
��� �� �� �	


�� ������ �� ������� �������� II ���� �� ���� �� � !���� !� �"#��

!� �� � � $� %& ' ( �� � ) * � q3 + ,q2 ,q1 �� � �%� 	 � 	 - �  �  � 	 3 + ,2 ,1 .� �%/ �� � 0 � 1 

���2�#� �3 �%/ �� %��	 �� %&� %� 456� ��$ 7� 89 :� 	�;� <#��&��� �� <0�=�*>�

?5��� !�& <�

1

2

3
q1 > 0, q2 < 0, q3 = 0 1@��

q1 < 0, q2 > 0, q3 = 0 1A

q1 > 0, q2 > 0, q3 > 0 1B

q1 < 0, q2 < 0, q3 < 0 1�

-� � �	 2 + ,1 �� ���%/ <#��&��� �� <0�=�*>� !� ���� %�&CD %� ��$ 7� 89 :� 	�;� 1 �
�� �$���� 4�**E<� 5E�D ����� +� �� +% v2 + ,v1 �� ���$���� �	 5	�F <���5(�6 �	

?56� 56%� �*��� ���E 456� m2 + ,m1 ��!G �� ����H + �	��	 �%/ +� I�� %��	

1

2 4m1v1 > m2v2 1@��

4m1v1 < m2v2 1A

4m1v2 > m2v1 1B

4m1v2 < m2v1 1�

< � J K J� 5� ' J� 5� LH %� I !� � ��H b + a �� �M 	� � 	 <K�;#0� 7� 89 �	 ���NKD $� 1 �
!� ���� %����	 456� .�O#P���Q�'� %� �NKD ��E�� + , xy �� �"RS %� �NKD 4�%T�<�
��*E U��V ?56� %�W�3 �X '��N ,(0, 0, z) .� �O#P� �	 ���;N� %� <0�=�*>�

1z � a, b






−μ0abI

2πz2
k 1A μ0abI

2πz2
k 1@��

−μ0abI

2πz3
k 1� μ0abI

2πz3
k 1B

Y� �6 �NKD �� Z� 6+ $� ��&[( %�&= �	 �%�� i1 !� ���H �E �*K	 + Y�N#0� Y� �6 �� 1 �
�� + � � � 45 6� a Y � 6 �� N K D \� � M 9 4�%�� i2 !� � �� H � E �%T �< � 7 8 9 ���� ���

?56� %�W�3 �&9<� �%�+ ������� Y� �6 �	 �E ��<0�=�*>�
μ0i1i2

2π
1A �RS 1@��

μ0i1i2
2πa

1� μ0i1i2a

2π
1B

+ i !� ���H ���NKD 4����#��� %��W Y��	 �&[( �E��Y� 7� 89 ������� Y� �6 �NKD +� 1 ]
?56� %�W�3 ���NKD ��E�� %� <0�=�*>� !� ���� 4��%�� a \� �M9

μ0i

2a
1A �RS 1@��

μ0i

a
1�

√
2μ0i

2a
1B

5� (�6 �	 �%/ I�� 456� �*K	 + Y�N#0� Y� �6 �� $� d ��KS�� %� q %��	 �	 ���%/ 1 ^
�� + � � � �� � # 6�% + �$�� �� 45 6� i Y � 6 !� � �� H + � * E< � 5 E� D Y � 6 �� �$�& � v

?56� ��&��3 !G �	 �%�+ �� <0�=�*>�

Y�6 �� �$�&� ,μ0iqv

2πd
1A Y�6 �� �$�&� ,μ0iqv

πd
1@��

Y�6 �	 �&[( ,μ0iqv

2πd
1� Y�6 �	 �&[( ,μ0iqv

πd
1B

�	 �*K	 + Y�N#0� Y� �6 �� 4����)	 �_� %� a �̀ Ka �	 789<M	�� Y� �6 �NKD �� 1 
+ `	�� ��  ����� �̀ Ka ��KS�� 4�%�� %��W `	�� \� ba� $� <8� �	 �$�&� i !� ���H

%��!���H Y� �6 �	 5'0� dx

dt
= v 5� 	�F 5� (�6 �	 `	�� �E< %&S%� 4����)	 x �% Y�6

?56� %�W�3 789<M	�� Y� �6 %� ���G�&H+�	 �� <��N�� ��E�"�+��� ,�*E 5E�D
μ0iav

2π(x + a)
1A μ0ia

2v

2πx2
1@��

μ0ia
2v

2πx(x + a)
1� μ0ix

2v

2πa(a + x)
1B

�



��"RS �	 �&[( �E B 5� ��&��� <� 0�=�*>� !� ���� %� 789�������Y�� Y� �6 �� 1 �
�&[( 5(�6 + 56� a �����Y�� \� �M9 4�*E<� 5E�D v 5� (�6 �	 56� !G $� ���%T�

?56� %�W�3 !G ��6 +� 7� �0��#� c� b#�� 456� !���� 5� LH �	

2πBav 1A 2Bav 1@��
π

2
Bav 1� πBav 1B

�%�#6 �	 �E <#�+�N� %� !���H 4�&9<� $�	 t = 0 %� + 56� �#0	 S �� �KE ��$ %���� %� 1 d
?56� !��$ $� <M	� �3 56� ��9 ePf�

ε

S

�

R

R

L

ε

R
e
−Rt

L 1@��

2ε

R
e
−2Rt

L 1A

ε

R
e
−2Rt

L 1B

2ε

R
e
−Rt

L 1�

�%� # 6 � 	 � E < # �+� N � !� � �� H < �g& = <  � � $� h � 4ε(t) = εm sin(wt) %�� � %� 1 
i
?50�3 ��9 ePf�

ε(t)

�R

C

R

L

εm√
(Lω − (Cω)−1)2 + R2

sin(ωt − arctan
1

ωRC
) 1@��

εm√
(Cω)−2 + R2

sin(ωt − arctan
1

ωRC
) 1A

εm√
L2ω2 + R2

sin(ωt − arctan
Lω

R
) 1B

�



εm√
(Lω − (Cω)−1)2 + R2

sin(ωt − arctan
Lω

R
) 1�

� 	 z %�&"� + `	�� �� E�� .�O#P���Q�'� 4�%T�<� I !� � ��H a �̀ Ka �	 <M	�� $� 1 


456� �&[( `	�� �� �"RS

y

x

z

?56� %�W�3 (0, 0, z0) �� �;N� %� `	�� I�� $� <9�� �� <0�=�*>� !� ���� 1@��

U�� ?56� %�W�3 (ε, 0, z0) �� �;N� %� `	�� I�� $� <9�� �� <0�=�*>� !� ���� 1A
4ε � z0 + ε � a ��*E

�� *K	 \� �R %� $� m ���H + ,R �� <8��#8�� 5� �+�N� �	 �NKD �� 7� 89 �	 <����6% 1 
�
z %�&"� 4�*E<� j&N6 Bz = B0(1 + κz) �� <0�=�*>� !� ���� %�&CD %� z = h

<N�� �%�+Y� �NKD �� �"RS + D �NKD \� �M9 456� 5	�F κ 456� Yk�W 5� LH %�
7�� �D 5(�6 �	 �NKD 5� (�6 < �� $� h� 4��*E <9&�Yf3 �&� .� +�N� $� 456�

?56� %�W�3 5(�6 I�� 4�*E<�

�2�#� �l��� �� <)#0��� $� �6%<� �D 5� (�6 �	 �NKD 5� (�6 <#W+ ��������	

<f���� 7� �0��#� �� �l��� :� ��= $� ���	 <8��#8�� 5� �+�N� %� �l��� c� b � �&9<�
4�&9 I���Q 

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

D

�


