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6 � The Magnetic Field ( ��� )

6.1 Definition of The Magnetic Field ( ��������	 )
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Y�YutIQ�v�wIx�yaz�{�g
∮

B · ds = µ0 × [ |L} ~��>� V���� ] (6.10)

tE� ^a` YaQ%z�{Ig��E� c!d j�k [ ���_R v����T]�� V Z�p>���E� ^a`
(g) Q@� K y ���_R N �I�T] ^ j�k Q�����g N ��Zuy ^ Y	Zug!h OiN tI�E� K�`����� �	ga� J���� W V � K J ���'�'� Q S������%  ��}¡� k¢ tEQ�� ^ 1 £ Ru¤�¥ � ^
1 ¦@� V }FQ ��� Q M t'§¨�#�Ts�W�� K�`

FIGURE 6.7 g 5mA Q ��� [ � �	s	X ^ � k R,© Was#X ^�`����ª�« Q,¬®,g�� k Q�� ^3¯ d t�g 10−6m/s tE� ^ [ �>° Q ¯ d t�g�±�¬@Q 0.8 �I²'y^ ZTX´³�µ�¶@²�·EXa¸�~!²�] V �Ts#X ^a` W N W ��¹	º b�» tIQ B Q b�c!d Q M g � YQ�� k Q!¼�Q ¯ d t!½#¾�s¨¿aÀ!Á M ²�y ^a`
∮

B · ds = µ0I = 4π × 10−7 × 5× 10−3 = 6.28× 10−9 [T ·m] (6.11)

tE� ^a`
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��� ¶#]��@Q���� N O 1 �Q
	 b �'� ²   X's © W V YEZ R��� Q
	 b ���	N O y ^��²��������'t_p ^�` FIGURE 6.8 g���� N Q�� b [��Ey ^ nEo�² ����RT� W�s�X ^�� tE�^a`

v�w	x�z'{ (6.10) �'[�v   v   Q�� b ²   X�s�y } V s�� � � £�t	Q ����� �	g"!$#3Q��b ²_� ^ ���!� �@Q�%'&)(+*�,	t�� ^ Q�t®Y¨³3W�s�- O � ^ ��. ²0/EW�s�¿ � (6.10) g���E� ^�` FIGURE 6.8 Q ¹	º b ²�1L³ B Q b�c�d Q M g ¹#º b [0!2#,Q ����R ¼43 OoEp�²a|L} ~�5 N7608 t�§®���Ts�W#�®³ `

	 b ���09�: Q�v�wIx�y � ²   X�s®¿�; U	V X `
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� ¿����Ey��#g�� ��� t	� ^ [ � �
	���W%s�X ^ !$#� ��� ²@� ^ ����� �����@W�� S���a��� -��¡� ^ 6 �®³ ` 8 ��¼E¿ � �
	���W�s�X ^ ��« g��'¬���	������¨�3s#X ^�`�� ²��� ²��IX V ����� �#g�v����,¬���t �IX�s�X ^ ��� ²@� ^ ¿!�at	�	� V �at � À�Á#" }n$�&%('��'�Ip$�T¾�y 8 ���Ey)�uy!X `v�w�� � t®¿�� (6.10) g����E� ^ Y	Z&�!*�+�x�,�- Z�Was/. 810 � �_³ `º � V � b ²�/	Was¨¿ � B � b�c!d g ��� [32�W�X
	 b ��� � . ¶�� b�c!d ²�2W�X `

Y&�54768�av�wIx�²:9(; ^�V ¾�² ��� � <(= d�> ��; U@^a`v�w��5�7?Ex ��� d�> g�@3=�x!²�v���� ��� � � J(x, y, z) ²��}BA/9� � ^a`

� b � � � ^,��� � J g�� b8C t���m:D��I¿
3 �": t#g E8F@ZuX´³G�/H�y0/  tI� ^a`I
4 J�t$@3=�² q!r W�y!X ��� t	g �&K/L ��n M0�Eg

divJ = 0 (6.12)

ZTy ^ Y#Z&�#9(; V�`
��� [ � �	s	X ^�N/O ² ¹#º b C �!PQ� ` C ²����Ts#~��>� ^%��� Zug C �#R Z>� ^�S
S � ¤ }BT 8�^ J � �3U �uy ^a` 6 3 S

» � S c!d ∫

S
J · da tI� ^a`���Ts (12) ����v�wIx:V/W�g

∮

C

B · ds = µ0

∫

S

J · da (6.13)

ZTy ^a`
Stokes �&���Ig

∮

C

F · ds = µ0

∫

S

curlF · da (6.14)

tE�@� V ��t � (6.13) � ZX2/YIy�Z d/[
curlB = µ0J (6.15)

[�-��¡� ^%`3\ ��[��^]�s3] ^ ����_#` �I²@�}ba c ^ ���'� ����=/�
/&d�� � ¿���� U  v�wIx�²:9(;^e&V/W#tI� ^a`
��� � ��[7f7gh� ��e _&i s¨¿ (6.15) � 608 t#g B ����¾j� ��y/] ` �Iy ^ % & ( * .t®¿aÀ!Á curl �5Dj�#k  8\$_ [@� ^ U �itI� ^a`
B �:l3mj� ;^g���³ ` 	 b ��� �:n ^ ���!� ���:l3m![(E�F�²!y ^(\$_ [�] U ^�` � b
� |L} ~�5!oj�#P�]3e _ p � ��p7� �!� [�q ^�� � ^ ]�g 0_^ �_³ y�¿&��g1P 8 y/] `
FIGURE 6.10 �&o V1 r �
s V2 �(q

0 }¡� ^ ��� �:��p7�&D�g�E8F%tI� ^ U � �&t7u �
�P¿wv^g�cE² �1x p! �!E8F�²&y@¾ ^7\$_ [�t¨p ^a` ���Ts \ � �!��� �I²1z i s#g

divB = 0

t	� ^%` 	 b ��� [ �  �	� s�t_pTs7] ^ . ²   ]�s�¿ ��� ¶�]��	²@�@} ����� ���!l�mg E8F%tI� ^a`
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��� � ������� [�n ^ �!��� ��²�z i s#g��1e¿ ,�- _&i s�	 b ��� � . ¶����7� i s
divB = 0 (6.16)

_ ]�³������ r � `
9
	 t�g ��. ���I²'y ^ ��� [����y N�O C ²�� ^ ��. � ;(g���³ `�� ��²��'� e sourceg ;$g�y/] `
J [@�/e g � ��e _ p (6.15) � _ (6.16) � � 2

  U � B [	v � x�²:�®� ^a`_ ] ³ ��¿ ��� ² 2
  ���	y ^ % & ( * . B1

_
B2 [ \ � 2

  � �����^e i e _ � ^%`�\
� _ p�� � %)& ( * . D = B1 −B2 g3]3e ^�_ \ �#E8F�y ^ l/m � E8F�y ^ ��� (curl)tE� ^a`
curl [¼ \ t®¿ E8F _ ]�³ \(_ U � D g!� ^ potential /  f(x, y, z) ��� � D = ∇ f t�3e�g �\� ^�`$i U i ∇ ·D = 0 t�¿�� ^ ��t � ]7e ^�_�\ � ∇

2f = 0
_ y�Ts$] ^�`��� ��� 5! d y!"	n�t	g f g�� � U �&�  f0 ²�y�Ts$]�y 8 ���Ey)�Ty/] ` ��� ���

5# d y!"En�t	g f g�� � U �&�  f0 ²�y��Ts$]�y 8 ���Iy)�Ty3] ` f g ��� � ¢ ��$s$��£�t Laplace n1M�����m3e�� ` ���>s \ � N�O C t#g�¼ \ ²¿ � x D¨��e�g ��% D��_�^7\(_ [�t�p�y/] (2.11 &�'�( )
`!) ² D = ∇ f = 0

� ��y!* 3 B1 = B2 tI�,+�-
. � . � . ¶ � (6.15) � _ (6.16) ��²1z�/	�0+1�'g

divE =
ρ

ε0

_
curl E = 0 (6.17)

tE�@�&e�-� . � . ¶Ig Coulomb �!436 U �5q�l i e1- Coulomb �!476I²@��} ��� �a£�t ��� � �
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.�� � � f��"	���t¨p:e�-���&#t	g \ � _ À���² ���
	�� 4 �&n +��������� * /  �5'
]�s �!��� ����� i s#m +�-

6.3 Vector Potential ( % & ( *��������� * )

�'� d/>
ρ(x, y, z) ²��1+ . � . ������g Scalar Potential /  φ(x, y, z) ²����Ts��/�@²y�&e�-��� �a£ (x1, y1, z1) t^���������� * (

���
) g�� c�c!d

φ(x1, y1, z1) =

∫

ρ(x2, y2, z2)

4πε0 r12

dv2 (6.18)

tI�/e�gh�\� +!- \/\ t c!d g!$	s^� ��� d/> ²#* e��Ts��
*'� � r12 g (x2, y2, z2)
U �

(x1, y1, z1) � t�� ���#tE�,+�-� .
E g φ �!� � ²�!!e�f �  �8 s
- �\� +�-

E = −gradφ (6.18)�0. � . ¶@g . � . _ $ �iÀ!Á'²�g't¨pay7]�- curlB g�"(c i ¿E�F�tEg!y7]7��t �
B ��#�$�%'& /  �!� � _ ���Ey3] U �3tI�,+!- i U i'� ( �:Z d
) �	tI�,+ % &)(+*
/  �'������*��Ts��	� \$_,+ t�p�+�-

B = curlA (6.20)

Scalar Potential
_ � -�.#t A � Vector Potential( %'&)(+*/�������� * )

_ ] ³ - \ �0/1 t�g \ ��'�2���
��*���3!£#g�h�� U t#y�] +I�54 �ulI¾�s1�Q��³ 3�²'gI��p�} i s6 +�-
� B = curlA ���¨³F² _ + _%� divB = 0 g �
� � A ²�z i div curlA = 0(Problem
2.16) tI� +1��t87 ��x�²!� e� � +�-
\3\ tEy���;®p \^_ g �'� � � J

+ �3e�g �F�8e _ p A ��¼ ³ "��Ts!½E¾ + U _ ]³ \(_ ��;$g + \(_ tI� +�-
curlB = µ0J ² B = curlA ��9 0 � + _

curl (curlA) = µ0J (6.21)

_ y +�- \ �Ig %)& ( *	n M0��tI� } � 3
  ��n M0��tI� +�-

x � d ²1z#�0+%n M0�8��;$g_�_³ - curl ��� d �;:�p 	 ���
Bx =

∂ Az

∂ y
− ∂ Ay

∂ z
By =

∂ Ax

∂ z
− ∂ Az

∂ x
Bz =

∂ Ay

∂ x
− ∂ Ax

∂ y
(6.22)

4 <5=?>5@BADCBEF>5@HG�IKJ�LNMPO,Q5R;=TS5UWVYX�Z\[,]_^a`

12



tE�,+ U � � curl (curlA) = µ0J � x � d g
∂

∂ y
(
∂ Ay

∂ x
− ∂ Ax

∂ y
)− ∂

∂ z
(
∂ Ax

∂ z
− ∂ Az

∂ x
) = µ0Jx (6.23)

_ y +�-� Z d ��������v^g�s¨¿��7]�/ ��
	 + _�� � i�� ³ - \ �������� � ³¡² : 8 +�-
−∂

2 Ax

∂ y2
− ∂2 Ax

∂ z2
+

∂

∂ x
(
∂ Ay

∂ y
) +

∂

∂ x
(
∂ Az

∂ z
) = µ0Jx (6.24)

$�T²
∂2 Ax

∂ x2

��� i��
� � _������ z i�� z���� ��� +�-
−∂

2 Ax

∂ x2
− ∂2 Ax

∂ y2
− ∂2 Ax

∂ z2
+

∂

∂ x
(
∂ Ax

∂ x
+
∂ Ay

∂ y
+
∂ Az

∂ z
) = µ0Jx (6.25)

\���� ��!
1
�#"%$  Ax

�
Laplacian

��&�'�(�)+*%, -/.%0%132#��4�!
2
�#"%$ ��5�6

7 �#8  A �#9�:��
	�;�<
A
�

curl
��	
;

B =�>@?�� ��ACBED%F �%G �+��4 A � IH�JLK�= 	
;�<
A
�#9�:M-ON ���QPR�+S�TMU���VQB�W�� G 5

<
divA = 0 (6.26)

X G@Y -�Z�[ ;
\ curlA = B
�#S�]�-/^�1`_/acbd��e�f ��g#Vihd9�: =%jlk ���
;m2��n 0��mU�oqp��`rm[Q�MP#\ G PsW
0/�
	�;�<t �M\@u

∂2 Ax

∂ x2
+
∂2 Ax

∂ y2
+
∂2 Ax

∂ z2
= −µ0Jx (6.27)

=�v�w _3; t \�����;�< t�t � Jx  x, y, z
��e�fx\#U#��W�Vqp�� G ;@)�y%z�{`e�f|\�^�/}Q;�<

t ���~\��m�@�3�
Poisson Y@� �

∂2 φ

∂ x2
+
∂2 φ

∂ y2
+
∂2 φ

∂ z2
= − ρ

ε0
(6.28)

-O�%�M;�\���b��������
��;/�+��4
Vector Potential

� v $
�/��_ ;����+������$��

Ax(x1, y1, z1) =
µ0

4π

∫

Jx(x2, y2, z2)dv2

r12

(6.29)

5curlA = B �L�E���L���������O������ �¡ div A = f(x.y, z) 6= 0 �E�E�L¢¤£��¦¥L§�§¨�R©«ªR¬LR®£L� Gauss ¯�°�±d� div E = ρ/ε0 �E�/²³� curl E = 0 �«�L´sµE§�¢s¶�·�¸O¹«º�»¼¥L§�¯s½E��¾�¿O¹sÀ�Á�µ¯¦�dÂ�Ã�Ä@Å div F = f �E�`²Æ� curlF = 0 ¢Ç ��«ºO»È RÉ�Ê�Ë³Ì�¬ F ¶ÎÍ�Ï�ÐL��§«¢Ñ���#Ò��Ó¥ A ÄÅ F ¶dÔ`¡s¢ curl (A − F ) = µ0J Ä�Ï div (A − F ) = 0 ¢Ç L�Î¯¦�«����Å�µdÕdÀ A − F ¶ A ¢¤£ÓÖ�×
div A = 0 ¢¤ L��¥
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\���1`[qh�Dq;�<
2�������4��3� v $ 2����3��	��M-/^%1`_��+��_`��� -�
�������m,���	m_q\

A(x1, y1, z1) =
µ0

4π

∫

J(x2, y2, z2)dv2

r12

(6.30)

\���;�<
t ��� ��9�: =�jlk ����;
\ G P t \�2��m_ t \ = �Cu�; 6

<

Vector Potential
� >�� \�U��m4`��� I = ��D�� G ;����3�����Q-�rm[��MP¨<

FIGURE 6.11
� ��!�Vih�"�# b�;�$mu

(
t DM-

z
��% �&$mu�\«_ ;�<

)
�'��Dq;O���M-(�

U�# G ;#< t �)�)���)� ��*&+�, K �/W�VMp-# G #m4 3 . ��*0/���� FIGURE 6.5
��1��

�lU`1 =32 -�4cb�< *&+�, K �)5Qu�6�� B = µ0 I/2π r
�
��;�<

7&8 
�����
φ̂
�
− sinφ x̂+ cosφ ŷ

�
�
;+�/��4�*&+�, K �

B̂ =
µo I

2π

− sinφ x̂+ cosφ ŷ
√

x2 + y2
=
µo I

2π

−y x̂+ x ŷ

x2 + y2
(6.32)

\���;�<
∇×A = B

-/^%1@_�
����� e�f
A
\#U�#�N��32�� = ��;+<

A = −ẑµ0I

4π
ln(x2 + y2) (6.33)

6YC 9 : :<;Î���� �ÁÓ�
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∇×A
��� v $l-�����_ ;
\ *&+�, K�= %lU~b��	� 6�Dq; t \ = W�VM;�<

(∇×A)x = ∂Az

∂y
− ∂Ay

∂z
= − µ0I y

2π(x2+y2)
(= Bx)

(∇×A)y = ∂Ax

∂z
− ∂Az

∂x
= µ0I x

2π(x2+y2)
(= By)

(∇×A)z = ∂Ay

∂x
− ∂Ax

∂y
= 0 (= Bz)

(6.34)

t ��*�+�, K -
���m_�; 
��  �
e�f�������'
��  �
e�f =���> ��2O���%��� G <����
=%jlk \���;�
������e�f��
��D%F��M-��lU'#q2
� G <
���
��������� t �

Vector Potential
��� G�= 4 ���
��g����%� B =�� ��;#�#� A 2 � �;�<�g��l��%lU G Vector Potential
-���.�0�;/���� MU~bÎ��� G (Problem 6.26

-�!#"
)
<

1 n U�4 t�t ��r�[�# G ;�$&%��(' G ���3� � �m� (13)
�
�+9�:���$|\��3p # UmBqP��

��)�[%� G < t ��*�+������3��,#�.-�Vih���;�/������3��0q; Scalar Potential(
� 8

)
�

. u�B�\ P21� |\����#����;�< t ��)�y%z�{`e#f
� −λ ln(x2 + y2) + 3�?	4 f ����p#1�<
j3k�5�6&7(8	9 �M- �������%��: b;$<%�=��C2
: G�>@? :(A.BM\�p�1`< t�t �DC �)��� �C�0q;-*��EB�e�_3;

Vector Potential
2GF
�IHKJ#ADL �GM	$E%�=
��N � ADB�:lp # G ;�<

6.4 Field of Any Current-Carrying Wire (
���OC�0C; *&+�, K )

FIGURE 6.12
� �l{(P�QOC����Q-#��� = ��D # G ;(R/�
��;�<A

(x1, y1, z1)
B�L�0
;

Vector Potential
�'�l{�P.C��#A��<C/�)�&, K \�S�C(A�Vih�T�UEBU�# G ;�V#W	C�AlB��.C�X�YEC��<C(�3{�P/���<B�W�1mp�#+������$%_�D�F�] B�;��(Z��m�;�<

UEVmUG[ G �)� =�> ��� > ��:�����, K CE��\%���
]�B�^ P �/�`$@�'�)�.C������#C Vector
Potential

-#]`_
; t \ = �Qu�;�<����&C�a !��M- a
\�U`4����&C�b#cD:('36@-

d`
\E_ ;

\��0�dC(bDc����
dv2

�
dv2 = ad`

\�:l;@<���� , K C�5Iu 6+� J = I/a
�3� ;�V h

Jdv2 = Id`
\
: ;+<����

I
C���DI;�$�u�C Y $�-�e3�/4)5Cu&6 = d`

C
vector d`

-�rm[
;�\

Jdv2 = Id`
\gf�0�;

7
<

[ G ���3-ihQ;�� � = 0M; Vector Potential
����]<C(����$ \OU�#(fCu�j�_ t \ = �lu@;�<

A =
µ0I

4π

∫

d`

r12

(6.35)

U�V U�V`W#C��#A��
B = curlA

-�����_ ;�C`��5`Z<:(k�*�8EB�:IHKl�m.n/���#: G <�St ��4
A
B+��_3;i�	OC�����$&C > "&C�o�p n 0m-�qrH n U�#�s<L Ps< FIGURE 6.13

�
�MU�1 �QPgB���� = 1�B@1
B x Y $�B ��D # G ; � �OC�"%$Q-�J�A|\L_3;�t�uDvl-�w 0#m4�S�C�"�$&C�b�c&x�W�C�o�p3-
qyH n _ t \
B�_ ;�<

7YC 9 : §�¯Kz2{�¶�ª}|2~G�+¢Rº���¥
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t C�b�c�"�$&C�' 6@-
d`
\#U`4 t C�b�c&x�W�C

A
B+��_3;L��$��<C�o�p -

dA
\ 	�_`<

xy
� !��&C(A

(x, y, 0)
B�L G # dA

�
x
C'% Y $�-�$ G # G ; =

dA = x̂
µ0

4π

d`
√

x2 + y2
(6.36)

\
:�;�<
t C����EC

curl
�/����	�Vih�
Mh�V.B

xy
� !i\���%_�;#<

B
B+�%_ ; t C�b#cEx�W#C�o

p -
dB
\gf�b t \�B`_3;
\

dB = curl dA = −ẑ∂ Ax

∂ y
= ẑ

µ0I

4π

d` y

(x2 + y2)3/2
= ẑ

µ0I

4π

d` sinφ

r2
(6.37)

t C����M-�N 4 C�t�u.vEC v �M-�)�W<: G ��f�b t \ = �Cu�;+<�������� d`
Vih

dB
-

]`_�;
AQB��<C�Z 8
dr
\����DC�:�_��%�Dn	: Y $��
��;�<

3�? C 8�� �.C������EC�b	c<x�W d`
C
B
�.C�o	p%�

d`
\
r
-�� � � !DB)����_�;

vector\
:
;�<`S�C 5Qu&6��
φ
-
d`
\
r
C�:�_"!%����;
\E_ ;
\

µ0 Id` sinφ/4πr
2
�
��;�< tDM-�������	m_q\

FIGURE 6.14
B �lU�1 �MP2B

dB =
µ0

4π

Id`× r̂
r2

(6.38)

\
:�;�<

∇(1/r) = −r̂/r2
-�) P#\

dB = ∇× µ0

4π

Id`

r
= −µ0

4π
Id`×∇

1

r
= −µ0

4π
Id`× (− r̂

r2
) =

µ0

4π

Id`× r̂
r2

(6.39)

\
:�;�<
t D���#%$`n	B��

Biot-Savart
C'&%(~\�U'#")|hdD # G ;�2�C+�
��;�< t C�*�+��#p�[IhDq;�������o�o�p3-���]����&B+W�1�p #`���m_ ;
\

B = %lU~b-,~h�Dq;�<
��]EC > ���<C�o#p%� >/? n�B�� 4 B�hi: G <�.�/(�<B�^Mp #/���3U@13\/u j3k \i:�; �P2:�e�fM-10�2<B�.�0 b¨W�[�#C2
� G C+�
��;�<

Vector Potential
-

Biot-Savart
C�&�(Q-�� G 1�3�4OB�5�D # U�B%p�1/V&C �QP B	��[l;VI26)�D&: G <�l%7�4+acb2C#�#\ 4 Biot-Savart

C'&8(M-�)Ip #&�"9����`vEC#�Q-�]._�;
Y@= Vector Potential

-%B�Z%]�_�#�VihgFQ; �OH;: 7 ���m;�<ON�<%� G b¦.@V � UM-�� b
= 4 Vector Potential

���@H>= G�?qJ B ��p #@�SD:l2�C�B�:3p # G ;�< >�� \�U'#"A8B;m\�4O�@�
E
\�S�C

source
���m;��"CEC`e�D~\L4 *�+�, K B \ 4�E �"CEC`e�D~\
C�W#C
�F<:�G�H�	l-

Vector Potential = �lh�W3U`1�C+���
p�1`<'I 5DC�l#m	m��J#W�n	B#Z�K_3;E�#F���*�L�MOC�7DB��%W�Dq;�<
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6.5 Field of Rings and Coils ( 2�� ���|\���� �OC�0q;-* +�, K )

FIGURE 6.15(a)
B��	�

b
C 2�
 ��(������������������

��������:���#� 2 C���� ��h H"! 2$#&% �(' ��)���*+���-,�.(/`C1032�4<C�5�6$7 FIG-
URE 6.15(b) 8�9:<;�=�>�?$@ ��A #CB3D3E �F�0�G(H3I 7�A 8 )�J3* ((a) 8 z

*
) ;3K � ?MLFN )�J�O��PRQS!T0M2�4-7 xy U . ;3K �

? )�J3/ =�V �(W =X�=�@ ��Y�Z ;�[ 4 ;�\ @ 0�]M7 % 4$��^ ;-9 �_0�] 8 9�:`;�= ��/acb : � #d@e:C8 ��f��	^ 8Tg �ih��+�Tj3kc7Ml��-m$n�o�p�� =(@ 7SqMr EsX �

z
*(t 8 03G(H(I�� Biot-Savart 8�u�v3EwX_x$y � 8 7Sz�{�/ a �F�| 8�}�~ d` = ���c�$7 r #_%(� '�� dB

�1�����
z
*3tM/c7

B
7
z �-� � � � 8 / dB

8 z � kMr V ���M���$W$� @ �

dBz =
µ0I

4π

d`

r2
cos θ =

µ0I

4π

d`

r2

b

r
(6.40)

|(�(� ;�D � >�?	� kM'+� # ∮

d` = 2πb
r EwX ! z *(t 8��(�+8F� z

/ 8 03G(H(I 7

Bz =
µ0

2

b2I

r3
=
µ0

2

b2I

(b2 + z2)3/2
[
*(t$/

] (6.41)
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| 8�� �M7 z = 0
/ a�� !�l Ad/ 8 03G(H(I 7

Bz =
µ0

2

I

b
[ � �(/ ] (6.42)

#�= ���

FIGURE 6.16(a)
/�� ~	��
 f��� ;������$V X���
T[ 4 ;�9 ������������! "�$#

#d@�: � [ 4c7�%�&('()�/ ��> Q �+* H ;��3E,�$?�- � f	� ;/. >0
 {!1 }R~ a 
 � 82�3 �
n #�4M9�: �65�7 898 ^c79:<;�� ; ^ � � DMV / a � B ! � 3 B�=�> /M! �$��? * H/ a � W":";��A@!B 4T? f 8 ^ B��$C�DM= >0
E?�8�B ���� (�F#&/ a � #	G�H�IR9�: ��A

8�#9� !"�!�J� 8!� ��*�t 8T� z 8+# A b / 8 0(G�H�IM7�K�L$M ;�N<O�8 f 8 ^ 8 ]�P 8QFR / a �$S 4F?,T � 9: �
U q � z EsX�V�@�
�W�X S ��Y * 8�=!Z,[3B θ

S
θ + dθ

S = �(' ; a � | � 8 ^�\ EsX
8 o(p����$�-���3A 8 j�k 8 �"�� ,��# 8�}R~ 7 FIGURE 6.16(b) ; � ~]��
 j(k(/ a �
BE^ rdθ/ sin θ S = ��� 9�>1?!8 ^ Inrdθ/ sin θ B ^ � � | � [ 4_Sa` 4�@ �
r = b/ sin θ 9 � ^ A 8 | � 8 ^ B��/Y *(t 8�� z ; �R�Ab�c�03G(H(Ic7

dBz =
µ0

2

b2

r3

Inrdθ

sin θ
=
µ0In

2
sin θdθ (6.43)

/ a ���t!d 8/[ θ1

S	e,d 8/[ θ2

U /
θ
/ � k Z �fS

Bz =
µ0In

2

∫ θ2

θ1

sin θdθ =
µ0In

2
(cos θ1 − cos θ2) (6.44)
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S = ���
A 8�� ��� @S? FIGURE 6.17 ;F}R~ B��(X�8 4 � (L = 8b) 8 S �F8 ���J� 8 *�t 8 0(GH(I 8��
	�� �0� 4<
 �

(* 7�A 8 Bz

S�%�� � 3 /�%�� 8 ^ 8 @�� ;�} @ ���	� 8 Bz

S 8�� / a ���@�� ;�} @ ���	�$/$7 θ1 = 0 EF� θ2 = π
/ a � EsX

Bz = µ0In (
@�� ;�} @ ���	� ) (6.45)

/ a ���
A 8 4 � 1 8��-8 ���� 8��/Y /M7(m��"@�� ;�} @ ���	� 8 Bz ; ` 4�� ^ d ;F\���� U/ Ec= � 8 '���� 8 U!U / a ���

FIGURE 6.18
7

4 � 1 8���8 ���	� 8�� � S \�!+8�"��+8 0$2�4 �2� 4F?$@ �9�
� � 4��$# �&% V �_032	4 B�' L E a �3A�S ;�(���IR9 � 8 ^ 8 f	��.M7T0(G�H�I 8�)�*+ .(/ a ��� [ 4 \,! �16�- ;�.,/�Z9� W�0 �211B � 8 9�:`=�)�* + OM7 =3� ^54�6c=�7� ;(=+>�?$@ �T7	q3/ a ���

}-@ ���� "�$#���8 � ?�9 8;: @F[ � � FIGURE 6.19 8+9 :<; � ��4F? ���$A$S B/ � ���A 8;<�= 7 FIGURE 6.18 8;>�?@= n`
�1{�1 }�~ a 
 � 8�A$8 ^ =,B �5C � � W�D�E ;F$� BMx U ��� A � G � S �F8�H�I�J�8S� ��8�KML 7 FIGURE 6.19 ��; � 4<
�9: ;�A

8�N$C ���M� � W�l 8���=�O A���AFS ;�= ���
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FIGURE 6.16 8 ���� ,�F# 8�H ]�� x�y!
 S ��^ ���! (�F#���f | 8 ^ 8��fC�DM=->

�?�8 S 4�?(T @�^ l 8 �9d E X�� d���� V ��� �M��8�� k��	��
 Z � ;E? E�E�DwX q<@B 4F?$@�
 �+A 8T� k 8���-;"�3@�? �$� ?FC ���

���! <�$# 8�"���8�H ] ;(K"Z ��� � FIGURE 6.20 8 :�;!� 8 ���	�-7 (a) ��8T��C9D
= >2
 f�� 8 ^ 8 �R�_]_S (b) �(8 � ��8��3EwX�= � [ � ��^ � � 8 ^ 8 � � H ] 8�D��P D!I$; ` 4S@ ����� 8�H G�H�I B′ � N � 8�H G�H�I B ;�� �-�$S/�!�J� 8�"��+8�H GH(I B��sX�� ����� � 7 � & ��
 :!;!� 8�H�I�J S = ��� (c) �(; l � �2� 4<
 ����� (��# 8�� ��8�H ] ;"�(@S?�� : S ^  �c��898 ^c7 f	� ��t��d^ � �/����5 =���!f�" 8 ^3k # ;+9 � H ] = 7-f�" 8$� j ; 7&%(' = � H G(H�I 4�E a 
 � =(@ � 9�>d?F^
N ;�x$y�
$� ��8 ] B,K�D ��AFSd7 =3@ �:";�� HMI�J � � → " → � ��S*)�+ 4T?�@3� S-,�& ?�@�=�@ A�S B�D(E �/���&.$M ; 7
HMI�J 7�/(q 4$? ,�& =�@(8�= a �/�"�!�J� E�X<g���;(8 ^��d^ Z�[�J � ~�X�;��2Y�� t
;9.�>�?&0�1$- b 4F? ���	� 8�2 S �3=3@ r S �/^�H ] B n : K3D � E �M� ?�C�9 �

6.6 Change in B at A Current Sheet ( 8 ^�� = 8 B 8�K�L )
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��� 8�[ � A � 1��3?!8 ^ ��^ Z ���! ,�F# 8�< � FIGURE 6.19 = �$� 
 �-A�A = 7��
? {�� = ��� 8�[ � U � �1�M� 9: �

N ~ B �S5 =��,A ; %�� �c��E�� �S5 =<8 ^(H�I =!8 ^ B ^ �$?$@ �$S Z �/� xz ��t
;���A�B a � ^ x � �	;,8 ^ B ^ �M?�@ �$S Z ���0@ � ;�:�BR>d?�@	? d 8�=(@���A �1�� ?$@ � 8�=
	 ��� � AFS B�= �T=(@ � FIGURE 6.21  l����	j �2� 4F?M@ �9�+A �3B� U � ;;:�B�>�?$@ �fS���� I�� �

N�C� � ����,D���=�����SB ��� t
S B��
�$- �"! �$#&% � � 8 ^$H3I�� J

S(' � S
z �-� �F{�1 }�~ a 
 � Jt ��)�� 8 ^ B ^ �*�+� � � S ��� �9� �	� �-,�� 8 ^�H3I_S
� 1f^�8 ^(H�I J S-.�/ 4���0&1 J = ,+l ! � J ��{!1  C/s·m = a ��� ��A � j =�O
��23�&� � � S/��4 D���� � � J B�56�$7f� ��8�e =$C � �9!:� ���	� �MEwX(;M��� �� H G(H(I�� K�L �3< y �=� B J = a ���

FIGURE 6.21
� H G�H�I  � 8 ^ ��� � ? �-8 " � sources E X z �c� � H G�H�I B a 2

� ?��-� � ���� � 8 ^ �>� ��o�p ?@?�A r � H G3H(I B B3U ��� N ��S �$� = , ~J�
�&� ���
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FIGURE 6.21
� }M��7 12341

� !6�(. ! B � J3� k ���c� �9! � N �_S ��� �S}��
!�B$^ �E� G �=� � ��!�B a ��� B+

z =<N ��� �(N � H G�H�I�� z � k�� ^ B−z = ����� �� � � H G(H(I�� z � k ��, Z ����k }6��}$��7 ��� L�J(� k  `(B+
z − B−z )

S � � ( 
S_� � !���U�����H G�H(I � k B � 8 ^�8 " � sources EwX � X �E
 S 4$� ? ��A� �	k8 � S 4$�&� � 
�y�^ � ! �To�p S}���! �Fo�p ���
	�� @�B =�� � ) �
� � }$��7�� � ��� �� U � � 8 ^  `J = a ��� ��23� `(B+

z −B−z ) = µ0`J ^"� U �

B+
z −B−z = µ0J (6.46)

� � ���
� 8 ^(H�I J � 8 ^  J S �����Z ��� �FU��*� B � � k ����1 � VF� O��6Z �3Q�� !n�(t
� 8 k # BF8 ] � ��1 ����& 
�� S/��� � r ~AI ���$l��T]!P  E � ����� k )
* + O���PRQ ^���1 � >��3~-<8 ���(H(I = a 
 � X ��
 �

?(4f?@�MA�� ^ � � � 8 ^ r VSB�H ] � source = a � W H G(H3I  � �3K$4$�,� J ������
B+
z = µ0J /2 = B−z = −µ0J /2 = a ��� FIGURE 6.22(a) � �J�3B � E<�+�+� ���/6�

source B �R� H G�H(I � � 8 ^6�To�p B!D�� P DR~J�E
 �FB FIGURE 6.22(b)
S
(c)
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� � E"�+�&� ���$n���]!P ? Bz � k  ����� �@= µ0J
r V�K�D ��� By �K3DsX3��� �

FIGURE 6.23 ��� � B � ~]�&��� � 2
�6� [ � U � �9> ��~ B ` 4 �C���_B�;,� ���� � ,�� 8 ^ B ^ �+�&� � ���� sources B6����� ���M� �9! �

8 ^6� �F���� � S ���f4,^	� ���t =&�
�N����-�!^� ����� =���*�����>2 ��� �$S
Z ���� �f'���� � H������� µ0J =�� � ^�"�� ����� ���H��� � 
! ����"
�$# S&%('�)�*�+ FIGURE 6.24 � � ��# '-,/.�0 ��1 	���2 0 ��354�67� .	8 ! 2 9 �� ���;:=<!> ) �@?���A�B5C(D�E�FHGJI�KML�N�O + OP#Q?@R .TS5U ?�"	V�N5W@L��@?YXPN
O(G�O�#Z?JFMD · []\�A_^�G�`]a  �b@c ?�"
B G�d�e@A FIGURE 6.19 6@f-g7h�L�iHj '�+7k ��l C(G�mJnH6@o . ?-" J +]p�q5rQsYk
C7G�BHt +�u@v #�w u@cPx�y d�e +�zP{ 6�|�}�h�L�V S�~ ?�"�^�GM^�R�R l � G-N��ML(�� SPU ? E G��������7G���g����MA %@bHc ?-"l � L���� + 1m G����5`�GJn��_aT�H�]�]��"�^�GJn���G-N�OMA J L��  ���k N�O����7G� 0 A 1m 6M��?�"
N-O + l aY`P� ~ ? u@c C7G�mTn�6HA5�-��L�OP# b�c ?@R&�P� ~ #�w k ^�G-N-O�L-�7a�o
�� ~�������� G� �¡7A (B+

z +B−z )/2 6�¢M?�"
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� L k ^�G��H��`(G�n��(G�N5O(L�L�� � �HA
1m2 G�n���L�� � � =

1

2
(B+

z +B−z )J (6.47)

R r ?�"
B+
z −B−z = µ0J 6M¢�� '���sYk C l L�� �	��
 l� ¢ ' � G��HA��7G(�!�&L r ?�"

1m2 G�n���L�� � � = B+
z +B−z

2
B+

z −B−z
2

= 1
2µ0

[(B+
z )

2 − (B−z )
2]

(6.48)

^�G���A�����ML(� ���� #Q?����@G��]� L l RA5�P�  5k l�� L�1�� ~ ?�"����a�� � ?�L�A FIGURE 6.23 G(�]� r�!"Mr � 8 L ��� #Z?Y�MG��$# + � � #�wZ� c "7^�G!R. G-��A k�%�&�' l G)(�# . L�� � " ���P��� G ,].�c�*�+ A�¢ '��-,/. ��� *�+ G7�]�
6 , ¢�?�"�N�O +10�2 �3#PL�O�# b@c ? 2 9HG &' (FIGURE 6.24)

,54�c L�6 v ¢ � G
A]^�G���6�¢M?MR87�9;:!?�<

6.7 How The Fields Transform ( N �= G�d>�� )

? l N�� +�@�AM~ ? C l +CBED L� �F7L�G � R .�k ? l N5O + V S�~ ?�<5�5�@N�� l����+
σ G7^�G l +H 0 v 6�G c�bHc ?MR . l N5O ��� A J = σv 6�¢M?�<
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^�G�� �Mr�� A�¢H?���� ��� sE" G���� ���
	 ���]R .�k N ��=�+(y �=d�e ~ ? � a�7�?
G�L��L���9�<

FIGURE 6.25 G7�]� r xz   l L� �F r 2 �7G ? l N5�_a��H9���C]aY�H�(?�<H^�� ,����
L�� + ��� l 6�¢M? +7k�� G��5n�� v a ��!#"$��<
��� � F 6�G�%$&Qa x, y, z R ? " k
' �@G l G�NP� l ��� a σ

k�( �MG l G l ��� a
−σ R ~ ?�<
σ A � F 6 ��)�" b�c ?+*-,$. + ,P�#" �]R . G l�� a�/ c � �
 l��#0 � � G-N5�_a ?~ < ( N�� BED G��1) � 6HA r�c < � G!R . A 1/γ 23� v 2 0Q� r ?�< )

�
F 6�G��5� r N = E A y G��H�3#�a�# c�b@c5b@k Gauss G�4�5 ��s ^�G ,!.�0 A

Ey =
σ

ε0
(6.49)

6M¢�?�^HR + ! 0 �Z?�<�
F 6�A 2 �7G l A y�6@s , x G����$#�L HQ0 v0 6 G c�b�c ? � s 2 � R , N-O l R r �bHc ?�<

���MG l N5O ��� A Jx = σv0 6 k�( �MG�A]^�G�798;:7D�2H6�¢M?�<< KMA FIGURE 6.23 L r � bHc ?�G-6 2 �(G5N5O l 3�L�A
Bz = µ0Jx = µ0σv0 (6.50)

r ? ��������+@�AM~ ?�<
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��� � F’ A F
��s 7 b x G��@�3#�L H 0 v 6�G c5b@c ?�R ~ ?�<�

F’ G�* ,-.MA y � r�= a�,�� ~ ?���� � � <
^�G�����A � F’ 6HA sources

+]y G(�!�&L�7��(? � R c �Y^HR�aJ�@�_?�� v 6 � � ?�<
F’ 6�G��HN l G x′ �3#PG H�� ���]a v′0 R	� � ^@RTL ~ ?�R k�H�� G 8 �-5 � �

v′0 =
v0 − v

1− v0v/c2
= c

β0 − β

1− β0β
(6.51)

^�G � F’ 6�A�G c�b�c ?Y��
�HN5��G�� (5.9 � ) 617 �7�]� L�N5� ��� G Lorentz ������ ^�� b�c ?)< � G�� R p ��L�" b �H�7?@R � F
� s N5��G � ) � L 	 �����@G-N�� l �� A σ

√

1− v0
2/c2 = σ/γ0 R r ?�G-6 k�� F’ 6�G5N�� l ��� σ′ A

σ′ = σ
γ0
′

γ0

(6.52)

R r ?�<_^�^ 6 γ0
′ = 1/

√

1− v0
′2/c2 6�¢M?�<� G H�� G 8 �-5(G����!a�/ c�b γ0

′ a β0, β γ 6 ? ~ ^HR���6�� b@k�� G�����A
σ′ = σγ(1− β0β) (6.53)

R r ?�<
�

F’ G l N5O ��� J ′ APN�� l ��� R N��(G H�� G � 6�¢M?�<
J ′ = σ′v0

′ = σγ(1− ββ0)c
β0 − β

1− β0β
= σγ(v0 − v) (6.54)

^/� " b N�� l ��� σ′ R l N�O ��� J ′ � y � 7��_? � � � ����G-6 � F’ 6�G5N ��= �  s �Q?)<"! 2�# G�$%�6'&($4-5@A*) b G���� � 6 p�q 6 r�v ��w r!s U�k ? l N����� R	N = GPf�+Mo!�-, l N5O ��� R ������� G�f�+ � �

Ey
′ =

σ′

ε0
= γ[

σ

ε0
− σv0

ε0c
(
v

c
)] (6.55)

Bz
′ = µ0J ′ = γ[µ0σv0 − µ0σv] (6.56)

��. s �Z?�<_^ �/a � F 6�G5N �= a�/ c�b �/�Y� ~ R
Ey

′ = γ(Ey − βBz

ε0µ0c
) = γ(Ey − 1√

ε0µ0
βBz)

Bz
′ = γ(Bz − ε0µ0cβEy) = γ(Bz −

√
ε0µ0βEy)

(6.57)

R ? � �Z?�<
N-O l G*0]>21�82354 � � xz

l 6HA r � xy l L� �F�L1# c�bHc ��w Ez
′ a Ez R By

k
By
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