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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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