-2.88

		-2.82		-2.82

		-2.76		-2.76

		-2.7		-2.7

		-2.64		-2.64

		-2.58		-2.58

		-2.52		-2.52

		-2.46		-2.46

		-2.4		-2.4

		-2.34		-2.34

		-2.28		-2.28

		-2.22		-2.22

		-2.16		-2.16

		-2.1		-2.1

		-2.04		-2.04

		-1.98		-1.98

		-1.92		-1.92

		-1.86		-1.86

		-1.8		-1.8

		-1.74		-1.74

		-1.68		-1.68

		-1.62		-1.62

		-1.56		-1.56

		-1.5		-1.5

		-1.44		-1.44

		-1.38		-1.38

		-1.32		-1.32

		-1.26		-1.26

		-1.2		-1.2

		-1.14		-1.14

		-1.08		-1.08

		-1.02		-1.02

		-0.96		-0.96

		-0.9		-0.9

		-0.84		-0.84

		-0.78		-0.78

		-0.72		-0.72

		-0.66		-0.66

		-0.6		-0.6

		-0.54		-0.54

		-0.48		-0.48

		-0.42		-0.42

		-0.36		-0.36

		-0.3		-0.3

		-0.24		-0.24

		-0.18		-0.18

		-0.12		-0.12

		-0.06		-0.06

		0		0

		0.06		0.06

		0.12		0.12

		0.18		0.18

		0.24		0.24

		0.3		0.3

		0.36		0.36

		0.42		0.42

		0.48		0.48

		0.54		0.54

		0.6		0.6

		0.66		0.66

		0.72		0.72

		0.78		0.78

		0.84		0.84

		0.9		0.9

		0.96		0.96

		1.02		1.02

		1.08		1.08

		1.14		1.14

		1.2		1.2

		1.26		1.26

		1.32		1.32

		1.38		1.38

		1.44		1.44

		1.5		1.5

		1.56		1.56

		1.62		1.62

		1.68		1.68

		1.74		1.74

		1.8		1.8

		1.86		1.86

		1.92		1.92

		1.98		1.98

		2.04		2.04

		2.1		2.1

		2.16		2.16

		2.22		2.22

		2.28		2.28

		2.34		2.34

		2.4		2.4

		2.46		2.46

		2.52		2.52

		2.58		2.58

		2.64		2.64

		2.7		2.7

		2.76		2.76

		2.82		2.82

		2.88		2.88

		2.94		2.94

		3		3

		3.06		3.06

		3.12		3.12

		3.18		3.18

		3.24		3.24

		3.3		3.3

		3.36		3.36

		3.42		3.42

		3.48		3.48

		3.54		3.54

		3.6		3.6

		3.66		3.66

		3.72		3.72

		3.78		3.78

		3.84		3.84

		3.9		3.9

		3.96		3.96

		4.02		4.02

		4.08		4.08

		4.14		4.14

		4.2		4.2

		4.26		4.26

		4.32		4.32

		4.38		4.38

		4.44		4.44

		4.5		4.5

		4.56		4.56

		4.62		4.62

		4.68		4.68

		4.74		4.74

		4.8		4.8

		4.86		4.86

		4.92		4.92

		4.98		4.98

		5.04		5.04

		5.1		5.1

		5.16		5.16

		5.22		5.22

		5.28		5.28

		5.34		5.34

		5.4		5.4

		5.46		5.46

		5.52		5.52

		5.58		5.58

		5.64		5.64

		5.7		5.7

		5.76		5.76

		5.82		5.82

		5.88		5.88

		5.94		5.94

		6		6



171.134

-781.481

173.088

-781.051

175.086

-780.605

177.129

-780.144

179.218

-779.667

181.355

-779.173

183.541

-778.661

185.778

-778.13

188.068

-777.58

190.412

-777.009

192.812

-776.417

195.271

-775.802

197.79

-775.164

200.371

-774.501

203.016

-773.812

205.728

-773.095

208.509

-772.35

211.362

-771.574

214.289

-770.766

217.292

-769.925

220.375

-769.048

223.541

-768.134

226.792

-767.18

230.132

-766.185

233.563

-765.146

237.09

-764.06

240.716

-762.926

244.445

-761.739

248.28

-760.498

252.225

-759.199

256.286

-757.837

260.465

-756.411

264.768

-754.916

269.2

-753.347

273.764

-751.7

278.467

-749.971

283.313

-748.154

288.307

-746.243

293.456

-744.234

298.765

-742.118

304.239

-739.891

309.884

-737.544

315.707

-735.071

321.714

-732.462

327.91

-729.709

334.302

-726.803

340.896

-723.733

347.698

-720.49

354.714

-717.062

361.95

-713.437

369.41

-709.603

377.101

-705.546

385.027

-701.252

393.192

-696.707

401.599

-691.894

410.252

-686.799

419.151

-681.405

428.298

-675.693

437.692

-669.646

447.331

-663.246

457.211

-656.474

467.326

-649.312

477.671

-641.74

488.235

-633.74

499.007

-625.294

509.973

-616.382

521.118

-606.99

532.421

-597.099

543.864

-586.696

555.422

-575.766

567.069

-564.299

578.777

-552.283

590.518

-539.712

602.258

-526.579

613.964

-512.882

625.602

-498.62

637.137

-483.794

648.531

-468.409

659.749

-452.473

670.753

-435.994

681.507

-418.984

691.976

-401.458

702.126

-383.431

711.921

-364.922

721.331

-345.951

730.324

-326.539

738.871

-306.708

746.945

-286.484

754.521

-265.891

761.575

-244.955

768.087

-223.703

774.035

-202.162

779.404

-180.361

784.176

-158.327

788.34

-136.089

791.883

-113.675

794.794

-91.116

797.067

-68.4395

798.695

-45.6752

799.674

-22.8523

800

0

799.674

22.8523

798.695

45.6752

797.067

68.4395

794.794

91.116

791.883

113.675

788.34

136.089

784.176

158.327

779.404

180.361

774.035

202.162

768.087

223.703

761.575

244.955

754.521

265.891

746.945

286.484

738.871

306.708

730.324

326.539

721.331

345.951

711.921

364.922

702.126

383.431

691.976

401.458

681.507

418.984

670.753

435.994

659.749

452.473

648.531

468.409

637.137

483.794

625.602

498.62

613.964

512.882

602.258

526.579

590.518

539.712

578.777

552.283

567.069

564.299

555.422

575.766

543.864

586.696

532.421

597.099

521.118

606.99

509.973

616.382

499.007

625.294

488.235

633.74

477.671

641.74

467.326

649.312

457.211

656.474

447.331

663.246

437.692

669.646

428.298

675.693

419.151

681.405

410.252

686.799

401.599

691.894

393.192

696.707

385.027

701.252

377.101

705.546

369.41

709.603

361.95

713.437

354.714

717.062

347.698

720.49

340.896

723.733

334.302

726.803

327.91

729.709

321.714

732.462

315.707

735.071

309.884

737.544

304.239

739.891

298.765

742.118

293.456

744.234

288.307

746.243

283.313

748.154

278.467

749.971

273.764

751.7

269.2

753.347

264.768

754.916

260.465

756.411

256.286

757.837

252.225

759.199

248.28

760.498

244.445

761.739

240.716

762.926

237.09

764.06

233.563

765.146

230.132

766.185

226.792

767.18

223.541

768.134

220.375

769.048

217.292

769.925

214.289

770.766

211.362

771.574

208.509

772.35

205.728

773.095

203.016

773.812

200.371

774.501

197.79

775.164

195.271

775.802

192.812

776.417

190.412

777.009

188.068

777.58

185.778

778.13

183.541

778.661

181.355

779.173

179.218

779.667

177.129

780.144

175.086

780.605

173.088

781.051

171.134

781.481



Mag

		-6		171.134		171.134		-781.481		-781.481

		-5.94		173.088		173.088		-781.051		-781.051

		-5.88		175.086		175.086		-780.605		-780.605

		-5.82		177.129		177.129		-780.144		-780.144

		-5.76		179.218		179.218		-779.667		-779.667

		-5.7		181.355		181.355		-779.173		-779.173

		-5.64		183.541		183.541		-778.661		-778.661

		-5.58		185.778		185.778		-778.13		-778.13

		-5.52		188.068		188.068		-777.58		-777.58

		-5.46		190.412		190.412		-777.009		-777.009

		-5.4		192.812		192.812		-776.417		-776.417

		-5.34		195.271		195.271		-775.802		-775.802

		-5.28		197.79		197.79		-775.164		-775.164

		-5.22		200.371		200.371		-774.501		-774.501

		-5.16		203.016		203.016		-773.812		-773.812

		-5.1		205.728		205.728		-773.095		-773.095

		-5.04		208.509		208.509		-772.35		-772.35

		-4.98		211.362		211.362		-771.574		-771.574

		-4.92		214.289		214.289		-770.766		-770.766

		-4.86		217.292		217.292		-769.925		-769.925

		-4.8		220.375		220.375		-769.048		-769.048

		-4.74		223.541		223.541		-768.134		-768.134

		-4.68		226.792		226.792		-767.18		-767.18

		-4.62		230.132		230.132		-766.185		-766.185

		-4.56		233.563		233.563		-765.146		-765.146

		-4.5		237.09		237.09		-764.06		-764.06

		-4.44		240.716		240.716		-762.926		-762.926

		-4.38		244.445		244.445		-761.739		-761.739

		-4.32		248.28		248.28		-760.498		-760.498

		-4.26		252.225		252.225		-759.199		-759.199

		-4.2		256.286		256.286		-757.837		-757.837

		-4.14		260.465		260.465		-756.411		-756.411

		-4.08		264.768		264.768		-754.916		-754.916

		-4.02		269.2		269.2		-753.347		-753.347

		-3.96		273.764		273.764		-751.7		-751.7

		-3.9		278.467		278.467		-749.971		-749.971

		-3.84		283.313		283.313		-748.154		-748.154

		-3.78		288.307		288.307		-746.243		-746.243

		-3.72		293.456		293.456		-744.234		-744.234

		-3.66		298.765		298.765		-742.118		-742.118

		-3.6		304.239		304.239		-739.891		-739.891

		-3.54		309.884		309.884		-737.544		-737.544

		-3.48		315.707		315.707		-735.071		-735.071

		-3.42		321.714		321.714		-732.462		-732.462

		-3.36		327.91		327.91		-729.709		-729.709

		-3.3		334.302		334.302		-726.803		-726.803

		-3.24		340.896		340.896		-723.733		-723.733

		-3.18		347.698		347.698		-720.49		-720.49

		-3.12		354.714		354.714		-717.062		-717.062

		-3.06		361.95		361.95		-713.437		-713.437

		-3		369.41		369.41		-709.603		-709.603

		-2.94		377.101		377.101		-705.546		-705.546

		-2.88		385.027		385.027		-701.252		-701.252

		-2.82		393.192		393.192		-696.707		-696.707

		-2.76		401.599		401.599		-691.894		-691.894

		-2.7		410.252		410.252		-686.799		-686.799

		-2.64		419.151		419.151		-681.405		-681.405

		-2.58		428.298		428.298		-675.693		-675.693

		-2.52		437.692		437.692		-669.646		-669.646

		-2.46		447.331		447.331		-663.246		-663.246

		-2.4		457.211		457.211		-656.474		-656.474

		-2.34		467.326		467.326		-649.312		-649.312

		-2.28		477.671		477.671		-641.74		-641.74

		-2.22		488.235		488.235		-633.74		-633.74

		-2.16		499.007		499.007		-625.294		-625.294

		-2.1		509.973		509.973		-616.382		-616.382

		-2.04		521.118		521.118		-606.99		-606.99

		-1.98		532.421		532.421		-597.099		-597.099

		-1.92		543.864		543.864		-586.696		-586.696

		-1.86		555.422		555.422		-575.766		-575.766

		-1.8		567.069		567.069		-564.299		-564.299

		-1.74		578.777		578.777		-552.283		-552.283

		-1.68		590.518		590.518		-539.712		-539.712

		-1.62		602.258		602.258		-526.579		-526.579

		-1.56		613.964		613.964		-512.882		-512.882

		-1.5		625.602		625.602		-498.62		-498.62

		-1.44		637.137		637.137		-483.794		-483.794

		-1.38		648.531		648.531		-468.409		-468.409

		-1.32		659.749		659.749		-452.473		-452.473

		-1.26		670.753		670.753		-435.994		-435.994

		-1.2		681.507		681.507		-418.984		-418.984

		-1.14		691.976		691.976		-401.458		-401.458

		-1.08		702.126		702.126		-383.431		-383.431

		-1.02		711.921		711.921		-364.922		-364.922

		-0.96		721.331		721.331		-345.951		-345.951

		-0.9		730.324		730.324		-326.539		-326.539

		-0.84		738.871		738.871		-306.708		-306.708

		-0.78		746.945		746.945		-286.484		-286.484

		-0.72		754.521		754.521		-265.891		-265.891

		-0.66		761.575		761.575		-244.955		-244.955

		-0.6		768.087		768.087		-223.703		-223.703

		-0.54		774.035		774.035		-202.162		-202.162

		-0.48		779.404		779.404		-180.361		-180.361

		-0.42		784.176		784.176		-158.327		-158.327

		-0.36		788.34		788.34		-136.089		-136.089

		-0.3		791.883		791.883		-113.675		-113.675

		-0.24		794.794		794.794		-91.116		-91.116

		-0.18		797.067		797.067		-68.4395		-68.4395

		-0.12		798.695		798.695		-45.6752		-45.6752

		-0.06		799.674		799.674		-22.8523		-22.8523

		0		800		800		0		0

		0.06		799.674		799.674		22.8523		22.8523

		0.12		798.695		798.695		45.6752		45.6752

		0.18		797.067		797.067		68.4395		68.4395

		0.24		794.794		794.794		91.116		91.116

		0.3		791.883		791.883		113.675		113.675

		0.36		788.34		788.34		136.089		136.089

		0.42		784.176		784.176		158.327		158.327

		0.48		779.404		779.404		180.361		180.361

		0.54		774.035		774.035		202.162		202.162

		0.6		768.087		768.087		223.703		223.703

		0.66		761.575		761.575		244.955		244.955

		0.72		754.521		754.521		265.891		265.891

		0.78		746.945		746.945		286.484		286.484

		0.84		738.871		738.871		306.708		306.708

		0.9		730.324		730.324		326.539		326.539

		0.96		721.331		721.331		345.951		345.951

		1.02		711.921		711.921		364.922		364.922

		1.08		702.126		702.126		383.431		383.431

		1.14		691.976		691.976		401.458		401.458

		1.2		681.507		681.507		418.984		418.984

		1.26		670.753		670.753		435.994		435.994

		1.32		659.749		659.749		452.473		452.473

		1.38		648.531		648.531		468.409		468.409

		1.44		637.137		637.137		483.794		483.794

		1.5		625.602		625.602		498.62		498.62

		1.56		613.964		613.964		512.882		512.882

		1.62		602.258		602.258		526.579		526.579

		1.68		590.518		590.518		539.712		539.712

		1.74		578.777		578.777		552.283		552.283

		1.8		567.069		567.069		564.299		564.299

		1.86		555.422		555.422		575.766		575.766

		1.92		543.864		543.864		586.696		586.696

		1.98		532.421		532.421		597.099		597.099

		2.04		521.118		521.118		606.99		606.99

		2.1		509.973		509.973		616.382		616.382

		2.16		499.007		499.007		625.294		625.294

		2.22		488.235		488.235		633.74		633.74

		2.28		477.671		477.671		641.74		641.74

		2.34		467.326		467.326		649.312		649.312

		2.4		457.211		457.211		656.474		656.474

		2.46		447.331		447.331		663.246		663.246

		2.52		437.692		437.692		669.646		669.646

		2.58		428.298		428.298		675.693		675.693

		2.64		419.151		419.151		681.405		681.405

		2.7		410.252		410.252		686.799		686.799

		2.76		401.599		401.599		691.894		691.894

		2.82		393.192		393.192		696.707		696.707

		2.88		385.027		385.027		701.252		701.252

		2.94		377.101		377.101		705.546		705.546

		3		369.41		369.41		709.603		709.603

		3.06		361.95		361.95		713.437		713.437

		3.12		354.714		354.714		717.062		717.062

		3.18		347.698		347.698		720.49		720.49

		3.24		340.896		340.896		723.733		723.733

		3.3		334.302		334.302		726.803		726.803

		3.36		327.91		327.91		729.709		729.709

		3.42		321.714		321.714		732.462		732.462

		3.48		315.707		315.707		735.071		735.071

		3.54		309.884		309.884		737.544		737.544

		3.6		304.239		304.239		739.891		739.891

		3.66		298.765		298.765		742.118		742.118

		3.72		293.456		293.456		744.234		744.234

		3.78		288.307		288.307		746.243		746.243

		3.84		283.313		283.313		748.154		748.154

		3.9		278.467		278.467		749.971		749.971

		3.96		273.764		273.764		751.7		751.7

		4.02		269.2		269.2		753.347		753.347

		4.08		264.768		264.768		754.916		754.916

		4.14		260.465		260.465		756.411		756.411

		4.2		256.286		256.286		757.837		757.837

		4.26		252.225		252.225		759.199		759.199

		4.32		248.28		248.28		760.498		760.498

		4.38		244.445		244.445		761.739		761.739

		4.44		240.716		240.716		762.926		762.926

		4.5		237.09		237.09		764.06		764.06

		4.56		233.563		233.563		765.146		765.146

		4.62		230.132		230.132		766.185		766.185

		4.68		226.792		226.792		767.18		767.18

		4.74		223.541		223.541		768.134		768.134

		4.8		220.375		220.375		769.048		769.048

		4.86		217.292		217.292		769.925		769.925

		4.92		214.289		214.289		770.766		770.766

		4.98		211.362		211.362		771.574		771.574

		5.04		208.509		208.509		772.35		772.35

		5.1		205.728		205.728		773.095		773.095

		5.16		203.016		203.016		773.812		773.812

		5.22		200.371		200.371		774.501		774.501

		5.28		197.79		197.79		775.164		775.164

		5.34		195.271		195.271		775.802		775.802

		5.4		192.812		192.812		776.417		776.417

		5.46		190.412		190.412		777.009		777.009

		5.52		188.068		188.068		777.58		777.58

		5.58		185.778		185.778		778.13		778.13

		5.64		183.541		183.541		778.661		778.661

		5.7		181.355		181.355		779.173		779.173

		5.76		179.218		179.218		779.667		779.667

		5.82		177.129		177.129		780.144		780.144

		5.88		175.086		175.086		780.605		780.605

		5.94		173.088		173.088		781.051		781.051

		6		171.134		171.134		781.481		781.481
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Mag

		-2		-800		-800		0.0000266672		0.0000335087

		-1.98		-800		-800		0.0000171369		0.0000335087

		-1.96		-800		-800		0.0000173333		0.0000335087

		-1.94		-800		-800		0.0000175326		0.0000335087

		-1.92		-800		-800		0.0000177347		0.0000335087

		-1.9		-800		-800		0.0000275868		0.0000335087

		-1.88		-800		-800		0.0000277783		0.0000335087

		-1.86		-800		-800		0.0000183589		0.0000335087

		-1.84		-800		-800		0.0000185731		0.0000335087

		-1.82		-800		-800		0.0000187906		0.0000335087

		-1.8		-800		-800		0.000028572		0.0000335087

		-1.78		-800		-800		0.0000287776		0.0000335087

		-1.76		-800		-800		0.0000289861		0.0000335087

		-1.74		-800		-800		0.0000291977		0.0000335087

		-1.72		-800		-800		0.0000294124		0.0000335087

		-1.7		-800		-800		0.0000296303		0.0000335087

		-1.68		-800		-800		0.0000298514		0.0000335087

		-1.66		-800		-800		0.0000300759		0.0000335087

		-1.64		-800		-800		0.0000303037		0.0000335087

		-1.62		-800		-800		0.0000211559		0.0000335087

		-1.6		-800		-800		0.0000214133		0.0000335087

		-1.58		-800		-800		0.0000216748		0.0000335087

		-1.56		-800		-800		0.0000312508		0.0000335087

		-1.54		-800		-800		0.0000314968		0.0000335087

		-1.52		-800		-800		0.0000317468		0.0000335087

		-1.5		-800		-800		0.0000320008		0.0000335087

		-1.48		-800		-800		0.0000322589		0.0000335087

		-1.46		-800		-800		0.0000325212		0.0000335087

		-1.44		-800		-800		0.0000236291		0.0000335087

		-1.42		-800		-800		0.0000330587		0.0000335087

		-1.4		-800		-800		0.0000242303		0.0000335087

		-1.38		-800		-800		0.0000245386		0.0000336134

		-1.36		-800		-800		0.0000338993		0.0000338983

		-1.34		-800		-800		0.000034189		0.000034188

		-1.32		-800		-800		0.0000344838		0.0000344828

		-1.3		-800		-800		0.0000258262		0.0000347826

		-1.28		-800		-800		0.0000261622		0.0000350877

		-1.26		-800		-800		0.0000265042		0.0000353982

		-1.24		-800		-800		0.0000357154		0.0000357143

		-1.22		-800		-800		0.0000360372		0.000036036

		-1.2		-800		-800		0.0000275673		0.0000363636

		-1.18		-800		-800		0.0000366985		0.0000366972

		-1.16		-800		-800		0.0000283083		0.000037037

		-1.14		-800		-800		0.0000286889		0.0000373832

		-1.12		-800		-800		0.0000290766		0.0000377359

		-1.1		-800		-800		0.0000294713		0.0000380952

		-1.08		-800		-800		0.0000384629		0.0000384615

		-1.06		-800		-800		0.0000302827		0.000038835

		-1.04		-800		-800		0.0000392172		0.0000392157

		-1.02		-800		-800		0.0000311245		0.000039604

		-1		-800		-800		0.0000400016		0.00004

		-0.98		800		-800		0.00400001		0.000040404

		-0.96		800		-800		0.002		0.0000408163

		-0.94		800		-800		0.00133333		0.0000412371

		-0.92		800		-800		0.001		0.0000416667

		-0.9		800		-800		0.0008		0.0000421053

		-0.88		800		-800		0.000666667		0.0000425532

		-0.86		800		-800		0.000571429		0.0000430108

		-0.84		800		-800		0.0005		0.0000434783

		-0.82		800		-800		0.000444445		0.000043956

		-0.8		800		-800		0.0004		0.0000444444

		-0.78		800		-800		0.000363636		0.0000449438

		-0.76		800		-800		0.000333333		0.0000454545

		-0.74		800		-800		0.000307692		0.000045977

		-0.72		800		-800		0.000285714		0.0000465116

		-0.7		800		-800		0.000266667		0.0000470588

		-0.68		800		-800		0.00025		0.000047619

		-0.66		800		-800		0.000235294		0.0000481928

		-0.64		800		-800		0.000222222		0.0000487805

		-0.62		800		-800		0.000210526		0.0000493827

		-0.6		800		-800		0.0002		0.00005

		-0.58		800		-800		0.000190476		0.0000506329

		-0.56		800		-800		0.000181818		0.0000512821

		-0.54		800		-800		0.000173913		0.0000519481

		-0.52		800		-800		0.000166667		0.0000526316

		-0.5		800		-800		0.00016		0.0000533333

		-0.48		800		-800		0.000153846		0.0000540541

		-0.46		800		-800		0.000148148		0.0000547945

		-0.44		800		-800		0.000142857		0.0000555556

		-0.42		800		-800		0.000137931		0.000056338

		-0.4		800		-800		0.000133333		0.0000571429

		-0.38		800		-800		0.000129032		0.000057971

		-0.36		800		-800		0.000125		0.0000588235

		-0.34		800		-800		0.000121212		0.0000597015

		-0.32		800		-800		0.000117647		0.0000606061

		-0.3		800		-800		0.000114286		0.0000615385

		-0.28		800		-800		0.000111111		0.0000625

		-0.26		800		-800		0.000108108		0.0000634921

		-0.24		800		-800		0.000105263		0.0000645161

		-0.22		800		-800		0.000102564		0.0000655738

		-0.2		800		-800		0.0001		0.0000666667

		-0.18		800		-800		0.000097561		0.0000677966

		-0.16		800		-800		0.0000952381		0.0000689655

		-0.14		800		-800		0.0000930233		0.0000701754

		-0.12		800		-800		0.0000909091		0.0000714286

		-0.1		800		-800		0.0000888889		0.0000727273

		-0.08		800		-800		0.0000869565		0.0000740741

		-0.06		800		-800		0.0000851064		0.0000754717

		-0.04		800		-800		0.0000833333		0.0000769231

		-0.02		800		-800		0.0000816327		0.0000784314

		0		800		-800		0.00008		0.00008

		0.02		800		-800		0.0000784314		0.0000816327

		0.04		800		-800		0.0000769231		0.0000833333

		0.06		800		-800		0.0000754717		0.0000851064

		0.08		800		-800		0.0000740741		0.0000869565

		0.1		800		-800		0.0000727273		0.0000888889

		0.12		800		-800		0.0000714286		0.0000909091

		0.14		800		-800		0.0000701754		0.0000930233

		0.16		800		-800		0.0000689655		0.0000952381

		0.18		800		-800		0.0000677966		0.000097561

		0.2		800		-800		0.0000666667		0.0001

		0.22		800		-800		0.0000655738		0.000102564

		0.24		800		-800		0.0000645161		0.000105263

		0.26		800		-800		0.0000634921		0.000108108

		0.28		800		-800		0.0000625		0.000111111

		0.3		800		-800		0.0000615385		0.000114286

		0.32		800		-800		0.0000606061		0.000117647

		0.34		800		-800		0.0000597015		0.000121212

		0.36		800		-800		0.0000588235		0.000125

		0.38		800		-800		0.000057971		0.000129032

		0.4		800		-800		0.0000571429		0.000133333

		0.42		800		-800		0.000056338		0.000137931

		0.44		800		-800		0.0000555556		0.000142857

		0.46		800		-800		0.0000547945		0.000148148

		0.48		800		-800		0.0000540541		0.000153846

		0.5		800		-800		0.0000533333		0.00016

		0.52		800		-800		0.0000526316		0.000166667

		0.54		800		-800		0.0000519481		0.000173913

		0.56		800		-800		0.0000512821		0.000181818

		0.58		800		-800		0.0000506329		0.000190476

		0.6		800		-800		0.00005		0.0002

		0.62		800		-800		0.0000493827		0.000210526

		0.64		800		-800		0.0000487805		0.000222222

		0.66		800		-800		0.0000481928		0.000235294

		0.68		800		-800		0.000047619		0.00025

		0.7		800		-800		0.0000470588		0.000266667

		0.72		800		-800		0.0000465116		0.000285714

		0.74		800		-800		0.000045977		0.000307692

		0.76		800		-800		0.0000454545		0.000333333

		0.78		800		-800		0.0000449438		0.000363636

		0.8		800		-800		0.0000444444		0.0004

		0.82		800		-800		0.000043956		0.000444445

		0.84		800		-800		0.0000434783		0.0005

		0.86		800		-800		0.0000430108		0.000571429

		0.88		800		-800		0.0000425532		0.000666667

		0.9		800		-800		0.0000421053		0.0008

		0.92		800		-800		0.0000416667		0.001

		0.94		800		-800		0.0000412371		0.00133333

		0.96		800		-800		0.0000408163		0.002

		0.98		800		-800		0.000040404		0.00400001

		1		800		800		0.00004		0.0000400016

		1.02		800		800		0.000039604		0.0000311245

		1.04		800		800		0.0000392157		0.0000392172

		1.06		800		800		0.000038835		0.0000302827

		1.08		800		800		0.0000384615		0.0000384629

		1.1		800		800		0.0000380952		0.0000294713

		1.12		800		800		0.0000377359		0.0000290766

		1.14		800		800		0.0000373832		0.0000286889

		1.16		800		800		0.000037037		0.0000283083

		1.18		800		800		0.0000366972		0.0000366985

		1.2		800		800		0.0000363636		0.0000275673

		1.22		800		800		0.000036036		0.0000360372

		1.24		800		800		0.0000357143		0.0000357154

		1.26		800		800		0.0000353982		0.0000265042

		1.28		800		800		0.0000350877		0.0000261622

		1.3		800		800		0.0000347826		0.0000258262

		1.32		800		800		0.0000344828		0.0000344838

		1.34		800		800		0.000034188		0.000034189

		1.36		800		800		0.0000338983		0.0000338993

		1.38		800		800		0.0000336134		0.0000245386

		1.4		800		800		0.0000335087		0.0000242303

		1.42		800		800		0.0000335087		0.0000330587

		1.44		800		800		0.0000335087		0.0000236291

		1.46		800		800		0.0000335087		0.0000325212

		1.48		800		800		0.0000335087		0.0000322589

		1.5		800		800		0.0000335087		0.0000320008

		1.52		800		800		0.0000335087		0.0000317468

		1.54		800		800		0.0000335087		0.0000314968

		1.56		800		800		0.0000335087		0.0000312508

		1.58		800		800		0.0000335087		0.0000216748

		1.6		800		800		0.0000335087		0.0000214133

		1.62		800		800		0.0000335087		0.0000211559

		1.64		800		800		0.0000335087		0.0000303037

		1.66		800		800		0.0000335087		0.0000300759

		1.68		800		800		0.0000335087		0.0000298514

		1.7		800		800		0.0000335087		0.0000296303

		1.72		800		800		0.0000335087		0.0000294124

		1.74		800		800		0.0000335087		0.0000291977

		1.76		800		800		0.0000335087		0.0000289861

		1.78		800		800		0.0000335087		0.0000287776

		1.8		800		800		0.0000335087		0.000028572

		1.82		800		800		0.0000335087		0.0000187906

		1.84		800		800		0.0000335087		0.0000185731

		1.86		800		800		0.0000335087		0.0000183589

		1.88		800		800		0.0000335087		0.0000277783

		1.9		800		800		0.0000335087		0.0000275868

		1.92		800		800		0.0000335087		0.0000177347

		1.94		800		800		0.0000335087		0.0000175326

		1.96		800		800		0.0000335087		0.0000173333

		1.98		800		800		0.0000335087		0.0000171369

		2		800		800		0.0000335087		0.0000266672
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Mag

		-2		-789.017		-789.017		132.107		132.107

		-1.98		-788.87		-788.87		132.982		132.982

		-1.96		-788.72		-788.72		133.867		133.867

		-1.94		-788.567		-788.567		134.765		134.765

		-1.92		-788.411		-788.411		135.675		135.675

		-1.9		-788.252		-788.252		136.597		136.597

		-1.88		-788.089		-788.089		137.532		137.532

		-1.86		-787.923		-787.923		138.48		138.48

		-1.84		-787.754		-787.754		139.441		139.441

		-1.82		-787.581		-787.581		140.415		140.415

		-1.8		-787.404		-787.404		141.403		141.403

		-1.78		-787.223		-787.223		142.405		142.405

		-1.76		-787.039		-787.039		143.421		143.421

		-1.74		-786.85		-786.85		144.452		144.452

		-1.72		-786.658		-786.658		145.498		145.498

		-1.7		-786.461		-786.461		146.56		146.56

		-1.68		-786.259		-786.259		147.636		147.636

		-1.66		-786.053		-786.053		148.729		148.729

		-1.64		-785.843		-785.843		149.838		149.838

		-1.62		-785.627		-785.627		150.964		150.964

		-1.6		-785.407		-785.407		152.107		152.107

		-1.58		-785.181		-785.181		153.267		153.267

		-1.56		-784.95		-784.95		154.446		154.446

		-1.54		-784.714		-784.714		155.642		155.642

		-1.52		-784.472		-784.472		156.857		156.857

		-1.5		-784.224		-784.224		158.092		158.092

		-1.48		-783.97		-783.97		159.346		159.346

		-1.46		-783.71		-783.71		160.62		160.62

		-1.44		-783.443		-783.443		161.915		161.915

		-1.42		-783.17		-783.17		163.231		163.231

		-1.4		-782.89		-782.89		164.569		164.569

		-1.38		-782.603		-782.603		165.929		165.929

		-1.36		-782.309		-782.309		167.311		167.311

		-1.34		-782.007		-782.007		168.717		168.717

		-1.32		-781.697		-781.697		170.147		170.147

		-1.3		-781.379		-781.379		171.602		171.602

		-1.28		-781.052		-781.052		173.081		173.081

		-1.26		-780.717		-780.717		174.587		174.587

		-1.24		-780.373		-780.373		176.119		176.119

		-1.22		-780.019		-780.019		177.679		177.679

		-1.2		-779.656		-779.656		179.267		179.267

		-1.18		-779.283		-779.283		180.883		180.883

		-1.16		-778.899		-778.899		182.53		182.53

		-1.14		-778.504		-778.504		184.206		184.206

		-1.12		-778.098		-778.098		185.915		185.915

		-1.1		-777.68		-777.68		187.655		187.655

		-1.08		-777.249		-777.249		189.429		189.429

		-1.06		-776.807		-776.807		191.237		191.237

		-1.04		-776.351		-776.351		193.08		193.08

		-1.02		-775.881		-775.881		194.96		194.96

		-1		-775.396		-775.396		196.877		196.877

		-0.98		-774.897		-774.897		198.832		198.832

		-0.96		-774.383		-774.383		200.828		200.828

		-0.94		-773.851		-773.851		202.864		202.864

		-0.92		-773.304		-773.304		204.943		204.943

		-0.9		-772.738		-772.738		207.066		207.066

		-0.88		-772.154		-772.154		209.234		209.234

		-0.86		-771.55		-771.55		211.449		211.449

		-0.84		-770.926		-770.926		213.712		213.712

		-0.82		-770.281		-770.281		216.025		216.025

		-0.8		-769.614		-769.614		218.39		218.39

		-0.78		-768.924		-768.924		220.809		220.809

		-0.76		-768.209		-768.209		223.283		223.283

		-0.74		-767.469		-767.469		225.814		225.814

		-0.72		-766.701		-766.701		228.406		228.406

		-0.7		-765.906		-765.906		231.059		231.059

		-0.68		-765.081		-765.081		233.776		233.776

		-0.66		-764.224		-764.224		236.561		236.561

		-0.64		-763.335		-763.335		239.415		239.415

		-0.62		-762.411		-762.411		242.341		242.341

		-0.6		-761.451		-761.451		245.342		245.342

		-0.58		-760.452		-760.452		248.422		248.422

		-0.56		-759.412		-759.412		251.583		251.583

		-0.54		-758.328		-758.328		254.83		254.83

		-0.52		-757.199		-757.199		258.166		258.166

		-0.5		-756.021		-756.021		261.594		261.594

		-0.48		-754.792		-754.792		265.12		265.12

		-0.46		-753.508		-753.508		268.748		268.748

		-0.44		-752.166		-752.166		272.483		272.483

		-0.42		-750.761		-750.761		276.33		276.33

		-0.4		-749.29		-749.29		280.294		280.294

		-0.38		-747.748		-747.748		284.383		284.383

		-0.36		-746.129		-746.129		288.602		288.602

		-0.34		-744.429		-744.429		292.959		292.959

		-0.32		-742.642		-742.642		297.461		297.461

		-0.3		-740.76		-740.76		302.117		302.117

		-0.28		-738.776		-738.776		306.936		306.936

		-0.26		-736.682		-736.682		311.928		311.928

		-0.24		-734.469		-734.469		317.105		317.105

		-0.22		531.171		-732.126		598.211		322.478

		-0.2		577.98		-729.641		553.117		328.061

		-0.18		603.273		-727.002		525.416		333.869

		-0.16		621.476		-724.192		503.754		339.92

		-0.14		635.818		-721.196		485.526		346.231

		-0.12		647.664		-717.993		469.608		352.825

		-0.1		657.74		-714.561		455.388		359.726

		-0.08		666.485		-710.872		442.491		366.962

		-0.06		674.189		-706.895		430.662		374.566

		-0.04		681.054		-702.592		419.721		382.575

		-0.02		687.227		-697.919		409.535		391.035

		0		692.82		-692.82		400		400

		0.02		697.919		-687.227		391.035		409.535

		0.04		702.592		-681.054		382.575		419.721

		0.06		706.895		-674.189		374.566		430.662

		0.08		710.872		-666.485		366.962		442.491

		0.1		714.561		-657.74		359.726		455.388

		0.12		717.993		-647.664		352.825		469.608

		0.14		721.196		-635.818		346.231		485.526

		0.16		724.192		-621.476		339.92		503.754

		0.18		727.002		-603.273		333.869		525.416

		0.2		729.641		-577.98		328.061		553.117

		0.22		732.126		-531.171		322.478		598.211

		0.24		734.469		734.469		317.105		317.105

		0.26		736.682		736.682		311.928		311.928

		0.28		738.776		738.776		306.936		306.936

		0.3		740.76		740.76		302.117		302.117

		0.32		742.642		742.642		297.461		297.461

		0.34		744.429		744.429		292.959		292.959

		0.36		746.129		746.129		288.602		288.602

		0.38		747.748		747.748		284.383		284.383

		0.4		749.29		749.29		280.294		280.294

		0.42		750.761		750.761		276.33		276.33

		0.44		752.166		752.166		272.483		272.483

		0.46		753.508		753.508		268.748		268.748

		0.48		754.792		754.792		265.12		265.12

		0.5		756.021		756.021		261.594		261.594

		0.52		757.199		757.199		258.166		258.166

		0.54		758.328		758.328		254.83		254.83

		0.56		759.412		759.412		251.583		251.583

		0.58		760.452		760.452		248.422		248.422

		0.6		761.451		761.451		245.342		245.342

		0.62		762.411		762.411		242.341		242.341

		0.64		763.335		763.335		239.415		239.415

		0.66		764.224		764.224		236.561		236.561

		0.68		765.081		765.081		233.776		233.776

		0.7		765.906		765.906		231.059		231.059

		0.72		766.701		766.701		228.406		228.406

		0.74		767.469		767.469		225.814		225.814

		0.76		768.209		768.209		223.283		223.283

		0.78		768.924		768.924		220.809		220.809

		0.8		769.614		769.614		218.39		218.39

		0.82		770.281		770.281		216.025		216.025

		0.84		770.926		770.926		213.712		213.712

		0.86		771.55		771.55		211.449		211.449

		0.88		772.154		772.154		209.234		209.234

		0.9		772.738		772.738		207.066		207.066

		0.92		773.304		773.304		204.943		204.943

		0.94		773.851		773.851		202.864		202.864

		0.96		774.383		774.383		200.828		200.828

		0.98		774.897		774.897		198.832		198.832

		1		775.396		775.396		196.877		196.877

		1.02		775.881		775.881		194.96		194.96

		1.04		776.351		776.351		193.08		193.08

		1.06		776.807		776.807		191.237		191.237

		1.08		777.249		777.249		189.429		189.429

		1.1		777.68		777.68		187.655		187.655

		1.12		778.098		778.098		185.915		185.915

		1.14		778.504		778.504		184.206		184.206

		1.16		778.899		778.899		182.53		182.53

		1.18		779.283		779.283		180.883		180.883

		1.2		779.656		779.656		179.267		179.267

		1.22		780.019		780.019		177.679		177.679

		1.24		780.373		780.373		176.119		176.119

		1.26		780.717		780.717		174.587		174.587

		1.28		781.052		781.052		173.081		173.081

		1.3		781.379		781.379		171.602		171.602

		1.32		781.697		781.697		170.147		170.147

		1.34		782.007		782.007		168.717		168.717

		1.36		782.309		782.309		167.311		167.311

		1.38		782.603		782.603		165.929		165.929

		1.4		782.89		782.89		164.569		164.569

		1.42		783.17		783.17		163.231		163.231

		1.44		783.443		783.443		161.915		161.915

		1.46		783.71		783.71		160.62		160.62

		1.48		783.97		783.97		159.346		159.346

		1.5		784.224		784.224		158.092		158.092

		1.52		784.472		784.472		156.857		156.857

		1.54		784.714		784.714		155.642		155.642

		1.56		784.95		784.95		154.446		154.446

		1.58		785.181		785.181		153.267		153.267

		1.6		785.407		785.407		152.107		152.107

		1.62		785.627		785.627		150.964		150.964

		1.64		785.843		785.843		149.838		149.838

		1.66		786.053		786.053		148.729		148.729

		1.68		786.259		786.259		147.636		147.636

		1.7		786.461		786.461		146.56		146.56

		1.72		786.658		786.658		145.498		145.498

		1.74		786.85		786.85		144.452		144.452

		1.76		787.039		787.039		143.421		143.421

		1.78		787.223		787.223		142.405		142.405

		1.8		787.404		787.404		141.403		141.403

		1.82		787.581		787.581		140.415		140.415

		1.84		787.754		787.754		139.441		139.441

		1.86		787.923		787.923		138.48		138.48

		1.88		788.089		788.089		137.532		137.532

		1.9		788.252		788.252		136.597		136.597

		1.92		788.411		788.411		135.675		135.675

		1.94		788.567		788.567		134.765		134.765

		1.96		788.72		788.72		133.867		133.867

		1.98		788.87		788.87		132.982		132.982

		2		789.017		789.017		132.107		132.107
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Mag

		-2		-757.572		-757.572		257.069		257.069

		-1.98		-757.018		-757.018		258.697		258.697

		-1.96		-756.452		-756.452		260.346		260.346

		-1.94		-755.875		-755.875		262.016		262.016

		-1.92		-755.287		-755.287		263.707		263.708

		-1.9		-754.687		-754.687		265.421		265.421

		-1.88		-754.074		-754.074		267.156		267.157

		-1.86		-753.449		-753.449		268.915		268.915

		-1.84		-752.81		-752.81		270.696		270.697

		-1.82		-752.159		-752.159		272.502		272.502

		-1.8		-751.493		-751.493		274.331		274.331

		-1.78		-750.814		-750.814		276.185		276.185

		-1.76		-750.12		-750.12		278.064		278.064

		-1.74		-749.411		-749.411		279.969		279.969

		-1.72		-748.687		-748.687		281.9		281.9

		-1.7		-747.947		-747.947		283.858		283.858

		-1.68		-747.191		-747.191		285.843		285.843

		-1.66		-746.417		-746.417		287.856		287.856

		-1.64		-745.627		-745.627		289.898		289.898

		-1.62		-744.818		-744.818		291.969		291.969

		-1.6		-743.992		-743.992		294.069		294.069

		-1.58		-743.146		-743.146		296.2		296.2

		-1.56		-742.28		-742.28		298.362		298.362

		-1.54		-741.395		-741.395		300.556		300.556

		-1.52		-740.488		-740.488		302.783		302.783

		-1.5		-739.56		-739.56		305.042		305.042

		-1.48		-738.61		-738.61		307.336		307.336

		-1.46		-737.636		-737.636		309.665		309.665

		-1.44		-736.639		-736.639		312.03		312.03

		-1.42		-735.618		-735.618		314.431		314.431

		-1.4		-734.571		-734.571		316.869		316.869

		-1.38		-733.497		-733.497		319.346		319.346

		-1.36		-732.396		-732.396		321.862		321.862

		-1.34		-731.268		-731.268		324.419		324.419

		-1.32		-730.11		-730.11		327.017		327.017

		-1.3		-728.921		-728.921		329.657		329.657

		-1.28		-727.702		-727.702		332.34		332.34

		-1.26		-726.45		-726.45		335.069		335.069

		-1.24		-725.164		-725.164		337.843		337.843

		-1.22		-723.843		-723.843		340.663		340.663

		-1.2		-722.486		-722.486		343.532		343.532

		-1.18		-721.091		-721.091		346.451		346.451

		-1.16		-719.656		-719.656		349.421		349.421

		-1.14		-718.181		-718.181		352.442		352.442

		-1.12		-716.664		-716.664		355.518		355.518

		-1.1		-715.102		-715.102		358.649		358.649

		-1.08		-713.494		-713.494		361.837		361.837

		-1.06		-711.839		-711.839		365.083		365.083

		-1.04		-710.133		-710.133		368.39		368.39

		-1.02		-708.375		-708.375		371.759		371.759

		-1		-706.563		-706.563		375.192		375.192

		-0.98		-704.694		-704.694		378.691		378.691

		-0.96		-702.765		-702.765		382.258		382.258

		-0.94		-700.774		-700.774		385.896		385.896

		-0.92		-698.718		-698.718		389.606		389.606

		-0.9		-696.594		-696.594		393.391		393.391

		-0.88		-694.399		-694.399		397.254		397.254

		-0.86		-692.128		-692.128		401.196		401.196

		-0.84		-689.779		-689.779		405.222		405.222

		-0.82		-687.347		-687.347		409.334		409.334

		-0.8		-684.828		-684.828		413.535		413.535

		-0.78		-682.217		-682.217		417.828		417.828

		-0.76		-679.51		-679.51		422.216		422.216

		-0.74		-676.7		-676.7		426.705		426.705

		-0.72		-673.783		-673.783		431.296		431.296

		-0.7		-670.752		-670.752		435.995		435.995

		-0.68		-667.6		-667.6		440.806		440.806

		-0.66		-664.321		-664.321		445.733		445.733

		-0.64		-660.905		-660.905		450.782		450.782

		-0.62		-657.345		-657.345		455.957		455.957

		-0.6		-653.631		-653.631		461.266		461.266

		-0.58		-649.753		-649.753		466.713		466.713

		-0.56		-645.7		-645.7		472.305		472.305

		-0.54		-641.458		-641.458		478.05		478.05

		-0.52		-637.015		-637.015		483.955		483.955

		-0.5		-632.354		-632.354		490.029		490.029

		-0.48		-627.46		-627.46		496.281		496.281

		-0.46		-622.312		-622.312		502.72		502.72

		-0.44		-616.891		-616.891		509.358		509.358

		-0.42		-611.171		-611.171		516.207		516.207

		-0.4		-605.126		-605.126		523.281		523.281

		-0.38		-598.724		-598.724		530.593		530.593

		-0.36		-591.931		-591.931		538.161		538.161

		-0.34		-584.705		-584.705		546.004		546.004

		-0.32		-576.999		-576.999		554.141		554.141

		-0.3		-568.756		-568.756		562.598		562.598

		-0.28		-559.91		-559.91		571.402		571.402

		-0.26		-550.382		-550.382		580.586		580.586

		-0.24		-540.075		-540.075		590.185		590.185

		-0.22		-528.87		-528.87		600.247		600.247

		-0.2		-516.618		-516.618		610.824		610.824

		-0.18		-503.128		-503.128		621.983		621.983

		-0.16		-488.149		-488.149		633.806		633.806

		-0.14		-471.343		-471.343		646.402		646.402

		-0.12		-452.233		-452.233		659.913		659.913

		-0.1		-430.114		-430.115		674.538		674.538

		-0.08		-403.874		-403.874		690.569		690.569

		-0.06		-371.565		-371.565		708.477		708.477

		-0.04		-329.204		-329.204		729.126		729.126

		-0.02		-265.752		-265.752		754.57		754.57

		0		19.532		-19.532		799.762		799.762

		0.02		265.752		265.752		754.57		754.57

		0.04		329.204		329.204		729.126		729.126

		0.06		371.565		371.565		708.477		708.477

		0.08		403.874		403.874		690.569		690.569

		0.1		430.115		430.114		674.538		674.538

		0.12		452.233		452.233		659.913		659.913

		0.14		471.343		471.343		646.402		646.402

		0.16		488.149		488.149		633.806		633.806

		0.18		503.128		503.128		621.983		621.983

		0.2		516.618		516.618		610.824		610.824

		0.22		528.87		528.87		600.247		600.247

		0.24		540.075		540.075		590.185		590.185

		0.26		550.382		550.382		580.586		580.586

		0.28		559.91		559.91		571.402		571.402

		0.3		568.756		568.756		562.598		562.598

		0.32		576.999		576.999		554.141		554.141

		0.34		584.705		584.705		546.004		546.004

		0.36		591.931		591.931		538.161		538.161

		0.38		598.724		598.724		530.593		530.593

		0.4		605.126		605.126		523.281		523.281

		0.42		611.171		611.171		516.207		516.207

		0.44		616.891		616.891		509.358		509.358

		0.46		622.312		622.312		502.72		502.72

		0.48		627.46		627.46		496.281		496.281

		0.5		632.354		632.354		490.029		490.029

		0.52		637.015		637.015		483.955		483.955

		0.54		641.458		641.458		478.05		478.05

		0.56		645.7		645.7		472.305		472.305

		0.58		649.753		649.753		466.713		466.713

		0.6		653.631		653.631		461.266		461.266

		0.62		657.345		657.345		455.957		455.957

		0.64		660.905		660.905		450.782		450.782

		0.66		664.321		664.321		445.733		445.733

		0.68		667.6		667.6		440.806		440.806

		0.7		670.752		670.752		435.995		435.995

		0.72		673.783		673.783		431.296		431.296

		0.74		676.7		676.7		426.705		426.705

		0.76		679.51		679.51		422.216		422.216

		0.78		682.217		682.217		417.828		417.828

		0.8		684.828		684.828		413.535		413.535

		0.82		687.347		687.347		409.334		409.334

		0.84		689.779		689.779		405.222		405.222

		0.86		692.128		692.128		401.196		401.196

		0.88		694.399		694.399		397.254		397.254

		0.9		696.594		696.594		393.391		393.391

		0.92		698.718		698.718		389.606		389.606

		0.94		700.774		700.774		385.896		385.896

		0.96		702.765		702.765		382.258		382.258

		0.98		704.694		704.694		378.691		378.691

		1		706.563		706.563		375.192		375.192

		1.02		708.375		708.375		371.759		371.759

		1.04		710.133		710.133		368.39		368.39

		1.06		711.839		711.839		365.083		365.083

		1.08		713.494		713.494		361.837		361.837

		1.1		715.102		715.102		358.649		358.649

		1.12		716.664		716.664		355.518		355.518

		1.14		718.181		718.181		352.442		352.442

		1.16		719.656		719.656		349.421		349.421

		1.18		721.091		721.091		346.451		346.451

		1.2		722.486		722.486		343.532		343.532

		1.22		723.843		723.843		340.663		340.663

		1.24		725.164		725.164		337.843		337.843

		1.26		726.45		726.45		335.069		335.069

		1.28		727.702		727.702		332.34		332.34

		1.3		728.921		728.921		329.657		329.657

		1.32		730.11		730.11		327.017		327.017

		1.34		731.268		731.268		324.419		324.419

		1.36		732.396		732.396		321.862		321.862

		1.38		733.497		733.497		319.346		319.346

		1.4		734.571		734.571		316.869		316.869

		1.42		735.618		735.618		314.431		314.431

		1.44		736.639		736.639		312.03		312.03

		1.46		737.636		737.636		309.665		309.665

		1.48		738.61		738.61		307.336		307.336

		1.5		739.56		739.56		305.042		305.042

		1.52		740.488		740.488		302.783		302.783

		1.54		741.395		741.395		300.556		300.556

		1.56		742.28		742.28		298.362		298.362

		1.58		743.146		743.146		296.2		296.2

		1.6		743.992		743.992		294.069		294.069

		1.62		744.818		744.818		291.969		291.969

		1.64		745.627		745.627		289.898		289.898

		1.66		746.417		746.417		287.856		287.856

		1.68		747.191		747.191		285.843		285.843

		1.7		747.947		747.947		283.858		283.858

		1.72		748.687		748.687		281.9		281.9

		1.74		749.411		749.411		279.969		279.969

		1.76		750.12		750.12		278.064		278.064

		1.78		750.814		750.814		276.185		276.185

		1.8		751.493		751.493		274.331		274.331

		1.82		752.159		752.159		272.502		272.502

		1.84		752.81		752.81		270.697		270.696

		1.86		753.449		753.449		268.915		268.915

		1.88		754.074		754.074		267.157		267.156

		1.9		754.687		754.687		265.421		265.421

		1.92		755.287		755.287		263.708		263.707

		1.94		755.875		755.875		262.016		262.016

		1.96		756.452		756.452		260.346		260.346

		1.98		757.018		757.018		258.697		258.697

		2		757.572		757.572		257.069		257.069
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		-0.02		-0.02

		0		0

		0.02		0.02
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		0.08		0.08

		0.1		0.1
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		0.34		0.34

		0.36		0.36

		0.38		0.38

		0.4		0.4

		0.42		0.42

		0.44		0.44

		0.46		0.46

		0.48		0.48

		0.5		0.5

		0.52		0.52

		0.54		0.54

		0.56		0.56

		0.58		0.58

		0.6		0.6

		0.62		0.62

		0.64		0.64

		0.66		0.66

		0.68		0.68

		0.7		0.7

		0.72		0.72

		0.74		0.74

		0.76		0.76

		0.78		0.78

		0.8		0.8

		0.82		0.82

		0.84		0.84

		0.86		0.86

		0.88		0.88

		0.9		0.9

		0.92		0.92

		0.94		0.94

		0.96		0.96

		0.98		0.98

		1		1

		1.02		1.02

		1.04		1.04

		1.06		1.06

		1.08		1.08

		1.1		1.1

		1.12		1.12

		1.14		1.14

		1.16		1.16

		1.18		1.18

		1.2		1.2

		1.22		1.22

		1.24		1.24

		1.26		1.26

		1.28		1.28

		1.3		1.3

		1.32		1.32

		1.34		1.34

		1.36		1.36

		1.38		1.38

		1.4		1.4

		1.42		1.42

		1.44		1.44

		1.46		1.46

		1.48		1.48

		1.5		1.5

		1.52		1.52

		1.54		1.54

		1.56		1.56

		1.58		1.58

		1.6		1.6

		1.62		1.62

		1.64		1.64

		1.66		1.66

		1.68		1.68

		1.7		1.7

		1.72		1.72

		1.74		1.74

		1.76		1.76

		1.78		1.78

		1.8		1.8

		1.82		1.82

		1.84		1.84

		1.86		1.86

		1.88		1.88

		1.9		1.9

		1.92		1.92

		1.94		1.94

		1.96		1.96

		1.98		1.98

		2		2
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Mag

		-2		-709.919		-709.919		368.802		368.802

		-1.98		-708.79		-708.79		370.967		370.967

		-1.96		-707.64		-707.64		373.156		373.156

		-1.94		-706.468		-706.468		375.37		375.37

		-1.92		-705.273		-705.273		377.61		377.61

		-1.9		-704.055		-704.055		379.877		379.876

		-1.88		-702.813		-702.813		382.169		382.169

		-1.86		-701.547		-701.547		384.489		384.489

		-1.84		-700.256		-700.256		386.836		386.836

		-1.82		-698.938		-698.938		389.211		389.211

		-1.8		-697.594		-697.594		391.615		391.615

		-1.78		-696.223		-696.223		394.047		394.047

		-1.76		-694.824		-694.824		396.509		396.509

		-1.74		-693.396		-693.396		399.001		399.001

		-1.72		-691.938		-691.938		401.524		401.524

		-1.7		-690.45		-690.45		404.077		404.077

		-1.68		-688.931		-688.931		406.663		406.663

		-1.66		-687.379		-687.379		409.28		409.28

		-1.64		-685.794		-685.794		411.931		411.931

		-1.62		-684.174		-684.174		414.615		414.615

		-1.6		-682.52		-682.52		417.333		417.333

		-1.58		-680.829		-680.829		420.086		420.086

		-1.56		-679.101		-679.101		422.874		422.874

		-1.54		-677.334		-677.334		425.698		425.698

		-1.52		-675.527		-675.527		428.56		428.56

		-1.5		-673.679		-673.679		431.459		431.459

		-1.48		-671.789		-671.789		434.396		434.396

		-1.46		-669.855		-669.855		437.372		437.372

		-1.44		-667.876		-667.876		440.388		440.388

		-1.42		-665.851		-665.851		443.444		443.444

		-1.4		-663.777		-663.777		446.543		446.543

		-1.38		-661.653		-661.653		449.683		449.683

		-1.36		-659.479		-659.479		452.866		452.866

		-1.34		-657.251		-657.251		456.094		456.094

		-1.32		-654.968		-654.968		459.366		459.366

		-1.3		-652.628		-652.628		462.685		462.685

		-1.28		-650.229		-650.229		466.05		466.05

		-1.26		-647.769		-647.769		469.463		469.463

		-1.24		-645.246		-645.246		472.925		472.925

		-1.22		-642.657		-642.657		476.437		476.437

		-1.2		-640		-640		480		480

		-1.18		-637.273		-637.273		483.615		483.615

		-1.16		-634.472		-634.472		487.283		487.283

		-1.14		-631.596		-631.596		491.006		491.006

		-1.12		-628.64		-628.64		494.784		494.784

		-1.1		-625.602		-625.602		498.62		498.62

		-1.08		-622.479		-622.479		502.513		502.513

		-1.06		-619.268		-619.268		506.466		506.466

		-1.04		-615.963		-615.963		510.48		510.48

		-1.02		-612.562		-612.562		514.556		514.556

		-1		-609.061		-609.061		518.695		518.695

		-0.98		-605.455		-605.455		522.9		522.9

		-0.96		-601.739		-601.739		527.171		527.171

		-0.94		-597.91		-597.91		531.511		531.511

		-0.92		-593.961		-593.961		535.92		535.92

		-0.9		-589.887		-589.887		540.401		540.401

		-0.88		-585.682		-585.682		544.955		544.955

		-0.86		-581.341		-581.341		549.584		549.584

		-0.84		-576.856		-576.856		554.289		554.289

		-0.82		-572.221		-572.221		559.073		559.073

		-0.8		-567.428		-567.428		563.937		563.937

		-0.78		-562.469		-562.469		568.884		568.884

		-0.76		-557.335		-557.335		573.914		573.914

		-0.74		-552.018		-552.018		579.031		579.031

		-0.72		-546.506		-546.506		584.235		584.235

		-0.7		-540.791		-540.791		589.53		589.53

		-0.68		-534.859		-534.859		594.916		594.916

		-0.66		-528.7		-528.7		600.397		600.397

		-0.64		-522.298		-522.298		605.974		605.974

		-0.62		-515.641		-515.641		611.649		611.649

		-0.6		-508.712		-508.712		617.424		617.424

		-0.58		-501.494		-501.494		623.301		623.301

		-0.56		-493.969		-493.969		629.281		629.281

		-0.54		-486.117		-486.117		635.366		635.366

		-0.52		-477.916		-477.916		641.558		641.558

		-0.5		-469.341		-469.341		647.857		647.857

		-0.48		-460.366		-460.366		654.265		654.265

		-0.46		-450.963		-450.963		660.782		660.782

		-0.44		-441.1		-441.1		667.406		667.406

		-0.42		-430.741		-430.741		674.138		674.138

		-0.4		-419.849		-419.849		680.975		680.975

		-0.38		-408.38		-408.38		687.914		687.914

		-0.36		-396.289		-396.289		694.95		694.95

		-0.34		-383.522		-383.522		702.076		702.076

		-0.32		-370.023		-370.023		709.283		709.283

		-0.3		-355.729		-355.729		716.559		716.559

		-0.28		-340.571		-340.571		723.886		723.886

		-0.26		-324.473		-324.473		731.244		731.244

		-0.24		-307.353		-307.353		738.603		738.603

		-0.22		-289.124		-289.124		745.927		745.927

		-0.2		-269.694		-269.694		753.17		753.17

		-0.18		-248.97		-248.97		760.272		760.272

		-0.16		-226.864		-226.864		767.159		767.159

		-0.14		-203.299		-203.299		773.737		773.737

		-0.12		-178.218		-178.218		779.896		779.896

		-0.1		-151.606		-151.606		785.503		785.503

		-0.08		-123.504		-123.504		790.409		790.409

		-0.06		-94.031		-94.031		794.455		794.455

		-0.04		-63.3999		-63.3999		797.484		797.484

		-0.02		-31.9237		-31.9237		799.363		799.363

		0		0		0		800		800

		0.02		31.9237		31.9237		799.363		799.363

		0.04		63.3999		63.3999		797.484		797.484

		0.06		94.031		94.031		794.455		794.455

		0.08		123.504		123.504		790.409		790.409

		0.1		151.606		151.606		785.503		785.503

		0.12		178.218		178.218		779.896		779.896

		0.14		203.299		203.299		773.737		773.737

		0.16		226.864		226.864		767.159		767.159

		0.18		248.97		248.97		760.272		760.272

		0.2		269.694		269.694		753.17		753.17

		0.22		289.124		289.124		745.927		745.927

		0.24		307.353		307.353		738.603		738.603

		0.26		324.473		324.473		731.244		731.244

		0.28		340.571		340.571		723.886		723.886

		0.3		355.729		355.729		716.559		716.559

		0.32		370.023		370.023		709.283		709.283

		0.34		383.522		383.522		702.076		702.076

		0.36		396.289		396.289		694.95		694.95

		0.38		408.38		408.38		687.914		687.914

		0.4		419.849		419.849		680.975		680.975

		0.42		430.741		430.741		674.138		674.138

		0.44		441.1		441.1		667.406		667.406

		0.46		450.963		450.963		660.782		660.782

		0.48		460.366		460.366		654.265		654.265

		0.5		469.341		469.341		647.857		647.857

		0.52		477.916		477.916		641.558		641.558

		0.54		486.117		486.117		635.366		635.366

		0.56		493.969		493.969		629.281		629.281

		0.58		501.494		501.494		623.301		623.301

		0.6		508.712		508.712		617.424		617.424

		0.62		515.641		515.641		611.649		611.649

		0.64		522.298		522.298		605.974		605.974

		0.66		528.7		528.7		600.397		600.397

		0.68		534.859		534.859		594.916		594.916

		0.7		540.791		540.791		589.53		589.53

		0.72		546.506		546.506		584.235		584.235

		0.74		552.018		552.018		579.031		579.031

		0.76		557.335		557.335		573.914		573.914

		0.78		562.469		562.469		568.884		568.884

		0.8		567.428		567.428		563.937		563.937

		0.82		572.221		572.221		559.073		559.073

		0.84		576.856		576.856		554.289		554.289

		0.86		581.341		581.341		549.584		549.584

		0.88		585.682		585.682		544.955		544.955

		0.9		589.887		589.887		540.401		540.401

		0.92		593.961		593.961		535.92		535.92

		0.94		597.91		597.91		531.511		531.511

		0.96		601.739		601.739		527.171		527.171

		0.98		605.455		605.455		522.9		522.9

		1		609.061		609.061		518.695		518.695

		1.02		612.562		612.562		514.556		514.556

		1.04		615.963		615.963		510.48		510.48

		1.06		619.268		619.268		506.466		506.466

		1.08		622.479		622.479		502.513		502.513

		1.1		625.602		625.602		498.62		498.62

		1.12		628.64		628.64		494.784		494.784

		1.14		631.596		631.596		491.006		491.006

		1.16		634.472		634.472		487.283		487.283

		1.18		637.273		637.273		483.615		483.615

		1.2		640		640		480		480

		1.22		642.657		642.657		476.437		476.437

		1.24		645.246		645.246		472.925		472.925

		1.26		647.769		647.769		469.463		469.463

		1.28		650.229		650.229		466.05		466.05

		1.3		652.628		652.628		462.685		462.685

		1.32		654.968		654.968		459.366		459.366

		1.34		657.251		657.251		456.094		456.094

		1.36		659.479		659.479		452.866		452.866

		1.38		661.653		661.653		449.683		449.683

		1.4		663.777		663.777		446.543		446.543

		1.42		665.851		665.851		443.444		443.444

		1.44		667.876		667.876		440.388		440.388

		1.46		669.855		669.855		437.372		437.372

		1.48		671.789		671.789		434.396		434.396

		1.5		673.679		673.679		431.459		431.459

		1.52		675.527		675.527		428.56		428.56

		1.54		677.334		677.334		425.698		425.698

		1.56		679.101		679.101		422.874		422.874

		1.58		680.829		680.829		420.086		420.086

		1.6		682.52		682.52		417.333		417.333

		1.62		684.174		684.174		414.615		414.615

		1.64		685.794		685.794		411.931		411.931

		1.66		687.379		687.379		409.28		409.28

		1.68		688.931		688.931		406.663		406.663

		1.7		690.45		690.45		404.077		404.077

		1.72		691.938		691.938		401.524		401.524

		1.74		693.396		693.396		399.001		399.001

		1.76		694.824		694.824		396.509		396.509

		1.78		696.223		696.223		394.047		394.047

		1.8		697.594		697.594		391.615		391.615

		1.82		698.938		698.938		389.211		389.211

		1.84		700.256		700.256		386.836		386.836

		1.86		701.547		701.547		384.489		384.489

		1.88		702.813		702.813		382.169		382.169

		1.9		704.055		704.055		379.876		379.877

		1.92		705.273		705.273		377.61		377.61

		1.94		706.468		706.468		375.37		375.37

		1.96		707.64		707.64		373.156		373.156

		1.98		708.79		708.79		370.967		370.967

		2		709.919		709.919		368.802		368.802
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Antiferromagnetism

Two kinds of atoms with the same but antiparallel magnetization

E =-m-y,(H+AM, -4,M,)

E
M., = NmL(—
! (kT)

M=M, +M,

E,=-m-y,(H+4AM, -4M,)

Vx

Nm?
X = H

Lo | 3(T-T,)

E
M., = NmL(—%
) (kT)

Néel Temperature

Nm?*
3k

Nm?
T,=(4—-4,) Fo

Ty =4 +4,) 14

Zmax = 12

No spontaneous magnetization
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Ferrimagnetism

Two kinds of atoms with different and antiparallel magnetization

E =—-m, -y (H+4,M, -4,M,) E,=-m, -y, (H+A1,M, -4,M,)

E E
M, = N1m1L(k_]1,) M, = szZL(k_;)

Below T r

Spontaneous magnetization

Above T f

T Paramagnetic like behavior

2.37
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Forces and torques

The equations of forces and torques
are all derived from the Lorentz force
(the electromagnetic force)

F=[(pE+IxB)V N=[(rxpE+rx(IxB))dV
V V
F=¢gE+gvxB = {F=V(p-E) N=pxE
[ F=V(m-B) N=mxB

Note: (see Z 96, Z 373, P 478, P 538)
The "exact" expression (i.e., always valid) of the force on an electric dipole is F= (p-V)E
but for Vx E =0 and p independent on the position: F= (p-V)E=V(p-E)
The "exact" expression (i.e., always valid) of the force on a magnetic dipole is F=m, VB,
but for m independent on the position: F=m, VB, =V(m-B)
for m independent on the position and VxB =0: F=m, VB, =V(m-B)=(m-V)B

2.38
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Force and torque on a distribution of currents in a magnetic field:

From F=qvxB on a single charge, the total force is:

F:qu.vl.xB

Since the current density 1s defined as:

1
J(X)=— V.
()=—> Zi:q, ,
And, consequently, the total force is:

F = jJ(x) x B(X)dx

N= jxx(J(x)xB(x))dx

Total force

Total torque

2.39
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Force and torque on a circuit in a uniform magnetic field:
|

i

——
: iOF T
®
|
]
!
@ I @ [
|
.
!
@ -
: « Top view » « Lateral view »
|

F=/LxB = F,=F,=laB; F,+F, =0
t=rxF =  r=blaBsinf@=ISBsinf; S=abe, = Se,

-
T=ISxB=mxB Torque

m=JS «Magnetic dipole» of the circuit

m
/50 dW =-rd0=—|m|Bsin0dO=—dU

—

B U,=—|m|Bcosf=—m-B Magnetic potential energy

déd >0 —> dW <0

2.40
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Torque on a circular loop in a uniform magnetic field

= COS QX + sin gy

>

= —Rd@sin X + Rd ¢ cos ¢y
= —sin X + cos Py

=sin @ cos aX + sin #sin @y + cos 67

dF = Idl xB

dN =rxdF =rx(1d1xB)
donc sir = Rf et B= BB
— =

dN:]Rfo(dlx

x B = cos ¢ cos O% + sin ¢ cos Oy + (—sin ¢sin Osin & — cos asin 0 cos )

y & | =5 5

£ x(dlxB) = singp(—sin(psin fdsina —cosasiné’cosq))

X
—COS(p(—singosin@sina —cosasin@cosqo)ff

A sin @(—sin@sin@sina — cosa sin@cos @)X
dN = IR’ Bt x (dlxB) = IR’ Bd ¢ o ? o , ?) X
—cosq)(—smqosmesma—cosasmecosqo)y dl

:>N=I02”dego =IﬂRZB(—sin6?sinaf(—sin@cosaﬁ)= R,\
r

— = mB(—sin@sinaX —sinfcosay)=mxB \ @

2z 2z

sin’ (pdgozjcos2 pdo =r Isin(pCOS(pd(p:O X

0 0

2z
N=[dNdp= mxB
0

= B(sin@cos aX +sin@sin ay + cos 67)

m:ljrxJ(r)dV:lzqsrxdlzllicﬁRdzzlziRcﬁdz 1
2y 2 c 2 c 2 c
=%IR27[R2 = I7R*2
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Force and torque on a magnetic object in a magnetic field B:

If B is not varying too quickly over the volume
of the object we can assume:

B,(x)=B,(0)+x-VB,(0) (i=x,,z)

m = j M(x)dx
where B(x) is the externally applied field 4

With this assumption we can demonstrate that:

F=V(m-B)  Force B(0)
N=mxB Torque Problem:
Given M(x) and the ext. applied B(x),
UU=—-m-B Potential energy compute the F and N on the magnetic
object

2.42
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F:V(m-B)
N=mxB

1. Uniform magnetic field

m

v v v v

vy VvV Vv 1 v v Vv

F=0 (notranslation)

N=0 (rotation)

Force

Torque

2. Non-uniform magnetic field

- >

— v -

—

F+#0 (translation)
N=0 (rotation)

2.43
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Magnetic levitation of bulk materials

Hard Hard Hard Diamagnetic object
magnet magnet magnet (x<0)

Hard Hard Paramagnetic object Hard
magnet magnet (¢x>0) magnet
Non-equilibrium «Almost stable» equilibrium Non-equilibrium «Almost stable» equilibrium
(rotation) (rotation)

2.44
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Magnetic levitation of a loop with a current

1, Magnetic force

© Gravity force

“—— Fixed coil

O Magnetic force
Gravity force

Stable equilibrium

Unstable equilibrium

2.45
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Diamagnet object levitation

Diamagnetic object
(2<0)

Magnetic force i
Gravity force | o
«Almost stable» equilibrium
(rotation)

Hard
magnet
Energy Force Position
magnetic = _I M ) BdV Fmagneﬁc — VEmagnetic = ....
4 =
= — magnetic ravity
E = mgh Fjgravily - VEwgravily - mg i g
gravity

2.46
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Diamagnetic object levitation

Magnetic force Diamagnetic object

0
Gravity force =0

Hard magnet

Energie potentielle Force Position

U ~—-m-B F,=-VU,=V(m-B)
z =0 F,+F =0

2.47
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1. Levitation with an array of permanent magnets

Diamagnetic object
(graphite pyrolytique (HOPQG))

~_ Permanent magnet

(NdFeB)

Ng S
STN

2.48
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2. Levitation with a solenoidal coil , , .
Diamagnetic object

(water drop, strawberry, frog, ...)

Strong B field with
strong gradient

it G T Magnetic force 1
_ . et _"’f Gravity force
- [ —— _:_:-:? .b"".‘_l.\-\“ pp———
2 e ||| e I
V: objet volume (m’) RIS LT — | | | RN Cooling
m: objetmass  m=pV (kg) ~ I E R oEE =T T —~ Wat |
p: objet density (kg/m’) i . gt —— | | ||| == s padinaie thoet
F, =V(m-B) EREEE I
B [ ———— e - . - prp——
m%MVE)(mHVE)(m—V -l—-ll—————l—- -\' & _. :‘:u.-—l—-ll—-—-l——.\.—-l _-\.:.\-
0 e el T o - - - e e e
F.=mg " - = e S
= — - 7 e Note: The water droplet, the strawberry, and
F.=F, ©mg=V(m-B) < ; the frog are diamagnetic objects because
B B they contain water molecules, which are
pVg=x,—VVB < pg=yx,—VB N 7 T diamagnetic.
(1] NO Y v _— ; F

http.://'www.ru.nl/hfml/research/levitation/diamagnetic/ 2.49
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Ferromagnetic object levitation
(stabilized by a diamagnetic material)

Note: The fingers are diamagnetic object because they
contain water molecules which are diamagnetic.

COMPENSATING
MAGNET

Diamagnetic objects (fingers)

Nature 400, 323-324 (July 22 1999)

Diamagnetic objects

http://www.hfiml.sci.kun.nl/levitate.html 2.53
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http://www.hfml.ru.nl/nature-july22v400.pdf
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Ferromagnetic object levitation
(stabilized by a type Il superconductor)

/

Permanent magnet

Magnetic force T “ B
Gravity force l
Field B produced by
currents on the surface

Type 11 supercoductor
(a77 K)

B#£0

- The field B penetrates only in the vortices
- The surface currents cancel the external field
inside the material (except in vortices)

2.54
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Supraconducteur type li

2.55
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Magnetic levitation (and propulsion)

= A\
Maglev Train, Shanghai,China
Opening: 2004
Speed: 430 km/h (operational), 501 km/h (max), ETH
Length:153 m, Width: 3.7 metres, Height: 4.2 m 1-
Passengers: 574

Position of Poles

4 ] 6

7
s TN s |
___\\M \
Attract

Guiding Walls

5 6 7
5 6 7 \
s n
Mote the change of
polarity in position

5 6 7

superconducting
magnets

S15}8,8 ; J
electromagnet

electrical
power source

2.59
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Ferromagnetic object levitation
(stabilized by an array of coils)

http://www.crealev.com/ 2.60
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Models of the «magnetic dipole»

Ampeére model (charged particle in a Gilbert model
(currentin a circular coil) circular orbit) (permanent magnet)
*
7 R Z
Sy
Y S
X X
- — N/
m m m
iz Z
Z
Y Y y
X X
X
2 V A )
m=/7Rz m=g—R2 m=MVz
2

2.61
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Ampere equivalence principle
beetwen a permanent magnet and a current in circular coil

:
N

— A 2
m = I7R*Z = IAZ | Am’ | m = M)z [ Am? |
R - coil radius [m] M : Magnetization of the magnet [A/m]
7 current [ A] (density of magnetic dipoles)

. 3
A - surface of the coil [m2] V2 Volume of the magnet [m ]

If they have the same magnetic moment m:
1.  They experience the same force and torque in an external magnetic field (rotation, displacement)
2. They generate the same magnetic field B at large distances.

2.62
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B(x) = ,uolcﬁtxrdl

2
47zcr

Analytical solution only for B(0,0, z) (with the Biot-Savart law) :

,UOIRZ
2(R*+2)"

hence for ‘z‘ >> R: /

Z 338

B(0,0,z) =

For |X| >> dimensions of the magnet :

U, 3(m-X)X—m
4 |X|3

B(x) =

hence for m=(0,0,m) and x =(0,0,z):

B(0,0,7) = Ho 21 5 _ Ho 1

Z oC

m
4 z° 27 Z° z>

Z

2.63
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Magnetostatic calculation

Sources ‘ Fields and potentials

Magnetization M . :
(bounded current) Magnetic induction B
Current density J Potential vector A
(free currents)
Magnetic field H
Virtual
currents 3 =VM
Scalar mag. potential D
Virtual magnetic Prag = -V-M
charges

‘Q’

2.64
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Susceptibility () and permeability (»)

In general
H = L B-M+...
Ky
In most of the materials
H= L B-M
Ky
Consequently,
B
M=y
(1 X ) Hy
In general:
x = x(H)

VLT

M= yH
_B
““H
B=u,(1+y)H=uH =
H
u = p(H) (eventually anisotropic)

2.65
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Remanent magnetization = Saturation magnetization

/
Ideal hard Linear Non-linear &
material material Hysteresis mat.
7
M=M =M, M= yH M =M(H)
R v __(“Vy-H
Iomag =-V-M mag 1+ )
_ (Zz _Zl) n'(Hl +H2)
> Oy =N (M, -M,) Crmes =T+ 20/ 2) 2
B B
_ _ M=y—— M=M(—-M
M= IAL =1 “ () G
JVi”t :VXM Jvirt:vZXL
/Jo(1+)()
J  —nx(M.-M __ (-x)  nx(B +B,)
3 Jour =M ML) “ Tt 2D 24

I At the interface between material 1 and material 2
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Too many quantities and equations ?

Do not miss the
simplicity of the overall scheme !!

Magnetostatic equations

H
_B
““H
H (J(XN)+VM(KX)
_ A(x) = d 1
V-B=0 (x) 47[;[ |X—X'| X HZIU—B—M
0

2.67
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Hard material (M=M,)

1. Magnetic dipoles method

Problem: given M(X),
compute B(x)

B of a magnetic dipole m,

(MG ()M
z |

2.68
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Problem: given M(X),
compute B(x)

Hard material (M=M,)(2)

2. Virtual currents method

J =VxM

virt

J =J Ax=—nxM

surf virt

ds

bt o (5
471 r
S

Notes: Method 1 is more «physical».
Method 2 requires only integration on a surface

2.69
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Hard material (M=M,)(3)

Problem: given M(X),
compute B(x) 3. Virtual magnetic charges method

pmag E_V.M

2.70
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Hard material (M=M_)(4)

Exemple: cylinder with uniform magnetization

Problem:
M(x) uniform,
compute B(x)

Pourz>>R,L etr=(0,0,2)

B(x) = Hy

N

3(M(x")-r)-r—M(x'

)dV

47z-[

3
g I

2 Mz*

Z

Methode 1

av=to L yirirs-

B(0,0, Z) _ ZO [ 3(M(X,) l,;) ¥ _M(X,)dV ~ Ho J‘

V

B(0,0,z) = o

r

|3

A,

.JSM(X’)XIA‘ . oI, R _ My m

2
472' S |r|

271

2 2

5
g

27 z

B = o L COXTg,

ai

Methode 2

lLlO MRZLQ_ /uo E

z

3

2w z°
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Hard material (M=M,)(5)

1. Sphere with the scalar magnetic potential approach

1 J'—V -M(x")

D, (x)= A '

-dx
x|

Into the sphere:

H=—1m
3

As for magnetic dipole m in x=0

B=,uo-(H+M)=+§M

Out of the sphere:
H — B _ 1 3(m-x)x—5(x-x)-m m:(47T7”3)M
My Ar |X| 3

2.72
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Hard material (M=M,)(6)

L —
F

L
-

B

YIYIY]Y

Into the sphere: B, H uniform

At the surface: B, , H, continuous

2.73



Hard material (M=M,)(7)

Thin plate perp.:

!

!

!

bub
!

Wy

T

)
ngh

1
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Hard material (M=M,)(3)

Lone cyu;der ar. :
4J?_Y. Q » :

3(m, -r)r, —(r.-r,)-m,
B<x>=2,.f;. (m, n)rirr(rl r)m,

2.75
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Linear material (M=yH)

1. Solution with virtual magnetic charges

H(X):Ha—l— 1 -“O-mag(x)'rds

3
47Z'S v

2. Solution with virtual currents

J,, (X)xr
3

_ Hy
B()=B,(x)+ J

T s r

Note: With the virtual charges and currents we have to perform
integrals on the object surface instead of in the object volume.

v uniform in the
object

Problem:
Given B, and ¥,
Compute B(x)
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Linear material (M=yH) (2)

1. Virtual magnetic charges method

n V-B=0 = uV-H+yV-(yH) =0
:>PmagE—V-M=V-H=—(VZ).H
1+ %)

— -(H, +H
o =p Ax—— LX) M (H,+H,)
I+ +x,)/2) 2
Start values: O g, =0 Ho (X) — Ha n=0
Iteration:  _ __  (L—x) n-(H +H,))
i = (L4 (g + 25)/2) 2 ), | _
o x)-r
Hn+1=Ha+ 1 j mag"“g ) ds = — Conv.

477 v
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Linear material (M=yH) (3)

2. Virtual currents method

Xo

B
=(Vy)xH=(Vy)x
(Vx) (Vx) L+ )
J _ Ax = (Zz_ll)

Start values: J,, =0 B,(x)=B,

surfo

surf — Jvirt -
A+ +2,)/2)

— B +B
Iteration: J .= 2) (nx L 2

e (L (g, + 2,)/2) 24,
J x)xr
475 v

e

5 —vxM=Vx(yH)=y(VxH)+(Vy)xH=

(anl +B2)
2 4,

n=0

n=n+1

m—p (CONv.

2.78
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Linear material (M=yH) (4)

Problem:
Given a linear material placed in a uniform externally applied H,,

which is H, M and B into the object ?

Z

Answer:
If the shape of the object is arbitrary: complicated numerical problem.
If the shape of the object is ellipsoidal: simple solutions available in literature

2.79
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Linear material (M=yH) (5)

In ellipsoids: M and H are uniform under a uniform applied H_, and:

H=H -NM
(N, 0 0
N=| 0 N, 0 N, +N,+N, =1
0 0 N,
X,y,z along the principal ellipsoid axis N: Demagnetizing tensor

If H, 1s along one of the principal axis i:

H,=H,-NM, Jj=i
H, =0 J#i

Ny, Ny, N, for ellipsoids are available in literature
(J.A. Osborn,, Phys. Rev. 67, 351, 1945)

2.80
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Linear material (M=yH) (6)

Ellipsoids
Sphere

General ellipsoid
Z

Pseudo-ellipsoids
Thin plate perp.: Thin plate par.:

Z
H

Long cylinder perp.: ~ -ong cylinder par.:
Z
H, ;
y

2.81
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Linear material (M=yH) (7)

Sphere: H=H,-NM
N, =1/3  H =0
N,=1/3  H,=0
N.=1/3  H =H —(1/3M.

M= yH
B=yu,(H+M)

5 £ =
I I
L

T

a

_3+1

H_ =0 B =
H, = B, =0
31+
ft=3 H &_( X)
3+ y X

Note: For ¥ —, B and M saturates whereas H—0

2.82
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Linear material (M=y¢H) (8)

Thin plate perp.:
z N. =0 H =0
N,=0 H, =0
X NZ:I Hz:Ha_Mz
Mx:O HX:O B :O
y
B =y, (H+M) Mo=—Z H——H  B.=uH,

Z:1+Z a o l+y i////x

Note: Since B,,=B,,, B over the plate 1s also equal to p,H_, even for y—o0

Note: For y—0, M saturates whereas H—0

2.83
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Linear material (M=y¢H) (9)

Thin plate par.:

N, =0 H_ =0
N, =1 H,=0
]\[Z:O Hz:Ha
M, = H =0 B =0
My: Hy:O By:O
M_=yH H =H B.=pu,(1+ )H,

Note: Since B,,=B,,, B at the bottom and top plate edges can be much
larger than p H, (if x>>1).
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Linear material (M=yH) (10)

Long cylinder par.:
N_=1/2 H. =0
ay N,=1/2 H, =0
/ NZ:O HZ:HG
X
M = 7H M, = H =0 B, =0
=X My: Hy:O By:O
]3:::;4)(II-FPV[) _A4; ::){]yé ]]; ::]]é _Et ::/43(14';K)I1?

d

Note: Since B,,=B,,, B at the bottom and top plate edges can be much
larger than p H, (if x>>1).
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Linear material (M=yH) (11)

Long cylinder perp.:
iZH N .=1/2 H,=0
a Ny: Hy:O
N_=1/2 H =H,—-(1/2)M
X
M, =0 H. =0 B, =
M= yH M, =0 H, = B, =
27y+2
B=u(H+M) - Xy py - 2 g B=n"2"H,

Note: For y—0, B and M saturates whereas H—0
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EPFL Rlng of linear material (M:xH)
screening

Screening

Concentration B-field lines
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Ring of a magnetized hard material:

no effect
H, B
—_—
H > No virtual
magnetic charges
Y
l\‘ / 1 H=H,
_ . B=py,MH,+M))

v

2.88
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Magnetic force on a conductor with a current | in a field B

S = St
J=(/9)t

n: density of "mobile" charged particles (m™)
q: charge of the "moving" particle (C)

dl = dit
J=ngv= nqvf

Force on the volume dIS:

S (0, <B)=(v<B) Y 4, -

1

= (vxB)nqdIS = nqv x BdIS = J x BdIS = It x Bdl

f: Force per unit of volume

f=ngvxB=JxB = F=J-J><BdV=I
v

A\

\
\
8 1
% :
L
P

A A

.y

J

The force on a conductor is the Lorentz force on moving electric charges.

F: Total force on the wire of lenght L

fdel:IIdle
L

[

B




EPFL

Example 1.: Straight wire of length L in a uniform field B

A A A A A A

B

L
F =dele =/LLxB
0

/'?/

1

b=
=7

NS

Example 2.: Closed circuit (of any shape) in a uniform B-field

The resulting force on a closed circuit
of any shape in a uniform B field is zero

leq‘)fsz—IBx(ﬁdlzo
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Example 3: Force between two infinite parallel wires
27w ¥
—
H, 11 A H, [2 A
— o B =_/0%
" 2rd ? ’ 2 d ?
—
H, ]112 ]
dF, = \;Qi v, xB, =(ngSdl)v, xB, = [d1xB, = did
I
ég = \%‘ql.)vz xB, =(ngSdl)v, xB, = Ldl xB, = —5—; 1a’2 dld

Forces on the element d/
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Total forces on wires of length L

F ~ M L g - A L g
: 27 d

L
F = [aF, = [~ 40 gg = #o L g
0

2 2
0 2w d 27 d
Exemple:
I,=1,=100A; d=1cm;L=Im
F=02N

Note: This experience was used
to define the Ampere [A]
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Galvanomagnetic effects in matter: simplified

In absence of a net molecular current in dV:

J(x):ﬁ[ Z ql.vl.j

i( free—charges)

If the free charges in dJ have charge ¢ and are moving with an mean velocity v:

J(x) = n(x)gv(x)

dV contains a large number
of molecules around x

n: density of free charges (m)

In presence of E and B and of scattering forces we have:

qE+qv><B=mX
i

\

T = relaxation time
= time to reach mean velocity
= half-time between collisions

Lorentz force and scattering forces

2.93
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J =ngv

gE+gvxB =m—

\
T

Ohm law

J =0k
2
nqg v
m
1/ o, —LBZ LBy
nq nq
LBZ 1/ o, —LB
nq nq
——l—l%, —l—fg 1/ o,
nq ng
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Skin effect

Less current in center, more current at borders,
- Skin effect

magnetic
field main + eddy
= higher

eddy .

\

currents :
nnnnnnnnn . maln
Magneti ca = Iower

2.95
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“Electromagnetic quasi-static” considerations

E--vy-2
Ot

J=cE=0(-VV -iwA)

S

' Harmonic assumption
A(X) — luO J(X )’ dxr p
4ﬂﬂx—x‘
Eddy currents
A
ooy, ¢ ()
J(x)=—o(x)-Vy LD [ ) gy
4 Ax—x‘

Electric potential
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Skin effect: thin conducting plate

J (x)=0E, coth(“;] xj

=5 : 57 : ;
oW .
tanh| (1+ 7)—
an (( 1)25)
For o<<t: RziRe(Z); d
20W0

\Y)
i

J2
\ OL O

p=1
c=2x10° Om

1 100 10* 10° 108 10"°
Frequency (Hz)

2.97



=PrFL

Skin effect: cylindrical wire

o

J2
Ny ey

Jy, J;: Bessel functions
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Skin effect and shielding

Depth (m)
o
o
(@)
=
I

[ [
p=1
5=2x10° Om

100 10*  10®  10® 10"
Frequency (Hz)

2.99
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Proximity effect

Principle: same “physics” as skin effect

magnetic field
from wire 2

AN

[N

& oI
eddy : ">
currents .

same proximity
effect from
wire 1

main current

current

main —eddy main + eddy
= lower = higher
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Proximity effect: two wires

(K)
®®

Currents
in the same direction

Currents
in opposite direction
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Proximity effect: four wires

Currents
in the same direction

2.102
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