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=?>A@CB(DEBGFIHKJLBG@NMPOPB(Q�BSRETPH�BGFIJIU3VW>XFIMPJLBGTPTPVWUY>KM�Z\[]HK>_^�Ba`bMP>cFdBa@WMPZPe�[]HKM�JfFIM?U2>�HKT�@NMPBaJPg

^Kh�iKVN@jg�M�@NM�T�FIJIUY`kBalY>Kh/FLVWT�BmRnlYJIBSo�VWFLBGFLUaJIVNBqp�=r>sMPZfFIM<T�Bat_uWFLH_@NUvJIM�t�BaZIBa`kUaZ$Ba@WlYHK>KUaZ
T�UY>KTPM�t_FLUaZwiKxaZIVWTPUYZ3^_M @NB$VW>XFIMPJLBGTPTPVWyY>�M�@NM�T�FIJIUY`kBalY>Kh/FLVWT�B_p

z?{|z}{ ~��r�K�?���5���5�����K�����
��B�T�BaJflcB�MPZwH_>�BbtKJIUYt_VNM�^�Ba^�iKxaZIVWT�B�^KM9@NB�`kBGFIMPJIVNB_pK��B�T�BaJflcB�ZIM9t_JIMPZfMP>cFdBkMP>

^KUaZ*`bU�^�Ba@WVW^�BG^KMPZ�g�^KM�>KUY`bVN>KBa^�BaZ�t�UaZIVWFIVWoGB3R9>KM�lcBGFIVWoGBqp��E@WlYHK>�BaZ�t�BGJfFLuWTPHK@NBaZ&FLVWMP>KM�>
TPBaJIlcBwt�UYZfVWFLV�oGB_g�T�UY`kUwMP@qtKJfUaFLyY>0U�M�@qtKVNUY>

π+
gGUGFLJLBGZ�FLVWMP>KM�>�T�BGJIlcBw>KMPlYBGFLV�oGB_g�T�UY`bU

M�@&MP@WMPT�FIJIyY>mUkM�@&`�HKUY>
µ−
p��7BG`$i_VNhP>mQKBSR<t�BaJfFIuNT�HK@CBaZ2�XHKM >KUbFIVNMP>_MP>�TPBaJIlYBbT�UY`bU

M�@�>KMPHqFLJIya>\g�MP@�>_MPH_FIJIVN>_U9U0M�@�[]UaFLya>\p�=rZ4HK>�QKMPTdQKU0M/�qt�MPJIVW`bMP>XFLBa@�TPUY>_U�TPVW^KU9��H_ME@CBGZ
TPBaJIlcBGZ9^_MP@?`kVWZI`bU�ZIVWlY>KUmZIMkJIM�t�MP@WMP>n`bVNM�>XFIJLBaZA�XHKMkTPBaJIlcBGZ9^_Mk^KVWZfFLVW>XFIUmZIVWlY>KUmZIM
BGFIJLBaM�>\p
��B�M/�qVWZfFLM�>KTPVNB�^KM�T�BGJIlcB�MP@WhPT/FLJIVWT�B�ZfM�t_HKMP^KM�t�UY>_MPJm^KM�`kBa>KV���MPZ|FLU�T�UY>�HK>

M�@NMPT/FLJfUYZIT�yYtKVNU$TPUa`kU$MP@\^KMA@NB0��lYHKJIB$ZIVWlYHKVNM�>XFIMap_�E@5BaT�MPJfT�BaJ2HK>�B�oGBaJIVW@N@NB0B$@CB�t_@CBaTPB
ZIH_t�MPJIVWUYJPgchPZ|FdB ZIM�T�BaJflcBARag�BAFLJIBSoYh�Z4^KM�HK>kTPUY>_^KHKT�FIUYJPgcFdBG`�iKVNh�>bZIM�T�BGJIlcBa>b@CBaZ?^_UYZ
oGBGJIVN@W@NBGZ9VN>_[]M�JIVWUYJIM�Z0�XHKM�VN>KVWTPVNBa@�`bM�>XFIMkMPZfFLBai�Ba>sMP>sT�UY>XFLBaT�FIUKp7�w@-TPBaJIlYBaJIZfM�^KVNTdQ�BaZ
oGBGJIVN@W@NBGZ�T�UY>�M�@2`bVNZf`kU�FLVWt�U�^_M�T�BGJIlcBqg*M/�qt�M�JIVN`bM�>XFdBG>�HK>KB JfMPtKHK@WZIVWyY>��XHKM�Q�BGTPM
�XHKM @NBaZ(oGBGJIVW@N@NBaZ-ZIM ZfMPt�BGJIMP>�p
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��UYJ�ZIH TPUa`kt�UaJfFdBG`kVWM�>XFIUsBG>XFLM
M�@�t�BGZIUs^KM�TPBaJIlcBGZ�B�ZfH FLJIBSoYhPZ<@NBn`kBGFLM�JIVCB
ZIMbT�@CBaZfVW��TPB<MP>�TPUa>K^KHKT/FLUYJfMPZ R BaVNZf@CBa>cFLM�ZPp5�5UYZ t_JIVN`bMPJfUYZ t�MPJf`kV�FLM�> [ xaT�VN@W`bMP>cFLM$M�@
FLJIxa>KZfVWFLUE^KM(T�BaJflcBaZ*t�UaJ*M�@N@NUaZPg�`bVNMP>cFLJIBaZ7�XHKM(@NUYZ7ZfMPlYHK>_^KUA>KUKp��qUY>$T�UY>K^KH_T�FLUaJIMPZr@NUaZ
`bM�FLBa@NM�ZPgXMP@�BalYH�B9ZIBa@CBG^�B_gXM�FITap_=r>�HK><BGVNZI@NBa>cFLMagcMP>�TPBa`�iKVNUKgc@CBGZ4TPBaJIlYBaZ-ZfME`$H_M�oYM�>
T�UY>m^KVW��T�HK@WFLBa^�T�UY`bU�MPZ3MP@5TPBaZIUb^KMA@CB�`�BG^KMPJIB_p
��B�HK>_VN^�Ba^����(^KM @NB$T�BaJflcB�MP@WhPT�FIJIVWT�B�M�ZwM�@&T�HK@NUY`�iKVWU

C
g��XHKM TPUY`bUb`kBala>KVWFIHK^

^KM�JIV�oGBa^�B$MP�XHKV�oGBa@WM B_e
1 C = 1 A × 1 s

=rZfFLB9HK>_VN^�BG^k^KM�T�BGJIlcBAMPZ4laJLBa>K^_M�t�UYJ}@WU �XHKMwQKBaiKVWFIH�Ba@W`bMP>cFLM2ZIMwHqFLVW@NVWOPBa>�ZIHKiK`��_@	�
FLVWtK@WUYZ�T�UY`bU<MP@*`kVWTPJIU�T�HK@NUa`0iKVWU�


1 µC = 10−6C � U�MP@*>�BG>KU�TPHK@WUY`�iKVWU�
 1 nC =
10−9C � p��BwT�BaJflcBEM�ZfFdxETPH�BG>XFIVNO�BG^�B_g�MPZ*^KM�TPVWJPgGZfyY@NUEZfM(tKHKM�^KM�>$FLMP>_MPJ*TPBaJIlYBaZ7`��K@WFIVWtK@WU�^KM
HK>KB�T�BGJIlcBEM�@NMP`bMP>cFdBG@ pG=rZ|FdB�T�BGJIlcBEM�@NM�`kM�>XFdBG@qM�Zr@NBw^KMP@_M�@NM�T�FLJfyY>

e = 1,6×10−19C
p

z?{�
2{ ���E�\����� �5���5�����K�������A�������E� ~����w�����! 
��B�@NM�R�^KM#"-UY@NH_@NUY`�ivM �qtKJIM�ZLB�MP>
[]UYJI`kBk`�BGFIMP`kxGFLV�T�BktKJfMPTPVWZLB�@CBkVN>cFLMPJIBaTPT�VNyY>

M�>XFLJfM2^KUYZ*T�BaJflcBaZ
q1

R
q2

T�H�Ba>K^KU MPZfFLxa>�ZIM�t�BaJLBG^�BaZrHK>�B�^KVNZ|FdBa>_TPVCB
r
pc�&B�M �qtKJIM�ZIVNya>

^KM�@5`kU�^KH_@NU$^KMA@NB�[]HKM�JIOPBb^_M$"-UaHK@NUY`�i<MPZ

F = K
q1q2

r2

p�=rZfFLB�MPT�H�BaT�VNyY>
ZIM0tKHKMP^_M$H_FIVN@WVWO�BGJ�t�BaJIB�^KM/��>KVNJw@CBkH_>KVN^�BG^
^KM0T�BaJflcB_p ¡ " M�Z�@CB
`kBalY>KV�FLHK^m^KM0^KUYZET�BGJIlcBaZ�FdBa@WMPZw�XHKM�ZfMPt�BaJIBa^�BGZ ¡ ` ^KM0^KVWZfFdBa>_TPVNBkM �_t�M�JIVW`kM�>XFdBG>
HK>KBAJIM�tKHK@WZIVNya>�^KM ¡ D9pc�&B []H_MPJIOPBATPUaHK@NUY`�iKVNBG>�BEMPZ?tKJIUat�UYJIT�VNUY>�BG@KBA@NBaZrTPBaJflcBaZr��H_M
VW>XFLM�JLBaT�TPVWUY>�Ba>�M<VW>XoYMPJfZLBa`bM�>XFLM�tKJIUYt�UaJITPVWUY>�Ba@-BG@-TPH�Ba^_JLBa^KU�^KM<@CBv^KVWZfFdBG>KTPVNBv��H_M
@NBaZ4ZIM�t�BaJLBqp%"4H�Ba>XFIU$`kxaZ4@WM�&fUYZ4MPZ|FLh�>�@NBaZ4T�BGJIlcBaZ4`kM�>KUYJ4ZIM�JLx�@NB []H_MPJIOPB�T�UY>�@CB ��H_M
VW>XFLM�JLBaT�TPVWUY>KM�>\pK�&B0[]HKM�JIO�B�MPZ2HK>KB$`kBalY>KV�FLHK^koYMPT/FLUYJfVCBG@ gq@NB0MPT�H�BaT�VNyY>�Ba>XFIMPJfVNUYJ-ZfyY@NU
>KUaZ3^�B$MP@5`bU�^KHK@WU$^_MA@CB0[]HKMPJfO�Bqp��&B$^KVNJfMPTPT�VNyY><^KMA@CB0[]HKM�JIOPB�MPZ3@CB�^KM @CB�@NuW>KM�B0��H_M
HK>_M�@NBaZ TPBaJflcBaZAR�MP@?ZIM�>XFLVW^KU�MP@}�XHKMkTPUYJfJIM�ZIt�UY>K^_M<Bm�XHKMk@CBaZAT�BGJIlcBaZ ZIM�Ba@WM�&fMP>�ZfV
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h�ZfFdBGZEZfUY>v^_M9VNlaH�Ba@\ZIVNla>KU�RmBb��H_M0ZfM0BaT�MPJI�XHKM�>
ZIV&ZIUY>�^KM9ZfVNlY>_UYZ�UYt_HKMPZ|FLUYZ�p
K
MPZ

HK>KB�TPUY>KZ|FdBa>cFLMAT�BaJIBaT�FIMPJIuWZfFIVNT�B�^KMP@5M�@NMPT/FLJfUY`�BGlY>KM/FLVNZf`kU_gq�XHKM MP>mMP@ ���4oGBG@NMGe

K = 8,98755 · 109 Nm2C−2

t�BGJLB$MP@5T�BGZIUb^KMA�XHKM @CBGZ2T�BaJflcBaZ2MPZfFIhP>�MP>mMP@\oGBGTPVWUKp
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� "-ya`kUmZIMbtKJIU�^KH_TPMk@CB�BaTPT�VNyY>�Bm^KVWZfFLBa>KTPVNB�^KMbHK>�BmTPBaJIlcB�ZIUYi_JIMk@NB�UaFIJLB��k=?Z
^KM�TPVWJPg � TPyY`bU�ZIM�t�MPJITPBGFdB�HK>�B�T�BaJflcB�^KM�@NBntKJIM�ZIMP>_TPVNB�^KM
UaFLJIBaZ�R ZfH_[]JIM�T�UY`bU
T�UY>KZIM�TPHKM�>KTPVCBb@NB�BGTPTPVWyY>�^KMAHK>�B$[]HKM�JIOPB��

"-@CxaZfVNT�BG`kM�>XFIMag�ZIM9VW>XFIJIU�^KHKT�M @CB$VN^KMPBb^KM �"!�#%$'&�p �qM ^KVNT�M ��H_M0@NB�tKJfMPZIM�>KTPVNBk^KM
HK>KB<TPBaJIlcB�MP> HK>�tKHK>cFLU<tKJIU�^KH_TPM$HK> TPBa`bt�U<M�@NhPT/FLJfVNTPU�M�>�FLU�^KUYZ�@WUYZEtKHK>cFLUYZ ^_MP@
M�ZIt�BaT�VNU�RvMPZ�M�ZfFLM$TPBa`bt�U�MP@���H_M$VN>cFLM�JLBaT�TPVNUa>�BkTPUY>�UGFLJLB�TPBaJflcB���H_M$ZIV�FLHKM�`kUaZEMP>
Ba@Wl��K>v@WHKlcBGJw^KM�@�MPZItKBaTPVWUKp�=rZfFIM�M�[]MPT/FLU�MPZ�JfMPT�uNtKJfU�TPUKg�@CBbT�BaJflcB

q1

TPJfM�B�HK>
T�Ba`bt�U
�XHKM�ZfVNM�>XFLM

q2

Rag5^_M�VWlYH�Ba@�`bU�^KUKg�@CB�T�BGJIlcB
q2

TPJIMPB�H_>�TPBa`bt�U��XHKM$ZIVNM�>XFIM
q1

p\=r@
TPBa`kt�U��XHKM�T�JIMPB

q1

MP>nHK>ntKHK>cFLUv>KUv^KM�t�MP>K^_M�^KM
q2

R�Bm@CB�VN>coYMPJIZIB_p ��U�^KM�`kUaZ
^KM/��>KVWJ}M�@�TPBa`bt�U �XHKM�TPJIMPB

q1

M�>kMP@�t_HK>XFIU9^KUY>_^KM�TPUa@NU�T�BG`kUYZ
q2

t�UYJ?MP@�M�[]M�T�FIU9��H_M
tKJfU�^KHKT�M ZIUYi_JIMAhPZfFLBbTPBaJIlYB 
 []HKMPJfO�B � e

E =
F

q2

.

"-UY`kU
E
M�Z�VW>K^KM�t�MP>K^KVWMP>cFLM�^KM

q2

g�T�UY>KU�T�VN^KU
E
MP>�HK>�tKH_>XFLUvZLBai�M�`kUYZ9��H_M

UaFIJLB$TPBaJIlcB
q3

ZIV�FLH�Ba^KB�M�>�M�ZIM `bVNZf`kU�tKHK>cFLUbZfMP>XFIVNJIx�HK>KB$[]HKMPJfO�B
F = q3 E

p
=?>mMP@ ���-M�@5T�Ba`bt�U�MP@WhPT�FIJIVWTPU�ZIMA`bVN^KM�MP>

N/C
p

=?@�T�Ba`bt�U9M�@NhPT/FLJfVNT�U9MPZ4HK>�B `�BGlY>KV�FLHK^$oYMPT�FIUYJIVNBa@ pc=?Z|FLU0ZIVWlY>KV���T�BA�XHKMwZIMw^KM��K>KM
>KUnZIyY@WUnt�UYJkZIH `by�^KHK@NU_g?ZfVN>KUn�XHKMvQ�BSR���H_M
TPUa>KU�TPM�J�FLBa`�iKVNh�>�ZfH ^KVNJfMPTPT�VNyY> R
ZIM�>XFIVN^KU_p ��UYJ�TPUa>XoYMP>_VNUEMP@XT�Ba`bt�UwMP@WhPT/FLJIVWTPU ~E

MP>0HK>0tKHK>cFLU�Bat_HK>XFLBwMP>0@CB3^KVWJIMPT�TPVWyY>
RvZIM�>XFIVN^KU<M�> ��H_M�ZfM$`kUSoYMPJfuCBkHK>�B�T�BaJflcB�t�UYZfVWFLV�oGB�BG@7ZIM�J ZIV�FLH�Ba^KB�M�> MPZIM$tKHK>cFLU_p
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=r@5TPUY> &fH_>XFLUb^KM FLJLB�RYMPT/FLUYJfVCBaZ2��H_M9ZfMPlYHKVWJIuNB$MPZIBbT�BGJIlcB�t�UaZIVWFIVWoGB�^KM���>_MP>v@NBaZ3@WuN>_M�BaZ
^KMAT�Ba`bt�UKp�=?>�@NB$ZIVNlaHKVNM�>XFLM���lYH_JLB�ZIM `�HKMPZ|FLJIBa>�@NBaZ3@WuN>KMPBaZ2^KM TPBa`bt�Ub^�Ba^KBaZ�t�UYJ
M�@�ZfVNZ|FLMP`kB�^KM T�BaJflcBaZ

q1, q2

R
q3

^KUa>K^KM9@NB ¡ Rm@NB ( ZIUY>�T�BaJflcBaZ�t�UYZfVWFIVWoGBaZ(Rm@NB '
M�Z�>KM�lcBGFLV�oGB_p

�w>�B�T�BGJIlcB0t�UYZIV�FLV�oGB0tKH_MPZfFLB$MP>�M�>�M�@\TPBa`bt�U$^�BG^KU$t�UYJ(@NBaZ4FLJfMPZ2TPBaJIlYBaZ(ZIM�lYHKV �
JIuNB�HK>�BmFLJIBSRYM�T�FIUYJIVNBm��H_M�@CBmBa@WM�&IBaJIB�^KMk@CBaZ TPBaJIlYBaZ9t�UYZfVWFLV�oGBaZ R�@CBmBaT�MPJITPBaJLBvBm@CB
>KM�lcBGFIVWoGBqp

z?{���{ ���E�\�_�����	� �*�q�
�E�����?���5���5�����K�����
�w>�B�TPBaJIlcB MP@WhPT/FLJIVWT�B ZIV�FLH�BG^�B MP>�HK>KB�OPUY>�B�^KM�@�M�ZIt�BGTPVWU�MP>�@NB �XHKM�Q�B�R�HK>

TPBa`kt�U3MP@WhPT/FLJIVWTPU3ZIMP>cFLVWJLx3@NB2TPUYJfJIM�ZIt�UY>K^_VNMP>cFLM?[]HKMPJfO�B�M�@Nh�T�FIJIVNTPB2Rag�t�UaJ5FdBa>cFLUKg�ZIH_[]JfVNJLx
HK>KB
BaT�MP@WMPJLBGTPVNya>\g&@NU��XHKM�Q�BaJIx���H_M�TPBa`�iKVNMb@NB�oYMP@WU�TPVN^KBa^n^KMk@CBmt�BaJ|FLuWTPHK@NB_p �7BaJLB
TPBa@NT�HK@CBGJbM�ZfFIMvT�Ba`�iKVWU�^KMPi�M�`kUaZ�ZIBai�MPJkMP@�T�BG`kt�U�M�@NhPT/FLJfVNTPU�M�> TPBa^�B�tKH_>XFLUn^_MP@
JIM�TPUaJIJIVW^KU
^KM�@CB�t�BaJ|FLuWTPHK@NBmRnTPUa>KU�TPM�J$@NB
BaT�MP@WMPJIBaTPVWyY>�VW>KZfFdBG>XFLxa>KM�Bv^KM�@CB�`bVNZI`kB
M�>�T�BG^�B�tKHK>XFIUKp�=rZfFIU
MPZ0T�UY`btK@NVWT�BG^KU�R�ZIV}HK>_U
@WU �K>KVWTPU���H_M�>KMPT�MPZIV�FdB�ZLBai�M�J0MPZ
M�@*T�Ba`�iKVWU<^_M$oYM�@NU�T�VN^�Ba^�^KM$@CB�t�BaJ|FLuNT�HK@NB�MP>XFIJIM$HK>�t_HK>XFIUmVW>KVNT�VCBG@

A
R
HK> tKHK>cFLU

��>KBa@
B
tKHKM�^KM�Q�BaTPM�J}HKZfU9^_MP@�tKJIVW>KTPVWtKVNU�^KM3TPUY>KZfMPJ|oGBaT�VNyY>k^KM3@CB�MP>KM�JIlYuNB `kM�T�xa>KVWT�Bqp

�qM�l��K>�M�ZfFLM�tKJfVN>KT�VNt_VNU�� !�
���
�������! #�
 ������� �"!�� &�� !���� 
 � &��!�"
��$#�!ag�R BGZIu g�M�@*T�Ba`�iKVWU
M�>v@NB$MP>KM�JIlYuNB�TPVW>Kh�FIVNT�B$^KM @CB$t�BGJfFLuWTPHK@NB$M�ZwVWlYH�BG@5Ba@5T�BG`$i_VNU�^KMAMP>KM�JIlYuNB�t�UaFLM�>KTPVNBa@
T�UY>mZIVNla>KU�TPUa>XFLJIBaJIVWUKp

∆T = −∆U .�7BaJLB�Q�BaT�MPJ�HKZfU�^KM�MPZ|FdB JIM�@CBaT�VNyY>�>KMPT�MPZIV�FdBG`kUYZ$TPUa>KU�TPM�JbT�H�xa@2M�Z�@CB
MP>_MPJIlauCB
t�UaFIMP>KT�VCBa@}^_M�HK>�BvtKBaJfFIuNTPH_@CB�T�BaJflcBa^�B�M�>sM�@4ZIM�>KU
^KM�HK>�TPBa`kt�U�MP@Nh�T�FIJIVNT�UKp �qV4M�@
TPBa`kt�U�M�@Nh�T�FIJIVNT�U�M�ZkTPUa>KZfFLBa>XFIM

E
g?M�ZkZfMP>KT�VN@W@NUKp "-UY`bU�MP> MP@2T�BaZfUnlaJLB�oqV�FdBGFIUYJIV�UKg

M�@2UYJfVNlYM�>�tKBaJLB�@NB�M�>KM�JIlYuNB�t�UaFLM�>KTPVNBa@(M�ZkBGJIiKV�FLJLBGJIVWU_p �qV(FIUY`kBa`bUYZ
U = 0

MP>�@CB
t�UYZfVNT�VNyY>�VW>KVNT�VCBG@�^KM�@NB9t�BaJfFIuNT�HK@CBqgX@CB9MP>_MPJIlauCB0t�UaFIMP>KT�VCBG@�^KM�@NB9t�BaJfFIuNT�HK@CB TPUa><T�BaJflcB

%



q
�XHKMvZfMvQ�B�^KMPZftK@CBaOPBa^KUnHK>KB�^KVNZ|FdBa>KT�VCB

y
MP>�MP@�ZIM�>KU�^_MvH_> TPBa`bt�UnM�@Nh�T�FIJIVNT�U

T�UY>KZfFLBa>XFIM
E
MPZ

U = −qEy
p

�?M�Ba`bUYZwUaFLJfU�TPBaZIUKp�=r@�oGBa@WUYJw^KM�@NBkM�>KMPJflYuCBkt�UaFLM�>KTPVNBa@�^KM�HK>KB�t�BGJfFLuWTPH_@CBbT�BaJ��
lcBG^�B

q
MP>�MP@&ZfMP>KU�^_MP@&T�BG`kt�UbM�@Nh�T�FLJfVNT�UbTPJIMPBa^KUkt�UYJ3UaFIJLB�t�BaJ|FLuWTPHK@NB$T�BGJIlcBa^KBbT�UY>

TPBaJIlcB
Q
M�ZPe

U(r) = K
qQ

r�EHK>K�XHKM9t�BaJLB�UaFLJIBaZ�^KVWZfFIJIVNi_HKTPVWUY>KM�Z3^KM9TPBaJIlcBqg�@NB�MP>_MPJIlauCB�t�UaFLM�>KTPVNBa@&M�@Nh�T�FLJfVNTPB
tKH_MP^KM�FLM�>KMPJ}HK>�B M/�qtKJfMPZfVNyY>�`kBGFLM�`kxGFLVWTPB TPUa`ktK@WVWT�Ba^�BqgY@WU �K>KVWTPU ��H_Mw>KMPT�MPZfVWFdBG`kUYZ
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t�UaFIMP>KT�VCBa@KM�@Nh�T�FLJfVNTPB ��H_M�ZIyY@WUA^KM�t�MP>K^_Mw^KMP@�tKH_>XFLU M�>kM�@��XHKM�T�UY@NU��XHKM�`kUaZ?@NB TPBaJIlYB_e

V (r) =
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q
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MP> oYUY@WFIVNUYZ�e
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"-UY`kUbRcB�^KV &fVN`bUaZPg�@CBbHK>_VN^�Ba^v^KM9T�BaJflcBb[]HK>K^�BG`kM�>XFdBG@�MPZ�e
e = 1,6 × 10−19C

p
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M�>KMPJflYuCBv^KM�>KUY`bVN>�BG^�BvM�@NM�T�FIJIyY> � oYUY@WFIVNU_g

eV
g7T�UY`kUv@CB�MP>KM�JIlYuNB
�XHKM<Ba^K�XHKVWMPJIM�H_>�B

TPBaJIlcB
e
TPHKBa>K^KUbZIMA@CB�ZIUY`bM�FIM B�H_>�B�^KVW[]M�JIM�>KTPVNB$^KMAt�UaFLM�>KTPVNBa@\^KM ¡

V
e

1 eV = e × 1 V = 1,6 × 10−19C × V = 1,6 × 10−19J

��Ba`�iKVWhP> ZfMsZIHKM�@NM�> HqFLVN@WVWOPBaJ�`��K@WFIVWtK@WUaZv^KM�MPZfFLB T�BG>XFLVW^�Ba^\e
1keV = 103 eV

g
1MeV = 106 eV

g
1GeV = 109 eV

g
1TeV = 1012 eV
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 M�> JfM�Ba@WVN^�BG^ @CBaZ��XHKM ZfHKMP@WMP> `bUSoYMPJIZfM ZfUY> @NBaZ�T�BGJIlcBaZ
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^KMAHK>mTPUa>K^KHKT/FLUYJ3t�UYJ2HK>KVN^KBa^�^KMAFIVNM�`kt�U_e

I = ∆q/∆t
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4B<Q_MP`bUYZ�o�VWZfFLU<�XHKM$HK>�B<t�BGJfFLuWTPHK@NB

q1

TPBaJIlYBa^�B�ZIVWMP>cFLM$HK>KB�[]HKM�JIO�B<M�@Nh�T�FLJfVNTPB
^KM�iKVN^_U�B�@CB$tKJIM�ZIM�>KTPVNBk^KM UaFIJLB�TPBaJIlYB

q2

M�>vH_>�BbOPUa>�Bb^KM�@&MPZItKBaTPVWUKp��&B�t�BaJ|FLuNT�HK@NB
q1

ZIVWMP>cFLM�M�ZLBA[]HKMPJfO�B M�ZfFLh�MP>kJIMPt�UaZIU9U9M�>k`kUSo�VN`bVWM�>XFLU_p ��M�JIUKgcZIV�FdBG>XFIU
q1

T�UY`bU
q2M�ZfFdxG>kMP>b`kUSo�VN`bVWM�>XFIUKg

q1

ZIVWMP>cFLM�Ba^KM�`�xGZ?UaFIJLB�[]HKM�JIO�BA@N@NBa`bBa^�B���
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^KM�@5MPZItKBaTPVWUKp��&B$@NM/R�[]H_>K^�Ba`bMP>cFdBa@\^KM�@5`�BGlY>KM�FIVNZf`kU�ZIMA^KMPi�M9B��5UYJIM�>XFLO R�MPZ

~F = q1 ~v × ~B .
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g�FLM�>KMP`bUYZ�HK>�BETPBaJIlYB
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�XHKM-ZIM
`�HKM/oYM�T�UY>bHK>�B�oYMP@WU�TPVN^KBa^

~v
gYhPZ|FdBAM/�qt�MPJfVN`bMP>cFdBAH_>�B []HKM�JIO�BA^KBa^�B t�UaJ?@NB JfMP@NBaTPVWyY>
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R ~B

>KU�ZIM�BG>�t�BaJIBa@NM�@NUYZ->KV&Ba>cFLVWt�BaJLBG@NM�@WUYZ�p
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× � M�Z9HK>ntKJfU�^KHKT/FLUoYM�T�FLUaJIVCBG@ pX�&B []H_MPJIOPB0`kBala>Kh�FIVNT�BAM�Z-`kx��qVN`kB ZIV
~v ⊥ ~B

R�oGB9^KVWJIVWlYVW^�B MP>�^KVWJIMPT�TPVWyY>
t�M�JIt�MP>K^_VNT�HK@CBaJwBG@&tK@NBa>KU�[]UYJf`�Ba^_Ubt�UYJ

~v
R ~B


]JIMPla@CB�^KM�@�ZIBaT�BaT�UYJITdQKUaZE^KM
~v
ZfUYiKJIM

~B
t�UYJ2MP@5TPBa`bVN>KU$`kxaZ2T�UYJfFLU � p=?@ATPBa`kt�U�`kBalY>Kh/FLVNT�U�Bat�BaJfMPTPM�ZIVNM�`kt_JIM�Ba@NJfMP^KM�^KUYJ�^KM�T�H�Ba@W��H_VNMPJ�T�UYJIJfVNMP>cFLM

M�@NhPT/FLJfVNT�B�UbT�BGJIlcB$MP>m`kUSo�VN`bVWM�>XFIUKp%��H�H_>KVN^�BG^�� �4M�Z�MP@\FIMPZf@CB 

T � e

1 T =
N · s

C · m
.

�qMPl��_>�@CB0[]yYJI`�HK@NB�^KM �5UYJIM�>XFIOag�HK>�B�t�BaJ|FLuWTPHK@NB�T�BaJflcBa^�B$MP>m`kUSo�VN`bVWM�>XFLU$M�>�M�@
ZIM�>KU<^KM�HK>�T�BG`kt�U�`kBala>Kh�FIVNTPU�T�UY>KZ|FdBa>cFLM ~B

ZIVWMP>cFLM�HK>KB�[]HKM�JIO�B ~F
��H_M$TPH_JfoGB�@CB

FLJIBSRYM�T�FIUYJIVNB�^KM�@CBkT�BGJIlcB_g�tKHKMPZ M�Z t�M�JIt�MP>_^KVNT�HK@CBGJ B
~v
R
B ~B

p�=?>�MP@�T�BaZfU<^KM���H_M
~v ⊥ ~B

@CB0FLJIBSRYM�T�FLUaJIVCB�^KMA@CB$TPBaJflcB�M�Z�HK>KB�TPVNJfTPHK>q[]MPJIM�>KT�VCB��Pe

Fmag = qvB = Fcent = mac = m
v2

R
⇒ mv = p = qRB .
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1
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T
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>KUkU�TPH_JIJIuNB�ZIV�M�ZfFLBai�BkTPBaJIlcBG^�Bbt�UYZfVWFLV�oGBa`bMP>cFLMGp��&Bb@NHKO BaJIJIBa>KTPBbT�BaJflcBaZ�>KMPlYBGFLV�oGBaZ
^KM�@5`bM�FdBG@ pq� M�ZfFIM M�[]M�T�FIUbt�UYJ2MP@5T�H�Ba@\MP@\OPVN>_T R�UaFIJIUYZ2`bM�FLBa@NM�Z2M�`kV�FLM�>�MP@WMPT/FLJfUY>KMPZ
T�H�Ba>K^KU0ZfME@WMPZ}VN@WHK`bVW>KBAT�UY>�@WHKO�ZIMw^KM�>KUY`bVN>�BAM�[]M�T�FIU0[]UGFLU�MP@WhPT/FLJIVWTPUKpc=r@�^KVWZIt�UYZfVWFLV�oYU
�XHKM0ZIM9HKZLBkt�BaJLBb`kUaZfFLJIBaJ�M�ZfFLM0M/[]MPT/FLU�RmZfHKZET�BaJIBaT�FIMPJIuWZfFIVNT�BGZwZfM0^KMP>_UY`kVW>�BbT�hP@WHK@CB
[]UaFIU�MP@WhPT�FIJIVWT�B_p_=r>m@CB0�KlYHKJLB$ZfMA`�HKMPZ|FLJLB$H_>�B�VW`�BGlYMP>�MPZf��H_MP`kxGFLVWT�B$^KMAH_>�B�T�hP@WHK@CB
[]UaFIU�MP@WhPT�FIJIVWT�B
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I luz
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Iluz
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`bMPJfUYZIUYZkM/�qt�MPJfVN`bMP>cFLUYZ�T�H_RYUYZ�JIM�ZIHK@�FdBa^KUaZ�tKJIVW>KTPVWt�Ba@WMPZb`bUYZfFIJLBa`bUYZkBnT�UY>XFIVN>XH�B �
T�VNyY>\p
��BGZ3UYiKZfMPJfo�BaTPVWUY>KM�Z�M/�qt�MPJfVN`bMP>XFLBa@NM�Z3iKxaZIVWT�BaZ3ZfUY>\e
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fe
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Iluz
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νluz
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JLBmT�Ba^�Bm`�BGFIMPJfVCBa@ 
][]JfMPT�HKMP>_TPVCB�^KMkT�UYJfFIM

νc � R�M�ZLBm[]JIMPT�HKMP>_TPVNBv^_M�T�UYJfFIMkMPZVN>K^KM�t�MP>K^_VNMP>cFLM$^KM$@NB�VW>XFIMP>KZfVN^�Ba^�^_M$@CB�@NHKO��XHKM$VN>KT�VN^�B�ZfUYiKJIM$@NB�T�hP@WHK@CBk[]U �
FLU�MP@WhPT/FLJIVWT�B_pK=rZfFIUkZfM `�HKM�ZfFLJIB�MP>mMP@5tKBa>KM�@&i � ^KMA@CB�lYJLB���T�B�Ba>XFIMPJfVNUYJ�p

¡ �



I fe
I fe

I fe

Iluz
Vs

Vs
νc

νc

Iluz
’

Iluz
’

Iluz
’’

Iluz
’’

ν

V ν

(a) (b)

(c) (d)

"-H�Ba>K^KUEZIM4`kVW^KM �
fe
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V
ZIM4UYiKZfMPJfo�BE�XHKM-Q�B�R T�UYJIJfVNMP>cFLM

VN>KT�@NHKZfU�TPUY>
V = 0

pK=rZIU$ZIVNla>KVW��TPB0�XHKM @WUYZ-MP@WMPT/FLJIUa>KMPZ2�XHKM ZfM MP`bVWFIMP>�^KM�ZI^KM
" t�UaJwM/[]MPT/FLUk[]UaFIU�MP@WhPT�FIJIVWTPUb>_U�ZfUY>
BaJIJIBa>KTPBa^KUYZ�MP>vJfMPt�UYZfU�ZIVW>KUk�XHKM9@N@NM/oGBa>
HK>�BkTPVWMPJfFLBbMP>KM�JIlYuNBkT�VN>Kh/FLVWT�Bb�XHKM0@WMPZwt�M�JI`bVWFLMA@N@WMPlcBaJ3B � VN>KT�@NHKZfUkTPUY>

V =
0
p5�3^_MP`kxaZPg5ZIMbUYiKZIM�JfoGBmTPUYJfJIVWMP>XFIM$[]UaFLU�M�@NhPT/FLJfVNT�B�VN>KT�@NHKZfUmt�UY>KVWMP>K^_U

V < 0Q�BaZfFLB���H_M
V
FLUa`�BkHK>�o�Ba@NUaJ
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g�^KMP>KUa`kVW>�Ba^KU�t�UaFLM�>KTPVNBa@7^_M�[]JfMP>�Ba^_UKg�t�UYJ
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>KU
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Vs

MPZ
HK>�B0`bMP^_VN^�B ^KME@NB MP>KM�JIlYuNB9T�VN>Kh/FLVNTPB9`kx��qVW`�BA^_ME@NUYZ}MP@WMPT/FLJIUa>KMPZ(BaJfJLBa>KTPBa^KUaZ
t�UaJ�M/[]MPT�FIU�[]UaFIU�MP@WhPT/FLJIVWTPUKe
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[]JIMPT�HKMP>_TPVCBqpc=r@KtKBa>KMP@_T � ^KM2@NBElYJLxG�KT�B Ba>cFLM�JIVNUaJ7`�HKMPZ|FLJLB�M�ZI�XHKMP`kxGFIVNT�BG`kM�>XFIM@NU�UaiKZIM�JfoGBG^KUKp
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t�UaJ?MP>_TPVN`kB ^KM3@CB�[]JfMPT�HKMP>KT�VCBA^KM�T�UYJfFIM � gcM�Z}VN>_`kM�^KVCBGFLB B @CB VW@NHK`bV�>�BaT�VWyY>$^_MP@`�BGFIMPJfVCBa@}[]UaFLUaZIMP>_ZIVNi_@NMGg*VN>K^KM�t�MP>K^_VNMP>cFLM�`kM�>XFIMm^KM�@CB
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��U�^KU�MP@*JLBaO�UY>�Ba`bVNM�>XFIU<ZIM�i�BaZIB�M�>��XHKM�MP>�@NB�FIMPUYJfuCB�UY>_^KHK@CB�FLUYJfVCB�^KM$@CB�@NHKOGg
h�ZfFdBAMPZ}HK>KB UY>_^�BAMP@WMPT/FLJIUa`�Bala>Kh�FIVNT�BqpY��B UY>K^�B = 
 @N@WMPlYB Ba@�`bM�FLBa@KMP> "sR�ZfUY`bM�FLM
B�@WUYZ3M�@NM�T�FLJfUY>KM�Zw�XHKM M�ZfFdxG>v`kxaZ2TPMPJfT�Bb^KM @NB$ZIHKt�M�Jf��T�VNM9B�HK>�T�BG`kt�U�MP@Nh�T�FIJIVNT�U ~E�XHKM0FLVWJLBk^KM�@WUYZwMP@NM�T�FIJIUY>KM�Z�TPUY>
HK>�B�[]H_MPJIOPB��XHKM�MPZ
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FLM�`bMP>XFIMblaJLBa>K^_Mb@WUYZABaJfJLBa>KTPB�^KM�@?`bM�FdBG@ p �qM�l��K>�QKM�`kUaZAo�VWZfFLUmBaJIJfVNi�B_g\BaH_`kM�>XFdBGJ
@NB�VW>XFIMP>KZfVN^�Ba^�^KM�@CB @NH_OmZIVNla>KVW��TPB�BaHK`bMP>cFdBaJb@NB�Ba`kt_@NV�FIHK^�^KM�@NB UY>K^�B�MP@WMPT/FLJIU �
`kBalY>Kh/FLVWT�B 
 JfMPT�UYJI^�BGJ��XHKM$@NB�VW>XFIMP>KZfVN^�Ba^
^KM�@NB�Ua>K^�B<= 
 MPJLB�tKJIUYt�UaJITPVWUY>�BG@7B�@CB
Ba`btK@WV�FLHK^k^KMP@�TPBa`bt�U�M�@Nh�T�FIJIVNT�U$Ba@�TPHKBa^KJLBG^KU � R�BaHK`bMP>cFdBaJ4@CB0Ba`btK@NV�FIHK^�^KM�@NB0Ua> �^�Bk= 
 ZIVNla>KVW��TPB�FIVNJLBGJ3^KM9@NUYZ�M�@NM�T�FLJfUY>KM�ZETPUY>v`kxaZ3[]HKM�JIO�Bqp�"4UY>
M�ZfFLU�tKJfMPZIM�>XFIM�ZIM
tKH_MP^KM9M�>XFIMP>K^KM�JPg�Ba@5`bM�>KUYZ�T�H�Ba@WVWFLBGFLV�o�Ba`bM�>XFIMagK@CB$tKJfVN`bMPJIB$UYiKZfMPJ|oGBaTPVWyY>vBa>cFLM�JIVNUaJPp
�wHK`kM�>XFLBaJA@CB<VW>XFLM�>KZIVW^�Ba^�^_Mb@CB<@NH_O�VN`btK@WVWTPB_g�ZIM�l��K>�@NU��XHKM�BGT�BaiKBa`kUaZA^KMb^KM�TPVWJPg
BaH_`kM�>XFdBGJ(@CB0[]H_MPJIOPB�T�UY>�@CB��XHKMA@NB�UY>_^�B�= 
 FLVNJIB�^_MA@WUYZ(MP@WMPT/FLJIUY>_MPZ3^KM�@\`kM/FdBa@�Rag
t�UYJ5FdBG>XFLU_gS^KM�i�M-BaJIJIBa>KTPBaJ&`�xGZ&MP@WMPT/FLJIUa>KMPZ�p �qVW> MP`�i�BGJIlYUKg�MP@c`kVWZI`bU2JLBaO�UY>�Ba`bVNM�>XFIU
Q�BGTPMwVW>KM/�qtK@WVNTPBaiK@WMPZr@NUYZ?tKH_>XFIUYZ ' g ( g % R � BG>XFLM�JIVWUYJIM�ZPp ��UYJ}M�&fM�`btK@NUKgY@CB M/�qVNZ|FLM�>KTPVNB
t�BGJLBkT�Ba^KB�`�BGFIMPJfVCBa@\[]UaFIUYZIM�>KZIVWiK@NM9^_M�H_>�Bk[]JIM�TPHKM�>KTPVNB�^KM0TPUYJ|FLM0t�UYJw^KM�i�B &fU�^KM0@CB
T�H�Ba@r>KUmQKBSR�M�`kVWZIVWyY>�^KM�MP@WMPT/FLJIUa>KMPZA>KUmZIM�tKHKM�^KMbM/�qtK@NVWT�BGJ MP>�MPZfFIMbMPZf��H_MP`kB�RcB
�XHKM�t�UYJ4i�B &IB0�XHKM�ZfM�B�@NB []JfMPTPH_MP>KT�VCB0^KM�@NB9@WHKOEZfVNM�`kt_JIMwtKHKMP^_U�BaHK`bMP>cFdBaJ4@NB []HKM�J �
OPB
T�UY>��XHKM�@CB�Ua>K^�B
= 
 T�UYJIJfMPZIt�Ua>K^KVNM�>XFIM�FLVNJIB�^_M�@NUaZ9MP@WMPT�FIJIUY>_MPZ$BaH_`kM�>XFdBG>K^KU
@NBvBa`btK@WV�FLHK^�^_M�@NB�Ua>K^�B_p ��UYJ9FLBa>XFIUKg�ZIM�MPZIt�M�JLBaJfuCB���H_M<BaHK`bMP>cFdBa>_^KU
`�HKTdQKUv@CB
Ba`btK@WV�FLHK^�^KMP@�T�Ba`bt�U�M�@NhPT/FLJfVNTPU�Q�HKi_VNM�JLBk[]UaFLU�M�`bVNZIVWya>vtKBaJLB�T�H�Ba@N�XHKVWMPJ�[]JIMPT�H�Ba>KT�VCB
^KMb@CB<@NHKO�VN>_TPVN^_MP>cFLMap 	EMkVWlYH�Ba@*`bU�^KUKg\>KU�ZIMkM �qtK@NVWT�B��XHKM
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ZfM�B�VW>K^KM�t�MP>K^KVWMP>cFLM

^KM�@CB�VN>XFIMP>KZfVN^�BG^�^_Mb@NB<@NHKOGp ��VrJIM�TPUYJf^�Ba`bUYZA�XHKM
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MPZfFLBai�BmBaZIU�T�VCBa^KUmB<@CB<M�>KMPJ��
lYuNB�TPVW>Kh�FIVNTPBv^KM�@WUYZ0M�@NM�T�FLJfUY>KM�Z$M�`kV�FLVW^KUYZ t�UYJ "Eg7ZIV(BGHK`kM�>XFLBa`bUYZ9@CB�VN>cFLMP>_ZIVN^KBa^
^KMb@NB�@WHKO�MPZfFLBa`bUYZ9BGHK`kM�>XFLBa>K^KUm@CB�[]HKMPJfO�BmT�UY>�@CB<��H_Mk@CB<UY>K^�Bm= 
 FLVWJLB<^KMb@NUaZ
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