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eDfcgihcgkjklRm�nolqpclorchcgsnogStvuRfcgsmBuxw�u1nogSyzu1{�u|no}�gSpCu|~R�i�cwolRpcfclorc��n|u���nogSlowolB��p���notsn�wolc�
• � u1{�ux�c��tkg�fcgsmBuxw�u�����hCu
pCuxpc�cfc�c�*u
}�ls��g�tsnogSyzu|nogk}����NhCu
fCu1{�hclo���
gktsnx�o�-u
}�lohCu1rchc��fcgsyk�z�Cn|u|n��tkgD��pc�cts�z�������8�1�o�����i�v���z�E�����k���1�x�c}�ls��gitsnogD{�lo�o�����\yzu���g�{�hcl
tvuBlowo�c�Gyzu1{�ux�c�c�*u��
• � u¡ +ux�og���g�yzu¢lz{�jklowolofcg���pc��m:��nog"tkwols���Gm:�c£if��o�T¤0wols��g��c�
g �i¥ ¤,¦ ¥   ¥ hCuxpc�ctvu|no��hc��hCun|ux�og���ux�*u��Chc��hCuBpCuxpc�cfc�c�*u��
• § }�lRyzu
hcgk}c��yzu1{�u|n|ux}¨�c�*u|nogShcgk}�l|���c}�lqfCu|ys���crc��no��©¨fcgsm:gkªDu����\ +ux�og��C�«yzu
lv{�jklowolofcgD��pc��m:��n�glohCu��:fcgsyk�z�Cnxu|n¬}�ls��gkj�tk�*u|nofCu|nog�n|uzrchc�c�,�5u"hCu"pCuxpc�cfc�c�*u¡pcfcgk�cf�n|u���nog¨fcgsm:gkªDu¢}�ls�­u"tk�*u|nofCu|nog
hcgsn|uzrchc�c�,�

• ® u1{�u«yzuxwof�m:��nog
tvu\��yvfCu1{�lo��yzu1{�u|nxux}�u��Apcfcg�{�u|¯Cgsnogq�"pCuxpc�cfcg
hCu\}�ls���c�*u�fcgsmBuxw�u|nog
yzuz{�u|no}�g
� +ux�og���gDyzuRlv{�jklowolofcgx�
•
 Agklofc�|��tk}c�\yzu1{�ux�c��fCu1{�gitkg�°Btvu|no�-�

� u1{�u|no}�gipcfc�cpcfcgk�
�clc�
±S��m:}�lR²�u|nxuxt³Agk�cgkh�yvgkhcnc�*{�f¨¦�����uxh ® hcgs~Bgkwo��¯eDfcg�{�tkg�{�hc�c}�}�lo�
�ctk�|��gx�+{�f¨¦���¯Cl«¦���nofclowo��¯
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Ñ=lowolo��yzu1{�u|no}��"pcfclx��rCuxw�u|¯Cgk�
l�£i��yv�crc}�g
pcfclo�|��gk�
gR}�ls���¡tkgRtkfcgs¯c�N�"£D�v{���u1�C�o� ® uxl\m�nolR��g:{�lx�ofclpclxyvhCu|nolc�,£D�v{���u1�Ã��g��cjkfCu¢��yv�
gsÒ��G{�wog�gk}c�cpcg�hCu¡nofCu|wohCu|nolo�<nogkfcgkh��G{��c�
gkh�yv�|�­u

100 × 70
�
gsn|uxfCu��

ÓDjkfCu¨tkg«lo}cf���j­��lo�¼��lop�nolo�,�*lo�x�c�(u
O = 70cm

�
�*uxtkg
m = 0.43kg

}�ls�­uR��g«hCu1{C��w�uxhCu�{�l¨pcfc��no�ctk}�u
p = 0.85 · 105 Pa

�¼Ñ!tkw�ux}�ls�qgk}c�cpc���cjkfCuÃpcl
N = 11

�cjkfCuzrCu��ÕÔ7wog¨pclv{�u|no}�gN¯Cgk�
l¬}�lofc�ctsno��no���
hCuxfcg�{�hc�c�G{�g���lowo�c�*uByzu1{�u|no}�u��
Ô�{�hclotS��yv�
gsÒ����ofcls�­u
�cjkfCuzrCu
hCuRnogkfcgkh��¨��pclowof�m:�chcgSnogkfcgkhCu��Elo�
lojs��¯�uxw�uB{�u
£D�z{���u1�N�x�z{�gD{��chCu1Ö

�
�crchCuR�cjkfCu��
 +u���lv{�hclot���gDn|ux}�uxwB{�uB£D�z{���u1��gkfc���
lofCu����«��wogk}��of�yvlB{�uBfcgvuxjs�z���o�
u�× § }�lUpcfcgsnopclotsnxuxwo�c�
l�{�uPtkw�ux}�lo��£D�z{���u1��gkf��Xpcfc�cpCu1{�u��ctsn|uUpclowof�m:�chCuUhCuØnogkfcgkh��o�B�V{�uPtkg
£D�v{���u1��gkfc�¢}cfcgs¯c�¡pcfclotkgkrchclo�X�of�yv�chclo�

v = 5m/s
�>pcfclo�cgkhc��nog«wofcgk�
g
}�ls��gR£D�z{���u1��gkf¢�c�*u\hCu

fCuxtkpcl|��uxj�uxª(�Ãyzu¨pcfc�|��gk�,�
}�loh�nofcl|�C�Ã�¬pcfcg�{�u����¡��lop�nogx�*pcfcg«hcgkjklNm�nol¨{�lNª7gkj�u�{�lxnofcrc�Ã{�f���jk�
£D�v{���u1��gkf-�

¤�u1{�uB¯Cgk�
l
fCu|yv�
lxnofc��no��hcgk}�l|���c}�l
£igkhclo�
gkhCuRwogsyzuxhc��©\yzuB}cfcgsn|uxª7g�£D�z{���u1��tk}�gD��lop�nogx�
� gk}�ui��lop�nxu�pCu1{�u�wogkf�no�c}�u1��hclR�«lv{��o�|�­uStkg7lv{\pclv{c��lojkgx�(eDfcg�hcgkjkl:m�nolBtsno�cjkhcg�{�l:pclv{c��lojkgx����lop�n|u��g:hcg�{�gk£ilofc�
�ctvuxhCu��8tk����gBpcfc��no�ctk}�u�}�ls��gS{�g��C�z���¨hCuq��h���nofCu|mBª0�Npclowof�m:�ch��Nt�����fCuxwohclxnogs~Rgkhcgx�-n|ux}�l

{�u,��g���}���pchCu:tk����u�}�ls�­uD{�g��C�z��g7hCui��lop�nx�i��g�{�hCux}�u�h��v���¡ÙÚlow|{�g�jkfCuxwo��n|ux�c�cloh��qtk���C�qhcg���fCu1r���hCuxw�ux�
l�×��

¦�gsÒ���no�c�,�-}�u1{�uB{�lv{��cfchcg:pclv{c��lojs�¬ÙÚ�of�yk�chclo�
v0

×0��lop�nxuqtkgi{�gk£ilofc�
��m:gx���­uxw|�Su
tkg:fcgsyk�v�Cno�z����¯�u�tk����u
hCu���lop�nx�o��}�ls�­u�{�lowolz{��«{�lRlz{�tk}�lo}�u��(Û�gklo�
gsnofc�|�­u:{�gk£ilofc�*ux�c�|��gSpcfc�c}�u|yzuxhCu7��gihCuBt����c�c�

s

a

r

a
��gRpcl|�C��pcfcgkrchc�c}"��lop�nogx�

s � a
��g:{C���x�chCu«{�gk£ilofc�*ux�c�|��gx��u

r
��gBpcl|�C��pcfcgkrchc�c}Ã}cf���~qhcgRpclowof�m:�chcg

}�ls��lo�¢��lop�n|uS{�lv{��cf��z��gDpclv{c��lojs�o�0¤0����ui{�gk£ilofc�*ux�c�|��g(��g7tkfCu|yv�
gkfchCu:pclowof�m:�chc�q{�gk£ilofc�*ux�c�|��g7�«��h���n|Ö
fCu|m:ª7gk�Ãpcfc��no�ctk}��o��}�ls��gkj5tk�*u|nofCux�
lS}�lohctsn|uxh�nohc�c�,�0¤Ã{�f���jkg�tsnofCuxhcgx���of�yv�chCuS�cgkh�nofCuD��lop�nog�pclowogsyzuxhCu
��gDtvuRwog����crc�chclo�G{�gk£ilofc�*ux�c�|��git���g�{�gs¯C�c�U��yvfCu|yvlo�

v = − Ü sÜ t .

��× � u|Ò���nog(}�ux}�l�tkg(tk����u�{�gk£ilofc�*ux�c�|��g+��lop�nog(�
gkªDu5�7nolo}��iwofcgk�
gkhCu��Slv{�fcg�{���no��ª7gkh��S�*ux}�tk�c�*u1��h��wofcg�{�hclotsnz�
w�×�Ô�{�fcg�{���nogSwofcgk�
gDnofCu��­uxªDu:{�lz{��cfCu���lop�nogStvuRpclv{c��lojklo�,�



® u1{�u�tkg
��lop�n|u¨lz{��o�|�­u�lz{¬nowofo{�g�pclowof�m:�chcgx�+{�gkl¨}c�chcgsno�crc}�g\gkhcgsfcjk�|��g\tkg«js���o�¬hCu�hcgkg���uxtsno�crCh��{�gk£ilofc�*ux�c�|���R��lop�nogRÙÝ�
pcfcgsn|©�lv{�hclo�¬{�g��C�
yzu1{�u|no}�u�n|u��0gk£igk}�u|nBhc�ctk�
l:��fCuzr���hCuxw�u1����×�� ® w�uxh�no��n|u|no�cw|Öhclc�En|u���js���o��n|ux}¡tkg:�
gkfc�"fcgktsno��no���c�Clxhc�C��}�logk£i�c�c�|��gkh�nolo�
e = vposle/vpre

� � u
nofCuxwx�o�8fcgktsno��nx���c�clohc�}�logk£i�c�c�|��gkh�ni��g�{�hCux}B��g
e = 0.60

�
� gk}�u«��lop�n|u��z{�uxfCu��¨ykgk���,�Nn|ux}�l�{�u�hcgkpclotkfcg�{�hcl�pcfcgB�z{�uxfCu��c�*u«©�lofc��yvloh�n|u1��h����Awogkf�no�c}�u1��h��¡���j�uxloh��\�of�yv�ch��

v1

�
u1

�
ω1

fcgktkpcgk}�n��cwohclNÙÚtk�
gkfclowo���of�yv�chCuRts�q{�u|no��hCuBt����c�c��×��

w

v

u

u

v

w

1

1

1

2

2

2

jz×\Ó7yvfCuzr���hCu���nog�©�lofc��yvloh�n|u1��h����-wogkf�no�c}�u1��h��¨����jsuxloh����of�yv�ch���hcgkpclotkfcg�{�hcl\pclot���g:ts�z{�uxfCu��8ux}�lqtkg
��lop�n|u�pcfc�����c}�lo��{�lz{��cfCu�tvu�pclv{c��lojklo�¨}�����yzu��ou�}�logk£i�c�c�|��gkh�n7nofcgkªDu�}�����yzuxªDu���yvhclotk�

µ = 0.70
�

¦�lo�
gkh�nq�chcgkfc�c�|��g7��lop�nogS}�ls�­uBtsgSfclxno�cfCuRlo}�l
lotkgi}�ls�­uBpcfcl|��u|yv��}cfclxyD��lop�nog,��g
I = 2

3
ma2

�
{E× � u�fcgs~q�c�T}�����yzuxªDu��(w�u|~q� u2 > ω2a

�"Ñ7}�l|���c}�l"low�u��i��t���low"hc�|��g«yvu1{�lowol|�igkh-�(hcgs¯Cgq{�lx¯C�Ã{�l
}�����yzuxªDu���wogs¯U¯CgNtkg���lop�n|u¬}�lxnof��Su|no�-� � u|Ò���nogNlo�|��uxtsn¬��j­��low�uÃpclz{�}�ls���c�<nofcgk��u¢{�uÃpCuz{�hcg��lop�n|u��C}�ls�­uBtkgShcgi}�lxnof��Su��c{�uB�o��tkgipclot���gD�z{�uxfCuRlBnv��lRyzux}�lxnof��Su1��u��

Òc×\Ó7yvfCuzr���hCu���nog�©�lofc��yvloh�n|u1��h����-wogkf�no�c}�u1��h��¨����jsuxloh����of�yv�ch���hcgkpclotkfcg�{�hcl\pclot���g:ts�z{�uxfCu��8ux}�lqtkg
��lop�n|u:}�lxnof��Su:�ogsyD}�����yzuxªDu��+ÑXlowolo�¢{�g��C�
yzu1{�u|no}�u:pcfcgsnopclotsnxuxwo��n�g�{�u�tkg���lop�n|u:}�lxnof��Su:�«pcfcg
lv{��o�|�­uxªDuBlv{¨pclv{c��lojkgx�

³�u1{��Ã��g�{�hclxtsnxuxwohclotsno�-��pcfcgsnopclotsnxuxwo��¯Cgk�
l¬{�u¢gk£i�c}�uxtkhclotsnØgk}c�cpcgN�
lz~Bgk�
l¡{�uÃlopc��m:gk�
l���g�{�hc�c�
£Sux}�nolofclo�

r
}�ls���¡pcfcg�{�tsnxuxw1��u�wogkfclow�u|nohclx¯c�¡pclotsno��yzuxªDu�jkl|��u\�«��g�{��chc�c�c�Ãwofcgk�
gkhCu��� +u1{�u:��g
wogkfcl1Ö

w�u|nohclx¯�u�{�uBno�c�Ppclotsno�cjkhcg
n
jkl|��low�uBÞßuRwofcgs�*g

t
{�u|nxu
e7��uxtklohclowolo�ØfCuxtkpclv{�g���lo�

Pr(n, t) =
(rt)n

n!
e−rt.

gz×�Ô�{�fcg�{���nogRwxgkfclow�u|nohclx¯c��{�uq��ts��tkfcgsnx�¨{�w�u
no�c�*u��8}�ls���N�c�*u�����gk£i�c}�uxtkhclotsn
r1

�
r2

�-fcgsyk�z�Cn|u|n��
nofcgkh���no}c�

t
�x�z{�g

n1 : n2

�
~�× ® l|���c}�u���giwogkfclow�u|nohclx¯�u:{�u:yzuRwofcgk�
g t

no�c�Vàipcfcwo��pclotsno�cjkhcg�pclojklv{�ux}-�
á �zâ1�|ãA�zâ�ä�å�æ|äS�c�z�C�zâ|��æoçA±��c£igkfCuxhc�c�|�­u1��hCu7��g�{�hCuzrc�chCu

Ü 2x(t)

Ü t2 + ω2x(t) = 0,

�c�*uBfcgsm:gkª7g
x(t) = A sin(ωt) + B cos(ωt),j­{�gits�

A
�

B
}�lohctsn|uxh�nogx��}�ls��gitkgilv{�fcgsÒ��z������ySpclorcgsnohc��©\��t���lowou��
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ïxg�{�hclojBpclot���gkpclv{�hcgkw�u��8}�ux}�l���g:tvu�lv{�fcgsÒ�gkhclojBfCuxtsnols�­uxªDu�wo��{�g���u«ª7gkjklow�u�pclofclv{��c�Cu��-rclowogk}«��g�m:gsn|uxl
�olot7pclRw|��u|~qhcls�0pclv{c��lxyv���«�|����yv�chc��tsnx��pCuRg���gk}�nofc�CrchclojD{�u1��gk}�lowolv{�u��+Ñ���g�{�hclo�Gnofcgkh���n�}��\rclowogk}\tkg
yzuv�otsnxuxwo�clq��pCuxli��gihCuRyvgk�����o��³AlxÒ�ux�c��ts��pclxyvw�u1���\©���noh���pclo�
lx¯8��u1����lowo��ts��{�lxmS����ts��wo��m:g:}�uxtkhcl
n|ux}�lB{�uRts��tvux�
l
}�lohctsn|u|nolow�u1����tk�
f�n1�
§ ��nolopctk�|�­u���g�pclo}�u|yzu1��u�{�uq��g�tkfc�cg�~qf�nowog\pcfclxmS��l"}cfclxy�tsn|uxª7g¢ðxñsòCó�ô�õCö�÷1ø�ù�ô�ò�ñ\ú
õCûßô�õ�ø�ùxüCõzý�ñ�þ}�ls�­u:hc�|��gipcfcgk}c�ch���nxu:{�lowol|�ihclR�of�yvlc��n|ux}�lB{�u���g�{�lxmS��lB{�l:nofCuxjk�crchclojS�ct­©�lz{�u��(³AlxÒ�ux�c�\ts��tk�*u|nofCu1���

{�u7��gStk�
f�n«rclowogk}�uRhCuxtsnx��pc���Euqlv{Nhcgk}�gSyzu1�C��n|u1��g:tsnof��z��g:tvu:{�u1��gk}�lowolv{�u���pCu
ts��nx��~q�����¨g���gk}�nofc�crCh��
}�lo�
pCuxhc�|���o�
¤(�z{:��g�hCu1��lz~q�clS�ctsnofCuxjs�o��{�uS�x�qtkg���nowofo{�����l�{�u7���S��g�}�lo�
pCuxhc�|�­uS}cfc�cw�uiyzuSlowx�BnofCuxjkg�{��|���o�
Ñ�nols�

�ctsnofCu|yv��}�lofc��m�¯CgkhCuD��gipclo�
lx¯�£i��yv�crCuxfCu��
ÿ:��yv�crCuxfS��g�pcfc�c�
gsno�cl�{�uStvuD{�u1��gk}�lowolv{�uSwo�ctk�i��g�{�hCu�pcfclowolv{�hCui~q�c�Cu���rc�|���«tkg
��g�{�uxh«}cfCu��*hCu1��u|yv�

no�c}\��yvhCu1{\yvgk���igx� ® u1{�uS~q�c�Cui{�lz{��cfchcg�nz��lc���qpclv{c��lojs�qnogkrcgitsnof��z�­uBlv{ 100A
��� f�now�u:tkgDhCu1��u|yv����u

hCu
�v{�u1�igkhclotsno�
r = 10m

lv{"�
gktsn|u«j­{�g�~q�c�Cu
�
l1~BgD{�uR{�lv{��cfchcg�yvgk���,���¨}cfcgsn|u1��u«tkg:pcfcgk�*u
~q�c�c�-�
¤0pcgk�c�c£i�crchc��lxnopclof�w|��u|~qhcgDpclz{c��lojkgi��yvhclotk�

ρ = 100Ωm
�

u�× � u|Ò���nogNwogsyk����yv�
gsÒ��U�ch�nogkh�yz��nogknxuGjs�otsno�chcg¡tsnof��z��g"��g���gk}�nofC�crchcloj"pcl|�Su���}�ls�­u¢pclotsnols����}�lv{pcfclowolv{�hc��©�tkfcg�{��chCu��,eDfcgsnopclotsnxuxw|�Su�����¯C��{�uRtkgStsnof��z�­uqtvuR}cfCu��­uRpcfclowolz{�hcgi~q�c�cgifCuxtkpcfclotsno�cfcg
��hc�c£ilofc�
hcl:�qykgk���,�o�Clv{�fcg�{���nogi�ch�nogkh�yv��n�gsnqjs�otsno�chCgitsnof��z��g

J
��g���gk}�nofc�crchcl
pcl|�ig

E
�«£D��hc}�Ö

�c�|���\fCuxtsnols�­uxªDu
lv{��
gktsnxuRjß{�gD~q�c�Cu�{�lv{��cf��z��ginv��lc�
��×\Ó7yvfCuzr���hCu���nog

J
�

E
hCuB�
gktsnx��hCuB}�l���gk�PtkgihCu1��u|yv����uB~qf�now�u��

w�×\eDfclo�cgkhc��nog:fCu|ys���c}���pclxnogkhc�c�|�­u1��u«��yv�
gsÒ���rclowogk}�lowogD��gkwog���{�gktkhcg�hclojkgx�-ux}�lqtkg�lohcgShCu1��u|yvg�hCu
fCuxtsnols�­uxª(�

d = 0.5m
�

jz×�¤0�*u|nofCu|¯Cgk�
l�{�u¨tsnof��z�­u¨pcfcl|��u|yv�¬hCu���pcfcg«}cfclxy���g�{�h��¢hclojs�o�+yzu|no�c�T}cfclxy«nog���lØÙ u�no�c�
g��¬}cfclxy
tkfc�cgz×SpCu�}cfclxy
{�f���js�Ãhclojs�o��Ñ*lo�o�crCu���hcgqwofcg�{�hclotsno�¬yzu�lxnopclof¬hclojkg«�¢nof���pCu¨ts�

Rn = 300Ω
�

Rt = 1000Ω
fcgktkpcgk}�no�Cwxhclc� � u\lotkhclowx�¨no��©¢pclv{�u|n|ux}�u\lz{�fcg�{���nogqtsnof��z���¡}�ls�­u:��gRpcfclxmS��u�}cfclxynog���lR~qf�nowogx�

{E×�ÿ:�c�ofc����ux�c�|����tkfc�CuR�
lojs�\��yzu|yvw�u|no��tsnof��z��g�}cfclxyinog���lq��yv�
gsÒ��
imin = 0.10A

�
imax = 1.0A

�+±:u
���:��gihcgktkfcgs¯c����yzu|yvw�u1��uBtsnof��z�­u
}�l��­uBpclxno�crcgSlz{�~q�c�cg��

Òc× ® lofc�ctsnogs¯C����yvfCu|yiyzu E(r)
�ChCu|Ò���nogSpclxnogkhc�c�|�­u1�

V (r)
hCuRfCuxtsnols�­uxª(�

r
lz{��cgkh�nofCuR~q�c�cgx�

� ×q±:uG�o�V��yv�ogkj­��uP�x�v{C��¯Cg¡nx��~q�ogx�i}�lo�
pCuxhc�|�­uN��g¡lv{c�C��rc����uG{�u¬���|����yv�chc�Vtkw�ux}�lojN{�u1��gk}�lowolv{�uhCuxpcfCuxwo���­uxtkhcl\��lor��i�cw�yvhCux}¡��pclxyvlofcgkªDu��\Ô�{�fcg�{���nog«pcfcgkrchc�c}Ãlo�|��uxtsno�¢lopCuxtkhclotsno�
D
��e7fcgsn|Ö

pclotsn|uxwo��nogD{�uR}�lofCux}�pcfclotkgkrchclojirclowogk}�uBhc�|��giwogs¯C��lz{
L = 1.5m



�+µi¶(·S¸B·(¹0·�º¼»���êcëxÇ�Á	��Á	

ë���í�ëoìoÇ�
��oì-¾Ø¾C¿��5ë���Ä���êcëoÅ(¾��CÁ
ÄPêcëxÇ�Á�ì8¾>í���
���À�êcëoì�Á	
�Ä � î�Ê�ËoÌ�ÍEÌoÎ1ÏsÐ

Ñ7j­��lowo�
θ1

�
θ2

��pCu1{�hcloj��Ppcfcg���lo���igkhcloj�tkwogsnv��lotkhcloj�yvfCux}�u¡hCu"fCuxwohcls�Bpclowof�m:�chc�-��}�ls�­u"fCu|ys{�wou��­u
lo�|��uxtsno�Øtvu"}�lohctsn|uxh�n�hc�c���Ø��yvlxnofclopchc�c���ch�{�gk}�tk�c�*u¡pcfcg���ux�*uxªDu

n1

�
n2

pclowogsyzu|hc�Pts�Ø¤0hcg���lowo�c�
yzux}�lohclo�

n1 sin θ1 = n2 sin θ2.¦�gsÒ���no�c�,�Alow�uq£ilofc�+�z��uS��gBpcfc�c�
gkª7�cw�u�tvux�
l«��}�l|���c}�l\t��Ntkfcg�{��chcgR��fcg���u|no�cwohclo�V�
�cfclow�uxª(�o�iÑ7}�l|Ö
���c}�l�ts�"tkfcg�{��chcgR�"fcg���u|no�cwohclo�VnofCuxhctk£igkf�yzu1��hclo�X}cfcgsnxuxª(�o�>{�l|��u|yv�"{�l�}�lofcgk}c�c�|��gR��j­��u�pclv{Ã}�ls���c�
tkg�yvfCux}�pcfcg���ux�*u��Rgk£igk}�no�cwohclRpcfcg���ux�*uxª7g7yzuxwo�ctk����lv{�fcg���u|no�cwohcgD�of�yv�chcgD}�ls��lo�¬tkg7tkfcg�{��chcgi}cfcgs¯c�o�
±:uR�o�ctk�
l
pcfclohCu|mS�����olop�m�nogvª7gB¤0hcg���lowolojiyzux}�lohCuRhCuRtkfcg�{��chcgS��fcg���u|no�cwohclo��}cfcgsnxuxª(�o�EfCu|yv�
lxn|Ö

fc��¯Cgk�
l
t��C��rCu��,pcfc�c}�u|yzuxh�hCuBt����c�c�-�

q

q
v

1

2

n
1

n
2

¤0fcg�{��chCu¬tvu¬�ch�{�gk}�tklo��pcfcg���u|�(u|ªiu
n1

�
�cf��z��gx�7uÃtkfcg�{��chCuGtvuÃ�ch�{�gk}�tklo��pcfcg���ux�*uxªDu
n2

tkgN}cfcgs¯Cg
fcg���u|no�cwohclo�Ø�of�yv�chclo�

v
� � u:lotkhclowx��ÿ:gkfc�*uxlowoloj7pcfc�chc�c�cpCu��DõCòCõ��Dùvø�ò��! 7ð�ô�ñ"�iñsòCù1þEpclxyvhCu|nol7��g�{�u�¯CgtkgDyvfCux}���yv�
gsÒ��«{�wogDn|u1rc}�gSp���n|uxª7g�}cfcg�nxu|no��pcl
lohcls��p���n|uxª7�¨hCuB}�ls��ls�A��giwofcgk�
gip���nolow�uxªDu
hCu���}cfCu|¯Cgx�

u�× ® lofc�ctsnogs¯C��tkg0ÿ:gkfc�*uxlowo�c��pcfc�chc�c�cpclo�¨�irc�cª7gkhc�c�clo��{�u���g ni

�ch�{�gk}�t(pcfcg���ux�*uxªDu,�Dtklopctsnowogkhclo�
fcgk£igkfcgkh�nohclo� tk�ctsnogk�+�¼hCu1Ò���nogÃ�olop�m�nogkªDgØ¤0hcg���lowxloj¢yzux}�lohCu��Dns�s�2��g�{�hCu1rc�ch��V}�ls�­uØpclowogsyk�z��g
��pCu1{�hc����j�uxl

θ1

����jsuxlØpcfcg���ux�*uxªDu
θ2

�7�ch�{�gk}�t$#� pcfcg���ux�*uxªDuG�Utklopctsnowogkhc�c��tk�ctsnogk�
�C�*u
ni

�
fcg���u|no�cwoh��\�of�yv�ch��

v
�

��×\eDlo}�u|~q��nog:{�u�tkgB��lxp�m�nogvª7g�¤0hcg���lowolojByzux}�lohCu\tkwolv{��¡hCu�lo�o�crCuxhÃ¤0hcg���low\yzux}�loh¡}�u1{�u\tkgB��yv�
g
v = 0

�5eDlotsnols���R��lxmQ��g�{�uxh�t��C��rCu���}�u1{�u
tkgS�olop�m�nogkhc�¡¤0hcg���lowqyzux}�loh¨tkwolv{���hCu
lo�o�crCuxh-��u
}�u1{�u
��g

v 6= 0
�*eDfclohCu|Ò���noginxu���t��C��rCu��5�\lo�s�­uxtkhc��nogSª7gkjklow
£i��yv�crc}c��tk�
�ctvuxlc�
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798;:�<�=><�?�<>@%A(B�CED4CGFIH�CKJMLON'P9H�Q
R9SUT>V9W�XZYI[9R�V\W9]_^�`�]�XZ`'acb�R�d'W N `'b�R�e�R'f�R�d'WE[Eb'gh`Gij RK^�kcb'k j Rmlnk A f�^4R.o�Rmlnk
pEb'Wcl�`'acb�R4e�R�lnkIo j WEa
^�`�];R�d'WlnkIo�` j `'q'`(d'WE[Eb'gr` j k

n =
N

A
.

s b'`'p�t�`Gu j RZX�o�R.vmk j W9YI^Zo�W j RIlnp�t�`Guwkca%d'b'WE^�`'[ j `'e\iV9WEa
`'acb�R�e�Rw`'x j W9YI`
d =

1

2
√

n
.

T>V9W�YIkzymX4o�p9R.t�kcb%V'b'kc{'kUpEb'xc` j W9] v f;W j o�R�lnkz[Eb'k�]�kd'WE^�b'kcp j Wwo�RKYIkmd'b'kc|\k
b�REYI^�Wcl}R�~�k d lnkIo j R�V\W
t =

d

v
,

^.R.V\Who�R�lnkM[Eb'k�]�kMV9Wclnkca�ymX�o�p9R.t�kcb�`�];R j R
b�REYId'W�t�R�aIR.i~�XKx�Rmd'b'`�lnk�]�f\V\W j ^�b'W�t�Xw`�d'b'kIo�RIlnXrt�WEd'^�k>d'b'`Gt�`Gu j W
t =

1

2v

√

A

N
= 2.5 s.

� T sr���,��� Th� s WEgr^�W>lnk�WE[9RIl;b'kcxcX�t�^.R�^rd'b'`'p�t�`GuwR j fd'b'`Gt�`'V9W9]Zd'b'kca�t�kIo�R�~mRwx�R.o�R�^.R�VGRrd'b'`'x j R�{'k
YIk
YI[9R�V'`b'kcxcX�t�^.R�^�V\Wcln`�YIkZW4o�d'b'kc^.�EW4o j WEa j kZb�R�xIt�`'V'X4lnkZx�Ry
R�V'^�WEbz[Ekc{'`zW4o √
2.

p\S6��kcxcX4t�^�X4lnX\{�R�YI`Gt�RwV\Wcl}Rro�kIt�X4lnk j Rrt�WEd'^�Xrlnk
F = pS,

aOo�k�lnk p o�W4o�R�^ j `�d'b'`'^�`�YcR�V j R�X j X\^�b�R�gr~�`�xc`Got�WEd'^�kEf�R S lnk,d'WE[Eb'gr` j R"o�W�o�`'b�R"t�WEd'^�k,`�d'W�o't�WEackE�� kcW9]�kc^�b'`�l}Rwo�k�ymWEb�];R�q'`�l�k
d'b'`'V\R�x�R j R�lnk j RKY�t�`'q'`�f

s

a

r

a lnkhd'W�t�X\d'b'kce j `'V(t�WEd'^�kEf s lnkho�X\pE` j Rwo�k�ymWEb�];R�q'`�lnkEfR r lnk
d'W�t�X\d'b'kce j `'V(V'b'X9u j k
d'WE[Eb'gr` j kmV\WclnW9]3t�WEd'^.Ro�W�o�`'b'X4lnk
d'W4o't�WEacXEfG^4R�V\Wwo�Rmlnk
r2 = a2 − (a − s)2 = 2as − s2.

s WEgr^�W;lnk s � a, d'W9Y�t�kIo�~�`rYIk�YcR�pE`'b�R�V
]�W4uwk�x�R j k�];R.ib'`'^�`��K��^�WEaIRrlnkwd'WE[Eb'gr` j R�o�W4o�`'b�R6t�WEd'^�kw`�d'W�o't�WEacklnkIo j R�V\R
S = πr2 = 2πas = Os.

� [�o�k�lnk O WEpE`�](t�WEd'^�kE����^�WEV'XrW�o�YIV\WEVGR'f.[Ekcb'^�`'VGR.t j RpEb'xI` j Rwq'k j ^�b�Rwt'WEd'^�k v lnk
d'WE[Ekcx�R j RrYcR s j RKY�t�kIo�kc{'`j R�e'` j
v = − � s� t ,

^4R�V\WKo�Rmlnkmo�b'X\ac`���X\^ j WE[Kx�R�V\W j x�RK`Go�k�R.t�R j W4o�YIV\WEVt�WEdG^Ek
m � 2s

� t2 = −Ops.

��kcgrkc~�k
WE[Ek�o�`�ymkcb'k j q'`�l}R.t j k�lnkIo j R4e'` j k�lnk
s(t) = A sin(ωt) + B cos(ωt),

aOo�k�lnk ω =
√

Op/m f�o�WEV�YIX A ` B ` j ^�kcacb�R�q'`'W j kV9W j YI^.R j ^�krV\WclnkwYIkrW4o�b'kc|\X4lnXz`'xwd'WEe'kc^ j WEarXEY�t�WE[9R'f�o�Rlnk�X�^�b'k j X\^�V'X�d'WEe'kc^�VGR(V\W j ^.R�V'^4R t = 0 ` j ^�k j xc`'^�kc^[EkcbG^E`GVGR.t j k�pEb'xc` j k"t�WEd'^�k v0
fM^4R�V\W3o�RZYIk�V9W j R4e j Wo�WEpE`.l}Rro�Rml�kmo�k�ymWEb�];R�q'`�l}R

s =
v0

√

Op/m
sin

(

√

Op

m
t

)

,

`'xKe'kcaIR(Y�t�kIo�`�o�R,YIk6YI`\t�Rzo�k�ymWEb�];R�q'`�lnkK^�WEV\W9]�[Eb'kIi]�k j R�]�kc~mRKd'WKx�R�V\W j X
F = v0

√

Opm · sin
(

√

Op

m
t

)

.

[\S � R�W9Y j WE[EXMWE[Ek�lnkIo j R4e'` j kEf�Y�t�kIo�`
o�R�lnk�[Eb'k�]�k�^�b�RIl}R�~mRo�kcy
WEb'];R�q'`�lnk
τ = π

√

m

Op
= 8.4 · 10−3 s.

a4Sz��kcb'^�`'V\R.t j R6V\W9]�d'W j k j ^4RUpEb'xc` j kht�WEd'^�kwd'W9Y�t�krW�o�pE`Gil}R�~mR�W4o�b'kc|\k j R�lnk�[Eb'kIo j WEgr{'Xhb'k�YI^�`'^�X\q'`'W j WEa�V9WEk�ym`Giq'`.lnk j ^.R
v2 = ev1,^4R�V\Wwo�Rmlnk
d'bGW9]�k j RK[Ekcb'^�`'V\R.t j k
V\W9]�d'W j k j ^�kmpEb'xc` j klnk�o j R�VGR

∆v = v2 − (−v1) = v2 + v1 = (1 + e)v1.� R.o�RZYIk"t�WEd'^4R�VGt'`'x�R'f j RZ~�X�o�kIt�X4lnX�YI`Gt�RZ^�b'kc~mR'f
Ftr
f�V\Wcl}R(X9YId'WEb'R�[9RUt�WEd'^�X%R(X4lnkIo j W,`'x�R�xc`'[9RzWEpEb'^ j `]�W9]�k j R�^UWEV\W6q'k j ^�b�RU];REYIkht�WEd'^�k Ftra

�h��`Gt�R6^�b'kc~mRlnk�o�R�^.RKYcR
Ftr = µFv,aOo�k�lnk Fv

[EkcbG^E`GVGR.t j RrYI`Gt�R
`'x�]�kc|\Xwt�WEd'^�kM`6d'W4o't�WEackE�� b'X\ac`(��X\^ j WE[Kx�R�V9W j lnk
m � u� t = −Ftr; m � v� t = Fv,

^4R�V\Wwo�R�lnk
� u� v = −Ftr

Fv
= −µ.

  j ^�kcacb'R�q'`�l}RKWE[Ek�lnkIo j R4e'` j kmo�RIlnk
∆u = −µ∆v = −µ(1 + e)v1,

aOo�k�lnk ∆u = u2 −u1.
� W9]�k j ^wYI`Gt�k�^�b'kc~mRho�WE[EW�o�`�o'Wd'bGW9]�k j kh]�W9]�k j ^.RK`�]�d'X�t�YcRwt�WEd'^�k

I � ω� t = Ftra,



d'b'`+e'k�]�X�lnk I = 2
3ma2 �   j ^�kcacb�R�q'`�lnW9]¡d'W9Y�t�kIo�~�klnkIo j R�e'` j k,o�WEpE`�l}R%YIkzo�R(lnk,d'b'W9]�k j R%X\a�R�W j k(pEb'xc` j k

∆ω = ω2 − ω1
lnkIo j R�VGR

∆ω =
3

2
µ(1 + e)

v1

a
.

��XG]�`'b�RIlnX\{'`(d'b'kc^.�EW4o j k
b'kcxcX�t�^.R�^�kEf'`�];RE]�W
v2 = ev1,

u2 = u1 − µ(1 + e)v1,

ω2 = ω1 +
3

2
µ(1 + e)

v1

a
.

o�S � R¡pE`�YIk¢t�WEd'^.R�V9WE^�bGv
R.t�R'f"d'WE^�kcp j W�lnk�o�R¡pEX9o�k`�YId'X\~�k j X9Y�t�WE[ u2/ω2a ≤ 1 f�gr^�W j R�V9W j ^�b'`'[E`�l}R.t j `G�^�b�R j YcymWEb�];R�q'`�l}Rro�RIlnk
µ(1 + e)v1 ≥ 2

5
(u1 − ω1a).

£ R�t�WEd'^�X�V\Wcl}R�YIk j k�V\WE^�bGv
R�d'b'k�W4o�YIV\WEV\R ω1 = 0d'W9Y�t�kIo�~mR j k¤lnkIo j R�V9W9YI^Kd'W9YI^.RIlnk
tg θ ≥ 2

5µ(1 + e)
,

aOo�k�lnk θ X\aIR�W�`'x�]�kc|\X¥d'b�R�[Eq�R�V'b'kc^4R�~mR�t�WEd'^�k¦`d'W�o't�WEackE� £ Rrd'W4o�R�^�V\k�o�R�^�k
X6x�R.o�R�^�V'Xhlnk
θ > 20◦.

|'SU��Y�t�WE[KV9WE^�bGv
R�~mRKpEkcxmVGt�`'x�R�~mRro�RIlnk
b'kIt�R�q'`�lnX
u2 = ω2a.  j ^�kcacb�R�q'`�lnW9]�lnkIo j R4e'` j RKV'b'kc^4R�~mRwo�WEpE`�l}RKYIk

∆ω = −ma

I
∆u,

^.R.V\WKo�R�YIk�o�WEpE`�l}R
v2 = ev1,

u2 =
3

5
u1 +

2

5
ω1a,

ω2 =
2

5
ω1 +

3

5

u1

a
.

k4Sz��kcb'WE[9R�^ j WE{�R%o�R3^�b'k j X\^ j `�b'kIxcX4t�^.R�^ZX+^�b'k j X\^�V'X tpEX�o�k n1 : n2
lnkIo j R�VGRKlnk6d'b'WE`'xc[EW�o�X"[Ekcb'WE[9R�^ j WE{�R6o�Rx�R�[Eb'k�]�k t d'b'[E`¦^E`']§d'W9YI^�`'a j k n1

fKR�o�bGXGaI`¡^�`�]
n2
acW�t�WE[9R+¨©d'WEgr^�W�YIX�^�`¢XEY�t�WE[E`�X j R�ghk�]ª]�W4o�kIt�Xj kcx�R�[E`�Y j `�S

Pn1:n2
=

(r1t)
n1(r2t)

n2

n1!n2!
e−(r1+r2)t.

uUSz��kcb'WE[9R�^ j WE{�R(o�R j `�lnkIo�R j ^�`�] j k(d'W9YI^�`'a j k(acW�t�x�R[Eb'k�]�k t `'x j W9YI`
P0:0 = e−(r1+r2)t.

��kcb'WE[9R�^ j WE{�R%o�RZ^�`�]§«"x�RZ[Eb'k�]�k � t d'W9YI^�`'a j k�acW�tlnk r1 � t f�^.R�V\Wzo�RKlnk�[Ekcb'WE[9R�^ j WE{�R6o�R j k�];R(acW�t�WE[9RUx�R[Eb'k�]�k t f�Rwo�Rw^�`�]¢«
d'W9YI^�`'a j k
d'WEacW�o�R�VzXU^�b'k j X\^�V'X tlnk
� P1 = r1e

−(r1+r2)t � t.  j ^�kcacb�R�q'`�lnW9]�WE[EWEaM`'xcb�R�x�RhW4o(¬ho�W t o�WEpE`�l}RrYIkMo�RMlnk[Ekcb'WE[9R�^ j WE{�R
o�Rw^E`']¢«md'W9YI^�`'a j k
d'b'[E`zacW�t
P1 =

r1

r1 + r2
(1 − e−(r1+r2)t).

­�8�:�<�=><�?�<>@%AzB�CED.CG®EH9¯
N'°I±4°.F�±ECG²
R9S,��^�b'X4l}Rz`'xwu�`'q'kK`�YI^�`'e'kKX j `�ymWEb�] j W(dGW(d'W�t�XGYcymkcb'`d'WE[EbGgr` j k 2πr2 � � X9YI^�` j RKYI^�b'X4lnk>l�k

J =
I

2πr2
.

  j ^�k j xI`'^�kc^rkIt�kcV'^�b'`'e j WEa�d'W�v
R
d'WE[Ekcx�R j lnk�YcRhacXEYI^�`Gij W9]ZYI^�b'X4lnk
d'b'kcV\W�Y�t�kIo�kc{'k�lnkIo j R4e'` j kE�
E = ρJ,

aOo�kZlnk ρ WE^�d'WEb j W9YI^¦^�t�R'� � W¦WE[Ek�[Ekcxck�]�W�urk¢YIko�WE{G`Kd'W�t�R�xckc{'`wW4o � ]�WE[EWEa�x�R�V\W j RM`Gt�`wo�`�]�k j xc`'W j W9]R j R.t'`'xcW9]�� s b'kc];RK^�W9]�kEf'`'];RE]�W
E =

Iρ

2πr2
.

p\S £ R r = 10 m o�WEpE`�l}RwYIk
E = 16

V

m
.

[\S � W�uwk�]�W�o�R�d'b'kc^�d'W9YI^4R�[E`�]�W6o�R
lnkhkIt�kcV'^�b'`'e j WUd'W�vmkj R,]�k�YI^�X%a�o�khlnkUe'WE[EkcV�YI^.RIl}R�W,d'b'`'p�t�`Gu j W�V\W j YI^.R j i^ j W�fG^.R�V\Wwo�R�lnk
V = Ed = 8 V.

a4S � WEack�`w^�b'X\dKe'WE[EkcV\R j R.t�R�xck�YIk�XrYIkcb'`�l}YIV\Wcl�[Ekcxc`�f�^.R�V\Wo�R�lnk
X\V'X\d�R j WE^�d'WEbze'`'^.R�[EWEam^�kIt�R�lnkIo j R�V
R = 2Rn + Rt = 1600 Ω.

  x � ]�WE[EWEa�x�R�V\W j RKY�t�kIo�`(o�R�lnkhYI^�b'X4l}R�V9Wcl}RKd'b'WE^�`'e'kV'bGWEx
^�kIt�W
i =

V

R
= 5 mA.

o�S s b'WEb�R�e'X j R�^.R¦YI^�b'X4l}R�lnk_³�¬¦d'X\^.R¡];R�~mR�W�o�]�` j `Gi];R.t j k¡Y�^EbGX.l�k�V\Wcl}R�`'x�R�xc`'[9R´ym`'pEb'`Gt�R�q'`�lnXEf�d'b'k�];R^�W9]�kEfmkIt�kcV'^�b'`'e j R�V\W9]�d�R j `�l}R j `�lnk�V'b'`'[9RZx�R�Yc]�b'^X j k�Y�b'kc{'k j WEa��
|'SzT>V9W�YcR a WEpEkIt�kIu�`']�WZd'W�t�X\d'b'kce j `'V+u�`'q'kEf>^.R.o�R�lnkb�R�x�t�`'VGR�d'WE^�k j q'`�l}R.t�R6`'x�]�kc|\Xz^.R4e'V9k j R6b�REYI^�Wcl}R�~�X rW�owq'k j ^�b�RMu�`'q'k�`w^.R�e'V\k j RMd'WE[Eb'gr` j `hu�`'q'k�lnkIo j R�V\R

V (r) = −
∫

r

a

Iρ

2πr2 � r =
Iρ

2π

(

1

r
− 1

a

)

.

µ W�{'k�]�W¢xc[9R�^�`�d'WE^�k j q'`�l}R.t�W9] j R�b�REYI^�Wcl}R�~�X r W�oq'k j ^�b�R¢u�`'q'kE� s b'`�]�kc^�`�]�W¢o�R�lnk�o�b'X\ac`�YcR�pE`'b�R�VV9W j YI^.R j ^.R j fr^.R�V\W+o�R+aIR�]�W�uwk�]�W�W�o�p9R�q'`'^�`�frd�R�lnkd'WE^�k j q'`�l}R.t
V (r) =

Iρ

2π

1

r
.

k4SzT>V9W�lnk¢lnkIo j R j WEa�R j R´b�REYI^�Wcl}R�~�X r R�o�b'X\aIR j Rb�REY�^EWclnR�~�X r − l fG^.R.o�R�lnk
e'WE[EkcV j Rwd'WE^�k j q'`�l}R.t�X
∆V = V (r) − V (r − l) =

Iρ

2π

l

r(r − l)
,

^4R�V\Wwo�RwV'b'WEx
^�kIt�WKd'b'W�t�R�xc`(YI^�b'X4l}R
i =

∆V

R
=

Iρ

2πR

l

r(r − l)
.



T>V9WªYIk_d'W9Y�t�kIo�~�`�`'xcb�R�x j R�d'`'grk_V\R�W´VG[9R.o�b�R�^ j RlnkIo j R�e'` j RKd'WKd'W�t�X\d'b'kce j `'V'X r

r2 − rl − Ilρ

2πiR
= 0,

Rwd'WE^�W9]�YIkm^.R�lnkIo j R4e'` j RKb'kcgr`
r =

1

2

(

l +

√

l2 +
2Ilρ

πiR

)

,

[E`Go�`�]�W,o�R r ↑ VGR.o�R l ↑ ` i ↓ ����^�WEaIR({'k�]�W�];R�V�YI`\i];R.t j Xw[Eb'kIo j W9YI^hx�R
d'b'kce j `'VUxcW j k>WEd�REY j W9YI^�`Ko�WEpE`'^�`V\R.o�R�lnk l = L ¶ i = imin

D = L +

√

L2 +
2ILρ

πiminR
= 9.4 m.

� R�VGt�k j R+x j R�V\WE[E`�];R�WEd�REY j W9YI^�`_^�b'k j R j R�a�t�REYI`'^�`o�R�lnk�x�R�pEb�R�~�k j WMd'b'`Gt�R.uwkc~�k�kc[Ek j ^�X9R.t j WMd'b'`�YIX\^ j `�]u�`'q�RE];R j RKb'REYI^�Wcl}R�~�k
W�o 4.7 m.

·�8;:�<�=><�?�<>@%A"¸;¯4°IQ'H9¹�H9º�°m».²I°c±�QG¼9»I±EC6CED.¹�°c½.Lr»4¯4°IN
CG¾.HL6¯4°IQ'H4±ECG².¾4¼'¹3F�¯4°c±4H9º;L
R9S � kcV\R�lnk>V\WEWEb9o�` j R�^ j `�YI`�YI^�k�]%`'x�R�pEb�R j VGR�W j R
Y�t�`'q'`��

q

q
v

1

2

n
P

1

x
1

x
2

x

y
1

y
2

y

1

P
0

n

P

2

2

� R
W9Y j WE[EX6¿hkcb�];R�WE[EWEa>d'bG` j q'`'d�R'f'YI[Ekc^ct�W9YI^r{'kMd'X\^�W�i[9R�^�`U`'xm^.R4e'V9k P0
o�Ww^.R4e'V9k P2

pE`'b�RIlnX\{'`UW j RIl�d'X\^ j RV9Wclnk�]�lnk
X\V'X\d j W�[EbGk�]�k j RIlnV'b�R�{'kE��À9REY j Wmlnkmo�RK[Eb'k�]�kd'X\^�WE[9R�~mR(YI`'a j R.t�Rzx�R�[E`�YI`%W4o�d'W�t�W�uKRIl}Rz^.R�e'V\k P1
XV9WclnWcl�o�W�t�R�xc`
o�W�d'b'kIt�RE];R�~mR'� µ RIl�d'W�t�W�uKRIl'lnk�W4o�b'kc|\k jV9WEWEbGo�` j R�^�W9] x1

�Á� xyt V\WEWEbGo�` j R�^ j W9]ÂYI`�YI^�k�]�X¨©X"V9Wclnk�]¢YIb'kIo�` j R%«�]�`'b'X4lnk4S�f�YI[Ekc^�t�W9YI^(dGb'kIt�R�xc`%d'X\^
P0P1

x�Rw[Eb'k�]�k
t1 − t0 =

n1

c

√

x2
1 + y2

1 .

�ªo�b'X\ack"YI^�b�R j kEfMxcR3d'X\^3W4o P1
o�W P2

d'WE^�b'kcp j W�lnko�R�x j RE]�W�VGR�V\W"YIkzYI[Ekc^�t�W9YI^�V'b'kc{'kUX�V9WEWEb9o�` j R�^ j W9]YI`�YI^�k�]�X x′y′t′ X,V\Wclnk�]�YIb'kIo�` j R(³U]�`'bGX.l�kE�h�MV\W�t�`'V\Wo�k�ym` j `'grk�]�W
∆x = x2 − x1,

∆y = y2 − y1,

∆t = t2 − t1,^.R4o�R�Ã
WEb'k j q'WE[Ek�^�b�R j YcymWEb�];R�q'`�lnk6o�RIlnX�o�R�YIX%W4o�acW�i[9R�b�RIlnX\{'`KdGb'`'b�R�gr^.RIln`�Xwd'b'`�]�WE[9R j `�]"V\WEWEbGo�` j R�^4RE];R
∆x′ =

∆x − v∆t
√

1 − v2

c2

,

∆y′ = ∆y,

∆t′ =
∆t − v

c2 ∆x
√

1 − v2

c2

,

s WEgr^�W�lnk
∆t′ =

n2

c

√

∆x′2 + ∆y′2,

[EkcxcRw`'x�]�kc|\X ∆t ` ∆x lnk
c2

n2
2

(

∆t − v

c2
∆x
)2

= (∆x − v∆t)
2

+ ∆y2

(

1 − v2

c2

)

.

� [9R�[Ekcx�R,o�RIlnk(V'[9R.o'b�R�^ j X,lnkIo j R4e'` j X3d'W ∆t f�e'`�ln`�]b'kIgwR�[9R�~�k�]ZYIkmo�WEpE`�l}Rho�Rmlnk
∆t =

v(1−n
2

2
)∆x

c2

1 − n2
2

v2

c2

±

±
n2

c

√

1 − v2

c2

√

(1 − v2

c2 )∆x2 + (1 − n2
2

v2

c2 )∆y2

1 − n2
2

v2

c2

.

s WEgr^�Wmlnk ∆t > 0 f�XUacWEb'~>Wcl�lnkIo j R4e'` j `,pE`'b�RE]�WKx j R�V
+. ��b'k�]�kmd'X\^�WE[9R�~mRKYI[Ekc^�t�W9YI^�`wlnk

T = t2 − t0 = ∆t +
n1

c

√

x2
1 + y2

1 .

  xmXEY�t�WE[9R
� T� x1

= 0,

o�WEpE`.l}RKYIk
b'kIt�R�q'`�l}R
(1 − n2

v2

c2
)n1

x1
√

x2
1 + y2

1

− v

c
(1 − n2

2)−

−
n2(1 − v

2

c2 )
3

2 ∆x
√

(1 − v2

c2 )∆x2 + (1 − n2
2

v2

c2 )∆y2
= 0.

� R�V9W j `'xc[Eb'grk j `\�(Yc]�k j R
sin θ1 =

x1
√

x2
1 + y2

1

,

sin θ2 =
∆x

√

∆x2 + ∆y2
,

cos θ2 =
∆y

√

∆x2 + ∆y2
,

b'k�t�R�q'`�l}RKd'W9YI^.RIlnk
Y�t�`'e j RU� j kIt�WE[EW9]�x�R�V\W j XE� � W j R4eGij W�f�VGR.o�R�YIk(`'xc[Eb'grkz^�b'`'[E`�l}R.t j R�d'WclnkIo j W9YI^.R�[�vmkc~mR'fX�WEd'gr^�k j RKymWEb�];R6� j kIt�WE[EWEa�x�R�V\W j Rrd'W9YI^.RIlnk
n1 sin θ1

(

1 − n2
v2

c2

)

− v

c
(1 − n2

2) =

= n2 sin θ2

(1 − v
2

c2 )
√

1 − 1−n
2

2

1− v
2

c
2

v2

c2 cos2 θ2

.

p\S � R�WKgr^�WzYIkh`,WEe'kcV'X4lnkEf�acWEbG~mR�b'kIt�R�q'`�l}R6YIkrYI[EW4o�` j R� j k�t�WE[Zx�R�V\W j R�V\W�YIk"X\x�]�k"o�R�YIb'kIo�` j k�b'kIt�R�^�`'[ j W]�`Gb'X4lnX v = 0 � � kc|\X\^E`']�f�R�V9WKlnk�d'WEV'b'kc^ j R(YIb'kIo�` j R[9R�V'X\XG] (n2 = 1) fm^4R.o�R�YIk�acWEb'~mR�lnkIo j R�e'` j R�WEd'kc^YI[EW�o�` j R�� j kIt�WE[zx�R�V\W j f j kcx�R�[E`�Y j WzW4o%^�WEa�RzV\W�t�`'VGRlnk�b'kIt�R�^�`'[ j RzpEb'xc` j R v �U��R�xIt�WEa�WE[EkKd'Wcl}R�[Ekwt�kIu�`%Xe'`G~�k j `'q'`(o�RzÄ�ÅhÆ.Ç�È�Ç,V'b'kc^.R�~�k
[9R�V'X\XG];R'�
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