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6.641, Electromagnetic Fields, Forces, and Motion 
Prof. Markus Zahn 

Lecture 9: Magnetic Diffusion Phenomena 

I. Nonuniqueness of Voltage in an MQS System 

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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Φλ ∫ i= B da  
Sc

v∫ E ds  = v  1 + iR  1 = 0i 
C1 

v∫ E ds  =  −v2 + iR  2 = 0i 
C2 

v∫ i = − 
dΦλ = ( + R2 )E ds  i R  1dtCc 

1 dΦλi =  − 
(R1 + R2 ) dt  

+R dΦ 
v =  −iR  =  1 λ 

1 1 R1 + R2 dt  

−R dΦ
v = iR  =  2 λ 

2 2 R1 + R2 dt  

v R1 = − 1


v2 R2


II. Diffusion of Axial Magnetic Fields into a Circular Tube 

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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µ π  ⎤

π Kφ = 
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dHi 2
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a2 
o
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dt τ τ m 2m m 

⎡ − τ 
t ⎤ mH = H  1  e  ⎥i 0 ⎢⎣

− 
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K = H  −H = −H e  φ i 0 0 

Φ µ0 H ai π 2 
0
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2σ ∆l m R l2 π a 

III. Edgerton’s Boomer 

τm 
t-

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 

N i
H ds  ≈ H 2  πa = N  i  ⇒ H ≈ 1 1  v 1  1 1  1∫ i 

2 aπCb 

π 2a2 µ N aµ2 1 0 1 0λ ≈ N (πa ) µ H =
N2 

i1 ≈ i11 0 1 π2 a  2 
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2λ N aµ
L =  ≈ 1 0


i1 2


1
ω =


LC 


1
L i  2 ≈ 

1
C v  2 ⇒ i ≈ v C 

2 p 2 p p p L 

C = 25 µ f, v p = 4 k V, N 1 = 50, a ≈ 7 cm 

L1 ≈ 0.1  mH  

3 ω
ip ≈ 2000 A, ω ≈  20x10 / s ⇒ f = ≈ 3kHz 

2π 

5Hp ≈ 2.3x10 A /m ⇒ Bp = µ0 Hp ≈ 0.3 Teslas ≈3000Gauss 

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 

E ds ≈ π  −
d i a ≈ −

d 
µ H πa2i 2  aE =  B dv∫ φ dt ∫ dt
( 0 1 ) 

C Sa a 

σµ  a dH
J =  σE = − 0 1 
φ φ 2  dt  

i ∆ a JφHind ≈ 2 ≈

2 aπ π
2 a  

∆ σµ  0 a 1 dH1 ω τHind ≈ ≈ m ; τ = µ  σ ∆  a 
4 π m 04 π dt  H1 H1 

ω τm∆ = 2mm,  a  = 7cm,  τm ≈ 6ms  ⇒ ≈ 10  
4 π 
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F=Jx µ H , f= F dV = Jx µ0 HdV ≈ KB π a iz0 ∫ ∫ 
1
2 

2 

V V 

≈
1 
µ0 H2 πa2 

4 
Force per unit total force 

volume 

dv
M =f T δ t0 ( )

dt 

Mv t = ( O ) = f T  + 0 

M = 80 grams, H 5x10  A  /m≈ 5

T ≈ 1ms  

µ H2 ( )1 
π 2 T


( ) f T
=

0 0


v t =  O = 0 4 
+ M M 

≈10 m/s 

21
Mv2 (t = O+ ) = Mgh ⇒ h ≈ 

1 v t( = O+ ) ≈ 5m 
2 2 g 

Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 
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Courtesy of Hermann A. Haus and James R. Melcher. Used with permission. 

IV. Magnetic Diffusion Equation 

∇×E =  − 
∂ (µH)∂t 

∇×H = J = σE 

∇ µH = 0  ⇒ ∇  i H = 0i ( )
0 

∇×  ∇×  H = ∇ ∇  i H − ∇  H = σ  ∇×  E = − σ µ  ( ) ( ) 2 ( ) ∂
∂ 

H
t 

2 ∂H
∇ H = µ σ   Magnetic Diffusion Equation 

∂t 
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V. Magnetic Diffusion Transient Response 

Courtesy of Krieger Publishing. Used with permission. 
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VI. Sinusoidal Steady State Magnetic Diffusion 

= ⎡l 
z 

j t  ⎤H x, t  Re H x e  z (  )  ⎣ ( )  ω ⎦ 

2 2∂ Hz ∂Hz d Hl 
z j l 

z= σµ  ⇒  − ωµ σ  H x( ) = 0 
∂ x2 ∂ t dx  2 

l 
z ( ) = 0 

− +(1 j) x 
δ ; δ =

2
H x  H e  x  >0 

ωµ σ  

l 
z ( ) = H0 =

I0 x <0H x  
D 

dH 1 j  − +�J xy ( ) = − 
l 

z = 
( + )

H e ( )1 j x 
δ >x 0  

dx δ o 
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