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Electrostatics: Charges And Fields ( ���	� : ��
������� )

1-1. Electric Charge( ��
 )

m � kg � s ����������� MKS � ��!#"$��%'&(� �)��� A �+*�,-�.�/$����! (SI !0�	�1)2 &3���54#6#� C 7 A·s 406#� ) �+8)90.:9 ;�<>=:?�@0�:A 1m 7 1 B>C ":D�E0F��3G
9$H'IKJ$L0& 1/299792458 &+MON5�QP#R�SQT5?�@�+A �	UV?W���X3Y$Z$P$[0&:\ ]W4�6��
D�E#F�&:G�^ c &+_7).	/	�)� !)457:`$P)_ 4�7�acb c = 299 792 458[m/s] �dP�efNVT5?
@0��g5�h")a0�(A2)i�j)k "3l m$Tn��o0p q�rVP�[ h sVt$u�v 2 &3w�x0�Ky�]�z	{#a(� �$P�[546��(A h̄ =
h/2π 7 2�i�|5}�~���� &+`�P"0�>� 1.054 571 68(±18)×10−34[J s]=6.582 119 15(±36)×
10−22[MeV s] 4#6�:A
gQT��OS����	�����3� 1 &��	� XhPW[$4)6 ��� 1:�W2 &��:��&�_�7 e = 1.602 176 53(±14)×
10−19[C] 4#6�(A
Y5��7 quarks( r�� } r ) � leptons( ��o���q ) ��S�4O�K?5@#��9 quarks � leptons &	�	

��� 2 ���#"0��hR0�(A
� 1.1 ���n��o���q� i &(�)� electron( � i ,e−) muon( �+� } � i ,µ−) tau( ��� � i , τ−)
��
 / � 1��)2 -1 -1 -1
� 2 (Mev/c2) 0.51 105.9 1776.9

� 1.2 �0� } ���K� series� i &(�)� νe νµ ντ
��
 / � 1��)2 0 0 0
� 2  W¡

0
 W¡

0
 W¡

0

� 1.3 u-quark series� i &(�)� u c t
��
 / � 1��)2 2

3
2
3

2
3� 2 1.5 ��S 4[Mev/c2] 1.15 ��S 1.35[Gev/c2] 174.3± 5.1[Gev/c2]

� 1.4 d-quark series� i &(�)� d s b
��
 / � 1��)2 −1

3
−1

3
−1

3� 2 4 ��S 8[Mev/c2] 80 ��S 130[Mev/c2] 4.1 ��S 4.4[Gev/c2]� i "$7:¢ � i 9�£¥¤¦Ah¢ � i &:�	
�7 � i ��z��)NV§>=�b¨¢�©�ª	«�4�6��3A�� 2 7(¬�§
=	@)A electron( � i ) &:¢ � i 7 positron( �� i ) ����®$T ¯�°�47 e+ �²±��$T'� µ− &
¢ � i 7 µ+ � τ− 7 τ+ �Q±)�WTO�+A³8O´V&+µ&	¶��¦4Os positron 9�·�¸$4 PET(Positron
Emission Tomography) ��=+?W¹$º$»¼�"3½�m	T�?�@�+Ah� i ��	� i 7W4�6�¤��Q¾�¿'=W�
G i �hÀ�Á��>�(&(45��G i ��Â�Ã'=+?�Ä�Å>F�&�	� i &�Æ i ��¹$º Ç0=+?W»#¼�=KÈ�a�É�&
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· 1 �KÀ����'�W&$"�����?)?5@0�(A
 i p 7 uud &���« � i ��F�� i n 7 udd &���« � i 46U�?5�
	��0&� j "'�'� p � n
9���[�����«�=�� i �9�� SQT�?�@#�+A���&���m ��� p &��$[ �������0&W� i 9¶���r }� q j "0��UV?#F���� i �����'=3?�@�3A��)=3?�� i 9@ b�]	���n��UV?� i ���OU�?�@
�(AW8 ´K&Wµ0&�¶ ��&"!$#07 u-quark series &5F(4���s&%0@ u � d-quark series &�F(4��
s&%0@ d �'��=(?$��s(%>@(�� ��o ��q�4#6#� e− "���� �)� S²T�?�@0�:A�s�*�+�,#�>g
T Sh& � i "$7W¢ � i 9�-�.�©�/>=3?�@#�:&(4$¢� i �h¢0F�� i s(0�1�=	�(	� i ��@#U
=32 "$a#U�?�¢�� i ���O� g5�d9�m)��U�?�@�3A5g³T�Sh&�@(m�®�¢$Y���">�	��¢�!�#0&�4
� � i 7�5$6>&"!$#'&"4'� � i �V4#6 ¤3��G i §���À�Á0=�¾ ¿ =(?>=5�f¤ A PET 7'g:&
¾)¿��5<>��75<>=(?5@0�W&:4#6�(A
 j ��� 1�j ��s+"���
>&"8 ��95ÇnN
:O��g���7 a @�A'g�T07W� 1.1-1.4 &	��
>&3_�� S
 i �:F�� i &:�W
#&+_�9�;>= b=<$l��0� g��²� S	s(>$º 4 ���3A��(- β ?�@0&0��¤ a"A 9�9�B5�0�h/5"�7�C�@3¬�D�� <	9�E b 9#��g3&�¬�D�� <$4nsF9�B0&+��G 4)�W
#&�87	\
P0"IH#-+T �3A)F�� i 7(��J#"I0�1�=3?5@#�� 885.7[s] &"K�L�M�N�4� i �(� i �+¢ � i
��� } �)�K�h""?�@�=3?#= �n¤¦A$=��>=�¢�/#&3��G>&:�	
�7PO � 4�6��3A3\�Q��+� 2 &�8
7W¢�/#&3��G�4�H�0nN�T#a�@$A��	
#&�H�0�R�7��:� 1 &��)��S�R 4�6��3A g3&�S�R�7�T�U
�	� 1 4#6V+f¤+� 2 i �	� 1 4#6V+f¤3�F����=(?�@#�(A
�3-�� � 1.1 � S 1.4 �IW������ � ���Vo �Vq�7$@�.WTfsV� 1���2 & -1 X��
�	&�¢ � i 7 +1
X'" a�Uh?@>�WA0��- quark 7	�YJ54#7�0$1V:'.)�"-V. 3 ��&I��« � i$ZY[ � 60�W@�7
quark �³¢ quark &���« Z�[ 40=+��0�1�=Wa)@�AW]0�O�¦Y���&�� ��� 1�2 7I-$.�� 1$��2
&"\)[�X0")a'Uh?5@�?��>gVTO�3��
>& 2 i Ç����],)4@#�(A
��
>&"H�0 � 2 i Ç�7$�	� 15k &+� ����Z54#6�(A�=+�'=��IT�U��	� 15k 7 19 !$^0"P_
� N�T Planck & 2 i�`�a &Ib'c�d)�#"I��SdT�?�@ -)&:4#�'s�*�+�, � � i &"0�107Ie S
T�?�@$aW��Uh-�fIg0&�h�Y 4�6��+A
T�U��W� 1 k 457(Y��)7Ii�j$""k� )Ç�4 ����s+&'��=
? ` P N�T5?�@�3A g�T � SQ�5�)�0�]T�U��W� 1 4�7��W
0&�H�0�RYl�m�""��n'=W�K�	
#&2)i Ç>�
i�o>=3?Pp�q'��rVs��0�3A
� i � S]W+T ®$
�� � i 9�t�z�a"��0�1��0��8 ´�&3µ
&�¶ �³&vu
o#X:Y�Å54�7'gO¤Q@c¤wi'o s&;yx+Ç)4n�$�(A
z�{ ��%$Tn�K�:%7(v@W?�@#�}|�~5� i &��v�3u�v 4�6�� �K�W%0&(z���N�7'��&"K�L�^��
""��� �>�+A�lW� S���&�^������"+v#@W?�@�}�)`���7"|�~�� i &�K�L�^���7�O � 4�6��
�
WW?5�K�W%7�0�1�=:a)@(� Sd���7"� SQT$. �W�'=+��0�1'=Wa�@ ���¼��0��l�+ ¤ A�=
�0=	���'�#=+?�@#�]�#&��)`���7(�$��9�� SQT�?�@#���Q¯����0�+7�.)4�6��3A
���0&�¯��
& ÉY*�Sd9�;'=W@ &�l�+n¤¦A$É'*S�s(;'=W@ ��@�¤���7 1905 � A. Einstein ">��U�?P���
=$-I�$�)¬�©�q ( �$��¬5©���Z$q ) 47v��R�?���S²T'-�AV�$" 2005 �7P�'& 3 z�qY� ( �
��¬ ©�q>�P�0p�	q�u)v>�(G 2 i�`�a �VG � � � ) 9y��� NVT�?$��S 100 ���²4#6���g��
�K¯�� =(?5.I�0"�����!�# Y�Z$���²P0ROSdT'-$A
��. g(&��)e5457W���>"I����¬�©�q'&"-$��{�  ��¡���>��g�����SF¢#R'�O¤ A
�	� 1 457P£ ´ha(� � !�9�<�@nSdT ��90�:���)e�4�7 .	/�� � !'�3<�@0�(A
g+&���e 4�¤�¥ } �0�:&	7(D�E�F	"W�	
�h�:%�9�0�1��0�)g���"0�'��Á��nN³Tn�K�:��� �
��
0���	%'&3¬$D���<>�K¯$��'� Maxwell &�Q�¦'§ ( ¨$ $�0�"©$ $� ) � �V� D5E0F ��|
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� �0�K�W���O�h45"�j3P5�0�3A��5�:Å0�����$Å7����(qO�w¦��"5=��'f)C)&	��
)4	��T�S
T0a)@)A
g$g�4�� g3&��$e>&+�������46����#r��#��� ~ &�QP¦�§'��±#@	?'W>��¤ A
¨� ���7���¨
 ��������¨$ �4�±��$T�?5@0�(A
� 
��V�f� ρ �	�)%��V�f� J �V±����������V� D 7 � � E �} �� P �	<>@ ? D =
ε0E + P = εE �(�)� H 7:������� B ���V�)��Ç M �3<�@	? H = B/µ0 −M = B/µ
4$P e�N�Tf�:A'g�gh4 ε0 7WDE&���	�'� ε 7��#��Å'&���	��406���� µ0 7	D�E#&����
�! µ "��$#�%!&'����(*)�+�,�-�.0/213&'4�5�"�6�7$8:9<;�=?>A@*B�C<,?D�E$F	G�H:I:,
&J)�K�L�G�MN=3>AOP,*.�Q39�R$S�CT,*.�QU-

∮

S=∂V
D · da =

∫

V
ρdv

∮

S=∂V
B · da = 0

∮

C=∂S
E · d` = − d

dt

∫

S
B · da

∮

C=∂S
H · d` =

∫

S
J · da + d

dt

∫

S
D · da

V�W$X )	8ZY\[�CPQ
divD = ρ divB = 0

curlE = −∂B
∂t

curlH = J + ∂D
∂t

]$^�_	` &�acb�d	ef&�gih� �j�kT Al	m<" Maxwell n	o*p!9q;qrUs*tPu�v�w'xzy?/�>�{
,'-|.�&:;f}~9!.�&�nJo$p�"��Z�U&��J�:9���{�9����i=?>*{:,'-��c�<���3/!9fQc�*��1��� =�Q��3�*I��A�*w\x!&'���*) �  U�*�J���Z��&c���T�A9�+�,��������:9!;Tr�� _J�$  G
���<¡$¢U£�O�C!,�Q�Y¥¤�¦�G<§'¨N1©/ª,�.*Q¬«: ��$�'>J*®�&A"A>*9�¯	°J�f=?>*{�,?��±
����²f&�³$´i¢ Maxwell n	o*p!9�µ|¶:{�>	·*¸$/�>�{<,\�¹1\¯�> � Iºr¼»<=3>�{<,|.�Q
G$¸��f,�&�)�+|,�-���»�y|1�9'�$�	���!&��fY�yc"����<¡	& W�  &���½f¾fu¿xq¢3³	´�C!,
Q0¸*�i,!Q\{º}c;i}�9�À V &��*�|) � .�& Maxwell n	o*p!9�µ*¶ÂÁ _ �*Ã�Ä|"JÅ$�i��>
{<,A&J)!+:,�-T.�&T;i}�9 Maxwell &An	o|p:"NÆJ¾�v'�¹1cÇT¾	v	&*����w'x<9A¸<»!=3>
Å��q��>|{!,UÈ�É�Ê*Ë*):+�,�-

1-4. Coulomb( ¾�w|v�t ) &cÊ*Ë

1786 Ì� Coulomb " r1 9�+|, q1[C] &
_ �NQ r2 9�+|, q2[C] &	Í�9	"$ ¼Î	Ï:& 2 Ð�9�Ñ	Ò

�<�A 2 °*& _ �!&'Ó:9�Ò$�*C<,\Ô	G�ÕÖÁU.|Q'¢c×<Ø\/��$�Ùr¥¢'B|{A>AÚ�Û��	»�-�Ô�&�nÜ " 2 °|& _ �f¢\Ý:Þ�n Ü Q 2 °|& _ �*��Gfß�à*á*Iª1¼â�·! �H*à*á*Iª10Ñ�â�·|)�+:,�-

ã|ä ��) q1 9 q2 G:åf;�æ|C�Ô F 1 "
F 1 =

1

4πε0

q1q2
r2
12

r̂12 (1.1)

Q�8<ç:, 1 -T.�&�è$p�"�é	ê	D�E�Ff¢\@|B<��»qQAY�&�è$p*):+¹rë �D�E*F�G$H$/*�$Ò���K
1 ì�í0î¬ï (i.j) ðòñ�ó©ô¥õ¥ö�÷©ø�ù original textbook ÷�ú i ûU÷ j í ÷ ì\üþý?ÿ�� ù���� (k) ð¿õ¥ö�÷~ø� ÷��	� ü�
����� ð�������3÷�������� � ì�í¥î¬ï���� �� ! ��" ó ì�í¥î¬ï õ¥ö�#
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L � HP,�-
.$.U)� r12 = r1 − r2  r12 = |r12| = |r1 − r2|, r̂12 = r12/r12 ):+�,�Q�CT,�-
ã:ä &�� _ ( ε0 "

ã�ä &J�*�|(P¢ µ0 = 4π × 10−7[Ω s/m] 9i;ir���� c ¢JB:{$> ε0 =
1/µ0c

2 = 8.8542× 10−12[s/Ωm] Q3+�»A�P1¬/ª,UK�L*)�+�,�- 1m Ï�/<» 2 °*& 1[C] & _ �
( .�&T;q}¬9	�iY�I _ �q¢��$4�CT,J&�"��
	<����S���JG ) &�Í$9$" 8.988×108[N] &JÔ�G
ÕÂÁ3.|Q39$I!,�-

Principle of Superposition ( �$×���¸��:&���É )

3 �:& _ � q1  q2  q3 G<�3/��J/ r1  r3  r3 9�+�,�Q�Y' ����A� q3 9'ÕÖÁ Coulomb Ô F 3

"� q2 &����f¢��|��I�{ q1 9<;A,\ÔZQ q1 &����f¢ �|�$I${ q2 9<;A,3Ô�&��*Ô�)�+�»J�P1
/P,�-T.¥/q¢���×��*¸��:&���É (principle of superposition) Q3{º}�-
.$.U) r31 = r3 − r1, r32 = r3 − r2 ):+�,:Q'��>

F 3 =
1

4πε0

q3q1
r2
31

r̂31 +
1

4πε0

q3q2
r2
32

r̂32 (1.2)

N �f&"! _ � q1, q2, · · · , qN G
#¹� r1, r2 · · · , rN 9�+!,cF|) qi 9JÕ Á Coulomb Ô F i "
rik = ri − rk Q���>

F i =
1

4πε0

N
∑

k=1, k 6=i

qiqk
r2
ik

r̂ik =
1

4πε0

N
∑

k=1

′ qiqk
r2
ik

r̂ik (1)

)�+$»	�P1�/P,�-T.$.U) i $&%U&�! _ �:9�R&%c�	»qQAY�&('*)�+
,�°TY�&�+�-�Ç�.�á!¢
N

∑

k=1

′ =
N

∑

k=1, k 6=i

Q0/*L k 9�1:�J>�" i 2�3f&�4ª���2Q*1cI*{ZQ\{ }65�)<+!,<Qc{ }67
8i¢*�!;ª} -T.J&
'*)�+
,�°TY�+�-�Ç�.�á|"T.¥/�2:9A) � B�{:,�-

N �!&�! _ �!&�F$) �<; �<9�=Ör����	»�>$S<& 2 �!&�! _ �Tß�?�& Coulomb Ô|"�@T& _
�!&����:9�1�K�I Á (1.1) &�Ô$)�èPy¥/< :y�139*��&�Ô�&�D�A:I(Bi¾quþx�5 Q'��>�F<¡�&_ �!9T;�, _ Ã|Ô	G (??) &<;i}¬9�+�»	�P1�/P,|.�QU""��×��*¸��!&��$É!9f;�, � &J):+
,'-*.'&���É!&'Å�C�"�D�E:F�9�G�4Py0/�I�ç�/$��Iq1�I�{�G: �.¼/ª�3)�&fQJ.IH�.�&��	É
9T;�,�Ý�J:9JÑ|CT,KD�E$Ý�J:"$I${$-

1-5. Energy of a System of Charges( ! _ �<&�F�G�L�°�M _�NPO x:Q�w )

! _ � q1 G r1 9�MPR!��>(SZ=3>�{!,
_ �q¡�) � }UT*°|&�! _ � q2 ¢ �V�W*�¹1 r2 &�EX �\) Coulomb Ô�9�Yf��>IZ X CT,J&�9�[�CT,�\�] W ^ Coulomb Ô	G�_��*Ô$):+:,3�
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1 q2 &��P,�¦��!9f;|1¼����! (∞) Q���! (r12 = r2 − r1) )��P�ªr
	

W =

∫ r12

∞

(− 1

4πε0
)
q1q2
r3

r · ds = (− q1q2
4πε0

)

∫ r12

∞

dr

r2
=

1

4πε0

q1q2
r12

(1.3)

Q���*)qY�,�- 2 °*&�! _ � q1 Q q2 G�����Î�Ï r12 )IZ X y0/�>*{:,UF:&�M
_���� t�+��

x NPO x:Q�w U ^
U =

1

4πε0

q1q2
r12

(2)

)�+:,*.|Q¼G�¸$�i,�-

T��:9 N �!&�! _ � q1, · · · , qN &�F�)�	�>$ST& 2 �<& _ � qj Q qk &�Î�Ï$G rjk I!, Z X
Q3IT=3>|{!,����T&�M _���� t"+��Ux NPO x:Q�w U ^"��×���¸��:&���É!9T;qr

U =
1

4πε0

N
∑

j=2

j−1
∑

k=1

qjqk
rjk

=
1

2

1

4πε0

N
∑

j=1

N
∑

k=1

′ qjqk
rjk

(1.9)

1-6. Electrical Energy in a Crystal Lattice ( Ý����   & _ Ã NPO x:Q�w )

�NQ\��>�	 NaCl &cÝ��$&�M _�N�O xPQ|w�¢ ��T�'>*¯!;f}�-"!�#!&cÝ���^�$�% (FIGURE
1.7) &:;f}©9'&3dTt?Ý��:9<;Tr Na+ &3dTt�Q Cl− &3dTt?G�(�)�9�Í+* a = 0.252[nm] )IZX y?/�,�-���n��   &'Ý���¢�SN=3>�{:,�-
M _�N�O xPQ|w"^�è�,:&�&3d<t�9�1AC!, N�O x Q*w<Q~Ý'��¡/.!&�&3d<t�& � ° N�O xPQ|w
&10�2�)qY	��,'-	�c�!�/3�D:&�!�#!&cÝ'��^14*�*I���L!&�&3dTtU�N1¼)qYU>*{A>�	65�7zQ8 7:&'LT¢\Ò�9�C!,�Q;:�< F�9 8 7:&�nJG�� ÁëI:,�-���.?)f����=�>�I�è�,:& ?�JT¢K��@
��>A	6B�C:F�9��:V�9J�qY'I�Ý'�J)�+�,�Q �|�f;f} -	�$��> 1 &3dTt�+�»zr�&�M _���� t
+A�3x NPO x:Q�w*¢/D�Ef��>|¯!,�-
Na+ Q Cl− ¢A+�¸��$> N �:+�,". W ¢K= r ����>I�*�<,�Q (1.9) pP;TrF	J�	& . W &�M _��� t"+A�3x NPO x:Q�w(^

U =
1

2

1

4πε0

N
∑

j=1

N
∑

k=1

′ qjqk
rjk

=
1

2

1

4πε0
N

N
∑

k=2

q1qk
r1k

(1.10)

)�+:,�- 2 $&%U&�G�H:^JI�4<&'&cdft�9�R&%c��	*�c/i¢ 1 $&%�Q��	»�è$p*)�+:,�-
N →∞ ¢��*��/���K�L�, 1 &UdTt�+�»zr¬& N
O xPQ|w\G�K<��,�^���)�+|,�-J�c�!� U/N
^�T�M�N�8*)
^�I ÁPO�Q�N�8�R'S�T�U
5WV�=YX[Z�\^]�B�_`&/acb�dce�T�fAg h�i�j ( k�l'm�n^o�p'd�q�T ) r 2 sut"d1v�w'x^acb
dWe�T fAg^h�iAj ( kyl'm�z ) r 3 sut"d�v'w'x/acb1dWe�T fAg^h�iAj ( kyl'm�p ) {|w~}/e
};d�����Z�\������cT'{

U

N
→ 1

8πε0
(−6e2

a
+

12e2

√
2a
− 8e2

√
3a

+ · · · ) (3)
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{/wu}�����������l`T�Uck�V	��
�m Madelung � M3 \	�w����'��V��~{1�������;l`T�U

M3 =
∞

∑

i=−∞

∞
∑

j=−∞

∞
∑

k=−∞i2+j2+k2 6=0

(−1)i+j+k

√

i2 + j2 + k2
≈ −1.74756 (4)

��� T���������V 1 x^a bJS�� XyV	�! �f�g�h�i�j�m

lim
N→∞

U

N
≈ −4.469[eV] (5)

{#"�$AR&%��WkA{/d�q�T�U
p�V�������� l'��V�R NaCl m�����{��	�)(�* �	�Aw'T�kA{+��,�-�T.�'r0/214365 k l'm7  28 { ���cx/acb�V�9:%�;+\�<�=W�2��>4?�@A )BDCAd�e�T"v�E4��R�S�T1UF�G�	H�IGJLK
a M���m�N�ODP&%�q�w�{�} wu}/e } q���Q�M�RGST"�$!U2-V�+W�XAY�q	ZD[�PAm�q�w��'rA\] m k�5�q:/	MLP0RGS'{|w }^�! �_D`cb)a!b|h'f�g h'i�j4M2c4dDPGR0S�e

1.7 The Electric Field (  2f )

q1, · · · , qN �hg�l!i�l�jDk r1, · · · , rN dAR0SDS
7  48'M)l'd q0 q'S�mDn

7  48�\�op1Ak
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5DU�{L%�r q0 d���� C F 0 m qj - ���)�)m4n
7  )8�� r0j = r0−rj M��	��j4k�d�R�S�{�%

F 0 =
1

4πε0

N
∑

j=1

q0qj
r0j

2
r̂0j (1.13)

PGR0S�e
k l�\	�w��2m�n! �8'M	j�k r0 d�
�0S� 2f E(r0) \���MWe�};d��	���'SLe

E(r0) =
F 0

q0
(6)

q1, · · · , qN \� 2f M sources( � ) {/wu}�e� 2f M��Dj�m [N/C] = [V/m] PGR0S�e
��� Y�d���� {^r

E(r0) =
1

4πε0

N
∑

j=1

qj
r0j

2
r̂0j (1.14)

PGR0S�e

 2f���d��	� M 7 P0M1_	���:g�kTP0M) 2f MJZ���\����� �BAC � {�e"!�l S$#�� \�%��
k�{+�APp%�S�e4 �BAC��'M�&	'��! 2f M$(&;�d*)DdA� S'{6� S�e  �BAC��'mJz! �8D-��+ ��pA 28�d-,:SLM�PAe|zA )8/.10p% + �321r"pA 28/.�4Aw�5��62A{87 � C	9�M�7�� {  
BAC � M:�;/<*=Aj�P`e�>ck�{+�'RGS�e

1.8 Charge Disitribution ( ?	@D8�  A�B M�C S  2f )

D J��M�EFAqHG�I�.1JLK�S	e)g�M�G�I'dHMh\"lpS6 28N.4g�M�G�I�M ��O P PRQ#� ��O .S <�M�T���d���������l S"UV.	 �8&	' {/wu}�e

FIGURE 1.12 M'ec} d2 )8���A�Bc����wGSXW��RQT��G�I V M D J��M 1
7

r′ = (x′, y′, z′)
d 3 
D� dx′, dy′, dz′ M�F ;�q Y	Z � .�JLK S�e
��� e�[  �8	&	' ρ(r′) = ρ(x′, y′, z′) dce�[ ρ · dx′dy′dz′ m k	MHE3F3Y�Z � d-M&\6l S  
84���&\�S�e�k�M�EF$G�I'd�*N\+��S6 2B U�m	�L9DY�d�EF�P!R!S�M�P� )B�]�U�M�^���_
d��&�/q�w�e������`QT�� �8'M�UDI3a�m*J	b ; l!��w�q�w�e
k)M-EcF! �8V. 7  �8 dq(r′) = ρ(r′)dx′dy′dz′ {��2��J�K&S�k'{ d eV[Fr 7 r P'M4 4f
E(r) � (1.14) M qj . dq(r′) {+k %XdcK�r�e f�sg�h j d	i��'S"j�.1?	@ O A�dHklK+l!
��MWe�};dAR�� K ��l S�k�{+�D,D-hS�e

E(r) =
1

4πε0

∫

V

ρ(r′)(r − r′)

|r − r′|3 dx′dy′dz′ (1.15)

 �8	A�B	G	I'm 3 �Lm4P0RNQT�p/ 2 �Lm�P0R6QT� / 1 �Lm�P0R6QT�p/1n�w�e
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3 �3m$A�B�M {)% dv′ = dx′dy′dz′ { � � e� 28	&�' ρ m� �8 ��O &	'DPGR [
r (1.15) M��

'M O A�m 3

� O ADP!RGS	eAk�} JLK'S�{ 2 �3m$A�B'Mc{)% m� 28���&	'/. σ { �p%1r E
F�� O . da′ { ����!

E(r) =
1

4πε0

∫ ∫

S

σ(r′)(r − r′)

|r − r′|3 da′ (7)

q�S�� O AAP�r 1 �Lm A�B M	f	h�m4 �8��&'�. λ { � %�rHE3F��	]R. d`′ { ���|k�{/d
�Jl3!

E(r) =
1

4πε0

∫

L

λ(r′)(r − r′)

|r − r′|3 d`′ (8)

q�S"� O AAP0R�� K ��l S�e

1.9 Flux (  �� )

FIGURE 1.13a M'e } d2 Lf/�4M�	3#
�/.1JLK�S	eAk	M�	3#
��m���GY�d�J3K��	#
�'rLR
S�w�m�� � Y�qc#��AP0R6QT�p/�e�w�eck lR. 1.13b MWe } d�E3F�q�� O ]�� ( �LYAq�E3F
q��LZ�� ) M	*p\ [ P��D,�lG�Aw0S!/	M {�v�E�� S�e
1 � 1 �'M�� O ]��Ad1s��6.��3�ce }�e j s t�M�� O ]��!M�E3F�q�� O . aj {6�'S�eDg��
� j s tTM�� O ]����Wd�	�G	I M3�	- � �"!N� � 9&%�; aj M�#%$'& h aj .
����'S�e
k�M�](��m�)$A	F&; w�M�P�rLg4M�]����DPAm2 )f�m�*�k.Pp/�+�,�P!R!S�{ �	��e w4e�k�l
. Ej { ���^e
�	�A- ��� O Ej · aj mck�M�]��N.��	- � �"!�-�[/.6��S  �BAC �'M	��d-)Dd�� S�eWk�M
-�[0.6��S  �BAC � M��R.	 ��~{21f��0S�e

)Dd����R. ε0 {23�4�!'rWk�M j s tTM�� O ]��N.5- [/.6��S  �� Φj m
Φj = ε0Ej · aj (9)
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{/q�S�e
FIGURE 1.13c Mce }�d����:M�� O ] ����P'M2 ��'M�j .c{)S�{��G �� Φ M1vAED�D� �
\DS�e

Φ ≈
∑

j

ε0Ej · aj (1.16)

E	F�� O ](�l.T<���d�F&;V������r#<'���GM�](��P����+-Aq�	3# �/.�� }T/ M { ��S�{	�
 �� Φ � ��� �;l S�e

Φ =

∮


��� ε0E · da (1.17)

P!RGS	e�k�k.P O A�m�� O A'r���\V[ 2
� O ADPGR [
r��'d�	3#
����M O ADP!RGS�kA{�.

(���� SL� � d ∮ � �6.��`Q	�	�Wr)9����0U {�� }���m�� - M ∫ P4� ���p/�e w�e� � h &�!#"!P E3F�� O�$ ]�# $'& hV. � ��{
da = (dydz, dzdx, dxdy) (10)

PGR0S�e
��% M��	��P0M) ��'M��Dj'm� �8'MH�Dj [C] P0RGS�e

1.10 Gauss’s Law ( &('*)�M�+-, )
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� ��q2d {1����r FIGURE 1.15 d�� �4�3\��'d+z'M 7  48 q �����'� S
	�� r M���R.
JcK S�e

k	M�"����P0M) 2f ML9&%D; E m

E =
1

4πε0

q

r2
(11)

P�r6 )f'M	�!% m��N��%X��j�+	��#'$ & h n { + ,��!%.PGR!S ( p0M 7  284�/\
����R!S
{2%�m n {����G%TP0RGS ) e� QT� (1.17) P0R�� K �;l S Φ m ∮ �  da =  M	� � O ���	��� S'{

Φ =

∮ �  ε0E · da =
q

4πr2

∮ �  da =
q

4πr2
4πr2 = q (1.18)

{/q�S�e� M	������'M�	�����mL<Ni��AP0R0S)M�m Coulomb C������'M 2 ���� 	)Ddc��r�"�'M
��� O �N\
��-V�TM��!��M 2 �"��)�d���S � { P�	����!#p1%$ �2RlQ6��� � PGR!S	e�/��
C����&� M 2 ���� �)Ddc�Jq�1lL!4����m� M�	��'��(���� S � {)��q�S�e
� M���R.�M+*�	c#�� �!P��'� + ���.S �G ��R. �!� � /%,�m [ Φ = q {^q�S � { �A,
-&S�e
FIGURE 1.16 .�- � } e. � M0/ 7 .�\0� {"��S0	�� 1 M
��/.21�w��c{)%�r . � �! ����.43 [65&S � O .)7 �8 {|w~}�e � l'm�9���M0/ 7 . \
� {"�'S2	�� 1 M�: .)1�wD� {L%1r)9����;: .43�[<5pS= �DP+> �@? :BA (rad) .1��j {"�'S 8 '����	� ;�l'��M {
+0C'M �	�APGRGS	e�D���7 �8 MH�Dj�m )2`'> �E? :�A (str) P0RGS�e���7 � 8 � 4π[str] P0RGS)M�mGFIH)P0RG3`}�e
FIGURE 1.16 ��1A-�l:��/ 7 P�M�ELF&7 � 8 dΩ M . � ��	!� r M��� �+��3 [J5 S E
F�� O a m a = r2dΩ PGRGS�e � M . � ��	�� R M
"��.23�[K5pS�� O m�n o R2dΩ P0R
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S	e��3\4M
 ��.�\���M�*�	3#
��.)3�[65pS"EF�� O A( WcnJm dA { � �/4&% ) m� ��M
�Dj#+�~{5	L#��'M��Dj#+� M�q�� 8 . θ {"� S'{ A cos θ = R2dΩ {|q�SLe
	L#�����P0M) 2fV. E(R) {��L\4M��&� R P�����Y��L���`{

Φ =

∮

�	�  ε0E(R) · dA

=

∮

�	�  ε0E(R) dA cos θ

=

∮


��
R 
�  q

4πR2
R2dΩ

= q (12)

{/q'S)M)P�r(*�5�q"	c#���P0R6QT� /-\��4 �8 q .�M�5�P�w�lL!'r 	c#��R.���-�� ��!� w�� + S  ��'M��	j�m q ���c��w � {+��� ; l �4e
 48��R� ���*Mp\/lG��w�q��lc! Φ = 0 {^q'S2M / ��D� � � U'3 } e���� 	c#�� M��� � q qGS6 284��RcQF�&/ 	3#
�0M	��-V�2� ! � w)� + � �#S6 )BDC$��M��4��m S <'{6q
SLM�m����B�����hS�e
q1, · · · , qN qAS sources ��R�S f*h&/ ��� h2,��AM��LZB� � [ g"l�i�l!M C'S. �f�. E1, · · · ,EN
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{ � ��{ �! 2f E m ��� hD,"�"� � [

E =
N

∑

i=1

Ei (13)

U�- �^rL����� q1, · · · , qN .�M+*�	c#�� S .�JcK S'{ S . - QT� + ���FS �G �� Φ ���
w��

Φ =

∮

S

ε0E · da =
N

∑

i=1

∮

S

ε0Ei · da =
N

∑

i=1

qi (1.20)

���&7�� S�e
\'{ � S�{
����M�	#
� S M	��- �2�"��- [ .��GS6 ��0M ��j�m�r S �N� �"���c� � 5AU� 280M ��j
��� ��w�e

∮

S
ε0E · da =

∑N

i=1 qi (
7  48�MLl )

=
∫

V
ρdv ( ?	@A�B M�f	h ;V M	� ��m S �-Mp\6l S )

(1.21)

� lR. Gauss M +-, (
O A � ) {/wu}�e

1-11 Field of a Spherical Charge Distribution( 3���D8�  A�B M�C S� 2f )

3���A�B M) �8	A�BV. � %�� S���m-T�!#"A�����������Aw0SLe
\ ] r 3 �Lm$T�!#" (r, θφ) { � �	� &�!#" (x, y, z) {6M-��
�.

x = r sin θ cosφ

y = r sin θ sinφ (14)

z = r cos θ

� ���S�e��'� � � �

r =
√

x2 + y2 + z2

θ = arctan

√

x2 + y2

z
(15)

φ = arctan
y

x

PGR0S�e��� P −∞ < x, y. z <∞  0 ≤ r <∞, 0 ≤ θ ≤ π, 0 ≤ φ < 2π P ��������� S�e
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FIGURE 1.18 M ���������	��
�� � ���������������� �	
���� ρ �� ��!�" ( # �%$&�' �)( � ) *,+-�/.	021�3�4/5�6�798/: 
 θ. φ 4�;5�6�<	= ρ = ρ(r) ���2�/>
#��;?��  r ≥ r0 �  ρ = 0 ���2� � 7/@BA �/>
�C�D!�"�*,+�E�F r1 ����G S1 H � � � $/IBJLK � >�D�M�N�*,+ � �C��O2P  S1 �/QLP�R;���/A�BS�P�RUT�V�O2P;O2P/�����/>BW�7/@ � ���XYR �  S1 H � �ADZ�� � #�[]\�7�A�>/^C8 � � �QLP�RUT�V�O2P � 7 K � >L#/�;XR �9$ E1

�_( ��>;G S1 H $-`ba @Cc;@ed)�_f ��g  4πr1
2ε0E1 � �2�;> S1 �D!�4�hji� � �9k	l Q1  Q1 =

∫ r1

0
ρ(r)4πr2dr �2���/> Gauss ��TDm24 K�n

4πr1
2ε0E1 = Q1 =

∫ r1

0

ρ(r)4πr2dr (16)

���2�/>K�a @
E1 = 1

4πε0

∫

r1

0
ρ(r)4πr2dr

r12

= 1
4πε0

Q1

r12

(1.23)

� � �/>
S1 H ��o ' � � �  S1 S	� �9k	l Q1

$qp�r ' �9��� �C�D!�"�6	s%7/@�A � � � � ftdu�v ��� n 8 S1 �/Q24���� �9�  E1 4��wDxC7 � A�>��y H 4 ���	� ���%7�@BA2��z�R�8-��yCS94�{ � � � 6�s�7�|	AC#�z9}U~�*%� (FIGURE
1.20) >L��+]4��9� | ������
 $q� ( �_� � �L�/Q��L� � � {�!/"24/f ����� ' ��� z�7
@��Yi a Z�z;R�4;�%R9� � ��z u	v ��8U� ��S]� � � ��{D!�"	*�+]��.�024���? ( ��#Bz
}U~�*Y�/>

1-12 Field of a Line Charge ( V����	� �9� ����� � � ������� ���)� ���j� � � )
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��� 4��2A9E�F a � �)��� ���C� �9����
 ρ �9� � 7/@BA �2z ( �/>��� ��Q�� � � � $�IDJ @�� K
	 >�!q"���*b+ r 1�3�0� Z�������� � ��{ Gauss �qT�m$ �j� L 8 H�� G � E�F r � � ������� ��� G H 4���� 7�@ IBJ ��#Bz � �%R���> � �C�O2P�{ H�� G24����B��8��DGC�qT�V�O2PLz����D�2���/>

FIGURE 1.22 ��{ r ¿ a z�7/@�8/� �%�)� $�� A;VB���%7/@�A �/>L#/�%z�R���V ��
 λ
{

λ = ρπa2 (17)

���	Z� j+!���>9A#"� 4B7�@�}$� ��� G ��S�*b+ Q&%�'2A�@2c/@DA2� �9g ��( � Φ {�8
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�DG H � � �L�;XYR�� $ Er z�� d�z�R/8��DG�� � 2πrL 19*,+
Φ = 2πrLε0Er (18)

���2�/>L#  z \�7�d�| ���YR�� �_� S�� �9� {
ρπa2L = λL (19)

���2���;��8 Gauss ��TDm�*,+ IBJ � Er {
Er = 1

2ε0

ρa2

r

= λ
2πε0r

(1.26)

z ��� 28 � � 4���A�� �L�U� �q�Y�)Q�� � � ��{/.�0�4����	?C7�8�W9�	�%�q{�X%R	��4��
 7�|�A�>
����� �L�)� �DSq�C� � � Er } Gauss ��TDm $ � � ( ��� �)� ��E�F r

�
a
K�n�� ��A

}�� $�  #�� u � 4�7/@
2πrLε0Er = ρπr2L (20)K�n

Er =
ρ

2ε0
r (21)

z I i��/> �D*,+q��.	0C4 � � {;�D?C7/@��BX ( �/>

1.13 Field of an Infinite Flat Sheet of Charge ( ����� � ��G ����� � � )

FIGURE 1.23 � K 	 49��� | �9� G ��
 σ[C/m2]
$-p�r���� ��G � ���/>

��G 4 � 7/@�	M2| 2
'

P z P’
$�  L�2z-8/o��q� � � EP z EP’ {���CP�R-��8�XYR� \L7�A�> Gauss �-T�m $�� !9���	G�z ��� ( ��� ��� 4�� � ( ��>�� ��� � H � G2��G

� $ A z ( ��z � ��� H �qf�� g Φ { Φ = 2Aε0EP 8�W���!94�hYi ���� k�l { Aσ ���
�]*,+

EP =
σ

2ε0
(1.28)

z]A 	 #Bz � ~�*Y�/>
����4����27�Z � � ��G2�����C������{ �	G	*b+]��.�024 �	
 | d 8_X%R	�_�#���2P�Rq{
�	G�4#��� 7�@DA2��>D#��2#Dz){ � � �	�Y��������|�����G���� a @Y}q8!  ��"$# $��%
4�A  |�3 ���|Y+]|�A;GC�� C4'&CA	($)+*�Q���{�&$,.-�4	| n Z a @BA �/>

1.15 Energy Associated with the Electric Field ( ��� 4�/ 	1032�46537 )
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���2!�� ' r 4��9� E(r)
� 6�s ( �2z�R;8DW	� ' 4�{ 032'465 7�� 
 ε0[E(r)]2/2

� /	 #Bz $ ?����D* J �/>
FIGURE 1.24 � K
	 4�E�F r0 ������G H 4	� ����
	G � 
 σ

� ��� 4/����7�@BA���z (
�;>/�����DS�����{��9�C{�6�s%79|DA�>;���L�B!/"�*�+ r 1D3;0 �Z/Q��%� ' ��{ E =
σr0

2/ε0r
2 ���B��#Dz){ (??)

KCn (� ~	*���> K�a @���� � (� Q��D�����;� �/X%R	� E0{ E0 = σε0 �2��� (FIGURE 1.24 { cgs ��������� A9@���� ) >
����G H 4	� � G������ dA

$�  L�/>L#/�	��� H ����
24 K	a @9� +!j����� E
′
0 z �

� H � dA *�Q �%z�#�[;4�������
24 K�a @9� +!j����� E
′′
0

$���� ��~�<�@���+!j���
� �

����S���{ 0

���C� (�� Q��B��{ E0 =
σ

ε0
(22)

���2�/>
dA 4�� a @DA���� � ��
 � �Y���;� E

′
0 { dA � (� S � z (�� Q��D�D{��	2P�R_�	X�R

� � σ/2ε0 z Gauss �qTDm�*�+ ~�*%���;� (??) �����D*,+�#  $�� d�z
E
′′
0 =

σ

2ε0
n = E (23)

z]| a @BA �D#Bz � ~�*%�/>L#�#_� n {;��y�G �/QLP�R�����T�VB�2���/>
dA *�QL����
 � dA �Yz9#�[�4;�����9� {;���L� (�� S�� z Q�����X�R��_\�7 d 8 u �
O2P $ P9A9@BA ���;��8C#  $ E z�� A�Z	>
dA 4�� a @�A2��� � ��
 σdA 4	 td"!�{

σdA · σ
2ε0

=
ε0
2
E2dA (24)

�2���B#�z � ~D*%�;>L#/�#!�{���� E ��P2R�4$ d *�+-8����L�/QLP2RUTDV�O2P�4	  A
@BAC�/>L#;�#!�4#%�7/@ r0 + dr *�+ r0 i-� σdA

$ E9F�O P94$&D* ( 4�{#'�( dW
$ �

~2|�3 ���|Y+]|�A�>L#�#_�
dW = σ · σ

2ε0
dAdr =

ε0
2
E2dAdr (25)

���2�/>
* H {;���L��� r ��� � G��)���C4��2����
 4 r A9@   �Z�>L#;������f�*B��{�{ r0 �E�FL��O � r0 + dr

K�n f�*B� 032�465 7 ��+ d | a @BA �B#�z]4�| �;>L#  $ dU z��
d�z

dU =
ε0
2
E2dr

∮

,.-0/ dA =
ε0
2
E24πr0

2dr =
ε0
2
E24πr0

2dv (1.37)

z]| �/>L#�#_� dv = 4πr2
0dr z�1�A�Z�>L#  K�n
0�2�465 72� 


=
dU

dv
=
ε0
2
E2 (26)
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� �D*�4�| n Z a @BA �D#�z � ~�*%�/>
���24���� 4	{

U =
ε0
2

∫

����� E2dv (1.38)

� 032�46537 � / a @BA �/>
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