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ABSTRACT 

The three types of Hamiltonian describing photon-photon and photon-phonon interactions within 

an optical ring resonator in which quantum noise in fiber optics is generated are given. The Markov-Born 

approximation and +P representation of photon states in phase space are used in order to eliminate the 

reservoir state variables by substituting all into the master equation to get the coresponding Fokker-Planck 

equation. The corresponding Langevin equation describing evolution of quantum states of an entangled 

photon is analyzed. The optimum results show that the occuring quantum noise can be reduced from the 

three main parameters where the surviving polarized entangled photon can propagate in the fiber optic 

system for a long time until photon processings are attained. 
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jl " , • 

n'fJl'U~Itl'U UYl-31flC'I 1 rJfltl'U tltln lJl.fllf.J 1fl 'H"n f11) tl'Uf nEJ l'I"-3-31'U UC'I::: 1llllJ'U~lJ[3-4]1'U m~U1'U nWU ll . 
I I 2/ I 'j/ t sJ 2} sJ 

t!W'H .niJmwU-3fltl-31n~ D'Ufl) iW uu::: 1111-31 rJ ~tlu nu 1 rlmJu~u ~nh 1M nff'ruru1ru )Un1'Uin~~'U ~1u 
.. <IJ u u 

I j/ 'JI I " 

ln'lJtll!C'I~tl'Ufl) n1 f.J11'lf'U U 111 HC'II'lf'UI~f.J1 nu f11) n )~I~-3UUm1lJl'U [5) I~'U HC'I 111 n'tll'U~ltl'UH'Vl-3 lflC'I 1 rJ 
)I I I )I 

fltl'Ufl nvi1Cl1UC'I-3 i ~IUtl-3111 nnm 'j muml'l" -3-31'UUCl~ 1l1 lll'U ~ l1 111 nu 1 'Vlutl'U 1 u nu m:::1\l-3 
" Jl I )I t/ I tl 

inTu muHYl-3 1nCl 1'Ylflt!'U li ~~ 111n m~ mu f11'j hh nrJ iJn~-3 11lt1 u 11gff'll~'Uli nu 1llmfJCl'lltl-3 
sJ )/ I sJ I I )/ 

ln''U 1uHn1lh Un'-3 'H ~tl tll-3 fl11l1 )tl'U 11~ lfl~ f11) UC'Ifl t11~ U'U l'I"-3-31'U !Hl~ 1llllJ'U~lJ ):::'1111-3 )!:UU 'Vl-3 n'tl-3 
~ _q Sl,o::t ..::! Q sJ d " ~ J .Q .cS d 
'll'U IU'U !'Hfl 111 lJ flU n'fll ln'Un'fll'U~ ltl'U U Yl-3lflC'I 1 rJ ~tl'U ~~ 'HlfllJ fl11lJl'lJ1 11J fl-3 HC'Ifl )!: YlU 'U 1 'U l'lf-3 C'lfl fl . " " 

I I s/1 sJ 

11~n'1lll)fi'Hl'lftl-3Yl1-3Viu:::fl-3 i 19f-3J:Ymu:::wuumtnC'I ~~ 

d 

1.2 lg)Qth~£J~fl'UeH1fl~-:~m~1~tt 

'JI I I j/ s/ 

'j 1lJ'Vl-3tlll" 'j n1 f.J1) ~'H 11-31 'Vl~ tlll nuu m'l-3fl11 m tl'U 1u1uu fl1lh! n' -3 

1 .2.2 l~tl fi1u1ru 111 n'll fll'j fll'j u~'Utl-3 n-mu~ ~ wu umtnft 1 'Vl \9ltlU1u1uu;1U1 un--3 UlflHUU ~1M-3 iu 
,.. d' 'j/ ,.. 

'lltl 1.2.1 u1flfl1)11):::~fl~ h~1!l'Vllln'fllll~UUU!i-3'lltlll - W (Complex P representation) 

I <J' I I I )J I 

1.2.3 tVItJtrfl£!1 itfln:::M u1flU11<ilf.JI9ll-:J"l1uuuu Ulfttl-3 Vi~ NC'I \lltl fln fl-3 i 19$-3 n'm'U~ mu U'Vl-3 tnC'I 1 rJ \lltlll 
A "' rl ,.. I j) 

ll'IB11 )::: 1 f.l'lf'Uilltl fll)U 1 i 1111)::: ~fl~ 1 'If iu 'j :::u u 1:1'1) n-u 1 Yl fi'UC'I :::mHYtlff1) 1 i-3fl1tl'U~ m 1lll'l-3flUU 1 
I )I 'JI ,/ 'JI sJ I 

NC'I'lltl-3UU1lf.J!'H mtT ll l 111 'lf 1 ll fl n itm 1::: '1111)::: fltlU flu tltl flU UU fl1) Hil\91 I n''U 1ull mu 111 n' -3llfl tl U 

n-u tl-3~tl f11'j ~tl 1:1'1) t1!-3fl1tlu ~ l1 1 ;tn~11 'j ~ ff'Vl ~ n1l'ln' -:J n-~~ tl.fllfltl ~ 1:1'1'11 nn lJ 
~ . . 

,., .. . 
fl1)1\luuu:::1tm1:;;M6u~'jfljuu:;;M11-:J 1'VlutJunu 1'Vl~tJll~1ll1ll 4 1l1~ (mode) flu 1ll~'llD-3nu 

Jll u1n U'H~-3 fhtu~ Un'-3 !ft!"'ftJ'j·~ U\91 fl ~1-:J nu U1ll1'U 2 1l1~ flu 1l1~ 'Utl-3 n-mu::: ff'ruru1ru IIC'I::: n-mu::: ~-3 
"" I sJ I I 

mu l'VlltJ'U 1~uil1Viu1HI!1tlll\9l) fl~f.Jl 111fl'Utl-31 W~tlll1ll~Dll nu 1rlu tlll1ll nun )~l\l-311Cl~n'fll'U~'lltl-3 
"' I rl sJ I 

1 'Vlfltl'U'Vl-3i'f 1ll~l~llUUUtllvlllli (Coherent states) U fll) hm) 11):::lJltul!UUfl1)'H lJll 'lltl-3fi~'U (Rotating 
" .. . 

wave approximation) 'Utl-3~1~ll!'Ull fll) ff)1-:JUC'I:;;vJ1C'Ilf.J'lltJ-31 W~tJll1llllfllJC'I 11lllUf.Jll n''HfflJ~'U 1i ):::'1111-3 
.I rl )1 sJ I 

W-3 ni'u nuu 11 nu u-3'lltJ-3~ 111 11) fftyty1tu 'j u fl1ll u fll'j m :::u 1uu u Ulmm:lfuu UC'I:::I n-u1ull mu 111 n- -3 illl~ll 
" toY ,.. " 

'lfU~wmdJulJ 1~11 f11'j m:::lll'Ut1f-3fl1)m:::t\l-3uUm1lJlll (Sir Chandrasekhara Venkata Raman tJflWfffln' . 
'lf11U'Ul~ui~fmn)C'I 1utuC'I u fl. fl'. 1930) u:;;t1m1lll;11unwwu1)tl.!1~1f.J 

" 



' <::1 
1J't1'YI 2 

' ' Ill' ~ rv <::1 <::1 

Ulfltll1Uil~-ll'U1'llti'YUflti11Jfl-l 

2.1 1JYI'Ih 

' ' ' 
o uilnCJIIIVUlUl (Max Karl Ernst Ludwig Planck) unflffnff'lfl1Wfl'HJ'U n~1CI1'Ul1JCI iuiJ fl.fl'. 1918 

111m·H'l~l'U l~fl~ rn'J"u~f-3ff'IJD~1~P~tJI'11 1~u'W1J~l wcl'~~l'\.J'Ufl~'Ufl~~1j'UUn~~ ~~li~~mdD~\Pilll 
fi111Jffll'W'U1i, £n = nhV l~U~ n =I, 2, 3, ... llUf)~liCI'Ufl1fl'U~lJ UCI::: h = 6.626 X 10-34 1 s 

o 1fl~ff11ll~ (Albert Einstein) l!nVliYnff'lf11Wfl'J"ll'U- fll1J5f11 'J"l~lCI iu!UCiiuiJ fl.fl'. 1921\Jlf)~CI 
~1'\.J l~fl~ 1h1ngm'J"uti vJi IPIBl~ n~P~1 n l,j'\.J;vl1'U1Uf1l'J"~fl~'Ufl~fl'4fllfl1 Wl'lfl'U~~~,j'Ul~~'Ufl-3;fl'U 

I d' I I d 2} 

VHl~~l'U -thhlfl'il1f) 1J1CIIICI:::: l,j'U fl-3fl1h::::nil1J lJCill1'\.J 'Ufl~flft'Uillll'HM ivJvJ1 1~UVHl~~l'U'IJ fl~ i W 
"' d 

o '.lfl£1 H'l. lflt1ll1Jfl~ (Roy 1. Glauber) lrnVliYnff'lfl1flllJ5m 'J"l~1e~1'UI1JC1i'UU fl.fl'. 2005 \Jlf)~CI~l'U 
l~fl~ VH]llQfl1fl'U ~ll '\Jil-3 fl11lJ Vl;illJ l Vlj U~ ~~~ ll'Cl' ~ ('Ufl-3 lift~ lCil'IHJ'J",) l'U 'Cl'l'Ull '1$1 fl1fl'U ~ll flil'W 

<J' j/ I j,/ I I d iJ I I 

~n i ~Ufll'J" vllfl1il'U 1 'Vl'll'flf -3 Vi fte:J-3 h1unft'Ullllllll11Cin 1wwl cJf~Vl1J11 fffll'U:::fl1fl'U ~ll 'llfl-3!1 'C1' ~ 

ftllJ1'J"f1~11l'U ne:~Dm~u\lhl'Vl'U ~~ 3 nJmJu ~-31l::: l~U1lff'UeJ'J"lUCI::::lou~~fl i u 
" 

iJ il d' !V , " , " " "' 

UCI:::~~~fl11lJ!il5ru fll1'11'\.J 1 i 'Uf!'1'Cl'IPI 'J" 'Vl1Wll'Uil'C1' -31Cil'll'fl'J" UCI::::fll'J"U'J":::Unl'li 'lfi'Uiff'U iuumUlll'Cl' ~ Yl~'Vl1~ 
u q 

, I d' I I I 

~1'\.J 1 'Vl'J"fllJ'\.J1flllffeJ'C1'1'J" mm'W'VlU f1l'J"fJ\PI 'C1'1'11 f)'j'jlJf1l'J"1~ilUl-3CI:::lflU~UCI:::IlllWh f1l'J"loJ1fllJUCI::: nu\9l~ 

!ill::: UCI:::'Vll~~l'UVl1tlh;uCI::::Ciil~'C1'~nff ~-3l,j'U~CI1Jl\Jlf)~CI-31'\.J'Uil~Uf)l\lffnffm'J"'Vl~Cifl~ 2 ~1'\.J ~fl 

o Vl~t1 flU lfll (Charles Kuen Kao) l!nVliYnff-lfl'1m '1$11~'\.J (~fl-3f)~) 'J"l~1CI1'Ul1JCiiuiJ fl.fl'. 2009 
tf iJ j,/ I I !iJ 

illn~r1~1u fll'j U'J" ::::~ll ~ lff'U iuu m'l11u 'C1' -3 !Vlfl nn-ilD ftl 'J"~1uu 'C1' ~ 1 m:::u:::m~ i nr~ m WJ 

~1'\.J 11lvif' il:::l~'U f1l'J" 1'1ll'uu f1l'J" l'lllJ uu 1'1'11-3 'liD~ rr. ~'J". 'J"DU lil. lnmlum' ll4D fl111ll;li11 'lw)um n5m 
I iJ !I) j,/ 

'J"::::l111-3hl~P~Du- iw~P~Du 1w:::: iw~P~Du- ffff1'j i~mll'W1::::B'u~P~'J"n1ulmuiumuiuumuluff~ ~~lru i~ 
I )/ I I t )/ I ,/ 1 

m'J"Vi il:::vJlfl1llJl'll 1i mnv1n1JfflJ f1l'j fl i'lu 1111 m ~ n 1 ww1u umruuilu m:::l1~111PlJu mDui m u'll D~ftmu:::: 
"' "' d' I , I )/ 

'liD~ 1 WIPIDU 1uiuuuu'IJD-3nM1'C1'1Pl'J"fi1Dul'lll 9f~il::: i~nm1o~ i~uff'~l'lluiu'I11'1Jt~t1~ i u 
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unVI-ffmt'll'11V'lflt)1l ~t! t111lff tfl~fl ufin~mm~ (James Clerk Maxwell) fl.rl'. 1831-1879 l~'U 
t 1 J} I I I I I d 'J) 

Uflflrlfi'UU 'i nVivhu 1um 'i ijtJ U'lltl.:.Jn''U 111 I vhhurl~n''U 11JU1lll1~fl cif.:.Jt~U 1m 11'llt~.:.Jn':IJ fll'ifltl'UU1lll1rl n I vJvh 
q 'V cu cu . ... 

1mytyqpmrr w ~1Ul1'U.:.J r = (x,y,z) Url~ nm t 1~m:Uuul~11 

(2.2.1) 

(2.2.2) 

l~Ufl~l ff'n;nm~m' (Vector Potential) 1~u~ A ( + l ( r, t) = (A (- l ( r, t) )* 1~u n''Ul1JlvJJ1 E(r, t) ij 

fl111lffll~'U1i~nu ff'nu";1m~tl'i, A(r, t) fit~ 

d 
E(r,t) =- dtA(r,t) 

B(r,t) = J.IDH(r,t) = V x A(r,t) 

0 

1 
uk(r) = L3!2 eP·lexp(ik. r) 

1Y~u~mlllfflll~'U1i~-i.:.Ji'l'Hlfl'lltl'l uk(r) ftB 

j uk(r)uk'(r)dr = 8kk' 
v 

(2.2.3) 

(2.2.4) 

(2.2.5) 

(2.2.6) 

(2.2.7) 

(2.2.8) 

(2.2.9) 

ff'tyi:1fl1Jtl.t' e(A.) = IH)' IV) Vll'l'lJ1llJf)'lJtl'ln'1Jfll'j (2.2.8) Un'~'ln'fll'U~1wml'i~~i'llllfltl'U (orthonor­

mal) 'lJ f).:j 1 vJ~ f)'U B'Uillfll1 d .:j ~ .:j ijf) ~n'f).:.J n'tl1'U~ l~'Ul~U1 nu mru 'lltl'ln'tll'U~n'U'U'lltl'lfll~ fll'l 'itl'U tl'U fl1 fl . .. . 
l1tf.:.J fl~11fttl IH) ,;l!Vl'Ul1flll'ltl'i .. n'fll'U::; lWJ:'lll'i;'lltl'l 1vJ~t~'U1'UU'U1'Utl'U U(l::; IV) UV1'Ul1fll\?ltl): 
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(2.2.10) 

I I )II I d 

ulfH-Hli\HHJI'lllJfflJfll~ (2.2.5) &t~uYllHilff'UllJ1rlvh E(r,t) ulnfflJf1l'i (2.2.3) u€l~ff'UllJUlJimln 
y ' ~ 

B( r, t) ulnfflJfll'i(2.2.4) €1-:J 1u fflJm'i (2.2.10) ~-:JU'U ~1~hruumm8iJ€1lvuuvu £ ~-:J1:Uvu h11J 1~ 

I~'U 

(2.2.11) 

I I I tf Is/ 

91-:J 1'1~-:J nu 'iUU1J'U'\Jt!-:J l'11,-\1rU'U fl1~W"-:J-:Jl'U '\Jt!-:J mH1'Uiln1-:Jil'U'UclflJiiJ€1811 im1nVifl'UirWrl'U ~ 1u n€1 
~ . 

t1' I sJ '1J I Jl 

f1'1ffi'IHI1t!'U~m1um-:J ulfHl11llff"U~-:J'I'llhtY1HlJ11 ffm'U~'\Jt!-:J irllllt!'UffllJl~t1t!~'Ult11~ 1u 3 ~uuuu . ~ 

~.1 .a .ot:::t. u 
1. fftll'U~ntlfll1'HHYtll'U~I'If-l~1Ul'll (Fock or Numer State) 

(2.2.12) 

i~u~nk = 1, 2, 3, ... ,=11€1~ 

(2.2.13) 

(2.2.14) 

3) !t) I 2J 

~,nr u ~ -:J!:Uuu Lrmu~1 ~-:J 1'111€1'\J 1~'11'11t:JU 1u ffm'U~ffrurulmf1'1~1 ~u 
~ q u u 

(2.2.15) 

00 

L Ink) (nkl = 1 (2,2.16) 
nk=O 

2. fftll'U~Olfi''Ufi (Coherent States) 

11 fH\91 tl ~-If! Yl'\Jtl-:J fftll'U~if1:U U'Utl ~ 1 'U ~ U 
~ ~ 

Ia) =~(a) IO) (2.2. 17) 

~(a) =exp(aat -a*a) (2,2, 18) 
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aia)=aia) (2.2.19) 

(2.2.20) 

.. OJ 

3. ITOlU~1J1JtlVI (Squeezed states) 
'JI tl )/ A 

{HJlu~um)~mt~'illnm':iuufl'~tYmu~mliu1i i~fli'lfvi'1~hruum':iuufl'~ Y( s) ~~tY:um':i 

Ia, s) = ~( a)Y( s) IO) (2.2.21) 

Y(s) = exp ( ~* a2
- ~(at)2) (2.2.22) 

i~u~ S, s* lil'U~l'U1'Ul~~;'O'Ull"~ff~~fi'IJ'O,UJ'U~lll.J"Cll~1i 

t/ I 'j/ I 

fll':i '0 ~ UlU ft'tn'U~ fi1'0'U vll.J'U '0 fl'il lfl'il~ 'OlNUVf~ niu fi~'U um U~ ft'll.llHI ti~Ulm:-nu 1'11 ~h l'U 'U fl1 ':1 lllJ 
~ I 2/ 'j/ I 

'VI~fl'lfY!'Ulll'U'U p ~~~1fl i~flVi 
(2.3.1) 

hw~ Pi Atl fl1ll.J~l'il~lilu~':i~UUeJ~ium:nu~ llJii), i~fl EP; = lu"~ Tr[{J] = lu"::::ldeJi;tYmu:::: 
i 

tll'W'U li~ ilu 11 fll\91 '0 ':i"lJ" ~l'U i 'U fl1 H11~1lll.JYI ~ fl.;fl1ll.Jl1 'U 1ll~'U 'il~ l;~1 

(2.3.2) 

. " 
l1 ~tll~U'U l l1l.J l~lil'U 

(2.3.3) 

l~Ufl P' (a) ~1 1'1111YI'Ul!UU.W l1~tlUfl~tll1'ct~ Atl vl1lll'l'Ul!UU.W'IItJ~lfl"111JtJ'j"-'!f~1':i,'lf1'U (Giauber-Sudarshan) 
I 'j/ tl 'JI s/1 

llJtll'lffftn'U::::Ul'W''U1i!IYI l'Uft'l.Jfll':i (9.20) llYI'U"~l'Uft'l.Jfll':i (9.25) 'il::::l'fl11 

P'(a) __!__ jd2ze-iz(a-ao)e-iz*(a*-ao) 
n2 

82(a- ao) 

I )/ I t/ 1 'J) 

i 'f) Utl1 NUll 'U 1fl'fll'lf'U ill) 1t'1'1l.Jl) t~Vi'il::::11~Uflflll1 f Uvl1~lll'U'U fll) lll.JYI ~ fl'l$fl11l.Jl1'U 111 'U 'U i 'f) fJ i l1 

fJ = J daP(a)A(a) 

(2.3.4) 

(2.3.5) 

(2.3.6) 



. . " 
i~uli i1~hrih.tm~u1Ullt~uun~ucn fit~ 

A(a) = Ia) (/3*1 
(f3*1a) 

7 

(2.3. 7) 

,{ t , I I j./ 

i1ll'l'l'U~Uun~ iU'lf'Utlflll1J1Jl1U.:JfitJ i1ll'l'l'Ull1J1Jl.:Jf.:JC)ftl'U ~(Complex P representation) [9] 9f.:JiuliiJii 

tl~1JiJ'tlCJ.:Jnn1~ fit~ da = dadf3 um~ A(a,f3) = l~l~)l ~.:J'il~~;~l 

aA(a,f3) = aA(a,f3) 

atA(a,f3) = (/3 +()()a) A(a,f3) 

A( a, f3)a = ( :/3 +a) A( a, /3) 

A(a,f3)at =A(a,/3)/3 

. " 
!lJElllYI'U'I.f~"illlfll~ (2.3.8) e~.:Jiuff:JJfll~ (2.3.6) 'il~l~fl1lllff:JJUU'tla.:Jnnuue~.:J tiCJ 

a{> f-7 aP( a, f3). 

at{> f-7 (13- :a) P(a,f3) 

{>at f-7 f3P( a, /3) 

{>a f-7 (a- :/3) P(a,f3) 

(2.3.8a) 

(2.3.8b) 

(2.3.8c) 

(2.3.8d) 

(2.3.9a) 

(2.3.9b) 

(2.3.9c) 

(2.3.9d) 

ffmu~ mu 11'1'1-:J tnfl 1 'Ill fill ~;'tltl.:J ~ 1 vJ \9ltl'U fflll1Hil1iuu a~ iu ~u fftll'U~'\JCJ.:J 11Jn; (Bell's states or .. .. .. 
EPR states) ~ll\9lfl~l.:Jfl'U 4 fftll'U~ [10] \9ll:JJl1i:lflffO~'\JEl.:J 11Jff-ltl'U,ffl\9l,; fia 

1 
.../2 { IHh IV hi ± IV) k' I H) k} (2.4.1) 

1 
.../2 {iHhiH)k' ± IV)kiV)k'} cp(±) (2.4.2) 

1rla I H) k ue~~ IV) k fia w.:Jo'iuffmu~ i'Vlml~;'tltl.:J ivJI9ltJ'U~mt~1JmtJ.:J ill~ k iuu'U1'Utl'Ullfl~li'U1;.:J . . " 
\9llmh~u un~rlmfumnudhu\91'\JtJ.:J 1vll9lt~ualpnfll1u.:Jlifi'Jauma.:J i:JJ~il fia 

(2.4.3) 

(2.4.4) 

'H ~a ;lVl'iln w lffnwHUuumtnn nu 'tl'fl.:J ffa.:J ~~uu ~au 1~'1 ~.:J ~~uu ~au~.:J ffa.:J o naii mu;1ui1~111"lu .. 
fl1111:JJ'I'l~fl;'H'Ulli~'U PI llfl~ P2 \9lllHll~1J 'il~,;~l 

(2.4.5) 
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• 
2.5 Afl'UU'YI\Ufltl1'V'J~a1Hllflfl'i~1J1lHll'i 1-rJ'in'V'Jiinc)f~ 

I I I " SJ j} 

fl111Jff11~ 11 1u m'i' f-lil~tlm'Ull VI·UflCI 1 vl~uu 1 wnu fll'i' ii'mn 'i'll1 mlru 1uu nTt.hu l1' ~ n1u 1~ mnh~1'U ... 

'\JV~n~m1ni11u'llV'Ifl'1lr~'i'11l1'i'; t'W'i'lJ tllJl'i'~ [3, 12] 1~um1JlJ~CI'tY'\JU'Itl~'UIIl1''1!Cil'!lm~~~11u 1'Wm 'bqf . ... 
s/ i/ " " " I 

t~'lllr'U lYU'I lrtn'U~ fiu mnu~ 1u U'U1'UU'U l!CI~ uu1 ~'~ (I H) IICI~ IV) ) I 'Ill i u 1u llr'U 1mtfl1l-ll ulr 'I Vi 1i 
So/ I Jl " Jl I t/1 

!1n'l:ltu~ 1 tl'lt11u 1~UUU!l'llflll'Utl(Sagnac loop) triu m~llJ'U 11JICiflCI'\J'O'IIlr'U 1uumYit11u9fil muun i 'll~elf'l 
t 1 )} ~ ,( )I 'J} <f I 

tilulr1'i'Yii1Jl11ut~'~tlrmru~tml'i' x(3l 1~ui1i1vl1t1vliin9f~v\', hHn~lrmu~m~llJmn1 11Ju mh~uYi 3 
" I I fl' I )J 

~u IICI~UCI~UCIUUfl1vl191V'U lri11'U~lUCICI'OtlfllJ1tlU1u 1U'\Jtl'l fl11 'lltl'U r1u fl'U'\Jtl'l lrtnu~ff'ruunw (Signal 
.... 'U 'U u u 

I t I " , I 

state) llCI~ lrtll'U~U'Il\W (Idler state) 'OtlfllJl elf~ 1~u11i fl11 VI~Citl~'\Jtl'IU fl i:ilu fl'llJU vll 1'11 l1'11J11U 'Hlfll 
tl I ,( " !)/ I .I 

trlJU1~ffVIii fl11 r·hHu tll1'1Jfl11'\Jtl'llUCICI (Bell's inequality) ~~Ufl~1U iu ih~u1nu fl'llJ '\JU~ fl'1l1'191Hil11U 
I )I " ,f ';i/ 

'Vlllflff[ 4] nl1'11J11Uf'lil191flnl'UUVI'IlflCI 1 vl191tl'U lllflllr'U 1mtfl1U1lll1'~ 1~ui1i hh nvJ iJn9f ~~1U\91Uitl~ (Self 
" Jl I I )I t/ )I )I tl 

four-wave mixing) l~l'lf'U fl'Uelf'lltU11JlCiflCI'\Jtl~cJfilmtltlfl l'li~\J nm~fl'U~1um~u1u fl11 1 vh nvJ:U flcJf'l 
I I I I I " " I 

l'lflJ fl'U ll\91ll~ll\91fl\911'lfl'Ull l1'i11U~'\Jtl'lltl'UllVI~lflCI 1vJ191tl'Ull ~~fu 1~ui1iut~Uf)11 l1'i11U~WUllVI~lflCil~~ 

1101 (Time-bin entanglement) ~'ll1CI1'\J'O~fl1'jlfl~ 1vl191tl'U~~lrtl~Ufl111Jll\91fl~l~fllJ (Early and late)~~ 
!)I tl , Sl 

UU l1'Ul'U~l1fll\91tl'i' j}l'U '\Jtl'lltl'UllVI'IlflCI 1 vJ\91DUi'U mru U~~ l{j'U fl11 'lltl'U rlU fl'U '\J'O~ lrt1l'U~I1CI1'\JB'I fl11 

tn~;,l1~BI~1[?] llVI'U~ll~t11ulrmu~ 1'Wmiw11iu m1fffl'l:l1fl11tn~~muumtnCI 1vl191uu 1~um~u1u 
" 

fll1 1 vJ1~11vJiJn cJf~ iu 1~'1 Vlt)'l:JQ i1i l'lli'lfttl fffl'l:ll 'illfl fl11 \91tl1J lYUB~ ~tl lr'UllJ i vJvJl'\JB.:J 119lt} ~ 11'1u IIUU ~~ 
i/ t/ t )I I I " 

I~.:Jil1'U'IfU~ItlB1 [11] mu1'Wmhl'lliu 1ul'uu1191tJlllfl~ll1flfl111'11UU1U1'\Jtl~lrmlJivlvll E [10] 1~u 

(2.5.1) 

1~ui1iu X(n) fttl IVIUI'lltl1~'\Jtl~lrfll'W~tl'Uil11VIl.:JlvlvJ1!;)1~1J~ n ~.:Jlumru'\JD~iuu;1Ullll1''1~\Jfl 
';J " " )I t/ tf I ,(I I t I 

u11 '11 ~u m:;;llJ'U ~1V'W'Cil1''\Jtl'llll1' ~lCII'IIB1 YiufllJlJ1fl'l 'W'il'U Yi1~u i~ mnYi'i'[~ fit~ x (3) elf~ m1 1111HJ:UC1 1\91 
tl Jl sJ I )I Sl 

I'WVU u lfl 'W'ilU u vll ~~ 1~u r;)l~U ll1fll11 l1'1Jfl1'i' fl11 llf-.1'\JB.:J lr'U llJ ivJvJ1 iu imlfl1Ulll l1' .:J fl111JV11 L 19111J 
I " Jl I ,{ 

uu1unu z Vi lrtl~tlCitl~ nu mmi''l iY 11J~'\JB.:J m:;; mu m1 1vl1 nvJ :Un9f~ m11 uulJ uuu '\JB.:J l1'11 m1 lllJfl 
tl tl I ,( " I 'JJ 

'lll1CICI llCI~r;)l~U\91BlJ1vl1tl1tllJ iVJ'llflf.:JYilrtl~'\Jtl'llr'UllJ ivlvl1 Ek = Ek ( +) + Ek (-) \91111 i1i'llB'IlflCI1 
tl I )I I , sJ " )I ,/ 1 

IUm~'IYii~flCil1lJ1liCI1'\J1'1~'U um1.:Jtl1~Vfl1mUCI~ aa := f. aa IICI:;;m111tr11'W'U1i'\JB.:Jfl11l1'!1uYi'lltl~ 
t n z 

Yl'1~11uu m1 [EJ +) (z), Ei-) (z')] = 2!~Q o (z- z') ojk 11;1 i;l1'1Jfll1 m1 li'l~t~u ~'\Jtl.:J ieJt'li'UIU1~n 

in a:rk = [Eb £] ~'lvlli,_;'l;lHJiJCI 1VItUU'U'\JB'Im~U1'Ufl11 1vJ'i'~nvJiJn9f~\9111JIIUU'\JB'IVIt)'l:l~i'11tllJ~lJ 
I ~ ~ , 

Yi1il~~u 1utffu 1uuml11ulr.:Jt11u [12] 

£ = K£oX(3) j dV (E~-)E~-)E~+)E~+) +h.c.) (2.5.2) 

v 

trltl 1C t11uu~mtu~~'UBQfllJ11UCI~lflU~VIl~fl11VI~Citl'l IICI:;; ~1,_;'BU s, i, p l1lJ1VG.:J 111~'\Jtl'l 1vJ191tl'U~ 
I )J 1 iJ 

mt~Ufl1tl.:Jlrmu:;;-ffrurultu fftll'U~U'IIUUIICI~fftll'U~fll'i'UlJ 19111Jr;)l~U ff1'U h.c. l1lJ1VG'I ff~fiElfll~~'IIB'U ... ... . 
ltftl 1~iJ I;V'U 1rlt~u 1 :;;~n\91~1 ;VI t)'l:l Q mnu fl1'U ri1Yl'u ~ 1 lll flVIt)'l:l Qt11tl'U 191 lJl!eJiJCI 1 191!U UU~.:J fl~ 11l1'1lJ11 t:1 
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"' . .. 
til '1 Urll'U1tu111Vf-miufltl'U'1Hl.:JW'Ulll'l·:Uflft i vJ~uu lV~'illfl 

00 

I'¥)= IO) + i~ J dt£ IO) (2.5.3) 

-00 

. ,. .. 
t:UDUl'l'Uil~iift i 111U ti'Uft.:J i 'U'CI':Ufll'JU'il~ '1 VI 

I'¥)= IO) + L F(ks,ki)al,at IO) (2.5.4) 

ks,ki 

S} I 'j) ,/ I ~ 

cr P fiu u fllJfl1l:Ufl1l.:J'Il'O.:Jn'IU fllll i':uml:U~l~.:!lJ:U'IIU.:J'W' mY'Il'O.:Jfli1uu ff .:n! :u, 

y = 2rcnzl A-Aeff, A, :=::: Ap,s,i, n2 = 4nieoc 9\e(xmx), Pp = 2foAetf£Dcncr~ iEp 1

2
, 

k" ( QP) = ;2~ I fiu nu m~'illtJftl~lJ~ffD.:JD'Ul~D.:JlJl'illflfll'J m~'illti'IID.:Jfl1l:Ul~1fi~:U'IID.:Jfi~'U 
ro ro=ilp 

Uff.:JJ:U'illflfl1l:Url\ll'J.:Jflftl.:J Qp, lift~ 
~ = Q 5 - Qi ft'O fl1l:U~H'IJD.:J~lfl1l:Url\ll'J.:Jflftl.:J'IJD.:Jfflll'U~if'tytyltutllJfflll'U~~.:JliW'IJ'O.:J~ivJI'l'O'U 

sJ 1 I I I 

llft~O\ll'Jlfll'JUlJfl1l:U'W'J'O:Utl'U'IJD.:J~!D'UUl'l.:Jlflft ivJ\9lD'U (Coincidence-photon counting rate) litfltlDuli 
dl .ef QJ G.~ Q,ld. cv.d ~ 

lJlfi.:Jlfl'J'O.:J11lfffllflllW\911l'll llft~\911l'l 2 fl'O 
" " 

00 00 

Cc = J dT1 J dT2 ('PIEi-)E~- )E~ + )Ei +)I'¥) (2.5.6) 

0 0 

(2.5.7) 

_ 1 /
0 

jo exp [-2iyPp(Z1- Z2)-~ + ~ arctan(b') + ~ J 
Icc - L2 dz1 dz2 / (2.5.8) 

-L -L y ( 1 - ik" (J~zl) ( 1 + ik11 a~z2 ) \h + b12 

trlu b' = -k'' (z1 - Z2)aJ /2, c' = ~2 /2aJ Uft~ r' = -k'' (z1 - z2 )~2 /4. 
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.. .. 
2.6 fll'l!fl~tfflJflJ1W'i'Ufl1'U 1 'UA!1''U 1£JUfl1'lhU~ 'I 

u u 

'JI )! sJ 1 I I I 

ff'wunw 'illfl1'U iu mu iuum1..l'lutY '~ 1n~o\iu 1~v tYmu~ 'Utl'l muum 1fie~ 1.W 9ltl'U Vi rh-a'-:J Hr.~ I u iu Vltl u u 
j./ J! t j} I I I I 

!ff'U lU!!fl1Ulll'tY'I lJtl'U9l'i fl~Ul nll ff'lll1~Cltl:U !'lf'U ll11Cl'l 'V'l-a''l'll'U Vi tJ{j iu 'j U'Utl'I1.Wu tl'U 1~u~ fll'j !!Clfl 
" " 

!U~U'U'V'l-a'-:J-:Jl'U 'i~11~l'ltl'U ~'l!!lllJUlCltl'l~tln lllUeJ'U 9l'i fi~ Ul~'l fl~l1~~1U~'tl'~fltl m 'i m ~~~'!Iii tl'I1Jl'l1lfl 
q 

t/ t/1 )I I 

U'ilflfJfll'iW'illJl'U'U~'Iug:Ue~ 1 VI!UU'U'tl'llJl'itu:Uuu i 11tlQl'U iU [ 1 0.2] 

00 (I) 

YlR=Ii j dx j dm{E(+)(x)E(-)(x)R(m,x)[h(x,w)+ht(m,x)]+mbt(x,m)b(x,m)}. 
-00 0 

(2.6.1) 

1~u~ R(x, CO) fltl Vf'ln"iu69l'ilfll'i!~tl'U'tl'ill'U~'il1Jl'U'U .. (Raman transition rate) ~'l!i1'U~l'l1~ 'I ~1'U b, bt 
., . . 

fltl 191 1~hru u fll'i'VllCllU!!Cl~\9\1~ll!'U'U 'tl''il-:J1.Wu tl'U 9111Jl:'ll~1i ~'I fll'i m ~ ~~'Ue:J'I ~ 111 11'U 'I 'Ue:J'I tl ~9ltllJ'itllJ 

~~'tl'lJ~Cl!ll~U~'f;!tll111Jll111j'll'U'fffl11~'tY:U~Clfl1llJ;e:J'U!lj'Uff'~~1'U 1~U9l'i'ltllJ ( h -j- {;t) 

I < 

2. 7 ~lJfll'i'VJflfl!flfl'i-U'WiHfl 

fl'i~ll1'U fll'ilJl'i .. fle:J~ (Markov process) fl11lJ~l'l1~!11u ~-a'm:ltu~!l1uulJlJ~!ie:Ju l'IJ 1~Ufl1l:U~l'l1~ ., . ., 
!l1u1ue:J'Ulf191o\iuntJml:um'l1~111u'lle:J'IU'11~uu ~'Iii 

I I !iJ I I 1 

~'II! 11'~'111ff111fll mru'Ue:J'Im1 mit~uue~ 1m1 :uu 111~111u 'i 1:u 'ffl :u 1 'i m:Utiu e:J t1 1 u 'iU 
" " 

n-J 
P(xt,ft;X2,t2; ... Xn,tn) = IJ P(xi,ti I Xi-J,ti-t)P(xn,tn) 

i=J 

(2.7.2) 

1u lJl'l mw ll'VI'U~ '11~!11u fll'j fl'j~ 1~~111JlJ; 1'1'1 111fl!'il!~tl fl e:JnlJltl fl'j~lJ1'Ufll'j ~lJ 1 ;,,j'U!!lJlJ~e:J!.cte:J'I 
q 

!j/ I )/ t 

rmi1ue:Jtll'lutY:umm'lfuu:uu-1 fill 1:u 1 me:J~ 11~1:Um.wu imu 
" " 

<I>(w I x)- W(x+ w I x) 

j dw<I>(w I x- w)P(x- w,t I x0 ,t0 ) 

J e(-w£) [<I>(w I x)P(x,t I Xo,to)]dw 

(2.7.3) 

J [ a 1 a2 
] 

1- wax+ 2w2 ax2 + ... [<I>(w I x)P(x,t I x0 ,t0 )]dw 

(2.7.4) 

ue~~!-de:J'I'I11fl J dw<I>(w I x) = o ~'ll; 

a 00 ( -1 )n an 
aP(x,t I Xo,to) = L -,- ":l n [Qn(x)P(x,t I Xo,to)] 

t n=I n. ax 
(2.7.5) 
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Qn(x) = j wn<l>(w I x)dw (2.7.6) 

" " ,., " " ~ " " " hnnm.1mru n'lJfl1'i'\11·Hl'U o mi'~YltJ'Ul'l'il'UVJ~ I u 1 ~mnu l1!.Wv~n-a~r~'ilumn vh ht l~n'lJfll'i~amna'i-
" 

" Q,l J Gi ol::::l .-=:6 Q~ .d \J] " 
Ul'ICI~fl ~~'U t'Ufl':iWl1'U~lJ111~rJ'Vl Q1 =A UCI~ Q2 = B l'i1 tfl 

a a 1 a2 

TP(x,t I Xo,t0 ) = --:~[A(x,t)P(x,t I x0 ,to)] + --=)"2"[B(x,t)P(x,t I Xo,to)] (2.7.7) 
at ax 2 ax 

ii fll'i11~Ur.J l Ufffl'i w '\ltJ~l1C11rJI9i 1ll u 'j vi 1, ;,~n'lJ fll'j~tJ fll iltl'i--lll'ICI~fl- tl~ l 'U'iU 
" " " 

a a 1 a2 

TP(x,t I Xo,to) =-L :1[Ai(x,t)P(x,t I Xo,to)] +- E-::"1 -[Bij(x,t)P(x,t I Xo,to)] 
at · aXi 2 · · aXiXj 

I 1,] 

a a 
aP(x,t I Xo,to) + E -a-:Ji(x,t) = 0 

t i ~ 

1 a · 
Ji(x,t) = [Ai(x,t)P(x,t I x0 ,t0)]-- E ~[Bij(x,t)P(x,t I x0 ,t0 )] 

2 j UXj 

i1vn Ji(x, t) ~1 m~un'fi111Jl1'Ulu~u 

< 

2.7.1 fl"i~'U1'Utn"i"Utl.:.t,1!tHl"i 

a 1 a2 

TP(w,tlwo,to) = --:)--dP(w,tlwo,to)] 
at 2aw 

lP(s,t) = j dweiswP(w,tlwo,to) 

alP 2 
- = -s lP at 

(2.7.8) 

(2.7.9) 

(2.7.10) 

(2.7.11) 

(2.7.12) 

(2.7.13) 

I )/ 'jJ I 

l'Utl~'il1fl P(w,tlwo,to) lt=to = 8(t- to) ~~U'U lP(s,t0 ) = exp(isw0 ) ~Cil'ilC!r.l'\ltJ~n'lJfll'iiHi~ay'lu 
'iu 
" 

lP(s,t) = e[isw0-!s2
(t-t0 )] (2.7.14) 

~~a~ 1 u 'iuuuu'\la~lflln'ff 1 ~ vm'i u 1.1"~ ~ n r:ru '\la~JJuir~a ~ 'l u 'iuuuu'\la~lflln'ffa n n~ 11fla 
'U 'U 'U 'U 

(2.7.15) 



(W) = Wo 

( (.1W) 2
) = t- t0 

12 

(2.7.16) 

(2.7.17) 

Jl JJ I I ~ tl I 

flll U1lflU'iH U ~ fll'ifl "l~ 111U,;1 tltlfl 'lu nm lift~ fftJ~flM.:J nu ll1J1J ~l€ltJ.:J Vi lllJ'UUl'UtJ.:J 1tJuff1~'W 'lu ljtJ.:J . . . 
"' "' "' fll"Jlflfttl'U l'lll 1J1JU"J11l'U U'U 

ci fllltu~fftJ~dlrftytJ~vnrd.:J'lltJ.:Jm~mu fll"J'lltJ.:J 1 11um' fltJ f111lJtllufiff"l~1llfltl'U'lltJ.:Jff1'Wl~lJ~.:J 
tllu~.:J~~1.h~ iu'l$,;'lu fll"J'I11U~~'W 1i''lu m~mu tn"Jff i ~llflff~fl ~.:J i~v~1l u d111t'um~u1'U fll"J'lltJ.:J 

"' "' lJllfltJ~ I"Jl ,~ 

n-1 

Jl P(wi+I,ti+I I Wo,t0) 
i=O 

n-1{ [ ( )]} -1 2 Wi+I-Wi Jl [2n(ti+I -ti)] I exp -
2
(. _ ) P(wo,to) 

i=O tz+l t1 

!j) I I I I I 3J 

f1-:Juu f11llJ'I1'Ulll'U'UmllJ'U 111~1llu "J 1lJ'lltJ-lff1'UlVllJ'u fiv 

"' . 
fl.:JU u vn n:Uu ~.:Jti!ufiff"J~~tJ nu 'l u l'll.:Jff~~ 

lHUVllJ~ltu~Ulll:l~'W-Jfl''lfu'11"!1'NlJ~'U1i'a~ iu:U~ (Autocorrelation function) i~u 

(W(t)IWo,to) = j dwP(w,t I w0 ,t0 )w 

(W (t) (W(to)) T IWo, to) jj dwdwoP(w,t;wo,to)ww{; 

j dwo(W(t) I Wo,towJ)P(wo,to) 

(W(t)W(s) I Wa,to) = ([W(t)- W(s)]W(s) I W0 ,t0 ) + (W2 (s)) 

(W(t)W(s) I Wa,to) = w~ +min(t- t0 ,s- t0 ) 

(2.7.18) 

(2.7.19) 

(2.7.20) 

(2.7.21) 

(2.7.22) 

(2.7.23) 

(2.7.24) 

(2.7.25) 
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• • • 
2. 7.2 fiWtfli'JJ~ltl1,U1JeHtftltn'j~flfl!t1f)'j-U'WiHfl .. 

cv d I " " t!:t " " t!:t " A .::9 
~~'1'1 fH'l111JlllCl1 l'Hl'Ull 'H1 '1'11~'\J 111Jtl'\J 'fN fflJ f11) vJv fHOtl'i -ll'WCl~fl (2.44) fl tl 'W'il'U Cltl rHCl tl'U '1$~ 

I I I Jl I <J'I ,/ I I !J} I 

'il::a i1u i1fi1UfllJf11':i tfl ilvu iiiithMu ~ ~~ ff1'U'W'il'Unffv~ {) v W'il'U nn uw'l9i~'il::ai1u ffll '111'1 i '11 fl1llJ'U l'il~ 
' ' 

1 ,/ j/ d :Jit I 

ti1utn~ m':i m ~'illf.li1vvn! u fl111Jlll'l nl'll~ iu U'l'l1Jl'l'l'\Jfl~ fft>~'W'il'UU ffllJ1HilJV~l'I1'U ~~~1miivf11u1ru 
I )I d I t 

'111 (xi) ll'Cl~ (xix j) 9f~uff~~imM'U 1~u~lf.l11 

2.8 

d(xi) 
dt 

d(XiXj) 
dt 

d 

(Ai) 

tYtJtn'j!~-:Jf)U~U1itY1~ufltY~t1 .. 

(2.7.26) 

(2.7.27) 

11J 11\t~ ~ 'il~ ~~ nl':i nmJ'ty'l11 nl':i lft~fl'U~ll1J1J1J':i11ldf.I'U '11~mJ'ty'l11~lrlU1;fl~ tl1Jll ':i ~~ n':i~Yllll1J1J 
~lJ M v1 ~vvilmvw q ~ n ':i ':i lJ~l'U 'I'll~ fflJ m ':i u'Cl ~1nu1~'11 ~vv n~fl~Yil~Mit ~ftfl~l'U 'l'll~fflJ nn 1 ~ ~fl'4 wu 'fi, 
t111'1Hftff~n 

V = -yV +L(t) (2.8.1) 

I I )I I I I 

1 ~vii, 'U mw '\J fl ~fl'U fllft m 111 ii f.J'U Yll~~l'U'\J 11'\J fl~fflJ f)l) {) fll['j ~'\Jfl~'\Jfl~ l '11 fin m~vlll'l flfl'U fllft cj$ ~~n~ 
' ' 

' "' 'illOfffl~fl~ftU':i~OflU ftfl 

n. m~u~lJu' -yV 

I I I I I )I s/ I !J} 

'\J. m~nllU':iftlfltll~':i1~l~1 L(t) 91~ llJ~'Utl1Jfl1llJl~1'\Jfl~fl\lfllft 1~f.Jll':i~'lfU~Ulnf.I1'\Jtl~num':i'lf'U 
I )I I I I I )I ,/ )I 

nm~1111~ 11Jlflnn'\Jfl~l-hnuvumflm 111iivu 1 ~viimm ftf.I'\Jfl~m ~'lfu~iiti1ufl'uv ~~uu 
' ' "' 

(L(t)) 

(L(t)L(t')) 

0 

D8(t -t') 

S( W) = i: dreiror (L(t + r)L(t)) 

(2.8.2) 

(2.8.3) 

(2.8.4) 

cl !J} I I .I !J} !JJ 4' I 1 I 

l'I1'U l~ll'U n11lUfl~ 'ill nmm Un~'\J fl~W~ n~'Ul~Cll'll'il~, '11 Yln~'W'fil i1u ftlft~nt1'UlUfl~1Jl'illn L( t) lim u nl'l f lJ 
~ d QJ " Q.l Q.l 

'lf'U~llU'U '1$~1J'Ufffl~ftnfl~nufftyl)Jltl!':i1J01'U'\J11 (White noise) 

fflJlJ~~lfl1llJl~1:'U'\Jfl~fl\lfllftU':i11ldvu\)nnlM'U~h.;'ti1u V(o) = V0 ~~Ju ~11m t ~ o iu . . " 
u1'1n~1f.li1vm~ 'il~~~ 

1
( 1 

V(t) = Voe-yt +e-yt 
0 

eyt L(t')dt' (2.8.5) 



. "' "' 
t:iJt~i'lffJUHYlJil~'llt!~ L t'ilf1'll.ll'itlrh'U1tu111 (V) !!~~ (V2

) ~~ 

t' t" 
Vie- 2yt +e-2yt 1 dt' 1 dt"eY(t'+t")(L(t')L(t")) 

D 
V?e - 2yt +- [1 - e - 2yt] 

0 2y 

~ 
l:Utll1~1 t ---7 00 

)I I I,.. )I 

~n ~O'U'Illmimfmn~11~1Vi-ff'u'l u:t ~~ 

,., )I d' .' 1 #' I 

i u n 'i w il u:;:: '1 ~ -ffm.h:;:: ft'Vl ~'ll'fHW u'U ~ mnil tJ'Ulta:t"Wu'U fll'i ll"W'i fltJ 

A= (llV) = (V- Vo) lt=to+ill = -yV 
llt ill 

B = ((llV)2) = D 
ill 

fj/ fl' ,/ I ,. 

~~U'U rY:umn-!t~ fllfltl'i -u-w~~fl VirYtJ~fl~tJ~flB 
() () D ()2p 
~P(V,t) = Y-=)(VP) + --=)"2 
at aV 2 aV 

14 

(2.8.6) 

(2.8.7) 

(2.8.8) 

(2.8.9) 

(2.8.1 0) 

(2.8.11) 

(2.8.12) 

sJ ,t d' I '.j/ t( I )I .1 "" "' '1 & QJ ~ ~ fY:Ufll'i 'U tl1i1Jltl fl'i:t1J 1'U fll 'itl tl'i'U f1' I'ICI-tll~'U l1Jfl 'lf~ fYtJ~fiM~ fl1J"W'il'U CltlfJ!CltJ'U I'll'~ lfY'U !ICI:t "W'il'U fll'i 
" 

li"W;~~~~'U~lfl~~ 

I I I)/ j,} 

iumwrYm'U:tfi~Vi 9f~ t, t' ---7 oo ul'lmtl (t- t') = r i~i~ 

(V(t + r)V(t)) = De -rlrl 
2Y 

. " "' 
i 'U Vir1~11 €l~ul nvh nn u u" ~uuuvl1 w'i m '1 ~ fhtl'~mu n\91 f :u'IJtJ~ v fitJ . " 

Sv(w) -
1 

jeiwr(V(t+r)V(t)) dr 
21C 

D 

(2.8.14) 

(2.8.15) 



dx 
- = a(x,t) + b(x,t)L(t) 
dt 

I sJ sJ J,} SJ 

i~uJVi~1fltu D tJn~~ciiu'hlu b 1'1umm.11m1 ~~uu 
" " " 

(L(t)L(t')) 

(L) 

8(t- t') 

0 

W (t) = 1t L(t')dt' 

(W(t+~t)- Wo(t) I Wo(t)) 

([W(t+ill)- Wo(tW I Wo(t)) 

15 

(2.9.1) 

(2.9.2) 

(2.9.3) 

(2.9.4) 

(2.9.5) 

(2.9.6) 

il' I I I )I I sJ I '}I 

fflJ m'HJuV!u 1i ff illlllflff~ n (2. 79) iJ~ lmwimlluuuViiiullJl~lJ'I!ucli~o\iue:Junu nuilu Yitmlll1 r1 ~1 
q 'U 'U 'U 

I I 1 <J' )} I 

il'u i~uV11tu11~ tllihJrurnut~~ttlu tUillll.IM"n'lle:J~llflt~fl"fflinlJ~lViullJlU:i~unlllt 'If mm 1 J" nm1.1m 
u " ' sJ s/ I I I ., I I I 'j./ 

llle:J~ :i~il'~:i~1~ 1 u mJ" t'lflUe:J~111n m fh"~tt~u e:Junuvt'~n'i'u iut1mVifh"~uuHntJUl~:i 1~1~ 1 ~,nru m 
" 

~~ii Ull.IU~Vl'U 1i~iluuuuil :iJill fh" ~ffe:J~m ~ I'J'lle:J~ f-ltl:i1l.l (ms) uuu! :ilJl'U'U,ffl m1~ 11 ff fie:J 

(2.9.7) 

i~u~ ti-l ::::; ri::::; ti lltl~ 111ll~~;1~11tl1111f1 to~~ t e:Je:JfHilu n ;1~11tll:i~'YI~l~nm~ t 1 ,t2 , ... ,tn 111 

ffllJnt~Vl~11u~:~1il'u~ue:J~nu f( ri) ~111l~e:Jn ~uuTvmm:it~e:Jn~iiulJf1u 2uuu fie:J 

"' n. llfltlfJ"ffll1.11.1in'lJe:J~ililll~ ~1{.1 'rj = li-1 

" 
'lJ. llfl€lr.J"ffuuui1i'lle:J~fflll:il illliui'lf ~1v !( ri) = t[J(ti)- J(ti-I)J 

J,} sJ sJ J,} sJ I I J/ sJ sJ 

111 f1'\Jtl ffl.ll.l~)ll'U 'lll~ lll'U 11111~ ~~1'1 U'U ~ f11:i fll'U1W l11 ff~ lllW'] mi'J f11:i l'lfll~ llfltlr.J"ffll1.11.1 in '\Je:J ~B 1 Ill~ 
ut~~uuui1i'lle:J~fflll:il illl iui'lf 



(S) lt W(t)dW(t') = ms J~~ [W(ti) +2W(ti-I) l 
~lim t [W2(ti)- W2(ti-I)) 
2 n-too i=I 
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~ [W2 (t)- W2 (to)] (2.9.8) 
2 

~ ~~ ilu I u~ llJ'\1 'if flfll )'\] fl~llfl€lfl'if ffli )'HJ~l~'Vl'Jl'I.Jtl\.1~ 
" "' 1 \.! 'Vll~~) ~tl\.J'\Jlllrll'\1 f 'I.Jllfl€lfl'ifffll'IJ'IJ1~'\Jfl~fl1 ~::; 

"" 

(I) 11 

W(t')dW(t') = ~[W2 (t)- W2 (t0)- (t -t0 )] 
t0 2 

; 1r1~ ff~ rl1'11 fu nu'I11U~wu t!tt uu1~'\Jfl~il1 ~::;mfflllU t~'Wff'ilU ~ ~~1 
' "" 

dt 

o rl1Mfu N = 1,2,3 

(2.9.9) 

(2.9.1 0) 

(2.9.11) 

(2.9.12) 

(2.9.13) 

I S) 'j) I ~ I d' I 0 

'illnffmJ~~l~'l'\JlHIUlHY-I'IJ11 dW rv J{ii tL€l::::mff11Jl)tl~~~llf1l'WrJ~l'l'il\.J dW 2 cM~u~n~N'illn 

uf1€lf1'ifffn ))lJ~lvh I u 
" 

df[x(t)] f[x(t) +dx]- f[x(t)] 

f'[x(t)]dx+ ~ f"[x(t)]dr 
2 

1 
f'[x(t)]{ a(x,t) + b(x, t)dW} +- f"[x(t )]{ b(x,t)dW2 + ... 

2 



' ~ ~ 
U';i::;(JfWli'lftl'lJf)l)(2.90) 11€1::; (2.91) ~'11fl . 

df[x(t)] = { a(x,t)J'[x(t) + ~b(x,t)f"[x(t)]} dt + b(x,t)f'[x(t)]dW 

I I I )J 'j/ I 

tY~ 'l ~.:~ nm1Il'llJno'tltJltJ 1 utYmt.lHiiiiJ~tY .:~.Uu 1 fl i flm ltJ 
~ v v 

2/ I I )J I 

mmih 'l 1l'i1mm ~tJ 1 1111ntY~ 'l'\ltl'IBi ~::; 
v 

d(f(x)) 
dt 

j dxd1P(x,t)f(x) 

j dx [adxf + ~a;t] P(x,t) 

I I Jl d' )J )J 

11 €1 ::::djvvh nnou vilm ~11tJntl'1'U11€l::::€l::;Vi.:~'Vl1l'Ul.:Jf.:Jr!'U~1 l';il, fl 
j dxf(x)dtP(x,t) = j dxf(x) [axaP(x,t)- ~();bP(x,t) J 

dtP(x,t I Xo,to) = -dx[a(x,t)P(x,t I Xo,to)] + ~ a;[b(x,t)P(x,t I Xo,to)] 
2 

(I) dx = a(x,t) + b(x,t)dW 
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(2.10.1) 

(2.10.2) 

(2.1 0.3) 

t 4' I tJ' j/ ~ o' 

lfltJVJ dW 1i1um::::munn111'UtJ'lVJU n tJ'IflU':i::::nvu ~.:~lrtHllJfll'lWtlfllfltJ"J-IlVW'Ifl uuu~li\91::; fltl 

dtP(x,t I Xo,to) = - Ldi[ai(x,t)P(x,t I Xo,to)] 
i 

(2.1 0.4) 

'j/ "'" , 'JJ 

~.:~uu 1llnff'ru~mJtl.!'\ll'll'l'U ~.:~1fl B = bbT l'i1uv.:~1~tJ1nu rin1fumruHmm~{l'llUu1~{l'l'l'll il'l1u1'lf u v 

1)::;,; 
(S) dx = as(x,t) + bs(x,t)dW 

m~.:~1;{1'lJnnwvmnm'-ll'Vlft'lfl~luutYI'l'll il'l1u1'lf flv 

dtP(x,t I xo,to) = - [ai[a~(x,t)P(x,t I x0 ,t0)] 

i 

+~ ~ di [b~kdj(bjk)T(x,t)] P(x,t I Xo,to) 
l,j,k 

I I tJ' "'" 1 

llJ{)l U~ tJUl VJ tJm ::::l111'1Il'lJ nWWtl mmn -11 'Vl€l'lflll'l {l'tJ.:JlllJU 1l::::'Vl1J 11 

s 1 E ::1 T a. = ai-- bk1·akb· · 
I 2 ~ 

j,k 

(2.1 0.5) 

(2.10.6) 

(2.10.7) 
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(2.10.8) 

tf jJ , I S} ,' tl ~ 

fl11lJ~lJ'W'u 1i i u~ BUU1H"l n i 11 Vl':i 11l11tn n111U ~fflJ m':ivJB mnB ':i -liVHl.:Jfl iru u:::: ffB~flCltl.:J 01J fflJ fl1 ':i liCl.:J 
I ,... tl I I 

lflli1.:Jlill nvuY11m ~~1lJliU1VI1.:JllfiClfl~ffll1l1li1i'IIB.:Jv1 ~:::: ~1mYmh::::iYYJ1il,'ltHJli'lBu a Ul,'l:::; fl1':i li'V'I':i b 
~ ~ 

m 1JCll~1J lll,'l:::;I~U nu fflJ fl1':iliMiflli1.:JtlflVUYllflHl~ 1lJll U 1Yl1.:J llfll,'lfl~ ffli1J1Ji1i 'lltl.:Jff~ ':i 11 ~ 1 U l'lflh i U 
~ ~ 

I I )I tf I I I 

"il as 1m:::: bs 9f-.:JtYB~fll,'ltl.:J01J~lJU':i::::iYVIlli,'1Btlli'JtJUlll,'l::::fl1m'V'I':imlJ1:ll~1ll'lfUOU 



' -=-tJ'n'n 3 

""-=- 0 "" "" cv 11ift11~1l'U'U1iUJ 

" • " Jl , 

1. ifmnnn lnAmuun·unalYl9\ou ~1nm~u'lu nn l Yl1 nfliinci~ lu 1~U'I11Uffu TfD~ln'U lmm1u1 

Un'~ 

Jl I I Jl 

3. n'1HIUJUillVti'UUU'IID~tl'U9\10lU11~'111H1~'U'UIDUIImlnillW9\DUO'UII1'1il~fl11111DU 

~ ; ; 

4. 1f1Hn'1Jfll1tn111~t~u'llmtfmu~muuvr~tnnlYlftmHnnm~u1um11Yl1t1Yliinci~ 

~ ~ 

7. Ul'U1.Jl~'YI(J'tJQl'11Jjtl111Jn'D~tlil6~01Jflilfll1'YI~ilD~ 

• ~ Jl 

l~tt1lun~tau~mnhn1u~lu'llo~uftn~'liu9\ou nA'~il 

4 t/lr:l "' ' II' " " 

3.1 uaiialruilu-uva~ft'amnr~uuwariiu11a•1\P~"'"l'"'"n'a~a«-u1uunl1hmr.:a 

FPC 

1l 
Polarization Pulse 

A.=1550 nm 
Couple 

.. " "' d " I " , , " A I I 

1t1n 3.1: liatYutY~lilt'lfD'i YhttllJlJlflQfltllJ 1 '11Ufll'Ul 1 tJluttYu 1uun1UlUtY ~un'lttlnoun1ltoymu lu1~ 
I J1 J1 Jl 1 J I I 

ll'I11Uff'Ul'f6~ 1uun1UlUtY nil 1'1110~t]ltl'Ull'YI~1nftl WftD'U'U'U 1Jlllil~ltl~DUn'l1lJ~DDfl1Jl~lfl 
I Jl I ; A. I i U I 

NU'H1UffUTfiH Uft~\}ftft11it1Jftl'lfUl'lf61'116~ltl'i6~ilt11illJ D1 llft~ ~ tY1UnfttYUtY·nlun 
~ d ~~ ; ' A ~ 

'11fl~66 fl1Jl~1tt~:Q nuao n, 1~1tt~tJmw fll'illmt1111Jtt11tl ilUUtY ~u 1J1J11 il1ttY1..111~D WDM. 
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~~ A • • " , , 
ht m:anu m1 hh r:rwii nci., t1I0910.,'!flll NaAmuu fl.,'ltna 1 wAou mvlu 1.,'1U 111u lfu-wo.,ttru lvum 

d t Jl Jl I ~ I t/ t/ 

1.hmHV1 ,11tiluti.,'!tn'U1h:aflfl X(3) i.,'!AO'IOOnll1J1JlfllO'IjjOllfl~fJUnlW ~'llUfi 3.1 liatrUff'llflliiJI"Ol 
Jl Jl J/ ... Jl .l I J/ J/ 'JJ I I I 

t1111ll'Ull'.! 'llJ1fiQntl11l'U1 1tlrnt:Jn1~PJUlU6ff11lU1.,'1U1i1Uffu'nt:J'Il'H'n1611Uft91Uftt:lft lrfAOU~ lHllt:lt:ln . " " 
111 t1'1111ltll~VumJiia lntiivulirroftflfiO'I,ft flO 

£pump= in I: ek(a! -ak) (3.1.1) 

k=pt,P2 

~ ' " .. ., 
3.2 a mila lnaiiu\l,o~n1~U1\ln11 bf1nriilnci~ 1tn~ll'tf1\liuwo~nru1uun1ihutT~ 

tdo-w~'l'llUUfl:: 111t11Ui11'UO.,'I'J'::1J1JUfl11111'H111::ff110U911Mlllflllff;l'I16UllV1.,'1lflfl 1W910U~All11u 
J II ..,"a~ ca1 ,4 4 Gl .J •,. ... 

fl11'UUnllllAngflll01.J1fill111t11U9111Ufi::'Wfi.,'1'11U W l1fll'HU.,'!llfl~fJW'HIJ11 T ft.,'llUVI 3.2 fifl11fl6 OU91 

" 1mmlwnwiinci.,rr111not~vuuBiia lntiivu ,ftlu1tl 

(3.2.1) 

I t/ I Jl I Jl I t/ C'l Jl I 

lftlln LVIUti:Jf01fl1111U1'1'UO.,'Ifill9101JffUO'IlL1J1J,11Li'llffU'U0.,'11'1ll'H1UffU'WO'IAOliflffllff'IU11l'Ul oglu 

ltl 

I I t J1 Jl Jl 

Eo flo rrmnvn11'UO'~tlt\lt\llfllfl' ua~ e flo fllfl<~n,ft6tgnA1n'Uon'lu'H1UUu-wo'ltt'l'ulvun1lhuff., w 
~W'HIJU T ff1U ko flO lfi'Ufl~U'UO'Illfl'.,'!lUtftytlJlfllfl' VQ flO m1119ll'U6.,'1f111fl10U,VI; (t) flO fl1111a 

4 .... ,4 QIQitl _,_J QIO.Q t 
,o.,flauutr.,tl11t'Ul ftll11fl1111fl'11nu1imlffa1Jn'Uo.,"1ftltuum1 [ae, ap) = ou.' 

• I I I Jl 1JI Jl 

1tJn 3.2: lln'ft.,'!UNUfll'WflllNa9116UU'rHtflfl lWAOU 1ftlln1JH9i'ltt'HU.,'11U1.,'1lt'H1UUU'WO.,'!tffU1llttfi1Ul 
I I J/ t/ 

Ut'l'.,'lfi,11tiluti.,'llffUWft x(J) Ufl1111l'H11l::ff1191111fit)fl1101.Ji'nli'W~.,'I.,'Il\tllfl:: 111t11Ui11'U0.,'1 

• .. .1 .. "' " "' 
lriAOU W l1fll'HU.,'1 'Ulflftn1::1J1Ufl111W1l1WUni.,'!'UU lftvliat'I''UO.,'!llfi'.,'!U111'Ul 2 ~nntilu 

.. " .A " " 4 • 
l-wa1 h11Jrua1 lu 111ft Pt ua:: pz DJr.,'IUfl1111t'U11\T.,11lnua~f11111n1H~nttauliutt1J111nC) u 
6uAlmllln1J 111taQa'Uo.,ciam uulu~qftliamouun.,tna lwAou 111ft sua:: i ~tilu l-wa1 

t/ Jl Jl Jl I 'J1 I I Jl Jl 

, lCJfllfl1 Qfit'1'1H;iu lu 1.,'1U'tf1U ffU'WO.,'!Ufi~U 1 omtrfi,~'H lJftt:l6fi111Vlfi1.,'11l 111\t ffU 'WO.,'!Ufl1 
4 d " " • 

lflfiOUVI ,UA111lt'I'U 1vun1U1Uff.,'1910 ,tl 
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• • ~ "' Jl 1un 3.3: uuR~m::ulum11vlnvWni~wRl'nnm,.1nnRl1H'UR1UW'Uln~vlnm1m::'!'ULUtlff11 
1 J/ t/ Jl fll I t 

1~Ul1l'Uff'U'VttHlU'U1vumlhuu~ lRVflll~iilfln'U 1vlfi6'U1'U lu~nJu Pt un:: Pz nfl11l.ltl (J}Pt 

un:: (JJp2 Rlllthiu un::m1mumuun~1nn lvt,.ou luR sun:: i ~fl11l.lg COs un:: a>; oonu1 

Vlm::M'uvta~~l'U'U6~ llltnQni~moon ,'1SA'U6~tff'u 1vu;11.huu ~~~ ,~d1uwiitl;~,ff'u x<3) 

' ' . 
3.3 ulilaltuiluu-ue.:.8utt1mr.Jnz1tll.:il1it~euntJU1tD.:IflllU1eu 

., I t I I Jl ... I I 

lum::u1u m1lvh nvlunci~ ,utr1uno 'Hnmi\u~sufl':i rnm1::'H1HtlHtl11111tl'U •~iiun11ih 

U1R;6l.ltlU1::1JlJ'U6~ 1viR6'U ,; 1RVUft11UnnnJgV'U'Vtft~~l'U ':i::'H'lHtl'U'Utl~tf6~1'::1J1Jif' Hn~Rll.ll.ll ~ 
I Jl Jl Jl Jl Jl A. Jl 

ft6 U'Hft.:Jflllllltl'UV:: ,tlm::'f'U luLftfJft'UtHLtf'U luunll.hUtJ.:J l'H LOiilflft'U 1 n'Utl'U;;'Uli'UUfllllltfllllltl 

nJgv'U ~li'lfihinl'H'Utl~ ,;'U 1vu;1lh Un'~ ,; ~n:: ,Ul'HtlV1Ul ,,;lOR mninll1U6~U'U 14'U on Yi~o.:Jff~ 
I I Jl , Jl I 

Hnm:;nmmmnnR 1'Hl.IUn::tJty1UUl6'UUfl·UOn lnR6'U ,,. fftll'UftllWV~1'111tlnll.W'l11W11::1JtJfll6'U 
- . A'1.1uumiiA i.nru u8iin lruilrJu'Uo~auP~1rnrJn::'H1H lviRounu lvluou tio 

'f = 1i .E ( aktk +altk) 
k=z,s,p, ,p2 

(3.3.1) 

1 drt r ... ... . .. " . 1-·' .... ...~"' ...... ~ ... Rvn k un:: k flO RlA11'U'Uft11nl':iffn-3un::nlnllJ n'U6'UflllJftlAU 'lf~l.lfl11l.ln'lJ'Vt'U11'116~m1Unu 

~ fl6 [rk,rlJ = ok,k' un::1umwth,tl 

t(t) = LKkhki(co-w,.)t 
k 

(3.3.2) 

..... ""! -- ...... "" ... "" d 'llflfflJftl':i(3.1.1, 3.2.1, 3.3.1) v~nl.IU8l.ln lnmvun~ 3 t'lllA'lrJfl'UL'Vto1l1,AU8l.lft lntuvunl.l •~ 
Jl • Jl 

u':i::fl61JA1v 2 u1u'Han iil~u 

£T = ~ump + £fwm + 'f (3.4.1) 
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1 
r/ .d I I ".d .d I I I Jl 

fltlffti~'Vf'ii'UII'Hll'Wfl11l1'1'U'tlti~'J~'IJ'IJ llft~'Vf'ii'U'Yiff1:1J l'Jtlfl11l1'1'U'tlti~U'I1ft~fl11ll'Jti'U 

3.5 

. . 
'il1flffllfm(3.4.1) 'il~ 'Vf'IJ 11 ~ fll'J lflfl flU fi1'1J tl'U 1~'1111~ ,j1,-\'11'W'U fll'J 'tltl~ 'J~'IJ'UlW~ ,j'1,-\'11'W'U 'tltl~ 

I )/ I ' I )/ " Jl 

1111 ft~fl11ll'Jti'U ~~1i1u m1 imY~~1ntHJ1.:J U.:J'I11 fWltJ.:J'I11nn11w.~u i unm'tlt~~'ti.:J,j' 1,-\'1ruu fll'J'tlti.:J'J ~uu 
I Jl J/ I Jl 

llft~'tltJ~,j'1,}1l'W'U fll'J II '11ft.:) fi11:1J'J tl'U ~.:)fit).:) n11i'~~h,-\'11U'U fll'J 'tltl.:Jll 11ft~ fi11:1J'l tl'U '11~tl hlu tl'Utltl fl ill 
,,; 11 :Ufl 1 flttmft'um<J tl<J~mw u uu m"J"fl vvl uft~ um"u ~.:Ji.:JtJU'IJ'U uu 1tlfl ~ ~, m1 11w.~J'tltJ~ ,j1,-\'11iiu 

" I t Jl II I Jl I 

fl17'11'Ulll'U'U'tltJ.:J'J~'IJ'IJ Ps w U'il~uu i:u~uti'um'.)fll'Jtu iutJ~fl'tltJ.:Jll'I1Mfl11ll'lti'U nm1tit1 

(3.5.1) 

n -tlOJ.fNJ ·/knT . e ; ; ; 
(3.5.2) 

. . " 
1~uVi Tr8 11ll1UO.:J fll'Jl'Vl'JCJfflfttJ~,j'1,}11U'Wfll'J'UtJ.:JtJNf111:1J'JtJ'U 1~u~lYllfl17fi1'UfJll11~n titJ 

[£fwm + 3i;ump' Ps] 

+ I n(2akfJsa!- a!akfJs- fJsa!ak) 

+ L 2n~n(akfJsa!-fJsaka!-a!fJsak+a!fJsak) (3.5.3) 
k=i,s,p, ,p2 

. . " 
fl1l:IJ~ (J)k i'WtJNf11l:IJ'Jtl'U tlJ 'Qtll111,Jll T fltl 



' 
""" 1J'fl'fl 4 

• • 
4.1 tnJm'ivJBmflfl'iU'VU\-lfltlTt'i'Y1Jtr01UdvJVJBU 

I !JJ ~ I " I I 

'illmw:UCJ1 Ylruu'U Vi ffn:J ~'Wrriv v~munCJ!n nTHr'ivl fi'IJtl'lm'UunHnr~1 W\91tl'U ;" iifl''W191'i fij m n11 .. 
I )/ I If' 'JI ,' 'JI 

tll'l f111lJ Hl'U llJmh~fJf1\91l'IJl rl1JfflJfll'ifi11JfJlJ '11~f1 (Master Equation) llrl~1h~Qf1191 l'lf~Ull1J1J fftn'U~ 

'IJtl'l 1 W\91tl'U lml1llYI'Ull1J1J1J1f1W ( +P representation) fflJfll'il1"'f1\'l:::CJ~~UlJll~'UfflJfll'iWtl f1lf1tl,;;l'Yirl'lr{ 

()P(a,t) 
dt 

(4.1.1) 

'illflfflJfll'i~t~tf '111f1l'iltllfftllYifll1flfll'ifl'i~'illtJ'IJtl'l llfl'illJtl'i~-lJtJ[Jrl (Kramers-Moyal expansion) l~tl 
If' " d' sJ t/ I I sJ 

u 1~ un\91 1 'If 1 'U m Hw~ 'ill nff:u m1 tJ'U w'U 1i eJ''U ~ 1lfftJ'I 1111 ~'U ff:u m'itJ'U W'U 1iB'U~1ll1 u" 1 'U Vi ff~'il~ 1 ~ ff:u m 1 
q q .. q 

I ~ !J,I 3J I 

liCJ'Ilf1tJli1'1Vifft~~fiCJtJ'In1l~huu'il~'ICJ$tJ'U'IltJ'I hl191tJ'Ul'U llJ~UlJ p 1, p2 llJ~'tlt:yt:yltu s uCJ::: llJ~U'IltW i 



. " " 
~-3lJf1l'H'\Ilfl1UO'U'\Iti-3~1U1.htHll'U::; 1vJ191tJ'UIIft1 1um::;U1'Uf1l':iff 1191Hflff~n fltl 

d 
-a~= 
dt 
d 
-a2= 
dt 
d 
-ai= 
dt 
d 
-as= 
dt 

-xasai~+ +6';- YJai +iy'Xas1JA + vhn! + xlasi21JJ, 

-xasaia{ +~- Yz~ +iy'Xai1J;t + vhn2 + xlad21J2, 

Xa1~a:- '}1ai + iy'Xa11JB + vhni + XlaiJ21Ji, 
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(4.1.2a) 

(4.1.2b) 

(4.1.2c) 
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