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• b *-AEFc*-Qd=cZ�*',�:J:<Fe&;f>*-Qhgi*jf�:<MJXh,�:]4

• b *-AEFc*-Qd=cZ�*C(+&;QhQd*-Mi*-,kD8FLFc*-A14

•
K�QhQd*Cl�*-,5&k=]XhMi=8*'9i*+(-.�&;AEA�*-Qm:<.EXd*+N�n+X Zo,p.�*'9kXh,5=8*-,>Xh,@=8*'l8X ZoQm:<Mi*J4

• q *-.!Mi*-l8AED8Xhgr9;:<,p*+*-,ts�:<QvuwK�x;`R.yZ�*'Fc*-.!uy&;AEF"D8Qd*+N!XdNz.�&)*-Mi*+NE.$:J:<,{4

• b &)&;A!s5*-.!=8*+*-Qh.�*-,/.$:<Fc*-,|F}:J:<gVZ�*C&;f8M/:19i*-,~UJ�5I]���]���L*-,p�]4

• b &)&;A!s5*-.zs5*-Qd*C.�*-,k.$:<Fc*-,pF}:J:<gVZ�*C&;f8M/:19i*-,|GV.�&;.
*-,pFc*-.��)4

• � &;.EXh9i*+*-A�ZE*'A�*+NED8Qh.$:J:<.
.�*-,5*-Xh,5=8*j*+*-,pF}:��)XhF}:<Qd*jN$(+&;A�*C.�*'l�*-A�*-Xhgi*-,{4
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ε0 = 8.85 × 10−12 ' 2 (*) F 2
f�*-AEFLXh.E.EXh9)Xh.�*-Xh.
9J:<,ts5*-.!9J:;(-D8D8F

k = 8.99 × 109 ) F −2 ' −2

µ0 = 4π × 10−7
W
·
F ( K

c = 3.00 × 108
F

/s
QhXd($s/.�NE,5*-Qhs5*-Xd=

e = −1.60 × 10−19 ' Qm:;=]Xh,8M}9J:<,ts5*-.
*-Qd*-g).EA�&;,
m = 9.11 × 10−31

g)M F}:;N�N$:V9J:<,ts5*-.
*-Qd*-g).EA�&;,
���
+��,��$��-�
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dl = dx x̂ + dy ŷ + dz ẑ = dx i + dy j + dz k
QhX Z�,]` *-Qd*-Fc*-,/.

dτ = dxdydz
9i&;QhD8Fc* ` *-Qd*-Fc*-,/.

$0���1+��2$3��4��5�"!
/"+����6�����,���

dl = dr r̂ + rdθ θ̂ + r sin θdφ φ̂
QhX Z�,]` *-Qd*-Fc*-,/.

dτ = r2 sin θdrdθdφ
9i&;QhD8Fc* ` *-Qd*-Fc*-,/.

�,�-���-����+��2$3��4��5�"!
/"+����6�����,���

dl = ds ŝ + sdφ φ̂ + dz ẑ
QhX Z�,]` *-Qd*-Fc*-,/.

dτ = sdsdφdz
9i&;QhD8Fc* ` *-Qd*-Fc*-,/.
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&;AE.�* 9kA$:<Mi*-,{4
��� q &)*'QhD8Xd=8*-,p=8* � :����7*-QhQ{9i*-AEMi*-QhX Zog)Xh,8Mi*-,>9i&)&;A!s5*-.zF}:<MJ,5*-.�&JNE.$:<.EXdN�($s5* 9i*-Qd=��
� ��� *-Qhgi*jMi*-9i&;QhMi*-,ps5*-l8l�*-,p=8*-n1*C9i*-AEMi*-QhX Z�gkXh,8Mi*-,>9i&)&;A!s5&)*'F}:<MJ,5*-.EXdN�(�s5* 9i*-Qd=]QhX Zo,5*-,@Qd&;f�*-,��
� � ?Y*-A�*-gi*-, =8*w,5*-.E.�&zF}:<MJ,5*-.EXdN�(�s5*��5D]�'=8&)&;A *+*-,jXhF}:<MJXh,�:<XhA Mi*+NEQd&;.�*-, &;f8f�*-AE9kQm:<gC=5:<.{*+*-,��zXhQhQd*-gi*-D8AEXhMi*
Qm:;=]Xh,8M;`Y*-,>NE.EA�&)&;F 9i*-A�=8*-QhXh,8M�&;FLs/D8Qh.14

� ��� *-,>f�:<A$:<F}:<MJ,5*-.EXdN�(�s NE.$:J:�u Z�*��7&;A�=].
Xh,>*+*-,>Xh,8s5&;Fc&;Mi*+*-,@F}:<MJ,5*-.EXdN�(�s@9i*-Qd=�Mi*-f8Qm:J:<.�NE.14 b *-AEg)Qm:J:<A�Y:J:<A�&;F *-A
*+*-,tg)A$:;(�sk.�&;f>s5*-.!N�.$:J:�u ZE* �B*-AEg)."! Xh,#�7*-Qhgi*jAEXd(�sk.EXh,8M$�&% 4
	'��� :<.
XdN!=]Xm:<F}:<MJ,5*-.EXdNEFc* *-,ps5&k*C&;,5NE.$:J:<.
s5*-.(�
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� *-,@D8,8Xvuy&;AEF Mi*-Qm:;=8*-,pMi*-Qd*-Xd=8*-,5=8*Vl�&;Q{Fc*-.�*+*-,|=]Xm:<Fc*-.�*-A�9J:<,~UJ4_GcFes5*+* uy.�*+*-,@&;f8f�*-AE9)Qm:<gk.�* Qm:;=]Xh,8MiN�`
=]Xd(�sk.Es5*-Xd=p9J:<,

8.1 × 10−6 ' ( F 2
4

��� ?Y*-A�*-gi*-,|=8*'.�&;.$:<Qd*CQm:;=]Xh,8M}&;fp=8*Cl�&;QR4
� � ?Y*-A�*-gi*-,|=8*'.�&;.$:<Qd*j*-Qd*-gk.EAEXdN$(�s5**�5D]�t=]Xd*j=8*'l�&;Q[9i*-AEQm:J:<.14
� ��� :<.
XdNzs5*-.
*-Qd*-g).EAEXdN�(�s>9i*-Qd=p&;fpG]4_OaF :�u NE.$:<,5=�9;:<,ts5*-.�(+*-,/.EAED8Fe9J:<,>=8*Cl�&;Q,�
� ��� :<.
XdN!=8*j*-Qd*-g).EAEXdN�(�s5*Cf�&;.�*-,/.EXm:J:<Q�&;f@G]4_OVF :�u NE.$:<,5=�9J:<,ts5*-.
(+*-,/.EAED8F 9;:<,>=8*Cl�&;Q,�
	'� ?Y*-A�*-gi*-,|=8*C*-Qd*-gk.EAEXdN�($s5*jf�&;.�*-,/.EXm:J:<Q{l8Xh,8,5*-,|=8*'l�&;QR4
-.� ?Y*-A�*-gi*-,|=8*C*-Qd*-gk.EA�&JNE.$:<.EXdN$(�s5* *-,5*-AEMJXd*j9;:<,p=8*'l�&;QR4
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b &)&;A!=8*j(+&;,5=8*-,5N$:<.�&;A�*-,pMi*-Qd=]. C1 = 1, 0 µ
6Y�

C2 = C3 = 2, 0 µ
6�*-,

C4 = 4, 0 µ
6Y4

��� ?Y*-A�*-gi*-,|=8*C*10/D8Xh9J:<Qd*-,/.�*"(1:<f�:;(-Xh.�*-Xh.
9J:<,>=8*C(+&;F l8Xh,�:<.EXd*V(+&;,5=8*-,5N$:<.�&;A�*-,{4
� � ?Y*-A�*-gi*-,@s5*-.!NEf�:<,8,8Xh,8MiNE9i*-A�N�($s8XhQ &19i*-A�*-Qhg 9J:<,>=8*j(+&;,5=8*-,5N$:<.�&;A�*-,{4
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XdN!=8*CQm:;=]Xh,8M}=]Xd*'Xh,p*-Qhgr9J:<,>=8*C9kXd*-A!(+&;,5=8*-,5N :<.�&;A�*-,@&;f8Mi*+NEQm:<Mi*-,@XdN(�
� ��� :<.
XdN!=8*C.�&;.$:<Qd*j*-,5*-AEMJXd*j&;f8Mi*+N�Qm:<Mi*-,pXh,>=]Xh.
N��]NE.�*+*-F �
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?Y&19i*-,5NE.$:J:<,5=8*��5MJD8D8A�.�&)&;,/.�. �B*+*Y*-Qd*-g).EAEXdN�(�s5*7Qm:;=]Xh,8Mi*-,{�
Q1 = −50, 0×10−6 ' *-, Q2 = +50, 0×10−6

' �5=]Xd*C&;fp=8* x
` :;NzMi*��8�]*+*-A�=pn+X Zo,{4

��� ?Y*-A�*-gi*-,@s5*-.!*-Qd*-gk.EAEXdN�($sp9i*-Qd=�Xh,>f8D8,k.
K ! n+Xd*��5MJD8D8A(% 4
� � ?Y*-A�*-gi*-,@s5*-.!*-Qd*-gk.EAEXdN�($sp9i*-Qd=�Xh,>f8D8,k.
? ! n+Xd*��5MJD8D8A(% 4
� � ?Y*-A�*-gi*-,|=8*C*-Qd*-gk.EAEXdN�($s5*jf�&;.�*-,/.EXm:J:<Q V

Xh,tf8D8,/.�K *-,tXh,pf8D8,/.
?'4
� � ?Y*-A�*-gi*-, =8*a*-Qd*-g).EAEXdN�(�s5*cf�&;.�*-,k.EX	�-Qd*L*-,5*-AEMJXd*L9;:<, s5*-.jN��]NE.�*+*-F>4"%�*a*-,5*-AEMJXd* �7&;A�=].CMi*-QhX Zog :J:<,�O

Mi*+=8*��5,8Xd*+*-A�=pXh,p&;,5*-Xh,5=]XhM54
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� *-, (+&;,5=8*-,5N$:<.�&;ACl�*+NE.$:J:<.
D8Xh.'. �7*+*a*-9i*-, �zX ZE=]XhMi*"f8Qm:<.�*-, &;f *+*-, :�u NE.$:<,5=
d
9;:<, *-Qhg;:J:<A14�%'* l�&19i*-,5N�.�*

f8Qm:J:<.Cs5*+* uy.C.�&;.$:<Qd*aQm:;=]Xh,8M
Q
�[=8*L&;,5=8*-A�NE.�*af8Qm:J:<.

−Q
4 ?Y*-Xd=8*af8Qm:<.�*-,�n+X Z�, D8,8Xvuy&;AEF Mi*-Qm:;=8*-,�Fc*-.j*+*-,

&;f8f�*-AE9kQm:<g).�*-Qm:;=]Xh,8MiN�=]Xd(�sk.Es5*-Xd=
±σ

4"%'*V(+&;,5=8*-,5N :<.�&;Ajl�* �7*+*-MJ.CFc*-.j*+*-, NE,5*-Qhs5*-Xd=
v
Xh, =8*

x−
AEXd($s/.EXh,8M

! n+Xd*��5MJD8D8A(% 4
��� ?Y*-A�*-gi*-,@s5*-.zF}:<MJ,5*-.EXdN�(�s5* 9i*-Qd=t.ED5N�N�*-,p=8*'f8Qm:<.�*-,{��*-AEl�& 9i*-,@*-,>*-A�&;,5=8*-A14
� � ?Y*-A�*-gi*-,|=8*'F}:<MJ,5*-.EXdN�(�s5* gkA$:;($s/.�&;f@=8*'l�& 9i*-,5NE.�*Cf8Qm:J:<.14��'*+* u�Xh,>*+*-,pN$(�s5*-.�N!=8*CAEXd($s/.EXh,8M�:J:<,{4
� � ?7X Z �B*-Qhgi*"NE,5*-Qhs5*-Xd=ts5* uy.!=8*CF}:<MJ,5*-.EXdN�(�s5* gkA$:;($s/.�=8*C*-Qd*-gk.EAEXdN�($s5*jg)A$:;(�sk.
&;f��
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R = 20 Ω
�B*+*-A�NE.$:<,5=[��*+*-,~(+&;,5=8*-,5N$:<.�&;A"Fc*-.

C = 2 µ
6 *-,~*+*-,~NEf�&)*-QwFc*-.

L = 2 q �B&;A�=8*-,
Xh,pN�*-AEXd*'Mi*+N$(�s�:<gi*-Qd=p*-,|:J:<,8Mi*+NEQd&;.�*-,|:J:<,>*+*-,>Mi*-,5*-A$:<.�&;A�Fc*-.
*+*-,>F}:��]XhF D8F � � 6 9J:<, U1OJO b *-,p*+*-,
9J:<AEXm:<l�*-Qd*'uyA�*10kD5*-,/.EXd*J4
��� ?Y*-A�*-gi*-,|=8*'A�*+N�&;,�:<.EXd*'uyA�*10/D5*-,k.EXd*

f0

4
� � ?Y*-A�*-gi*-,|=8*j(1:<f�:;(-Xh.EXd*-9i*

XC

*-,pXh,5=]D5(-.EXd*-9i* A�*1:;(-.$:<,k.EXd*
XL

9i&k&;A�*+*-,>Mi*-,5*-A$:<.�&;A!uyA�*10/D5*-,k.EXd*j9J:<,
�JO q ni4

� ��� :<.
XdN!=8*CF}:��]XhF}:<Qd*jNE.EA�&)&;F l8X ZY*+*-,>Mi*-,5*-A$:<.�&;A
u A�*10kD5*-,/.EXd*j9;:<,p�JO q n&�
� � ?Y*-A�*-gi*-,|=8*'F}:��)XhF}:<Qd*jN�.EA�&k&;F l8X Zz=8*'A�*+N�&;,�:<.EXd*ju A�*10kD5*-,/.EXd*J4
	'� ?Y*-f�:J:<Q{=8*��7:J:<A�=8*'9J:<,t=8*�(+&;,5N�.$:<,/.�*'uR:;N�*-s5&)*-g

δ
.ED5N�N�*-,�XhFLf�*+=5:<,/.EXd*

Z
*-, �7*+*-A�NE.$:<,5=

R
:<QdN7=8*

Mi*-,5*-A$:<.�&;A
u A�*10kD5*-,/.EXd*
f = 60 q ni4

-.� ?Y*-A�*-gi*-, s5*-.�Mi*-FLXd=8=8*-Qd=@9i*-AEFc&;Mi*-, =5:<.'=8&k&;A'=8*"Mi*-,5*-A$:<.�&;A�Mi*-Qd*-9i*-A�= �7&;A�=].�l8X Z
*+*-,@uyA�*10/D5*-,k.EXd*
9J:<,@�JO q ni4

��� ?Y*-A�*-gi*-,|=8*
Q
` �7:J:<A�=8*"*-,>=8*CA�*+N�&;,�:<,/.EXd* l8A�*+*+=].�*C9J:<,p=8*-n1*CN�(�s�:<gi*-QhXh,8M54

� � ?Y*-A�*-gi*-,t=8*�F}:��)XhF}:<Qd*'NEf�:<,8,8Xh,8ML&19i*-Az=8* �B*+*-A�NE.$:<,5=[�8N�f�&)*-Q�*-,�(+&;,5=8*-,5N$:<.�&;A
:<QdNBs5*-.YN �)NE.�*+*-F Xh,
A�*+N$&;,�:<,/.EXd*jXdN 4
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�'*-Mi*-9i*-, *+*-,@(-XhAEgi*-Qh9i&;AEFLXhM !yNE.EA$:J:<Q

R
%zNE.EA�&k&;FLg)AEXh,8Mi*-.yZE* Xh,@s5*-.

(x, y)
`R9kQm:<g ! Fc*-.'(+*-,/.EAED8F Xh,@=8*"&k&;A�`

NEf8A�&;,8M$% �+�Y:J:<A�=8&k&;A�*+*-,pNE.EA�&)&;F
I
Qd&)&;f8."! n+Xd*'.�*-gi*-,8Xh,8M$% 4

����� ($s5*-.�N
s5*-.zF}:<MJ,5*-.EXdN$(�s5* `R9i*-Qd=8*-,8f�:<.EA�&)&;, Xh,ts5*-.
(x, z)

`R9kQm:<g�4
� � ?Y*-f�:J:<Q{s5*-.
F}:<MJ,5*-.EXdN�(�s@9i*-Qd=

B
.�*-A
f8Qm:J:<.�N�*

(0, 0, z)
4

�C*-l8AED8Xhg�=8* �7*-.
9J:<,>?7Xd&;.�` � :+9J:<AE.1�

B(r) =
µ0

4π
I

∫
d~l × r̂

r2
.

!�U�%

I



z
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R


� ��� f�MJA�&;.�*':�uyN�.$:<,5= 9J:<,rs5*-.Bg)AEXh,8Mi*-.yZ�*�XdNBs5*-.YF}:<MJ,5*-.EXdN�(�st9i*-Qd= s5*-.En1*-Qvuy=8*C:<QdN7s5*-.z*-Qd*-gk.EAEXdN$(�s5*�9i*-Qd=
9J:<, *+*-, u �]NEXdN�($s5*c*-Qd*-gk.EAEXdN$(�s5*}=]Xhf�&)&;QR4r%'*}:<,�:<Qd&;MJXd*}Mi*-Qd=]."*+($s/.�*-AV,8Xd*-."=]Xd(�sk."l8X ZCs5*-."gkAEXh,8Mi*-.yZE*J4
W &k&;,@=]Xh.�:J:<, ! g��7:<QhXh.$:<.EXd* uE�89kXm:c*+*-,t.�*-gi*-,8Xh,8M}9J:<,tl�*-Xd=8*C9i*-Qd=8*-,�% 4
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b

a

I
B

θ

� *-, A�*+(�s/.Es5&)*-g)XhMVNE.EA�&)&;FLg)AEXh,8Mi*-.yZ�*
Fc*-.wn+X Z�=8*-,
a
*-,

b
� �7:J:<A�=8&)&;A7*+*-, NE.EA�&k&;F

I
Qd&)&;f8.1�/l�*-9kXh,5=]. n+Xd(�s}Xh,

*+*-,rs5&;Fc&;Mi*+*-,tF}:<MJ,5*-.EXdN�(�s�9i*-Qd=rFc*-.BMJA�&)&;.E.�*
B
! n+Xd* �5MJD8D8A(% 4�%'*�n+X Z�=8*�Fc*-.7Qd*-,8MJ.�*

a
NE.$:J:<.BQd&)&)=]A�*+(�s/.

&;fcs5*-.�9)Qm:<g"9J:<,c.�*-gi*-,8Xh,8M5�k.�*-A'�zX ZoQ5=8*!n+X Z�=8*zFc*-.�Qd*-,8MJ.�*
b
*-,

B
l�*-Xd=8*zXh,cs5*-.�9)Qm:<g"9J:<,c.�*-gi*-,8Xh,8MjQhXhMJMi*-,{�

�7:J:<AEl8X Zzn1*j*+*-,ps5&k*-g
θ
Fc*-.
*-Qhg;:J:<AzF}:<gi*-,{4B%'*'AEXd(�s/.EXh,8Mr9J:<,

I
XdN
:J:<,8Mi*-Mi*-9i*-,@Fc*-.
=8*'f8X ZoQR4

��� ?Y*-A�*-gi*-,|=8* ! .�&;.$:<Qd*�%Yg)A$:;(�s/.�*-,>gi&;f8f�*-Q &;fts5*-.!gkAEXh,8Mi*-.yZE*j*-,tMi*+* u�&k&;g�=8*CAEXd($s/.EXh,8Mr:J:<,{4
� � ) :J:<Az:<,�:<Qd&;MJXd*�Fc*-.7s5*-.Y*-Qd*-gk.EAEXdN�($s5*�Mi*-9;:<Q�g;:<,rs5*-.Bgi&;f8f�*-Q�Mi*+N�(�s8A�*-9i*-, �B&;A�=8*-,>:<QdN N = m×B

�
Fc*-.

m
s5*-."F}:<MJ,5*-.EXdN�(�s�=]Xhf�&)&;QhFc&;Fc*-,/.V9J:<, s5*-. NE.EA�&)&;FLg)AEXh,8Mi*-.yZ�*J4 �'*+* uzMJA�&)&;.E.�*}*-,�AEXd($s/.EXh,8M

9J:<,
m
4

� � W *-gi*-,L=8*wF}:<MJ,5*-.EXdN�($s5*B9i*-Qd=]QhX Z�,5*-,V9;:<,"s5*-. =]Xhf�&k&;Qh.yZE* ( NE.EA�&)&;FLgkAEXh,8Mi*-.yZE*J�J*-, 9i*-AEMi*-QhX Z�gCs5*-. Fc*-. s5*-.*-Qd*-g).EAEXdN�($s5*
9i*-Qd=]QhX Z�,5*-,8f�:<.EA�&k&;,�9J:<, *+*-,}u �]NEXdN�($s5*
*-Qd*-g).EAEXdN�(�s5*�=]Xhf�&)&;QR4�?Y*+NEf8A�*+*-gc&19i*-A�*+*-,8gi&;FcNE.�*-,
*-,p9i*-A�N�(�s8XhQhQd*-,{4

�


