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5.2 Magnetic Forces ( HEB	¦�ª )
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F = qE + qv ×B (5.1)

9��	�5T
l�l�9 B V3l5>�ª�>����,9���MÏz#y���H��[>1H�����q,9	���5T

�8
�� 3���É���`5�����	^�c#	 u£ª3N! ���`5
�� E N"�$#��5T&%	< v N��	t��	t�µ����
ª3N" �y,½�H����Eq B N"'��,l�^��89vc��5T3lv¶#`5��ª[N! ���Ñ�y,½)( �,>�*�+E9	>�

H���N�,)#��,l8^¼�,9vc��5T

5.3 Measurement of Charges in Motion ( ���
�8����

�[>
 �� )

É)��`1�8�	��
���>�

B�- Q V Coulomb >!.�/	<[���10�Z8

��<,	 u ª�"�$2 ��,9vc!�
(FIGURE 5.4(a)) T�`�"[`�C��	���8����
���>����	V �
��3 =�98m u4�EqÏjeÐ�53`�m�=1y
½�m�$PmE�,>�9�6�
[<�V87���$�m�z�¡_¶¸9	�	� (FIGURE 5.4(b)) T�¡	l�9,
!B�- Q N�,
#���S�#�< FIGURE 5.4(c) >3��¶�<EC
9�:�;[<�<E��<�=)>�0EZ�
!��N�Á�?�zA@Ï��¶ T�9

3



:[> -���N5
!� Q ���ÏQ5Sv^�cnC
0EZ�
!��<�	 u£ª�>��
  �	b��EÁ�N� �¸C[l5>nr�<89
Q N�,)#	�	^1`���¶ T

0�Z,
���V1É)�	`��,����^RÑ���"�$�C 
��E
��	��S���>5ª��8
n��N��!S����1TEl�¶ Ð8���
^ Coulomb >!.�/Ï��� Gauss >�.�/[>����������8����

��>�

B�-�N"7$#	�nS�#�<�V	�
zI��`���T
�	��

�'��>�

B�-�VEC,¡�>�

��N�� �������)
�: S ;3>�
�� E >�:��EÁ�N1���
����M
zRyÏ�nT3ln>�^
cnC�

��V S ; (Q �E���!������"_$��	��� �,>���� t 9����%zRy�� ) >
�8�8>�+�9��� ���<[�3�1 ��Ïzey�� ��N��8���1T S �!�E"�m��
��!�¦!m8:%^RÑ���^�C��"�
t 9	>#

�'��>�

� Q V

Q = ε0

∮

S(t)

E · da (5.3)

9��$#v$�y��5T
Q �!É)��`��,��yE½ Gauss >".�/�<��[� S >56�c�z%$'&'(')�<[�E$Rm��!T�z,$I<�Ce�����
��� Q <�}�`n� Gauss >
.)/�N�Y�Z[¦ni,Y;^1`n�E«�=�*!y_�v¶ÎT3ln>3�v¶s<�`5� Gauss

4



>�.�/�N1���
��

��N���M�Ñ3�,l�^��,9vc��5T

FIGURE 5.5 >���¶ <,¡.y���y 2 K,>��$3%^ 2 K,>n
�3!��Ñ���� �5À8>��ÏzI9
�	���,�	�
^�c1C
����� ��< 2 K,>'��
!: S1 ^ S2 ;�>�
��[>
:'��Á�>#��Vn�3`%u m;�£C
-19�>�
�B
-[>��	� 1 N"�$#	�,l�^��,9�c!�5T

j�` FIGURE 5.6 >3�v¶�<�

�,Á�3[>3�v¶�<
��3;^I

3��
�[m[�A�,q�N��ÏQP���[�����
>nÊ�>�

B�-3>��	�	V����
>���� 3 t�¶£"�T

5.4 Invariance of Charge ( 

�[>1´�µEÍ )

� �#V1Ì!y8�	`E�!QR�,���5>59!Ê�>��8
��	>���V ����>��,
8��3!�!�	���,���vjIÀ8��´
µ
9�����^I�;¶ Y!Z�>�©!È�������¦!m[l,^¼9�����l8^�NPÐ8��m���l,^s�����!T#(�8,<1Y!ZE9
�," #v$�y[S1iEY�NP�����5T
H2 Á�3_^ He 1�3	V�¹��	$�j���3 2 �;^R

3 2 ���	�	��� 3	<��v��y��8���nT H2 Á�3 �
9,V	�$3.�! EV 0.07nm

� y8��"3Q�u
�$#�%�`��8���1T He 1�3.��98V	�,3�V 2 K�^�j 2 K
>�-�Í�3�^�`,Q¼" �1��&�z¼y�1�3�'�N��vQR�E���1T�¡
>����8��(.��)��nV 1MeV *�q�9��
��T#����)�+!�8
�B�-	<�,�-8Ñ��1m�$�C H2 Á�3%^ He 1�3%^�j.<�'%^#
�3	>n
��	>������
��K�j/.��	<�����<�m��,l�^��
0!Z[¦�<�V��E"%$�mE��T

Purcell � � 1 �89�j cite `����3� King Physical Review Letters Vol.5,pp562-565(1960)
<8%[>1Y�Z	1
2���3�4�z#y��8���5T
6�-[> H2 Á�3�N8+�(651<���;87$#��8k u T[+!(651<�V�*��;^�K�m:9<;�'8=
�[�_�£C5Á�3

1 >@?BADC/EGF8HICKJKLBM

5



��*���<8F���O u������	��

�	�����������	��������������� ��!�"#��$&%('
)��	�+*�,-�.(/
0
10−19 1�2�3 !��+4�5(687�9
:;�=<�>?�@)#$BA(C��8��
 He D / !+EF��)@�G�@H0JI � 1�2�3 !G7�9�!�K
��� L(MFNO��)#$

H2

.P/B0
2 Q 1+R / � 2 Q 1 � / >FSUT(V?NW�8�8�	�8��� / 1�XPYPZG1�[ N 0P\^] c/100

!BK
��$ He D /B0 2 Q 1#R / � 2 Q 1 7�9 / � 2 Q 1 � / >FS`_G�������8� R /
0�a �8b
� 106eV �&�Jc R / 1�d8e(f	g 6@h�'i�
�WjkN���lPm
n8o�p�qBr�!+m;"�s@� /
0 H2

.P/
1 � / 1�t 2 u 1�[ N&!#mG�+�8���^$vkwyx
z !+{}|~�	� E 6��+��� 0 (2qe− +2qp)E = 0 !
KB��$P�+)��?�`�(� / � R / 1 �
� qe− � qp

0 s [ N�6��8SW�
qe− = −qp = −e (1)

��_G���8�=� 10−19 1�2�3 !PVP���@�8�G�
����c�L(Mk
y��)#$

f�g 0 mG�+�8�@��� [�3 6��P������<k���B��
 FIGURE 5.7 1@�P�(�P� !+�G�B����c�$�P� 1(� ! 0 f+g �`�P�k
G��Q 2 Q 1@� / ����6iN�N��FS=� [ N v !��^�?�^�
���G�&�
��$ � � � � � 
�h('i�B� � �(1���f	gG1^� �#� �(1���f	g � I~� "��G��� �P�?N	
` �o¡ ! 0 >i�&>Bs&¢ [ ��� 1 6�£8�����G
��k�&>��@���#%('FSU�?��$�¤ � s � ��� 1�¥ 0@�� �¦� � !#§i���($
���J��A�§ 1@�(� � D+

2

w�¨�© � He+
w�¨�© 
 f+g .(ª�« 6�>�¬#�+E�<(�
� f+g�­ ��K

�
���Jcy�8�=�(®¯NO�B�8�G�@$B��>���° wy¨i© 1 �+��6 0 ­ �(±G²kS¦�G_	>;��)P$

�#�`!�³�'B)	�	� 1�´ �(9P>FS&s&µ 1 ¶�!�³�'
)^·�� 1�g /(¸ �&�¹c»º � � d�e	� / 1+¼
_kSW�#mG�+�8�G� � / 6#Q��+�?�OV(�
�����B�¦��<�>��@$

·+� 1(½B¾�¿ S Zi1@¿(À . 1�¥ 0 ½B¾�¿ z 1 �B· � / 1@Á �WÂ(Ã�6 0	Ä ����s � / 1 l
m�Å�ÆG6 0	Ä�Ç �+_���$@È8ÉPM 1 £(ÊB>�S�K���Ë�9�Ì F !
_ I )PQ�� 1@�(� º � 0^Í 1
Ë�9�Ì F’ !;�OVP����_(¬@���
_?S&_(�($
Ì F 6PÎ��+��Ï�Ð t !+Ñ�Ò��+) ½B¾�¿ S 6�� IÔÓÕI¦ÖG× �
�8�G���8·+ØPÙk
�Ì F’ 1 Ï	Ð

6



t′ ! Ó}I Ö�� ½8¾�¿ 
 S ′(FIGURE 5.8) �`���
�
∮

S(t)

E · da =

∮

S′(t′)

E′ · da′ (5.4)

��VP����_(¬@���
_kS�_(�($

Z�� 0�� � 5(6+·+� 1 È�É#MG5 ´ ��9i
��	�i�@�B���@$

·+� 1�
 Ç
� � a 1@´ ��9 0�� c z�� 
��;���8�G�@$+·+� 1�
 Ç
�
0 µ 4 ¶�!+M�C+)���s� !+³8'��
�
divJ = −

∂ρ

∂t
(4.9)

!
K���)P$
KB������ÌP! z�� 6���·�Ø+Ùi
 Ó I � � ��c _ ½�¾�¿ 
���Òi��)��^"�s ¿+Z 6���· � / �
_(¬@��� ¿ z 1�� ·+� 1�¥ �8¤�Ò8!�K
���B��
@·+� 1�
 Ç
�
0���� �@�8�G�@$
¤ � sy·	� 1�´ �(9 0�� 1 Ë(9PÌ(!�� 1��	 
�Ek�O�k� � ·�� 1�¥ ��APC�6#_
�
�`�¹c&�
��
y³8'��8�G� 1 !�K
�@$

5.5 Electric Field Measured in Different Frames of Reference ( !G_G��Ì(> S ¼ )�·�� )

K��`Ë�9�Ì F ! 1�" �
#P�
$ � 1 Ï�Ð
Îi�&%P��'�!�·+� E (y�*)��Bs a 1�¥ (�+,)@)��

7



�+)���"@s � 1 Ë�9�Ì F’ ! 1 " �
# 0 � 1 ��cU_+·�� E′ (y�?���8�=��!k"P��:G*¯cÔ>
$
� 1�� 6	É8�����B��(����G_	Ì�! Gauss 1
	 � (���
+� +;���B�¦��!?"#�@$

FIGURE 5.9a 6 0 Ì F 6PÎ�
#� a �
b��
¤��G_ ¿���3 σ � −σ 1�d
e �#) 2 � 1 �B·��
� � ®¯N��B��
G�^$�� 0�� 6 xy ¿ 6��PE8!�¤���� b 1��B� � !�s���� ��!�" 0 b 6	h�'
��# . j¯N�
?�&�i� 1 !�����6 0 N × �i)�$�%�6 1P¼ Ç�& �i��·+� 0 ¤+Ò�¤��B!GKG�G�
�@�k��
($
d
e Ì F ! e × )��'
G�8� 1 �(E(� ¿ �*) ©,+F©
- r 1 Ì 1 ·+� ( " �
���8�����.� 1
·�� 1 � "�N 0 σ/ε0 !�K
�@$
F’ Ì 0 F >;S ¼ ��/ 1 x ��0 6 v _B� [ N�!	m'
	��

�8�O����$#� 1 F’ ! 1�" � #B6i� )
���1� 0 ��� � 6 0 ¼ ��� x′ �'0+1 � 1�2 N 0 b

√

1− β2 6�3�4P!5

��$(6�7#*84���� Z
1 ·�9 0 Ì F ! ¼ ) 1 � �(<FS�_1
 1 !8sWÌ F’ ! 1 �1� 1 ·�9 ¿1�#3 0 γσ = σ/

√

1− β2

�WÌ F ! 1��(3 � I � ";| _ )���
��@$

Ì F’ ! Gauss 1
	 � (��5

� (Gauss ¿ 0 FIGURE 5.10(c) 7�6(K
���ic _�: � Ù 1 � ¿
6k�	� ) $

8



FIG. 5.10(c)
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5.9 Interaction between A Moving Charge and Other Moving Charges
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U ��� ) �*��sKM�+�n37�S;r����R� ����� 7���� Y S � � ��� 7
	 t 
�n�[
+ � B�� �u� i � 7
F � {Rn*�\[ 0 
In$�
�� 
 �¤r��K�:�&��� ����� ) LAB FRAME

1�Y
1/γ =

√

1− v2/c2 '*� Lorentz ���
{Rn � l�SI���Z� ���&� ��®(¯�) γλ0 [�
In$�
� � � �*®�¯ ����� )

LAB FRAME l�N � � ) §u¥ v0 l L +�M�+In!�f��N ��� sK,(-0 
In$�
LAB FRAME l � ��®
¯ −λ0 Q � � � ���&� 0 x
È\{�n�[ −λ0/γ0 = −λ0

√

1− v2
0/c

2 [

In$�
TEST CHARGE FRAME l �&� � � §@¥ v′0 Q

��� s/M � � � �$`�o C V/§ ¯ ��� y e1ZY
β0
′ = v0

′/c S β = v/c l
�\{�[

β0
′ =

β0 − β

1− ββ0

(5.18)

7 _ � D n$� 1 ��M�o��\{Rn γ � � Q ��� {�n�[

γ0
′ =

1
√

1− β0
′2

= γγ0(1− ββ0) (5.19)

[^° � }���n*��[E7 ? �:n$�
� D 7 TEST CHARGE FRAME l � � �(��� ��®\¯ Q������ ¿ � S � � � ���*��l� �\®�¯ ��!

−λ0/γ0

0 ����� D n#" � � � lRmI��MIS TEST CHARGE FRAME l )
γ0
′(−λ0/γ0) = −λ0γ(1− ββ0) [�+ �$! 7 _ � D n$�
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1 ��M\S TEST CHARGE FRAME l ��i � ���&� ��®(¯ λ′
)

λ′ = γλ0 −−λ0γ(1− ββ0) = γββ0λ0 (5.20)

[ � �In*��[E7*l � n$�
� � ! ) r(l�m\n��*[E�@��S i � 7�� � �
l ) r 0 F � s�M*+�n���[ 0 
�n�� Gauss

��d
e�0R1RY S �&� �(®
¯ � ? ���3M�+�n ��� �*��¶��I� b n ��¿ l ) L�� ��� � y ¶ Er

′ 7
5 ? D

Er
′ =

λ′

2πε0r′
=

γββ0λ0

2πε0r′
(5.21)

[A
�� M*+�nK� TEST CHARGE FRAME l i � �@� r′ '(��� D �!����sKM*+�n3Â�U �����¿	��0 )
−y′ h ��� ����¿ 7(5 ? D n � l�S�Â(U �&��0�
 tvÃ )

Fy
′ = qEy

′ = −
qγββ0λ0

2πε0r′
(5.22)

l�m�n$�

FIGURE 5.20(c)
�
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′
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= −
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(5.23)
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[^°��In$�
−λ0v0 = −λ0β0c

) i ��� Q .
D n ��. Q I [A{�n�[ −I 0�� s�+
� 1 ��M���P )

Fy = −
I

2πε0rc2
qvx = −

µ0I

2πr
qvx (5.24)

[ �In*��[E7 ? ��n$�
�
�Al	��
 �
����� ) ε0 = 1/(c2µ0) [���
 � ��� § ¯ [��(2 � µ0 QKc�+/l ��� ¥ D M*+
n*��[�Q�c\+	�
�

� D |�} � Purcell
�
��� ° ����� )���� {�n*�\[ 0 {�n/�

��'�s&S� �! �#"%$ l	&�'�{Rn Lorentz Ã )

F = qE + qv ×B (4)

l�m�n$�
�(�;l�·\¸�� I �In ��. 7 −x ��� 0$.
D M\+�n�[ � S ��. �)( −y ��� 0 r '#��� D �
[&�	*�Q v �InA§�¥�l x ��� 0$L +�M\+�n;Â(U �&� q

0�
 tvÃ�7

Fy = −
µ0I

2πr
qvx (5)

l\m�n(�*[!Q Lorentz Ã�[,+	-�{In\[AS�� �$�/. 7�Â�U ����� [/��* 0 b�n 2�. ®�¯ B
)

B =
µ0I

2πr
ẑ (6)

l�m�n*��[E7 ? ��n$�
� D ) Ampére

�Kd*e m�n$+ ) Biot-Savart
��/�0 �1( _ ( D n2��PÅ[K�/�
l�m�n$�
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