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|wg`·,kny!rly/o/kn¡¤mFrlv¸h¹it­-mFo�q£rlm4v{g º
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¯�g`hjË(knmFo/��Ì��>«¤ilk&g f9Í
º�g`ÎGmpo!rªÏ�rlu¤vBu¤knyFg f9Í
Ç�g`É�q£zBmpo!rlm4vByFg f&f
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ÄGÖ{×!k-o/rªÏ&�>y4g
�nA��&AQPSA/C[�9A/C�ZpK�O�ZpC[�/ZpReKNH4I�IST�Y4�BT�A/C-PSA/I�H4�9Ø¼AQPUT�Ù4H4I/Ú
Û C[ZFK�TN�/ZFRUW4I�K�H-IXA�³ªA/OQPSH4I��GKNZ4I�O/Zp�[IUZFI�Ü-�BAÊ�BRUH9�9�[O�A�C�KNH4IL³ªA�CBD4E¬A/CBH4I�A�KNM/OQPSRUTNO�H4IXEGW4IXRUA�KNA�Ù£ZFC4PUA/I�Ü4�[A
I�A��BRUA/ISA�C-PUZFC,A/CbKNH4I�O�T�RÝOQ�[T´PUH4I�A�KNM/OQPSRUTNO�H4I }
~ HFCBH9OQA/RUW4IXK�ZFI�KNA��4A/I����[RSTNC[OQTN�BTNH4I�A/K�M!O�PSRUT�OQH4I�³ª�BC>�BZpEGA�C-PÝZpKNA/I }
~ HFCBH9OQA/RUW4IXK�ZFI�E�ZFYFCBT�PS�[�BA/I�A�KNM/OQPSRUTNO/ZFIe³ª�BC>�BZpEGA�C-PÝZpKNA/I��,IS�[I��BC[TN�BZ4�9A/I��BAjEGA!�9TN�[Z }
V¤H9�9RÝWFIjZp�[K�T�O�ZFRÊK�ZFIjK�A/�FA!IÊ��PUA�HFRUA�E�Z4IÊA/K�M!O�PSRUT�OQH4I¹A�KNA�EGA/C4PÝZpKNA/I¹�[ZpRÝZ�A/K�ZpC[WFK�T�I�T�Ij�9A¬O�T�RÝOQ�[T´PUH4IjA�KNM/OQÞ
PSRUTNO�H4I }
² A/�>A/RUW4ILTNC4PUA�RU�BRUAQPUZFRLKNH4I�RSA!I��BK�PUZ4�9H4IX�9A¹KNH4I�O�WFKNO��BK�H-I�PUA�DFRUT�OQH4IL�G�BAÊK�ZFI�E¬A!�9T��BZFIX�BRUW4O�PUTNO/ZFILRUA/ZFK�TN�/ZpÞ
�BZFI/ß9RSA/KNZ4OQTNHFC[ZFC[�9H�K�H-I�AQ³ªA/OQPSH-I�Ü4�[A�I�A��BRUH9�9�[OQA/CbO�HFCbKNZ4I�O�ZF�[ISZ4I�Ü4�[A�K�H-I�HFRUT�Y4T�C[ZFC }
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à�á âäã d�cXå�æ2aQc�a�_`ç�_ âäè åwé�åwa�c�ç á

ê�ë�êLë ì�í2îBïXíñð¢ò¼ó�ô&õ9î[öSô�í�ë
÷wHn�BH4I�KNH4ILO��BA�RU�&H4I�A!I¼PÝWpC¬³ªHFRUE�ZF�9H-I��>H4RLEGHFKNM/O��BKNZ4I��¬A/I�PUZFIXZ�I��GÙ4A����&HFRXWpPSH4E¬H-I }4� H4IXW£PSH4EGH4I2A/I�PUWFC

³ªHFRUE�ZF�9H-IÊ�&HFR��BC>Z`ZFYFRU�B�[ZFO�T�D4C¸�9A��9TNÙFA/RUIUZFIÊ�[ZpRSP � OQ�BK�ZFI/ß{�9T�I��B�[A/I�PUZFIjA/C¸A�K�Cnø[O�K�A/H`�¢A/C�K�ZbOQHFRSPSA/�/Z`Ü4�[A
KNA/I��BZFC�O/ZpRÝZFOQPSA�R � I¼PUTNO/ZFI��BRSH4�BT�ZFI } J�I¼PÝZFI��[ZFR�P � O��BKNZ4I�I�H4C�Ú
?F} h¹itk-mFo�q£�&¡wkny } J�I¼PÝWpC�A�C�K�Z¬O�HFRSPSA/�/Z���PSTNA�C[A�C¢O�ZFRSY-Z�A�KNM/OQPSRUTNO/Z¬CBA�Y-Z£PSTNÙ£Z }
\ } É�qs�>o/�&¡¤k-y } JXI�PUWFCbA/C`A/K�Cnø[OQKNA�HG��PUT�A/CBA�C¢O/ZpRUY4Z�A�KNM/O�PURST�O�Z¬�&H4IST´PUT�Ù£Z }
�B}Òù k-«wo/�&¡¤k-y } JXI�PUWpC�A/C`A/K�Cnø[OQKNA�HG��CBHGPUT�A/CBA�C¢O/ZpRUY4Z�A/K�M!O�PUTNO/Z }

JLK�CnøBEGA�RUH��9AGA�KNA/O�PURSH4CBA/Ij���9AG�BRUHpPUHFCBA!I�Ü4�[A�ú[Zs�¢A/C��[C5WpPSHFEGHbA/IjA�K�EGT�I�EGH>ß{��OQHFEGHbA�K�Ù£ZpKNHFR��9A¬K�Z
O�ZFRSY-Z��&H4IST�PSTNÙsZ��BA�K�H-I��BRUHpPSH4CBA/I�A!I�AQûBZ4O�PUZFEGA�C-PSA�TNYF�[ZFK�Z¬KNZGCBA/Y4ZpPSTNÙsZG�9A�K�H-I�A�KNA/O�PURSH4CBA/I/ß9A�K¤OQH4C£Ø¼�BC-PSHGA/I
A�KNA/OQPSRUTNO/ZpEGA�C-PUAsüÊCBA��BPSRUH } JXI�PSA�A!Ü-�BT�KNTN�BRSTNH��9A�O/ZpRUY4ZFI�ISA��B�BA/�BA�ÙFA/R�ZpK�PSA�RÝZF�BH��&HFR�K�Z¬�>M/RU�BTN�BZGH�Y-ZpC[ZFC[OQT�Z
�9A�A/K�A!O�PSRUHFC[A/I¤�>H4R�K�H�Ü-�BA�ISA�OQHFCnÙ4A�RSPSTNR � Z�A/C��BCGTNDFC¬�>H-I�T�PSTNÙFH�ýl�>M/RU�9T��BZ��9A�A/K�A!O�PSRUHFC[A/IÝþ�H��BCGTNDFC¬CBA�Y-Z£PSTNÙFH-ÿ
ýªY-ZpC[ZFC[OQT�Z¬�9A�A�KNA/OQPSRUHFCBA!IUþ }

�nA�ZF�9H4�9PSD5OQH4E¬H��BCBT��BZF�#�9A�O�ZpRUY4Z�A�K�OQ�BKNHFE��BTNH¸�&HFR�I�A/R�A/K�A�KNA/O�PURSD4C��BC[Z��BCBT��BZ4��AQûBO�A/IST�Ù£ZpEGA/C4PUA
�&A/Ü-�BA��>ZBÚ ? OQ�[K�H4E��BTNH�� � ß�\ �[?�}�? ¾ ?!½ �[CBTN�[ZF�9A!I�C[Z£PU�BRÝZpKNA/I��9A�O�ZFRSY-Z�HGA�KNA/OQPSRUHFCBA!I }

JLC-PSRUA¸O��BA�RU�>H-I�O�ZFRSY-ZF�9H-IGA�KNM/OQPSRUTNO/ZpEGA�C-PSA4ßL�xI�T�PS�[Z4�9H4I,�BRUDsûnTNE�ZpCBA/C-PSAFßLZF�[ZpRUA/O�A�Cx�BC[Z4I�³ª�BA/RS�!ZFI��BA
Z£PURUZ4O�O�T�D4C,HGRSA/�B�BK�I�TNDFC }>~ ZpRUY4ZFIe�9A/K�EGTNISEGHGISTNYFCBH�ISAjRUA��&A�KNA�C��,�BA�I�TNYFCBHG�9T�³ªA�RUA�C-PSA�ISA�Z£PURUZFA�C }

�����
	���
�	�������
��
������	��������
������
�� �
!��"��!�#���$&%
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ÁXv#Ë «wk-q�9FvÃuwk vBo�q£vBmFm4r;:&¡��Ãqsk- 2«wity/r(:>¡$k�×/k-q£mFrtuwv#kn¡�o�q£k�u¤�>ybmFv9q£©&vBy� 2«w¡�o!«wvBitkny=<�Â8<
>�?�kny

u¤rªq£knmpo/v[��¡wk-o!k¸ ¤q£�[ X�>q£mFrt�>¡¤vBi�vBiÊ wq£��u¤«¤mpo/�Ãu¤k5itvBy,m4v9q£©>v[ybk�rt¡�Ï>k-q£y/vB�*k-¡�o!k¸ ¤q£�[ ��[q£mFrt�>¡¤vBi�v[i
mF«¤vBuwq£vBuw�*uwk�itvByGuwrty�o!vB¡¤mFrlv[yA@�BDC+E{«¤k�itvByGy/k- 2v9q£v{g

JXI�PUZ¬KNA��`Ü-�BA!�BZ¬RSA/�BRUA/ISA�C-PUZ4�BZ�A/CbK�ZGI�TNYF�[T�A/C4PUA�AQû9�BRUA/IST�D4C�Ú

F = K
q.q1

d2

ý ? þ
�9H4C[�9AFÚ
F � ~ HFC>I¼PÝZpC-PSA��9AÊ�BRSH4�>H4RUO�T�H4C[ZpKNT��BZ¹Ü-�BAÊA/I�PUW�RUA�K�ZFOQTNHFC>ZF�BZ�OQH4C�KNZ�O�HFC[I�PUZFC-PSA��9TNA�KNM/OQPSRUTNO/Z��9A�K>E¬A!�9TNH
Ü4�[A��9A/�>A/C[�9A�C5�9A¬KNZ4IÊ�BC[TN�BZ4�9A/I¹A�C�Ü4�[A¬ISA�A�ûn�[RSA!I�A/C�KNZ4IÊ�9T�³ªA�RUA�C-PUA/IjE�ZpYFC[T´PU�[�9A/I } �nT2A�K¤E¬A!�9TNH,A/I
A�K{Ù£ZFO � HG�,ISA��9PSTNKNT��!Z�A/Kw�nT�I¼PUA�E�Z ¶ C-PSA�RUC[Z4OQTNHFC[ZFK2ýtÔAG��BþQßBA�K�Ù£ZFK�H4R��BAHG¨A/I/Ú

K0 = 8, 988,109
N.m2

C2

ýt\4þ
I �[ZpRÝZ¬HpPSRUH¬E¬A!�9TNHGÜ-�BA�C[HGISA/Z¬A/K�Ù£ZFO � H[Ú

K =
K0

ε

N.m2

C2

ý � þ
�9HFC[�BA

ε
A!I�KNZ¬�&A�RUE¬T�PSTNÙnTN�[ZF�bRSA/KNZpPSTNÙ£Z�H�O�HFC[I�PUZFC4PUAj�BT�A/K�M!O�PSRUT�O�Z }

J5K�L�MONQP&ROS(TVUOTVTWLXTWY[Z\S;]XYW]XU�^_UH`OS(N5a�]XTWMOT&UOTVLb^c`�^_Lb^_ROS(^edQ]XT5df^eTWLXTWY[Z\S;gQM�h�ikjOTVl(]XdQMO] m�Y5^on_PpR�^_SWhOq�^eikj�TVrsjOTVTWMtLb^e^_M�Z(]XdQj�^
u S;T5YW]b^pq0TWMvTWl(Z(TDZ(]X`�NpUOTwPo^xZ\TWS;]b^_LXTWlyhOU�NQMOUOTVl\TwUOTWl(Y5j�ROS(]XTWS;NQMtTWl(Z\^pl\TWS;]XTwUOTwrzTWMOgQPeTWMONQl5{|x} LXNQl~]XNQMOTWl�MOTWdf^xZ\] afNQl�l\TwLXTWl�LXLb^_Po^0�O���(�������pq0^pLXNQl�`�NQl\] Z(] afNQl&�x�����(�������
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�����9T�I�PUZpC>OQT�Z¬Ü-�BA�ISA��[ZFRUZ�K�ZFI�O�ZFRSY-ZFI
q
�

q1

}

ê�ë(��ë ��î[ö5�¹ô{öW�¹ö51�.o*��c30�t*�î��t14�nöSô{öW�4��ë
�nT¤A�C�KN�BY-ZpR��9A�PUA�CBA/Rj�9H-I¹O/ZpRUY4Z4I��B�BC-PS�>ZpKNA/IjI�A�PSTNA�CBA/C�E�WFI/ß>K�Z�³ª�BA/RS�!Z�RUA/IS�BK�PUZpC-PUA�Ü-�BA¬Z4O�PUø[Z�ISHF�BRUA

�BC[Z¬�9AjKNZ4I�O�ZpRUY4Z4ILA!I�K�Z�IS�BE�Z�ÙFA/OQPSH4RST�ZpK��9A�O�ZF�[Z��BC[Z¬�9AjKNZ4I�³ª�BA�RU�/Z4I�Ü-�BAjA¼Ø¼A/RUO�A�C`ISHF�[RSA¹A�KNKNZ�A�K�RUA/I�PSH��BA
K�ZFI�O�ZFRSY-ZFI/Ú

ê�ë��Êë ì�íw6��t1 ð¢ò¼ó�ô&õ9î[öSô�1�ë
�nA��9A��[CBA�O�ZFEG�>HGA�KNM/OQPSRUTNO�H�OQRUA/ZF�BH��&HFR��BC>Z¬O/ZpRUY4Z��B�BC-PS�>ZpK�O�HFEGH[Ú

ÁXv�9F�&¡wv*uwkniÊkny/ ¤v[mFrl��?Xu¤�>¡¤u¤k�y!k��*vB¡wr;�¤kny/o/vB¡$il�&y,knË knmpo/�&y,u¤k�v9o�q£vBm4mFr(:>¡��#qsk- 2«wity/r(:>¡$y/�>Ö¤qsk
�>o�q£vBy�mFvBqs©&vBy4g JLK�Ù£ZFK�H4R��BA�K�O/ZpEG�>HGA/K�M!O�PSRUT�OQH�OQRUA/Z4�9H��&HFR��[C[ZGO�ZpRUY4Z¬ZpT�ISKNZ4�BZ��£ß9ÙnTNA�CBA��BAf�[CBT��9HG�&HFR�K�Z
TNC4PUA�C[IST��BZF�`�9AjO/ZpEG�&H�A�KNM/OQPSRUTNO�H`ý −→

E
þQßnA�C-PSA/C[�9TNA�C[�9H¬A/I�PSA�OQH4EGH�A�K{O�HnO�T�A/C-PSA¹�BAj�9TNÙnTN�BT�R�K�Z�³ª�BA/RS�!Z�A�Ø¼A�RÝOQT��BZ

ISHF�BRUA��BC[Z�O/ZpRUY4Z��9A��[RS�BA/�[Z
q1

OQH4K�H9O/ZF�BZjA�C��[C��B�BC-PSH��9A�K>A/IS�[ZFO�T�H��¬A�K>ÙsZFK�H4RX�9AÊ�BTNOÝú[Z�O/ZpRUY4Z��9AÊ�BRS�[A��[Z[ß
A/I��BA/OQTNR!ß9KNZ¬³ª�BA/RS�!Z¬�>H4R�KNZ¬�BCBT��BZ4�b�BA�O/ZpRUY4Z

−→

E =

−→

F

q1

ý � þ

PSA/CBTNA�C[�9HGA/C�O��BA�C-PÝZ�K�Z¬K�A/�`�9A ~ H4�BK�H4E��bA�K�EGD9�9�BKNH��9A −→
E
Ù£ZpKNA�Ú

E =
K q.q1

d2

q1

= K
q

d2
=

1

4Πεa

q

d2

ý � þ

� Z¸�BCBT��BZF�#�9AbE¬A!�9T��BZ��BA`K�Z�TNC-PSA�C>I�T��BZF�#�9A�O�ZpEG�&H�A/K�M!O�PURST�OQH�A�C*A/K�I�T�I¼PUA�E�Z�TNC-PSA/RSC[Z4OQTNHFC[ZFKtßwA/I¬A�K
CBAk��PSHFC��£OQ�[K�H4E��BTNH }

� Z`�9TNRSA!O�OQTNDFC5�9A�KLO/ZpEG�&H`A/K�M!O�PSRUT�OQH,A!I�KNZ`EGTNISE�Z`Ü-�BA�PSTNA�C[A¬K�Z,³ª�BA�RU�/Z`A¼Ø¼A/RUO�TN�BZbISHF�BRUA��BC>ZbO/ZpRUY4Z��BA
�BRU�BA��>Z��&H4IST´PUT�Ù£Z¬OQHFKNH9O�Z4�BZ�A�C`�BC,�[�BC-PSH��BA�K�A/IS�[ZFO�T�H���A�K�I�A/C-PST��9H¬�BA��&A�C[�9A/RUW��9A�K{IST�Y4CBH��BA/O�ZFRSY-Z��Q�2I�T&A/I
�&H4IST´PUT�Ù£ZGI�A�ZFK�A�Ø�ZG�9A�KNZ�O/ZpRUY4Z��bI�T{A!I�CBA�Y-Z£PUT�Ù£Z¬Ù£Z�ú>ZFOQT�Z¬A�KNKNZ }
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ê�ë(§�ë )©¨5�o*�íD��.o*8ªo30*�î�«{í�ë
J�û9T�I¼PUA�C��BC>ZFI¹K � CBA/Z4I��[ZFRUZ�RSA/�BRSA!I�A/C-PUZpR�K�Z,�BT�RUA/O/OQTNDFC¢�¢I�A/C-PST��9H,�9A/K¤O/ZpEG�>H`A�KNM/OQPSRUTNO�H,Ü-�BA�ISA�KNKNZFE�ZpC

K � CBA!ZFI��9A�³ª�[A�RU�/Z }
JLK&CnøBEGA�RUH��9A�K � CBA!ZFI��9A�³ª�BA/RS�!Z�Ü-�BA¹ZpPSRÝZsÙ-TNA/IUZj�BC[Z�IS�B�&A�Ry�>OQTNA��&A�RU�>A/C[�9T�OQ�BK�ZpReZ�A�KNK�Z�ÙnT�A/CBAÊ�BZ4�9H��&HFR!Ú

N = ε0.E.A I �BHFC[�9A+¬ A/I�A�K�WpRUA/Z¬�9A�K�ZGI��B�&A�Ry�>O�T�A�Ü-�BA�Z£PURUZsÙnTNA/IUZpC��®­ñA�K�O�ZFEG�>HGA�KNM/OQPSRUTNO�H }
¯f°k]�TWL�Y5^_Pe`�NpTWLX±WY[Z\S;]XYWNeTWl(Z\npdQTWMOTWS\^_UONe`�NQS�UO] afTWS;l�^_l~Yy^_S;df^_l�`�jOM�Z(j�^_LXTWl~l\] Z(j�^_U�^_l�^pUO] rsT5S;TWM�Z(TWl�U�]Xl(Z\^_MOYW]b^_lyhOY5^_U�^cj�M�^&UOT

Lb^_l-Y5^_S(df^_l~T�²(TWS;YWT5S(npjOMO^&rzj�T5S;³5^&UO] rsTWS(TWMfZ\TwTWM0TWL�`Oj�M�Z(NOh�l\]XTWMOU�N&Lb^VrzjOTWS;³5^&S;T5l(jOL Z\^_M�Z(TVLb^4l(jOPo^DafT5Y[Z(NQS(]b^_L�UOT�Z(NkU�^_l~TWLXLb^_l�qeLb^
]XMfZ\TWMOl(]XU�^_UvUOTwY5^_Pe`�NO´

E =
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q

d2
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ê�ë(µ�ë �=1�õ�*~�¹ô{ö¼í�ò�ð¢ò�ó�ô&õ9î[ö�ô�1�ë
JXIwA�K4PSRÝZp�[ZpØ¼H�RUA/ZpKNTN�/ZF�BH��[ZpRÝZ��9A!I��BK�Zp�!ZpRw�BC[ZÊO/ZpRUY4Z��9A!IS�BAXA�K-TNC��[CBT�PSHjZpK-�B�BC-PSHjOQHFC>I�T��9A�RÝZF�BH } ÷¤ZpE��BT�M/C

ISA��B�BA!�9A¹�9A��[CBTNR�O�HFEGH�K�Z�A�CBA/RSY � Z��&HpPUA�C[O�TNZFK[�&HFR��BCBT��BZF���BAÊO�ZFRSY-ZBßp�&HFR�K�H�Ü-�BA¹I����[CBTN�[ZF���9A¹E¬A!�9T��BZ�A/I
Ø¼�BKNT�H��£O��BK�H4E��BTNH���RSA!OQTN�>A�A�K�C[HFE��[RSA��BA Ï>�&iªo!rl� }�¶ C�ÙFH4K´PUT�H�A!I�A�K¤�&HpPSA/C[OQT�ZpKwA�C��[C��B�BC-PSH`�9A��BC�O�ZpEG�&H
A�KNM/OQPSRUTNO�H�Ü4�[A�RSA!Ü4�[T�A/RSA��9A��BC¬PSRÝZp�>Z£Ø¼H��9A ? Ø¼�BKNT�H��[ZFRUZjZ£PURUZFA�R2�BC[Z�O/ZpRUY4Zj�9A ? OQ�BKNHFE��BTNH��BA/IU�9A�A�KBTNC��[C[T´PUH
ýª�&HpPUA�C[O�TNZFK�OQA/RSHnþ }

�nA��B�BA/�BA¬�9A��[CBTNR uwrtË(k-q£kn¡wm4rlv�u¤k5 X�>o/kn¡wm4rlv K2A/C4PURSA¬�9H4I¹�B�BC-PUH4I v � Ö OQH4EGH,A�K¤PURUZF�[Z£Ø¼H�RUA/ZFK�TN�/Z4�9H
�[ZFRUZ¬�9A/IS�BK�Zp�!ZpR��BC[Z�O/ZpRUY4Z��BA/IU�9A�A�K{�B�[C4PUH v ZpK Ö } �n���BCBT��BZF�b�9A�EGA/�BTN�BZGA!I�A�K{Ù4HFK�PSTNH }

JLC�A�K�O/ZFISH��9A�Ü4�[A�A�K�O�ZFEG�>H�A!I¼PUM�O�RSA!ZF�9H¬�&HFR��BC[Z�O/ZpRUY4Z��B�BC-PS�[ZFKtß>Ü4�[A/�BZFR � Z��BAf�[CBT��9H��&HFR!Ú
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K�ZFI��BTNI�PUZFC[OQT�ZFI��BA/IU�9A�K�H-I��B�BC-PSH-I�RUA/IS�>A!O�PSTNÙFH-I�ZGKNZ�O/ZpRUY4Z��B�BC-PS�>ZpK }[� ZGA�ûn�[RSA!I�TNDFC��9A�K
�&HpPSA/C[OQT�ZpK{A/C��BC��B�BC-PSH�ISA�R � Z[Ú

V =
1

4Πεa

q
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ý ± þ

·Gá ¸�¹+º¼»½¹ æ�åwç º aQd�^�å ¹ _`d ã ç âäã d�cXå�æ2aQceaQ_`ç�_ á
Û Kn³ªRUHpPÝZpR¤K�H-I�OQ�BA/RS�&H4I/ßsH9OQ�BRURSAeÜ-�BA��BCBH��9A�A�KNK�H-I¤�BT�A/RU�BAeA/K�A!O�PURSH4CBA/Iw��A�K9HFPSRUH¹KNH4I¤Y-ZpC[Z[ß!�&HFR2KNH�Ü4�[A��BC[H

ISA�OQHFCnÙnTNA�RSPSA�A�CG�BCGTNDFCG�>H-I�T�PSTNÙFH���A�K[HFPSRUH�A�CG�BCBH�CBA/Y4ZpPSTNÙFH[ß£Ü-�BA!�BZpC[�BH�ZpE��&H4I�O��BA�RU�&H4I2A�KNA/OQPSRUT��!ZF�9H-I }p� Z
A�C[A�RUY � ZÊÜ-�BA�O�ZF�[ISZ¹A/I�PUZjA/K�A!O�PSRUTs�>O�Z4OQTNDFC�A!I2K�H�Ü-�BA�I�A��9A/CBHFEGTNC[ZÊA/K�A!O�PURST�OQT��BZF��ß£A�C¬A/I�PSA�O�Z4I�H¹KNZjA�KNA/OQPSRUTNO�TN�[ZF�
�&A�RUEGZFCBA/O�A�A�C�RSA/�>H-I�H>ßn�,I�A�K�ZG�9A�C[HFEGT�C>Z knitk-mFo�q£rlm4rlu¤vBuÆkny�o!z9o/rtmFv�¾4g

� Zb�9T�³ªA�RUA�C[O�TNZbÜ-�BA¬AQû9TNI�PSAGA/C4PURSA¬K�Z knilknmFo�q£rlm4rlu¤vBu�k-y/o/zBo/rlm4v �¸KNZ knilknmpo/qsrtmFrtuwvBu�u¤rl¡¤zB��rtmFv A!I�Ü4�[A
A�C�K�Z��9TNC[WpEGT�O�ZGKNH4I�O��BA�RU�>H-I�Ü-�BA�A/I�PUWFC¢Z��9T´³ªA/RSA/C-PSA��&HpPSA/C[OQT�ZpK�A/I�PUWpC��BC[TN�9H-I��&HFR��BC�O��BA�RU�&H�Ü4�[A��B�BA/�BA
�&A�RÝ�9A�R¤��Y4ZpC>ZpRwO�HFC�³lZ4OQTNK�T��BZ4��A�KNA/OQPSRUHFCBA!I�ýlEGZpPSA/RST�ZpKnOQH4C[�9�[OQPSHFR�þ�ß/�[ZFIUZpC>�9H¹�9A�A/I�PUZÊEGZFCBA�RÝZ�KNH4IwA�KNA/OQPSRUHFCBA!I
�9A/K�OQ�BA/RS�&H�Ü-�BA�A/I�PUWpCbA�C�A�û9O�A/ISH¬ZFK�OQ�[A�RU�>HGA�CbA�KwÜ4�[AjA!I¼PÝWpC¢OQH4Cb�BAQ³ªA/OQPSH }

JLKeEGH£Ù-TNEGT�A/C-PSH¸�9A`A�KNA/OQPSRUHFCBA!I�I�A`�BRUHn�B�[OQA�A/C�A�K�ISA�C-PST��9H¸�9A`�>HFPSA/C[OQT�ZpKNA/I�OQRUA/OQTNA�C-PUA/I,ýt�9A,EGA/CBHFR¬Z
E�Zs�FH4Rw�&HpPUA�C[O�TNZFK�þ I A/I��9A!OQTNR/ß£A/C¬ISA�C-PST��9H�HF�[�BA/I�PSH�ZpKBO/ZpEG�>H�Ü-�BA�KNH¹�BRUH9�9�[O�A } V�ZpRÝZ¹Ü-�BA��&HFR��BCGOQH4C[�9�[OQPSH4ROQTNRÝOQ�BKNA��BC[Z�OQH4RSRUT�A/C-PSA��9Ab³ªHFRUEGZ5�&A�RUE�ZpCBA/C4PUA`ú>Z �9A�EGZFC-PSA�C[A�RÝI�A�Zp�BKNT�O�ZF�BH��BCÆO/ZpEG�>H�A/K�M!O�PSRUT�OQH�Ü4�[A
E�ZpC-PSA/CBY4Z�A/IUZ¬�9T´³ªA/RSA/C[OQT�Z¬�9A��>HFPSA�C>OQT�ZpK���A/I�PSHGISA�O�HFC[ISTNYF�BA¹E¬A!�9T�ZpC-PSA��BCBH-I��9TNIS�&H4IST´PUT�Ù4H4I�Ü-�BA¹RUA/O�T��&A�CbA�K
CBH4E��BRUA��9A�YFA�C[A�RÝZF�9H4RSA!I¹ýt�9A�PSA/C[I�TNDFC&þe���B�BA!�9A�C¢ISA�R!Ú

���>qsq£rlkn¡�o/kbmF�&¡�o/rt¡{«wv¿@�mBgNm�C Únú[Z4OQA/C,OQTNRUO��BK�ZpR�Z�K�H-IXA/K�A!O�PURSH4CBA/I�I�TNA�EG�BRUAÊA/C,A�K&EGTNISEGH¬ISA�C-PUTN�9H�Z�KNH
KNZFRSY4H��9A/K�OQH4C[�9�[OQPSHFR }
���>qsq£rlkn¡�o/k¢vBilo/k-q£¡wvÀ@�mBg�v�C ÚBú[Z4OQA/CbÜ-�BA�A�KwI�A/C4PUTN�BHG�BA�K�H-I�A�KNA/O�PURSH4CBA/I�O/ZpE��[T�A��&A�RUT�D9�9T�O�ZFE¬A/C-PSA }

J�û9T�I¼PUA�C¢�9T�³ªA�RUA�C-PSA!Ie³ªHFRUEGZ4I��9A��BRUHn�B�[OQTNR�OQH4RSRUT�A/C-PSAjA�KNM/O�PURST�O�Z[ß9A�C-PSRUA�KNZ4I�Ü-�BA��>H9�9A/E¬H-I��9A!I¼PÝZFO�ZFR/Ú
§¨knuwrtvB¡�o/kbq£knvBmFm4rl�&¡wknyÁE{«wÈt��rlm4vBy Ú�Â�Ã�ÄsÅOÆHÇ�Å�ÈfÉ�ÊËÉ�ÄsÅ�Ì�Í�ÎyÏfÆ } �n�b�BRUT�C[O�T��[T�H��9Aj³ª�BC[O�T�H4C[ZpEGTNA�C-PSHGISA
�[ZFIUZ�A/CGÜ-�BA�OQ�>ZpC[�9H�ISAeIS�BEGA�RUYFA/C��9H-I2EGAQPUZFK�A!I2�9T´³ªA/RSA/C-PSA/I2A/C��[C[Z��9TNISHFKN�[O�T�D4C�Zp�[RSH4�BTNZ4�BZBß!���9T�OÝúBH-I
E¬A�PUZFK�A!IÊISA�OQH4CBA/OQPUZpC�EGA/�BTNZFC4PUA��BC�ú[T�KNH,OQH4C[�9�[OQPSH4R/ß&I�A��[RSH9�9�[O�A�C¢RUA/Z4O�OQTNHFC[A/I�Ü-� � E¬T�O�Z4I�A/C4PURSA�K�H-I
E¬A�PUZFK�A!I���KNZG�9T�ISHFKN�[OQTNDFC�ßBZFK�EGTNISEGH¬PSTNA�EG�>H�Ü-�BA�ISA�YFA/CBA�RÝZ��[C[ZGOQHFRURUT�A/C4PUA¹A/K�M!O�PURST�O�Z }
Î  ¤v9qso!rªq�uwk`���nÏ�rl�*rlkn¡�o/� Ú
Å�ÄbÐ[Ï�ÎQÑ�Å�Ì�Í�ÎyÏfÆ©ÒWÈ�Ó�Å_ÔÁÇËÌ�Ã�Ñ�Å�Ê�ÍOÆÁÒWÈkÓ�ÈWÔjÜ-�BAjI�A¹�[ZFIUZpC�A/C�K�Z�T�C>�9�[O�O�T�D4C
A�KNA/O�PURSH4E�ZpYFC[MQPST�O�Z }
Î  ¤vBq!o!rªq�u¤k#itväil«�9 ÚcÈ_ÕfÄbÉ�ÄzÅOÆ×ÖfÍ�Ð�Í�ØOÍ�ÄbÐ�Å�Ã;È_ÅOÆ�ß��[ZFIUWpC>�9H4ISAGA�C�A/KXAQ³ªA!O�PUH¢³ªHpPUH-A/K�M!O�PURST�OQH I O�HFC[ISTNI�PSA�A/CÜ4�[A�ZpKNYF�BC[H4I�EGA�PUZpKNA/I¹�9A/IS�BRUA�C[�BA�C�A/K�A!O�PSRUHFC[A/I�O��[ZpC[�BH,TNC[OQT��9A�C¸K�H-I�³ªHpPUHFCBA!IÊ�9A�KNZ,K��[��ISHF�BRUA�A�KNKNH4I/ß
�>H4R�K�H�Ü-�BA�I�TwI�A�KNH4I�ú[Z4OQA�OQTNRUO��BK�ZpR��>H4R��BC¢OQH4C[�9�[OQPSHFR�ISA�HF�9PUT�A/CBA�OQH4RSRUTNA�C-PSAjA�KNM/OQPSRUTNO/Z }

Ù °kT�`Oj�T5U�TDYWNQPe`OS(NQRO^_S-Lb^4TWLXTWY[Z\S;]XYW]XU�^_U×TWl;Z�nxZ(]XY5^pYWj�^_MOUONp^_L�i�jO] Z\^_S(l(TDjOMV²(TWS;l\T[qeTWl(Z(TDTWPe] Z(T�jOM�NQl~Y\Ú�^_l\i�jO]XUONQl5h�YWj�^_MOU�Nc^_L
^_YWTWS(Y5^_SwTWL�ROS\^_³WNv^_L
Û-Ü2l\T4T5S;]X³5^_MHLXNQlD`�T5LXNQl�N0YWj�^_M�UON×Z(NkY5^_PeNQlDLb^cY5^_S;S(N�YWTWS(Ýb^vU�TpjOMtYWN�Y�ÚOT&qvl\T4`OS;NkUOj�Y5TpjOM�^oUOTWl\Y5^_S(df^
TWLX±WYWZ(S;]XYy^�{

\ ~eÞ Ô¢V Þ »2÷ Û Ô ¶ J Ñ ÷ Þñ² J � Û J � J ~ ÷�» ¶S~�¶¼² Û ²�} »�H4IUZGÔ�ZpR � Z�ÕÊA�RUC[WpC[�BA���»�ZpEGH-I
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ÉÊ�>qGm4vBilkn¡�o!vB��rlkn¡�o!� Ú�Â
Å�ÎßÐ�Ï�ÎQÊ�ÍkÏ�ÄsÕ_ÈfÐ\ÎQÃ;È_Í£ß9��ISA¹�>ZFIUZ�A�C�Ü-�BA�OQ�[ZFC[�9H�ISA�O�ZpKNTNA�C-PUZ��BC[Z¬I�H4KN�[ZF�9�BRÝZ
�9A��9H4I�EGAQPUZFK�A!I��9T�³ªA�RUA�C-PSA!I�ß¤Zp�[ZFRSA!OQAG�BC[Z��&A/Ü-�BAk�[Z�PUA�C[IST�D4C A�KNM/OQPSRUTNO/ZbÜ-�BA`I�A��[�BA/�9A`Zp�BRUH£ÙFA!OÝú[ZpR
�[ZpRÝZ�Y4A�CBA/RUZFR��`E�ZpC-PSA/CBA�R��BC>Z¬O�HFRURSTNA�C-PUA }
ÉÊ�>q` ¤q£k-y!r;:&¡ Ú�È�ÎQÃàÆ_Ð[Å�ÄwÌ�Ï�È�É
Å�Îyá�Ípß>EGA/�BTNZFC4PUA�K�Z��BTNA���HnA/K�A!O�PSRUT�OQT��BZF�{ß>�BRUHF�BTNA/�BZ4��Ü4�[A��BRUA/ISA�C-PUZFC�ZpK�Þ
YF�BCBH-I�E�Z£PUA�RUTNZFK�A!IÊOQH4EGH�A�K2OQ�[ZFRS�/H[ßB�&HFRjK�Z�Ü-�BA�ISA�Y4A�CBA/RUZFCb�&A/Ü-�BAk�[ZFIÊPSA/C[IST�H4CBA/IÊA�C�K�Z�IS�B�>A/R5�&OQTNA
OQ�[ZFC[�9HGI�A�ISHFEGAQPUA�C�Z¬�BRSA!I�TNDFC }

â�á ã çHä�^baÝå�åb_`d è â ãfæ cLåwæ¤aQceç è/ç åb^`_bç º d�^�åwç ã d è�á
� Z4I�E�ZpY4CBT´PU�[�9A!ILA�KNM/OQPSRUTNO/ZFI¤³ª�BC>�BZpEGA�C-PÝZpKNA/IXÜ-�BA¹O�ZpRÝZFOQPSA/RSTN�/ZFC��BC�O�T�RÝOQ�[T´PUH�A�KNM/OQPSRUTNO�H��¬IS�[ILA/K�A/EGA�C-PSH-I

ISHFC�Ú9K�Z¬T�C-PSA/C[ISTN�BZ4�{ß[�9T�³ªA�RUA�C>OQT�Z¬�BAj�&HpPUA�C[O�TNZFK�H¬PSA/C[I�TNDFCb�,K�Z¬RSA!I�T�PSA/C[ZFO�TNZ }

��ë�êLë ªo30*�î�«{í ð�ò5*�ô&õ9î�146�1�õ9î[ö5«�ë
Õ�A/EGH4IjÙnTNI�PSH�Ü-�BA�OQ�[ZFC[�9H��9H4I�O��BA�RU�>H-I�O�ZpRUY4Z4�9H4IÊA�KNM/OQPSRUTNO/ZpEGA�C-PSAGISA��BC[A�C�EGA/�9T�ZpC-PSA¬�BC�A�KNA�EGA/C4PUH

OQH4C[�9�[OQPSH4R/ß¤I�A��[RSH9�9�[O�A,�BCéè[�£Ø¼H��BA�A�KNA/OQPSRUHFCBA!I��9A!IS�9A`A�KeÜ4�[A�PSTNA�C[A,E�Zs�FH4R�O�ZFRSY-Z�CBA�Y-Z£PSTNÙ£Z¢ZpK�Ü-�BA�K�Z
PSTNA�C[A�E¬A/CBHFR } A/I�PSAvè[�pØ¼H�I�A�E�ZpC-PSTNA�C[A�ú[ZFI�PUZ¬Ü-�BA�A�K�C[T�Ù4A�K��9A�O/ZpRUY4Z��BA�ZpE��&H4I�O��BA�RU�>H-I�I�A�A!Ü4�[T�KNT��[RUZ }

� Z,³ª�BA/RS�!Z,CBA!OQA!ISZFRST�Z��[ZFRUZ,K�KNA�Ù£ZFR�ZbO�ZF�>HbA/I�PSA¬PURUZF�[Z£Ø¼Hb�9A¬PSRÝZpC[IS�>H4R�PUA��9AGA/K�A!O�PSRUHFC[A/Ij�9A/IU�9AGA�K��&HFKNH
�&H4IST´PUT�Ù4H�ZpK�C[A�Y4ZpPSTNÙFHG��ZFI � OQRUA/ZFR�KNZ,�9T´³ªA/RSA/C[OQT�Z��9A¬O�ZpRUY4Z4IeA/I�KNH,Ü-�BA�ISA�O�HFCBH9OQA�O�HFEGH Ë «wk-q�9Fv*k-itknmpo�q£�
ê
���>o�q£r;9 ýªJñH�³ } A } E�þ���ISA,EGT��9AbA�C�Ù4HFK�PSTNH4I }w� Z¢³ª�BA�RU�/Z¸A�KNA/O�PURSH4EGHpPSRUTN��A/I�KNZ¸A�C[O/ZpRUY4ZF�[Z¢�9A`O�RSA!ZpR��BC>Z
�9T�³ªA�RUA�C[O�TNZ¸�9A,�&HpPUA�C[O�TNZFK�H¢PUA�C[ISTNDFC�A/K�M!O�PSRUT�O�Z¢A/C4PURSA,K�H-I�O��BA�RU�>H-I�ß¤�9A�³ªH4RSE�Z�Ü-�BA`OQ�[ZFC4PUH¸E�Zs�FH4R�I�A!Z¢K�Z
³ª�BA/RS�!Z�A/K�A!O�PURSH4E¬HFPSRUT��jE�Zs�FH4R�ISA�RÝW�KNZG�9T�³ªA�RUA�C[O�TNZG�9A��&HpPUA�C[O�T�K�ZGOQRUA/Z4�BZ }

��ë('�ë ëäö5ì_*�î�*~�¹ô{ö¼í�.0*¦�=1�õ�*~�¹ô{ö¼í�òQë
� Z��9T´³ªA/RSA/C[OQT�Z��BA¹�&HpPUA�C[O�TNZFK¤ýt� } � } �>þQßnÙFHFK�PUZpØ¼A�H�PUA�C[ISTNDFC�A/K�M!O�PSRUT�O�Z�A!IXK�Z��BT´³ªA/RSA/C[OQT�Z��9AjCBTNÙFA�K��9AjO�ZpRUY4Z4I

Ü-�BA�OQRUA/Z¬K�Z�³ª�[A�RU�/Z¬A�KNA/OQPSRUHFEGHpPURSTN�j�BA�K�Y4A�CBA/RUZ4�9HFR } �9A�E¬T��9A�A/C`Ù4HFK�PSTNH4I }
�nA��9T�OQA�Ü-�BAFßsA�C-PURSA��9H4I¤�B�[C4PUH4I/ß£AQû9T�I¼PUA��BC>Z¹�9T�³ªA�RUA�C>OQT�Z¹�9A��&HpPUA�C[O�TNZFKn�BAe�[C�Ù4HFK�PSTNH¹IST9�[ZpRÝZ�PURUZFC[I��&HFRSPUZFR

�BC[ZGO/ZpRUY4Z¬�9A��BC¢OQ�BKNHFE��BTNH�ú[Zs�`Ü4�[A�RSA!ZpKNT��!ZpRe�BCbPSRÝZp�[ZpØ¼H¬�9A��[C�Ø¼�[K�TNH }
� ZG�9T�³ªA�RUA�C>OQT�Z¬�BA��>HFPSA�C>OQT�ZpK{A�C-PURSA��9H-I��B�BC-PSH-I�A/I�A/K{PSRÝZp�[ZpØ¼H�C[A/OQA!ISZFRSTNH¬�[ZpRÝZ�PURUZFC[IS�>H4R�PÝZpR�KNZ¬�BC[TN�BZ4�

�9A�O�ZFRSY-Z�A�KNM/OQPSRUTNO/Z¹�BA��BC[H�Z¹HpPURSH } �9AeEGT��9AeE¬A!�9T�ZpC-PSA��BC¬ÙFH4K´P � EGAQPURSH } J�I¼PUA�ZF�[ZpRÝZ£PUH�PSTNA�C[A��BH4I¤�>H4RSC[A/I/ß!A/C
KNH4I¤OQ�[ZFK�A!IwISA�O�HFCBA!O�PUZFC��9H-IwISHFC[�[ZFI¤Ü4�[A�ISAe�9A/�>A/C�O�HFCBA!O�PUZFR�A/C��[ZFRUZFK�A/K�H�A/C�KNH4IwAQûnPSRUA�EGH4I¤�9A/KnO�HFEG�&HFCBA/C4PUA
Ü-�BA�Ü-�BA�RUA�EGH4I�EGA!�9T�R!ß9A/IÊ�9A/O�T�R!ß9A�K{�&HFKNHG�>H-I�T�PSTNÙFH�OQH4C`A/K��&H4IST´PUT�Ù4H¬�,A�K�CBA/Y4ZpPSTNÙFHGOQHFCbA�K�CBA�Y-Z£PSTNÙFH }

ù �&�¸Ö¤q£k í�Èl��ÖX�&il� h×E{«¤rªÏBvBitkn¡wm4rlv5k-¡ÃÏ&�>ilo/rl�&y
Ô¢A�Y-ZsÙFHFK�PSTNH Ô®î

1MV = 106VG�T�KNH£ÙFH4K´PUT�H Gßî
1KV = 103VÔ¢T�KNTNÙFHFK�PSTNH E×î
1mV = 10−3VÔ¢TNO�RSH£Ù4HFK�PSTNH

µV 1µV = 10−6Vï®ð�ÄbÐ\Ã Â�ÄsÍ�ÆßÇÁÆQÉ
ñ�Ê©ð�ÄòÐ(Ã Â�ÄsÍOÆ+Ì�Ï�Ä~Ø�Í�ÄòÐ(Ã;Í

��ë(��ë ó��Xõ�*~�×�nö5.�íw.ô.0*ñì21LîBî[ö5*~��õ�*Xë
� Z�TNC-PSA/C[I�T��BZ4� �9A,OQH4RSRUTNA�C-PSA�A/K�M!O�PSRUT�O�Z�A/I�KNZ�E�ZFYFCBT�PS�[� Ü-�BA,CBH4I�T�C[�BTNO/Z¢KNZ¢O/ZpC-PST��BZ4� �9A,O�ZFRSY-Z�Ü4�[A

Z£PURUZsÙnTNA/IUZÊ�[C[Z�ISA/O�O�T�D4C��9A�K&OQHFC>�9�[O�PUHFRLA/C�KNZ��BCBT��BZF���9A�PSTNA�EG�>H } �nAÊE¬T��9A�A/C�ZpEG�&A�RUT�H-I�ý Û þ��¬RSA/�BRSA!I�A/C-PUZ
K�Z�TNC4PUA�C[IST��BZF���BA�OQH4RSRUTNA�C-PSA�Ü-�BA¬OQTNRUO��BK�Z��&HFRÊ�[C�OQH4C[�9�[OQPSH4R¹OQ�>ZpC[�9H`�>H4R¹A!I¼PUA�O�T�RÝOQ�BK�Z��BC>Z,O�ZFRSY-Z��9A¬�BC
OQ�[K�H4E��BTNH�O�ZF�[Z�ISA�Y4�BC[�9H }

I =
Q

t

ý ½ þ
¶ ��TNC-PSA/C[I�T��BZ4�`�9A�O�HFRURSTNA�C-PUA¹A/CbZFE¬�&A�RUTNH4I�ý Û þ
õ ��O/ZpRUY4Z�A�C¢OQ�BKNHFE��BTNH4I�ý ~ þ
PQ��PSTNA�EG�&H�A�C¢I�A/YF�BC>�9H4I�ýlIÝþ

� Ô Ûoö ÑÊ¶ ÷ ¶Ê² J��bJ ��÷�~ ÷�» ¶S~ Û ��@ ¶ÊÑ¹² Û Ô�J Ñ ÷ Û � J�� } »�H4IUZGÔ�ZpR � Z�ÕÊA�RUC[WpC[�BA���»�ZpEGH-I
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í�«wÖ¤�2ø¤iªo/rl ¤it� í�Èl��ÖX�&il� h×E{«¤rªÏBv[ilkn¡wm4rlv5kn¡Ãv[�  Xk-q£rl�&y
Ô¢T�KNT�ZpEG�>A/RSTNH

mA 1mA = 10−3AÔ¢TNO�RSH-ZpEG�&A�RUT�H
ηA 1ηA = 10−6Aï®ð�ÄbÐ\Ã Â�ÄsÍ�ÆßÇÁÆQÉ
ñ�Ê©ð�ÄòÐ(Ã Â�ÄsÍOÆ+Ì�Ï�Ä�Å�ÊoÂ
Ï�ÎQÃ;Í�Ó

� ZGTNC-PSA/C[I�T��BZ4�bISA�EGTN�BA�OQH4CbA/KwZFE¬�&A�R � E¬A�PSRUH[ß9A/KwOQ�>ZpK�ISA�OQH4CBA/OQPUZGA�C�ISA�RUTNA�OQHFC�A/K�A�KNA�EGA�C-PUH��9A�K¤Ü4�[A
Ü-�BA�RÝZpEGH-IeO�HFCBH9O�A�R�KNZ¬TNC-PSA�C>I�T��BZF��Ü-�BA�OQTNRÝOQ�BK�Z¬�>H4R�M�K }

ù á ú d è a è å¤d�^`ceaQç âäãfæ cXå�æ2aQceç á

��ë�êLë ì½1&�Êô�*��Êõ�1û.0*¦üý*~�nö5�4õ�*~�¹ô{ö¼í�ð¢ò¼ó�ô&õ9î[öSô�í�ë
� Z�OQH4RSRUT�A/C-PSAÊA/K�M!O�PURST�O�Z�CBH¬O�T�RÝOQ�[KNZ�T�Y4�[ZpK&�&HFRePSH9�9H-I�KNH4IeE�Z£PUA�RUTNZFK�A!I } JLC`³ª�BC[O�T�D4C`�9A�K�Z��9Ts�>O��BK´PÝZF�`Ü4�[A

�BRUA/ISA�C-PUZFC`KNH4IeE�Z£PUA�RUTNZFK�A!I�ZpK{�[Z4I�HG�9A�K�ZGOQHFRURUT�A/C4PUA¹A/K�M!O�PURST�O�Z[ß9A/I�PSH4I�ISA��B�BA!�9A�C¢OQK�ZFISTs�>O�ZFReA/C�Ú
���&¡¤uw«¤mpo!�[q£kny�þ I�H4C¢K�H-I�E�Z£PUA�RUTNZFK�A!IÊÜ-�BA��&A�RUEGT´PUA�C�A/Kw�>ZFISH,�9A�K�Z�O�HFRURSTNA�C-PSA�A�KNM/O�PURST�O�Z } VLRUA/ISA�C-PÝZpC
�BC[Z¬RSA!I�T�I�PSTNÙ-T��BZ4��E��[�,�[ZpØ�Z }
Î,rly!ilv[¡�o/kny�þ I�H4C�KNH4I¤E�Z£PSA/RST�ZpKNA/I¤Ü-�BAeT�EG�BT��9A�C¬A�Kn�[Z4I�Hj�9AeKNZjOQH4RSRUT�A/C-PSAXA/K�M!O�PURST�O�Z[ß/�-ZÊÜ-�BA�I��[I2WpPSHFEGH-I
RSA�PSTNA�CBA/C K�H-I�A�KNM/OQPSRUHFCBA!I�ßw�>H4R�KNH�Ü-�BA�C[H¸�B�BA!�9A�C#OQTNRUO��BKNZFR�KNT��BRUA�EGA/C4PUA } ÷�T�A/CBA�C*�BC[Z¢RUA/ISTNI�PSTNÙnTN�[ZF�
AQûnPSRÝZpH4RU�9TNC[ZFRST�ZpEGA�C-PUA�A�KNA�Ù£ZF�[Z }
í�kn��rtmF�&¡wu¤«wmFo/�>q£k-y�þ I�H4C�K�H-ILE�Z£PUA�RUTNZFK�A!IXÜ-�BA��[RSA!I�A/C4PÝZpC��BRUHF�[T�A!�BZF�9A!ILTNC-PSA�RUEGA/�9T�ZFILA�C-PSRUAÊKNH4I�OQHFCBÞ
�9�[O�PUHFRUA/Ie�`ZFTNISK�ZpC-PSA!I }9� Z¬RUA/ISTNI�PSTNÙnTN�[ZF�`ÙsZFR � Z�E��[OÝúBH�O�HFCbKNZ�PSA/EG�>A/RUZpPS�BRÝZ }

� Z�RUA/IST�I¼PUA�C[O�TNZbA�KNM/OQPSRUTNO/Z��9A��BC OQH4C[�9�[OQPSH4R�A/I�K�ZbE�ZpYFC[T´PU�[� Ü-�BA�T�C>�9TNO/Z�KNZ�E�Zs�4HFR�H¢EGA�CBH4R��9Ts�>OQ�BK�PUZ4�
Ü-�BA�Hp³ªRUA/O�A¹A!I¼PUAj�>ZpRÝZ��&A�RUEGT´PUT�R�A/K{�[ZFISH¬�BAjK�Z¬OQHFRURUT�A/C4PUA¹A/K�M!O�PURST�O�Z } �9AjRUA��[RSA!I�A/C4PÝZ�EGA/�BTNZFC4PUA�KNZ¬KNAQPSRÝZ¬» �
IS�b�[CBTN�[ZF�`A/I�A�K�HFúBEGTNH�ý

Ω
þ }

ù �&��Öwq£k í�Èt�¸Ö��>it� hvE{«wrlÏBvBilkn¡¤mFrtv�kn¡x�>Å¤��rt�>y
Ô¢A/Y4ZFHFúBEGTNH Ô

Ω
? Ô

Ω = 106ΩG�TNKNH-H4úBEGT�H G
Ω

? G
Ω = 103ΩÔ¢TNKNT�H4úBEGT�H E

Ω
? E

Ω = 10−3ΩÔ¢TNO�RSHnH4úBEGT�H
ηΩ

?
ηΩ = 10−6Ωï®ð�ÄbÐ\Ã Â�ÄsÍ�ÆßÇÁÆQÉ
ñ�Ê©ð�ÄòÐ(Ã Â�ÄsÍOÆ+Ì�Ï�Ä�Í�ÿ�ÊËÃ;Í�Ó

��ë('�ë ì���òSô-3ÊòW1�.o*�ò¼íñî�*~�nö5�4õ�*~�Êô{ö�í .o*830� ô�1��V�0.×3Êô&õ�1Lî�ë
� Z�RSA!I�T�I¼PUA�C[O�TNZ¢Ü-�BA,Hp³ªRUA/OQA,�BC*OQH4C[�9�[OQPSH4R�ZpK��[ZFISH¸�9A,KNZ�O�HFRURSTNA�C-PUA�A�KNM/O�PURST�O�Z¸�9A��&A�C[�BA`�9Ab�9T�Ù4A�RÝI�H-I

³lZFOQPSH4RSA!I�ß9OQH4EGHGISHFC�Ú
ÁXv*it�>¡¤©&rªo/«¤u @¼i\C�þ O��[ZpC-PSHbE�WFI¹KNZFRSY4H,ISA/Z`�BC�O�HFC[�9�>O�PSH4R/ß&E�Zs�FH4R¹ISA�RÝW�K�Z,RUA/ISTNI�PSA/C[OQT�Z,Ü-�BA¬Hp³ªRUA/O�A
ZpK&�[ZFISH��9AjKNZ�OQH4RSRUT�A/C-PSA�A/K�M!O�PSRUT�O�Z } V2HFReK�H�PUZFC4PUH[ß-KNZ�RSA!I�T�I�PSA�C>OQT�Z��9Aj�BC`O�HFC[�9�>O�PSH4RXA!Ie�BT�RUA/OQPUZpEGA/C4PUA
�BRSH4�>H4RUO�T�H4C[ZpK�ZGI���KNHFCBY4T´PU�[� }
ÁXv¢y!k-m4mFr(:>¡ @xí�C�þ OQ�>ZpC-PSH�E�Zs�4HFRLISA/Z�K�Z�ISA/O�O�T�D4C��9A��BC`OQHFC>�9�[O�PUHFR!ßFEGA�C[HFRXISA�RÝW�K�Z�RSA!I�T�I�PSA�C>OQT�Z�Ü4�[A
Hp³ªRUA/OQA�ZpK-�[ZFISHÊ�9A�KNZ¹OQHFRURUT�A/C4PUA } Û I � ßsKNZ�RSA!I�T�I¼PUA�C[O�TNZÊ�9A��[C�OQH4C[�9�[OQPSHFRwA/IwT�CnÙ4A�RÝISZFE¬A/C-PSA��BRUHF�&HFRÝOQTNHFC[ZFK
Z¬IS��I�A!O�OQTNDFC }
ÁXvx¡wvBo/«wqsv[ilk�9FvÆu¤knij�*v9o/k-q£rlvBiju¤k-ißE{«¤k*kny/o/zÃÅwknmsÅw��þ O�Z4�BZ`EGZpPSA/RST�ZpK�HF³ªRSA!OQAG�BC[ZbRUA/ISTNI�PSA/C[OQT�Z
A/IS�>A!O � �>O�Z�ZFK��[ZFISH¸�9AbKNZ�OQH4RSRUT�A/C-PSAFß¤Ü-�BA`�9A/�>A/C[�9A��9A�I���A!I¼PURS�>O�PS�[RUZ�ZpPSD4E¬T�O�Z } J�I¼PÝZ�RUA/ISTNI�PSA/C[OQT�Z
A/IS�>A!O � �>O�Z¬RUA/OQTN�&AjA/K�CBH4E��BRUAj�BA�RSA!I�T�I¼PUT�ÙnT��BZF�

(ρ)
}

R = ρ
l

S

ý Ð þ
JLK�Ù£ZpKNHFRe�9A¹K�Z�RUA/IST�I¼PUT�ÙnT��BZF��ISAÊÙ4A¹Zp³ªA/O�PÝZF�9H��>H4R�KNH4IeZpY4A�C-PSA!I�³ � I�T�OQH-I�Z�K�H-Z�Ü-�BA¹ú[Zs�4Z�IST��9H�ISHFEGAQPUTN�BH�A�K

EGAQPÝZpK��,�BA�KNZ�PSA/EG�>A/RUZpPS�BRÝZ }

� »�J�� ¶ �9÷�J Ñj~�¶ Û J ��÷e~ ÷�» ¶S~ Û } »�H4IUZGÔ�ZpR � Z�ÕÊA�RUC[WpC[�BA���»�ZpEGH-I
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ρ = ρ0(1 + α.∆t)
ý ? ¾4þ

α =
A�K�O�HnAf�>O�T�A/C4PUA��9A�KNZ�PUA�EG�>A/RUZpPS�BRÝZ }

ρ0 =
A�K{Ù£ZpKNHFR��9A�K�Z¬RSA!I�T�I¼PUT�ÙnT��BZF�bZ

00C
}

∆t =
A/K�Zp�BEGA�C-PUHG�BA�PSA�EG�&A�RÝZ£PU�BRUZ¬Ü-�BA�AQû9�&A�RUT�EGA/C4PÝZ¬A�K�OQH4C[�9�[OQPSHFP

∆t = (t2 − t1)V2H9�9A�EGH4I�O/ZpK�OQ�BK�ZpRUAeA�K9Ù£ZpKNHFRL�9A�K�ZjRSA!I�T�I¼PUA�C[O�TNZ¹PURUZ4Iwú>Zp�&A�RLIS�9³ªRST��9H��BC¬TNC[OQRUA�EGA�C-PUH��BA�KNZ¹PSA/EG�>A/RUZpPS�BRÝZ
OQH4C`K�ZGI�TNYF�[T�A/C4PUAj³ªDFRUE��BK�ZBÚ

R = R0(1 + α.∆t)
ý ?4? þ

�Gá � d�� _bd	��
 º á
� Z�K�A/���9A Þ úBE �9T�OQA4Ú � Z�TNC-PSA/C[I�T��BZ4���9A`O�HFRURSTNA�C-PUA,Ü-�BA`O�T�RÝOQ�BK�Z��&HFR¬�BC*O�HFC[�B�[O�PUHFR¬A�C��BCÃOQTNRUO��BT�Þ

PSH5OQA/RSRÝZF�9H¢A!I��BT�RUA/OQPUZpEGA/C4PUA��BRUHF�&HFRÝOQTNHFC[ZFKXZ�K�Z¢PUA�C[ISTNDFC*ZF�BK�T�O�Z4�BZ¢A`T�CnÙFA/RUIUZpEGA/C4PUA��BRUHF�&HFRÝOQTNHFC[ZFKXZ¢K�Z
RUA/ISTNI�PSA/C[OQT�Z��BA�K�O�HFC[�9�>O�PSH4R
� }

I =
V

R
(Amperios)

ý ? \Fþ
Û �[ZpRSPSTNR��9A�A!I¼PÝZ�KNA��4ßBI�A��[�BA/�9A��9A��[CBTNR�K�Z��[CBTN�[ZF���9A�RSA!I�T�I�PSA�C>OQT�ZBßB�9A/CBHFEGTNC[ZF�BZ¬H4úBEGT�H }
¶ C*HFúBEGTNH�A/I�KNZ�RSA!I�T�I¼PUA�C[O�TNZ¸�9A,�BC#OQHFC>�9�[O�PUHFR��>H4R�A�K�Ü-�BA`O�T�RÝOQ�[KNZ¢�[C[Z¸O�HFRURSTNA�C-PSA��BA,�BC*ZFEG�>A/RSTNH

OQ�>ZpC[�9HGA/C4PURSA�IS�[I�AQûnPURSA/E¬H-I�I�A�A!I¼PÝZp�BKNA/O�Aj�[C[ZG�9T´³ªA/RSA/C[OQT�ZG�9A��&HpPSA/C[OQT�ZpK��BA��BC�ÙFHFK�PSTNH }

��á â ^bd�æ�ä���ç���� ¹ åwd�^`ceaQç â ãfæ cLåwæ¤aQceç á
JLC �BC O�T�RÝOQ�BT�PSH¢A/K�M!O�PURST�OQH>ß�KNZ�A/CBA�RUY � Z�I��[E¬TNCBT�I¼PURUZ4�BZb�>H4R�A�K�YFA/CBA�RÝZF�9H4R��BRSH£Ù4H9O�Z`�BC[Z¢�9T�³ªA�RUA�C[O�TNZ¢�BA

�&HpPSA/C[OQT�ZpK�A�C-PSRUA�I��>I��&HFRUCBA/I }&~ HFEGH�O�HFC[ISA/O��BA�C[O�TNZ[ßBI�A��[RSH9�9�[O�A��BC��9A!I��BK�Zp�!ZpEGTNA�C-PSH��9A�K�ZFIÊO�ZpRUY4Z4I�A�KNM/OQÞ
PSRUT�O�ZFI�Z�K�H¬K�ZpRUYFH��BA�K�OQTNRÝOQ�BT�PSH }B~ �>ZpC[�9H¬�BC[ZGO/ZpRUY4Z�ISA��9A/IS�BK�Zp�/Z�A�C-PURSA��9H4Ie�B�[C4PUH4I Û ���ä�9Aj�BC�O�ZFE¬�&H[ß
Ü-�BA�A/I�PUWFC�ZG�9T�I�PSTNC4PUHG�>HFPSA�C>OQT�ZpK(ß[I�A�RUA/ZFK�TN�/Z��BCbPSRÝZp�[ZpØ¼H¬O��B�FHGÙ£ZpKNHFR�A!I�Ú

W = Q.(Va − Vb)
ý ?/� þ

�nT�Ü-�BA/RSA/E¬H-I��9AQPUA�RUEGT�C[ZFR/ß�K�Z5A�CBA/RSY � Z5OQH4C[IS�BEGTN�BZ5�&HFR��[CÃRUA/O�A��9PUHFRGA�Cx�BCÃPUT�A/E¬�&H��9A�PSA�RUEGT�C>ZF�9H>ß
�[Z4I¼PÝZ�OQHFC¬PUA�CBA/RXA�C�O��BA�C-PÝZ�Ü4�[A�KNZ�T�C-PSA/C[ISTN�BZ4�G�9AÊOQH4RSRUTNA�C-PSA��9A/�>A/C[�9A¹�BA�KNZ�O/ZpRUY4Z¹PSRÝZpC>I��&HFRSPUZ4�BZBß

I = Q

t

}
V2HFR�KNH¬PUZpC-PUH¬K�Z¬A�CBA/RSY � Z�A�KNM/OQPSRUTNO/ZGI�A/RUW��£Ú

W = V.I.t
ý ?�� þ

~ HFEGH�ISAj�[�BA/�9A�ZF�BRUA/OQT�ZpR�A/CbK�Z¬AQû9�BRUA/IST�D4Cb�BAjK�ZGA�C[A�RUY � Z�A/K�M!O�PSRUT�O�ZGÜ-�BA�I�A�O�HFC[IS�BEGA�A�C��BC�RSA!OQA/�9PSH4R
H�Ü-�BA�Zp�&HFRSPUZ��BC�YFA�C[A�RÝZF�9H4R/ßn�9A��&A�C>�9A��9A�K�PUT�A/EG�>H>ß[�9Aj³ªHFRUE�Z¬Ü-�BA�O��[ZpC-PSH¬E�Zs�FH4R�ISA/Z�A�K�PUT�A/EG�>H�E�Zs�FH4R
ISA�RÝW�K�ZGA�CBA/RSY � Z }

� Z¬�&HpPUA�C[O�TNZ¬A�KNM/OQPSRUTNO/Z�ýªV�þ�Ü-�BA!�BZG�9Af�[C[TN�BZG�&HFR�K�Z¬AQû9�BRUA/IST�D4C��£Ú

P =
W

t

ý ?!� þ
� Z¬�BC[TN�BZ4�`�BA�E¬A!�9T��BZG�9A�KNZ¬�&HpPUA�C[O�TNZGA/K�M!O�PSRUT�O�Z�A/I�A/K{ÙsZpPSTNH¢ý�� þ }
ù �>��Ö¤q!o!k í�Èl��ÖX�&il� h×E{«¤rªÏBvBitkn¡wm4rlv¸kn¡xÏBv9o!rl�&y
Ô¢A/Y4ZsÙ£Z£PUT�H ���

1MW = 106wG�TNKNH£ÙsZpPSTNH G��
1KW = 103WÔ¢TNK�TNÙ£Z£PSTNH E �
1mW = 10−3WÔ¢TNO�RSH£Ù£ZpPSTNH

ηW 1ηW = 10−6Wï®ð�ÄbÐ\Ã Â�ÄsÍ�ÆßÇÁÆQÉ
ñ�Ê©ð�ÄòÐ(Ã Â�ÄsÍOÆ+Ì�Ï�Ä~Ø�Å�Ð\Ã;Í�Ó
!
V = R.I;R = V

I"
W = I2.R.t #W = V

2

R
.t$

P = V.I;P = V
2

R

� J Ñ JX» ö Ó Û&% V Þ ÷�J Ñj~�¶ Û J ��÷e~ ÷�» ¶S~ Û } »�H4IUZGÔ�ZpR � Z�ÕÊA�RUC[WpC[�BA���»�ZpEGH-I
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