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%'&)(+*-,/.103254�67482�489;:<,>=8*-,@?BA$:<,5=
%C:<.ED8F>0HGJILKM*-NPOJIJIJQ
R�:J:<ST03U'V�W1GYX
Z[N \�=]0HIJ^_4`GJIba�W1O_4`GJIcD8D8A

• d *-AEFe*-Sf=e\�*',�:J:<Fg&;h>*-SjiY*kh�:<lJNj,�:_4

• d *-AEFe*-Sf=e\�*C(+&;SjSf*-lY*-,mD8FLFe*-A14

• n SjSf*Co�*-,5&m=_NjlY=8*'9Y*+(-.�&;AEA�*-Sp:<.ENf*+q�r+N \s,t.�*'9mNj,5=8*-,>Nj,@=8*'o8N \sSp:<lY*J4

• u *-.!lY*-o8AED8Njiv9;:<,t*+*-,xw�:<Szy n�{ aT.|\�*'Fe*-.!y|&;AEF"D8Sf*+q!Nfq}.�&)*-lY*+qE.$:J:<,~4

• d &)&;A!w5*-.!=8*+*-Sj.�*-,/.$:<Fe*-,MF�:J:<ib\�*C&;h8l/:19Y*-,�WJ�5Q_���_��XL*-,t�_4

• d &)&;A!w5*-.}w5*-Sf*C.�*-,m.$:<Fe*-,tF�:J:<ib\�*C&;h8l/:19Y*-,MOb.�&;.
*-,tFe*-.�X)4

•
KM&;.ENj9Y*+*-A�\E*'A�*+qED8Sj.$:J:<.
.�*-,5*-Nj,5=8*k*+*-,tF�:��)NjF�:<Sf*kq$(+&;A�*C.�*'o�*-A�*-NjiY*-,~4
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ε0 = 8.85 × 10−12
V

2 ')( F 2
h�*-AEFLNj.E.ENj9)Nj.�*-Nj.
9J:<,xw5*-.!9J:;(-D8D8F

k = 8.99 × 109 ( F −2
V
−2

µ0 = 4π × 10−7
Z
·
F ' n

c = 3.00 × 108
F

/s
SjNf($w/.�qE,5*-Sjw5*-Nf=

e = −1.60 × 10−19
V Sp:;=_Nj,8l�9J:<,xw5*-.
*-Sf*-i).EA�&;,

m = 9.11 × 10−31
i)l F�:;q�q$:b9J:<,xw5*-.
*-Sf*-i).EA�&;,
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dl = dx x̂ + dy ŷ + dz ẑ = dx i + dy j + dz k
SjN \�,_a *-Sf*-Fe*-,/.

dτ = dxdydz
9Y&;SjD8Fe* a *-Sf*-Fe*-,/.

$/���0*��1$2��3��4�"!
."*����5�����+���

dl = dr r̂ + rdθ θ̂ + r sin θdφ φ̂
SjN \�,_a *-Sf*-Fe*-,/.

dτ = r2 sin θdrdθdφ
9Y&;SjD8Fe* a *-Sf*-Fe*-,/.

�+�,���,����*��1$2��3��4�"!
."*����5�����+���

dl = ds ŝ + sdφ φ̂ + dz ẑ
SjN \�,_a *-Sf*-Fe*-,/.

dτ = sdsdφdz
9Y&;SjD8Fe* a *-Sf*-Fe*-,/.
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U
&;AE.�* 9mA$:<lY*-,~4

��� u &)*'SjD8Nf=8*-,t=8*kK :����7*-SjS~9Y*-AElY*-SjN \si)Nj,8lY*-,>9Y&)&;A!w5*-.}F�:<lJ,5*-.�&JqE.$:<.ENfq�($w5* 9Y*-Sf=��
� ��� *-SjiY*klY*-9Y&;SjlY*-,tw5*-o8o�*-,t=8*-r1*C9Y*-AElY*-SjN \�imNj,8lY*-,>9Y&)&;A!w5&)*'F�:<lJ,5*-.ENfq�(�w5* 9Y*-Sf=_SjN \s,5*-,@Sf&;h�*-,��
� � ?[*-A�*-iY*-, =8* ,5*-.E.�&}F�:<lJ,5*-.ENfq�(�w5*��5D_�'=8&)&;AP*+*-,kNjF�:<lJNj,�:<NjAPlY*+qESf&;.�*-, &;h8h�*-AE9mSp:<iC=5:<.~*+*-,��}NjSjSf*-iY*-D8AENjlY*
Sp:;=_Nj,8l;a[*-,>qE.EA�&)&;F 9Y*-A�=8*-SjNj,8l�&;FLw/D8Sj.14

� ��� *-, =_Np:<F�:<lJ,5*-.ENfq�(�w qE.$:J:�y \�*��B&;A�=_. Nj,�*+*-, Nj,8w5&;Fe&;lY*+*-, F�:<lJ,5*-.ENfq�($w�9Y*-Sf= lY*-h8Sp:J:<.�qE.14 d *-AEi)Sp:J:<A�[:J:<A�&;Fgw5*-.
q�.$:J:�y \E*'Nj,>=8*CAENf(�wm.ENj,8l�9J:<,t:�y ,5*-Fe*-,5=t9Y*-Sf=��B&;A�=_.
lY*-.EA�&;imiY*-,~4
	 ��� :<.
Nfq}h�:<A$:<F�:<lJ,5*-.ENfqEFe* *-,tw5&m*C&;,5qE.$:J:<.
w5*-.!�

���������
	#"$� *-, F�:;q�qENf*-9Y* lY*-Sf*-Nf=8*-,5=8*�o�&;S7Fe*-."qE.EA$:J:<S
R1

�B&;A�=_.L&;FeqESf&;.�*-,�=8&m&;Ab*+*-,�lY*-Sf*-Nf=8*-,5=8*vw5&;SjSf* o�&;SBFe*-.
o8Nj,8,5*-, qE.EA$:J:<S

R2

*-, o8D8Nj.�*-, qE.EA$:J:<S
R3 % =8* o�&;SjSf*-, w5*-o8o�*-, =8* &m&;A�qEh8A�&;,8l :<Sfq�FLNf=8=8*-Sjh8D8,/.!& 4 %'*

o8D8Nj.�*-,5qE.�*Co�&;S]Nfq!&;,8lY*-Sp:;=8*-,~4BK@*-,>o8A�*-,8lJ.�*+*-,>Sp:;=_Nj,8l
+Q

:J:<,>&;h@=8*'o8Nj,8,5*-,5qE.�*ko�&;ST4
���(' ($w5*-.�q w5*-.ClY*-w5*+*-SBNj, o8N \s9Y&)&;AEo�*+*-Sf= w5*-.

(y, z)
9mSp:<i *-, lY*+* y}Nj,�=8*L.�*-iY*-,8Nj,8ltlJSf&;o�:J:<SB:J:<,)�7:J:<A

Sp:;=_Nj,8lY*-,@r+D8SjSf*-,>l/:J:<,>r+Nj.E.�*-,~4
� �(' ($w5*-.�q�9Y*-AE9Y&;SjlY*-,5q
Nj,M*+*-,>lJA$:+*�*-ixi,�[:<SjNj.$:<.ENf* y w5&)*[\�* =8*-,8im.�=5:<.�=8*ClJA�&)&;.E.�*k9J:<,@=8*k*-Sf*-i).EAENfq�($w5*
9Y*-Sf=8q�.�*-AEim.�*

E
*-, =8* *-Sf*-im.EAENfq$(�w5*eh�&;.�*-,/.ENp:J:<S

V
*-Akr1&>D8Nj. r+D8SjSf*-, r+Nf*-,~4�U'Nf*+qkw5*-.",/D8Sjh8D8,/.b9J:<,

=8*ch�&;.�*-,/.ENp:J:<SB&;h &;,5*-Nj,5=_Njl54 � :<.C9Y&)&;AC9Y*-A�q�(�w8NjS�F�:J:<i).Cw5*-. :<Sfq7\E*"w5*-.C,mD8Sjh8D8,/. *-AElY*-,5q":<,5=8*-A�q
i)Nf*+qE.!�

� � ?[*-A�*-iY*-, 9Y*-AE9Y&;SjlY*-,5q i,�[:<,/.ENj.$:<.ENf* y
E
*-, =5:J:<AE,�:

V
:<Sfq�y D8,5(-.ENf*c9J:<,

r
4"U'Sf&;h8.#�7:<.[\E*",mD 9mNj,5=_.

lJSf&;o�:J:<S Fe*-.-�7:<. \�*C&;,5=8*-A!o�&BlY*-.�*-iY*-,5=tw5*-o8.!�
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C 1 C 2

C 3

V

A

B

d &)&;A!=8*Cw8Nf*-AEo�& 9Y*-,tlY*-.�&)&;,5=8*k(+&;,5=8*-,5q$:<.�&;A�*-,@lY*-Sf=_. C1 = 12, 0 µ
6[�

C2 = 5, 3 µ
6�*-,

C3 = 4, 5 µ
6[4

��� ?[*-A�*-iY*-,M=8*C*10/D8Nj9J:<Sf*-,/.�*"(1:<h�:;(-Nj.�*-Nj.
9J:<,>*-,8iY*-SP=8*C(+&;F o8Nj,�:<.ENf*
C1

*-,
C2

4
� � ?[*-A�*-iY*-,M=8*'.�&;.$:<Sf*k*10/D8Nj9J:<Sf*-,/.�*"(1:<h�:;(-Nj.�*-Nj.
9J:<,>=8*C(+&;F o8Nj,�:<.ENf*"9;:<,>=8* =_AENf*k(+&;,5=8*-,5q$:<.�&;A�*-,~4

� *-, h�&;.�*-,m.ENp:J:<Sj9Y*-A�q�(�w8NjS 9J:<,
V = 12.5 d �B&;A�=_.":J:<,8lY*-o8A$:;($w/. & 9Y*-Ak=8*b*-Nj,5=8*-, n *-, ? 9;:<, =8*

(+&;,5=8*-,5q :<.�&;A�q�(�w�:<iY*-SjNj,8l54

G



� ��� :<.
Nfq!=8*C.�&;.$:<Sf*CSp:;=_Nj,8l�=_Nf*kNj,>=8*k=_AENf*C(+&;,5=8*-,5q$:<.�&;A�*-, &;h8lY*+qESp:<lY*-,>Nfq14
� ��� :<.
Nfq}w5*-.
qEh�:<,8,8Nj,8lYqE9Y*-A�q$(�w8NjS & 9Y*-A

C2

�
	 � u &)*-9Y*+*-S~Sp:;=_Nj,8leNfq!&;h8lY*+qESp:<lY*-,tNj, C1

�

���������
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q 1

q 2

P

q 3

10 cm

1 cm

1 cm

?[&19Y*-,5qE.$:J:<,5=8* *5lJD8D8AP.�&)&;,/.�=_AENf* *-Sf*-i).EAENfq�(�w5* Sp:;=_Nj,8lY*-,~�
q1 = q2 = −1, 0×10−6

V *-,
q3 = +2, 0×10−6V��<=_Nf*7&;hc*+*-,e:;q�lY* *8�_*+*-A�=br+N \�,"Fe*-.

q3

Nj,cw5*-.�FLNf=8=8*-,L*-,
q1

*-,
q2

&;h
d = 1, 0

(-F *-AEo�&19Y*-,e*-,c*-A�&;,5=8*-A14
��� ?[*-A�*-iY*-, =8*c*-Sf*-i).EAENfq�(�w5*eh�&;.�*-,m.EN��-Sf*L*-,5*-AElJNf*L9;:<, w5*-.kq��_qE.�*+*-F>4"%�*c*-,5*-AElJNf* �7&;A�=_.ClY*-SjN \si :J:<,�I
lY*+=8* *5,8Nf*+*-A�=tNj,t&;,5*-Nj,5=_Njl54

� � ?[*-A�*-iY*-, w5*-.e*-Sf*-im.EAENfq�($w 9Y*-Sf= Nj, h8D8,m.�� % r+Nf*�*5lJD8D8A!& �7&;h *+*-, :�y|q�.$:<,5=�9;:<, W1I (-F o�& 9Y*-, =8*
FLNf=8=8*-Sfq�.�*kSp:;=_Nj,8l54

� � ?[*-A�*-iY*-,M=8*C*-Sf*-im.EAENfq�($w5*kh�&;.�*-,/.ENp:J:<S V
Nj,xh8D8,/.�� 4

� �
	 ,5=_Nf*-, =8*-r1*x(+&;, *5lJD8A$:<.ENf*xSp:;=_Nj,8lY*-, % *+*-, *-Sf*-i).EAENfq�(�w5*�0mD�:;=_AED8h�&m&;S &"Nj, *+*-, D8,8Nzy &;AEF *-Sf*-i).EAENfq�($w
9Y*-Sf=�Fe*-.

E = 100 ( ' V lY*-h8Sp:J:<.�qE. �B&;A�=_.1� �7:J:<AEo8N \cw5*-.c9Y*-Sf=�Sf&m&)=_A�*+(�wm.�qE.$:J:<.L&;h =8*>:;qb9;:<,
Sp:;=_Nj,8lY*-,~���7:<.!Nfq
=5:<,t=8*'lJA�&m&;.E.�*k9;:<,t=8*'.�&;A�q�Nf*��

���������
	��,� *-, qEh�&)*-S!Fe*-.
L = 3, 56 u �B&;A�=_.vNj, q�*-AENf*tlY*+q�(�w�:<iY*-Sf= Fe*-. *+*-,

R = 12, 8 Ω
�B*+*-A�q�.$:<,5=]4 n Sfqq�($w�:<iY*-Sp:J:<A

S
lY*+qESf&;.�*-, �7&;A�=_.1� �7&;A�=_.�*+*-,

EMF
9J:<,tG_�`O {ed h8Sf&;.�q�*-SjNj,8l�&19Y*-A�=8*Cq�(�w�:<iY*-SjNj,8l lY*-r1*-.14

{



S R

L
EMF

��� ?[*-A�*-iY*-, &;h I_�`OYX;��q % =_Nj. iY&;F".v& 9Y*-A�*+*-, Fe*-.����-, Nj,5=_D5(-.ENf*-9Y*@.EN \E=8(+&;,5qE.$:<,m.�*
τL = L/R

&c,�:
q�SjD8Nj.�*-,>9;:<,

S
=8* qE.EA�&m&;F

i
=_Nf*C=8&m&;A�=8* �B*+*-A�qE.$:<,5=tSf&m&;h8.14

� � ?[*-A�*-iY*-,t&;hMI_�`OYX;�Lq[,�:LqESjD8Nj.�*-,x9J:<,
S
w5*-.!9Y*-AEFe&;lY*-,

P % =8*kw5&m*-9Y*+*-Sjw5*-Nf=>*-,5*-AElJNf* h�*-A!q$*+(+&;,5=8*�&=5:<.�=8&m&;A!=8*Co�:<.E.�*-AEN \}lY*-Sf*-9Y*-A�=��7&;A�=_.14
� � ?[*-A�*-iY*-,M&;htI_�`OYX;�Lq}w5*-.!9Y*-AEFe&;lY*-, PR

=5:<.}.Ew5*-AEFLNfq�(�w@9Y*-A�qE.�&)&;im.-�7&;A�=_.
Nj,t=8* �7*+*-A�qE.$:<,5=]4
� � ?[*-A�*-iY*-,t&;h>I_�`OYX;�cq}=8*C*-,5*-AElJNf*C=_Nf*'h�*-A[.EN \�=8q�*+*-,8w5*-Nf=

PB

�7&;A�=_.
&;h8lY*+qESp:<lY*-,xNj,xw5*-.}F�:<lJ,5*-.ENfq�($w
9Y*-Sf=>9;:<,>=8*kq�h�&)*-ST4

���������
	���

-
+ v

v

� *-, (+&;,5=8*-,5q$:<.�&;ACo�*+qE.$:J:<.
D8Nj.'. �7*+*c*-9Y*-, �}N \E=_NjlY*"h8Sp:<.�*-, &;h *+*-, :�y qE.$:<,5=
d
9;:<, *-Sji;:J:<A14�%'* o�&19Y*-,5q�.�*

h8Sp:J:<.Cw5*+* y|.C.�&;.$:<Sf*cSp:;=_Nj,8l
Q
�]=8*L&;,5=8*-A�qE.�*ch8Sp:J:<.

−Q
4 ?[*-Nf=8*ch8Sp:<.�*-,�r+N \�, D8,8Nzy|&;AEF lY*-Sp:;=8*-,�Fe*-.k*+*-,

&;h8h�*-AE9mSp:<i).�*-Sp:;=_Nj,8lYq�=_Nf(�wm.Ew5*-Nf=
±σ

4"%'*b(+&;,5=8*-,5q :<.�&;Ako�* �7*+*-lJ.CFe*-.k*+*-, qE,5*-Sjw5*-Nf=
v
Nj, =8*

x−
AENf($w/.ENj,8l

% r+Nf* *5lJD8D8A!& 4
��� ?[*-A�*-iY*-,@w5*-.}F�:<lJ,5*-.ENfq�(�w5* 9Y*-Sf=x.ED5q�q�*-,t=8*'h8Sp:<.�*-,~��*-AEo�& 9Y*-,@*-,>*-A�&;,5=8*-A14
� � ?[*-A�*-iY*-,M=8*'F�:<lJ,5*-.ENfq�(�w5* imA$:;($w/.�&;h@=8*'o�& 9Y*-,5qE.�*Ch8Sp:J:<.14��'*+* y�Nj,>*+*-,tq$(�w5*-.�q!=8*CAENf($w/.ENj,8l�:J:<,~4
� � ?7N \ �B*-SjiY*"qE,5*-Sjw5*-Nf=xw5* y|.!=8*CF�:<lJ,5*-.ENfq�(�w5* imA$:;($w/.�=8*C*-Sf*-im.EAENfq�($w5*ki)A$:;(�wm.
&;h��

Q



���������
	���� *-,tq�.EA�&m&;F
I1

Sf&)&;h8.!=8&m&;A�*+*-,t&;,5*-Nj,5=_NjleSp:<,8lY*J�8A�*+($w/.�*bqE.EA�&m&;FLlY*-Sf*-Nf=8*-A14
��� ?[*-A�*-iY*-,�w5*-.[F�:<lJ,5*-.ENfq�(�w5*'9Y*-Sf=v&;h>:�y|q�.$:<,5=

s
9J:<,v=8*-r1*'&;,5*-Nj,5=_NjlLSp:<,8lY*J�)A�*+(�wm.�*CqE.EA�&m&;FLlY*-Sf*-Nf=8*-A1��[:J:<A�=8&m&;A�qE.EA�&)&;F

I1

Sf&m&;h8.14

d *-AE9Y&;SjlY*-,5q o�*+q�(�w5&;D,�B*-, �7*>*+*-, A�*+(�wm.Ew5&m*-i)Njl�q�.EA�&m&;FLi)AENj,8lY*-.|\�*J�Br1&Y:<SfqelY*-.�*-iY*-,5= Nj, =8* *5lJD8D8A
% =8*Lq�.EA�&m&;FLlY*-Sf*-Nf=8*-Ab*-, w5*-.CimAENj,8lY*-.|\E*cSjNjlJlY*-, Nj, ���-, 9mSp:<i & 4 � ACSf&)&;h8.k*+*-,�qE.EA�&m&;F

I2

=8&)&;ACw5*-.
i)AENj,8lY*-.|\E*J4

a

I 1
b

I 2

c

� � ?[*-A�*-iY*-,M=8*'imA$:;($w/.�&;hxw5*-.
A�*+(�w/.Ew5&)*-i)NjlY* qE.EA�&)&;FLimAENj,8lY*-.|\E*J4
� � ?[*-h�:J:<S~w5*-.
iY&;h8h�*-SP&;hxw5*-.�qE.EA�&m&;FLi)AENj,8lY*-.|\E*J4

���������
	��,

R

L

EMF

C
~

� *-,
R = 160 Ω

�B*+*-A�qE.$:<,5=]� *+*-,�(+&;,5=8*-,5q$:<.�&;AbFe*-.
C = 150 µ

6 *-, *+*-, qEh�&)*-S Fe*-.
L = 230

F u�B&;A�=8*-,cNj,cq�*-AENf* lY*+q$(�w�:<iY*-Sf=L*-,b:J:<,8lY*+q�Sf&;.�*-,L:J:<,c*+*-,blY*-,5*-A$:<.�&;A % � K@6�&~Fe*-.
E = 36, 0 d *-,ky|A�*10mD5*-,/.ENf*

f = 60, 0 u rY4

�



��� ?[*-A�*-iY*-,M=8*C(1:<h�:;(-Nj.ENf*-9Y*
XC

*-,xNj,5=_D5(-.ENf*-9Y*kA�*1:;(-.$:<,m.ENf*
XL

4
� � Z *-iY*-,@=8*�� h8w�:;q$&;A�q��5=_Nf*k=8*#�}Nfq$q�*-SfqEh�:<,8,8Nj,8lY*-, % n V-&!&19Y*-A�=8*#�B*+*-A�qE.$:<,5=]��(+&;,5=8*-,5q$:<.�&;A�*-,@qEh�&)*-S
9Y&)&;A�qE.�*-SjSf*-, % .�*-iY*-,@w5*-.[y :;q$*-9Y*-A�q�(�w8NjS~.�*-,@&;h8r+Nf(�w/.�*"9J:<,>=8* �}Nfq�q�*-SfqE.EA�&)&;F & 4

� � ?[*-A�*-iY*-,M=8*'NjFLh�*+=5:<,m.ENf* Z
9;:<,>=8*kq$(�w�:<iY*-SjNj,8l54

� � ?[*-h�:J:<SP=8*":<FLh8SjNj.ED5=8*k9J:<,>=8*kqE.EA�&)&;F>4
	 � ?[*-h�:J:<SP=8*��7:J:<A�=8*k9J:<,>=8*C(+&;,5qE.$:<,m.�*CyT:;q�*-w5&m*-i

δ
.ED5q�q�*-,xNjFLh�*+=5:<,/.ENf*

Z
*-,��7*+*-A�qE.$:<,5=

R
4

� � ?[*-h�:J:<SP=8*kAEFeq�a �7:J:<A�=8* 9;:<,>=8* � K@6�*-,tqE.EA�&)&;F
i
0
Erms

*-,
irms

4
��� ?[*-A�*-iY*-,@w5*-.}lY*-FLNf=8=8*-Sf=>lY*+=_Nfq�qENjh�*+*-A�=x9Y*-AEFe&;lY*-,

Pav

4

X


