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  الأول الفصل
 
 

 

אא 
 

  الشحنة الكهربائية ١-١
א٦٠٠אא

(Amber)אאא


אK 
אא،(Charge)

אא؛
אKא،

אK 
אאFEאא

FE
א،אא

Kאא
אאאאא

אK 



א 

 ٢

אא(Conserved)
FClosed SystemEFIsolatedEאW

אאFE
K 

؛אא
אFEFE

אאא(Pair Production)אא
אאאא

אאKאא
אאא

אאK 
 

  (Coulomb’s law)قانون كولوم  ٢-١

אאW 
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Wא1אq2qK 
12rrWא2q1qאא

12 1 2r r r= −
r r r

K 
kWאאk1

4 oπε
oε

2אאא
12

28.85 10
.
c

N m
−× 

nאא
אאW 

3 (1 3)
4

n
j ij

i i
i j o ij

q r
F q

rπε≠

= −∑
r

r 

W 
ij i jr r r= −
r r r

 
 

אא(1-3)אאא 

iאאאאK 
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 )١-١( مثال

 3 2 1, ,q q q  F٢-١E
אא1qK 

1q

2q 3q1r
r

2r
r

3r
r

12rr 13rr

0 
אF٢-١E 

 
אW 

א(1-3)1, 2,3i j= = 

131 12
1 2 33 3

0 12 134
rq rF q q

r rπε
⎡ ⎤

= +⎢ ⎥
⎣ ⎦

rrr

 
אאאאאאא2q

א1qא3qא
3אqא1qא2qא

אא1qאא2q،3q 

K 
 

 
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  تطبيق قانون كولوم للشحنات النقطية  ٣-١
  على توزيع متصل للشحنات

(Volume Charge Distribution) لتوزيع حجمي: أولاً 
אאρאאW 

0
lim (1 4)ρ
∆ →

∆
= = −

∆v

q dq
V dV 

אρאVא
 

ρ=q V 
אאאא

אאא(Macroscopic)א
אFאE191.6א 10 C−×،

אאK
אאאאא(Microscopic)

א(1-4)אא
0א∆ →VK 

 
(Surface Charge Distribution)لتوزيع سطحي :ثانيا 

אאσאאW 

0
(1 5)limσ

∆ →

∆
= = −

∆S

q dq
S dS 

אσאSאqW 
q Sσ= 
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(Linear Charge Distribution) )خطي(لتوزيع طولي  :ثالثا 
אאFאEλאאW 

0
(1 6)limλ

∆ →

∆
= = −

∆l

q dq
l dl 

אλאlאqW 
λ= lq 

אא
אF٣-١Eאאאq

אאF،،،Eא
אW 

1q

2q
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y
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1r
r

2r
r

rr
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0 
אF٣-١E 
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
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=
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∑ ∫

∫ ∫
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N
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io o Vi

o oS
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q r r q r rr da r d
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 

 
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r ′rאאאFא
אאEjrrא(1-3)K 

א(1-7)א
אאאK 

א(1-7)אאq
אאא

א qאאאא
אE

r
K 

 
  )٢-١(مثال 

אאאqאאF١-
٤EK 
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x

y
ρ

q

2r
r

rr

r ′r
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1q

1r
r

dV ′

 
אF١-٤E 

 
אW 

אאW 

0σ λ= = 
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אF٧ J١EW 
( ) ( ) ( ) ( )1 2

1 23 3 3
1 2

4 o

r r r r r rqF q q r dV
r r r r r r

ρ
πε

⎡ ⎤′− − −
′ ′= + +⎢ ⎥

′− − −⎢ ⎥⎣ ⎦

r r r r r r
r r

r r r r r r 

 
 (The Electric Field)المجال الكهربائي  ٤-١

אאE
r

 אF
r

 א
אoq א

אoqאF
r

 אא
אאא

א،א1 2, ,....., nq q qא،
אאאאW 

0
lim
oq

o

FE
q→

=
r

r

 
oqאF

r

אאאK
אא

אאאא،א
אאאא

אאK 
א،אאאF٣-١EK

oqאאאאא

FאPKEאא( )E r
r r

א(1-7)
אאW 
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 

א(1-8)א
K 

 
(Line of Force)خطوط القوة  ٥-١ 

אאא
אאאK

FEא
אאא،אאאא

אאאF٥-١Eא
אאאK 

 

+−

 
אF٥-١EWאאK 

 
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אאW 
١ J אאאאK 
٢ J K 
٣ J אאאאK 
 

  الجهد الكهروستاتيكي ٦-١
 The Electrostatic Potential)E 

אWאא
אאאFאEאKא

אאאאא
אאא

אאאאK
،אא

אא،אK 
אאאאא،

W 
0 (1 9)∇×∇Φ = −

r r
 

אא(Curl)א،A
r

،א
אא(grad)Φ،W 

0 (1 10)A∇× = −
rr 

W 
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(1 11)A = ∇Φ −
r r 

אאE
r

א(1-8)
אאW 

E∇×
r r

 

3 (1 12)r r
r r

′−
∇× −

′−

r rr
r r 

אא 
( ) ( ) ( )A A A∇× Φ = ∇Φ × +Φ ∇×

r r rr r r

 
W 

3
1 , A r r

r r
′Φ = = −

′−

r r r
r r

 
W 

( ) ( ) ( ) ( )3 3 3
1 1 1.13

r r r r r r
r r r r r r

⎛ ⎞′−
⎡ ⎤′ ′∇× = ∇ × − + ∇× −⎜ ⎟ ⎣ ⎦⎜ ⎟′ ′ ′− − −⎝ ⎠

r rr r rr r r r
r r r r r r 

 

3 5
1 3 (1 14)

′−
∇ = − −

′ ′− −

r rr
r r r r

r r
r r r r

 

 
( ) ( )0 1.15r r ′∇× − =

r r r 
F١٤ J١EF١٥ J١EאF١٣ J١E

אW 
( )3 0 1.16r r

r r
′−

∇× =
′−

r rr
r r 

W 
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( ) ( )0 1.17E r∇× =
rr r 

א(curl)E
r

אא
אFאאgradientEאאW 

( ) ( ) ( )1.18E r r= −∇Φ
r rr r 

Φא،א
אאK 
W 

( )

3

0

( ) ( )
4

1 1 19
4

πε

πε

′−
= = −∇Φ

′−

= − ∇ −
′−

r r rr r
r r

r
r r

o

q r rE r r
r r

q
r r

 

( )1( ) 1 20
4πε

∴ Φ = −
′−

r
r r

o

qr r r 

א(1-20)א
א( )Φ

rrאF٨ J١EאאW 
 

( ) ( ) ( ) ( )1 1 1 1 1
4 4 4 4

(1 21)

N

i
io o o ov S l

r dV r da r d
r q

r r r r r r r r
ρ σ λ

πε πε πε πε
′ ′ ′ ′ ′

Φ = + + +
′ ′ ′ ′− − − −

−

∑ ∫ ∫ ∫
r r r

lr
r r r r r r r r 

א(1-18)אאא
אKאאא

אא(1-18)
drrW 

( ) ( )E r dr r dr⋅ = −∇Φ ⋅
r rr r r r

 
אאW 
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( ) ( )
r r

ref ref

E r dr r dr⋅ = − ∇Φ ⋅∫ ∫
r rr r r r

 
א( )rΦ

rא
. 0refΦ =W 

( )r dr d∇Φ ⋅ = Φ
r r r

 
( ) ( ) ( )

r r

r ref
ref ref

E r dr d r∴ ⋅ = − Φ = − Φ −Φ = −Φ∫ ∫
r r r r

 
W 

( ) ( ) ( )1 22
r

ref

r E r drΦ = − −∫
rr r r

� 

אF٢٢ J١Eאא
אא(1-18)אא

אאK  
 

(Potential Energy) طاقة الوضع ٧-١ 
אאאאא

Wאאא 

( ) ( ) ( )1 23
r

ref

U r F r dr= − ⋅ −∫
rr r r 

א(1-23)אאא(ref.)
rrK 

W 
F qE=
r r

 
W 
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( ) ( ) ( ) ( ) ( )1 24
r

ref

U r q E r dr q r q r′ ′ ′ ′⎡ ⎤= − ⋅ = − −Φ = Φ −⎣ ⎦∫
rr r r r r 

א(1-24)אא
אFאאE

K 
 

  الموصلات والعوازل ٨-١
אא،אאא

אאאFא
אE،א،

Kא
KאאKא

אא
Kאאאא

١٠٢٠אאאאא
אאK 

אאWא
אא،אא

אאK
אאא

אFאEאאאא
אאא؛אאא

אאאKW0E =
r

אא
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0∇Φ =
r

אאKא
א

אאאא
אKאאא(Superconductors)א

אא
אאאK 

 
(Gauss’s Law) قانون جاوس ٩-١ 

אא
אאאאאK

אאאW 
( )1 25

o

QE da
ε

⋅ = −∫
r r

� 

אא(1-25)אאE
r


Qאאאאאא،א(1-25)

אאאאρK 
( )1 1 26

o

E da dvρ
ε

⋅ = −∫ ∫
r r

� 

Nאאא
אW 

( )
1

1 1 27
N

i
io

E da q
ε =

⋅ = −∑∫
r r

� 
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 אא،
אא(Divergence Theorem)

אא،
W 

( )1 28
v v

E da div E dv E dv⋅ = = ∇ ⋅ −∫ ∫ ∫
r r r rr

� 

אא(1-28)א(1-26)W 
( )1 1 29

ov

E dv dvρ
ε

∇ ⋅ = −∫ ∫
r r

 

אא(1-29)W 
( )1 30

o

E ρ
ε

∇ ⋅ = −
r r

 

א(1-30)אא
אאK 

 
  تطبيقات على قانون جاوس ١٠-١

אאא
אאאא،

אאאאא
אFאEאFE
،אאאאK

אאאK 
 
 
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λKאא:أولاً 
 

سطح جاوس 
المقفل 

x 

y

z

ρ
D

سلك موصل طويل يحمل
 λشحنات خطية

السطح الجانبي 
S1 

S3القاعدة السفلية

 العلويةالقاعدة 
S2 

 
אF٦-١WE/C mλ

 
 

1

oS

E da dlλ
ε

⋅ =∫ ∫
r r

�
 

אאאא
א1sאא2s،3sW 

1 2 3

1

1

0 0

r
S s s s

r
s
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s

E da E da E da E da

E da

E da

⋅ = ⋅ + ⋅ + ⋅

= ⋅ + +

= ⋅

∫ ∫ ∫ ∫

∫

∫

r r r rr r r r

r r

r r

�

 
 



א 

 ١٨

( )
1

12r r
os

E da E rl lπ λ
ε

∴ ⋅ = =∫
r r

 
( )1 1 31

2r
o

E
r
λ

πε
∴ = −

r 
 

אאא
אאאF٦-١E

א(1-31)אאאאK 
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 ١٩

(The Electric Dipole)الثنائي قطبي الكهربائي  ١١-١ 
אאאאא
א(Monopole)אאאql

אא
(dipole)،אא

אאא
א(Quadra pole)

2n،n
אאא0n =

א(monopole)א1n =א(dipole)
 Kא

אאאא
א(1-8)،(1-21)(1-24)אאW 

 
Eالمجال الكهربائي  ١٢-١

r
  قطبالنائي ثل 

q−r ′rא
q+lr l′ +

rאא
F٧-١KE 
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א(1-38)אא،
אאא

אl
r

K؛א
אא،

K 
אאP

r
אא

אW 
P ql=
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  قطبي ئيلكهربائي للثناالجهد ا ١٣-١
אא

אאאאאW 
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r r 
אאאΦאFgradientE
א(1-40)،אא

אאאא(1-21)
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אא2l،lא٢
אאא(1-41)W 
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 אא
אאאאא،

אא(1-39)אא(1-43)K 
 

  )٣-١(مثال 
אאyא

אλ،אF٨-١KE 
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  )٤-١( مثال
אF٣-١EאאאL
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אאא0
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אK 

 
 
 



אא 

 ٢٧

  ) ٥-١(مثال 
Lאλ

אDאF١٠-١KE
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  )٦-١(مثال 
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LאKאm 

kgFאEאאאא
אאK 

 

١ J٣אq Cא
L mKאא

אאאq1 Cא
אK 

 

١ J٤،L،m/CLρ
אzא(0, 0, 0)א(0, 0, L)Kא
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אE،אאVא(0, d, 0)
א(r, φ, 0)K 

 

١ J٥אaא
א/C mλKאאא

xyאאאE
אאV zא(0, 0, z)

אK 
 

١ J٦אa
2/C mσאxy

אKאאEאאV
א(0 ,0, z)K 

 

١ J٧אא אm/F0ε
ar =3

0 m/Cρאא
EאאDאאV

∞<≤ r0K 
 

١ J٨אאאa
m/Foε3m/CrK،אא

EאאDאאV
∞<≤ r0K 

 
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  الفصل الثاني
 
 
 

אא 
 

  مقدمة ١-٢
אא

אאאK
אאאא

אF١-٢E،אא
K 

o

rrr ′r

dq
r r ′−
r r

dq

 
אF١-٢E 

 
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W 
( )

0

1 (2 1)
4

dqr
r r

ϕ
πε

′
= −

′−∫
v

v v  

( ) ( )3
0

1 (2 2)
4

dqE r r r
r rπε

′
′= − −

′−∫
v v v v

v v  

 

אאא
אאאK

אאאאא
אK

א،אאא
א،א

אKאא
אאאאאKא

אאאא
אאאK 

 
  نمعادلة بواسو ٢ -٢

אאא
אאאאא

אאW 

0

(2 3)ρ
ε

∇ = + −
vv
�E 
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אאאFE
vE

ϕWא 
(2 4)E ϕ= −∇ −

v v 
FE

vEא(2-3)
אאW 

0

(2 5 )aρϕ
ε
−

∇ ∇ = −
v v
� 

אF∇∇
vv

.E
F2∇EאאF2-5aE

אאW 
2

0

(2 5 )bρϕ
ε

∇ = − − 

2-5(אb( אF2∇E
FEKאאKא

אF2∇EF, ,z y x
אאא،, ,r θ φאאא،, ,r zφ
אאאאא،

אאאאϕ
אאρKא

אאρאא(Boundary conditions)אK 
אF2∇EאאF∇

vEאF∇⋅
vEא

F×∇
vEKאא،

אאאאאK 
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F2∇Eא؛אW
אF∇

vEאF.∇vEKאF2∇E
FאEאאאW 

Wאאא 
2 2 2

2
2 2 2 (2 6)

x y z
ϕ ϕ ϕϕ ∂ ∂ ∂

∇ = + + −
∂ ∂ ∂

 

Wאאא 
2

2 2
2 2 2 2 2

1 1 1sin (2 7)
sin sin

r
r r r r r

ϕ ϕ ϕϕ θ
θ θ θ θ φ

∂ ∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞∇ = + + −⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
 

Wאאאא 
2 2

2
2 2 2

1 1 (2 8)r
r r r r z

ϕ ϕ ϕϕ
φ

∂ ∂ ∂ ∂⎛ ⎞∇ = + + −⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
 

 
  معادلة لابلاس ٣-٢

אא،
אאKאא

אאא
אK

א0=ρאא،
אאW 

2 0 (2 9)ϕ∇ = −  

א(2-9)K 
א0ρ =

אא
אאאK 
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N،
אN،، ϕϕϕ ..........21אKאא

אאאאאK


N،، ϕϕϕ ..........21אK 
אאא

אKאא
אאאא

،אאאאא
]אאF٢-٢E[Kאא

אאאא،
Kאאאא 

r

R

ϕ

Eϕ−∇ =
r r

0ϕ∇ =
r

R 
אF٢-٢E 
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אאK
2א 0ϕ∇ =

אאא(Image)Kא
אאא

K 
 
1א:الأولىالخاصية  2, ,....., Nϕ φ ϕW 

2 2 2
1 20 ; 0 ; 0Nϕ ϕ ϕ∇ = ∇ = ∇ =  

W 
 

1 1 2 2 ..... (2 10)N Nc c cϕ ϕ ϕ ϕ= + + + − 
א(2-10)1 2, ,.... , Nc c cא

אK 
אW 

( )
1 1 2 2

2 2
1 1 2 2

2 2 2 2
1 1 2 2

2 2 2 2
1 1 2 2

2

.......

......

.......

.......

0 0 ......... 0

N N

N N

N N

N N

c c c

c c c

c c c

c c c

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

ϕ ϕ ϕ ϕ

ϕ

= + + +

∇ = ∇ + + +

∇ = ∇ +∇ + +∇

∇ = ∇ + ∇ + + ∇

∇ = + + +

 

2 0ϕ∴ ∇ = 
אאא

אאאא
אK 

 
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   )١-٢( مثال
אאϕא

K 
FaE  JCxyzϕ = 
FbE  JC r zϕ φ= 
FcE  JC rϕ θ φ= 

 
אW 

(a) JCxyzϕ = 
אF2-6EW 

( ) ( ) ( )

( ) ( ) ( )

2 2 2
2

2 2

2

2 0 0 0

Cxyz Cxyz Cxyz
x y z

Cyz Cxz Cxy
x y z

ϕ

ϕ

ϕ

∂ ∂ ∂
∇ = + +

∂ ∂ ∂
∂ ∂ ∂

∇ = + +
∂ ∂ ∂

∇ = + +

 

 
Cxyzϕ∴ = 

 K 
C r zϕ φ= (b) 

 
א(2-8)W 

( ) ( ) ( )

( )( ) ( )

2 2
2

2 2 2

2

1 1

1 1 0 0

r Cr z Cr z Cr z
r r r r z

r C z
r r r
C z

r

ϕ φ φ φ
φ

φ

φ

∂ ∂ ∂ ∂⎛ ⎞∇ = + +⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
∂

= + +
∂

=

 
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02 ≠∇ ϕϕK 
( )Cr cϕ θφ= − 

אF2-7E، 

( ) ( ) ( )

( ) ( )

2
2 2

2 2 2 2 2

2 2
2 2

2
2

2

1 1 1sin
sin sin

1 1 sin 0
sin

1 12 cot

0

r Cr Cr Cr
r rr r r

Cr Cr
rr r

Cr C
rr

ϕ θφ θ θφ θφ
θ θθ θ φ

ϕ θφ θ φ
θθ

ϕ θφ θ φ

ϕ

∂ ∂ ∂ ∂ ∂⎡ ⎤ ⎡ ⎤∇ = + +⎢ ⎥ ⎢ ⎥∂ ∂ ∂ ∂ ∂⎣ ⎦ ⎣ ⎦
∂ ∂

∇ = + +
∂ ∂

∇ = +

∇ ≠

 

 ∴ϕ 
 

 Kאא:الثانيةالخاصية 
אאאFE

אאאKא
אאא،

אא
K 

אא1ϕ2ϕ،W 
00 2

2
1

2 =∇=∇ ϕϕ ، 
W 

=− 21 ϕϕ 
 

21 ϕϕ = 
 
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  مسائل تتضمن حلول لمعادلة لابلاس ٤-٢
אא


אKאאאא

אאF0ρ =
2 0ϕ∇ =EאK 

 
  )متغير واحد(حل معادلة لابلاس في بعد واحد  ٥-٢

אאK
אאא

ϕאאKאϕ،
،

אאאW 
 

   الكارتيزيةالإحداثيات في  ١-٥-٢
2 2 2

2
2 2 2

2

2

0

0

x y z

x

ϕ ϕ ϕϕ

ϕ

∂ ∂ ∂
∇ = + + =

∂ ∂ ∂

∂
∴ =

∂

 

ϕאxאא
אאאאW 

2

2 0 (2 11)d
dx
ϕ
= − 

א(2-11)،W 
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d A
dx
ϕ
=  

( ) (2 12)x Ax Bϕ = + −  

א(2-12)(2-11)א
A،BאאFboundary conditionsEK

אא(2-12)אא
אxאyzא

F٣-٢E،אאאאאF0ϕ =E
אx5cmאא100V

F100ϕ =E10 cmK 
 

z

x

y
0ϕ = 100ϕ =

5cm

1 2

 
אF٣-٢E 

 
א A،Bא(2-12)א

אאW 
( )
( )

0 5 .......... 2 13

100 10 ..... 2 14

A B

A B

= + −

= + −
 

א،אW 



אא 

 ٤٧

20 , 100V VA B
cm cm

= = −  

ABא(2-12)،
אאאW 

20 100 (2 15)xϕ = − −  

א(2-15)x 
ϕאאK 
 

)في الإحداثيات الكروية  ٢-٥-٢ )r,,θφ:  
FaEϕאr،W 

2
2 2

2 2 2 2

2
2

1 1 1sin 0
sin sin

1 0 ......(2 16)

r
r r r r r

r
r r r

ϕ ϕ ϕϕ θ
θ θ θ θ φ

ϕ

∂ ∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞∇ = + + =⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
∂ ∂⎛ ⎞∴ = −⎜ ⎟∂ ∂⎝ ⎠

 

אϕאrאאא
א(2-16)אאW 

( )2
2

1 0 ............. 2 17d dr
r dr dr

ϕ⎛ ⎞ = −⎜ ⎟
⎝ ⎠ 

W 
2 0d dr

dr dr
ϕ⎛ ⎞ =⎜ ⎟

⎝ ⎠
 

אא،אאW 
2 dr A

dr
ϕ
=  

2

Ad dr
r

ϕ∴ =  



א 

 ٤٨

( ) .....(2 18)Ar B
r

ϕ∴ = − + −  

A،B א(2-18)،
אאK 

 
   )٢-٢(مثال 

א10cmא20cm
אF٤-٢KEאאאא

FearthedEא100אV،אϕK 
100

0

 
אF٤-٢E 

 
אW 

אאאאא
rKא(2-18)KW 

0
10
A B= − +  

100
20
A B= − +  

אאW 



אא 

 ٤٩

2000 , 200= =A B 
 

A،Bא(2-18)ϕW 
2000  200 (2-19)

r
ϕ = − +  

א(2-19)אא،
Kאא0r =

אא؛אאא
אאאאאK

א،א
אאאא

אאאאא،
אאאאאאK

אאא(2-19)،
K 
 

FbEϕאθKW 

2

1 sin 0 ......(2 20)
sin

d d
r d d

ϕθ
θ θ θ

⎛ ⎞ = −⎜ ⎟
⎝ ⎠  

W 

sin 0d d
d d

ϕθ
θ θ
⎛ ⎞ =⎜ ⎟
⎝ ⎠

 

אא،אW 



א 

 ٥٠

sin

sin

d A
d

Ad d

ϕθ
θ

ϕ θ
θ

=

=

 

אאא،אאϕ
אאW 

( ) ln tan ......(2 21)
2

A Bθϕ θ ⎛ ⎞= + −⎜ ⎟
⎝ ⎠

 

א(2-21)אא
אאאF٥-٢Eאא

א
 

x
y

z

1θ2θ

( )1ϕ θ
( )2ϕ θ

 
אF٥-٢E 

 
אאA،BK1θ θ=Vϕ =

2θ θ=0ϕ =אW 
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 ٥١

1ln(tan )
2

A B Vθ
+ = 

2ln(tan ) 0
2

A Bθ
+ = 

אW 

1

2

tan
2ln

tan
2

VA
θ

θ

=
⎡ ⎤⎛ ⎞

⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥
⎛ ⎞⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎣ ⎦

 

2ln(tan )
2

B A θ
= − 

א(2-21)W 
1

2

1

2

tan( )
2ln

tan( )
2

tan( )
2ln

tan( )
2

θ

θ

ϕ
θ

θ

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦=
⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

V 

 
FcEϕאאאφKW 

2

2 2 2

2

2

1 0
sin

0

d
r d
d
d

ϕ
θ φ

ϕ
φ

⎛ ⎞
=⎜ ⎟

⎝ ⎠
⎛ ⎞

=⎜ ⎟
⎝ ⎠

 

 אאאW 
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( ) ...............(2 22)

d A
d

A B

ϕ
φ

ϕ φ φ

=

= + −
 

א(2-22)אאFWedge CapacitorEא
אF٦-٢KE 

x

y

z

φ

 
אF٦-٢E 

 
 

,(سطوانية الأفي الإحداثيات  ٣-٥-٢ ,r zφ:(   
 

FaEϕאrKW 
2 2

2
2 2 2

1 1 0r
r r r r z

ϕ ϕ ϕϕ
φ

∂ ∂ ∂ ∂⎛ ⎞∇ = + + =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ 

W  
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 ٥٣

1 0d dr
r dr dr

ϕ⎛ ⎞ =⎜ ⎟
⎝ ⎠  

W 
0d dr

dr dr
ϕ⎛ ⎞ =⎜ ⎟

⎝ ⎠
 

אאאW 
A

dr
dr =
ϕ  

אאW 
( ) ln (2 23)r A r Bϕ = + −  

א(2-23)K 
 

   )٣-٢(مثال 
א10cm12VKא

p20cm6V،
אאאK 

 
אW 

א(2-23)،W 

B  20ln A   6
 B  10ln A   12

+=
+=  

אא،W 
( )

( )
8.656

31.93

A V

B V

= −

=  
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A B א(2-23)W 
( ) 93.31ln656.8 +−= rrϕ  

 
FbEϕאφ،W 

02

2

=
φ
ϕ

d
d 

אאאW 
( ) (2 24)A Bϕ φ φ= + −  

אϕאאא
אאφK 

 
FcEφאz،W 

02

2

=
dz
d ϕ  

W 
( )z Az Bϕ = + ………(2-25) 

אאאϕאא
אאאK 

 
  حل معادلة لابلاس في بعدين ٦-٢

א
א،אאאKא

אאאא
אאאK 

 
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  )ثابت φ( في الاحداثيات الكروية ١-٦-٢
ϕאrθK

W 
2

2 2

1 1 sin 0 (2 26)
sin

r
r r r r

ϕ ϕθ
θ θ θ

∂ ∂ ∂ ∂⎛ ⎞ ⎛ ⎞+ = −⎜ ⎟ ⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠ ⎝ ⎠
 

א(2-26)ϕאrθ
אF٧-٢KE 

 

0

P

θ
r

φ

 
אF٧-٢E 

 
אא،

אאא،K
אאא( ),rϕ θא

אאrאאθKאϕא
א( ), ,rϕ θ φאא

אאrאθאφאK
א(2-26)W 

( ) ( ) ( ), (2 27)r Y r Pϕ θ θ= ⋅ − 
W 
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, (2 28)dP dYY P
d r dr

ϕ ϕ
θ θ
∂ ∂

= ⋅ = ⋅ −
∂ ∂

 

( ),rϕ θ،ϕ
θ
∂
∂

،
r
ϕ∂
∂

א(2-26)W 

2
2 2

1 1 sin 0
sin

θ
θ θ θ

∂ ∂⎛ ⎞ ⎛ ⎞+ =⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠
dY dPr P Y

r r dr r d
 

W 

2
2 2 sin 0

sin
θ

θ θ θ
∂ ∂⎛ ⎞ ⎛ ⎞+ =⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

P dY Y dPr
r r dr r d

 

אאאא
r
∂
∂



אr،אא
θ
∂
∂

אθ،
אאאא

؛אאW 

2
2 2 sin 0

sin
θ

θ θ θ
⎛ ⎞ ⎛ ⎞+ =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

P d dY Y d dPr
r dr dr r d d

 

rθF
אאאE،W 

21 1 sin (2 29)
sin

d dY d dPr
Y dr dr P d d

θ
θ θ θ

⎛ ⎞ ⎛ ⎞= − −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

אא(2-29)θ
אאrKאאא

אאrθא
Kאאאא،W 
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2

1 sin
sin

1

θ
θ θ θ

⎛ ⎞− =⎜ ⎟
⎝ ⎠

⎛ ⎞ =⎜ ⎟
⎝ ⎠

d dP K
P d d

d dYr K
Y dr dr

 

אאW 
1 sin 0 (2 30)

sin
d dP KP
d d

θ
θ θ θ

⎛ ⎞ + = −⎜ ⎟
⎝ ⎠  

2 0 (2 31)d dYr KY
dr dr

⎛ ⎞ − = −⎜ ⎟
⎝ ⎠

 

א(2-30)،
אθ0π

KKאאאאK
K 

( )1 (2 32)K n n= + −  

nKאאn( )θnP
( )θ1Pא2 , 1K n= =،( )2P θא

6 , 2K n= =אKאאK
FnאE

אKאאא
אאK 

אא( )θnPF( )θcosnPE
אθcosאK

אאאאאK 
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( )θnPkn  

( )

( )

0

1

2
2

3
3

P 1
P =cos  

1P = 3cos   1
2
1P 5cos 3cos   
2

θ

θ

θ θ

=

−

= +



0  
٢ 

٦ 

١٢ 



0  
١ 

٢ 

٣ 

אאאאא(2-30)
אK 

אא(2-30)א
(2-31)KאאrK

،א(2-32)Kא(2-31)
אאW 

( )2 1 (2 33)d dYr n n Y
dr dr

⎛ ⎞ = + −⎜ ⎟
⎝ ⎠

 

אאn
W 

( )1, (2 34)nn
n nY r Y r − += = − 

אאאא
(2-33)אא( ),rϕ θ

א،אאY
،W 

( )
( ) ( )1

, ( )
(2 35)

, ( )

n
n

n
n

r r P

r r P

ϕ θ θ

ϕ θ θ− +

⎫= ⎪ −⎬
= ⎪⎭

 
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אאאאא(2-35)א
אאאnK 

אאn
אאא(Zonal Harmonics)K 

אא،
אא

אאKאא
(2-35)אאW 

( ) 1
0 0

( ), ( ) (2 36)n n
n n n n

n n

Pr A r P B
r
θϕ θ θ

∞ ∞

+
= =

= + −∑ ∑ 

nA،nBאא،
אאK 

אאאא
אאאא

oEK 
 

   )ثابت z(سطوانية في نظام الإحداثيات الأ ٢-٦-٢
א

،אאאK
אאאא،

אאא
z،אKאאאא
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אאאא
אK 

אא
אzאF٨-٢KE 

x

y

z

r
θ

z

r

 
אF٨-٢E 

 
אאz،

אאאאאW 
2 2

2
2 2 2

1 1 0r
r r r r z

ϕ ϕ ϕϕ
φ

∂ ∂ ∂ ∂⎛ ⎞∇ = + + =⎜ ⎟∂ ∂ ∂ ∂⎝ ⎠
 

אאW 
2

2 2

1 1 0 (2 37)r
r r r r

ϕ ϕ
φ

∂ ∂ ∂⎛ ⎞ + = −⎜ ⎟∂ ∂ ∂⎝ ⎠
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אאא(2-37)،אא
W 

( ) ( ) ( ), . (2 38)r Y r Sϕ φ φ= −  

א(2-38)W 

2 2

2 2

dYS
r dr

dS d SY ، Y
d d

ϕ

ϕ ϕ
φ φ φ φ

∂
=

∂
∂ ∂

= =
∂ ∂

 

אאאא(2-37)אא
אאאאא

אKW 
2

2 2

2

2

0

1

S d dY Y d Sr
r dr dr r d
r d dY d Sr

Y dr dr S d

φ

φ

⎛ ⎞ + =⎜ ⎟
⎝ ⎠

⎛ ⎞ = −⎜ ⎟
⎝ ⎠

 

אאאא
אK،W 

2

2

1 d S K
S d

r d dYr K
Y dr dr

φ
− =

⎛ ⎞ =⎜ ⎟
⎝ ⎠

  

אאאאW 
2

2 0 (2 39)d S KS
dφ

+ = −  

0 (2 40)d dY Yr K
dr dr r

⎛ ⎞ − = −⎜ ⎟
⎝ ⎠
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א(2-39)אφא،
W 

( ) ( )cos ; sin (2 41)S K S Kφ φ= = − 
אא( )cosS K φ=אא(2-

40)> 
2

2 cos( ) cos( )

sin( .) cos( )

cos( ) cos( )
0

d K K K
d

d K K K K
d

K K K K

φ φ
φ

φ φ
φ

φ φ

⎡ ⎤ +⎣ ⎦

⎡ ⎤= − +⎣ ⎦

= − +
=

 

،cos( )K φא(2-40)Kא
אsin( )K φK،

אאφK
אFπ2E،W 

( )
( )

cos 2 cos

sin 2 sin

K K

K K

φ π φ

φ π φ

+ =

+ =
 

אא2K n=Kn
אK 

אאאא(2-41)א
אW 

( ) cos sin 1, 2,3..... (2 42)n nS A n B n ، nφ φ φ= + = −  

א(2-40)אr W 
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( )

( )
1,2,3,...............(2 43)1

n

n

Y r r
n

Y r
r

⎫=
⎪ = −⎬

= ⎪⎭

 

אא(2-40)אאW 

( ) 1,2,3,..... ....(2 44)= + = ∞ −
n

n
n n

DY r C r ، nr  

אא(2-39)،(2-40)א
( )θϕ ,rאFאאאאאE

(2-38)אאF(2-37)אEא
אW 

( ) ( )( ), cos sin .....(2 45)

1,2,3,....

ϕ φ φ φ −= + + −

= ∞

n n
n n n nr A B C r D r

n
 

nאא(2-45)K0n =
2 0K n= =א(2-40)W 

0

0⎛ ⎞ ⎛ ⎞− = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

′∴ =

d dY Y d dYr K rdr dr r dr dr
dYr Adr

 

 

ln .......(2 46)

′=

′∴ = + −

o

o o

drdY A r
Y A r A

 

oAoA′אK 
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אאאF0n =Eא
(2-37)n

אF0≥nEאאW 

( ) ( )( )
1

, ln cos sin .....(2 47)ϕ φ φ φ
∞

−

=

′= + + + + −∑ n n
o o n n n n

n
r A A r A n B n C r D r  

nA،nB،nCnDא1≥n
אאKאאאא(2-47)

א0n =K 
אא

K 
 

  في  كرة موصلة غير مشحونة ٧-٢
  مجال كهربائي منتظم

א
oEאF٨-٢Eא

אאאKאא
אאא

אאאאאא
אאאאzאאא

אאאאFאאE
אKאאא

אאφ 

z

z
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P

r θ

 
אF٨-٢E 

 
אaאאא

אאאoϕא
אאאאאאoϕ

K 
אאא(2-37)

אאW 
( ) ( ) ( )

( ) ( )

1
1 1 12

2 2
2 2 23

,

...........

ϕ θ θ θ

θ θ

= + + +

+ + +

o
o

B Br A A rP P
r r

BA r P P
r

 

W 
( ) ( ) ( )2

1 2
1cos , 3cos 1
2

P Pθ θ θ θ= = −  

( ) 1
1 2

2 22
2 3

, cos

1 3cos 1 ....... ....(2 48)
2

o
o

B Br A A r
r r

BA r
r

ϕ θ θ

θ

⎡ ⎤∴ = + + +⎢ ⎥⎣ ⎦
⎡ ⎤ ⎡ ⎤+ + − + −⎣ ⎦⎢ ⎥⎣ ⎦

 
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אאאאאא
(2-48)،אאK 

אאW 
.oE dr E z consϕ = − ⋅ = − +∫

r r  

zאθcosr،אא 
cos . (2 49)or

E r constϕ θ
→∞

= − + −  

א(2-49)אאא
א،א

אאאאא،
אאאKא(2-49)א

(2-48)W 
1 0

0 2,3,............i

A E
A ، i

= −
= = ∞  

0oB =אK 
r a=،אא

θKאאiBKW 
0 , 2,3,...iB i= = 

אא(2-48)W 
( ) 1

0 0 2, cos cos , ....(2 50)Br A E r r a
r

ϕ θ θ θ= − + ≥ − 

( ),ϕ θ ϕ
=

∴ =
r a or  

W 

o oA ϕ∴ = 
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1
2cos cos 0o

B
E a

a
θ θ− + =  

W 
3

1 oB E a= 
oA،1Bא(2-50)ϕ 

( )
3

0 03, 1 cos (2 51)ar E r
r

ϕ θ ϕ θ
⎛ ⎞

= + − −⎜ ⎟
⎝ ⎠

 

(2-51)אאאKW 
( )
( )

, ;

, cos ;
o

o o

r r a

r E r r a

ϕ θ ϕ

ϕ θ θ ϕ

= =

= − + >>
 

אאאא
אאאאאKא

אW 
3

3

3

3

3

3

1 cos

2 cos cos

cos 1 2 ......(2 52)

r o o

o o

o

aE E r
r r r

a E E
r

aE
r

ϕ ϕ θ

θ θ

θ

⎡ ⎤⎛ ⎞∂ ∂
= − = − + −⎢ ⎥⎜ ⎟∂ ∂ ⎝ ⎠⎣ ⎦

⎡ ⎤
= − − −⎢ ⎥

⎣ ⎦
⎛ ⎞

= + −⎜ ⎟
⎝ ⎠

 

cosθ→∞=r r oE E  

3 cosr r a oE E θ= =  

אאאFEθE
אאW 
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3

3

3

3

1 1 1 cos

1 1 sin

o o

o

aE E r
r r r

a E r
r r

θ
ϕ ϕ θ
θ θ

θ

⎡ ⎤⎛ ⎞∂ ∂
= − = − + −⎢ ⎥⎜ ⎟∂ ∂ ⎝ ⎠⎣ ⎦

⎡ ⎤⎛ ⎞
= − − −⎢ ⎥⎜ ⎟

⎝ ⎠⎣ ⎦
 

3

3(1 )sin ....(2 53)o
aE E
rθ θ∴ = − − − 

sinor
E Eθ θ

→∞
= −  

0
r a

Eθ =
=  

אאא،
אא

אW 
אאאאא

אFrEEW 
. σ

ε
σ σ
ε ε

=

= ⇒ =

∫ ∫
v v

�

� r
o

r r
o o

E da da

E A A E  

אאFσEאא
W 

o r r aEσ ε == 
rEr a=א(2-52)אא

W 
3 cos ......(2 54)σ ε θ= −o oE  
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אאאאאW 

( )

2

0

2
0

0

2

0

2 2

0

3 cos .2 sin

6 sin cos

6 sin sin

16 sin 0
2

o o

o

o o

o o

q da E a d

a E d

a E d

a E

π

π

π

π

σ ε θ π θ θ

πε θ θ θ

πε θ θ

πε θ

= =

=

=

⎡ ⎤= =⎢ ⎥⎣ ⎦

∫ ∫

∫

∫
 

אאKא
אא،אא

אאאאK
אאאא

אאK 
 

  موصل اسطواني طويل في مجال  ٨-٢
  منتظمكهربائي 

אא
אאא

oE،אF٩-٢EK 
אאאא

אאKאא
אאאא

؛אא
אאא
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אאאאא
K 

 

φ r

( ),p rϕ φa

x

y

z

oE
x

y

r

 
אF٩-٢E 

 
אאאאאאW

FאE 
( ), or a
rϕ φ ϕ

=
= = 

אE
vאxKoE E x

∧

=
vW 
( ), cos .or
r E r consϕ φ φ

→∞
= − +  

אFאא
אZEאlnoA r′  א(2-47)אK

אאאאK
W 

ln 0oA r′ = 
0r ≠W 

o A 0′ = 
 
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אא(2-47)אאאאW 

( ) ( )
1

, cos sin n n
o n n n n

n

Dr A A n B n c r rϕ φ φ φ
∞

=

⎛ ⎞= + + +⎜ ⎟
⎝ ⎠

∑ 

אא1n =W 

( ) ( )

( )

1
1 1 1

1 1 1 1
1 1 1 1

, cos sin ....(2 55)

, cos cos sin sin

ϕ φ φ φ

ϕ φ φ φ φ φ

⎛ ⎞= + + + −⎜ ⎟
⎝ ⎠

= + + + +

o

o

Dr A A B C r r
A D B Dr A AC r B C rr r

 

 
( ), cos . (2 56)ϕ φ φ

→∞
= − + −or

r E r const   

א(2-55)(2-56)W 
1 0=B 

 
1 1 cos cosφ φ= − oAC r E r  

W 

1 1 oAC E= − 
א( ),o rϕ ϕ φ=r a=W 

( ) 1 1
1 1

1 1
1 1

1 1
1 1

1 1
1 1 2

2
1 1

, cos cos

cos cos 0

o o

o

o

A Da A AC a a
A DAC a a

A DAC a a
A DAC Ea

A D E a

ϕ φ ϕ φ φ

φ φ

= = + +

∴ + =

∴ = −

∴ = − = −

∴ =
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אאFoA،1B،1 1AC1 1A DEא
(2-55)אW 

( )

( )

2

2

2

, cos cos

, cos 1 ......(2 57)

ϕ φ ϕ φ φ

ϕ φ ϕ φ

= − +

⎛ ⎞
= + − ≥ −⎜ ⎟

⎝ ⎠

o o o

o o

ar E r E r

ar E r ، r ar

 

(2-57)אאאK 
אא( ),rϕ φ

אאא،אאא
אאאא

אKאאW 
( )

2

2

2

2

,

1

1

r

o o

r o

rE r
aE r cosr r

aE E cosr

ϕ φ

ϕ φ

φ

∂
= −

∂
⎡ ⎤⎛ ⎞∂

= − + −⎢ ⎥⎜ ⎟∂ ⎝ ⎠⎣ ⎦
⎛ ⎞

∴ = + +⎜ ⎟
⎝ ⎠

 

אאW 
cos

2 cos
r or

r or a

E E
E E

φ

φ
→∞

=

=

=
 

אאFEφEא
אW 
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( )

2

2

2

2

,1

1 cos 1

1 sin

o o

o

rE r
aE rr r

aE Er

φ

φ

ϕ φ
φ

ϕ φ
φ

φ

∂
= −

∂

⎡ ⎤⎛ ⎞∂
= − + −⎢ ⎥⎜ ⎟∂ ⎝ ⎠⎣ ⎦

⎛ ⎞
∴ = − −⎜ ⎟

⎝ ⎠

 

W 

sinorE Eφ φ
→∞

= − 

0
r a

Eφ =
=

 

Fאφא
אE 

אאאσFφ
rEאאW 

[ ]2 cos
2 cos
2 cos

o r r a

o o

o o

o o

E
E

E
E

σ ε

ε φ
ε φ

σ ε φ

=
=

=

=
∴ =

 

אאאאא
אאFאאאZ

אאאאE،א
אW 
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( )( )

[ ]

2

0
2

0
2

0

2 cos

2 cos

2 sin

0

π

π

π

σ

ε φ φ

ε φ φ

ε φ

=

=

=

=

=

∫

∫

∫

o o

o o

o o

q da

E l ad

E a l d

E a l

 

FאאZE 
 

  الصور الكهروستاتيكية ٩-٢
(Electrostatic Images) 

אא
אא

Kאאא،
אא،

אאKאאא
،אא،

אFImageEא
אאK 

א( )rϕ
אאW 

( ) ( ) ( )
1

0

1 (2 58)
4 s

r da
r r

r r
σ

ϕ ϕ
πε

′ ′
= + ⋅ ⋅ ⋅ ⋅ ⋅ −

′−∫
v

v v
v v  

( )r ′v1ϕאאKאא
אאאאא
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אאKא
א( )r ′vσ،אא

אאKאאאא
א( )r ′vσא( )r ′v2ϕ

אKא
אאא

1א 2( )ϕ ϕ+אאא( )r ′v2ϕ
אFImage ChargesEKאא
אK 

 
حساب الشحنة التأثيرية من شحنة نقطية على موصـل   ١-٩-٢

  ضمؤر
אאאא

אאאאFE
qaאK 

א
a  אאF١٠-٢EK 

q+q−
a a

r r
p

p ′plate

 
אF١٠-٢E 
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אאאא
אאאPqq J

KאאאF١٠-٢E
אא

אFאEאאאK
אאאאא

אאqאאאKא
אאאאא،

אא
q+q−2aKא

אאq ′אq−a
אאאqKאFq′E

אFcharge imageEאא
אqK 

אאא
אσאאאאאqK

אאϕP′
אF١٠-٢Eאאאqq−

אאאאxאאאא
yz،W 
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......(2 59)
14

qp
x a y z

q

x a y z

x a y zqp

x a y z

ϕ
πε

πε

ϕ
πε

′ =
− + +

−
+ + +

⎡ ⎤
⎢ ⎥

− + +⎢ ⎥′ = −⎢ ⎥
⎢ ⎥−
⎢ ⎥+ + +⎣ ⎦

 

אאאא
אאW 

( )

( )

( ){ } ( )

( ){ } ( )

( )

( )

2 2 2

0

2 2 2

3/ 22 2 2

3/ 22 2 20

3/ 22 2 2

0
3/ 22 2 2

1

4
1

1 2
2
14 2
2

4

x

x

x

x x a y zqE
x

x x a y z

x a y z x aqE
x a y z x a

x a

x a y zqE
x a

x a y z

ϕ
πε

πε

πε

−

−

⎡ ⎤⎛ ⎞∂⎢ ⎥⎜ ⎟
⎢ ⎥⎜ ⎟∂ − + +∂ ⎝ ⎠⎢ ⎥= − = − ⎢ ⎥∂ ⎛ ⎞⎢ ⎥∂ ⎜ ⎟−⎢ ⎥⎜ ⎟∂ + + +⎢ ⎥⎝ ⎠⎣ ⎦

⎡ ⎤− − + + ⋅ −⎢ ⎥−
= ⎢ ⎥

⎢ ⎥+ + + + ⋅ +⎢ ⎥⎣ ⎦
−⎡

⎢ ⎡ ⎤− + +⎢ ⎣ ⎦∴ = ⎢
+⎢−⎢ ⎡ ⎤+ + +⎣ ⎦⎣

....(2 60)
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אאא( )0x =
אσKאא

( )0x =W 

2 2 2 3 20
0

1 2 .......(2 61)
4 ( )x x

qaE
a y zπε=

−
= −

+ +
 

z yE ،Eאאא
אא،אא

Kאאא
ϕא(2-59)yyE

zzE 
0y zE E= =  

אאא
אW 

........(2 62)x
o

E σ
ε

= −  

א(2-60)(2-62)W 

( )3/ 22 2 2
0

1 2
4o

qa

a y z

σ
ε πε

−
=

+ +
 

אאאא
W 

( )3/ 22 2 2
.....(2 63)
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aq

a y z
σ

π
= − −

+ +
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אσאאא
אW 

........(2 64)Q daσ= −∫  

אrdr
K 

drrda π2=  

σ،daא(2-64)W 

( )

( ) ( )

3/ 22 2 2

2 2 2

3/ 2 1/ 22 2 2 2
0

. 2

2

aq r drQ
a y z

r y z

r dr aqQ aq
a r a r

Q q

π

π

∞

−
=

+ +

= +

⎡ ⎤
⎢ ⎥∴ = − =
⎢ ⎥+ +⎣ ⎦

= −

∫

∫
 

אאאאאא
אאאKאK 

אאאאW
אאאאא

אא،א
אא،א
אאאאא،
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אאKא،
אא،אאאK 

 
ة مـن  ضحساب الشحنة التأثيرية على كرة موصلة مؤر ٢-٩-٢

  شحنة نقطية 
אF١١-٢EF

0=ϕEqd،
אאאא

אqK 
 

a

d qq ′

0ϕ =
b

0ϕ =

q
d

a

 
אאאא 

אF١١-٢E 
 

אאא
F0=ϕEאאFאF١٢-٢Eא

אEאאאאF
אE،q′אא
אqKאq′

אbK אאאFq′E
FbEKאאW 
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q

q ′
0ϕ =

b d

a 1r
2r

p

 
אF١٢-٢E 

 
אF0=ϕEאF٢-

١٢EW 

1 0 2

2

1

2 2
1

2 2
2

1 10
4 4

.....(2 65)

2 cos

2 cos

p
o

q q
r r

rq q
r

r a d ad

r a b ad

ϕ
πε πε

θ

θ

′
= = +

⎛ ⎞
′ = − −⎜ ⎟

⎝ ⎠

= + −

= + −

 

1r،2rא(2-65)W 
2 2

2 2

2 cos
......(2 66)

2 cos
a b ab

q q
a d ad

θ

θ

+ −
′ = − −

+ −
 

א(2-66)q′b
q′،b

אאאθ
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אθ
0π =θπ =אאW 

2 2

2 2

2 2

2 2

2
2

0 ..... (2 67 )

2
2

....(2 67 )

a b ab
q q

a d ad
a bq ، a
d a

a b ab
q q

a d ad
a bq b
d a

θ

θ π

+ −
′ = −

+ −

−
= − = −

−

+ −′ = −
+ −

+
= − = −

+

 

אא،W 
2

...(2 68)a b a b ab
d a d a d
− +

= ⇒ = −
− +

 

bא(2-68)א(2-67a) 
(2-67b)W 

....(2 69)aq q
d

′ = − −  

אq′
d
aq J

d
a2


א،אq′

אqאb
אאpϕא

אK 
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אq′
א،אאא

אK 
אאpϕ ′אP ′אאq،

d
aq J،W 

2 2
0

22 2
2

0

2 2

0
2 2 4 2

1
4 2 cos

1

4 . 2 cos

1
2 cos

....(2 70)
4

2 cos

p

p

q
r d rd

aq
d

a ar r
d d

r d rdq
a

d r a ra d

ϕ
πε θ

πε θ

θ
ϕ

πε
θ

′

′

=
+ −

−
⎛ ⎞ ⎛ ⎞

+ −⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

⎡ ⎤
⎢ ⎥+ −⎢ ⎥= −⎢ ⎥
−⎢ ⎥

+ −⎢ ⎥⎣ ⎦  

אאאאא
(2-70)אE ϕ= −∇

vאאW 

( )
( )

( )
( )

( )

122 2

1/22 2 4 2

3/22 2

2

3/22 2 4 2

2 cos

4 2 cos

2 2 cos1
2 2 cos

4 1 2 2 cos
2 2 cos

P
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o

o

r d rdqE
r r a d r a rad

r d

r d rdq
rd ada

r d a rad

θφ
πε θ

θ

θ

πε θ

θ

−

′
−

⎡ ⎤+ −∂ − ∂ ⎢ ⎥=− =
⎢ ⎥∂ ∂ − + −⎢ ⎥⎣ ⎦
−⎡ ⎤

− +⎢ ⎥
+ −⎢ ⎥−

= ⎢ ⎥
−⎢ ⎥

⎢ ⎥+ −⎢ ⎥⎣ ⎦
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אrEא( )r a= .א
אW 

( ) ( )

( )
( )

( )

2 2 3

3/2 3/22 2 2 2 4 3
0

2 2 3 3

3/2 3/22 2 2 2
0

cos cos
4 2 cos 2 cos

cos /cos
4 2 cos 2 cos

r r a

q a d a d adE
a d ad a d a ad

a d ad aq a d

a d ad d a ad

θ θ
πε θ θ

θθ
πε θ θ

=

⎡ ⎤− −⎢ ⎥= −
⎢ ⎥+ − + −⎣ ⎦
⎡ ⎤−−⎢ ⎥= −
⎢ ⎥+ − + −⎣ ⎦

 

( )

( )
( )

( )

2

3/ 22 2
0

2 2

3 22 2
0

2 2

3 22 2
0

cos cos

4 2 cos

4 2 cos

......(2 71)
4 2 cos

r r a

da d dq a
a d ad

q a d

a a d ad

q d aE
a a d ad

θ θ

πε θ

πε θ

πε θ=

⎡ ⎤
− − +⎢ ⎥

= ⎢ ⎥
+ −⎢ ⎥

⎢ ⎥⎣ ⎦

−
=

+ −

−
= −

+ −

 

،אאאW 
0 r r a
Eσ ε

=
=  

rEא(2-71)אא،W 
( )

( )

2 2

0 3/ 22 2
.....(2 72)

4 2 cos
r r a

q d a
E

a a d ad
σ ε

π θ=

−
= = −

+ −
 

אאאσא
אQ′אאאW 
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( )
( )

( )
( )

( )
( )

2 2 2

3/ 22 2
0

2 2

3/ 22 2
0

2 2

1/ 22 2

0

. 2 sin

4 2 cos

sin
2 2 cos

1

2 cos

Q dA

q d a a d

a a d ad

qa d a d

a d ad

qa d a
ad a d ad

qaQ
d

π

π

π

σ

π θ θ

π θ

θ θ

θ

θ

′ =

−
=

+ −

−
=

+ −

⎡ ⎤−
⎢ ⎥=
⎢ ⎥+ −⎣ ⎦

′∴ = −

∫

∫

∫  

אאאאאא
אאאq ′Fאא(2-69)KE 

אאF0oϕ ≠
אאאאEא

אאq ′′א
0ϕW 

0
0

1 ....(2 73)
4

q
a

ϕ
πε

′′
= −  

אאϕאp′
, ,q q q′′ ′،אאW 

0 1 2

1 .....(2 74)
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q q q
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ϕ
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⎡ ⎤′ ′′
= + + −⎢ ⎥

⎣ ⎦
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אאאאאW
אאאאsQK

אאFאא
EW 

....(2 75 )sQ q q a′ ′′= + −  

אאW 
WW 

0

0

....(2 75 )
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=

′ ′′= +

⎛ ⎞′′ ′=− =− − = −⎜ ⎟
⎝ ⎠

 

q ′′א(2-73)אאW 

0 0

1 1
4 4o

q q
a d

ϕ
πε πε

′ ′′
= =  

אאאFאp′
א(2-74)אqq ′′′ ,K 

WF00 =ϕאא
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WsQ 
s

s

Q q q

q Q q

′ ′′= +

′′ ′= −
 

 
  )٤-٢(مثال 
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ẑ

a

P
r θ

aϕ

 
אF١٤-٢E 

 
אאP

rאz
אK 

 
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אאW 

( ) ( )1
0

1
1 2

, cos

cos ........(1)

n n
n nn

n

o
o

Br A r Pr
B BA A rr r

ϕ θ θ

θ

∞

+
=

⎛ ⎞= +⎜ ⎟
⎝ ⎠

⎛ ⎞= + + +⎜ ⎟
⎝ ⎠

∑
 

אאא(1)W 
( )
( )

0

3

2

, 0 .....(2)

,

1
4

ˆ
1 cos , 0 ......(3)

4

r dipole

o

dipole
o

a
r

P r
r

P P z
P rr

ϕ θ

ϕ θ ϕ

πε

θϕ
πε

=

=

=

=

=

∴ = →

r r
�

v

 

אאאא(1)
(3)،אθcos2

1

r
B 

1
2 2

1 coscos
4 o

B P
r r

θθ
πε

= 

W 

1 ........(4)
4 o

PB
πε

=  

אאא( , ) 0aϕ θ =א(1)W 
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( ) 1
1 2

1 2

1 3

, 0 cos

0 cos
4

4

ϕ θ θ

θ
πε

πε

⎛ ⎞= = +⎜ ⎟
⎝ ⎠

⎛ ⎞
= +⎜ ⎟
⎝ ⎠

= −

o

o

Ba A a a
PA a a

PA a

 

1A1BW 

( )
3

2 3, 1 cos
4 o

P rr r aϕ θ θ
πε

⎡ ⎤
= −⎢ ⎥

⎣ ⎦
 

אr a=א0ϕ =θK
אK 

 
  )٨-٢(مثال 

K
אאאK 

אאa
،א

א،אW 

( )
3

2, cos cos ........(1)p o o o
ar E r E rϕ θ ϕ θ θ= − +  

W 
oϕFאאאEWאא

אאθאK 
θcos0rE JFאאאWEאאא

אאK 
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
3

2 cos .o
aE r θFאאאEWא

אאאאאא
א

אPK 
אאP

vr
W 
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1 cos ......(2)
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θ
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א(2)אאא(1)W 
3

2 2

3

1 coscos
4

4

θθ
πε

πε

=

=

o
o

o o

a PE r r
P E a

 

 
  )٩-٢( مثال

aאQ
אoEKאא

אאK 
אאϕאא

אW 

( ) 1
1 2, cos ... .......(1)o

p o
B Br A A rr rϕ θ θ⎛ ⎞= + + + +⎜ ⎟

⎝ ⎠
 

אאW 
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( )

( )

1, .......(2)
4

, cos ......(3)

p
o

p or

Qa a
r E r

ϕ θ
πε

ϕ θ θ
→∞

=

= −
 

1n =א(1)،א(2)،(3)(1)W 

( ) 1
1 2

1

31
1 1 12

3
1

0 , 1,2,3,...
1( , )

4
1, cos

4
0 ........(4)
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........(6)
4
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i i

r a
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o
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A
A E
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=

= = =
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⎛ ⎞= = + + +⎜ ⎟
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∴ =
= −
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+ = ⇒ =

∴ =

 

1 1, , ,o oB B A Aא(1)W 

( )
3

2

1, cos
4 o o

o

Q aa E r Er rϕ θ θ
πε

⎛ ⎞
= + − +⎜ ⎟

⎝ ⎠
 

( )
3

3

1, cos 1 ,
4 o

o

Q ar E r r ar rϕ θ θ
πε

⎛ ⎞
∴ = − − ≥⎜ ⎟

⎝ ⎠
 

אאK 
 
 
 
 
 



אא 

 ٩٧

  مسائل
  

  :السؤال الأول
אF١Eא

ab،
אאא،אאאאV0

אא0Vאא،
אאV (ρ,φ,z)אK 

 

b 

ρ
a 

0 V 

ε0 

V0 

b
ρ

a

0 V

Vo 

z 

אא

אאא

 
 

אF١EWאאVVo  א
K 

 
  :السؤال الثاني

אF٢E،א
אאא1θא2אθ)( 12 θ>θא

אאאVV0אאEאV
אFאאאKE 

 
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θ2

V0 V

0 V

هواء 

θ1

 
אF٢EWV0א

VV0K 
 

   :السؤال الثالث
אF٣E+q

،אאEא
אאx yK 

h > a

q

a
x

y



 

 
אF٣WEqHK 
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אאאאW 
אF٤E

אo90=ψFאאאאApex AngleE
אאא+qא

x = aאאאFzE،
אאEFאאא
KE 
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∞ 
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∞ ∞ 

(r, θ, φ) 
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q

Ψ=90o
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السطحين 
الموصلين 
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(a) (b) 

+

 
אF٤EWאאאאo90=ψq Ca

z (a)אא(b)אאאאK 
 
 
 
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 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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  الفصل الثالث
 

 
אא 
אא 

 
  مقدمه ١-٣

אאאאא
،א(Free 

charge)אא،K
אאאא

K 
אאאFאאEא

،אKאאא
Fא

E،אא
אאאאאK 

אFdielectricsEW 
١ J FPolarizedEK 
٢ J FNon PolarizedEK 
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אאא
אאאא

אאK(dipole moment)
אאאאא

אאאאאKא
אאא

Fא،HF،NaCl,CH3ClEא
אאא،א

א،אא
אאא

אאאאFelectretsE
אK 

אאאאא،
אאא

אFא–אEK
אאא،א

אאאאא
אא

אF١-٣KE 

 
אF١-٣E 
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  (Polarization)الاستقطاب  ٢-٣
אאאF١-٣E

אυ∆אאאא
W 

( )........ 3 1p r dq
υ∆

∆ = −∫
r v  

p∆rאυ∆א
P

vKP
v

אאp∆ rאυ∆W 
( )........... 3 2pP

υ
∆

= −
∆

rv 
אאK

אאאאאא
אp∆ r، אאאאא

אאK 
אFυ∆Eא

א،אאאאא
א

M
prW 

( )3 3m
جѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧزئي

p r dq= −∫
r v  

אאא
אυ∆KW 

(3 4)m
m

p p∆ = −∑r r 



א 
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א
m
∑אאאυ∆K

אFאEא(3-2)W 
1 ....(3 5)m

m
P p

υ
= −
∆ ∑

r r 

 
  المجال الكهربائي خارج وسط عازل مستقطب ٣ -٣

אF٢-٣EK
υ′∆א( )P r ′

r rr ′rK 
 

v ′∆

rr
r ′r

r r ′−
r r

0

A

 
אF٢-٣E 

 
אאאא

אAאאKא
אאאAא

אאאKאאW 
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אאאpr
W 

( ) ( )
3

1 (3 6)
4 o

p r r
r

r r
ϕ

πε
′⋅ −

= −
′−

r r r
r

r r 

אυ′∆אאא
אא( )p r ′∆

r v
א( )p rr vυ′∆אאא

( )p r ′∆
r v،א(3-6)אאW 

( ) ( ) ( )
3

1 (3 7)
4 o

p r r r
r

r r
ϕ

πε
′ ′∆ ⋅ −

∆ = −
′−

r r v v
v

v v  

p∆rאP
vא(3-7)

א(3-2)א(3-7)אאW 
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3

1
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P r r r
r

r r
ϕ υ
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′ ′⋅ −
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v v v v
v
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r dv
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′ ′⋅ −
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′−∫
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v v 

W 
( )3

1( ) 3 9r r
r r r r

′−′∇ = −
′− ′−

v vv
v v v v 

∇′
v∇

vא؛אא
אאFLEF∇

v JZ∇′
vEאW 
( ) ( ) ( ) ( )2 2 2 3 10r r x x y y z z′ ′ ′ ′− = − + − + − −v v 
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אאW( ) ( )
3

P r r r
r r

′ ′⋅ −

′−

v v v v

v vאאW 

( ) ( ) ( )3
1 3 11

P r r r
P

r rr r

′ ′⋅ −
′= ⋅∇ −

′−′−

v v v v rv
v vv v  

אW( )f F f F F f′ ′ ′∇ ⋅ = ∇ ⋅ + ⋅∇
rv v v v vא

אאfF ∇′⋅
vv،אאW

( ) FfFffF
vvvvvv

⋅∇′−⋅∇′=∇′⋅ 
אא(3-11)אאא

אאW 
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( ) ( )3

1 1( )

1( )

PP P
r r r r r r

P r r P P
r r r rr r

′ ′⋅∇ = ∇ ⋅ + −∇ ⋅
′ ′ ′− − −

′⋅ −
′ ′∴ = ∇ ⋅ − ∇ ⋅

′ ′− −′−

v
r r rv v
v v v v v v

v vv v r r v
v v v vv v

 

אא(3-8)א،W 

( ) ( ) ( )
0 0

1 1( ) 3 12
4 o V V

Pr dv P dv
r r r r

ϕ
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⎡ ⎤
′ ′ ′ ′= ∇ ⋅ + −∇ ⋅ −⎢ ⎥

′ ′− −⎢ ⎥⎣ ⎦
∫ ∫

v
v v vv

v v v v  

אאאא(3-12)
אא(Divergence Theorem)

אאאאW 

( ) ( )
0

1 ( ) 3 13
4

oo S

P n da Pr dv
r r r rν

ϕ
πε

∧⎡ ⎤′ ′⋅ −∇ ⋅⎢ ⎥′= + −
′ ′⎢ ⎥− −

⎣ ⎦
∫ ∫
v v v

v
v v v v  

א(3-13)אF
∧
⋅ nP

vEFP
vv

⋅∇′−E
אP

vא،א
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אאאKWP P nσ
∧

= ⋅
v

P Pρ = −∇ ⋅
v v،אאPσPρ

אאW 
( ) ( )

0

1 1 3 14
4 4

o
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o oS V

da dvr
r r r r
σ ρϕ

πε πε
′ ′

= + −
′ ′− −∫ ∫

v
v v v v�  

 
PρאאKאא

FP
vEW 
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∇ ⋅ =
−

=
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אאK
WאאאאאK 

אאFHE
אאW 
( )3 15p p pdq da dvσ ρ′ ′= + −  

pσא( )P n
∧

⋅
vpρא( )P−∇ ⋅

v v
אא(3-15)אW 

( )
0

3 16p
S V

q P n da div Pdv
∧

′= ⋅ + − −∫ ∫
v v v

�  

א(3-16)v′∆א
F٢-٣EאאA،

،Kאא
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א،אFאאא
אאאאKE 

אאא(3-14)
אא APq

אאW 
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o

dqr
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ϕ
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′−∫

v
v v  

אא(3-9)אא( )rE vvא،
א( )rvϕF(3-14)אEW 
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0

3 3
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 
  المجال الكهربائي داخل وسط عازل مستقطب ٤-٣

אאϕאאE
v

אאאKאא
אאK 
אאא(Macroscopic Electric Field)

Wאאאאא
אאא

אKאא
אאאKא

אאKאא
אאאK 
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אאאא
אאא(Conservative)

W 
0E∇× =

v v
 
אW 

0E dL⋅ =∫
v v

�  

אאאABCDאאF٣-٣E،
אABאFneedle – shapedE

אאאאCDאאא
אADBCK 

A B

CD

E
r

1s 2sos

 
אF٣-٣E 

 
Wאאא 

0dE L E Lν ⋅ − ⋅ =
v v v v

 

 

cos cosV v d dE L E Lθ θ=
v v v 
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E E
E E
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θ
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( )3 19dt VtE E= − 



א 
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dtEWאאאK 
tEνWאאאאK 

א(3-19)אא
אאאKאאE

vאאא
،ddt EE =אvvt EE =

אאאא
אאא،

אאKאא
אאאאאKא

אאKאא
אאא

Kאאא
אאאKW 
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1VאאK 
0 1V V−אאא1VK 
0 0,V SאאאאKK
2 1, ,cS S Sאאאא

אK 
אאP

vאE
vP

v
0=⋅=

∧

nPp

v
σאאcSKא
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אא12 ,SS
א1V( )rvϕאא

אאW 
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אא(3-20)א
אאא

( )rE vvאE ϕ= −∇
rvK 

אאא
אאאאאאא

אאאאאאK
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  قابلية التكهرب وثابت العزل ٦-٣
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אאאאK 
א K א⎟

⎠
⎞

⎜
⎝
⎛

m
Volt 

א 105→69 10× 
א 6610205 ×→ 

אא 80 J J J 
א 825 → J J J 
אאFE 1.00059 6103× 

 
  )٢-٣(مثال 

אאrאא
F١-٣EK 

 
אW 

D
vrאW 
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 
  عازل )سائل(شحنة نقطية في مائع  ٧-٣

א،
F٦-٣E،אאKאא

q+אאא
אאאq+אאא،

אא،E
v،P

vD
vא

אאKאאאא
אאאq+K 

S

 
אF٦-٣E 
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אSאF٦-٣E
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א(3-28)אאE
r

W 

( )

3

3

1
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1 3 31
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D D rE q
k K r

rE q
K r

ε ε π ε
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= = =

= −

r r rr
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 

א(3-31)אא

1
K

0E
K

א

אKא،אא
אאאK 

אP
vאא

אא(3-27)אאאW 
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אP
vאא1K =FאאE

אK 
אאאאqK 

אאאQ
W 

( )qQ = אא ( )Pq+ אא  …….(3-33) 

אא( )PqאW 

( )p
S v

q P n da P dv
∧

= ⋅ + −∇ ⋅∫ ∫
v v v

�  

0 , 0P r∇ ⋅ = ≠
v v

 
אאאאFmacroscopicE

אאK
b،אא

אK 
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 
 دودية على متجه المجال الكهربائيالشروط الح ٨-٣

אא
WאE

v،אאD
vא،

،K
אאאoεKא

אא
אK 

2, 1אF٧-٣EK
אאFEא

אσאK 

 
אF٧-٣E 

 

אאאא
S∆אKאאא

אאK 
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אאאאאW 
FאאE1

1
2

Sσ ρ= ∆ + × ×אא 

FאאE
2

1
2

ρ × ×H 

אא( )1 2
1
2

Sσ ρ ρ= ∆ + + × 

אאאאFEאא
אאW 

אאאאא = Sσ ∆  

אאאS،W 

1 1 2 2

fD n da Q

D n S D n S Sσ

∧

∧ ∧
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⋅ ∆ + ⋅ ∆ = ∆

∫
v

v v
�  


∧∧

−= 21 nnFאאF٣-٧EE 
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∧

− ⋅ ∆ + ⋅ ∆ = − ⋅ ∆ = ∆

− ⋅ =

− =

− = −

v v v v

v v
 

W 

1θאאא1אD
vאא1n

∧

K 

2θאאא2אD
vאא

∧

2nK 
nD1אאאאאK 
nD2אאאאאK 
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א(3-34)אאא
אD

vFאnn DD 21 ≠Eא
אאFאEאאKא

אאא،אD
v

FEאאKא(3-34)
K 
W 

ϕ∇−=
vv

E  

אאאE dl⋅
rv

אKאאאאABCDא
F٧-٣EAB CD l= = ∆0AD BC= =F

אE،W 
( )

( )
2 1

2 1

0

0

E l E l

E E l

⋅ ∆ + ⋅ −∆ =

− ⋅∆ =

r rv v

rv v  

W 
2 2 1 1cos cos 0E l E lθ θ∆ − ∆ =  

W 
1 2 (3 35)t tE E= −
v v

 
tE1

vWאאאK 
tE2

vWאאאK 
א(3-35)אאא

אאKא(3-35)K 
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א(3-34)(3-35)
،א
،אF١EKאא

אF1 0E =
r

Eאא
F1 0P =

r
EאאF01 =D

r
Eא

אאאW 
( )
( )

2

2

3 36

0 3 37
n

t

D

E

σ= −

= −
 

א(3-36)(3-37)אאאאא
אאאאK 

אאϕ∆
W 

LE
vv

∆⋅−=∆ϕ  

L
v

∆אאאK
E

v
אא,W 

0L∆ =
v

      ∆ 0ϕ =  

אאאאKא
אK 

אאאD
v

Kאא
אDΦאאא

FEאאW 
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אאאD
v
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lim ... 4 2
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v
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אאB
v

،א
אmF

v
אqυr،

אאאאאKאאW 
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אEF
vאqאrv

אא1אqאF٤-
١EW 

( )1
2

0

1 .... 4 3
4E

qq rF
r rπε

= −
vv

 

 

q

1q

rr

0 
אF١-٤E 

 
אאאאFאE

אאאqq ,1،א
1א,υ υr rא،

אאKא1qאq
mF

v
Fאאא

אאאאE
W 

( )1
12 .... 4 4

4
µ υ υ
π

⎛ ⎞= × × −⎜ ⎟
⎝ ⎠

vv r ro
m

qq rF r r  
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oµאאאFPermeabilityEאא

4
oµ
π

7 2 210 . /N s C−אאאא
1

4 oπε
אKאאאB

v

WאאאאW 
( ).... 4 5mF q Bυ= × −

v vr
 

א(4-5)אqυr
אאאאB

vK 
א(4-4)(4-5)א،

אB
vW 

( )1
12 .... 4 6

4
o q rB

r r
µ υ
π

= × −
vv r

 

אאB
v(4-5)W 

1N s Tesla
C m

⋅
=

⋅
FE  

אאq،א
אυr،אFEF

vEא
( )mF
v،אאF

vא
FElectromagnetic forceEW 

( ) ( ).... 4 7E mF F F q E Bυ= + = + × −
v v v v vr

 

אא( )F
vאא(4-7)،

FLorentz forceEKאאא
אEm FF

vv
,W 
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WאEF
vאqאאאאא

א1 ,q q،אmF
vאא

אvvB
v،mF

vvvB
v

אאK 
WmF

v
vvא،א

א،אmF
v

א
אKאאאאא

אאא،
אאKא

אEF
vאאאK 

WאאאאאW 

Em FF
vv

<<  

אאWאאא
א(4-4)oεאא

(4-3)،אo oµ ε
אKW 

( )2

1 ... 4 8o o c
µ ε = −  

cאK 
א(4-4)אאW 

( )1 1
2

1 ..... 4 9
4m

o

qq v v rF
r c c rπε

⎛ ⎞= × × −⎜ ⎟
⎝ ⎠

vv vv
 

,o oε µא(4-8)א،W 
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8
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1 1 2.9979 10
4 10 8.854 10o o

mc
sµ ε π − −

= = = ×
× × ×

 

אאאאא
אאא
K 

אmF
v،EF

v1 ,q q  
(4-9)אא(4-3)W 
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אאW 
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∈
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אmF
vEF

v
אאmF

vא
EF

vK 
אאEB

vv
,א

1אqאאW 
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 

  القوى المؤثرة في موصلات حاملة للتيار ٣-٤
אאאld

v
IאB

v
אF٢-٤Eאאld

vאlId
v

אאאא
ld
vאvvKאאF٢-٤KE 

A
dl
rq

B

vr

 
אF٢-٤E 
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אNאאA
אqא،אFd

vא
אdl
r

،א(4-5)W 
dF NA dl q v B= ×

rv vv
 

אdl
r

vv،אא
אאW 

dF Nq A v dl B= ×
rv vv

 

אאvANq vאאI
אאKאא

אאW 
( ).... 4 11dF Idl B= × −

rv v
 

אאאFFd
vEא dl

r
אI

B
r

K 
אF

v
אאא

אאKאאא،
אאW 
( )... 4 12F Idl B= × −∫

rv v
�  

אאאB
vאא

אאאIאKW 
( ).... 4 13

c

F I dl B= × −∫
rv v

�  



אאאא 

 ١٤٥

אB
vאא،א

(4-12)W 

c

F I dl B
⎛ ⎞

= ×⎜ ⎟
⎝ ⎠
∫

rv v
�  

אא
c

dl∫
r

�א،אאא

אאא،א
אW 

0
c

F I dl B
⎛ ⎞

= × =⎜ ⎟
⎝ ⎠
∫

rv v
� 

אאאאאא
אW 

אאאאW 
r Fτ = ×

vr v
 
אאאFdl

r
EאFd

v
W 

d r dFτ = ×
vr v

 
Fd

vא(4-11)אאW 
( )d I r dl Bτ = × ×
r vr v

 

אא،W 
( ) ( )... 4 14

c

I r dl Bτ = × × −∫
r vr v

�  
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،،אאB
v

،אB
v،אא( )r dl B× ×

r vv
אאW 

( )
ˆ ˆ ˆ

x y z

i j k
r dl B r dx dy dz

B B B
× × = ×

r vv v 

( ) ( ) ( )ˆ ˆ ˆ
z y x z y xr i B dy B dz j B dz B dx k B dx B dy

⎡ ⎤
= × − + − + −⎢ ⎥

⎣ ⎦

v 

( )
ˆ ˆ ˆ

z y x z y x

i j k
r dl B x y z

B dy B dz B dz B dx B dx B dy
× × =

− − −

r vv 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

.... 4 15

.... 4 15

.... 4 15

y x x z
x

z y y x
y

x z z y
z

r dl B y B dx B dy z B dz B dx a

r dl B z B dy B dz x B dx B dy b

r dl B x B dz B dx y B dy B dz c

⎡ ⎤× × = − − − −⎣ ⎦

⎡ ⎤× × = − − − −⎣ ⎦

⎡ ⎤× × = − − − −⎣ ⎦

r vv

r vv

r vv

 

Bא
v،rvא

אxyz BBB ,,אאא(4-14)K
אאא, , , ....ydx ydy zdz∫ ∫ ∫� � �

אW 
( )
( )

... 4 16

... 4 16

d a

d b

ξ ξ

ξ η

−

−

∫
∫
�

�
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ξאא( ), ,x y zאη
אאאאKאאאא

Fא(4-16a)EאW 
2 1 2 2

1 2 1 1

0d d d d d
ξ ξ ξ ξ

ξ ξ ξ ξ

ξ ξ ξ ξ ξ ξ ξ ξ ξ ξ= + = − =∫ ∫ ∫ ∫ ∫�  

אאאא∫ ηξd
ξη,אאא

אאאξηW 

( ) ( )1 2

b a

a b

d d dξ η ξ η η ξ η η= +∫ ∫ ∫�  

אאאאא
אK 

אξη,אא
אאאאאאאאא

אאאאW 
d Aζξ ξ =∫�  

אא, ,η ξ ζא( ), ,x y zK
אאאאאW 

( )x
c x

I r dl Bτ ⎡ ⎤= × ×⎣ ⎦∫
r vv

�  

W 
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( ) ( )

( ) ( )
( )

0 0

x y x x z

y x x z

y z z y

y z z y

I y B dx B dy z B dz B dx

I B ydz B ydy B zdz B zdx

I B A B A

I A B A B

τ = − − −

⎡ ⎤= − − +⎣ ⎦
⎡ ⎤= − − − + +⎣ ⎦

= −

∫
∫ ∫ ∫ ∫

�

� � � �
 

W 
( )... 4 17x y z z yI A B A B aτ ⎡ ⎤= − −⎣ ⎦ 

W 
[ ] ( )

( )
... 4 17

... 4 17
y z x x z

z x y y x

I A B A B b

I A B A B b

τ

τ

= − −

⎡ ⎤= − −⎣ ⎦
 

אאאFxyz τττ ,,Eא
אאאW 

( ) ( )... 4 18x y z

x y z

i j k
I A B I A A A

B B B
τ

∧ ∧ ∧

= × = −
v vv

 

A
vאאא

cFאא٣-٤EאxyyzzxK
אAI

vאFmagnetic momentEאא،
mvW 

( )... 4 19m IA= −
vv

 

א(4-19)אmvאA
v،אA

v
אאKאא
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Aאאא
vmv

אF٣-٤KE 

I

,m A
rr

 
אF٣-٤E 

 

אאW 
1
2 c

r dl A× =∫
r vv

�  

אאW 

( ) ( ) ( )

( )

2 2

1 ... 4 20
2

c

c c c c c c

x x y y z z

x y z
c

c

i j k
r dl x y z

dx dy dz

i ydz zdy j zdx xdz k xdy ydx

i A A j A A k A A

r dl i A j A k A A

r dl A

∧ ∧ ∧

∧ ∧ ∧

∧ ∧ ∧

∧ ∧ ∧

× =

⎡ ⎤ ⎡ ⎤ ⎡ ⎤
= − + − + −⎢ ⎥ ⎢ ⎥ ⎢ ⎥

⎣ ⎦ ⎣ ⎦ ⎣ ⎦

⎡ ⎤= − − + − − + − −⎡ ⎤ ⎡ ⎤⎣ ⎦ ⎣ ⎦⎣ ⎦
⎛ ⎞× = + + =⎜ ⎟
⎝ ⎠

× = −

∫ ∫

∫ ∫ ∫ ∫ ∫ ∫

∫

∫

rv

r vv

r vv

� �

� � � � � �

�

�
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א(4-19)(4-20)W 

( )1 ... 4 21
2 c

m I r dl= × −∫
rv v

�  

אאFIE
אאIdl
r

FאEW 
Idl ne Adlυ=
r rr

 

אvvאdl
r

אאא
אW 

( ).... 4 22

Idl ne A dl ne dv

Idl ne dv Jdv

υ υ

υ

= =

= = −

r rr r r

r vr  

υ
rאdvאFAdlE 

Idl
r

א(4-22)א(4-21)
W 

( )

( )

1 ... 4 23
2

1 ... 4 24
2

c

m r Jdv

أو

dm r Jdv

= × −

= × −

∫
vv v

vv v

�

 

אאאאא
אאK 

AI
vא(4-19)א(4-18)

τvאאW 
( )... 4 25m Bτ = × −

vvv
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א(4-25)אאτvP
v

EP
vvv ×=τK 

 
  سافارت –قانون بيوت  ٤-٤

1820אאאא
אF٤-٤Eאא

אא
،אא،א

אאK 

ε
I

 
אF٤-٤E 

 
אאא،

אא،
אאאW 

( )2 1 2 10
2 1 2 3

1 2 2 1

(4 26)
4

dl dl r r
F I I

r r
µ
π

⎡ ⎤× × −⎣ ⎦= −
−∫ ∫

r r v v
v

v v��  

א(4-26)F٥-٤E،W 
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2F
vWאאאאF1EאאF2EK 

,r dl
rv،אF٥-٤E 

 
אF٥-٤E 

 

א2F
vאא

אFא–EW 
12 FF
vv

−=  

1F
vאאאאF2EאאF1EK

F(4-12)אEW 

c

F I dl B= ×∫
rv v

�  

אאאאאF٦-٤EW 
( )2 2 2 2

2

F I dl B r= ×∫
rv v v

�  

אאאא(4-26)W 

( ) ( ) ( )2 2 10
2 1 3

1 2 1

.... 4 27
4

dl r r
B r I

r r
µ
π

× −
= −

−∫
r v vv v
v v�  

א(4-27)–Kא
–אא(4-27)،W 
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( ) ( ) ( )1 1 2 10
2 3

2 1

.... 4 28
4

I dl r r
dB r

r r
µ
π

× −
= −

−

r v vv v
v v  

א(4-28)אאB
v

2r
vא،F2 1r r−v vאEא

1 1I dl
r

1r
vא

אF٥-٤EK 
אאאW 

( )1 1 1 1J r dv I dl=
rr v

 

א1 1I dl
r

אאא(4-28)(4-27)
W 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1

1 2 10
2 13

2 1

1 2 10
2 2 13

2 1

... 4 29
4

... 4 30
4

V

J r r r
B r dv

r r

J r r r
dB r dv

r r

µ
π

µ
π

× −
= −

−

× −
= −

−

∫
v v v vv v

v v

v v v vv v
v v

 

אאאB
vא،

W 
( )0 ... 4 31B∇ ⋅ = −

v v
 

،
אΦאKW 

ˆ 0
s

B n da⋅ =∫
v

�  

א(4-31)אאW 
אW 
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( ) ( ) ( )F G F G G F∇ ⋅ × = ∇× ⋅ − ∇× ⋅
v v vv v v v v v

 

א(4-29)W 

( ) ( ) ( )

( ) ( ) ( )
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bאאאK 
 

   : الثاني سؤالال
אאr

אIr R<
r R>RאKא
אK 

 

   : الثالث سؤالال
אaאI 

אאאאאK 
 

   : الرابع سؤالال
אאאא،

אא،W 
2

1

ˆln( )
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µ
π

=
r 

2 1,r rאאאאא
אn̂אאאK 

 
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١٨٥ 

  الفصل الخامس
 

 
אא 

 
  مقدمة ١-٥

،אא
אאאKא

א،אאאאא
 JKאאאWא

אאFאאEאא؟
WKאאאאKאא

Kא
אאא،א(atomic currents)K

אאאKאא
א،אאאא
אאאא

אאאKא
K 

 
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  (Magnetization)التمغنط  ٢-٥
אאא

א،אאK
אmr

אאאאK 
אאi m  iא

אאאאאא P
r،

אM
rKאא

אאv∆א،
א v∆אא،א  M  ،

א(Magnetization)KW 
ii

 v  0 

  m  
  M   lim        (5-1)
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אv∆א(5-1)،אא
(Macroscopically)אKאא
(Microscopically)v∆

אאK 
אMא

،אא
FאE،W 

]אאאZא [     0  m     ;    0   M  
i

i == ∑ 

،،אא
אF١- ٥EKאאM 

uuurאא
אB 

uuurKאאM 
uuur B 

uuurK 
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 
 

0M =
r

0B =
r

0M ≠
r

0B ≠
r

im im

 
אF١-٥E 

 
א z) y, (x, M  ،אא

אאאא B 
uuur،

אאא،אא
אKא

אmJ
ur(Magnetization Current Density)א M 

uuurK
Kא

א،،אF٢- ٥KE 

0M ≠
r

0B ≠
r

im

 
אF٢-٥E 
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א،אא
،אאאאאא

אKאאא
אאאKאאא

אאF٥-٣Eאאאא،
אאאאא

אא،אא
א(Magnetization Current)אא،

אאאKאא
א J  mאMK 

 
אF٣- ٥E 

 
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א12
אF٤-٥E

 z y x ∆∆∆K 

 
F٤-٥E 
 

אאאאא z) y, (x,  M  ،
אאאאW 

  M (x, y, z)   M  (x, y, z)    y  (5-2)
 y 

∂
+ ∆ +

∂

uuur
uuur 

אאאm∆א v ∆
א MW 

   m    M   v   (5-3)∆ = ∆
uuur uuur 
אאאxא1،

 z y   x  M x ∆∆∆אא I' c،
אאW 

x c M   x  y  z  I'   y  z   (5-4)∆ ∆ ∆ = ∆ ∆ 
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אא m   I A ∆ = ∆
uuur uurאאK 

אא،x
2،Wא 

c  x  y  z  I"   y  z (5-5)∆ ∆ ∆ = ∆ ∆א

 y   
y 

M   M x
x +∆

∂
∂

+ 

אאאאא(5-5)،W 
x

x c
 M M     y   x  y  z  I"   y  z    (5-6)
 y

⎡ ⎤∂
+ ∆ ∆ ∆ ∆ = ∆ ∆⎢ ⎥∂⎣ ⎦

 

א(5-4)(5-6)،W 
x

c c
 M I'  - I"   -   y  x   (5-7)
 y

∂
= ∆ ∆

∂
 

،W 
c c x

z
I'  - I"   M J     -   (5-8)

 x  y  y
∂

= =
∆ ∆ ∂

 

אאאאzא12
אyK 

אF٤-٥E
א J zאאxKא

אאxא،
אy،אאא،

W   
y

c c

 M
 I"  - I'      x  y  (5-9)

 y
∂

= + ∆ ∆
∂

 

،W 
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yc c
z

 MI"  - I'   J        (5-10)
 x  y  x

∂
= = +

∆ ∆ ∂
 

אz،
z، 

y x
z

 M  M J    -  (5-11a)
 x  y

∂ ∂
=

∂ ∂
 

א،W 
yz

x

 M M J    -  (5-11b)
 y  z

∂∂
=

∂ ∂
 

x z
y

 M  M J    -   (5-11c)
z  x

∂ ∂
=

∂ ∂
 

אאאאJ  xyz،
אM×∇KW 

x y z

y yz x z x

ˆ ˆ ˆx y z
        M      

 x  y  z
M M M

 M  M M  M  M  Mˆ ˆ ˆ     x  -   y  -   z  -  
 y  z  z  x  x  y

∂ ∂ ∂
∇ × =

∂ ∂ ∂

∂ ∂⎡ ⎤ ⎡ ⎤∂ ∂ ∂ ∂⎡ ⎤= + +⎢ ⎥ ⎢ ⎥⎢ ⎥∂ ∂ ∂ ∂ ∂ ∂⎣ ⎦⎣ ⎦ ⎣ ⎦

uuur uuur

 

M   ×∇אא،W 

M  J         M  (5-12)= ∇ ×
uuur uuur uuur 

אאא(Curl) M  
א J MK 

 
 
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   )١-٥( مثال
R،

א،אאאM  W 
( )2 ˆ  M     a x   b  i= +

uuur 
א J MK 

 
אW 

M

2

ˆ ˆ ˆi j k
     J        M       0

 x  y  z
a x   b 0 0

∂ ∂ ∂
= ∇ × = =

∂ ∂ ∂
+

ur uuur uuur
 

 
  المجال المغناطيسي الناتج  ٣-٥

  عن المادة الممغنطة
אF٢-٥E

  v'∆m ∆
uuur،W 

   m    M  (x', y', z')  v'     (5-13)∆ = ∆
uuur uuur 

אאB  ،
אאאA א،(Curl)א

אW 
 אאא( )  r   A   2

 m 
uuur،W    

( ) ( )2
2 3

2

   m    r     A    r        5-14
4 r
µ
π

×
= o

uuur ur
uuur ur 
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 
אF٥- ٥E 

 
א(5-14)אF٥-٥Eא،  m  

א(5-13)،A pאא(x, y, z)،
W 

( )
3

  M  (x', y', z')    r  -  r'   
  A (x, y, z)     d v'      (5-15)

4    r  -  r'   

µ
π

×
= ∫o

uuur uur uur
uuur

uur uur 

W 

] ' ∇אr'[ 
   r'  - r   

  r'  - r    
   r'  - r   

1  '  3=∇ 

W 

3
1  A (x, y, z)     M  (x', y', z')   '   d v'     (5-16)

4    r  -  r'   

µ
π

= × ∇∫o
uuur uuur uuur

uur uur 



א 

 ١٩٤

אאאW 
( )   F         F          F        ×∇+×∇=×∇ φφφ  

אאאW 
 F            F  φ φ× ∇ = ∇ ×
uur uuur uurr

- ( )   F       φ×∇  

א(5-16)אא،W 

o

o

o

v

o

v

1  A (x, y, z)    '     M (x', y', z') d v' 
4    r  -  r'   

 M  (x', y', z')                    -       d v' (5-17)
4    r  -  r'   

µ
π

µ
π

= ∇ ×

′∇ ×

∫

∫

uuur uuuur uuur
uur uur

uuuuuuuuurr

uur uur

 

אאאW 
[ ]

v s

ˆ      F  d v   n   F  d a ∇ × = ×∫ ∫
uuur uur uur

�אאא

א(5-17)א،
אW 

o o

o

v s s

ˆ M  d v'  M  M  nˆ -     -  n   d a'   d a' 
4   r  -  r'     r  -  r'     r  -  r'   

o

µ
π

′∇ × ×
= × =∫ ∫ ∫

uuuuuuuur uuur uuurr

uur uur uur uur uur uur� �  

א،אא(5-17)،W 

( )
o

o

v s

ˆ '  M (x', y', z')  M   n  A (x, y, z)     d v'    d a'  5-18
4   r  -  r'     r  -  r'   

o

µ
π

⎡ ⎤∇ × ×⎢ ⎥= +
⎢ ⎥
⎣ ⎦
∫ ∫
uur uuur uuur

uuur
uur uur uur uur� 

אאMj  
rאא،א

W 
M ˆ j    M   n   (5-19)= ×
r uuur 

אMj  
rאאאא

א،א
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אאKn̂M ×א(5-18)א
(5-19)،M' ×∇א(5-12)W 

( ) ( )
( )

o o

M Mo o

v  s

 J    r    j    r        A (x, y, z)     d v'    d a'   5-20
4  4    r  -  r'     r  -  r'   
µ µ
π π

= +∫ ∫
ur uur r uur

uuur
uur uur uur uur� 

אאK
אאA  אאאאא

אאאאאא
FאE،אא

אK j  Mא(5-20)
 J  MK( )  j  M

א( ) J  MKא
אאאBאאא A   ،

אאA B ×∇=KאF١٨ J٥E،
M    ×∇،

 A   ×∇אBאK
אאא
א،א

W 
W 

( ) ( )  r    A         r     B  ×∇= 
W 

( ) 3
 r  -  r'    A    r       M    d v'  

4    r  -  r'   

µ
π

= ×∫o

uur uur
uuur uur uuur

uur uur 
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( ) 3
 r  -  r'       B    r             d v'  (5-21)

4    r  -  r'   
Mµ

π

⎡ ⎤
⎢ ⎥∴ = ∇× ×⎢ ⎥
⎢ ⎥⎣ ⎦

∫o

uur uur
uuur uur uuuurr

uur uur 

אאאW  
( ) ( ) ( ) ( ) ( )  G     . F - F    .G    G    F .   -  F  G  .    G     F      ∇∇+∇∇=××∇ 

W 

( )3 3 3

 r  -  r'    r  -  r'    r  -  r'         M     .   M  -    . M 
   r  -  r'      r  -  r'      r  -  r'   

    

⎡ ⎤ ⎛ ⎞
⎜ ⎟⎢ ⎥∇ × × = ∇ ∇⎜ ⎟⎢ ⎥ ⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠

+

uur uur uur uur uur uur
uuur uuur uuur uuur uuur uuur

uur uur uur uur uur uur

( )3 3
r  -  r'   r  -  r'   .     M  -  M  .  

  r  -  r'      r  -  r'   

⎛ ⎞
⎜ ⎟∇ ∇⎜ ⎟⎜ ⎟
⎝ ⎠

uur uur uur uur
uuur uuur uuur uuur

uur uur uur uur

 

W 
  0M. =∇  

 

 0   M     .
   r'  - r    

  r'  - r   3 =
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∇ 

W 

( )3 3 3
 r  -  r'    r  -  r'    r  -  r'         M     .   M  -    .   

   r  -  r'      r  -  r'      r  -  r'   
M

⎡ ⎤ ⎛ ⎞
⎜ ⎟⎢ ⎥∇ × × = ∇ ∇⎜ ⎟⎢ ⎥ ⎜ ⎟⎢ ⎥⎣ ⎦ ⎝ ⎠

uur uur uur uur uur uur
uuur uuur uuur uuur uuuur uuur

uur uur uur uur uur uur  

אאאא(5-21)W 

( ) ( )  v'd 
   r'  - r    

  r'  - r     . M  
 4

-  v'd M 
   r'  - r    

 r'  - r  .  
 4

  r   B 
oo v

3
v

3 ∫∫
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∇

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∇=

π
µ

π
µ oo 
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( ) ( )   r   B    r  B    III += 
W 

( )
o

I 3
v

 r  -  r'  B  r     .  M d v' (5-22)
4    r  -  r'   

µ
π

⎛ ⎞
⎜ ⎟= ∇⎜ ⎟⎜ ⎟
⎝ ⎠
∫o

uur uur
uur uur uuur uuur

uur uur 

( ) ( )
o

II 3
v

 r  -  r'   B  r     M .    d v' (5-23)
4    r  -  r'   

µ
π

⎛ ⎞
− ⎜ ⎟= ∇⎜ ⎟⎜ ⎟

⎝ ⎠
∫o

uur uur
uur uur uuur uuur

uur uur 

אאאא(5-22) 
W 

( )   r'  - r     4  
   r'  - r    

 r'  - r  .   3 δπ=∇ 

( ) ( ) ( )   v'd  r'   M   r'  - r     4
 4

  r  B     
ov

I ∫=∴ δπ
π
µo  

( ) ( ) ( )  1    r'   M    v'd   r'  - r      r'   M    oo ×== ∫ µδµ  

W 
( ) ( )I o  B  r    M   r   (5-24)µ=

uur uur uuur uur 
אאF(5-23)אEאא

אW 
( ) ( ) ( )

( ) ( )
  .  F . G    F .    G    F     G  

 G .   F   G      F  

∇ = ∇ + × ∇ ×

+ ∇ + × ∇ ×

uuur uur uuur uur uuur uuur uur uuur uuur

uuur uuur uur uuur uuur uur 

W 

( )  
   r'  - r    

   r'  - r      M  
   r'  - r    

 r'  - r     . M   
   r'  - r    

   r'  - r  . M     333
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
×∇×+∇=

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
∇ 
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( )  M      
  r'  - r    

 r'  - r    M    .
   r'  - r    

 r'  - r    33 ×∇×+
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∇+ 

W 

 0  
  r'  - r    

 r'  - r      3 =×∇ 

   0   M    .
   r'  - r    

 r'  - r   3 =
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
∇ 

( )   0   M      
  r'  - r    

 r'  - r   3 =×∇× 

( )  
   r'  - r    

 r'  - r   .   .  M 
   r'  - r    

 r'  - r  . M       33 ∇=
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
∇∴ 

אאאאא(5-23)،
W 

( )  v'd 
   r'  - r    

  r'  - r   . M      
 4

 -  r  B 
ov

3II ∫
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
∇=

π
µo 

   v'd  
   r'  - r    

  r'  - r   . M   
 4
1     -  

ov
3o

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
∇= ∫π

µ 

( ) ( )   r          -  r  B     
*

oII φµ ∇=∴ 
W 
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( ) ( )
o

*

3
v

1  r  -  r'       r       M   r'   .  d v'      (5-25)
4    r  -  r'   

φ
π

= ∫
uur uur

uur uuur uur
uur uur 

א(5-25)אא
אאK 

אאאא( ) r  B א
אאW  

( ) ( ) ( )
*

o o   B  r     M    r   -         r    (5-26)µ µ φ= ∇
uur uur uuur uur uuur uur 

 א(5-26)אאא
WאאאK

אאאאFאאEא،
א،אW 

( ) ( )
*

o   B  r   -         r    (5-27)µ φ= ∇
uur uur uuur uur 

   
*
φא(5-27)אאW 

( ) o 3

 m  .  r   B    r    -        (5-28)
 4  r  

µ
π

⎡ ⎤
= ∇ ⎢ ⎥

⎣ ⎦

uuur uur
uuur uur uuur 

 
  الجهد المغناطيسي العددي وكثافة  ٤-٥

  القطب المغناطيسي
 אF٥-٣Eאאא،

W 

( ) ( )        v'd 
   r'  - r    

  r'  - r   .   r'   M   
 4
1   r      

ov
3

*

∫=
π

φ 
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אאא
אאW 

( ) ∫ ∫+=
o ov

p

so

p

o   r'  - r    

 a' d 
 

  4
1

   r'  - r   

  v'd 
  4

1r    
ρ

επ
ρ

επ
φ 

א(5-15)אא،W 

   r'  - r    
1  '  .  M   

   r'  - r    

 r'  - r   .  M   3 ∇= 

א( ) ( )   F  .     F .      F  .   ∇+∇=∇ φφφ،W 

  M  
   r'  - r    

1 .  '    
   r'  - r    

 M  .  '  
⎟⎟
⎟

⎠

⎞

⎜⎜
⎜

⎝

⎛
∇=∇ 

  M  .  '  
   r'  - r    

1   M .
   r'  - r    

1  '    ∇+∇= 

W 

  
   r'  - r    

1  ' .  M    M  . 
   r'  - r    

1 .  '  ∇=∇ 

  M  .  ' 
   r'  - r    

1 - 
   r'  - r    

 M  .  '  ∇∇= 

3
 r  -  r' 1   M  .    M .  '  

  r  -  r'      r  -  r'   
∴ = ∇

uur uur
uuur uuur uur

uur uuruur uur 

  M  .  '  
   r'  - r    

1 - 
   r'  - r    

 M .  '    ∇∇= 
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אאא(5-25)א،
אאW 

( )    v'd  M  .  '  
  r'  - r    

 1 
  4

1  - 
   r'  - r   

  M   '  
  4

1r    
o ov v

*
∇∇= ∫ ∫ππ

φ 

א(Divergence Theorem)אא
،אאאW 

( )
o o

*

s v

ˆ1  M . n   1  '  .  M    r   d a' -    d v'  (5-29)
4  4    r  -  r'      r  -  r'  

φ
π π

∇
= ∫ ∫

uuur uuur uuur
uur

uur uur uur uur 

 s oאא  voK 
 ،אא
אW 

FאאE n̂ .  P    p =σ 
FאאE  P  .    -   p ∇=ρ 
אא،W 
FאאאE  M  .    -   M ∇=ρ 
FאאאE  n̂ .  M    M =σ 

אאאאא
א  ,  Pp ρσאאK،א

M M ,  σ ρא،K
אא،אK 

W  
M   -    .  M   0ρ = ∇ =

uuur uuur 
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אאאאא
  MKאאאK

אאאK 
 ،W 

zx 0   v'd  P div-  a' d n̂ . P  
oo vs

=+= ∫∫F

אE q p 
אאא

KW 
 0   v'd  M div-  a' d n̂ . M  

oo vs

=+= ∫∫אא 

א(5-29)n̂.M  M  . ' ∇
א  ,  MM ρσא،א،

אאW 

( )
o o

*

M M

s v

 d a'   d v'1  1   r      (5-30)
4  4    r  -  r'      r  -  r'  

σ ρφ
π π

= +∫ ∫
uur

uur uur uur uur 

W 

( ) ( ) ( )  r     M    r          -  r  B   o

*

o µφµ +∇= 
אאא( ) r  B אא

א     
*
φ∇אא

( )      ∇(5-30)אאא،W 

( ) ( )
o o

* MM
3 3

s v

d v'  r -  r'  d a' ( r  -  r' ) 1  1      r  -  -   
4  4    r  -  r'     r  -  r'  

ρσφ
π π

∇ = ∫ ∫
uur uuruur uur

uuur uur
uur uur uur uur 
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( ) ( )
o o

M M o3 3
v v

 r - r'  r - r'    B  r  d a'  d v'  M   r'  
4 4  r  -  r'   r  -  r'  

...........(5-31) 

µ µσ ρ µ
π π

∴ = + +∫ ∫o o

uur uur uur uur
uuur uur uuur uur

uur uur uur uur

א(5-31)אא
אאא،א

אאאא( )[ ]   r'   M  oµ
אאW 

 
   )٢-٥( مثال

אאLR،
אאz،

אאF٦-٥EKאא
א   M  אzK 

(a) (z)  
*
φאאאK 

(b)אאאאא B z
אאאK 
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אW 
 -(a)MאzW 

 0   M  .    -   M =∇=ρ 
W 

= 0FאאE  Mρ 
M n̂.M +==FאאE  Mρ 
M- n̂.M ==FאאE  Mρ 

א(5-30)אאF٦-٥E،
W 
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o o o

*
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= + =∫ ∫ ∫
uur
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a' d M - 
  4
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  a' d M  
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1
ππ

 

 s 1Wאא s 2WאאK 
אאda′   r'  - r    ،W 

R R*

p 2 2
0 02 2

M 2  y d y M 2  y d y  (z)   -     
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2 2

π πφ
π π
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∫ ∫ 
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⎡ ⎤
⎢ ⎥
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⎛ ⎞ ⎛ ⎞⎢ ⎥+ + +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

∫ ∫ 
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2 2
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0 0

M L L  y    - z   -  y     z    
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⎡ ⎤
⎛ ⎞ ⎛ ⎞⎢ ⎥= + + +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎢ ⎥⎣ ⎦

 
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2 2*
2 2

p
M L L (z)    R    - z  -  R     z  2 z   
2 2 2

φ
⎡ ⎤⎛ ⎞ ⎛ ⎞⎢ ⎥= + + + +⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦

 

אא (z) 
*
φאא،אW 
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 

 
(b)א(5-26)אאאא،

אאW 
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אא،אאWz
  M  0 =אx 

( ) ( ) ( ) ( )  r         -    r     M    r          -  r  B   
*

oo

*

o φµµφµ ∇=+∇= 

z
   -  B(z)   

*

o ∂
∂

=∴
φµ 

  z 2 
2
L  zR  -

2
L - z  R  

2
M 

z 
   - 2

2
2

o ⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛
+⎟

⎠
⎞

⎜
⎝
⎛ ++⎟

⎠
⎞

⎜
⎝
⎛+

∂
∂

= µ 

  2

2
L  z  R 

 
2
L  z

 - 

2
L - z  R 

 
2
L - z 

  
2
M -  

2
2

2
2

o

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

+

⎟
⎠
⎞

⎜
⎝
⎛ ++

+

⎟
⎠
⎞

⎜
⎝
⎛+

= µ 

אאא 

  2-

2
L  z  R 

 
2
L  z 

  

2
L - z  R 

 z -  
2
L

  
2
M   B(z)   

2
2

2
2

o

⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎠
⎞

⎜
⎝
⎛ ++

+
+

⎟
⎠
⎞

⎜
⎝
⎛+

=∴
µ 

 
 



אא 

 ٢٠٧

   :مصادر المجال المغناطيسي ٥-٥
)الشدة المغناطيسية  ) H 

uuur
  

אאא
אKאאאאKאא

אאאאאKא
אאא،،

אK
،אאאא

אאW 

( ) ( ) ( ) ( )
*

o
o o

v

 J    r -  r'       B  r      d v' -       r   M    r   (5-32)
4   r  -  r'   
µ µ φ µ
π

×
= ∇ +∫

uur uur uur
uur uur uuur uur uuur uur

uur uur 

אאא(5-32)אאא
  J،

אאא
Kאאאאא

אא Mσא MρאאS

אVאK( )  r    
*
φאאW 

( )
*

M M

S V

  d a'   d v' 1 1   r             (5-33)
4 4   r  -  r'     r  -  r'   

σ ρφ
π π

= +∫ ∫
uur

uur uur uur uur 

אאא(5-32)אאא
אאאאאM K 
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א(5-32)אא( )  r     B ،
אJMאK

  Jאא  M
BKא

א(Magnetic Intensity)
 HאMB א،

אW 

o

1 H     B  -  M   (5-34)
µ

=
uuur uuur uuur 

א(5-32)(5-34)،W 

( ) ( ) ( )
*

3
V

 J    r  -  r'    1 H   r      d v' -       r    (5-35)
4   r  -  r'   

φ
π

×
= ∇∫

uur uur uur
uuur uur uuur uur

uur uur 

א(5-35)אאH،
אMא،  Mρ  Mσ

א  
*
φFאא(5-33)Eא

[ ]   M     M  .     ,  n̂ .  M     MM ∇== ρσKא  Hא
אאא

אאKאאא
אאHאMFאא(5-34)KE

 
m
A K 
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  معادلات المجال المغناطيسي ٦-٥
אאW 

o      B     J    ,    .  B   0µ∇ × = ∇ =
uuur uuur uur uuur uuur 

،אאאאאא
אאK

אאאאאא
אBK 

א0B. =∇אא
A B ×∇=א

אBאאאא،א
אאאKאא B ،

אאW 
B        A  = ∇ ×
uuur uuur uuur

 
   .  B   0  ∇ =
uuur uuur

 
א(Curl)،אW 

   J     B     oµ=×∇ 
אאאאאא

אא،אW 
( )  J    J     B     Mo +=×∇ µ 

  JWאאא J MW
אK 

 J Mאאא
אW  M       J M ×∇=W 
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   M         J     B     oo ×∇+=×∇ µµ 
W 

  J     M  -  B      
o

=⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
×∇

µ
 

W 

   M  -  B    H 
oµ

= 

          H    J   (5-36)∴ ∇ × =
uuur uuur uur 

א(5-36)אא( )  H 
אאJא( ) x  ∇Kא(5-

36)אאW 
אא H א،

א(5-36)אא
אW 

][ ( )     d .  H   a d n̂ .  H     
CS

l∫∫ =×∇ 

( )     d .  H    a d n̂ .  J   a d n̂ .  H        
CSS

l∫∫∫ ==×∇∴ 

W 
 I  a d n̂ .  J  

C

=∫ 

C

  H  . d     I  (5-37)=∫
uuur uur

l� 

א(5-37)אאא(Ampere's 

Circuital Law)K 
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א(5-37)אאא
אHCאאIא

אSאCK 
אא(Divergence Theorem)אW 

     a d  n̂ .  B    vd .  B     
SV
∫∫ =×∇ 

 

 0B. =∇ 
 0  a d n̂ .  B     

S

=∴ ∫ 

אאאאא
אאK 

 

   )٣-٥(مثال 
אJ 

uurאאאאW
3ˆB   x y=

uuur 
 

אW 
W 

   J     B     oµ=×∇ 

o o
3

ˆ ˆ ˆx y z
1 1         J         B             

 x  y  z
y 0 0

µ µ
∂ ∂ ∂

∴ = ∇ × =
∂ ∂ ∂

uur uuur uuur 
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[ ]   
 

ẑ y 3 -   ẑ y 3 - 0  1   J     
o

2
2

o µµ
==∴ 

  

  نفاذية ط والإقابلية التمغن ٧-٥

  والتخلف المغناطيسي
،אאא

אHB،
  M BMHK 

אKאM  H 
אאאFאאאאאKE

אא(linear)אאא،
(Isotropic)א،M H אאW 

  E      P    
تكافئ

χ=⇒m M     H  (5-38)χ=
uuur uuur 

WmχWא(Magnetic Susceptibility)،
،KאmχF 0  m >χEא

אParamagnetic،FparaWאE
א،אאK

אF٥-
٧EHMא،(Magnetization 

Curve)K 



אא 

 ٢١٣

 M M M

H H H

Para
Dia

Ferro

 
אF٧-٥E 

 
א mχF 0   m <χEא

Diamagnetic)،WdiaWEא،
K

אF٧ J٥EHMKא
m χאא

אאKm χאאאא
אKW 

]אאאאאא[ 1    m <<χ 
אאאאm χ،

אא( )   suscept. mass  mas m,χ،
אא( ) molar  :  molar  m,χא

אאW 
m m, mass

m

    d   
  (3-39)d   m, molar   

A

χ χ

χ χ

= ⎫
⎪
⎬

= ⎪⎭

 

dWאאAWאאK 
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F١Em χאאאא
אאאאK 

 
F١E 

m χ א 

 102.1 -5×+ 





א


א



 Aluminum 

 1018.0 -5×+  Titanium 

 100.03 -5×+ אא Air 
0 אא Vacuum 

 101.6- -5× 








א




א Bismuth 
 100.98- -5×א Copper 

 102.4- -5×א Silver 
 102.8- -5×א Mercury 
 100.88- -5×א Water 

 
אא(5-38)א،  M   H ،

אBHKאW 
א(5-34)W  

( )o B      H    M  µ= +
uuur uuur uuur 

W 
   H     M mχ= 

( )    H    H     B     mo χµ +=∴ 
( )o m B    1    H µ χ= +

uuur uuur 
 
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W 
 B     H   (5-40)µ=
uuur uuur 

W 
( )o m     1    (5-41)µ µ χ= + 

  µאא(Magnetic Permeability)K
אאmK(Relative 

Permeability)אא،W 

m m
o

  K     1   (5-42)µ χ
µ

= = + 

    mχאאאאאא
1FאF١EE Kmא

1K 
אאאאאא

אאאאאא
FFerromagnetic،FerroWEאK

،אאאאא
אא K mא101.5 5×،

אאKא
(5-38)(5-40)אm χµW 

  H     B  µ=   H     M  mχ= 
אאאא(5-40)،אµ 
( )   H      µµ = 



א 

 ٢١٦

 א
BK 

 אאH  אא،א
  B אKא

F٥ J٨Eא(Magnetic Curve)K 

 
אF٨-٥E 

 
µFאא(5-40)EB

HאB، µ0  µ

אא K mF   

oµ
µFE

 rµEKאF٨-٥E
  Bאאא  H K µ

א(Knee of the curve)،
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µאאאא 10 o
5µK

אFאEאא
א( )  M אKW 

( )o B      H    M  µ= +
uuur uuur uuur 

אM،אאא
  B אHKאאא

א،א(Saturation Magnetization)K 
אאK

אאHא،HB
אאאF٨-٥Eאאא،1

אF٩-٥Eא1W 
0M =    0  B ≠ 

 
אF٩-٥E 

 

אMא،(5-34)،א
אאHK،אא
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אאHא،א
CאF٥ J٩EאאHא

אאM א
אpKאאHאאא

א2אKאF٩-٥E
  HBא

א(Hysteresis)KאאאF٩-٥E
אא(Hysteresis loop)K  B 

אrאHאC
(Coercivity)KאF٩-٥E  µא

(5-40)אאאאK 
 אאF١٠-٥E

אא،אא
  HאאKא H maxא

אא H maxK 
אאאאא

אאאW 
(a)אאאK 
(b)אK 

אא
אאKא

אאK 
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 
אF١٠-٥E 

 
  )٤-٥(مثال 

אא(annealed iron)15 cm
100אF١١-٥EK

אאBאא(a)
0.1 A (b)0.2 A (c)1 Aאא

F١٢-٥EK 
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 
אF١١-٥E 

 

 
אF١٢-٥E 

 
אW 

HI
F(5-37)אEאאW 
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 H  . d      H d    N I= =∫ ∫
uuur uur

l l� � 
،W 

N I 100 H     I  667 I (A / m)
L 0.15

= = = 
(a)0.1I A=،W 

H = 66.7 × 0.1 = 66.7 A / m 
אאאF١٢-٥E،Bא

 
N
A  66.7  H =0.2 T 

(b)0.2I A=، 
0.2667 H =×= 133.4 A / m 

אB0.95 T 
(c)1.0I A=،W 

1667H =×= 667 A / m 
אB1.52 T 

 
  تطبيق الشروط الحدودية على  ٨-٥

   H و Bمتجهي المجال
א

א  ED،،אא
אאBHאא

אאK 
١٣EK-F٥א12אא

אSאא،
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א،אא
אאאK 

 

 
אF١٣-٥E 

 
،Sאאאאא

אאאאא
،אאאW 

S

ˆ B  . n  d a  0=∫
uuur
� 

1 21 2ˆ ˆ     B  . n    S   B  . n   S 0∴ ∆ + ∆ =
uur uur 

 n̂ 1 n̂ 2אאא
אאאאKS  ∆א

אאK 
W 

 n̂  -  n̂ 21 = 
W 

1 22 2ˆ ˆ - B  . n    S   B  . n   S 0∆ + ∆ =
uur uur 

W 
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( )2 1 2ˆ B  - B   . n  0=
uur uur 

W 
  0   cos B-   cos B 1122 =θθ 

W 
2n 1n B  - B   0 (5-43)= 

W 
  1θWאאאאB1אא n̂ 2K 
  2θWאאאא B  2א

א n̂ 2K 
1n BWאאאB1אאK 
2n BWאאאB2אאK 

א(5-43)אא
אאאאאא

אאאK 
א

א  HF(5-37)אEאא
אאABCDAאאF١٣-٥Eא

אW 
W 

AB = CD = l∆  
 

FאEAD = BC = 0 

C

     H  . d     I∴ =∫
uuur uur

l� 
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،IWאאאאא
אCFאABCDKE 

B D

2 1

A C

ˆ       H  . d       H  . d     I    J  . n d a   (5 44)∴ + = = −∫ ∫ ∫
uur uur uur uur uur

l l 

  j  אאא
אאאW 

h  0
    j   lim  h  J   (5-45)

→
=

uur uur 
אא(5-44)אאW 

2 1
h  0

ˆ ˆ ˆ ˆ H  . t  L -  H  . t  L   lim  h  J . n   L   j  . n  L  (5-46)
→

∆ ∆ = ∆ = ∆
uur uur uur uur 

 t̂ Wאאאאא
אF١٣-٥EKn̂Wאאא

ABCDאF١٣-٥EKאF٥-
١٣EW 

2
ˆˆ ˆn   t  n× = 

אא(5-46)אאW 
( ) ( )2 1 2

ˆ ˆˆ   H  -  H  . t .  L    j .  n    t    L     ∆ = × ∆
uur uur uur 

( ) ( )2 2
ˆ ˆˆ ˆ   j .  n    t    L      j   n   . t  L   × ∆ = × ∆

uur uur 

( ) ( )       L   t̂ . n̂    j    L  . t̂ . H  - H       212 ∆×=∆∴ 
אאL ∆א،אא

אאא،אW 
2 1 2ˆ   H  -  H    j   n= ×

uur uur uur 
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אאא n̂ 2،
W 

( ) ( )   n̂   j    n̂  H  - H   n̂ 22122 ××=× 
אאא

אW 
( ) ( ) ( )      B  . A     C  -   C  . A     B     C    B    A    =×× 

W 
( ) ( ) ( )      j  . n̂  n̂ - n̂ . n̂   j    n̂   j    n̂ 222222 =×× 

}W n̂ 2  j  {( )    0 - 1  j   = 
( )2 12ˆ n     H  -  H     j  (5-47)× =
uur uur uur 

א(5-47)א  j   H  1H 2
אאאK 

א  j  ،אW 

2t 1t H   H  (5-48)= 
 

   )٥-٥( مثال
א

F١٤-٥EKאאאא B  1א
אאאאB2אאא

א1  אµ  2µאאאW 

2 1 1 2  tan    tan µ θ µ θ= 
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2µ
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r

2B
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1θ

2θ

1

2

 
אF١٤-٥E 

 
אW 

،אאאאW 
(1)        cos B   cos B    B  B 22112n1n θθ =⇒= 

    
 
 B   B   H  H 

2

2t

1

1t
2t1t µµ

=⇒= 

(2)     
 

 sin  B  
 

 sin  B 
2

22

1

11

µ
θ

µ
θ

= 

א(2)א(1)،W 

  
 

tan   
 

 tan  
2

2

1

1

µ
θ

µ
θ

= 

W 
2 1 1 2  tan    tan µ θ µ θ= 

א  B  א
אאK،

אFKE
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אאא
א،אF١٥-٥EK 

B
r

1S 2S1n 2n

1n ′ 
אF١٥-٥E 

 
א S 1 S 2אאK

א(divergence theorem)אW 
     0  a d n̂ .  B     vd  B  .     

Sv
∫∫ ==∇ 

 a d n̂ .  B   a d n̂ .  B  12
v

∫∫ += 

( ) ( )2 1 2 1ˆ ˆ  B  . n  d a -  B  . n  d a   S  -  S   =0′= = Φ Φ∫ ∫
uuur uuur 

אאאאא S 1
אF١٥-٥Eאא S 2א،

א،אא
K 

אא  B  
אאHKאW 

   M  -  B  1   H  
oµ

= 

،אאאW 
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    M  .    -  B  .   1   H  .    
o

∇∇=∇
µ

 

W 
    -     M  .      ;   0   B  .    Mρ=∇=∇ 

     H  .      Mρ+=∇∴ 
،אאאאW 

  vd    vd  H  .   M
vv

ρ∫∫ =∇ 

،אאאאW 
     vd   a d n̂ . H   M

vS

ρ∫∫ = 

1 2

1 2 M
S S v

ˆ ˆ   H . n  d a    H  . n  d a   d v    ρ+ =∫ ∫ ∫
uuur uuur 

W   1 1ˆ ˆn   - n'  = 

1 2

1 2 M
S S v

ˆ ˆ   H . n'  d a    H  . n  d a   d v    ρ+ =∫ ∫ ∫
uuur uuur 

W 
( ) ( )      vd   S  S - M

v
21 ρ∫=Φ+Φ 

 אאאא
  H 
uuurKאאאא

אאאאאVK 
 

  مسائل القيم الحدودية المتضمنة  ٩-٥
  مواد مغناطيسية

 אF٨-٥EאB  H  
אאא  E  D  
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אאאאא
אאאאאא

אא(transport current)א
אאאאא

( )  0    =ρK 
 ،א 0   J  =،W 

    .  B 0 (5 49)∇ = −
uuur uuur 

      H   J   0   (5-50)∇ × = =
uuur uuur uur 

 א(5-50)א،H(gradient)

  
*
φK 

W 
*

  H   -      (5-51)φ= ∇
uuur uuuur 

   
*
φWאאאאא
אK 

אאאאא
אאBאא

(boundary value problem)W 
Wאאא(linear)،

W 
  H     B  µ= 

WאאאF=  M  KEW 
0 -   M  .    M ==∇ ρ 
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א،אא(5-49)W 
  0   H  .       H   .      B  .    =∇=∇=∇ µµ 

        .  H   0  (5-52)∴ ∇ =
uuur uuur 

HאF٥٢ J٥Eא(5-51)،W 

  0       - .    
*

=⎟
⎠
⎞

⎜
⎝
⎛ ∇∇ φ 
*

2          0  (5-53)φ∴ ∇ = 
א(5-53)(Laplace Equation)K

א،אאא
،

אKא  
*
φ  H 

(gradient)  
*
φא،(5-51)،

אאBאאW 
( )    M    H      B o += µ    H      B µ= 

אא
אאK 

 
  )٦-٥(مثال 

a
אµB o

אאz،אF١٦-٥EKא
אBoאאK 



אא 

 ٢٣١

1
2

0

a
θ θ̂

r̂

x

y

z

0B
r

 
אF١٦-٥E 

 
אW 

אאא 
*
φא

Wאא 

     
r

 )(P C   )( P r̂ A   ) (r,  
0 n  0 n 

1n
nn

nn

*

∑ ∑
∞

=

∞

=
++=
θθθφ 

אאאאא
א  cosθW 

Wאאא،r a>K*
1φW 

*
n

1 1 2

C  ...    (r, )  A  r cos  +   
r

φ θ θ=

( ) ( )
*

2o 1 2
1 o 1 22 3

B B B1   A    A  r   cos    A  r   3cos 1   
r r 2 r

φ θ θ⎛ ⎞ ⎡ ⎤= + + + +⎜ ⎟ ⎢ ⎥⎝ ⎠ ⎣ ⎦
 

W،אא،אאאr a<

  
*
φאW 



א 

 ٢٣٢

*

2
2 2 2

C  cos    (r, )  A  r cos     (2)
r

θφ θ θ= + 
אאאאא A1 A2

1C  C2א(1)(2)K 
אאFr >> a)א،

אאאK
א BoאKW 

*

1 1
r  a

     A  r cos     φ θ
>>

= 

W 
*

*
1

o o 1o o o
d    B      H      -        -    
d z 
φµ µ φ µ= = ∇ =

uur uur uuur 

،אאאW 

      cosr  A    cosr  B -  z B -       1
o

o

o

o
1

*
θθ

µµ
φ ===∴ 

،W 
o

1
o

B  A  -  (3)
µ

= 

אא( )  0 r  ≅ 
אא*

2
r  0

 φ
≅



א،אא C 2א(2)
אK 

2     C   0   (4)∴ = 
،אr = a،W 



אא 

 ٢٣٣

 B  B 1r2r = 
 B 1rWאאא1אK 
 B 2rWאאא2אK 

   
r 

 
    -     

r 
 

    -     

a r 

1

*

a r 

2

*

==
∂
∂

=
∂
∂

∴
φ

µ
φ

µ 

( ) o o 1
2 o 3

o

B 2 C  cos    -  A  cos    -  -  cos  -  
a

µ θµ θ µ θ
µ

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
 

o o 1
2 3

- B  2  C       A    -   (5)
 a

µ
µ µ

∴ = 

W 
 H  H 12 θθ = 

   
 
 

  -     
 
 

 -  

a r 

1

*

a r 

2

*

==
∂
∂

=
∂
∂

θ
φ

θ
φ 

 
a

 sin  C  sin  a B -  sin  a A 2
1

o

o
2

θθ
µ

θ += 

W 
o 1

2 3
o

B C A   -    (6)
aµ

= + 

א(5)،(6)،W 

 
a
C   2 - B  

a
C  B - 3

1oo
3
1

o

o

µ
µ

µµ
=+ 

W 
3

o o
1

o

 B  a C    - 1   (7)
  2  

µ
µ µ µ

⎛ ⎞
= ⎜ ⎟ +⎝ ⎠

 



א 

 ٢٣٤

 C 1אאא(6)،W 
o o o o

2
o o o

B  B  3 B A   -   - 1    -  (8)
  2    2  

µ
µ µ µ µ µ µ

⎛ ⎞
= + =⎜ ⎟ + +⎝ ⎠

 

 
  2  

B 3 -  A     
o

o
2 µµ +
=∴ 

אא A 1 A 2 C 1 C 2،  
*
φ  

*
φ

אW 
* 3

o o o
1 2

o o

B  B  a  1   (r, )  -  r cos   - 1    cos    (9)
  2 r

µφ θ θ θ
µ µ µ µ

⎛ ⎞
= + ⎜ ⎟ +⎝ ⎠

 
*

o
2

o

- 3 B     (r, )   r cos     (10)
  2 

φ θ θ
µ µ

⎛ ⎞
= ⎜ ⎟+⎝ ⎠

 

א(9)(10)،W 
* *

*

1 1
1 1

  1   ˆˆ  H   -      -  r -        (11)
r r  
φ φφ θ

θ
∂ ∂

= ∇ =
∂ ∂

uur uuur 
W 

     cos 
r
1 

 2  
 a B 1 -   2 -  cos B -  

r 
 

 3
o

2
oo

o

o1

*

θ
µµµ

µ
θ

µ
φ

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

∂
∂ 

    sin  
r
1 

 2  
 B 1 -   - sin r  B  

 
 

 2
o

oo

o

o1

*

θ
µµµ

µ
θ

µθ
φ

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

∂
∂ 

  r̂  cos 
r
1 

 2  
 a B 1 -   2   cos B  H     3
o

2
oo

o

o
1 ⎥

⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=∴ θ

µµµ
µ

θ
µ

 

 ...  sin  
r
1 

 2  
 B 1 -    sin  B-  2

o

oo

o

o
⎥
⎦

⎤
⎢
⎣

⎡
+⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
++ θ

µµµ
µ

θ
µ

 



אא 

 ٢٣٥

[ ]

[ ] ˆsin  r̂  cos 2sin B 
r
a 

2  

1-
                        

ˆsin  - r̂  cosB  H    B  

o3

3

o

o

o1o1

θθθθ

µ
µ
µ
µ

θθθµ

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

+
+

+==

 

 
    ˆsin -r̂cosK̂ θθθ= 

3
o

1 o o3

o

-1
aˆ ˆˆ  B  B  k   B 2 cos  r sin  (12)
r

  2

µ
µ

θ θ θ
µ
µ

⎛ ⎞⎛ ⎞
⎜ ⎟⎜ ⎟ ⎛ ⎞⎝ ⎠⎜ ⎟ ⎡ ⎤∴ = + +⎜ ⎟ ⎣ ⎦⎜ ⎟⎛ ⎞ ⎝ ⎠+⎜ ⎟⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠

uur 

W 

     - H  2

*
2 φ∇=  

   cosr  
 2  

 B 3 -     - 
o

o ⎥
⎦

⎤
⎢
⎣

⎡
⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

∇= θ
µµ

 

W 
 cosr z θ= 

  ẑ 
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 2  

B 3 
z 
   z 

 2  
B 3    - H     

o

o

o

o

o

o
2

µµµµµµ +
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+∂

∂
=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+

∇=∴ 

W 

 
 2  

B 3 H 
o

o
2

µµ +
= 

،W 



א 

 ٢٣٦

  
 2  1

B  3  
 2  
B   3  H   B  

o

o

o

o
22

µ
µµµ

µµ
+

=
+

== 

(13)      
  2  1

B  3 B     
o

o
2 =

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=∴

µ
µ

 

אאאאא


KKא
  H    BDEאK 

 
  )٧-٥(مثال 

a،אz
 ẑ M oא
،אF١٧-٥EK  H    B  אא

K 

1
2

M
r

z

r

θ

 
אF١٧-٥E 
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אW 
אאאאאK 

  M،אאW 
  0M. =∇ 

  0H.   =∇∴ 
W 

   0     
*

2 =∇ φ 
   

*
φK  M  אz،

  
*
φθr φK 

אאא  
*
φאא

אאW 

     
r

 )(P C   )( P r̂ A   ) (r,  
0 n  0 n 

1n
nn

nn

*

∑ ∑
∞

=

∞

=
++=
θθθφ 

אW 
z n̂ Wאאx    cos M  n̂ . ẑ M  n̂ .  M  oo θ== 

א  
*
φcosθK

אאK 
אאW 

*

1
1 1 2

C  cos     (r,  )  A  r cos      ;   r  a  (1)
r

θφ θ θ= + ≥ 
*

2
2 2 2

C  cos     (r,  )  A  r cos      ;   r  a  (2)
r

θφ θ θ= + ≤ 
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 A 1 A 2אאאאא
 C 1 C 2אא،W 

WאאW 
אא*

2  φ،א

אאא 
r
1 2K

א C 2K 
2      C   0   (3)∴ = 

Wא*

1  φr >> aאא،
אא

אrא(1)KאאאK
א A 1K 

1     A   0   (4)∴ = 
Wאא(r = a) 

* *

2 1   (a,  )   (a,  ) φ θ φ θ= 
W 

 
a

  cos C    cos a A 2
1

2
θθ = 

،W 

2 13

1  A    C  (5)
a

= 

א،א  B  א
(continuous)KW 

  B  B 1r2r = 
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( )o 2r o o 1r      H   M  cos     H  (6)µ θ µ∴ + = 
W 

*

2
2r 2

   H   -   - A  cos   (7)
r
φ θ∂

= =
∂

 
*

1 1
1r 3

2 C  cos     H   -    (8)
r a

θφ∂
= =

∂
 

 H 1r H 2rא(7)(8)א(6)،
W 

o 1
o 2 o o 3

 2 C  cos  - A  cos     M  cos     
a

µ θµ θ µ θ+ = 
،W 

1
2 o 3

2 C   - A   M    (9)
a

+ = 
א(5)،(9)،W 

2 o
1 A   M  (10)
3

= 
3

1 o
1 C   M  a    (11)
3

= 
 A 1 A 2 C 1 C 2א(1)(2)

W 
3*

o
1 2

 M  a1  (r,  )    cos   ; r a (12)
3 r  

φ θ θ= ≥ 
*

2 o
1  (r,  )   M  r cos   ; r a (13)
3

φ θ θ= ≤ 

א(12)אא،*

1 (  ) φא
אאW 

3*
o

1 3 2 2

M  a m  .  r  m cos  1  (r,  )        cos   (14)
4  r  4  r 3 r  

θφ θ θ
π π

= = =
uuur uur

 
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W 

 M V   
3

M a  4  m o
o

3

==
π 

W 
mWאאVWאK 

 אאH،אא
אאW 

* 3 3
o o

1 1 3 3

M  a M  a2 1 ˆˆ  H   -      - -   cos   r -   sin     (15)
3 r 3 r

φ θ θ θ
⎡ ⎤

= ∇ = ⎢ ⎥
⎣ ⎦

uur uuur 
3

1 o
1 a ˆˆ    H     M   2  cos   r  sin     
3 r

θ θ θ⎛ ⎞ ⎡ ⎤∴ = +⎜ ⎟ ⎣ ⎦⎝ ⎠

uur 

   ˆ sin  
3
1 - r̂   cos M 

3
1 -      -  H  o2

*
2 ⎥⎦

⎤
⎢⎣
⎡=∇= θθθφ 

2 o o
1 1ˆˆ ˆ    H   -  M  cos   r -  sin     -  M  z   (16)
3 3

θ θ θ⎡ ⎤∴ = =⎣ ⎦
uur 

אאB،אא
אאW 

F0אM =E( )1 1 1o o  B      H    M      H  µ µ= + =
uur uur uuur uur 

( )     ˆ sin   r̂   cos 2  
r
a M 

3
1    B    

3

oo1
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
+⎟

⎠
⎞

⎜
⎝
⎛=∴ θθθµ 

W 
3

o
1 o

a ˆˆ   B    M    2 cos   r  sin     (17)
3 r
µ θ θ θ⎛ ⎞ ⎡ ⎤= +⎜ ⎟ ⎣ ⎦⎝ ⎠

uur 

( )  ẑ M  
3
2   ẑ M  ẑ M 

3
1 -     M   H     B  ooooo2o2 µµµ =⎟

⎠
⎞

⎜
⎝
⎛ +=+= 
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2 o o o
2 2ˆ     B     M  z     M  (18)
3 3
µ µ∴ = =

uur uuur 

אF٥ J١٨Eאא  Hא
אBKאF٥-

١٨EאB
אא،Hאא

א JzאKא
א ẑ M oFאא(5-16)KEאא

א(Demagnetizing Field)Kאא
אאKא

אאK 
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r
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r
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 
אF١٨-٥E 

 

  دارات التيارات الكهربائية المحتوية  ١٠-٥
  على أوساط مغناطيسية

אאאאא
א،א

K 
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אאI،א
אאF١٩-٥EK

אא(Homogeneous)
(Unmagnetized)אאא

(Isotropic)Kאא  H  
א  Bאא،IאאK 

 
אF١٩-٥E 

 
אאW 

   I     d .  H   
C

=∫ l 

אאאאאFאEאr
אאאאF١٩-٥E،

  H  ،אאאW 
  I N  L H t = 
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،W 

t
N I H    (5-54)
L

= 
W 

LWאאאr 2π 
NWאאK 

tHWאאאאאK 
אBH،W 

o

1 H  =   B  -  M   
µ

uuur uuur uuur 

W 
( )   M  H   B ttot += µ 

אא H tא(5-54)،W 

t o o t
N I B       M    (5-55)
L

µ µ= + 

 B t M tא،אא  B  
א M 

uuurא،K 
א(5-55)אאא

،אאאא
W 

t o
N I B     (5-56)
L

µ= 
אאא(5-55)،(5-56)א

אאאאאא
(5-55)אK 
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א(5-55)אא
 BHKא
Kאאא،

אאאאאFאE
אאאאאW 

WאאאאאN
אאK

אאאF1א2Eא
F٢٠-٥EKp

אא12אא،
אאK 
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 

אF٢٠-٥E 
 

Wאאאא
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dאאאאאW 

FאE    
L
d - 1 M  H 2 ⎟
⎠
⎞

⎜
⎝
⎛= 

(5-60) FאאE  
L
d M -  = 

א 
 

(5-60)אא(5-58)
אאאאאא

  Bאאא( )nBK 
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אאאא
Wאאאא 

( )   H   H   H  H  2o1o21o µµµ +=+=FאEB 
 H 1א(5-57) H 2א(5-60)א

،אW 

(5-61)   
L
d - 1 M   

L
I N   oo ⎟

⎠
⎞

⎜
⎝
⎛+= µµ 

FאEB 
W 

( )  M   H   H   M H  H  o2o1o21o µµµµ ++=++= 
FאEB 

 H 1 H 2א(5-57)(5-60)،א
W 

 M   
L
d M -   

L
I N   ooo µµµ +⎟

⎠
⎞

⎜
⎝
⎛+=FאEB 

(5-62)    
L
d - 1 M   

L
I N   oo ⎟

⎠
⎞

⎜
⎝
⎛+= µµ 

FאEB ∴ 
א(5-61)(5-62)Kא

אאאאאאאא
אK 

 
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  )٨-٥(مثال 
،אא21000A mm=

600L mm=אF٢٢-٥EK
אאNIא B 

uuurא1T،
אH 

uuurאBH1000 /A m

 B 
uuur1T،  

oµ
µאHK 

 
אF٢٢-٥E 

 
אW 

אאB ،א
W 

FE  
L

I N   B µ
= 

 µWאLWא  2 πK 
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،אW 

 
L

I N  B  H ==
µ

 

-3

A N I     1000       N I  600   
m 600  10 m

∴ = ⇒ =
×

 

  776  
 1000  10   4

1  
 H 

B   7-
oo

=
××

==
πµµ

µ 

 
  الدارات المغناطيسية  ١١-٥

(Magnetic Circuits)  
אאאK

אאאאא
א،אאK

אאאאאאא
אאאאאאאאK

אא،אF١٩-٥Eאאא
אאאKאא،אF٢١-٥E

אאאאא
אאאאK 

אאאא
FאאEאNאI،

אF٢٣-٥EK 
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 
אF٢٣-٥E 

 
אאF٥-

٢٣E،אW 
 H  . d      H d   N I   (5-63)= =∫ ∫
uuur uur

l l� � 
אHאאא

א Φאאא،W 
A   B  ;  H  B =Φ= µ 

،W 
B H     (5-64)

 A µ µ
Φ

= = 

AWאאאKHא
א(5-63)א،W 

   I N  
A 
 d   ∫ =

Φ
µ

l 

אא،א
אΦאאאK
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א Φא،אאא
אאW 

∫ =Φ  I N  
A 
 d   

µ
l 

،W 
N I     (5-65)d    

 Aµ

Φ =

∫
l

�
 

א(5-65)،אאאא
W 

RI=ε 
אאא،אאא

א،אmmf،אאW 

(5 66)mmf NI= − 
אאאℜאא،W 

d       (5-67)
 Aµ

ℜ = ∫
l

� 

אא(5-66)(5-67)،א(5-65)
אאW 

m m f      (5-68)Φ =
ℜ

 

 ،אאאאאא
אF٢٣-٥E

אאאא،W 
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1 1 2 2 3 3 H  . d      H d   H    H    H    N I   = = + + =∫ ∫
uuur uur

l l l l l� � 
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1111
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1
1 µµµ

Φ
=

Φ
== 

W 
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  B  H 
2222

2

2

2
2 µµµ

Φ
=

Φ
== 

  
 A 

  
 A 

  B  H 
3333

3

3

3
3 µµµ

Φ
=

Φ
== 

 I N  
 A  A  A 

   
 A 

    
 A 

    
 A 
      

33

3

22

2

11

1

33

3

22

2

11

1 =⎥
⎦

⎤
⎢
⎣

⎡
++Φ=

Φ
+

Φ
+

Φ
∴

µµµµµµ
llllll 

W 

    N I  m m f  Φ ℜ = = 
W 

n n
31 2 i 

i
i  1 i  11 1 2 2 3 3 i i

                   (5-69)
 A   A   A   Aµ µ µ µ= =

ℜ = + + = = ℜ∑ ∑ll l l 

א(5-69)אאאאא
אאאK 

אאאאאאאאא
،אאאאאאא

אאאאאאK
אאאאאF٢٤-٥EK 
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φ

I

I
R

 
אF٢٤-٥E 

 
אאאא(5-67)

אאW 
d         (6-70)
g A

R = ∫
l

� 

 א(5-70)אאRאא
א(Conductivity)gK

אא(5-67)gא µK 
אאא(5-69)Kא

אi  ℜא  iµKW 

i
i

1    
µ

ℜ ∝ 

אאא  iµ
אא  oµFאEאא

אאאא
אKאאאא
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אאKא
אאh  ℜא

L  ℜא
אאK 

אאאא
אW 

h L

h L

       (5-71)
  

ℜ ℜ
ℜ =

ℜ + ℜ
 

 
h L   ℜ >> ℜ 

W 
L   ℜ = ℜ 

 
  الدارات المغناطيسية المحتوية  ١٢-٥

  على مغانط دائمة
אאאאאF١١-٥E

אאאאKאאאא
אאא

א(Permanent Magnet)KאאPM
אאK 

PMאabא
אאF٢٥-٥E،W 
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   0   d H    d H    d H      d .  H 
a

(PM) b

b

a
∫∫∫∫ =+== llll 

b a

a b (PM)

      H d   -   H d     (5-72)∴ =∫ ∫l l 

 
Air

Iron
a b 

אF٢٥-٥E 
 

אאW 
  HB;A  B  µ==Φ 

אא(5-72)אאW 
b a

a b (PM)

d      -   H d     (5-73)
 A µ

Φ =∫ ∫
l

l 

אF٢٥-٥Eאא، Φ
אאאאKW 

m m   B  A   (5-74)Φ = 
،mB W،אאאאאא A mW

אK 
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אא(5-73)א
אW 

a

m m
b (PM)

  -   H d    - H     (5-75)=∫ l l 

، H mWאאאא  mlW
אK 

אא(5-75)אאW 
b

m m m m ab
a

d      - H    B  A     
 A µ

Φ = = ℜ∫
l

l 

W 
m m ab m m B  A    - H   (5-76)ℜ = l 

א(5-76)
 H m B mKא

אאאא(Hystersis Curve)
א H m B mאאK 

 

  )٩-٥(مثال 
  אא(PM)א

אF٢٦-٥EKאא
אא،

،אאאא
  iµKא(Operating 

Point)אאΦאאאאא
 B gK 
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i

PM

g

Iron

a b 
אF٢٦-٥E 

אW 
אאאabא

אFאאאEW 
ab i g      ℜ = ℜ + ℜ 

אאאאigאא
אאאK 
א( )         oigo µµµµ >>≅אא

אא،אW 
ab g   ℜ ≅ ℜ 

g
ab

o g

 
        (1)

 Aµ
∴ ℜ ≅

l 

ab  ℜא(5-76)אW 
m m ab m m B  A    - H    ℜ = l 

W 

(2)  H  m×  H 
A 

  A 
 -  B m

mg

ogm
m ==

l

l µ 

א(2)א B m H m
אאF٢٧-٥EK
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אאאא
pEאFאא٢٧EK-F٥א

א(Operating Point)Kאאא
F٢٧-٥EΦ،

gA
ΦF B gE

 B mK 

o mHµo mHµ−
o mHµ

P mB

mBm g o
m m

g m

l A
B H

l A
µ

= −

 
אF٥ J٢٧E 

 
 H mאאKא

אא Hm 

  I N   H  
A 
 d      

b

a
mm∫ =+Φ∴ l

l

µ
 

W 
 A B         mmgim =Φ=Φ=Φ=Φ 

W 
b

ab
a

d     
 Aµ

= ℜ∫
l 

(1) m m ab m m    B  A    H    N I   ∴ ℜ + =l 
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W 
g gi i

ab حديѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧѧدهواء
i i o g i o

   1 R                
 A  A Aµ µ µ µ

⎡ ⎤
= ℜ + ℜ = + = +⎢ ⎥

⎣ ⎦

l ll l 

g
ab

o o o

 1 0.16 0.01              (2)
A 5000  A µ µ µ

⎡ ⎤
∴ ℜ = + ≅⎢ ⎥

⎣ ⎦

l 

ab
o

0.01       
Aµ

∴ ℜ ≅ 

ab  ℜאאא(1)،W 

  I N   H  
 A 

0.01 A B mm
o

m =+
/

/ l
µ

 

( )  H 
0.01
0.1   - 

0.01
  800 10   4   0.01 /  H - I N   B    mo

-7

mmom ×
××

==∴ µπµ l 

m o m B    0.1 - 10  H  (3)µ= 
אאא(3)א

אאאFאpE
אאאא

א B mאא0.65 TK 
0.1 10m o mB Hµ= − ( )B T

p
0.65

 
W 

  A B  A B   ggmm ==Φ 
A    A  A gm == 

m g     B   B   0.65 T  ∴ = = 
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  مسائل
 

  السؤال الأول
אאHאאBא

ba ×I Aאא
אCCW،אאx y

א(0, 0, z)zK 
 

  السؤال الثاني
אאאא

2
z m/AJ ρα=a0 ≤ρ≤אKא

אHBK 
 

  السؤال الثالث
I Aא2aH

BK 
 

  السؤال الرابع
אאHאאB

אא-: (i)אA m2K(ii)
A m2K(iii)אb2 b

A m2Kאאאאא
CWאI AK 
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 السؤال الخامس
אF١E

אzאאI1 A)LL( 21 ×
אאאI2 Aא

2/Ld 1+-: (i)אאאK(ii)
אאאאI1אא

אK(iii)אאL12אאK 

L2
I2

L1

d

z

I1

yx

 
אF١EאI1אI2K 

 
 السؤال السادس

אF٢Eאa
אא)a(b <Kא

אאאאא2
0z m/AJJ =K
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אאHאאB
אאאpK 

 

z x

y

b

a

P

J

 
אF٢Eאאz0J aJ =K 

 
 
 
 
 
 
 
 
 
 
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 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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  الفصل السادس
 
 
 

אא 
 

  المقدمة ١-٦
١٨٢٠אא

אאאאאא،
אאKאF

אאEאא
אא،א

א>אא
1830אאאא،

א(Induced Electromotive Force)،
(Induced Current)K

אאא1831
אאאאאאא

אאKא
،אאאאKאאא

אאא،אאא
(generators)א(transformers)א(Inductors)،K 
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אאאאא
،אEB(Static Field)אא

אא،א(Electrostatic)K
אאאW 

      E   0   (6-1)∇ × =
uuur uur 

(6-1)אא،W 
   E  . d     0  (6-2)=∫

uur uur
l� 

אא(6-2)אא
(6-1)אאא

Wאא 
( )   0  a d n̂ .   E      

S

=×∇∫ 

( )      0     d .  E    a d n̂ .   E      
S

∫∫ ==×∇ l 

     0     d .  E      
C
∫ =∴ l 

אא،א،א
אאK

אאאא،Fא
(6-1)(6-2)EאEBאK 

 
  قانون فارادي :الحث الكهرومغناطيسي ٢-٦

א،،א
אא(G)א
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אא،F١-٦EK
،אאא

אאKאא
אאאאK

אאאאאא?אא?
(Electromagnetic Induction)K 

 

 
אF١-٦E 

 
אא?א
אאא?Kא

אאא(Induced Current)אאא
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،אאאאאאא
(Induced Electromotive Force) EmfKאאא

אאאא
א]אאF٢-٦E[אאK 

 

GP S

K

ε
 

אF٢-٦E 
 

אאאאאא
אאאPאאאאא

אKKאאאאאS
א،GK 

אאאW 
d    -  (6-3)
d t

ε Φ
= 

א(6-3)אא(Faraday's Law of 

Induction)Kא(6-3)אאא
( )Φ،אאא،א

אאאא εK 
אא

אWאאאאεFmfεE،אW 
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C

     E  . d    (6-4)ε = ∫
uur uur

l� 

אאΦW 

S

ˆ    B  . n d a   (6-5)Φ = ∫
uuur 

εΦ(6-3)א،W 

     a d n̂ .  B   
 td
d -     d .  E  

C
∫∫ =l 

אאאא(rigid)
(stationary)،אאאא،

אאK
אאאאא

KאאאאאW 

( )
C S S

  B ˆ ˆ   E  . d         E  . n d a  -  . n d a      (6-6)
 t 

∂
= ∇ × =

∂∫ ∫ ∫
uuur

uur uur uuur uur
l� 

،אאאW 
  B       E   -  (6-7)

t 
∂

∇ × =
∂

uuur
uuur uur 

א(6-7)אאאאK
א(6-7)  E      ×∇אאK  E      ×∇

אא،אאK
א(6-7)אאE   B  K

אא(Space)
אEאא  B  

אאK 
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אאאz(6-3)אא(6-4)W
אאאאאא
א،אא

(Lenz's law)K،אאאא
אאאאא،

אKא
אאאאאאא

אאK
אאאאאא

אאKאאא
K،אאF٣-٥EK 

אא،אWא
Lv،

B،אאא
אF٣-٦EK 

 
אF٣-٦E 
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אאא( )q
K،

אFא،W 
( )  F   q   E    v    B    (6-8)= + ×

uur uur uur uuur 
א  B     v q ×אאאb

אאאaEK
אאאא

א  Eאא  B     v q ×א،
(Steady State)KW 

qE q Bυ= 
،W 

(6 9)E Bυ= − 
אאBFאvE، E  

אאאא(6-9)K
א  φ∆אab،אW 

b

a 

    -   E  . d     E L (6 10)φ∆ = = −∫
uur uur

l 

אאφ∆V،W 
  E L V = 

Eאאא(6-9)،W 
   B L  (6-11)V υ= 

  υא(6-11)אאאאאא
אBאK
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  B  ،אאא
אK،אאא

W 
0E =×∇ 

 0     d .  E   
C

=∫ l 

אאאKאאabcdaא،
אF٣-٦Eא،،א υ

אאbcdaאא،bcda
FאאEאאcd،

،אאvK 
א(6-11)אא

אאW 
vא L

r
Kא

  vאL
r

אאא VK
אV     v  L ×

uuur uur
K  B  

אא،B  אא
    lvאא VKW 

    B  .      v    (6-12)V L= ×
uuur uuur uur

 
אVאאאאא

אאKאאא
אאKא،אאא

אא،



אא 

 ٢٧٣

אvאK
אאK 

א(v = 0)אאא
אFB F   q  v    B   0= × =

uur uur uuurKEאא B 
uuur

،אאBא
אאabcdaאא

אKאאאאא
אא(Steady State)אKW 

]0E =[    0   E  q   F  == 
 EWאאאאא

אKEא،א E  1א
אאאאאאE  2א

אאB
r

،אKW 
1 2  E   0   E    E    (6-13)= = +

uur uur uur 
אאE2א(6-7)א،

W 

2
  B        E   -   (6-14)

t
∂

∇ × =
∂

uuur
uuur uur 

אאאabcdaא،
F٣-٦E،W 

          d .  E       d .  E       d .  E    
b

a

a

bC
∫ ∫∫ +== lllε 

 0    V= + 
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אאאאאא
אEאאא،אאא

bcdaVאאא
(6-3)،W 

d      -  (6-15)
d t

Vε Φ
= = 

אא،،א
F(6-7)אE(Curl)אאא

K 
 

  المحاثَّة الذاتية ٣-٦
אאא

אאאא
Kאאאא

Kאאאאאא
אא،BאK

אאΦאאK Φ
FאEאε،אא

،אW 
  

td
 d -   Φ

=ε 
W 

FאE  B d   d ∝Φ 
FE I d  B d ∝ 
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 Idd  ∝Φ∴ 
W 

 d   L d I  (6-16)Φ = 
W 

d  L    (6-17)
d I
Φ

= 
Lאאאאא(Self Inductance)

(Henry)HK11
1
WbH
A

= 
אאאאאא

(Induction)אא(Inductor)אאא،
אאRאCKא

RCאאאאא
L،K 

אאאאאC
Kאאא

אאאאאK
אLאאאא

א،K 
אאאאא  εא،

אWא(6-16)d t،W 

  
td
I d L  

td
 d =
Φ 

W 
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td

 d -   Φ
=ε 

d I     - L  (6-18)
d t

ε∴ = 
 

  المحاثة المتبادلة ٤-٦
،

אεאאK
א،אאF٦-

٤Eאאאא،  ε،א
אאאiK 

1

2

3

i

G

 
אF٤-٦E 

 

אΦאiW 
   ...       ini2i1i Φ++Φ+Φ=Φ 

      
n

1  j
ij∑

=
Φ=  
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W  i1Φאאאאiאאא1K 
  i2Φאאאאiאאא2K 
  inΦאאאאiאאאnK

Kא 
אאאאא  iεאאi،W 

n n

i
i ij ij

j  1 j  1

d  d d    -   -        -       (6-19)
d t d t d t

ε
= =

⎡ ⎤Φ ⎢ ⎥= = Φ = Φ
⎢ ⎥⎣ ⎦
∑ ∑ 

אאאאאאאא
F٦ J٤E،(rigid)(Stationary)אאא

  ijΦאאאאאא
אאKאW 

ij ij j

i

d d  d I
    .     (6-20)

d t d I  d t
Φ Φ

= 

W 
    

td
I d

   
td

 d
 jij ∝
Φ 

א 
 I d
  d

 
j

ijΦאKW 

ij
ij

j

d  
 M      ;  i  j      (6-21)

d I  
Φ

= ≠ 

 M ijא(Mutual Inductance)אאijK 
 M  M jiij =K M ii L i

אאא(Self Inductance)K 
 
 
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  صيغة نيومان ٥-٦
،אאאא،

 
I

  
∆
Φ∆Kאא

אK 

0

1r
r

2r
r

1dl
r

2dl
r

1
2

2 1r r−
r r

1i

 
אF٥-٦E 

 
אאMאאא،

F٥-٦EK i 1אא1،
B1אאאאא2Kא

א،2  אεאא2א،
W 

1
2

d    -  (6 22)
d t 

ε Φ
= − 

W 
11 2ˆ     B  . n d S   (6-23)Φ = ∫

uur 
B1אאא A  1א،

אW 
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1 1  B        A   (6-24)= ∇ ×
uur uuur uur 

1B
uurא(6-24)א(6-23)،1Φא

(6-22)،W 

( )  S d n̂ . A       
 td
d -   2

S
12

2

∫ ×∇=ε  

אאאא
،W 

1 22
d   -    A  . d   (6 25)

d t
ε = −∫

uur ur
l� 

אא A  1،W 
1o 1

1
2 11

I  d     A       
4   r  -  r   
µ
π

= ∫
ur

uur l
ur ur� 

A1אאא(6-25)،W 

   
  r  - r  
  d .   d I  

  4
  

 td
d -   

2 1 12

211o
2 ∫ ∫=

ll

π
µ

ε 

     
 td
I d  

  r  - r  
  d .   d   

  4
 -   

2 1

1

12

21o
2 ∫ ∫=

ll

π
µ

ε 

W 

   
td
I d M -   1

212 =ε 

،אאW 
1 2o

21
2 12 1

d   . d   M           (6-26)
4    r  -  r   
µ
π

= ∫ ∫
ur ur
l l
ur ur� � 



א 

 ٢٨٠

א(6-26)??אא
אKאא

אאא
אK 

،אאאאאא
אאאאאאzאא1א

(6-5)xא،  d 1l  d 2lאא
אF٦-٦EKW 

1 1o

11 1 1

d   . d   L          (6-27)
4    r  -  r '   
µ
π

= ∫ ∫
ur ur
l l

ur ur� � 

 

1r
r

2r
r

0

1 1r r ′−
r r

1dl
r

1dl ′
r

 
אF٦-٦E 

 
אא(6-26)(6-27)

אאאאאאא،א
Kאא

אאאאאאאKא
אאK 
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  توصيل المحثات على التوالي وعلى التوازي ٦-٦
،אאאאא

אאאKאא
אK 

א،
אאאKא

אא،אאאK 
 אאאאאF٧-٦E

אאK 
 

1R 2R1L 2L

V 
אF٧- ٦E 

 
אאאW 

1 1 2 2 V  I R  -   I R  -   (6-28)ε ε= + 
IWאאאאאK  1ε  2εאאא

אאאא،אאK 
VWאאabK 

W 



א 

 ٢٨٢

1 1
d I d I   - L   - M  (6-29)
d t d t

ε = 
 

2 2
d I d I   - L   - M  (6-30)
d t d t

ε = 
MWאאאאא
 M  M  M 2112 ==K  1ε  2εא(6-29)
(6-30)אא(6-28)،W 

 
td
I d M  

td
I d L  R I  

td
I d M  

td
I d L  R I  V 2211 +++++= 

،W 
( ) ( )1 2 1 2

d I V  R R  I  L L  2 M    (6-31)
d t

= + + + + 
א(6-31)א

( ) RR 21 +،אא
אא( )1 2 L L 2M  + +אאא،

אאאאKאא
1 2 L   L   2M + +،אא I 1Fא

אאE I 2FאאאEא
 2M -LL 21 +،אא I1 I2

K 
אאM،W 

1 2 M  K  L  L        ;   -1  K  1   (6-32)= ≤ ≤ 
אאאא L eff(Effective Inductance)

אאאאאW 
eff 1 2 1 2 L   L   L   2 K  L  L      ;   - 1  K   1  (6-33)= + + ≤ ≤ + 
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א(6-33)Kא
א L effKאאאא

אאא
(Resonance Frequency)،K

אא(Coupling Coefficient)K 

1I

2I

1R

2R

1L

2L

I

 
F٨-٦E 

 

אאאא
אאאא،אאF٨-٦E

אLR
،אאאF٧-٦EKאאא

אאאא(function) L 1 L 21R 
 R 2KאW 

1 2
1

2 1
2

d I d I V  L    M  
d t d t   (6-34)
d I d I V  L    M       
d t d t

⎫= + ⎪⎪
⎬
⎪= +
⎪⎭

 

א(6-34)، 
 td
I d 2

 
 td
I d 1،W 
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( ) ( )  
td
I d M - L L  M - L V 12

212 = 

( ) ( )   
td

I d M - L L M - L V 22
211 = 

،אאW 

( ) ( ) ( )  
 td
I d M-LL  

 td
I d

 td
I d M-L L  M 2-LLV 2

21
212

2121 =⎟
⎠
⎞

⎜
⎝
⎛ +=+ 

W 

 
td

I d  
td
I d  

td
I d 21 += 

2
1 2

1 2

L  L  - M  d I   V    (6-35)
L   L  - 2 M d t

∴ =
+

 

א(6-35)אא L eff،
אW 

2
1 2

eff
1 2

L  L  - M   L    (6-36)
L   L  - 2 M 

=
+

 

،M،א
אאאאK 

 
  )١-٦(مثال 

ẑA  B 
uuur

אאאא،א
F٩-٦EKאאאB 

uuurW 
  ẑ e B   B   ta -

o= 
W B oaאאאtK 
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 אאאאאא
tK 

ˆat
oB B e z−=

r ˆAz

 
אF٦ J٩E 

 
אW 

 
td

 d -   Φ
=ε 

W 
   ẑA  . ẑ e B  A   .  B     ta -

o==Φ 
- a t

o A B  e    = 
( )   e BA  a  e BA  

td
d -       ta -

o
 ta -

o ==∴ ε 

אאε(Exponentially)
אKאt = 0،

  maxε،W 
 BA  a   omax =ε 

 
  )٢-٦(مثال 

א m 16  y   x 222 =+
אx yאא،אW 
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  FE      ẑ t  cos y   x 2   B  22 ω+= 
אאאאאאאאK 

 
אW 

אאx yא،da
אzKW 

[ ]   ẑ  n̂   n̂y  d x d  ẑy  d x d  a d === 
א(6-6)،ε 

S

  B ˆ     E  . d      . n d a 
 t 

ε ∂
= = −

∂∫ ∫
uuur

uur uur
l� 

2 2

S

 ˆ ˆ -   2  x   y  cos  t  z . d x d y z 
 t 

ω∂ ⎡ ⎤= +⎣ ⎦∂∫ 
2 2   2  sin  t  x   y  d x d yε ω ω= +∫∫ 

אאאאאאK 
r  ddr ady d x d φ== 

2 R

2

0 0

      2  sin  t   r  d r d  
π

ε ω ω φ∴ = ∫ ∫ 

[ ]
R3 3

2 

0
0

r R  2  sin  t      2  sin  t (2 )  
3 3

πω ω φ ω ω π
⎡ ⎤ ⎛ ⎞

= = ⎜ ⎟⎢ ⎥
⎣ ⎦ ⎝ ⎠

 

אאאW 
 R  16  y   x 222 ==+ 

FאE   m4  R    =∴ 
R،ε 
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t   sin   268  
3
4 )  (2 t sin   2   

3

ωωπωωε =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= 

        268 sin  t  ε ω ω∴ = 
אאאאאא  εא

א(sine wave)K 
 

  )٦-٣(مثال 
1 m

א،אω12 rad / sK
אF١٠-٦Eאאא

0.3 T،εאאK 

x

y

z

B
r

ω

θ
rr

dr
r

+

−

vr

 
אF١٠-٦E 

 

אW 
 ،אאא  εא

(motional Emf)W 
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    E  . d      (1)ε = ∫
uur uur

l 
،אאאאאW 

    B     v q   F  ×= 
W 

ˆ        r    r     υ ω ω θ= × =
uuur uurr 

     ẑBB = 
     ẑ  ˆ . Br   q  ẑ B   ˆr   q   F      ×=×=∴ θωθω 

W 

  r̂ẑ ˆ =×θ 
ˆ      F   q  r B r     (2)ω∴ =

uur 
W 

  r̂ Br   q -   B     v q -   E  q ω=×= 
ˆ      E   -  r B r       (3)ω∴ =

uur 
Eאאr  d     d =lא(1)،

W 

2

00

1ˆ    -  r B r . d  r   -   B r     
2

ξ ω ω= =∫
l

luur 

  B  
2
1 -       2lωξ =∴ 

21        12  0.3 x    1.8 V  
2

ξ = × × = 

 
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  )٤-٦(مثال 
1 mאאא

، 
s
m k̂ 2 - ŷ 3  x̂ - ⎟
⎠
⎞

⎜
⎝
⎛+

 (T) ŷ 3 - x̂ 2 KεאאK 
 

אW 
εW 

 v.B ×= lε 

( )    
2-31-
001
ẑŷx̂

  .  ŷ 3 - x̂ 2  = 

( ) ( )  V 6 -  0  6 - 0   ẑ 3  ŷ 2  x̂ 0  .  ŷ 3 - x̂ 2   =+=++= 
 

  )٥-٦(مثال 
אאאLA

  lnK 
 

אW 
L،I،א Φא

אא،אא(6-17)LK 
 A    In   A  B  S d n̂ .  B    ' o∫ ===Φ µ 

F In    B oµ=KE 
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אאאאF
אאאאKEאאא 

   A  I n   ' ) (n    2
o ll µ=Φ=Φ 

   A  n   
Id

 d  L    2
o lµ=Φ

=∴ 

אאLא  lAK
אאKL

א( )   oµאאא
אIאאא ΦK 

 
  )٦-٦(مثال 

50 cm5 cm21000
،  3500 oµK

אאLאאאK 
 

אW 
אאא L o،אא
אאW 

(1)     A  n   L 2
oo lµ= 

אא K m،
W 

  3500  
 
 3500    K 

o

o

o
m ===

µ
µ

µ
µ 

(2)      A  n   L     2 lµ=∴ 
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(1)،(2)،W 
 L K A   K   A  n   L omomo

2 === ll µµµ 
m o L  K  L  (3)= 

 H 4.396  0.5 105  
0.50
1000  10   4  3500  4-

2
7- =×××⎟

⎠
⎞

⎜
⎝
⎛×××= π 

=4396 H 
 

  )٧-٦(مثال 
(Toriod)NK

אא R 1א R 2א،hK
אF١١-٦EKאאאLK 

h

1R

2R

 
אF١١-٦EK 

 
אW 

אאאIKאא
rאW 

 R r   R  ;   
r 2

 I N   B 12
o ≥≥=
π

µ 

א'Φאא،אW 
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 r    dh  n̂ .  ˆ 
r2

 I N  
  S d n̂ .  B    ' o

∫ ∫==Φ θ
π

µ 

 n̂ˆ =θ 
2

1

R  

o 2
o

1R  

 N I h Rd r N I h   '         ln     
2 r 2  R

µ µ
π π

∴ Φ = =∫ 

אאΦאW 
o 2

1

 N I h R '   N    ln    
2 R

µ
π

Φ = Φ = 

W  
d L    
d I
Φ

= 
2 2

o o2 2

1 1

 N  I h  N  h R Rd    L    ln    ln 
d I 2 R 2 R

µ µ
π π

⎛ ⎞
∴ = =⎜ ⎟

⎝ ⎠
 

 
  )٨-٦(مثال 

אא
 R 1 R 2F R  R 12 >Eאl،א

אאא
אK؟אאאאא 

 
אW 

،אW 
 R r    ;     0   B  2≥= 

אאאאאK 
 R r    ;     0   B  1≤= 
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 R 1K 
 I      d .  B  oµ=∫ l 

  I  r   2 B o µπθ = 

   R r   R ;  
r2
 I   B    21

o ≤≤=∴
π

µ
θ 

WIאאאאאrK 
אאΦ  lF

אאEdr،W 

  r  d  n̂ . ˆ 
r 2
 I     S d n̂ .  B     o∫ ∫==Φ lθ

π
µ 

W 
ˆ ˆ  n θ = 

2

1

R

o o o 2

1R

I  I  I Rd r      d r       ln       
2  r 2  r 2   R
µ µ µ
π π π

∴ Φ = = =∫ ∫
l l l 

o o2 2

1 1

 I  R Rd d L      ln    ln     
d I d t 2  R 2  R

µ µ
π π

⎛ ⎞ ⎛ ⎞Φ
= = =⎜ ⎟ ⎜ ⎟

⎝ ⎠ ⎝ ⎠

l l 

אK 
 

  )٩-٦(مثال 

(Toroid) N 1، l
A، N 2Kא

אא( ) L ,L 12אא M 12 M 21K 



א 

 ٢٩٤

אW 
אאא I 1K

rאאא،א
א B 1W 

(1)     I N   
r   2

 I N   B 11o11o
1

l

µ
π

µ
== 

אאאאאאW 
  אC11   א =Φ 

(2)   A N   N A  
 

 I N   
2
1o

1
11o

ll

µµ
=×= 

،אאW 

(3)  A I N N   N A  
 

I N    121o
2

11o
21

ll

µµ
=×=Φ 

א(2)،W 

 
 

A  N   
I d

 d  L 
2
1o

1

11
1

l

µ
=

Φ
= 

(4)     A  N   M  L    
2
1o

111
l

µ
==∴ 

א(3)،W 

(5)    
 

A  N N   
I d

 d  N 21o

1

21
21

l

µ
=

Φ
= 

אאאא I 2א،
אrאW 

(6)    I N   
r   2

 I N   B 22o22o
2

l

µ
π

µ
== 
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،אאאאW 
 FאאE 

(7)    A I N    2
2
2o

22
l

µ
=Φ 

אא،אאאW 

(8)    A I N N    221o
12

l

µ
=Φ 

א(7)،W 

 
 

A N   
 I d
  d  L 

2
2o

2

22
2

l

µ
=

Φ
= 

(9)    A N   M  L    
2
2o

222
l

µ
==∴ 

א(8)،W 

(10)    
 

A NN    
I d

 d  M 21o

2

12
12

l

µ
=

Φ
= 

،א(5)(10)،W 

(11)    A N N   M  M 21o
2112

l

µ
== 

א(4)(9)،W 

 M  M  
 

A N N    
 

A N  . 
 

A N     L L  2112
21o

2
2o

2
1o

21 ====
lll

µµµ 

W 
(12)     L L   M  M 212112 == 

אMאאא L 1 L 2،
אאW 
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  L L k   M 21= 
kאא(Coupling Coefficient)א

01K1אא
א،א(Transformers)אא،

،אאkא،אK 
 

  )٦-١٠(مثال 
אא

hאdKאא
א،אhאא

rr + d،אF١٢-٦Eאא،
אMאאK 

dr

x h

1I

1

2

 
אF٦- ١٢E 

 

אW 
 I 1א(1)K

אאא(2)Kא  B  x
،אW 
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(1)    o 1
1

 I  ˆB      
2  x 
µ θ
π

=
r 

א،אאאאא
אW 

r d

o 1 o 1
21

r

 I   I  h d xˆˆ ˆ     B  . n d S      . n h d x     (2)
2  x 2 x
µ µθ
π π

+

Φ = = =∫ ∫ ∫
uuur 

o 1
21

 I  h r  d    ln   
2  r

µ
π

+⎛ ⎞Φ = ⎜ ⎟
⎝ ⎠

 

אאM،W 
o 1 o21

1 1

 I  h   h d d r d r  d M      ln    ln  
d I d I 2  r 2  r

µ µ
π π

⎡ ⎤Φ + +⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦
 

(3)   
r

d r   
  2
h   M    

n

o ⎟
⎠
⎞

⎜
⎝
⎛ +

=∴
π

µ 

 
  )١١-٦(مثال 

אאKאאאK
0.7אא0.8Hא

אא،2.2HאאK
אאאאאאK 

 
אW 

،אא
 L effW 

  M 2 - L  L  L 21eff += 
(1)      M 2 - L  L  0.8     21 +=∴ 
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،אאא
 L effW 

  M 2  L  L  L 21eff ++= 
(2)   1 2   2.2  L   L   2 M  ∴ = + + 

אאK،]אאF٦-١٠E[W 
 

 L L 
M K  

21

= 

1 2

M  0.7   
L  L

∴ = 

W 
(3)       L L 0.49  M 21

2 = 
א(1)(2)(3)،W 

M = 0.35 H 
 H 1.32  L 1 = 
  H 0.19  L 2 = 

 

  )١٢-٦(مثال 
אאKאאאא

7H8Hאאא5HKא
אאFאE

 (a) JאאK 
 (b) JאK 

 

אW 
(a)،אאW 
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   H 6.2  
5
31  

 5)(2 - 8  7
5 - 8  7  

 M 2 - L  L
 M - L L  L 

2

21

2
21

eff ==
×+

×
=

+
= 

(b)،אW 

   H 1.24  
 5)(2  8  7

5 - 8  7  
 M 2  L  L

 M - L L  L 
2

21

2
21

eff =
×++

×
=

++
= 

Mאא
Mא،

אKאאא
،אאאא

אאאK 
 
 
 
 
 
 
 
 
 
 
 
 
 
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 ٣٠٠

  مسائل
  السؤال الأول

אF١Eא
am/H0µאI
bm/H0µאI  JKאא

אm/H0µאא
אאK 

 

b

a

b
a

I

I

I

µ0

µ0

µ0

I

11 ,HB

22 H,BI

الموصل الخارجي

الموصل الداخلي

 
אF١EKאאאabאאK 

 
  السؤال الثاني

אF٢E(Solenoid)NFא
ELaאאKא

אאIאאKFWא
אאL >> aKE 
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(a)

(b)

N ‐ turns
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(0,0,z)
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dz 
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y 

K=NI/L

B

 
אF٢E 

 
  ل الثالثالسؤا

א(3)(toroidal coil)N
אρ0אa،אאא

0r µµאאK 
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a

ρ0

I

I

 µr µ ٠القلب ونفاذيته 

Nلفة 

 
(3):-אNm/H0r µµK 

 
  السؤال الرابع

aאא
אxyאא

אxyzא(0, 0, h)א
אאba > bah >>

אאאK 
 
 
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 ٣٠٣

  السؤال الخامس
10010 

cm5 cm2א
1000r =µFאאאאאKE 

 
 السؤال السادس

א
אאaאאאb

אcbc >Kאא
אאm/H0µK 

 
 
 
 
 
 
 
 
 
 
 
 
 
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 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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  السابع الفصل
 

 
אא 

 
  مقدمة ١-٧

אאא
אF،،א،،…KEא

אאאא
אא،א،

אאאKא
K

אאאא
אאאאאא،א

אK 
אVאאא

אאא
LRאא،

Iא،،אא
אאW 

(7-1)        I R V ε+ = 

V
−
+

I

R

L
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εWאאאאאK 
אא V

אdq  אאא(7-1)אdq،
אאW 

          V dq dq I dq Rε+ = 
،W 

    -          V dq dq I dq Rε= + 
W 

dq Idt= 
( )2       -         7-2   V dq I dt I R dtε∴ = + 

אא-  dt εא(7-2)  d Φ،
אא(7-2)אאW 

( )2          7-3V dq I d I R dt= Φ + 
א(7-3)אא (  ) V dq V

Wא(   ) I dΦאאאאא
אאאאFאא١-٧E،א

( )2I  R d t אאאאKא
אא،אא

אאא،אא
א،א2 I  R dt Kא

(7-3)،W 
( )       7 4  bdW V dq I d= = Φ − 
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אאאא( )b dW  
אאאא،
Kאאאא(rigid)

(Stationary)(hysteresis)Kא
אFEאאK 

(7-4)אאא،( )b dW  
א،d ΦאאאאI،

אאאK 
 

  ئيةالطاقة المغناطيسية لدارة كهربا ٢-٧
א

KאIאtK


א،אK
אאאK

אאאא( )0R =א
אאKאאא

אאKאאאb dW  א
אאdUK 

אאdU،אאא
א،(7-4)KW 

( )       7-5bdU dW I d= = Φ 
אאאLאΦאI،W 
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 I d L   d =Φ 
d Φאאא(7-5)،W 

dU L I dI= 
،W 

(7-6)      I L 
2
1   U 2= 

אאUא
אאאW 

 IL=Φ 
(7-7)    

L
 

2
1     U  

2Φ
=∴ 

(7-8)     I  
2
1   U Φ= 

אאא(7-6)،(7-7)(7-8)אא
אאLI

ΦKאא
אאאC،א

Φ∆،qKW 
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  الطاقة المغناطيسية لعدد من الدارات ٣-٧
אאאאאK

אאאאאא
אאאKאאא

אאאאF،،،א
KEאאbdW  אאאא

אאאdU،W 

( )
n

i  1

       7-9b i idW dU I d
=

= = Φ∑ 

،אא،אאאא
אאKאאאFEא

אKאאא  iΦ
אאא I iאאאKW 

( )
  1   1

          7 10    
n n

ij
i j ij j

j jj

d
d dI M dI

dI= =

Φ
Φ = = −∑ ∑ 

אF٩ J٧EF١٠ J٧E،W 

( )
n

1 j  1

       7 -11   
n

ij i j
i

dU M I dI
= =

= ∑ ∑ 

אUא(7-11)K
אאאאאאאאK

אאאK
אK

אKאאאא
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אאאאא،אאאK
،אא

אאKאא
אtא)(αאאKא

W 
i i I  (t)   I  (7-12)α= 

  αi01K 
א(7-12)W 

j j d I  (t)  I  d    (7-13)α= 
א(7-11) I iא(7-12) I d i

(7-13)א،W 
      d   I I M      Ud 

n

1  j
jiij

n

1  i
∑∑
==

= αα 

      d   I I M      U
n

1  j

1

0
jiij

n

1  i
∑ ∫∑
==

= αα 

W 

∫ ==
1

0

1

0

2     
2
1    

2
1   d   ααα 

n n

ij i j
i  1 j  1

1 U      M  I  I      (7-14)
2 = =

= ∑ ∑ 

W 
   I M      

n

1  j
jiji ∑

=

=Φ 
n

i i
i  1

1 U     I      (7-15)
2 =

= Φ∑ 
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  iΦאאאאאiא
אאאאאאiK،אא

(7-15)אא(7-6) L  M11 =אאK 
 

  كثافة الطاقة في المجال المغناطيسي ٤-٧
א(7-6)(7-7)(7-8)אא

אאאILKא
אאא  B  

  H  ،אאא
אאK 

אאאאאאא
אKא(7-15)،

אn،W 

   I  
2
1   U

n

1  i
ii∑

=
Φ= 

א،אא
WאאאאKא 

i

i
S

ˆ     B  . n da  Φ = ∫
uuur

 

W 
 A B ×∇= 

( )    a d  n̂ .  A            
iS

i ∫ ×∇=Φ∴ 
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אאא،
אא،W 

( )
i i

ii
S C

ˆ          A   . n  da    A  . d    (7-16)Φ = ∇ × =∫ ∫
uuur uuur uuur ur

l� 

 A  Wאאא(local vector potential)K 
 C iWאאK 
   d ilWאאאאא C iK 

  iΦא(7-16)א(7-15)،W 

i i

n n

i ii i
i 1 i 1C C

1 1 U     I     A . d         A . I  d   (7-17)
2 2= =

= =∑ ∑∫ ∫
uuur ur uuur ur

l l� � 

אאiiI  d  
ur
lאJ  d v

uurאא
i

n

i  1 C

  
=
∑ ∫�

∫
V

  א(7-17)אאW 

    vd  J  . A   
2
1   U

v
∫= 

W 
 JH =×∇ 

( ) ( )    vd A   .  H     
2
1   vd   H     . A    

2
1    U  

V V
∫ ∫ ×∇=×∇=∴ 

אאאW 
( ) ( ) ( )    F  . G      - G   .  F     G     F  .    ×∇×∇=×∇ 

W 
( ) ( ) ( ) G    F  .    - G   .  F      F  . G       ×∇×∇=×∇ 

( )   A   .  H     ×∇،אאא،W 
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( ) ( ) ( )  H  A   .    -  H  . A      A   .  H      ×∇×∇=×∇ 

( ) ( ) ( )
v v v

1 1 1 U        H  .  A  d v      A  .  H  d v-     A   H  d v 
2 2 2

= ∇ × = ∇× ∇⋅ ×∫ ∫ ∫
uuur uuur uuur uuur uuur uuur uuuur uuur uuur

 

א(divergence theorem)אא
،אאאW 

( ) ( ) ( )1 1 ˆ U                       .     7-18
2 2v S

A H d v A H n d S= ∇ × ⋅ − ×∫ ∫
uuur uuur uuur uuuurr

� 

SWאאV،אאא
אאKאא

FאאE
א A HאW 

( ) ( )o

v

 J   r'  
 A  r      d v'    

4   r  -  r'   
µ
π

= ∫
uur uur

uuur uur
uur uur 

( ) ( )      v'd 
   r'  - r   

  r'  - r      J   
 4
1  r   H 

v
3∫

×
=

π
 

W 

   
r
1   H    ;     

r
1  A   2∝∝ 

W 

  
r
1   H   A   3∝× 

אSr2א،
א(7-18)א،rKW 
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( )    
r
1  S d n̂ .  H   A      

S

∝⎥
⎦

⎤
⎢
⎣

⎡
×∫ 

rWאאאאא
אKS،אאא

אאא،א(7-18)
Kאא

אאאKאW 

( ) ( )
v v

1 1  U      A   .  H  d v     H  .    A   d v      
2 2

= ∇ × = ∇ ×∫ ∫
uuur uuur uuur uuur uuur uuur

 

BA =×∇،אאW 

v

1 U    H  .  B  d v  (7-19)
2

= ∫
uuur uuur 

א(7-19)אאא
אאEאW 

   vd  E  .  D   
2
1   U ∫= 

א(Energy Density)א،
،אאאW 

d U 1 u       H  .  B   (7-20)
d v 2

= =
uuur uuur 

אאאK  H     B  µ=،
א(7-20)W 

2
21 1 B u    H     (7-21)

2 2
µ

µ
= = 
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א(7-21)אאא
אFHBE،אא

אאאא
F  D  EKEאאא( )UK

אאW 

v

 U   u d v   (7-22)= ∫ 

 
  القوى والعزوم على الدارات الصلبة ٥-٧

،אא
אא(Force)א(Torque)א

KאאK 
WאאF

אאEdr  rKא
FKאאIא

FאKEאאא
אF،אW 

 d W   F  . d  r   (7-23)=
uur uur 

אא( )dWWאא
א( ) dW bKאאא

אאאאאאאא
א،K،אא

אאdUK 
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W 
    -   (7-24)bdW dW dU= 

אbdW  א(7-24)،אאW 
א(7-15)،W 

∑
=

Φ=
n

1  i
ii   d I  

2
1   Ud  

א(7-9)،W 
n

b i i
i  1

 dW     I  d  
=

= Φ∑ 

،אאW 
   2  bdW dU= 

bdW  אא(7-24)א،W 
( )7 25dW dU= − 

אאdWאא  F  א
א( )dUKא(7-23)،W 

        .                x y zdW dU F d r F d x F d y F d z= = = + +
uuur uur

 
אאאאW 

x y z
 U  U  Uˆ ˆ ˆ ˆ ˆ ˆ  F     U  i   j   k   i F   j F   k F  
 x  y  z

⎛ ⎞∂ ∂ ∂⎛ ⎞ ⎛ ⎞= ∇ = + + = + +⎜ ⎟ ⎜ ⎟⎜ ⎟∂ ∂ ∂⎝ ⎠ ⎝ ⎠⎝ ⎠

uur uur 

W 
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(7-26)  

 
z 

 U  F 

 
y 

 U  F 

 
 x
 U  F 

I
z

I
y

I
x

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

=

⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=

 

א(7-26)،אאא
אא(gradient)אאUא
אK 

WאאאאK
אאאא،א

אאW 
   d    d    d      d .     Ud  W d 332211 θτθτθτθτ ++=== 

    τWאאאאאK 
d   θ
uuur

WאאאאאK 
W 

(7-27)     
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∂
∂
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 
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Wאאאא  ΦK
אbdW  א(7-9)אKW 

z 0   d i =Φx   0   d I    Wd 
n

1  i
iib ∑

=
=Φ= 

א(7-24)אא،W 
dW dU= − 

،אאאאW 
x y zdW dU F dr F dx F dy F dz= − = ⋅ = + +

r r 
W 

  
z 

 U k̂  
y 

 U ĵ  
 x
 U î  -   U   -   F  ⎥

⎦

⎤
⎢
⎣

⎡
⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
∂
∂

+⎟
⎠
⎞

⎜
⎝
⎛
∂
∂

=∇= 

[ ] F k̂  F ĵ  F î  zyx ++= 
W 

x

y

z

 UF    -   
 x

 U  F   -     (7-28)
 y

 U F   -            
 z

Φ

Φ

Φ

⎫∂⎛ ⎞= ⎜ ⎟ ⎪∂⎝ ⎠ ⎪
⎪⎛ ⎞∂ ⎪= ⎬⎜ ⎟∂⎝ ⎠ ⎪
⎪∂⎛ ⎞ ⎪= ⎜ ⎟∂ ⎪⎝ ⎠ ⎭

 

אWאאא(Torque)אא
אאאאאא

אKאאW 
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1
1

2
2

3
3

 U  -   
 

 U   -     (7-29)
 

 U  -            
 

τ
θ

τ
θ

τ
θ

Φ

Φ

Φ

⎫⎛ ⎞∂
= ⎪⎜ ⎟∂⎝ ⎠ ⎪

⎪⎛ ⎞∂ ⎪= ⎬⎜ ⎟∂⎝ ⎠ ⎪
⎪⎛ ⎞∂ ⎪= ⎜ ⎟ ⎪∂⎝ ⎠ ⎭

 

 
  ناتج عن التخلف المغناطيسيفقدان الطاقة ال ٦-٧

אאאאא
אא(Reversible)א(Linear)Kא

אאK
אאאאK 

א،א
،אאאאאאא

אW 
     bdW I d= Φ 

 dΦאאאאאאK 
א dΦאאא

אאאK
W 

( )b  W   N I   d    N I    (7-27)δ δ δ= Φ = Φ∫ 
  ΦאאאK 
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אא،אאא
אNIFאאאאmmfE

א    d .  H  l∫KW 
  I N     d .  H  

C

=∫ l 

א(7-27)אא،W 
( )        d .  H    W b Φ= ∫ δδ l 

W 
A   B  a d n̂ .  B   ==Φ ∫ 

،W 
BA δδ =Φ 

WAאאא
  d l 

( )b     W     H  . d    A  B  (7-28)δ δ∴ = ∫
uuur uur

l� 
d   

uur
lאאא  Φא

  BW 
 ( B ) A d    A d   B   d v  B   δ δ δ= =

uur uuur uuur
l l 

א،(7-28)،אאW 
( )b

v

 W    H  . d   A B    H  .  B  dv   (7-29)δ δ δ= =∫ ∫
uuur uur uuur uuur

l� 

VWאאאKאאא
،אאאא،אא

،אא(7-29)א،
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،אא0B =
B Kא،אאא(7-29)

א(7-19)אW 

b
v

1 W     H  .  B  dv 
2

= ∫
uuur uuur

 

אא(7-29)א(7-19)،
אאאא

K 
א(7-29)אאא،

אאאbdW  אא
FאאEאאאW 

      .     (7-30)bdW H d B=
uuuur uuur

 
(Alternating Current)א،

אKאא
אאאBH

א H maxKW 

( )    .  7 31
b

b
a

W H dB= −∫ 

אאאHdBK 
،  Wbא

אאF0H =
0B =،אEאאא

א(7-32)FE
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אKאאאFאאE
אאאKאא

(Transformers)FKEאא
،א،אא

  WbאK 
 

  )١-٧(مثال 
،אאאא

Rln،
IFאאKE 

 
אW 

אאא(7-8)אאא
אאW 

   I 
2
1   U Φ= 

IWאאאK 
  ΦWאאאK 

א( )  '  ΦאW 
( )2ˆ '   B  .  da  B   Rn πΦ = =∫

uuur
 

אBאא،W 
   In    B oµ= 

    R  . In    '    2
o πµ=Φ∴ 
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אאΦאא ) n  ( lW 
   R  I n   ' n    22

o ll πµ=Φ=Φ 
2 2 2

o
1 1    U   I      n  I  R      
2 2

µ π∴ = Φ = l 

 
   )٧-٢(مثال 

 אאאא
אW 

s s s / 2 s / 2
1 1 2 2 12 21 1 2L    I    , L    I   ,  M   M    I  I  β β β= = = = 

  βsאאKאא
Kאאא

אאא I 1f I 2f،W 
(a)אאאאK 
(b)א I 1אא 0  I 2 =،

 I 2אאK 
 

אW 
א(7-9)،אאW 

2

i i 1 1 2 2
i  1

 dU   I  d   I  d   I  d    
=

= Φ = Φ + Φ∑ 

W 
1 1 1 12 2

2 2 2 21 1

 d   L  d I   M  d I  
 d   L  d I   M  d I  
Φ = +
Φ = +

 

 I d M I  I d L I  I d M I  I d L I   Ud 1222222121111 +++= 
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 L1 L 2 M 12 M 21WW 
3 s / 2 s / 2 s s / 2 s / 2

1 1 1 1 1 2 2 2 2 2 2 1 2 1 d U   I  I  d I    I  I  I  d I    I  I  d I    I I I  d I  β β β β= + + + 
3 3
2 2 s  ss  1 s / 2 s 1 s/2

1 1 2 1 2 2 1 2 d U   I  I  I   d I    I   I   I    d I  (1)β β+ +⎡ ⎤ ⎡ ⎤= + + + +⎣ ⎦ ⎣ ⎦ 
(a)אאאא،אאK

W 
    d I  I d  ;   I   I ifiifi αα == 

 I d i I iא(1)،W 
( ) ( ) ( ) ( )

3
2s  1 s / 2  s s 1

1f 1f 1f 2f 1f 2f 2fU    I   I  d    I  I  I  d    I  I  d  α β α α α β α α β α+ +⎡= + +⎣∫ 

( ) ( ) ]     d I  I  I   2f
s 

1f
2 / s

2
3
2

αβαα+ 
s 2 3 s / 2 3s / 2 s 2 3 s /2 3 s / 2
1f 1f 2f 2f 1f 2f

1
s 1

0

    I    I  I   I    I  I   

                                                              d    

β β β β

α α

+ +

+

⎡ ⎤= + + +⎣ ⎦

∫
 

W  

 
2  s

1  
2  s
     d   

1

0

2  s1

0

1  s

+
=⎥

⎦

⎤
+

=
+

+∫
ααα 

 
I I

 I I M  
I
I L

I I
 I I M  

I
I L 

2  s
1    U 2 / s

2f
2 / s

1f

 /2s 3
2f

 /2s 3
1f

122
2f

2s
2f

22 / s
2f

2 / s
1f

 /2s 3
2f

 /2s 3
1f

122
1f

2s
1f

1 ⎥
⎦

⎤
⎢
⎣

⎡
+++

+
=∴

++

 

2 2
1 1f 12 1f 2f 2 2f

1U   L  I   2 M  I  I   L  I   (2)
s 2

⎡ ⎤= + +⎣ ⎦+
 

(b)א،אא I 1א I 1fK
 0  I 2 =K 0  I d 2 =א(1)W 

∫ +
=

+
==∴

+
+

1fI

0

2
1f1

2  s
1f

1
1s

11  
2  s

 I L   
2  s
 I   I d I      U βββ 
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א I 2א I 2f I 1fK
 0  I d 1 =Kא،(1)W 

∫ ∫+= +
2f 2fI

0

I

0
2

2 / s
2

2 / s 3
1f2

1s
22   I d I I   I d I      U ββ 

s  2 3 s / 2 3 / 2 s  2 3 s / 2 3 s / 2
2f 1f 2f 2f 1f 2f I   I I   I  2  I  I           

s  2 s/2+1 s  2 s  2

sβ β β β+ +

= + = +
+ + +

 

  
2s

  II  2  
2s

 I   
2s

 I L    U   U  
2 / s 3

2f
 2 / s 3

1f
2s

2f
2
1f1

21 +
+

+
+

+
=+∴

+ βββ 
2 2

1 1f 12 1f 2f 2 2f
1    L  I   2 M  I  I   L  I  (3)

s  2 
⎡ ⎤= + +⎣ ⎦+

 
א](2)א(3)[Kאא

U  אאאאא
אK 

 

  )٣-٧(مثال 
אאאאאא
אF١٠-٦Eאא،אא I 1 I 2،

א،אK 
 

אW 
אF١٠-٦Eאאא، L 1 L 2

אאאאW 
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d،µ
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Kא
אאא  mχA،

،אאאאא
אאאKאאאא
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 101.8   -4
m ×=χ21A cm= T 0.25  B o =،

אFאאKE 
 

אW 
אΦ،W 
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אאUδאאאא
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  مسائل
  :الأولسؤال ال

אF١-٧Eאא،אאא
W 

  A  n   L 2
o lµ= 

AWאK 
 
   :الثانيسؤال ال

אאאאאא(Toriod)،
IK 

 
  :الثالثسؤال ال

אאאא
אF٣-٧E I 3אא I 1 I 2،

אאאאK 
 
  :الرابع سؤالال

אF٧ J٥Eא،N = 100I = 1 A    oµµ =
A = 5 cm2cm30=ld = 8 cmא0.5 kg،

אא،אאF٥-٧E،
אא8 cm؟ 
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d
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I
N

y
µ

•

 
אF٥-٧E 

  

   :الخامسسؤال ال
א

F٦-٧EKאאW 

 
 2

  S B  F 
o

2

µ
= 

BWאאא 
SWאK 

Air Gap 
אF٦-٧E 

  

  :السادسسؤال ال
 אאF٧-٥Eאאאא1.4 T

אm10S 2-4=א،F
אK 
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   :السابعسؤال ال
אאh

dאא، I 1 I 2،א
א،אאF٧-٧EK 

h

d

1I

2I

r

 
אF٧-٧E 
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 
 
 
 
 
 
 
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 
 
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٣٤١ 

  الثامن الفصل
 

 

 
 

  مقدمة ١-٨
אא

אא،א
K،אא

א،
،אKא1862

א،א
אKאאא

אאאK 
אאאאא

KK
אאאא E 

uur، B 
uuur،

 H 
uuurD 

uuurKאאK 
،אאאא

אW 
א(homogeneous)Kא

אKאאא



א 

 ٣٤٢

(isotropic)א،א
אKא(linear)אא

(isotropic)אאאא،אW 
  D     E    ;   B     H    ;    J     E   µ σ= ∈ = =
uuur uur uuur uuur uur uur

 
∈،µσאE    H  

אאK 
 

  صياغة عامة لقانون أمبير ومفهوم تيار الإزاحة ٢-٨
אאא

אאאאא،אW 
     I  a d n̂ .  J       d .  H   

SC
∫∫ ==l 

א،אאא
אאאKא

אאKאא
אK 

אאאאאF١-٨aE،
אKא

IFאאKE
אCא S 1א،،F١-٨bE

W 
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1
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ˆ  H  . d       J  . n  d a  I   (8-1)= =∫ ∫
uuur uur uur

l� 

 
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 

אF١-٨E 
 

א(8-1)א(1b)،C
אאאI،  S 1אא

אאC،אIK 
אאאC

א،אאאC
א S 2،،א

(1c)אאא،IK
W 
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2
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ˆ  H  . d       J  . n  d a  0    (8-2)= =∫ ∫
uuur uur uur

l� 

אאא](8-1)אא
(8-2)[Kאא(8-1)،(8-2)

א
אKאא

אK،אא
אאאאאK 
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אאאאא
א(8-1)א(8-2)KW 

    0  a d n̂ .  J    - a d n̂ .  J  
12 S

1
S

2 ∫∫ ≠ 

א S , S 12
אCKאא n̂ 1אא
א n̂ 2אאא،

אאW 

1 2S  S

ˆ  J  . n d a  0   (8-3)
+

≠∫
uur 

א(8-3)אא(transport current)]
א(conduction current)[،אא

אאאאא
אאאKאא

אאא( ) SS 21 + t  ∆
אאVא S  S 21 +KW 

1S V

 ˆ   J  . n d a  -  d v  (8 4)
 t
ρ∂

= −
∂∫ ∫

uur
� 

ρאאאאVא
 S  S 21 +Kאא
אKW 

]א[    vd  J  .      a d n̂ .  J    
V S  S 21

∫∫ ∇=
+

 

אF8-4אKEאאW 
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    vd 
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  -   vd  J  .      a d n̂ .  J    

VV S  S 21

∫∫∫ ∂
∂

=∇=
+

ρ 

W 
     .  J     0   (8-5)
t
ρ∂

∇ + =
∂

uuur uur 
א(8-5)אאא

(8-1)(8-2)K 
אא(8-1)(8-2)אא،W 

(8-6)   JH    =×∇ 
אאא(8-6)،W 

(8-7)  ( )    J  .      H      .    ∇=×∇∇ 
אאאKW 

( )    0   H      .    =×∇∇ 
א(8-7)אKW 

 0J. =∇ 
אאאF8-5אE

 
 t

   ⎟
⎠
⎞

⎜
⎝
⎛
∂
∂ ρKאאא

אW 
W 

      D  .    ρ=∇ 
ρאאא(8-5)KW 

( )  
 t

 D   .      J  .      D  .  
t
   J .     

 t
    J  .   

∂
∂

∇+∇=∇
∂
∂

+∇=
∂
∂

+∇
ρ 

W 
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⎢
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+∇=
∂
∂

+∇
ρ 

אאאא(8-6)
 

 t
 D  

∂
∂Kא،אא(8-6)

אאW 

(8-8)   
t
 D     J   J  J   H    D ∂

∂
+=+=×∇ 

א 
t
 D    J  D

∂
∂

=אא

אאK 
א(8-8)H×∇א

אאJ 
uurאא،،

،אאאאא
אא،אאאא

אא 0  
 t

 D    J  D ⎥
⎦

⎤
⎢
⎣

⎡
=

∂
∂

=K 

א(8-8)א،
אW 

  a d n̂ . 
 t

 D    a d n̂ .  J      d .  H  
SSC ∂

∂
+= ∫∫∫ l 

 
Maxwell's Equationsمعادلات ماكسويل  ٣-٨ 

،א
Kא
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،،K
אא

K 
 

  قانون فارادي :عادلة ماكسويل الأولىم ١-٣-٨
אאא

،אW 

(8-10) ∫ ∂
Φ∂

=
C

 
 t
  -     d .  E   l 

(8-10)אאאא،  E  א،
אΦאאK 

 א،אא
F٢-٨E،אאΦSC

אε،W 

(8-11) ∫ ∂
Φ∂

==
C

 
 t
  -     d .  E     lε 

אאCεאFא٢-٨E،
εאא

،אאא،א
אF٣-٨EK 

א(8-10)
،א

אא،אאאW 
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א،אא
KW 

(8-12)  
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 B   -   E      
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=×∇ 

א(8-12)א(point form)K 
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فـــــي (قـــــانون غـــــاوس  :معادلـــــة ماكســـــويل الثانيـــــة ٢-٣-٨
  ) الكهرباء

אא
אאW 

(8-13)   Q  a d n̂ .  E    
S

E ε
==Φ ∫ 

אאאא  EΦא
  E  SאאQאא

εKאאא
אEאQK 

אא  D א
אW 

(8-14)   Q  a d n̂ .  D  
S

=∫ 

אא
،אאאא،א

אQאא  ρK
W 

    vd     vd  D  .    
VV
∫∫ =∇ ρ 

،אאאW 
(8-15)       D  .    ρ=∇ 

אF٨ J٤EF
אEא،  E  אא
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VאאSאא،Qאא
אεK 
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 
אF٨ J٤E 

 
  ون أمبير قان :معادلة ماكسويل الثالثة ٣-٣-٨

אאF٢-٣-٨E
אKא

א،א
אאא

אKא،א
אW 

(8-16)       a d n̂ . 
 t

 D     a d n̂ .  J       d .  H   
C S S
∫ ∫ ∫ ∂

∂
+=l 
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אאאא H  
א Jאא

t
 D  

∂
∂Kאא

W  J  
t
 D  

∂
∂K 

אא(8-16)،
W 

( )
S S S

  D ˆ ˆ ˆ      H  .n d a    J  . n d a    . n d a       
 t

∂
∇ × = +

∂∫ ∫ ∫
uuur

uuur uuur uur
� 

אאS،W 

(8-17)  
t

  D     J    H       
∂

∂
+=×∇ 

אF٥-٨EF
אEאא،  H  C

אאSא،Wאאא
אאאאאאSK 
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 
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  )في المغناطيسية(قانون غاوس  :معادلة ماكسويل الرابعة ٤- ٣- ٨
אאאא  E  

אאא،  B 
א،Q،

 
  Q  a d n̂ .  D  

S

=∫ 

،א
אאBΦאאKW 

(8-18)   0  a d n̂ .  B  
S

=∫ 

א(8-18)،א
אאK 

א(8-18)
אא(divergence theorem)א

אא،אW 
      0   vd  B  .      a d n̂ .  B  

VS
∫∫ =∇= 

W 
(8-19)  0B.   =∇ 

אF٦-٨EאF
אאEאא،

  B  אאאSאאVא
אKאאאאS،אV،

K 
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 
אF٦-٨E 

 
،אא

F١-٨Eא،(Integral form)א
(differential form)א(point form)אאW 

 
F١- ٨E(Maxwell's Equations) 

 
 

 


FE 

אאW
א 
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 t
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∂∫ ∫
uuur

uur uur
l�

  
 t

  B  -   E       
∂
∂

=×∇

אאW
 

   vd     a d n̂ .  D  
VS
∫∫ = ρ      D  .     ρ=∇ 

אאW
 
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+=×∇

 

אאאW
 

   0   a d n̂ .  B  
S

=∫   0   B  .     =∇ 
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א
אאED  B    H  J  

Kאאאא(linear)
(homogeneous)אאא

(isotropic)W 
 D     E   ;  B     H   ;  J     E   ε µ σ= = =
uuur uur uuur uuur uur uur

 
W ,   ,   σ µ εאא  E    H  K 


אא ρ  J  Kאא

אא(superposition principle)Kא
FρJEאאא،אא

אא
Kא(Lorentz 

Force)אW 
( )   B     v   E   q   F  ++= 
אאאאאK 

 
  القدرة ومتجه بوينتغ ٤-٨

אא(Electrostatic Energy)
אאאאא

،W 

     vd  D  .  E  
2
1   U

V
E ∫= 
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אאא،،אא
W 

     vd  B  .  H  
2
1   U

V
B ∫= 

אא
אFאאKE 

אאz(8-17)אx(dot 

product)E،W 

( ) ( )  D   D   E  .      H    E    J      E    J    E  . 8-20  
 t  t

⎡ ⎤∂ ∂
∇ × = ⋅ + = ⋅ +⎢ ⎥∂ ∂⎣ ⎦

uuur uuur
uur uuur uuur uur uur uur uur uur

 

אz(8-12)אx(dot 

product)H،W 

(8-21)( )  B  H  .      E   - H  .  
t

∂
∇ × =

∂

uuur
uuur uuur uur uuur

 

א(8-20)א(8-21)،W 

( ) ( )   
 t

 D   .  E -  J .  E  - 
t
 B   .  H  -   H      .  E -  E      .  H  

∂
∂

∂
∂

=×∇×∇ 

אא]( ) ( ) ( ) G     .  F  -  F      . G    G     F  .   ×∇×∇=×∇[،
W 

( ) ( ) ( )  H  .      E  - E  .      H       .  E   H  (8 -22)∇ × ∇ × = ∇ ×
uuur uuur uur uur uuur uuur uuur uur uuur

 

 ( )   
t
 D   .  E -  J .  E  - 

t
 B   .  H  -   H    E  .      

∂
∂

∂
∂

=×∇∴ 

אאאאא(8-22)،
(linear)א،W 
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  H     B  ;   D     D µε == 

אW  
t
 B   .  H  , 

 t
 D   .  E  

∂
∂

∂
∂،

א(8-22)אאא،W 

( )
2

2  B    H 1   H  1  H .    H  .    H     H         H  
 t  t  t 2  t  t 2

µ µ µ µ∂ ∂ ∂ ∂ ∂ ⎛ ⎞= = ⋅ = = ⎜ ⎟∂ ∂ ∂ ∂ ∂ ⎝ ⎠

uuur uuur uur
uuur uuur uuur uuur uur

 

( )    B  . H  
2
1  

t
   

∂
∂

= 

W 

( )  E   
2
1

 t
  

 t
E   .

2
1  

 t
 E   . E     E   

 t
 .  E   

 t
 D   . E  

2
2

⎟
⎠
⎞

⎜
⎝
⎛

∂
∂

=
∂
∂

=
∂
∂

=
∂
∂

=
∂
∂ εεεε 

( )    D  . E  
2
1  

t
   

∂
∂

= 

אאא(8-22)،W 

( )  1  1    .  E    H   -   H  . B  -   E  . D  -  E  . J  
 t 2  t 2
∂ ∂⎛ ⎞ ⎛ ⎞∇ × = ⎜ ⎟ ⎜ ⎟∂ ∂⎝ ⎠ ⎝ ⎠

uuur uur uuur uuur uuur uur uuur uur uur
 

،W 

( ) ( ) 1 1    .  E    H   -   H   B  E  . D   -  E  . J  8-23
 t 2 2
∂ ⎛ ⎞∇ × = ⋅ +⎜ ⎟∂ ⎝ ⎠

uuur uur uuur uuur uuur uur uuur uur uur
 

W 

FאאE  u   B  .  H 
2
1 m= 

FאאE  u   D  .  E 
2
1 E= 

א(8-23)אאW 

( ) ( )m E
     .  E    H   -  u   u  -  E  . J  (8-24)
t

∂
∇ × = +

∂

uuur uur uuur uur uur 
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אא(8-24)אאאא
אא،אאא

אאאאאאא،K 
אאאא(8-23)

VSW 

( )
V V V

d  H  . B  B  . D     .  E    H  d v  -    dv -  E  . J  d v  
d t 2 2

⎛ ⎞
∇ × = +⎜ ⎟

⎝ ⎠
∫ ∫ ∫

uuur uuur uuur uuur
uuur uur uuur uur uur

 

א(divergence theorem)אא
،אW 

( ) ( )25-8  vd  J .  E  -  vd 
2

 D .  E  
2

 B .  H   
 td
d -  a d n̂ .  H    E 

V VS
∫ ∫∫ ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=× 

אE 
m
V ، H   

m
A ،

FאE HE 
m

V .A  2 
m

Watt 2Kא

אאHE ×אא(8-25)
אאאאSK

 HE ×א(power density)،
אS(Poynting Vector)KW 

(8-26) HE  S  ×= 
אאאSא

אאאEHא،Kא
אאאא

אא،אא
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א  Sאאא n̂ ،
אא(Receiver)Kאא

אא،،אא
אאSא n̂ א،

אא(Transmitter)K 
א(8-25)אא،W 

V V S

d  H  . B  E  . D ˆ -     d v   E  . J  d v    S  . n d a  (8-27)
d t 2 2

⎛ ⎞
+ = +⎜ ⎟

⎝ ⎠
∫ ∫ ∫

uuur uuur uur uuur
uur uur uur

� 

א(8-27)(Poynting Theorem)K
אאW 

]Wא(8-27)אא
א[K 

אא(8-27)אאא
אאאאWאא

  vd  J  .  E   ∫אאא،،
אא  vd n̂ . Ŝ 

S
∫אאאא،

אSKאא
VK 

אא](8-26)א[
אאא،

אאאאKW 
(8-28)( )   a d n̂ .  S   a d n̂ .  H    E    P(t) 

S
∫∫ =×= 
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 אא
א(8-27)אא،W 

(8-29)    0   S .      J  .  E   
 t
u  =∇++

∂
∂ 

uWאאא
אKאא،אא

W 
(8-30)    0   S .      J  .  E  =∇+ 

 
  معادلة الموجة ٥-٨

אאא
אאאאK

אאאE  H  K 
 

 H اشتقاق معادلة الموجة بدلالة  ١-٥-٨
uuur

  
אF×∇Eא

 D     H    J    
 t 

∂
∇ × = +

∂

uuuuuuur
uuur uuur uur 

W 

(8-31)( )   
t
 D         J       H         

∂
∂

×∇+×∇=×∇×∇ 

א،אאאE    D  
  J   H،W 

 D     E   ; J     E   ,   B     H     ε σ µ= = =
uuur uur uuuuuur uur uuur uuur

 
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 ,  ,   ε σ µ،א
(8-31)אW 

( )  E          H               
 t

Eσ ε ∂
∇ × ∇ × = ∇ × + ∇ ×

∂

uur
uuur uuur uuur uuur uuurr 

(8-32)( )      E         E   
t

σ ε ∂
= ∇ × + ∇ ×

∂

uuur uuuuuur uuur uur
 

אא،אE   ×∇،W 

   
t
 H    -  

t
 B   -   E     

∂
∂

=
∂
∂

=×∇ µ 

E×∇אאא(8-32)،
W 

( )
2

2

  H   H         H  -    -    
 t  t

  H   H  -   -   8-33    
t  t

t
σ µ ε µ

σ µ ε µ

⎛ ⎞∂ ∂ ∂
∇ × ∇ × = ⎜ ⎟∂ ∂ ∂⎝ ⎠

∂ ∂
=

∂ ∂

uuur uuur
uuur uuur r

uuur uuur  

אאz( )   F   -  F  .        F         2∇∇∇=×∇×∇x،
א(8-33)א، 

( )   H   -  H  .        H         2∇∇∇=×∇×∇ 
אאא(8-33)،W 

( )
2

2
2

  H   H      .  H  -   H   -   -    (8-34)
t  t

σ µ ε µ∂ ∂
∇ ∇ ∇ =

∂ ∂

uuur uuur
uuur uuur uuur uuur 

 µ،H.∇W 
 B 1   .  H            .  B   0  
µ µ

∇ = ∇ ⋅ = ∇ =
uuur

uuur uuur uuur uuur uuur
 

א(8-34)W 
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(8-35)
2

2
2

  H   H     H  -    -     0    
t  t

ε µ σ µ∂ ∂
∇ =

∂ ∂

uuur uuur
uuur

 

א(8-35)אאW 

(8-36)
2

2
2

  B   B     B  -    -     0    
t  t

ε µ σ µ∂ ∂
∇ =

∂ ∂

uuur uuur
uuur

 

אאאא
HB،א

אאאאε  µσK 
 

    Eاشتقاق معادلة الموجة بدلالة ٢-٥-٨
אאא  E  אאW 

א ×∇א 
 t

 B   -   E     
∂
∂

=×∇W 

W 

( ) ( ) H    
t

   -   B    
t

 -  
t
 B      -   E         ×∇

∂
∂

=×∇
∂
∂

=
∂
∂

×∇=×∇×∇ µ 

  H×∇،אW 
  D   E      H    J       E      (8-37)

t  t
σ ε∂ ∂

∇ × = + = +
∂ ∂

uuur uur
uuur uuur uur uur

 

( )
2

2

  E        E  -    E  
 t  t 

  E  E -   -   8 38
t  t

µ σ ε

σµ ε µ

⎡ ⎤∂ ∂
∴ ∇ × ∇ × = +⎢ ⎥∂ ∂⎣ ⎦

∂ ∂
= −

∂ ∂

uur
uuur uuur uur uur

uur uur 

אאz( )   F   -  F .        F         2∇∇∇=×∇×∇x،
א(8-37)אW 
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( )   E   -  E .        E         2∇∇∇=×∇×∇ 
אא(8-37)א،W 

( )
2

2
2

  E   E     . E  -  E   -     -    (8 39)
t  t

σ µ ε µ∂ ∂
∇ ∇ ∇ = −

∂ ∂

uur uur
uuur uuur uur uur

 

אאאאאא
W 

]0=ρ[
 D 1   .  E      .       .  D     0 (8-40)ρ
ε ε ε

∇ = ∇ = ∇ = =
uuur

uuur uur uuur uuur uuur
 

א(8-38)W 
2

2
2

  E   E    E -     -      0  (8-41)
t  t

ε µ σ µ∂ ∂
∇ =

∂ ∂

uur uur
uur

 

א(8-39)  E  ،
،אאא

א(8-35)(8-36)Kא
אאאאz،

א،אאא،
0 א =ρxא،אא

אא،Kא  H     
 t 

σ µ ∂
∂

uuur



א(8-35)zא E    
t 

σ µ ∂
∂

uur

א(8-39)xא

(loss term)אאא(attenuation)
א  HEאאKא   0 σ ≠،



 

 ٣٦٣

אאא،א
אאK 

אEB،
אאא(monochromatic)א،

אE،E×∇ 
t 

 B   
∂
∂،

،אB  K 
אz(8-35)(8-36)(8-39)x،
אאא(space)א(time)

אKאKאאא
אאאאא،א

(conducting media)אא،אאאK 
 
WאאאK 

W 

o o  0  ,     ,     ε ε µ µ= = = σ 
אא( )  r    E  אFאא

אzKEW 
( )   (z)  E    r    E  = 
א،אאא(8-42)،W 

2
o o     E  (z)      E  (z)  0  (8-42)ε µ ω∇ + =

uuur uur uur 
،W 
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(8-43)
22

2

d  E  (z)     E  (z)  0  
d z c

ω⎛ ⎞+ =⎜ ⎟
⎝ ⎠

uur
uur 

W    
   

1  c 
oo µε

= 

א(8-43)א،א
אאא(Harmonic Oscillator Equation)،

אW 
(8-44)    e E   (z)  E   zk  i 

o
±= 

W Eoא(Amplitude)א
אK 

kא(Propagation Constant)،
W 

(8-45)   
c

 k   ω
= 

אאא( )  r    E  zא
 (z)  E  x،א
(8-39) (z)  E  א(8-44)א(8-40)،

z( )  t, r    E xא
Wאאא 

( )  i k z - i  t -i (  t  k z)   
o o  E    r  , t    E  e  e    E  e      ω ω± ±= =

uur uur uur uur
 

(8-46)( )    e E    t , r     E       z)k   t ( i -
o

±=∴ ω 
א(8-46)(real part)

(Imaginary part)Kאא(8-46)،
W 
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(8-47)( )  z)k   t ( cos E    t , r     E  o mω= 
א(8-47)،אא،W 

(8-48)( )   
c
z t   cos E    t , r     E   o ⎟
⎠
⎞

⎜
⎝
⎛= mω 

אא(sinusoidal wave)א،
FאאEאFאאEא،

אאאאאאK
א،אאאא

א،אא
אאcא،

אאאאW 

   s / m 102.997  
 10 4108.854

1  
   

1  c 8
7-12-

oo

×=
×××

==
πµε

 

אאא(Vacuum)K 
א(8-47)אf، 

(8-49)  
2

  f 
π
ω

= 

אאλ(wave length)،W 

(8-50)  
k
 2   πλ = 

אאא(8-45)אא،
אאλאfאc،W 

cf =λ 
 
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WK 
אFKEא

0σ =Kא،א
    oµµ =KאאאFאא

אEאKKאא
(Permittivity)אאW 

K      oεε = 
KWא(dielectric constant)،zK = 1אx 

אאאKאא
א(8-45)אא،W 

(8-51)   
c

 K   k  ω
= 

אv،W 

(8-52)  
     

1   v
µε

= 

εµאא(8-52)،W 

  
K  
c  

 K  
1 . 

   
1  

 K   
1   v

oooo

===
µεµε

 

K n =א،אא
א(wave propagation velocity)vW 

 
n
c   v = 

 א(8-52)אאv
אn(refractive index)Kאא

אv c=1n =K 
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WK 
א(8-42)אא

F  0 σ ≠KEאאא
(8-42)א،א
Kאσאσ

Kאאσא
(8-42)אא،W 

2         ε µ ω σ µ ω>> 
א 

       ε ω σ>> 
אF(damped waveK 
،אאW 

       ε ω σ<< 
،א(8-42)אא،

אאאFzE،
W 

(8-53)  
2

2

d   E (z)    i     E  (z)  0  
d z

σ µ ω+ =
uur

uur
 

אא (z)  E  אא
א،،W 

אi ==αω 
אאאאωא(8-53)

(imaginary)א،W 
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 k         α σ µ= = 
א(8-53)W 

   0  (z)  E  k  
zd

(z)  E  d 2
2

2

=+ 

אאW 
 e E   (z)  E   zk  i  

o
m= 

אאאאzFאאE
אאK 

( )  t ,r    E  אא
א( )  t ,r    E  אW 

(8-54) ( )    e  E    t ,r    E   t  -α= 
א(8-54)אא

(exponentially)א،
    ε ω σ<<אאאא

אK 

אאא 
 t

 E   2

2

∂
∂א(8-39)

אא 
t
 D   

∂
∂א، 

 t
 E   

∂
∂א

אJKאאא
אKאא

א 
t

 E   2

2

∂
∂אאא
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אאאאא
K 
 

  الشروط الحدودية ٦-٨
אאאא

אKאא
אאאאK

אא،א
אK 

 
 B الشرط الحدي للمجال المغناطيسي  ١-٦-٨

uuur
  


אBא،W 

  0B. =∇ 
،א

אF٧-٨E،hK 

 
אF٧-٨E 

،אאאW 
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  a d  n̂ .  B     vd  B  .    
SV
∫∫ =∇ 

،אאאW 

1 2 3

1 21 2 3 3
S S S S

ˆ ˆ ˆ ˆ  B  . n d a    B . n   d a    B  . n   d a   B   . n   d a  0  = + + =∫ ∫ ∫ ∫
uuur uur uur uuuur

� 

אאא،אאh
אא،א S 3אK

אאאאKW 
  n̂  n̂ -  n̂ 21 == 

W 
( )    0  n̂ . B  - B  21 = 

،W 
   cos B   cos B 2211 θθ = 

אאאאאW 
(8-55)  B  B 2n1n = 

אאא،אא
אאאא

אאאאK 
 
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אאאאא

אEאW 
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،אאאא
א،F٨-٨E،W 

( )     a d n̂ . 
 t

 B   -  a d n̂ .  E       
1SS
∫∫ ∂
∂

=×∇ 

 

 
אF٨-٨E 

 
،אאא

א،אא
אW 

( )     a d n̂ . 
 t

 B   -      d .  E    a d n̂ .  E       
1SCS
∫∫∫ ∂
∂

==×∇ l 

،אאאאW 

    a d n̂ . 
 t

 B   - h E  h E  L E - h E - h E - L E
1S

11n22n2t22n11n1t ∫ ∂
∂

=++ 

אאhאאאא
F h 1 h 2אEאא، h 1
 h 2אאאא
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 t

 B   
∂
∂KאאW 

   0  L E - L E 2t1t = 
،W 

(8-56) E  E 2t1t = 
א(8-56)אאא E 

uur
אאKא

אאאא
אאאאא

אK،אאאא
F٢-٨KE 
 

 Dلشرط الحدي لمتجه الإزاحةا ٣-٦-٨
uuur

  
אKאא

  DKאW 
      D  .    ρ=∇ 
אאאF٨ J٨E،

אאאא  B،
אאVאאא

S،W 
    vd    vd  D  .     

VV
∫∫ =∇ ρ 
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אא،אא
W 

    vd    vd  n̂ . D    
VS
∫∫ = ρ 

אאא 0  S 3 =،
א،אאא

 d v   d a ρ δ=KW 

1 2 1

1 21 2
S S S

ˆ ˆ   D  . n   d a    D  . n   d a   d a  δ+ =∫ ∫ ∫
uur uur

 

،W 
(8-57)  1n 2n D  - D      σ= 

σאאאאא
אK 

אF٢-٨Eא(8-57)אא
W 

אאאσאא
،א،אW 

(8-58)  D  D 2n1n = 
א  0σ ≠،אא

אאא،
  D،אאא

אאW 
אאאא

אאאאW 
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אאאVאS  
،אאW 

       vd   
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  -   vd  J  .    

VV
∫∫ ∂
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=∇ ρ 

אאאאא
  vd ρא d a σ،אW 

1S S

 ˆ   J  . n d a   -    d a     
 t

δ∂
= =

∂∫ ∫
uur

� 

،W 

(8-59) 1n 2n J  - J   -  
t
σ∂

=
∂

 

אאאא
(monochromatic)אא، δאt،

אאאאK
 e  t  i - ωא،W 
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אאא(8-59)،W 

1n 2n J  - J   i     ω δ= 
J Eσ=אאא،W 

(8-60)1 1n 2 2n  E  -  E   i    σ σ ω δ= 
ED ε= א(8-57)،W 

(8-61)1 1n 2 2n  E  -  E     ε ε δ= 
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א  0δ =א،אא
(8-60)(8-61)،W 

(8-62) 1 2

1 2

      ε ε
σ σ

= 

א(8-62)א،
(conductivity)K

W 

1 2     0  σ σ= ≅ 
K 

1 2      σ σ≅ ≅ ∞ 
א  0δ ≠،אא
א δא(8-61)א(8-60)،W 

( )1 1n 2 2n 1 1n 2 2n E  -  E   i    E  -  E  σ σ ω ε ε= 
אאאiא، ω،

W 
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،W 
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א(8-63)אאאא
0  אδ ≠Kאא

אא،אאW 
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ε ω ε ω

⎛ ⎞ ⎛ ⎞
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⎝ ⎠ ⎝ ⎠
 

אא(8-63)(8-64)،
  0δ ≠אא،

אאאאא
אאאFא2E

אאKאאא
אאאא( ) D 2nKא(8-61)

W 

(8-65) 1n
1

 E     σ
ε

= 

 E   D 1n11n ε=א،(8-65)،W 
(8-66)[ ]1n 2 D             σ σ= ≅ ∞ 

 
  H  غناطيسيةالشرط الحدي لمتجه الشدة الم ٤-٦-٨

א  H  ،
אW 
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אאאאS  
אF٨ J٧EW 
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،אW 
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،
،אאW 

     L  n̂ .  j   L . t̂ . H  - L  . t̂ . H  21 ∆=∆∆ 
W 

 t̂ WאאאFאא٧-٨KE 
 n̂ WאK 
  j  WאאS،אא

،אאאאא
W 

(8-67)  j  H - H 2t1t ⊥= 
 j ⊥אא  j  א
HאKא

Hא( ) H , H 1t2tK 
אאאFא

אאEאא  δ،



א 

 ٣٧٨

אאK
( )1 2    0σ σ= ≅،

( )2 1  0                   ،   0σ σ≠ ≠، j ⊥אK
א،א(8-67)W 

]W1 2 ,  σ σ1 2     0σ σ= =[ 
1t 2t H   H  (8-68)= 

א(8-68)אאא
אאא

אאא،א
FσKE 

אאאFא
1   0 ; 1σ =EFא2    ; 2σ ≅ ∞E،

אאאאא
א2אא،W 

(8-69)  
t 
D    J   H      2

22
∂
∂

+=×∇ 

אאE2H2אאא e  t i - ω،
D2 J  2אKW 

  e E   (t) E   t i -
22

ω= 
 e E    e D   (t) D   t  i -

22
 t i -

22
ωω ε== 

 e H   (t) H   t  i -
22

ω= 
- i  t 

2 22 2 2  J  (t)   E  (t)    E  e  ωσ σ= =
ur uur uur

 
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2 H  (t) 
uur

، (t) J  2 (t) D  2אא
(8-69)א،W  

( )- i  t - i  t - i t 
2 2 22 2

       H  e     E  e      E  e  
t

ω ω ωσ ε∂
∇ × = +

∂

uuur uur uur uur
 

W 

(8-70) 2
2

2 2

    H    E    
- i   σ ω ε

∇ ×
=

uuur uur
uur

 

א(8-70)א2    σ = ∞א،
،אH2،א

אאE2א
2  σאK 

אא،  B   E  
2אאא،W 

(8-71)  
t 

 B   -  E      2
2

∂
∂

=×∇ 

אאEBאא(2)א
א e  t  i - ω،W 

 e H    e B   (t) B   t  i -
22

 t i -
22

ωω µ== 
 e E   (t) E   t i -

22
ω= 

 (t) E , (t) B  22אאא
(8-71)،W 

( )  H  e   i  e H   
t 
  -  e E      2

 t i -
2

 t i -
22

 t i -
2

ωωω µωµ =
∂
∂

=×∇ 

W 
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(8-72)  
   i

E       H  
2

2
2

µω
×∇

= 

אאE2H  2Kא
 E2א2F2    σ ≅ ∞E،W 

 0  E  E 2t2n == 
Fא(8-72)E 0  H    2t =∴ 
F(8-67)אE j  H   1t ⊥=∴ 

F0H2 =E 0  B   2n =Q 
Fא(8-55)E  0  B   1n =∴ 

   0  E   D 2n22n == ε 

1n 2n 1n D  - D            δ δ δ= ⇒ ∴ = 
 

אאאאא
אאא،אא

אאאא
אF٢-٨Eא،K 

σא )(∞،
אאKא

،σאאאK 
 
 

(8-73) 
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F٢-٨EWאא 
  Bn  H t

  D n
  E t

 אא 

 B B 2n1n =2t1t H  H = D  D 2n1n =  E  E 2t1t =
 

1 2     0 σ σ= = 

 0  B2n =
 0  B1n = 

 0  H 2t =
 j  H 1t ⊥=

 0  D 2n = 
   D 1n σ= 

 0  E 2t =
 0  E 1t =

(2)(1)
1

2

   0 
    
σ
σ

=
= ∞

 

2n1n B  B =
2t1t H  H =

1
1n

1

2

2

 1 i  D   
 

 1  i  
  

σ
ε ω

σ
ε ω

⎛ ⎞
+ +⎜ ⎟

⎝ ⎠
⎛ ⎞

+⎜ ⎟
⎝ ⎠

 

 E  E 2t1t =

א(1)
(2)א 

1 1  0 ;    σ σ≠ ≠ ∞ 

2 2  0 ;    σ σ≠ ≠∞ 
 

  )١-٨(مثال 
אF٩-٨EאאC

،א
 t sin    V o ωV=Kאא I Cא

אאא I D،אא
אAאdK 

DI

I

sinoV V tω=

 
אF٨- ١٣E 
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אW 
אאאFאcharging currentE

אאW 

( )  t sin   
td

d C  
td
V d C  I oC ωV== 

(1)   t  cos  C   o ωω V= 
אא( ) I DאW 

A   J  a d n̂ . J  I DDD ∫ == 
AWאK 
W 

 
t
E    

t 

   D   
   J   oD

∂
∂

=
∂

∂
= ε 

W 

  E     
d
υ

=
uur

 

 t   cos   
d
A 

  
t

  
d
A  

  
d
A 

t
   A  J  I    o

oo
oDD ωω

εε
ε VVV

=
∂
∂

=
∂
∂

==∴ 

W 
d
A    C oε=، 

(2)   t    cos  C   I    oD ωω V=∴ 
א(1)(2)א I C I DK

א I Dאאאא I C،
אאאK 

 
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  )٢-٨(مثال 
אא(conductivity)

7 -15.8  10  (  m)× Ω،    oεε ≅    oµµ =א
אא J Cאא، J D(1 )MHzK

א J C J D(Teflon)Kאא
 m) ( 10  3 -1-8 Ω×  2.1   oεε ≅    oµµ ≅K 

 
אW 

אאFאEאFאE
(sinusoidal)א،א

אא،W 
 t sin  E  E o ω= 

 ωWאאאf  2 π (fWא
 Hz106E 

 E oWאאאK 
אאא( ) J CאאE،W 

(1)   C o J    E   E  sin  t   σ σ ω= = 
σWאK 

אאא J Dאא،E،W 

( )D o
 D  E   J          E  sin  t  
 t  t  t

ε ε ω∂ ∂ ∂
= = =

∂ ∂ ∂
 

(2)   D o   J     E  cos  t   ω ε ω∴ = 
אאאאא

אWא،אאאW 
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C o J    E  σ= 
D oJ     E   ω ε= 

،אW 
C o

D o

 J    E         
 J     E  

σ σ
ω ε ω ε

= = 

 10  
108.85102

10  5.8  12
12-6

7

≅
×××

×
=

π
FE 

  J 
 J 

    
D

C∴ 

 102.57  
108.852.110   2

10  3   4-
12-6

-8

×≅
××××

×
=

π
FE 

  J 
 J 

  
D

C 

אאאאאF
אEאא( ) J  J DC >>אא،

אFאאEא
א( ) J  J CD >>אאKא

אאא J  J DC >>،
 J  J DC >אאKא

אא J C J DK 
 

  )٣-٨( مثال
σaא،I،

אF١٠-٨EKאאאא
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L،אאאא
אKE.Jאא

אK 

L

z

a

J
r

 
F١٠-٨E 

 
אW 

אאzא
F١٠-٨EK 

،W 

z z 2

Iˆ ˆ ˆ  J   J  z   E  z   z   
a

σ
π

= = =
uur

 

אאאz،W 

(1)   2

I ˆ  E    z   
 a  π σ

=
uur

 

אאH،،
אאW 
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   I  a  2 H     d .  H  
C

==∫ πθl 

،H،אW 

(2)       ˆ 
a 2

I  H  θ
π

θ = 

 אE  H  
  Sאא،W 

 HES ×= 

( )
2

2 2 3

I I I  ˆ ˆˆ ˆ  z      z   
 a   2  a 2  a  

θ θ
π σ π π

= × = × 

(3)  
2

2 3

I  ˆ   S   -  r   
2  a  π σ

∴ =
uur

 

אאא
א(power density)،אא

אאאאK 
אאאאL،

אאW 
 a d n̂ .  S   - a d n̂ .  S  - a d n̂ .  S  -  a d n̂ .  S  -  P 

321 SSSS
∫∫∫∫ == 

 S 1 S 2 S 3W،אאאא
אK 

W 
 0  a d n̂ .  S   a d n̂ .  S  

21 SS

== ∫∫ 

A     S    a d n̂ .  S   -   P    
3S

==∴ ∫ 



 

 ٣٨٧

AWאאאL،
 La2πK 

W 

(4) 
2 2

2 3 2

I  I  L P    2  a L   (Watt)  
2  a   a  

π
π σ π σ

= × = 

 אא( )Rא( )σz
אFρxEאALW 

(5)  2

 L L L R       
A  A  a   
ρ

σ π σ
= = = 

א2

L  
a   π σ

( )Rא(4)،

W 

(6)   
2

2
2

I  LP    I  R 
 a   π σ

= = 

אא،אאא
אא،א

Kאאא(6)
אאW 

א  E J   vd  E  .  J   P ×== ∫ 
( )2 2    P   E   L  a  σ π∴ = × 

Eא(1)( )Rא(5)،W 

(7) 
2

2 2 2
2 2

I L P     a  L  I    I  R 
 a   a  

σ π
π σ π σ
⎛ ⎞ ⎛ ⎞= = =⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠

 

 
 
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  )٤-٨(مثال 
א(antenna)

(Free Space)א،F١١-٨EKא
א  EHאאאr،
אW 

o

o

E r ˆ  E    sin  sin  t -       
r u

θ ω θ
⎛ ⎞

= ⎜ ⎟
⎝ ⎠

uur
 

     ˆ  
u
r -t  sin  sin  

  /  r 
E   H  

ooo

o φωθ
εµ ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
= 

] u o E oωא[ 
W 
(a) JSrאאK 
(b) JאאאאאRK 

θ

φ

x

y

z

R
S

 
אF١١-٨E 

 
 
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אW 
 (a)אW 

  HES ×= 
  ˆ 

u
r -t  sin  sin  

  /  r 
E  ̂ 

u
r -t  sin  sin  

r 
E   S    

ooo

o

o

o φωθ
εµ

θωθ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
×⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=∴ 

(1)     r̂ 
u
r -t   sin  sin 

  /   r
E  S  

o

22

oo
2

2
o

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
= ωθ

εµ
 

(b)אאאא a d n̂ .S  
אא،אRK 
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א( )P  אאא
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 

( )P  אאאאK 
 

  )٥-٨(مثال 
12،  1µ  2µ

אK،אאאאא
W 

(1)   ) m / (Wb  ŷ 1.1  x̂ 0.6  B  2
1 += 

אאא(2)אא،
אx zK 

 
אW 

H1B  1א
אW 

 H    B  111 µ= 
W 
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(2)     m)(A /   ŷ 1.1  x̂ 0.6  H  
11

1
µµ

+= 

א(1)(2)،W 
  (T) 0.6  B  B  ;   (T) 1.1  B  B 1x1t1y1n ==== 

  m)(A /  0.6  H  H  ;   m)(A /  1.1  H  H 
1

1x1t
1

1y1n µµ
==== 

א  Bא(2)،W 
   ŷ B  x̂ B  B  2y2x2 += 

W 

  (T) 0.6     H   H   H   B
1

2
1t12t22x22x ×====

µ
µµµµ 

 (T) 1.1  B  H   H   B 1n2n22y22y ==== µµ 

  (T) ŷ 1.1  x̂ 0.6    B     
1

2
2 +=∴

µ
µ 

 
  )٦-٨(مثال 

(interface)אx yK
אאW  1ε  1µ1  σאאW

  2ε  1µ2  σKאW 

١ JW 
m
V ẑ   ŷ   x̂   E  1 ⎟
⎠
⎞

⎜
⎝
⎛++= γβα 

אF1 2     0σ σ= =E، E  2K 
٢ JW (T) ẑ   ŷ   x̂   B  1 γβα ++= 

،،אא B  2K 
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٣ JW 
m
C ẑ   ŷ   x̂   D  21 ⎟

⎠
⎞

⎜
⎝
⎛++= γβα 

،אD2K 

٤ JW 
m
A ẑ   ŷ   x̂   H  1 ⎟
⎠
⎞

⎜
⎝
⎛++= γβα 

،אH2K 

٥ JW 
m
V ẑ   ŷ   x̂   E  eee1 ⎟
⎠
⎞

⎜
⎝
⎛++= γβα 

 
m
V ẑ   ŷ   x̂   B  bbb1 ⎟
⎠
⎞

⎜
⎝
⎛++= γβα 

א2F2σ = ∞Eא،(1)،א
eα،eβ،eγ،nα،nβnγאאא،

א2

C 
m

δ ⎛ ⎞
⎜ ⎟
⎝ ⎠

אא،Aˆj y 
m

⎛ ⎞
⎜ ⎟
⎝ ⎠

K 

 
אW 

١ JW 
1 2ˆ ˆ ˆ  E    x   y   z   ;   E   ?   α β γ= + + =

uur uur
 

    E ;    E ;     E    1ny 1t, x1t, γβα ===∴ 
،אאW 

       D  E ;     E ;    E 
2

1

2

1n
2ny 2t, x2t, ε

γε
ε

βα ===== 

1
2

2

ˆ ˆ ˆ     E    x   y    z   εα β γ
ε

∴ = + +
uur

 

٢ JאאW 
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1 2ˆ ˆ ˆ  B    x   y   z    ;    B   ?   α β γ= + + =
uur uur

 
   B  B ;    H   B ;     H   B 2n1ny 1b,1y 1t, x1t,1 x1t, γβµαµ ====== 

    H   H   B    
1

2
 x1t,2 x2t,2 x2t, α

µ
µµµ ===∴  

     H   H   B  
1

2
y 1t,2y 2t,2y 2t, β

µ
µµµ === 

 (T) ẑ   ŷ    x̂    B     
1

2

1

2
2 γβ

µ
µ

α
µ
µ

++=∴ 

٣ JW 
1 2ˆ ˆ ˆ  D    x   y   z    ;    D   ?  α β γ= + + =

uur uur
 

    D     D   E   E      D 
1

2
 x2t, x2t,

2

1
 x2t,1x1t,1 x1t, ε

εα
ε
εεεα =∴⇒====  

    D     D   E   E      D 
1

2
y 2t,y 2t,

2

1
y 2t,1y1t,1y 1t, ε

εβ
ε
εεεβ =∴⇒==== 

 D     D 2n1n ==γ 
2 2

2

1 1

ˆ ˆ ˆ    D     x    y   z    ε εα β γ
ε ε

∴ = + +
uur

 

٤ Jאא 
  ẑ   ŷ   x̂   H  1 γβα ++= 

 H     H  x2t, x1t, ==α 
 H    H y  2t,y 1t, == β 

    H      H   B  B    H 
2

1
2n2n

1

2

1

2n

1

1n
1n µ

µγ
µ
µ

µµ
γ =∴⇒==== 

2
2

1

ˆ ˆ ˆ     H    x   y    z   µα β γ
µ

∴ = + +
uur

 

٥ J(2)zא(1)אx 



א 

 ٣٩٤

1 e e eˆ ˆ ˆ  E    x   y   z     α β γ= + +
uur

 
1 b b bˆ ˆ ˆ  B    x   y   z   α β γ= + +

uur
 

(2)،אאאW 
FאE  0  E  x2t, = 

א(2)   
FאE  0  E y 2t, = 

 

 0  E   0  E   D 2n2n22n =⇒== ε 
    0          0  E  E    ee x2t, x1t, =∴⇒===∴ αα 

  0          0  E  E eey 2t,y 1t, =∴⇒=== ββ 

1n 2nD  - D     δ= 
W    0  D 2n = 

1n 1 1n o 1n o e e
o

   D       E    E             δδ ε ε ε γ γ
ε

∴ = = = = ⇒ ∴ = 

W 
   0  E  E  x2t, x2t, == 

   0  H  H    y 2t, x2t, ==∴ 
W 

אא1t, xH =،אא1t, yH = 
1t, x b

1t, x b o
o o

B
    H   j   j             j   α α µ

µ µ⊥∴ = = = = ⇒ ∴ = 

1t, y b
1t, y b

o o

B
 H   j   0             0    β β

µ µ⊥= = = = ⇒ ∴ = 

  0           0  B  B bb2n1n =∴⇒=== γγ 
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  مسائل
  الأولالسؤال 

אאאωσ
εא،fאאא( ) iC

אא( )DiKא-2 -1   10  ( m)  σ = Ω  3   oεε =
،fK 

 
  السؤال الثاني

 אF٨ J١Eא،cm 10 A  2=2d mm=
אא50V،א1MHzא،

אאא( ) i DK 
 

  السؤال الثالث
 אאE 

uurאא H 
uuurא

אאW 

(1)     ˆr 
3
 4 - t cossin

r
10    E  θπωθ ⎟

⎠
⎞

⎜
⎝
⎛= 

(2)    ˆ r 
3
 4 - t cossin

r  120
10    H  φπωθ
π

⎟
⎠
⎞

⎜
⎝
⎛= 

W 
(a)Sאא،K 
(b)אאא100 m،

10 kmK 



א 
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 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
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אא 
  

  المراجع العربية: أولاً
א،KKא،١٩٨٥Kא

א،א،אK 
  

  المراجع الأجنبية: ثانياً
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א 
  أيمن محمد سالم الصوالحة. د

•
אא١٩٨٧אK

אא
١٩٩٣אאא

אאא،
אא

١٩٩٧K 
•א

אא
١٩٩٤ J١٩٩٦Kא

אא
אאא

١٩٩٧ J٢٠٠٢Kא
אאא

אא
٢٠٠٢אאK 

•אא
אאWא

אא،א
،IEEEK 

•אא
אאא

אאא،א
אא،א

K 
•

אK 
•٢٠

א
 

  
  
  
  

 أحمد صدقي محمد يوسف. د
•אא

א–،
א

א،
א

אFאE
אK 

•אאא
FאאEאא

א،
،

אא
،א

אא
אאK 

•אאא
אאאאא

،א،א
K 

•אאא
א،אא
אאאא،אאא

،אK 
•

،אא
אא
א،א

אK 
•אאאא

،א،אא
אא،،K 

•אאא
א٢٠٠٣אK 
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