1997 G/EY =$;N3X0LO@J8 Optical Ca vit y $r MQ $$ $? Laser wire b eam pro�le monitor $N 3+H/ 5~ETBg3XBg3X1!M}3X8&5f2JJ*M}3X1’ChJ* M}3X@l96 9b %(%M %k %. !< J*M}3X8&5f<< :e0f 42;V J?@. 10 G/ 2 7n 2 F|

73 1

Abstract Japan Linear Collider(JLC) $G$O Luminosity $r>e $2 $k $? $a %@ %s %T%s %0 %j %s %0$K$* $$ $F e + ; e � %S !<%‘$r 10 �m DxEY$^$G 9J$k !# $=$N$?$a !" e + ; e � %S !< %‘$N %W %m%U%! %$ %k$r F@$k$3$H $, I,MW IT2D7g $G$" $k !# %@%s%T%s%0 %j %s%0 Fb$N %S !<%‘ %W %m%U%! %$ %k$K 2f !9 $O %l !<%6!<%o %$ %d!< $r MQ $$$kJ}K! $r 9M0F $7 $? !# $3$3 $G$$ $& %l !<%6!<%o %$ %d!< $H$O !" %l !<%6!<8w $r AjBP$9$k0lBP$N1z LL6@ (Optical Ca vit y) $G 6&LD$5 $;$k$3 $H$G8w;R?tA}I} (Enhancemen t) $r 9T$J $& $H6& $K %S !< %‘I} (b eam w aist) $r ?t �m $^ $G 9J $i$;$?$b$N $G$"$k !# %l !<%6!< $r%o %$ %d!<>u $K$9$k$3 $H $G e + ; e � %S !<%‘$r %9 %-%c %s $7 $F !" %3 %s %W%H %s ;6Mp $K$h$j ;6Mp @~$N6/EYJ,I[$rB,Dj$9$k$3$H $G e + ; e � %S !<%‘$N %W %m%U %! %$ %k $rF@$k $3 $H $, 2DG= $G$"$k !# %l !<%6!< $r Ca vit y Fb $G 6&LD $5 $; %l !<%6!< %o %$ %d!< $r:n$k $? $a $K$O Cavit y 4V3V $r %J %N %a !< %?!< $G%3 %s %H %m!< %k$9$kI,MW $,$" $k !#2f!9 $O%J %N %a !<%?!<@:EY $G 0BDj $J Optical Ca vit y $r :n@. $7 !" 6&LD>r7o $rK~$?$9$h $& $J feedback system $r :n$k$3$H$G b eam waist19 �m , 8w;R A}I}N( 62 $N Cavit y $G%l !<%6!<%o %$ %d!< $r 0BDj $K :n$j=P$9$3 $H$K @.8y $7 $? !#

L\ <! 1 =xO@ 3 1.1 JLC 7W2h : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 3 1.2 8&5fL\E* : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 7 2 B,Dj86M} 9 2.1 Counting Rate $N 7W;; : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11 2.1.1 Kinematics : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 11 2.1.2 Di�erencial Cross Section : : : : : : : : : : : : : : : : : : : : : : : : 12 2.1.3 1Hz $N counting rate $K I,MW$J target photon ?t : : : : : : : : : : : : 16 2.2 Optical Cavit y $N 86M} : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 18 2.2.1 Gauss b eam $K $D$$$F : : : : : : : : : : : : : : : : : : : : : : : : : : 18 2.2.2 Cavit y $N 0BDj>r7o : : : : : : : : : : : : : : : : : : : : : : : : : : : : 20 2.2.3 Laser Cavit y $N @_7W : : : : : : : : : : : : : : : : : : : : : : : : : : : 22 2.3 Enhancement F actor $N F3=P : : : : : : : : : : : : : : : : : : : : : : : : : : : 29 2.3.1 Matrix F ormalism : : : : : : : : : : : : : : : : : : : : : : : : : : : : 29 2.3.2 Single Slab : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 30 2.3.3 Cavit y $N F)2aN( : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 32 2.3.4 Enhancement F actor $N F3=P : : : : : : : : : : : : : : : : : : : : : : : 34 3 Optical Ca vit y $r MQ $$ $? 4pAC<B83 41 3.1 <B83%;%C %H %" %C %W : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 3.1.1 A4BNA| : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 3.1.2 %l !<%6!< : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 41 3.1.3 F~<M7O : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 43 3.1.4 Optical Cavit y : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 45 3.1.5 Detector : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 46 3.1.6 FI$_ $@ $7 7O : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 47 3.2 <B83<j=g : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 50 3.2.1 %l !<%6!<%;%C %H %" %C %W : : : : : : : : : : : : : : : : : : : : : : : : : 50 3.2.2 %O!<%U%_%i!< !u D>@~JP8wHD !u �= 4 HD %; %C %H %" %C %W : : : : : : : : : : 50 3.2.3 F~<M7O%;%C %H %" %C %W : : : : : : : : : : : : : : : : : : : : : : : : : : 56 1

3.2.4 mo de matc hing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 56 3.3 <B837k2L : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 59 3.3.1 Enhancement factor $N B,Dj : : : : : : : : : : : : : : : : : : : : : : : 59 3.3.2 Cavit y length $N B,Dj : : : : : : : : : : : : : : : : : : : : : : : : : : : 62 3.3.3 b eam w aist $N B,Dj : : : : : : : : : : : : : : : : : : : : : : : : : : : 64 3.3.4 0BDjNN0h$NB,Dj : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 72 4 ?7 $7 $$ Optical Ca vit y $K $h $k<B83 83 4.1 4pAC<B83 : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 83 4.1.1 Optical Cavit y : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 83 4.1.2 mo de matc hing : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 88 4.1.3 �nesse B,Dj : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 88 4.1.4 b eam w aist B,Dj : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 90 4.2 %l !<%6!< %S !<%‘Dj>o2=<B83 : : : : : : : : : : : : : : : : : : : : : : : : : : : 91 4.2.1 feed back system : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 93 4.2.2 <B83 !u 7k2L : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : : 95 5 7kO@ 101 6 :#8e$N2]Bj 103 A T ungsten wire scanner $r MQ $$$? <B83 106 B ?7 $7 $$ Optical Ca vit y ?^LL 108 C feedbac k monitor 2sO)?^ 110 2

Chapter 1 =xO@ 1.1 JLC 7W2h 9b%(%M %k %. !< J*M}3X $O 2CB.4o $H 6& $K Jb $s$G$-$? J*M} $G$" $k !#FC $K L$CN$NN3;R $r C5:w$9$k :] $K$O EE;RM[EE;R7?2CB.4o $O$=$N >WFM<+BN $, AG2aDx $G$" $k $H$$ $&E@ $G ?tB?$/$N9W8% $r 2L$? $7 $F$-$? !# 8=:_ !" $=$NEE;RM[EE;R7?2CB.4o $K$5$i$K 9b$$=E?4%(%M %k %. !< !" $D$^$j=E?4%(%M %k %. !< $, 300GeV !A 1T eV $X$NMW5a $, 9b$^ $C $F$- $F$$$k!# $3 $l $^ $G$N2CB.4o $G9T $J $o $l$? 7k2L $O$9$Y $FI8=‘M}O@$NOHAH$_$N$J $+$G 2! $($i $l $F$-$? !# $7 $+ $7 !" I8=‘M}O@ $, AGN3;RJ*M}3X$NE}0lM} O@ $G$" $k $H 8@$$@Z$k$3 $H$O$G$-$J$$ !#I8=‘M}O@ $O EE<’5$NO !" <e $$NO !" 6/ $$NO$N#3$D$N$_ $r E}0l $7 $?$b $N$G$" $j!" =ENO $K$D$$$F$O M= 8@G=NO$r 0l@Z;}$?$J $$ !# $^$? !" %/ %)!<%/ !" %l%W%H %s $N <ANL$N5/8; $r @bL@$9$k$3 $H$O$G$-$J$$ !# $3 $l$i$r @bL@$9$k$?$a !" I8=‘M}O@ $r 1[ $($? D6 BP>N@-M}O@ (SUSY) $J $I MM !9 $J M}O@ $, Ds>’$5 $l$F $$$k $, !" $3 $l$i $N M}O@ $O =E?4%(%M %k %. !< $, 300GeV !A 1T eV $K $*$$$F ?7 $7 $$ N3;R $r M=8@ $7 $F $$ $k !# 4{B8 $NEE;R M[EE ;R>W FM 7?2C B.4o $G =E?4 %(%M %k %. !< $, :GBg $N$b $N $O CERN $K$" $k1_7A 2CB. 4o LEP q $G !" =E ?4 %(%M %k %. !< $, 172GeV $G $"$k !# $7 $+ $7 !" 1_ 7A2CB. 4o $H $7 $F$O =E?4 %(%M %k %. !<$O 200GeV $, 8B3& $G$"$m $& $H$$$o $l$F$$ $k !# $=$N:GBg$N860x $H $7 $F 1_7A2CB.4oFCM-$N @)F0I}<M$K$h $k%(%M %k %. !< B;<: $, 5s $2 $i$l $k !#1_7A50F; $r 0l<~$9$k$H$-$N @)F0I}<M $K $h$C $F !" J|=P$9$k %(%M %k %. !< $O U = 4 � 3 e 2 ( m e c 2 ) 4 E 4 � (1 : 1) 8 > > > > < > > > > : E : EE;RM[EE;R$N%(%M %k %. !< � : 1_7A2CB.4o$N6JN(H>7B m e : EE;R$N<ANL c : 8wB.EY $G M?$($i $l $k [1] !#=E?4 %(%M%k %. !< $, 172GeV $N LEP q $G$O EE;R $, 1_7A2C B.4o$r0l <~ $7 $?;~ !" 0l8D$NEE;R$+$i Ls 1.1GeV $N%( %M%k %. !< B;<: $, 5/$3 $k !# LEP q $O <~ D9Ls 27km $N @$ 3

3&:G Bg$N 1_7A 2CB. 4o $G$" $k $, !" %(%M%k %. !< B; <:$r >/$J $/$9$k$?$a$K$O (1.1) <0$h $j 6JN( H> 7B $rBg$-$/!" $9 $J$o$A$5 $i $K 1_<~$NBg $-$$1_7A2CB. 4o $r:n$kI,MW $,$" $k !# $7 $+ $7 !" (1.1) <0 $+$i$o$+ $k$h $& $K @)F0I}<M $K$h$j B;<:$9$k%(%M %k %. !< $O EE;R$N%(%M %k %. !<$N#4>h $K HfNc $7 $FA}2C $9$k $N $K BP $7 !" 6JN( H>7B $K 4X $7 $F$O$? $+$@$+ � 1 >h $KHfNc $7 $F $7$+ >.$5$/ $J $i$J$$ !# $=$N$?$a !" 1_7A2CB.4o $G$5$i$K =E?4%(%M %k %. !< $r Bg$-$/$9$k$?$a $K$O$h$j 5pBg$J2CB.4o $r :n$j@)F0I}<M $r M^ $( $k $+ !" @)F0I}<M $N%(%M %k %. !<B;<:J,$NG|Bg$J%(%M %k %. !< $r 6!5k $7 B3 $1 $J $1 $l $P $J$i$J$$ !# $$ $: $l$K $;$h !" EZCOLdBj !" EENOLdBj $G 8=<BE* $H$O$$$($J$$ !# $=$3$G <!@$Be$N2CB.4o $H $7 $F Ds0F$5 $l $?$N $, !" 1_7A2CB.4oFCM- $N@)F0I}<M $r KI $0 $?$a N3 ;R$rD>@~ $K 2C B.$9$k@~7A2CB.4o $G$" $k !# $=$NApJ, $1$H $7 $F SLC(SLAC Linear Collider) $H $$ $&A4D9 Ls 3km $NEE;R@~7A2CB.4o $, 1989 G/ $K 1?E> $r 3+;O $7 $? !# SLC $O 300GeV $N MW5a $O K~$?$5$J $$ $, !" =E?4%(%M%k %. !< $, Ls 91.2GeV $H $J $C$F$*$j !" Z 0 %\%> %s $N 6&LD%(%M%k %. !< $K Dj$a$i $l $? :G Bg 5 � 10 29 cm � 2 s � 1 $N %k %_ %N%7 %F %# !<$r M-$9 $k !# SLC $N @. 8y$O <! @$ Be$N 2CB.4o $H $7 $F @~7A2CB.4o $, :G$bE,@Z $G$" $k$3 $H$r <( $7 !" $3$N@.8y $K H<$$$5 $i$K =E?4%(%M %k %. !<$N9b$$@~7A2CB.4o$X$NMW5a $, 9b$^$C$? !# $=$N#1$D $H $7 $F F|K\ $G ?J$a $i $l $F$$ $k7W2h $, JLC(Japan Linear Colider) 7W2h$G$"$k !# Figure 1.1: JLC 35G0?^ 4

JLC $O ?^ 1.1 $N$h $& $K EE;R!&M[EE;R $r 1.98GeV $^ $G 2CB.$5$;$?8e$= $l$>$l %@%s%T%s%0 %j %s %0 $K F~<M$5 $l !" $3$3 $G F@ $i $l $? Dc %( %_%C%? %s %9 %S !< %‘ $r 150 !A 500GeV $N <g@~7A2CB.4o $K$h$j2CB. $7 !" :G =* <}B+ 7O $K$*$$ $F !" ?bD> J}8~ 3nm !" ?eJ? J}8~ 300nm $N%P %s%A %S !<%‘ $K 9J $j$3$a $i $l !" EE;R $H M[EE;R $, >WFM$9$k $H$$ $& $b$N $G$" $k !# $3$N2CB.4o %7 %9 %F%‘ $O <g@~7AIt J, $G EE;R!&M[EE;R $r 9b2CB.$5$;$k$?$a>/$J$/8+@Q$b$C$F$b !" A4D9 25km !A 30km $H$J $k !# $3 $N design $+$i$o$+ $k$h $& $K JLC $G MW5a$5 $l $k$b$N $H $7 $F !& :#$^$G0J>e $K 9b$$2CB.8{G[$N2CB.4I !& >WFMCOE@ $G$N 9b$$ %k %_%N %7%F %# $N#2E@ $, 5s $2 $i $l $k !# FC $K JLC $G MW5a $5 $l $k %k%_%N %7%F %# $O 1 � 10 34 cm � 2 sec � 1 $G$"$j !" $3 $l$O 4{B8$N@~7A2CB.4o $G$" $k SLC $H 3S$Y$F 10 4 � 10 5 $N order $b 9b$$ %k %_ %N %7%F %# $r <B 8= $7 $J$1$l $P $J$i$: !" <g@~7A2CB.4o>eN.It$N %@%s%T%s%0 %j %s %0 $G D6 Dc %( %_%C%? %s %9 %S !< %‘ $r :n$k$3$H $,$+$+ $;$J$$ !#8=:_ !" $3 $l$i #2 E@ $r 8&5f$9$k;\@_$H $7 $F KEK( 9b%(%M%k %. !< 2C B.4o 8&5f 5!9= ) $G A TF(Accelarator T est F acilit y) $, 7z@_$5 $l 1996 G/ $+$i 8& 5f $,$J $5 $l $F $$$k !# A TF $O ?^ 1.2 $K <($5 $l $k$h $&<g $H $7 $F !" F~<M2CB.4oIt $H %@%s%T %s%0 %j %s %0 $+$i 9=@.$5 $l $F $$$k!# $^ $:F~<M 2C B. 4o $GEE;R $O 1.54GeV $^ $G2CB. $5 $l !" $= $N8e %@%s %T%s %0 %j %s %0$K F~ $j!" $=$3 $G J|<M8:?j $K$h$j %S !<%‘ $, Nd5Q$5 $l !" %S !<%‘$N9- $, $j$r <($95,3J2=%(%_%C%? %s %9 $H $7 $F $O ?bD>J}8~ 3 : 0 � 10 � 8 r ad � m !" ?eJ?J}8~ 5 : 0 � 10 � 6 r ad � m $K $^$G9J $i$l $k !#0J 2< !" JLC 5Z $S A TF $N %@ %s%T%s%0 %j %s%0 $N design v alue $G $N 3F%Q%i %a !<%?!<$N 0l It $r I= 1.1 $K <($9!# [2] T able 1.1: parameters of A TF & JLC !! (Damping Ring) A TF JLC unit EE;R %S !<%‘%(%M %k %. !< E 0 1.54 1.98 GeV <~D9 C 138.6 220-320 m 5,3J2=%(%_%C%? %s %9 (Horizontal) � nx 4.3-5.1 3 � m 5,3J2=%(%_%C%? %s %9 (V ertical) � ny 30 30 nm 5,3J2=%(%_%C%? %s %9 (Longitudinal) � nz 11-12 17 mm Particles/bunc h N 1-3 0.7-1.5 10 10 Bunch/spacing t b 2.8-5.6 1.4-5.6 ns Bunch/train N b 10-60 55-90 %3 T rain spacing t B 60 60 ns T rain/ring N B 2-5 2-4 %3 Damping times � x =� y =� z 6.8/9.1/5.5 3.5-6/4.3-8/2.4-4.7 ms 5

Figure 1.2: A TF(Accelarator T est F acilit y) 1997 G/ 8= :_ !" A TF $G$O !" %S !<%‘ $O single bunch $G extraction line $^ $G<h$j =P $5 $l$F$* $j!" extraction line $G T ungsten wire $r MQ$$$? wire scanner monitor $G ?b D>J}8~$G 1 %* !< %@ !< Bg$- $$ 5 � 10 � 7 r ad � m $N 5,3J2= %(%_ %C %? %s %9 ( Hs5, 3J2= %(%_ %C %? %s %9 $G 1 : 6 � 10 � 10 r ad � m ) $, B,Dj$5 $l $? ( IUO? A) !#C" $7 !" T ungsten wire $r MQ$$$?J}K! $G$O$3$l 0J>e>.$5$$%*!< %@ !< $N%(%_%C%? %s %9 $NB,Dj $O =PMh$J$$ !# %@%s%T%s%0 %j %s%0 Fb$N>\:Y$J %S !<%‘$NMM;R $O$o$+ $C$F $*$i$: !" %@ %s%T %s%0 %j %s%0 Fb$N%( %_%C%? %s %9 !" $=$N :]$N %S !< %‘$N 8:?j$N MM;R !" $^ $? multi bunch $r MQ$$ $?$H$-$N %S !< %‘$NMM;R $r CN$k $3$H $, I,MWIT2D7g $G$"$k !# 6

1.2 8&5fL\E* 1.1 @a $G =R$Y$?$h $& $K %@%s%T %s%0 %j %s%0 Fb $G 5, 3J2=%( %_%C%? %s %9 $, 1 : 0 � 10 � 8 r ad � m $^ $G C#@.$5$l $F $$ $k$3$H$r 3N G’$9 $k$3$H$, JLC @_ 7W >e$N I, ?\ >r7o$G$" $k !# %@ %s%T %s%0 %j %s %0 $N Cf$G Nd5Q$5 $l $k e + ; e � %S !< %‘%5 %$ %:$O%Y !< %? %H %m%s 4X?t$r 10 m $H $9 $k$H @_7W >e?e J? J} 8~ 130 �m !" ?bD>J} 8~ 10 �m Dx EY$G$" $k $, !" %@ %s %T %s%0 %j %s%0 Fb$N ?t �m %* !< %@ !<$G$N e + ; e � %S !< %‘%5 %$ %:$N B,DjK!$H $7 $F 2f !9 $O %l !<%6!<%o %$ %d!<$H8F $P$l $k %S !<%‘ %W %m%U%! %$ %k%b%K%?!<$r9M0F $7 $? !# $3 $l$O %S !<%‘I} $r ?t � m $^$G9J$C$? %l !<%6!<8w $G e + ; e � %S !<%‘$r %9 %- %c %s $7 $F !" %3 %s %W %H%s ;6Mp $K$h$k;6 Mp $5 $l$? @~ $N6/EY $rB,Dj $7 !" e + ; e � %S !<%‘ $N %W %m %U %! %$ %k$r F@$k$b$N $G$"$k !# 6qBNE* $K$O e + ; e � %S !<%‘J}8~ $K BP $7 !" ?b D> $JJ}8~ $K %l !<%6!< %o %$ %d!< $r %9 %-%c %s $5$; !" $= $N:];6Mp$5 $l $kD6A0J};6Mp @~ $r 8!=P $7 !" $=$N8D?t$NJQ2= $K $h$j!" $=$N e + ; e � %S !<%‘$N7A>u !" Bg $-$5 $,$o$+ $k !#$^ $?E,Ev $J;~4V %9 %-%c %s $5$;$k$3$H $K $h$j e + ; e � %S !< %‘$N;~4VE*>pJs !" 5Z $S 8:?j$NMM;R $, B,Dj2DG= $G$" $k !# %S !< %‘ %W %m %U%! %$ %k %b %K %? !< $H $7 $F 5; =Q E*$K 0l HV MF 0W$J $N$O 1.1 @a$G $b =R$Y $? $h $& $K %+!< %\%s %o %$ %d!<!&%? %s%0 %9 %F %s %o %$ %d!< $r MQ$$$?$b$N $G$" $k $, !" $= $l$K BP $7%l !<%6!<%o %$ %d!< $O !& e + ; e � %S !< %‘ $H$N Aj8_:nMQ $, >.$5$/!" %S !<%‘ $K BP$9$k1F6A $, >.$5$$ !# !& J|<M8w $K$h$k %@ %a !< %8$r <u $1$J$$$?$a !" D9;~4V $N;HMQ $K BQ $($k !# !& %o %$ %d!<$NB@$5 $r MF0W $K JQ2=$5$;$k $3$H $, =PMh$k !# Ey $NE@ $G%+!< %\ %s %o %$ %d!< !& %? %s %0 %9 %F %s%o %$ %d!< $h $jM% $l$F$$$k!# FC $K !" e + ; e � %S !<%‘ $O !" #1IC4V $K 10 6 2s$b %@ %s%T%s%0 %j %s %0 Fb $r <~2s$9$k$?$a %+!< %\%s %o %$ %d!<!&%? %s%0 %9 %F %s %o %$ %d!< $G $O !" e + ; e � %S !<%‘ $H$NAj8_:nMQ $, Bg$-$$ $?$a !" H/G. $K$h$j !" %o %$ %d!< $, @Z $l !" e + ; e � %S !<%‘%b%K%?!< $H $7 $F ;H $& $K$O ITE,@Z $G$" $k !# %@%s%T%s%0 %j %s %0 Fb$N e + ; e � %S !<%‘ $O @Z $l $k$3 $H$N$J$$ %l !<%6!<%o %$ %d!< $G $7 $+ %b%K%? !<$9$k$3 $H $,$G $-$J$$ !# $7 $+ $7 !" %l !< %6!<%o %$ %d!< $K$h$k %S !<%‘ %W %m%U%! %$ %k $K$O e + ; e � %S !<%‘ $H @~ $K$h $k %3 %s %W%H%s ;6Mp $r MQ$$$F$=$N;6Mp8w;R$N8D?t $r$_ $k$b$N $G$" $k$?$a@-<A>e !" !& %3%s %W%H %s ;6Mp $K$*$1$k ==J, $J I8E*8w;R$N8D?t !# $9 $J$o $A=<J, $J %l !<%6!<%Q%o!< !# !& e + ; e � %S !< %‘ $H F1%5 %$ %:$N ?t � m %*!< %@ !<$N %l !<%6!<$N %S !< %‘%5 %$ %:$N <B8= !# $N#2 $D $, I,MW $H$5 $l $k!# %Q %k%9 %l !<%6 !< $rMQ $$ $F !" >e $N#2 $D $N>r 7o $rK~ $?$9 J} K! $O9M0F $5 $l$F$$$k $, [3] !" %@%s%T%s %0 %j %s %0 Fb $G $O 0lIC4V $K 10 6 2s $H$$$& e + ; e � %S !<%‘ $H$NAj8_ :nMQ $, I,MW $G$"$j !" CW %l !<%6!<$rMQ$$$kI,MW $,$" $k !# CW %l !<%6!<$rMQ$$$F>e$N#2$D$N>r7o $rK~$?$9J} K! $H $7 $F !" 2f!9 $O Optical Cavit y $r MQ $$$kJ} K! $KCe<j $7 $? !# $3 $3 $G$$ $& Optical Cavit y $H$O $" $kH? <MN($r$b $C$?0l BP$N 1zLL6@ ( 0J2< mirror) $r 0UL# $7 !" $=$NCf$G %l !< %6!< 8w $r6&LD$5 $; !" %S !<%‘$rA}I}$5 $; !" F1;~ $K %S !<%‘%5 %$ %: (b eam waist) $r 9J$m$& $H$$ $& $b $N $G$" $k !# e + ; e � %S !<%‘ $K BP $7 $F %l !<%6!<%o %$ %d!< $H $7 $F ;H $&ItJ, $O %S !<%‘ I} $, :G$b>.$5 $/ 7

%U%) !<%+%9 $5 $l $kItJ, $r;H $& !# %l !<%6!< $O Cavit y LL $KBP $7 $F ?bD> $KF~ $l $k !# C" $7 !" 6&LD >r 7o $r K~ $?$9$?$a $K$O !" Ca vit y 4V3V $r%J %N %a !< %?!< $G@)8f$9$kI,MW $,$" $j!" $= $l$r K~ $?$9$3 $H$K $h$C$F 2f !9 $O =i$a$F Cavit y Fb $G ;~4V$K$h $C $F In tensit y $, 0BDj $7 $? Dj>o %S !<%‘ $, F@ $i $l $k !# Optical Cavit y $r ;H$& J} K! $O Dj>o E* $J8w;R %S !<%‘ $, F@ $i $l !" %3%9 %H$bDc$/!" %l !<%6 !< %S !< %‘%5 %$ %:$J $I $N%Q%i %a !< %?!< $r MF0W $K$+$($i $l $k$J $I $N MxE@ $, $" $k !" 0lJ} %J %N %a !< %?!< $G $N@) 8f$H$$ $&3+H/>eHs >o $K Challenging $J 0l LL$b$"$j !" $3$N J} K! $r 3+ H/$9$k$3$H$O 2CB. 4o 3+H/>e !" Hs>o $K =EMW $G$" $k $H 8@ $( $k !# A0G/EY 9T $J $o $l$? Optical Cavit y $N<B83 [4] $G$O !" Optical Cavit y $r MQ $$ $?4pAC<B 83 $rDL $8 $F !" Optical Ca vit y $N =t !9 $N@-<A !" FC $K %l !< %6!<$N %S !< %‘I} (baem waist) !" 5Z $S !" 8w;R A}I} N($N B,Dj K! $r 3N N) $7 $? !#B,Dj $O Ca vit y $N 0l J}$r %T %( %> $G F0$+ $7 !" Ca vit y 4V$N5w N%$r JQ2= $5 $; !" $= $N;~ $NF)2a8w $r8+$k $H$$ $& $b$N $G$"$k !# C" $7 !" Ca vit y system $O C;;~4V $N?6F0 $K$h $k jitter !" 5Z $S D94| $K$o$? $k drift $K $h$j !" 6&LD>r7o$rK~$?$9$3$H$,$G $-$: !" %l !< %6!< %S !<%‘ $r Ca vit y Fb $GDj>o2= $5$;$k $N $OIT2DG= $G$"$C $? !# :# 2s $N<B83 $G $O !" 6& LD>r 7o $r K~ $? $9$3 $H$r =E;k $7 !" Ca vit y Fb $G Dj>o %S !<%‘$r:n$k$3$H$rL\E*$H $7 $? !# K\O@ J8 $G$O $^$: !" A0G/EYMQ$$$? Cavit y system $r $b$H$K 96%(catalogue v alue) $N H?<MN( $N mirror $r MQ$$$F !" beam waist 20 �m $G Cavit y Fb $K$G$- $k %l !<%6!< %S !<%‘$N 0BDj@- $r B, Dj $7 !" b eam w aist 20 �m $G I, MW$H $5 $l $k0B Dj NN 0h$r B, Dj $7 $? !# Ca vit y $r 9= @.$9 $k #2$D $N mirror $N>GE@5wN% $r7k$VD>@~ (Ca vit y axis) $H %l !<%6!< %S !<%‘J}8~ $, 0lCW $7 $F$$$k;~ $O F)2a 8w $OF)2aN( $,#1$G$"$k T E M 00 %b!< %I $N$_ $, F@ $i $l$k $, !" <4 $,$: $l$F$$$k;~ $O T E M 00 %b!< %I 0J30 $N %S !<%‘ $, N)$A>e $, $j !" T E M 00 %b!< %I $K BP$9$kF)2aN( $, 2< $, $k !# $=$N T E M 00 %b!< %I $N F)2aN( $, H>J, $K$J$k$^ $G$NNN0h$r2f !9 $O 0BDjNN0h $H;XDj $7 $? !# 6qBNE* $K$O !" Ca vit y $r D4@a$9$k 3F%Q%i %a !<%?!< ( %S !<%‘$K BP $7 $F ?b D> $J 0\F0 !" J?9T $J 0\F0 !" 79$-3Q ) $r #1 $D$:$D !" 5Z $S !" #2$D JQ2=$5$; !" $= $l$K 1~ $8 $F Cavit y $N 0lJ}$N mirror $+$i $N T E M 00 %b !< %I $N F) 2a 8w$N Intensit y $N JQ2=$rB,Dj $7 $? !# <! $K !" 0BDjNN0h $r K~$?$9 Optical Cavit y $r ?7$? $K :n$j!" 0J2< $N<B83$r9T$J$C$? !# !& Cavit y $+$i $N F)2a8w$rB,Dj $7 !" A02s $K MQ$$$? Cavit y system $G 8+ $i$l $k 8=>]$r:F8=$G $-$F$$ $k $+ $I $& $+$r 3NG’ $7 !" 8w;RA}I}N( 62 G\ !" beam w aist 19 �m $r C#@. $7 $? !# !& Dj >o %S !< %‘$r Ca vit y Fb It $G :n$k$?$a !" feedbac k system $r :n$j!" Dj>o %S !<%‘$r :n$k$N $K I,MW $H$5 $l $k 2 : 63 +1 : 40 � 1 : 55 nm $N@)8f $r 9T $J $& $3 $H$G 96% $N mirror $G Dj>o %S !<%‘$r:n $k $3$H$r <B8= $7 $? !# A}I} N( $r>e $2 $F$$$/ $N $K %J%N %a !< %? !< $G$N@) 8f $OI,MW $G $"$k!# :# 2s $N<B 83 $G %J%N %a !< %? !< $N@)8f $K @.8y $7 $?$3$H$O Hs>o $K M-0U5A$J$3$H $G$" $j!" $3 $l$+$i $N <B83 $K $b 5.=E $J %G !<%?$r M? $( $k$3 $H$K$J $k !# 0J2< !" <B83 $N86M} !" AuCV !" <j=g !" 5Z $S 7k2L $K$D$$$F =gHV $K >\ $7 $/@bL@ $7 $F$$ $/!# 8

Chapter 2 B,Dj86M} Figure 2.1: %l !<%6!<%o %$ %d!<$N6qBN?^ %@%s%T%s %0 %j %s %0 Fb $N %S !<%‘ %5 %$ %: W $O twiss parameter $N � $G I=$9 $H !" W = p � � ( � $O Hs5,3J2= %( %_ %C %? %s %9 $G 5,3J2= %(%_%C %? %s %9 $rMQ$$ $F !" � = � n = = � n = 3014 $G I=$5 $l $k !# ) $G$"$k !# 2f!9 $, B,Dj$9$k $H$3$m$N � $r 10 m $H $9$k$H !" I= 1.1 $h$j!" A TF $G$O ?eJ? !" ?bD>J} 8~$N %S !<%‘%5 %$ %: W x ; W y $O W x = q � � nx = 3014 = q 10 � (5 � 10 � 6 m ) = 3014 = 1 : 3 � 10 � 4 m W y = q � � ny = 3014 = q 10 � (30 � 10 � 9 m ) = 3014 = 1 : 0 � 10 � 5 m 9

$H$J $k !# e � %S !< %‘ $O ?eJ?J}8~ 130 �m !" ?bD>J}8~ 10 �m $N JPJ? %S !< %‘ $G$" $k !# %@ %s%T%s%0 %j %s %0 Fb$N 10 �m DxEY$N e + ; e � %S !< %‘%5 %$ %:$NB,Dj $N$?$a $K$O F1DxEY $N %S !< %‘%5 %$ %: $K %l !<%6!<$N %S !<%‘%5 %$ %: $, 9J $l$F$$$k$3 $H !" %l !<%6!<$N b eam In tensit y $, =<J, $K$" $k$3 $H$N #2$D $, I,MW $K$J $C$F$/$k !# Optical Cavit y $O%l !<%6!<$N %S !< %‘%5 %$ %:$N=L>.2= !" %l !<%6!< b eam Intensit y $N A}I} $K 4X $7 $F$O M}A[ E* $J AuCV $G$" $k !#0lHL $K %l !<%6!<$+$i =P$F$/$k %S !<%‘$O Gauss b eam $H 8F $P $l !" %l !<%6!< $, Optical Cavit y $N 0lJ} $N mirror $+$i F~<M $5 $l $k $H !" Ca vit y $NCf?4 $G %S !<%‘ %5 %$ %: $, :G>. $K$J$k !# $3$NCM $N $3$H $r2f!9 $OFC $K b eam waist $H 8F $S !" %l !<%6!<%o %$ %d!< $H $7 $F$O !" $3$N0lHV>.$5$$Cf?4It $r MQ$$$k !# ( ?^ 2.1) Kt !" %l !<%6!< b eam In tensit y $O Cavit y FbIt $G $O mirror $N H?<MN( $K0MB8 $7 !" H?<M N( R $, 9b$$$[ $I F~<M %S !< %‘$K BP $9 $k Ca vit y FbIt$N b eam A}I} N( ( 0J 2< !" enhancemen t factor) $O A}$9 !# C" $7 !" beam waist !" b eam A}I}N( $O$= $l $>$l mirror 4V3V D $K 0MB8 $7 $F$$$k !# %@%s%T %s%0 %j %s%0$K $3 $N %l !< %6!<%o %$ %d!< %S !<%‘ %W %m%U%! %$ %k%b%K %?!<$r install $9 $k$H$-$K$O !" ?^ 2.2 $N$h $& $K e � %S !<%‘ $KBP $7 $F ?bD> $K %l !<%6!< %S !<%‘ $, !" F~<M $5 $l $k !# $= $N:] !" e � $H $K $h $k compton ;6Mp$r MQ$$ !" compton ;6Mp $7 $? $r detecter $G B,Dj $7 $h $& $H$$ $&$b$N$G $"$k !# Figure 2.2: %l !<%6!<%o %$ %d!< $K $h$k e � %S !< %‘B,Dj compton ;6Mp $5 $l$? $NNL $O !" e � %S !<%‘ $H %l !<%6!< %S !<%‘ $N Intensit y $K HfNc $7 !" ?^ 2.3 $N $h$& $K %l !<%6 !< %o %$ %d !< $r e � $N %S !<%‘ J} 8~ $H %l !<%6 !< $N %S !<%‘ J} 8~ $+ $i $J$k LL $KBP $7 $F !" ?bD> $K F0 $+$9 $3 $H $K$h $C $F !" e � $N Intensit y J,I[ !" $9 $J $o$A !" e � $N %S !<%‘ %5 %$ %: $r detecter $G B,Dj$9$k$3 $H $, =PMh$k !# $3 $N >O $G$O <!>O0J9_ $G I,MW$H$J $k4pK\E*$JMQ 8l !" 35G0Ey $r2r@b$9$k !# 2.1 @a $G$O e � %S !< 10

Figure 2.3: %l !<%6!<%o %$ %d!< $K$h$k e � %S !<%‘B,Dj ( @5LL?^ !" %G !<%? %W %m%C %H 35G0?^ ) %‘$H %l !< %6!< photon $H $N ;6 MpCG LL@Q$r 5a$a$F I,MW$J %l !< %6!<%Q %o!<$r 8+@Q$b $C$? !#$^$? 2.2 @a $G$O Optical Cavit y $N 86M}$r @bL@ $7 !" 6qBNE* $K 2f !9 $, I, MW $H $7 $F $$ $k b eam w aist $H Cavit y length D $N 4X78 $r5a $a$? !# 2.3 @a $G$O !" 2f!9 $, I,MW $H $7 $F$$$k Enhancemen t F actor $r F3=P $7 $? !# 2.1 Coun ting Rate $N 7W;; 2.1.1 Kinematics $3$3$G$O !" Relativistic Kinematics $r MQ$$$F @~$N Energy $r 7W;;$9$k !# F~<MEE;R ( 8w;R ) 5Z $S ;6MpEE;R ( 8w;R ) $N 4 851?F0NL $r3F !9 ~ P 0 ( ~ k 0 ) 5Z $S ~ P ( ~ k ) $H I=$9!# 3F @. J, $O !" >e?^ $r ;29M $K $7 $F !" ~ P 0 = 0 B B B B @ E 0 P 0 0 0 1 C C C C A ; ~ k 0 = 0 B B B B @ k 0 0 k 0 0 1 C C C C A ; ~ P = 0 B B B B @ E P cos ’ P sin ’ 0 1 C C C C A ; ~ k = 0 B B B B @ k k cos � k sin � 0 1 C C C C A $H I=$5 $l $k !# $3$3$G%(%M%k %. !<$H 1?F0NL$N4X78$h$j!" 11

( E 2 0 = P 2 0 + m 2 E 2 = P 2 + m 2 (2 : 1) ;M851?F0NLJ]B8!’ ~ P 0 + ~ k 0 = ~ P + ~ k $h$j !" 8 > > < > > : E 0 + k 0 = E + k P 0 = P cos ’ + k cos � k 0 = P sin ’ + k sin � (2 : 2) <0 (2.1) !" (2.2) $+$i ;6Mp8w;R%(%M %k %. !<!’ k $r 5a$a$k$H0J2<$N<0 $, F@ $i $l $k !# k = k 0 E 0 E 0 + k 0 � q E 2 0 � m 2 cos � � k 0 sin � (2 : 3) 8 > > > > > > > < > > > > > > > : k : ;6Mp8w;R %(%M%k %. !< k 0 : F~<M8w;R%(%M %k %. !< E 0 : EE;R %S !< %‘%(%M %k %. !< (1.54GeV) m : EE;R<ANL (0.511MeV) � : 8w;R$N;6Mp3Q $3$l $r He-Ne %l !<%6 !< ( � =632.8nm) $H E 0 $, 1.54GeV(A TF) $N$H $-$K $D$$$F 7W;;$9 $k $H !" p36 $N ?^ 2.4 $N $h $& $K$J $k !# $3 $N ?^$h $j 9b%( %M%k%. !< photon !" Nc$( $P 10MeV 0J >e$N photon $r 8!=P$9$k $K$O � � 0 : 53 mr ad $N D6A0J} $K=P<M$9$k @~$r8!=P$9 $l $P $h$$$3$H $, J, $+ $k !# $^$? (2.3) <0 $O 87L) $K$O � = 0 $K 4X $7 $F asymmetric $G $" $k $, !" q E 2 0 � m 2 � k 0 $J $N $G � $K BP $7 $F$[ $\ 6v4X?t$H$_$J $7 $F $h$$ !# 2.1.2 Di�erencial Cross Section <! $K HyJ,;6 Mp CGLL @Q $rEE;R@E ;_7O $G$N$= $l !J Klein-Nishina $N 8x<0 !K $r Lorentz JQ49 $7 $F 5a$a$k !# $^ $: !" EE;R@E;_7O $+$i Lab 7O$X$N Lorentz b o ost $r 9M $( $k !# 12

EE;R@E;_7O ~ k � 0 = 0 B B B B @ k � 0 � k � 0 cos � � 0 k � 0 sin � � 0 0 1 C C C C A ; ~ k � = 0 B B B B @ k � k � cos � � k � sin � � 0 1 C C C C A Lab 7O ~ P 0 = 0 B B B B @ E 0 P 0 0 0 1 C C C C A ; ~ k 0 = 0 B B B B @ k 0 0 k 0 0 1 C C C C A ; ~ k = 0 B B B B @ k k cos � k sin � 0 1 C C C C A E 2 0 = P 2 0 + m 2 >e?^ $N$h$& $K;M851? F0 NL $r@_Dj $9$k!# $3$N;~ !" EE ;R @E ;_7O $+ $i Lab 7O $X $N Lorentz Bo ost $N ; � $O !" ( = E 0 =m � = P 0 =E 0 $G$" $k !# $h$C$F !" ~ k � 0 = 0 B B B B @ � � 0 0 � � 0 0 0 0 1 0 0 0 0 1 1 C C C C A ~ k 0 = 0 B B B B @ k 0 � � k 0 k 0 0 1 C C C C A 13

$^$? !" ~ k � 0 = 0 B B B B @ k � 0 k � 0 cos � � 0 k � 0 sin � � 0 0 1 C C C C A $G $" $k $+$i !" ( k � 0 = k 0 � � 0 = � arctan(1 = � ) $, @.N)$9$k !# <! $K Jacobbian $r 5a$a$k !# d� d = d� d � � d � d 8 > > > > < > > > > : d� d : Lab 7O $G$N HyJ,CGLL@Q d� d � : EE;R@E;_7O $G$N HyJ,CGLL@Q d � d : Jacobbian d � d = ( k k � ) 2 j 1 p D cos � j D = 1 + 2 (1 � � 2 ) tan 2 � $G$" $k $, !" 2 (1 � � 2 ) = 1 $J$N$G D = 1 + tan 2 � = 1 cos 2 � !h d � d = ( k k � ) 2 $3$3$G !" k � = (1 � � cos � ) k $G$" $k $+$i !" d � d = 1 2 (1 � � cos � ) 2 $H$J $k !# :G8e $K 5a$a$kHyJ,CGLL@Q $r 7W;;$9$k !# $^ $: !" EE;R @E;_ 7O $G$NHyJ,CG LL@Q (Klein-Nishina $N8x<0 ) $O 8w;R !" EE ;R $H$bL5 JP6K >uBV $N $H$-$K 8 > > > < > > > : d� d � = r 2 0 2 ( k � k � 0 ) 2 f ( k � 0 � k � ) 2 2 k � 0 k � + 1 + cos 2 ( � � + � � 0 ) g k � = mk � 0 m +(1+cos( � � + � � 0 )) k � 0 14

$H$J $k !# $3$3$G r 0 $O EE;R$N8EE5H>7B$G r 0 = e 2 4 � � 0 mc 2 = 2 : 818 � 10 � 15 ( m ) $G $" $k !# $3 $N <0 $K @h $[ $I 5a$a$? Jacobbian $r$+$1$l $P !" Lab 7O $G$N HyJ,CGLL@Q $, 5a$^$k !# d� d = 1 2 r 2 0 ( k � k � 0 ) 2 f ( k � 0 � k � ) 2 2 k � 0 k � + 1 + cos 2 ( � � + � � 0 ) g 1 2 (1 � � cos � ) 2 (2 : 4) 8 > > < > > : m : EE;R@E;_<ANL (0.511MeV) E 0 : F~<MEE;R%(%M %k %. !< (1.54GeV) P 0 : F~<MEE;R1?F0NL ( P 2 0 = E 2 0 � m 2 ) = E 0 =m � = P 0 =E 0 k � 0 = k 0 cos � � = (cos � � � ) q sin 2 � + 2 (cos � � � ) 2 = cos � � � 1 � � cos � k = k 0 E 0 E 0 + k 0 � q E 2 0 � m 2 cos � � k 0 sin � k � = k (1 � � cos � ) � � 0 = � arctan(1 = � ) E 0 :1.54GeV $G !" He-Ne %l !< %6!< ( k 0 = 1 : 96eV) $N >l 9g $N Hy J, CG LL @Q$r p37 $N ?^ 2.5 $K <($9!# k $, � $K 4X $7 $F $[ $\ 6v4X ?t $J$N $G !" >e <0 $h $j d� =d $b � $K 4X $7 $F6v4X ?t $H $_ $J$;$k!# $3 $l $O$9$J$o$A !" F~<M @~ ~ k 0 $N J}8~@- $O L5;k $G$-$k$3 $H$r0UL# $7 $F$$ $k$N $G !" d� =d $O � = 0 $N<4 $K$K 4X $7 $F$[ $\ <4BP>N $G$" $k !# ( Cm ) >e$N7W;; $G$O F~<M @~ ~ k 0 $H =P<M @~ ~ k $, F10lJ?LLFb $K$" $k$3$H$r2>Dj $7 $F $$$k !# $3 $N 6a ;w $r MQ$$$F 1MeV 0J>e !" 10MeV 0J >e$N @~ $, =P<M$9 $kCGLL @Q $r 5a$a$k !# mathe- matica $r MQ$$$F7W;; $r $7 $? !# � 1MeV : � � 1 : 95 mr ad; 6 : 24 � 10 � 29 ( m 2 ) � 10MeV : � � 0 : 531 mr ad; 4 : 36 � 10 � 29 ( m 2 ) 15

$H$J $k !# 2.1.3 1Hz $N counting rate $K I,MW $J target photon ?t %l !< %6!<%o %$ %d!< $r %S !< %‘ %W %m%U%! %$ %k%b%K%?!<$H $7 $F MQ$$$k$?$a $K$O !" 8!=P $5 $l $k;6 Mp photon ?t $,$" $kDxEY$N 8D?t $J$1 $l $P $J$i$J $$ !# $9$J $o $A 1 $D$N Bunc h $N %W %m%U%! %$ %k $r F@$k $K$O$" $kDxEY$N counting rate $, I,MW $G$" $k !# $3 $3$G $O 10MeV 0J>e$N ;6Mp @~$K Cm L\ $7 $F !" $= $l$, 1Hz $G =P$F $/$k$?$a$K I,MW$J e � b eam $H %l !<%6!<8w$N in tersection NN0h$N photon ?t N ph $r 5a $a$k !# $3$N?tCM $r 5a $a$F$* $1 $P !" N ph $H =P<M photon $N ( 8D?t /s) $O HfNc4X78 $K$"$k$N$G !" K> $_ $N counting rate $K I,MW$J target photon ?t $O 4JC1 $K ;;=P $G$- $k !# 4JC1$N $?$a !" e � b eam $O D>J}7A $H$9 $k !# %l !<%6!<8w$N b eam w aist( $3$3 $G$O D>7B $N$3 $H ) $O 10 � m !" e � b eam $O 10 �m � 100 �m $H $7 $F !" :G $b intersection $, >.$5$/$J$k G[CV (w orst case) $G 9M $( $k !# $3$3$G$O target: e � !" beam:photon $H 9M$($k !# target $N ?tL)EY � t $O !" � t = 10 10 (10 � 10 � 6 ) � (100 � 10 � 6 ) � � L ( %3 / m 3 ) ( e � $O 10 10 %3 /Bunc h) $3$3 $G � L $O e � %S !<%‘ $r2> A[ E* $K0l MM $JEE N. $H9M $( $?>l 9g $N Bunc h1 8D Ev $j $ND9 $5 $G$" $k!# $h $C$F !" target $N LL?tL)EY N t $O !" N t = � t � (10 �m ) = 10 10 (100 � 10 � 6 ) � � L = 10 14 = � L ( %3 / m 2 ) 0lJ} !" 5a $a$k photon ?t $r N ph %3$H $9$k$H !" Laser b eam ux I b $O 16

I b = N ph � c 10 � 10 � 6 ( %3 /s) $f$($K 1s Ev$j$N;6Mp photon ?t N $O !" N = N t I b � par t = 10 14 � L � (10 5 N ph c ) � � par t = 10 19 N ph T � par t ( %3 /s) $? $@ $7 !" c $O 8wB.EY !" T $O 1Bunc h $NJ?6QDL2a;~4V $G$" $k !# ( � L = cT ) $3$3$G Bunc h 9=B$ $r 9M $( $k !# � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � | {z } | {z } 20 %v 20 %v 56ns 60ns - � - � >e?^$h$jJ?6Q2=$9$k $H !" T = 116 ns 20 = 5 : 8ns $^$? !" :# 10MeV 0J>e$N @~ $K$D$$$F 9M $($F$$$k$N$G !" 2.1.2 @a $N7k2L $r MQ$$ $F !" N = 10 19 N ph 5 : 8 � 10 � 9 � (4 : 36 � 10 � 29 ) = 7 : 52 � 10 � 2 N ph ( %3 /s) $h $C$F !" 1Hz $K$J $k$?$a $K$O N ph = 1 = (7 : 52 � 10 � 2 ) = 13 : 3 ( %3 ) $N photon $, I,MW $G$" $k !# 1mW %l !< %6!< $r MQ$$$?;~ $O !" N ph = 1mJ 1 : 96eV � 10 � m c = 10 � 3 1 : 96 � 1 : 6 � 10 � 19 � 10 � 10 � 6 3 � 10 8 = 106 ( %3 ) $h $C$F counting rate $O !" 106/13.3=7.97 (Hz) !# $3 $N CM$h$j !" Nc $( $P 10mW %l !<%6 !<$r MQ$$$F Optical Cavit y $G 200 G\$N enhancement $r 9T$C$? $H $9$k $H !" coun ting rate $O 7 : 97 � 10 � 200 = 15 : 9(kHz) $H$J$k !# $3$N $H$- 1 $D$N %S !<%‘ %W %m%U %! %$ %k$rF@$k $N $K 100photons I,MW $@$H$9$k $H !" $= $l $r F@$k $N $K I,MW $J;~4V $O 100 = 15 : 9 = 6 : 27( ms ) $H$J $k !# T able1.1 $N Damping time $O$3$N ;~ 4V$H F1DxEY$G$" $k$?$a !" 1 2s$N B,Dj $G %S !< %‘%5 %$ %:$N 8: ?j$NMM;R$r 3NG’$9 $k$3$H$O 2DG=$G $"$k !# C" $7 !" $3$N Intensit y $G$O 100photons level $G $7 $+ 8:?j$NMM;R $r 3NG’ $G$-$J$$ !# E}7W ?t $r >e $2 $k$?$a $K$O F~<M %S !<%‘ Intensit y $H A}I}N($r >e $2 $k$3$H $, 4NMW $G$"$k !# (Ca vit y $N M6EEB?AXKl$N BQ5WEY $O 1 k W =cm 2 $G $" $k$?$a !" 10 mW � 200 = 2 W Dx EY $J$N$G$3$N DxEY$N Intensit y $G$O %W %m%U%! %$ %k$O 2DG= $G$" $k !# ) 17

2.2 Optical Ca vit y $N 86M} $3 $N @a $G$O %l !<%6!<$N=P<M%b!< %I $G$" $k Gauss b eam $r Helmholtz J}Dx<0$N6a;w2r $H $7 $FF3=P $7 !" $= $N<0$N7A $+$i Gauss b eam $N@-<A $rM}2r $7 $F !" $3$N %S !<%‘$r Cavit y Fb $K 0BDj $KB8:_ $5 $;$k $? $a $N>r7o $r5a $a$k [5],[6] !# 99 $K<B83 $GMQ $$$kK> $_ $N%Q %i %a !< %? $r;} $C $? %S !< %‘ $r @8@.$9$k$?$a$N Cavit y 5Z $S $=$N F~<M7O$N3F%Q%i %a !<%? $r7hDj$9$kJ}K!$r=R$Y$k !# 2.2.1 Gauss b eam $K$D$$$F Gauss b eam $N F3=P Gauss b eam $NF3=PJ} K! $O$$$m $$$m $H $"$k $, !" $3 $3 $G $O Helmholtz J}Dx<0 $N2r $N $& $A !" %, %& %9>u %S !<%‘$N$b$N $r A*$V $H$$ $&J}K! $G 5a$a$k !# [6],[7] EE>l E ( ~ r ; t ) $K BP$9$kGHF0J}Dx<0 $O !" ~ r 2 E ( ~ r ; t ) � 1 c 2 @ 2 @ t 2 E ( ~ r ; t ) = 0 BP>] $H$9 $kEE<’GH $, %l !< %6!< $G$" $k $+$i !" C10l<~GH?t $G$" $k $H $7 $F E ( ~ r; t ) = E ( ~ r ) e i! t $3$l$K $h$j !" GHF0J}Dx<0 $O Helmholtz J}Dx<0 : ( ~ r 2 E ( ~ r ) + k 2 E ( ~ r ) = 0 k 2 = ! 2 =c 2 $K$J $k !# $3$3$G EE<’GH $O %S !<%‘>u $G$" $k $H $7 !" EAGE$9$kJ}8~ $, 0lJ}8~ (z <4 $K$H $k ) $G !" 6/EY $bM- 8B$JCGLL $r M- $7 $F$$ $k $H 2>Dj$9$k !# E ( ~ r ) = E 0 ( ~ r ) e ik z $5$i$K !" EAGEJ}8~ $K BP$9$kEE>l$NJQ2= $, !" GHD9 $K Hf$Y$FL5;k $G$- $k $[ $I >.$5$$ $H$$ $&2> Dj $r $9$k !# � j @ E 0 ( ~ r ) @ z j � j E 0 j ; � j @ 2 E 0 ( ~ r ) @ z 2 j � j @ E 0 ( ~ r ) @ z j $3$l$i $N 2>Dj $K$h$j Helmholtz J}Dx<0 $O <!$N$h $& $K$J $k !# ( @ 2 @ x 2 + @ 2 @ y 2 + 2 ik @ @ z ) E 0 ( ~ r ) = 0. . . . . . ( 6a<4GHF0J}Dx<0 ) (2 : 5) $3 $N J}Dx<0 $r 2r$/$?$a $K !" <! $N$h $& $J %, %& %9J,I[>u$N2r $r 2>Dj$9$k !# 18

E 0 ( ~ r ) = A exp( ik x 2 + y 2 2 q ( z ) ) exp( ip ( z )) (2 : 6) ( p ( z ) ; q ( z ) $O J#AG%Q%i %a !<%? ) $3 $l$r BeF~ $7 $F !" r 2 = x 2 + y 2 $N F1<!9‘ $r Hf3S$9 $l $P dp dz = i q ; dq dz = 1 $3 $l$i $h$j q ( z ) = z + q 0 ; p ( z ) = i ln(1 + z q 0 ) ( q 0 $O @QJ,Dj?t $G !" p (0) = 0 $H 2>Dj ) :# !" q 0 $r =c5u?t$H2>Dj $7 $F q 0 = � i � w 2 0 � ( w 0 $O Dj?t ) $H CV$- !" $5 $i$K w ( z ) = w 0 s 1 + ( �z � w 2 0 ) 2 R ( z ) = z f 1 + ( � w 2 0 �z ) 2 g $J$k%Q%i %a !< %? w ( z ) !" R ( z ) $r Dj5A$9 $l $P exp( ip ( z )) = w 0 w ( z ) exp( i arctan �z � w 2 0 ) exp( ik x 2 + y 2 2 q ( z ) ) = exp( ik x 2 + y 2 2 R ( z ) � x 2 + y 2 w ( z ) 2 ) $H$J $k$N $G !" $3 $l$i$r (2.6) <0 $K BeF~ $7 $F E 0 ( ~ r ) = A w 0 w ( z ) exp( ik x 2 + y 2 2 R ( z ) � x 2 + y 2 w 2 ( z ) ) exp f i �( z ) g !! (2 : 7) 8 > > > > > < > > > > > : �( z ) = arctan( z =z 0 ) (Guoy $N 0LAj0x;R ) R ( z ) = z + z 2 0 =z ( %S !<%‘GHLL$N6JN( ) w ( z ) = w 0 q 1 + ( z =z 0 ) 2 ( %S !<%‘ %9 %] %C %H %5 %$ %: ) z 0 = � w 2 0 =� ( %l %$%j !<NN0h ) $, F@ $i $l $k !# $3 $3$G �( z ) $O Guo y $N 0LAj0x ;R $H 8F $P$l !" $3$N Gauss b eam mo de $H 8e=R$N transv erse mo de $H$N 0LAj:9$rLdBj $K $9$k;~ $K =EMW $K$J $k%Q%i %a !<%? $G$" $k !# R ( z ) $O z $K $* $1$k b eam axis >e$N %S !<%‘GHLL $N6JN( $G !" w ( z ) $O z $K $* $1$k %S !<%‘%9 %]%C %H %5 %$ %:$G$" $k !# z 0 $O %l %$%j !<NN0h $H8F $P$l !" z > z 0 $NNN0h $G$O %S !<%‘ $, 4v2?8w3XE* $K ?6$kIq $& $H$$ $& #1 $D$N;XI8 $K$J $k%Q%i %a !< %? $G$" $k !# 19

9b<! Gauss b eam A0>. @a $K$* $$ $F !" :G $b4J C1 $J3& J, I[ $r $7 $? Gauss b eam $r5a $a $? $, !" 6a <4 GH F0 J} Dx <0 (2.5) $r K~$?$9!" $h$jJ#;( $J 3&J,I[ $r $7 $? 2r $, B8:_$9$k !# $3$3$G$O 7k2L$N$_ $r 5- $7 $F $* $/ !# E mn ( ~ r ) = A mn w 0 w ( z ) H m ( p 2 x w ) H n ( p 2 y w ) exp f ik x 2 + y 2 2 R ( z ) � x 2 + y 2 w ( z ) 2 g exp f i ( m + n + 1)�( z ) g (2 : 8) ( H m ( x ) $O %(%k %_!< %H B?9‘<0 ) A0>.@a $G 5a $a$? Gauss b eam $O$3 $N<0 $G m = n = 0 $H$*$$$?$b$N $G$"$k !# $= $l$f$( !" (2.7) <0 $O :GDc <!%b!< %I $" $k$$$O 4pK\%b!< %I $H $b 8F $P $l $k !# $3 $l$K BP $7 $F >e$N (2.8) <0 $O 2#%b!< %I $"$k$$ $O transverse mo de $H 8F $P$l !" m !" n $r 2# %b!< %I ;X?t $H8F $V !# $J$* !" 2# %b!< %I ;X?t $, m !" n $N%b !< %I $r TEM mn $H $b 5-$9!# $$$/$D $+$N transv erse mo de $N MM;R$r p40 $N?^ 2.8 $K <($9!# 2.2.2 Ca vit y $N 0BDj>r7o $3 $3$G$O !" A0@a $G 5a $a$? Gauss b eam $, 0lBP$N1zLL6@ $+$i$J $k 6&?64oFb $G $I $N$h $& $K ?6 $kIq $& $+$r 7W;; $7 !" %_ %i!<$N6JN(H>7B $H 4V3V $K$h $C$F $I $N$h $& $J %S !<%‘ $, 0BDj $K B8:_$9$k $+$r 5a$a$k !# >e?^$N$h $& $K %9 %]%C %H %5 %$ %: $, :G>.$H$J$kE@ $r z = 0 $H $7 $F !" z $N @5$N0LCV z 2 $H !" Ii $N 0LCV z 1 $G GHLL$HEy $7 $$ 6JN(H>7B$r$b$D1zLL6@ $, $" $k$H9M $( $k !# z 1 !" z 2 $G $N %S !<%‘$N 6JN(H>7B $O !" R ( z 1 ) = z 1 + z 2 0 =z 1 R ( z 2 ) = z 2 + z 2 0 =z 2 $3 $N %S !<%‘ $, Cavit y Fb $G0BDj $KB8:_$9$k $?$a $K$O%_%i!<0L CV $G %S !<%‘GHLL $N6JN( $H%_%i!< $N6JN( $, Ey $7 $/$J$k$h $& $K $9 $l $P $h$$ !# $= $&$9 $l $P H?<MGH$b85$N %S !<%‘ $H F1 $8 6u4VJ,I[ $r $b$D $+$i$G$"$k !# $h$C $F%_%i!<$N6JN( $r$= $l $>$l R 1 !" R 2 !" 4V3V $r D $H $9$k $H !" Ca vit y Fb $N %S !<%‘ $, 0BDj $G$" $k$?$a $K$O D = z 2 � z 1 � R 1 = z 1 + z 2 0 =z 1 R 2 = z 2 + z 2 0 =z 2 20

$, @.$j N)$F $P $h$$ !# $3$3$G Ii$N6J N( $O @5$N 6JN($H$O 1z LL $, 5U $r $‘$$$F$$ $k6J LL ( $9$J$o $A %_%i!<$N6JN(Cf?4 $, %_%i!<0LCV$h$j#z$N@5J}8~ $K B8:_$9$k6JLL ) $N 6JN( $r I=$9!# 5U $K !" 5wN% D $G 6JN( R 1 !" R 2 $N %_%i !<$r @5BP$5$; $?$H $- !" Ca vit y Fb$G 0BDj$K B8 :_$9 $k %S !<%‘$N%Q%i %a !< %? $H %_%i!< $, CV $+ $l $k$Y$-0LCV z 1 !" z 2 $, 0l0UE* $K 7h$^$k !# z 1 = � D ( R 2 � D ) R 1 + R 2 � 2 D (2.9) z 2 = D ( R 1 � D ) R 1 + R 2 � 2 D (2.10) z 2 0 = D ( R 1 � D )( R 2 � D )( R 1 + R 2 � D ) ( R 1 + R 2 � 2 D ) 2 z 0 = � w 2 0 =� $h$j!" w 2 0 = � � � q D ( R 1 � D )( R 2 � D )( R 1 + R 2 � D ) j R 1 + R 2 � 2 D j (2 : 11) w ( z ) = w 0 q 1 + z 2 =z 2 0 $h$j !" %_ %i!<>e$G$N %9 %] %C %H %5 %$ %: w 1 !" w 2 $, 5a$^$k !# w 0 !" w 1 !" w 2 $r g 1 ; 2 � 1 � D =R 1 ; 2 $G =q$/$H !" w 2 0 = �D � � q g 1 g 2 (1 � g 1 g 2 ) j g 1 + g 2 � 2 g 1 g 2 j w 2 1 = �D � � s g 2 g 1 (1 � g 1 g 2 ) w 2 2 = �D � � s g 1 g 2 (1 � g 1 g 2 ) 0BDj$J %S !<%‘ $, B8 :_$9$k$?$a $K$O w 2 0 !" w 1 !" w 2 $, <B ?t $G$J$1 $l $P $J$i $J$$ !# $=$N$?$a$N >r 7o $O !" g 1 g 2 (1 � g 1 g 2 ) � 0 0 � g 1 g 2 � 1 !h 0 � (1 � D =R 1 )(1 � D =R 2 ) � 1 (2 : 12) $3 $l $, 5a $a$k Cavit y $N0BDj>r7o $G$"$k !# $3$N0BDj >r7o $O 4v2?8w 3X $+ $i F3$-=P $5 $l $k7k2L $H 0lCW$9$k !# 2<?^ $O2#<4 $K D =R 1 !" =D <4 $K D =R 2 $r$H$j!" Ca vit y $N0BDj NN 0h $r<( $7 $?$b $N $G $"$k!# ?^ Cf $G <P@~ $NItJ, $, (2.12) <0 $, <($90BDj NN0h $G$= $l 0J30 $NItJ, $, IT0BDj NN0h $G$"$k!# 86E@ (0,0) $O J? 9TJ?LL 7? !" AP6J@~$N Cf?4 (1,1) $O BP >N6&>G E@7? !" E@ (2,2) $O BP>N 6&Cf?4 7?$N Cavit y $r <($9!# $3 $l$i$O $9$Y$F 0BDjNN0h $H IT0BDjNN0h$N6-3&@~>e $K$"$k !# 21

2.2.3 Laser Ca vit y $N @_7W $3$N@a $G $O !" A0 @a $^ $G $K5a $a $?8x <0 $K<B:] $K;HMQ $9 $k %l !<%6 !< $d%_ %i !< $N %Q %i %a !< %? $rEv $F $O$a$F !" Optical Cavit y $N3F%Q%i %a !<%? $r7hDj$9$k!# $3$3 $G$ONc $H $7 $F b eam waist w 0 = 10 �m $N >l9g $K$D$$$F 7W;; $7 $? !# ;HMQ$9$k5!4o$N %Q%i %a !<%? Laser Mirror(2 Kg $H$b F1 $8 J* $r ;HMQ$9$k $H 2>Dj ) GHD9 � 632.8nm 6JN(H>7B R 20.0mm Beam divergence (full cone) 1.6mrad 6~@^N( n 1.519 =P<M8} $G$N b eam size 0.5mm :‘<A BK7 =P<M %S !< %‘%b!< %I !! TEM 00 8|$_ ( %_%i!<Cf?4 $G$N ) t 3.2mm $J $* !" 1z LL%_ %i!< $NGXLL $OJ?LL $G !" %_ %i!< $O M6EEB? AXKl %3!<%F%# %s %0 $r $7 $F$"$k !# $^ $? !" %_%i!<6JN( R $O 2CB.4o $N %S !<%‘%Q %$ %W $N Bg $-$55Z $S 5,3JIJ $, B8:_$9$k ;vEy $N>r7o $r9MN8 $7 $F7hDj $7 $? !# Ca vit y $N 0BDj>r7o %_%i!< $N6JN( H>7B $r R = 20 : 0mm $H $7 $?$H$- !" Ca vit y Fb $NEE<’GH $, 0BDj $K B8:_ $7 B3 $1$k $3 $H $,$G $- $k>r7o $O (2.12) <0$h$j!" (1 � D =R ) 2 � 1 0 � D � 2 R !h 0 � D � 40 : 0( mm ) 22

%_%i!<4V3V D $N 7hDj <!$K D $r 7h Dj$9 $k !# 2.2.2 @a $G <( $7 $? $h $& $K %_%i !< $N 6J N( H> 7B R $H %_%i !< 4V 3V D $r 7h $a$k$H b eam w aist $, Dj$^$k !#<B83 $NL\E*$+$i !" beam waist $r >.$5 $/9J$j$?$$$N$G !" 5U $K b eam w aist $r 7h$a$F !" $=$3 $+$i %_%i!<4V3V D $r 7W;;$9$k $3$H$K$9$k !# $= $3$G$^$: !" w 0 $, <h$jF@$kHO0O $r 7W;;$9$k !# <0 (2.11) $G R 1 = R 2 = R $H $* $/ $3$H$K$h$j !" w 2 0 = � � � q D (2 R � D ) 2 (2 : 13) 0 � D � 2 R $h$j w 2 0 $O !" D = 0 ; 2 R $N$H$- !" :G>.CM 0 D = R $N$H$- !" :GBgCM � � � R 2 = 632 : 8 � 10 � 9 3 : 142 � 20 : 0 � 10 � 3 2 = 2 : 01 � 10 � 9 $r$H $k !# !h 0 � w 0 � 44 : 9( �m ) %9 %Z!<%9 $N4X78>e D � R $H@_Dj$9 $k!# $3$NNN0h $G $O w 0 $O D $K 4X $7 $F C1D48: >/ $G$"$k!# w 0 $H D $N 4X78$r p38 $N?^ 2.6 $K <($9!# $3 $l $h $j w 0 = 10 �m Dx EY$K %9%]%C %H %5 %$ %:$r 9J $k$3 $H$, 2D G=$G $" $k$H ;W$o$l $k$N $G w 0 = 10 �m $H$J $k$h $& $K D $r 7hDj$9$k !# R = R ( z 2 ) = z 2 f 1 + ( � w 2 0 �z 2 ) 2 g $h$j!" z 2 = f R + s R 2 � ( 2 � w 2 0 � ) 2 g = 2 ( z 2 � R= 2 $h$j ) D = 2 z 2 $J$N$G !" D = R + s R 2 � ( 2 � w 2 0 � ) 2 (2 : 14) R = 20 : 0 mm !" � = 632 : 8 nm !" w 0 = 10 �m $r BeF~ $7 $F !" D = 39 : 975 mm $H$J $k !# $3$N $H$- !" %_ %i!<>e $G$N %9 %] %C %H %5 %$ %:$O !" w ( D = 2) 2 = �R � s D 2 R � D = ( � � w 0 ) 2 RD 2 w ( D = 2) = � � w 0 s R D 2 = 632 : 8 � 10 � 9 � � (10 � 10 � 6 ) s (20 : 0 � 10 � 3 ) � (39 : 975 � 10 � 3 ) 2 = 403( �m ) 23

$A$J$_ $K !" $3$NB>$N w 0 $K $D$$$F$N D $d w ( D = 2) $O !" w 0 = 15 �m : D = 39 : 875 mm; w ( D = 2) = 268 �m w 0 = 20 �m : D = 39 : 602 mm; w ( D = 2) = 200 �m w 0 = 25 �m : D = 39 : 013 mm; w ( D = 2) = 159 �m w 0 = 30 �m : D = 37 : 893 mm; w ( D = 2) = 131 �m w 0 = 35 �m : D = 35 : 876 mm; w ( D = 2) = 109 �m w 0 = 40 �m : D = 32 : 150 mm; w ( D = 2) = 90 : 3 �m $H$J $k !# F~<M %l%s%: 7O$N@_7W ( $=$N 1) Laser cavit y $N%Q%i %a !< %? $, 7hDj $7 $?$N $G !" <! $O$= $N %S !<%‘ $K 9g$& $h$& $K;THN $N %l !<%6 !< %S !<%‘ $r %l%s %:$r ;HMQ $7 $F JQ7A$9$k !# $^ $: !" 1z LL %_ %i !< $OF) 2a $9 $k 8w $KBP $7$F1z %l %s %: $H $7$FF/ $/ $3 $H $KCm 0U $9 $k!# DL >o $N Laser cavit y $N $h $& $K 6J N(H> 7B $, Bg$-$J 5eLL %_%i !<$G$O !" $3$N 8z 2L $O L5 ;k$9 $k$3$H$, $G $- $k $, !" $3 $3$G $O R = 20 : 0 mm $H >.$5 $$$N $G$3$N8z2L $, 8z$$ $F$/$k !# $= $3 $G 5eLL%_ %i!< $rF)2a$9$k $H$- %S !<%‘ $, $I $N$h $& $K JQ7A$9$k $+$r 7W;;$9$k !# 6JN(H>7B R !" 6~ @^N( n $N 1zLL%_%i!< $N1z %l%s %:$H $7 $F$N >GE@5wN% f $O %_%i!< $N8|$_ $r L5 ;k$9$k $H Cf?4<46a$/ $G$O !" f = � R n � 1 $G$" $k !# $3$3$G !" >e $G5a $a$?$h$& $K %_%i !<>e $N%9 %]%C %H %5 %$ %: $,$;$$ $<$$ 400 �m DxEY $J$N $G5eLL <}:9 $O !" L5;k $G$- $k $H 9M $( $k !# >e?^$N$h $& $K 6JN(H>7B R $G F~<M $7 $? %S !<%‘ $, R 0 $G =P<M $7 $?$H$9 $k $H !" 1 R 0 = 1 R � 1 f $, @.$jN)$D$N $G !" R 0 = Rf f � R = � R n � 1 � R � R n � 1 � R = R n = 20 : 0 1 : 519 = 13 : 666( mm ) 24

:# !" %_ %i!<$N8|$_ $r L5;k $7 $F$$ $k$N $G !" %_ %i!<>e$N %9 %] %C %H %5 %$ %:$O F~<MB& $H =P<MB& $G JQ $o$i$J $$ !# $h$C $F Cavit y Fb $G %S !<%‘ GHLL $, %_%i!<LL $K 0lCW $7 $F$$ $k %S !< %‘$N Cavit y 30It $G$N %_%i!<>e $K $* $1 $k6JN(H>7B R 0 $H %9 %]%C %H %5 %$ %: w $O !" ( R 0 = 13 : 7( mm ) w = 403( �m ) $H$J $k !# :G8e $K Ca vit y Fb $G0BDj $K B8:_ $G$-$k %S !<%‘ $K$J$k$h$& $K%_%i!< $N6~ @^ $r9MN8 $7 $F D4@0 $7 $? Cavit y F~<M %S !<%‘$N b eam w aist w 0 0 $H $=$N 0LCV $r 5a $a$k !# $^ $: %_%i!<0LCV $G !" 8 > > > > > > > > < > > > > > > > > : z 0 f 1 + ( z 0 0 z 0 ) 2 g = R 0 ( z 0 ) = 13 : 7 � 10 � 3 (2.15) w 0 2 0 f 1 + ( z 0 z 0 0 ) 2 g = w 0 2 ( z 0 ) = (403 � 10 � 6 ) 2 (2.16) $, @.$jN)$D !# $3$l $h$j !" w 0 2 = w 0 2 0 � z 0 R 0 z 0 2 0 = �z 0 0 � � z 0 R 0 z 0 2 0 = �z 0 R 0 � z 0 0 $3$3 $G R 0 = R =n !" w 0 ( z 0 ) = w ( z ) $K Cm0U$9$k $H !" ( z 0 0 z 0 ) 2 = ( �R n� w 2 ) 2 ( $3 $3$G z !" z 0 $O $= $l $>$l Cavit y Fb30 $N %S !<%‘$N b eam waist $N 0LCV $r 86E@ $H $7 $? %_%i!< $N :BI8 $r !" w $O %_%i!<0LCV $K $* $1 $k %9 %] %C %H %5 %$ %: w ( D = 2) $r I=$9!# ) $3$l $h$j z 0 0 = � w 2 0 � = � w 2 � � 1 1 + ( z 0 =z 0 0 ) 2 = � w 2 � � 1 1 + ( n� w 2 =�R ) 2 = 0 : 215( mm ) (2 : 17) 25

$h$C$F (2.15) <0$h$j z 0 = 8 < : R n + s ( R n ) 2 � 4 z 0 2 0 9 = ; = 2 = 13 : 2( mm ) $H$J $k !# $^$? (2.16) <0$h$j w 0 0 = w q 1 + ( n� w 2 =�R ) 2 = 6 : 58( �m ) (2 : 18) 0J >e$r $^$H $a $F !" F~<M %S !< %‘ $N b eam waist $r 6 : 58 �m $H$7 $F $= $N 0L CV$r %_ %i !< $N Fb B& 13 : 2 mm $H $9$k$h $& $K F~<M %S !<%‘ $r JQ7A$9 $l $P $h$$$3$H $, J, $+ $k !# $J $* !" D ’ 2 R $N ;~ $O w = � � w 0 s R D 2 ’ �R � w 0 $J$N $G n� w 2 �R = n� �R � ( �R � w 0 ) 2 = ’ n�R � w 2 0 Nc $( $P w 0 = 10 �m $N ;~ $O n� w 2 �R ’ 1 : 519 � (632 : 8 � 10 � 3 ) � (20 : 0 � 10 3 ) � � 10 2 = 61 : 19 $H$J$j !" ( n�w 2 =�R ) 2 � 1 $H $_$J$;$k$N$G w 0 0 ’ w n� w 2 =�R ’ �R � w 0 n� �R ( �R � w 0 ) 2 = w 0 n $H$J $k !# F~<M %l%s%: 7O$N@_7W ( $=$N 2) A0 >. @a$G 5a$a $? %S !< %‘$r :n $k $? $a$K ;T HN$N%l !< %6 !<$+ $i $N%S !< %‘$r%l %s %: $G JQ 7A $7 $F Laser cavit y $K F3$/I, MW $,$"$k !# $= $3 $G$3$3 $G $O %l !<%6!< !" %l%s%: !" ca vit y $N0LCV4X78 $H %l %s%:$N >GE@5wN% $r7hDj$9$k!# $J$* !" K\<B83 $G $O %9 %Z!<%9 $N3NJ] $H !" beam w aist $r JQ $($?$H $-$N8w3X7O$NG[CV$NJQ2= $r >.$5$/$9$k$?$a !" FL %l%s %:$H 1z %l%s %: 1 Kg $:$D$+$i @.$k %l%s %: 7O $r :NMQ $7 $? !# 26

>e?^$N$h $& $K%Q%i %a !<%? $r @_Dj$9$k $H !" %l !<%6!<$N div ergence $O 1.6mrad !" %l !<%6!<$N =P<M8} $G$N %S !<%‘$ND>7B $O 0.5mm $J$N$G !" ( 0J2<C10L $O mm $H $9 $k !# ) r 1 = 0 : 8 � 10 � 3 L + 0 : 25 (2.19) def = �L + � r 2 = r 1 + d 1 tan( � + � ) ’ r 1 + d 1 (tan � + tan � ) = r 1 + d 1 ( � r 1 f 1 ) + d 1 � = r 1 (1 � r 1 f 1 ) + d 1 � w = r 2 � d 2 tan( ’ � � � � ) ’ r 2 � d 2 (tan( ’ � � ) � tan � ) ’ r 2 � d 2 ( r 1 F � � ) = r 1 (1 � d 1 f 1 � d 2 F ) + ( d 1 + d 2 ) � !! (2.20) $3$3 $G F $O %l%s %: f 1 !" f 2 $N 9g@.>GE@5wN% $G !" 1 F = 1 f 1 + 1 f 2 � d 1 f 1 f 2 (2 : 21) Cavit y $N F~<M3Q $O ’ � � � � $J$N$G !" w z 0 = tan( ’ � � � � ) = r 1 F � � (2 : 22) (2.20) � (2.22) <0$h$j!" 8 < : d 1 = f 1 + f 2 � w=z 0 + � r 1 � f 1 f 2 d 2 = z 0 w f f 2 ( w =z 0 + � r 1 � 1 f 1 )( r 1 � f 1 � ) + f 1 � � w g (2 : 23) 27

K\<B83 $G $O %l !<%6!< $H Cavit y $N F~<MB& $N%_ %i!< $N0LCV $r8GDj $7 $F !" $= $N4V$N %l%s%: $N0L CV $rJQ $( $k $3$H $K$h$j b eam w aist $r JQ2=$5 $;$k$N $G !" L 0 � L + d 1 + d 2 $, 0lDj $H$J$k2r $r 5a$a$k !# L 0 = L + f f 1 + f 2 � w =z 0 + � r 1 f 1 f 2 g + z 0 w f f 2 ( w =z 0 + � r 1 � 1 f 1 )( r 1 � f 1 � ) + f 1 � � w g $3$N<0 $K f 1 !" f 2 !" w !" z 0 $r BeF~$9$k$H ( � = 0 : 8 � 10 � 3 , � = 0 : 25) !" $3 $l$O L $K $D$$$F$N Fs <!J} Dx<0 $K$J $k !# $3 $l $h $j L $, 5a$^$j !" $3 $l$r (2.19) <0 $K BeF~$9$k$3$H$K $h $j r 1 $, 5a$^ $k !#99 $K$3 $l$r (2.23) <0 $K BeF~ $7 $F d 1 !" d 2 $, F@ $i $l !" 8w3X7O $NG[CV $, 7hDj$9$k !# $3 $3 $G $O 3F%Q %i %a !<%?$r <B 83$G MQ $$$? $b$N $H F1 $8 L 0 = 700( mm ) !" f 1 = � 15 : 1( mm ) !" f 2 = 51 : 5( mm ) $H $7 !" 3F b eam waist $N >l9g $K$D$$$F L !" d 1 !" d 2 $r ;;=P $7 $F $*$/!# w 0 ( �m ) : L ( mm ) d 1 ( mm ) d 2 ( mm ) 10 : 511 : 48 73 : 44 115 : 09 15 : 487 : 96 62 : 14 149 : 90 20 : 461 : 25 56 : 61 182 : 14 25 : 434 : 51 53 : 34 212 : 14 30 : 408 : 56 51 : 18 240 : 25 35 : 383 : 56 49 : 66 266 : 78 40 : 359 : 53 48 : 53 291 : 94 28

2.3 Enhancemen t F actor $N F3=P 2.3.1 Matrix F ormalism [5],[8] - � - � AX i AX j r; i r; j l ; i l ; j ~ E 0 i ~ E j >e?^$N$h$& $K FsAX$N6-3&LL>e $NEE>l $r 9M $( !" $=$NEE>l $, $I $N AX $KB0 $7 $F$$ $k $+$r E:;z i !" j $G !" $= $NEE>l $, 1&J}8~ $K?J9T$9$kGH $J $i $P r !" :8J}8~ $J $i $P l $r IU $7 !" $^ $?$=$NEE>l $, AX $N1&C<$N$b$N$J $i 0 $r $D$1 !" :8C< $N$b$N$J $i $D $1$J$$ !" $H$$ $& notation $r$H $k !# $^$? !" AX i $+$i AX j $K ?J $‘8w$N H?<M !" F)2a78?t$r$=$l$>$l � ij !" � ij $H I=$9!# $9$k $H L@$i $+$K E r j = E 0 r i � ij + E lj � j i (2.24) E 0 li = E l j � j i + E 0 r i � ij (2.25) $, @.$jN)$D !# ( 0J8eJP8w $O 9M $($: !" EE>l $O scalar 4X?t $H 9M $($k !# ) (2.24) <0 $r MQ$$$F (2.25) <0 $+$i E 0 r i $r >C$9 $H E 0 li = E lj ( � j i � ij � � j i � ij � ij ) + E r j � ij � ij $3$3 $G F resnel equation: � ij = � � j i ; � j i � ij + ( � ij ) 2 = 1 $r MQ$$$k$H E 0 li = 1 � ij E lj + � ij � ij E rj (2 : 26) (2.24) <0 !" (2.26) <0 $r $^ $H$a$F 8 < : E 0 l i = 1 � ij E l j + � ij � ij E r j E 0 r i = � ij � ij E lj + 1 � ij E r j $3$3 $G ~ E j def = E l j E r j ! !" ~ E 0 j def = E 0 l j E 0 r j ! $r F3F~$9$k$H H ij def = 1 � ij 1 � ij � ij 1 ! $r MQ$$ $F ~ E 0 i = H ij ~ E j (2 : 27) 29

$H =q $1 $k !# $3$l $h$j H ij $O interface transition matrix $G$" $k$3$H $, J, $+ $k !# <! $K0l$D $NAXCf $rC< $+ $iC< $XEAGE $9 $k :] $N0LAj JQ 2= $O e � i� j ( � j def = k n j d j cos � j !" k $O GH?t!" n j $O AX j $N 6~@^N( !" d j $O AX j $N 8|$5 !" � j $O 3&LL$N?b@~ $K BP$9$k8w$N3QEY ) $G $" $k $+$i !" ( E 0 r j = e � i� j E rj E lj = e � i� j E 0 l j $h$C$F !" L j def = e � i� j 0 0 e i� j ! $H $9$k$H ~ E j = L j ~ E 0 j (2 : 28) $3 $l $h$j L j $O lay er propagation matrix $G $" $k $3$H $, J, $+ $k !# $3$3$G :G8e$NAX$NEE>l $O 1&8~$-?J9T@.J, $7 $+$J $$$N$G ( F~<MGH $O 1&8~$- $H $7 !" N HVL\$NAX $, :G8e$NAX $G$" $k$H$9$k !# ) ~ E N = 0 E r N ! $H$J $k$3 $H$K Cm0U$9$k !# (2.27) <0 !" (2.28) <0$h$j ~ E 0 1 = H 12 ~ E 2 = H 12 L 2 ~ E 0 2 = � � � = H 12 L 2 H 23 L 3 � � � L N � 1 H N � 1 ;N ~ E N :# S 1 N def = H 12 L 2 � � � L N � 1 H N � 1 ;N $H $9$k$H ~ E 0 1 = S 1 N ~ E N $9 $J $o$A !" F~ <M $7 $F $+$i=P<M $9$k $^ $G$N$9 $Y $F$NAX $G$N multiple re ection $r4^$‘$9 $Y $F$N 8z2L $O$3$N stack matrix S 1 N $K $h$C$FI=$5 $l $k !# 2.3.2 Single Slab $3 $N >l9g !" stac k matrix S $O S = H 12 L 2 H 23 30

H 12 = 1 � 12 1 � 12 � 12 1 ! ; L 2 = e � i� 2 0 0 e i� 2 ! ; H 23 = 1 � 21 1 � 21 � 21 1 ! = 1 � 21 1 � � 12 � � 12 1 ! � 2 = k n 2 d cos � 2 $H$J $k !#7W;;$9$k $H !" S = 1 � 12 � 21 e � i� 2 � � 2 12 e i� 2 � 12 e i� 2 � � 12 e � i� 2 � 12 e � i� 2 � � 12 e i� 2 e i� 2 � � 2 12 e � i� 2 ! � S 11 S 12 � S 12 S 22 ! $3$3 $G E 0 l 1 E 0 r 1 ! = S 11 S 12 � S 12 S 22 ! 0 E r 3 ! $h$j Single slab $N H?<M !" F)2a78?t � !" � $O � def = E 0 l 1 E 0 r 1 = S 12 E r 3 S 22 E r 3 = S 12 S 22 = � 12 ( e i� 2 � e � i� 2 ) e i� 2 � � 2 12 e � i� 2 = � 12 ( e i� 2 � e � i� 2 ) e � i� 2 1 � � 2 12 e � 2 i� 2 � def = E r 3 E 0 r 1 = E r 3 S 22 E r 3 = 1 S 22 = � 12 � 21 e i� 2 � � 2 12 e � i� 2 = � 12 � 21 e � i� 2 1 � � 2 12 e � 2 i� 2 $h$C$FH?<MN( !" F)2aN( R m !" T m $O R m = j � j 2 = 4 j � 12 j 2 sin 2 � 2 j 1 � � 2 12 e � 2 i� 2 j 2 ; T m = j � j 2 = j � 12 � 21 j 2 j 1 � � 2 12 e � 2 i� 2 j 2 $3$3 $G Slab $N metal coating Ey$N1F6A $K$h $k5[<}$N$?$a$N phase shift $h$j!" � 12 = � 0 e i ( � 0 ; 2 R ; � 0 > 0) $H =q $1 $k $, !" 0J2<5[<} $N1F6A $O L5;k $7 !" � 12 > 0 $H 9M $( $k !# $^$? !" $3$3$G AX 1 !" 2 $N 6-3&LL $G$N H?<M !" F)2a78?t R 1 !" T 1 $r F3F~$9$k !# ( R 1 = j � 12 j 2 = � 2 12 T 1 = j � 12 � 21 j ( 5[<} $r L5;k $7 $F$$ $k$N $G !" R 1 + T 1 = 1 $, @.$jN)$D !# ) $3$l$i$r MQ$$$k $H !" R m !" T m $O j � � 2 12 e � 2 i� 2 j 2 = 1 + R 2 1 � 2 R 1 cos 2 � 2 $h$j !" R = 4 R 1 sin 2 � 2 1 + R 2 1 � 2 R 1 cos 2 � 2 T = T 2 1 1 + R 2 1 � 2 R 1 cos 2 � 2 $H$J $k !# ( Cm : R 1 + T 1 = 1 $r MQ$$$k $H R m + T m = 1 $H$J $k !# ) 31

2.3.3 Ca vit y $N F)2aN( 0J2<5[<} $O 9M $($: !" $^ $? F~<M8w $O %_%i!< $K BP $7 $F D>3Q $K F~$C $F $/$k $H$9$k !# Stack matrix S $O !" S = H 12 L 2 H 23 L 3 H 34 L 4 H 45 H 12 = H 34 = 1 � 12 1 � 12 � 12 1 ! ; L 2 = L 4 = e � i� 2 0 0 e i� 2 ! ; H 23 = H 45 = 1 � 21 1 � � 12 � � 12 1 ! ; L 3 = e � i� 1 0 0 e i� 1 ! � 1 = k D ; � 2 = k nd $3$3 $G %_%i!< $K 4X$9$k stack matrix S m $r F3F~$9$k $H !" A0>.@a $h$j S m = H 12 L 2 H 23 = 1 � 12 � 21 e � i� 2 � � 2 12 e i� 2 � 12 e i� 2 � � 12 e � i� 2 � 12 e � i� 2 � � 12 e i� 2 e i� 2 � � 2 12 e � i� 2 ! � S m 11 S m 12 � S m 12 S m 22 ! $3$l$r MQ$$$k $H S = S m L 3 S m = S m 11 S m 12 � S m 12 S m 22 ! e � i� 1 0 0 e i� 1 ! S m 11 S m 12 � S m 12 S m 22 ! = e � i� 1 ( S m 11 ) 2 � e i� 1 ( S m 12 ) 2 e � i� 1 S m 11 S m 12 + e i� 1 S m 12 S m 22 � e � i� 1 S m 11 S m 12 � e i� 1 S m 12 S m 22 � e � i� 1 ( S m 12 ) 2 + e i� 1 ( S m 22 ) 2 ! � S 11 S 12 � S 12 S 22 ! $3 $l $h$j F)2a78?t � $O � = 1 S 22 = 1 � e � i� 1 ( S m 12 ) 2 + e i� 1 ( S m 22 ) 2 = ( � 12 � 21 ) 2 � e � i� 1 ( � 12 e i� 2 � � 12 e � i� 2 ) 2 + e i� 1 ( e i� 2 � � 2 12 e � i� 2 ) 2 = ( � 12 � 21 ) 2 4 e � i� 1 � 2 12 sin 2 � 2 + e i� 1 e 2 i� 2 (1 � � 2 12 e � 2 i� 2 ) 2 = e i� 1 ( � 12 � 21 ) 2 4 � 2 12 sin 2 � 2 + e 2 i ( � 1 + � 2 ) (1 � � 2 12 e � 2 i� 2 ) 2 32

$h$C$FF)2aN( T $O T = j � j 2 = j � 12 � 21 j 4 j 4 � 2 12 sin 2 � 2 + e 2 i ( � 1 + � 2 ) (1 � � 2 12 e � 2 i� 2 ) 2 j 2 $3$3 $G j 4 � 2 12 sin 2 � 2 + e 2 i ( � 1 + � 2 ) (1 � � 2 12 e � 2 i� 2 ) 2 j 2 = (4 R 1 sin 2 � 2 ) 2 + j (1 � R 1 e � 2 i� 2 ) 2 j 2 + 2 <f 4 R 1 sin 2 � 2 � e 2 i ( � 1 + � 2 ) (1 � R 1 e � 2 i� 2 ) 2 g = (4 R 1 sin 2 � 2 ) 2 + j 1 � R 1 e � 2 i� 2 j 4 + 8 R 1 sin 2 � 2 j 1 � R 1 e � 2 i� 2 j 2 � <f e 2 i� 1 � e � 2 i� g = j 1 � R 1 e � 2 i� 2 j 4 f ( 4 R 1 sin 2 � 2 j 1 � R 1 e � 2 i� 2 j 2 ) 2 + 1 + 2 � 4 R 1 sin 2 � 2 j 1 � R 1 e � 2 i� 2 j 2 cos 2( � 1 � � ) g $3$3 $G � 2 � def = arg f e 2 i� 2 (1 � R 1 e � 2 i� 2 ) 2 g i.e. � � def = arg ( e i� 2 � R 1 e � i� 2 ) = arg ( � 12 � 21 S m 22 ) $^$? !" A0>.@a $G 5a$a$?3F !9 $N%_%i!<$NH?<MN( !" F)2aN( R m !" T m $r MQ$$$k$H T = T 4 1 j 1 � R 1 e � 2 i� 2 j 4 f R 2 m + 1 + 2 R m cos 2( � 1 � � ) g = T 2 m 1 + R 2 m + 2 R m cos 2( � 1 � � ) 99 $K JQ7A $7 $F T = T 2 m (1 � R m ) 2 + 2 R m f 1 + cos 2( � 1 � � ) g = ( T m 1 � R m ) 2 � 1 1 + 4 R m (1 � R m ) 2 cos 2 ( � 1 � � ) $3$3 $G 1 � R m = T m $G $" $k $3$H$K CmL\ $7 !" �nesse F def = � p R m 1 � R m $r F3F~$9$k$H T = 1 1 + 4 F 2 � 2 cos 2 ( � 1 � � ) (2 : 29) $H$J $k !# � 1 = k D $J $N$G Ca vit y 4V3V D $r F0 $+ $9$H !" T $O D = 1 k f ( m + 1 2 ) � + � g = � 2 f ( m + 1 2 ) + � � g $N ;~ $K :GBgCM 1 $r$H $j!" D = 1 k f m� + � g = � 2 ( m + � � ) $N ;~ $K :G>.CM ( 1 � R m 1+ R m ) 2 $r$H $k !# ( m : @0?t ) 33

$f$($K !" $3$N JQF0$N<~4| $O �= 2 $G $" $k !# (2.29) <0 $O Airy function $H 8F $P$l !" p39 $N?^ 2.7 $K <($9$h $& $J 4X?t $G$"$k !# $^ $? !" (2.29) <0$+$i J,$+ $k$h $& $K Airy function $N%T !< %/ $, ==J, 1T $1$l$P !" �nesse F $O%T !< %/4V$N 5w N% � D = �= 2(free sp ectral range:FSR $H $$ $& ) $H%T !< %/$N FWHM: � D $N Hf F = � D =� D $K $J$k !# 2.3.4 Enhancemen t F actor $N F3=P >e?^$N$h $& $K x <4 $r$H $C$?;~$N#x (0 � x � D ) $G $N 8w$N6/EY $r 5a $a$k !# E 0 l 3 E 0 r 3 ! = H 34 L 4 H 45 0 E r 5 ! = S m 0 E r 5 ! = 1 � m e 2 i� � m � � m 1 ! 0 E r 5 ! = 1 � m � m E r 5 E r 5 ! $3$3 $G E 0 l 3 E 0 r 3 ! = S 0 E r 5 ! = S 12 E r 5 S 22 E r 5 ! $h$j!" E r 5 = 1 S 22 E 0 r 1 $G$" $k $+$i E 0 l 3 E 0 r 3 ! = 1 � m S 22 � m E 0 r 1 E 0 r 1 ! :# !" #x $G$N EE>l $r E x l !" E x r $H $9$k$H !" E x l E x r ! = e � i� x 0 0 e i� x ! � E 0 l 3 E 0 r 3 � � x def = k ( D � x ) E x l E x r ! = e � i� x 0 0 e i� x ! 1 � m S 22 � m E 0 r 1 E 0 r 1 ! = 1 � m S 22 � m e � i� x E 0 r 1 e i� x E 0 r 1 ! $h$C$F !" E x def = E x l + E x r = E 0 r 1 � m S 22 ( � m e � i� x + e i� x ) $3$3 $G 1 S 22 = � $J $N$G E x E 0 r 1 = � � m ( � m e � i� x + e i� x ) 34

$f $($K 5a$a$kA}I}N( P $O P def = j E x E x r 1 j 2 = j � j 2 j � m j 2 j � m e � i� x + e i� x j 2 ( <’>l $K$D$$ $F$bEE>l $HA4$/F1 MM $J4X78<0 $, @.$jN) $D $N $G !" A} I}N( $NDj5A $O >e<0 $GM? $( $i $l $k $H $7 $F$h$$ !# ) $3$3$G � m = p R m ie i� $h$j j � m e � i� x + e i� x j 2 = j � m j 2 + 1 + 2 < ( � m e � 2 i� x ) = 1 + R m + 2 q R m < ( ie � i (2 � x � � ) ) = 1 + R m + 2 q R m sin(2 � x � � ) $J$N $G !" P = T T m f 1 + R m + 2 q R m sin(2 � x � � ) g = T T m f 1 + R m � 2 q R m sin(2 k x � 2 � 1 + � ) g $f $($K P $O #x$K 4X $7 $F <~4| �= 2 $N @589GHE* $J JQ2= $r$9 $k !# $=$N J?6QCM $O 1+ R m 1 � R m T $G Ca vit y F)2aN( T $, :GBgCM#1$r$b$D$H$3$m $G :GBg$H$J$j!" $=$N ;~$NCM $O R m ’ 1 $N$H$-$O 2 1 � R m ’ 2 3 F $K $J $k !# 35

Figure 2.4: ;6Mp8w;R%(%M %k %. !< (He-Ne %l !<%6!< ) 36

Figure 2.5: HyJ,;6MpCGLL@Q 37

Figure 2.6: b eam waist $H D $N 4X78 38

Figure 2.7: Airy function 39

Figure 2.8: Dc<!$N transverse mo de 40

Chapter 3 Optical Ca vit y $r MQ $$ $? 4pAC<B83 $3 $N >O $G $O Optical Ca vit y $G$N <B83$N@bL@ $r9T$J $& !# $^ $: !" 3.1 @a $G$O <B83 $KMQ$$$?%;%C %H %" %C %W $r 3F%Q!<%D Kh $K @bL@$9$k !#<! $K 3.2 @a $G$O <B83<j=g$r DI$C $F$$$- !" 3.3 @a $G !" <B83 7k2L5Z $S !" :# $N%;%C %H %" %C %W $K BP$9$kLdBjE@5Z $S !" 2~A1:v $r @bL@$9$k !# 3.1 <B83%;%C %H %" %C %W 3.1.1 A4BNA| A4BN $N set-up $O ?^ 3.1 $N$h $& $K$J$C $F$$$k!# <g $J9=@.MWAG $H $7 $F$O !" %l !<%6!< !" F~ <M7O !" Optical Cavit y !" detector !" FI$_$@ $7 It$N 5 $D$K JL $l $F $$ $k !# %l !< %6 !< !" F~<M7O !" Optical Cavit y !" 5Z $S detector $O !" $9$Y $F%Y %s %A (HERZ <R@= ; Bg 7?6u5$ $P $M <0KI?6Bf ) $N >e $K <h$j IU $1$i $l$F$$ $k !# %Y %s%A$K$O =D2# 50 mm $G Ey4V3V $K M6 $N%M %8 7j $,$"$$$F$*$j!" %Y %s%A$H %l !<%6!< !" F~ <M7O !" Optical Cavit y !" 5Z $S detector $N @\B3 $O !" $9 $Y $F M6 $N%M %8$G <h $jIU $1 $i $l$? !# :B I8<4 $N@_Dj $O !" %l !<%6!< %S !<%‘J}8~ $r z J}8~ !" 1tD> J}8~ $r y J}8~ !" yz J?LL $K BP $7 $F ?bD>$JJ}8~ $r x J}8~ $H$9 $k !# 3.1.2 %l !<%6!< %l !<%6!<$N set-up $r ?^ 3.2 $K <($9!# %l !< %6!< $O GHD9 � = 632 : 8 nm ,Intensit y 1 mW $N He- Ne %l !<%6!< $rMQ$$ $?!# $3$N %l !<%6!< $K $O In tensit y stabilized mo de $H frequency stabilized mo de $N#2<oN‘ $N mo de $, $"$k $, !" <B 83 $G $OGHD9 $N8m :9 $N>. $5 $$ frequency stabilized mo de $r MQ$$$? !#0J2< !" %l !<%6!<$N3F%Q%i %a !< %?!< $r I= 3.1 $K <($9!# I= 3.1 $h$j!" GHD9 $O !" 632 : 991 � 2 : 67 � 10 � 6 nm ( min ) $G$" $k!# =P<M mo de $O T E M 00 mo de $G !" %l !<%6!< $O =P<M;~ $+$i !" 1000 : 1 $G linear $K p olarize $7 $F $$$k !# %l !<%6!<$N ?eJ?J}8~ $O !" %Y %s %A$N%M%8 7j$rCf?4$H $7 $F !" alignmen t $r 9T$J $& !# y-stage $O %; %C %H %" %C %W $N JQ99$N :]$NBg$^$+$J 9b$5D4@0 $K MQ$$$k$b$N$H$9$k !# %l !< %6!< %S !<%‘$N alignment $N :]$NHyD4@0 $O A08e#22U=j $G ;Y$($F$$$k %l !<%6!<%[%k %@ !< $G D4@a$r9T$J $& !# %l !<%6!<%[%k %@ !<$O D:E@ $r 4p =‘ $H $7 $F !" 120 � 4V3V $K IU $1$i $l$?%M%8$K$h$C$F;Y $($i $l$F$$ $k !# C" $7 !" %l !<%6!< $H @\$9$k 41

Figure 3.1: <B83 set-up A4BNA| Figure 3.2: %l !< %6!< 42

T able 3.1: Sp eci�cations (F requency stabilized mo de) F requency stability 1min � 0 : 5Mhz 1hour � 2 : 0Mhz 1day (8hr p erio d) � 3 : 0Mhz F requency vs.T emperature < 1 = 2Mhz = � C In tensit y stability � 1% Output Po w er at 632.8nm > 1 : 0mW F requency (nominal) 473.61254Thz Beam characteristics Diameter 0.5mm Divergence (full cone) 1.6mrad Resonator characteristics T ransv erse spatial mo de TEM 00 Polarization Linear, > 1000 : 1 %M %8$N @h $O %4 %‘$K$J$C$F$*$j !" %M %8$N @h $, $T $C$?$j $H %l !<%6!<B&LL $K @\$9$k$h $& $K$J $C$F $$$k !# $3$N;0$D$N%M %8$N AH9g$; $, A08e#22U=j $K CV $+ $l !" %l !<%6!< $r ;Y $( $k;EAH$_ $K$J $C$F $$$k !# $=$N$?$a !" A0It $N%M %8$r F0 $+ $9 $H %l !<%6!<=P<M8}6aJU !" 8eIt $N%M %8$r F0 $+ $9 $H !" =P <M %l !<%6!<$N 1sJ}$rHy D4@0$9$k$3$H $,$G $- $k !# $3 $l$i $N alignment $r 9T $J $C$?8e $O !" B,Dj Cf !" 8w<49g $o$;$N ;~ $K$O 0l@ZF0 $+$5$J$$$h $& $K $7 $? !# %l !<%6!<!’ Sp ectra-Ph ysics <R@= ;stabilized He-Ne Laser , mo del 117A 4]7? %l !<%6!<%[ %k %@ !<!’ %7 %0 %^8w5!<R@= ;� � 57(1) y-stage !’ %7 %0 %^8w5!<R@= ; @:L)%i %\%8 %c %C %- ;� � 306 � (2) %9 %Z!<%5!< %7 %0 %^8w5!<R@= ; @:L)%i %\%8 %c %C %- MQ%9%Z!<%5!<%;%C %H ;� � 110 � (2) 3.1.3 F~<M7O F~ <M 7O $O?^ 3.3 $N $h$& $KA0 H> $N %"%$ %= %l!< %? !< It $H8e H> $N %l%s %:7O $N #2 $D $KJL $l$F $$ $k!# 1z %l%s%: $HFL %l%s%: $rD4 @a $7 $F !" %l !<%6 !< %S !<%‘ $r Optical Ca vit y $NF~ <M mirror LL $K T E M 00 mo de $N %S !< %‘$NGHLL $, 9g $& $h $& $K$9 $k ( 0J2< wa v e-plane matc hing) $H mirror LL $+$i H?<M 8w $,$O$M$+$( $j !" %l !<%6!<%A%e!< %V $K F~<M $7 !" %l !<%6!< 8w $, IT0BDj $K$J$k !# %" %$ %= %l !< %?!< It$O$3 $N H? <M8w $,%l !<%6 !<%A%e !< %V $K F~$k$N$r KI $0 $?$a $N $b$N$G $" $k !# 2f !9 $, MQ$$$?$b$N $O !" D>@~JP8wHD $H �= 4 ?e>=GHD9HD $r MQ$$ $?$b$N $G$" $k !# %l !<%6!<$=$N$b $N $O JP8w $7 $F $$ $k$N$G !" �= 4 ?e >=GHD9HD $@$1$G $b%" %$ %= %l !<%?!<$H $7 $F MQ$$ $k$3$H $, 2D G= $@ $, !" :G=i $N@_Dj$N:] !" H?<MGH $,$J $$$+ monitor $9 $kI,MW $, $" $k$?$a !" #2$D $r AH$_9g $o$; $?$b$N $r MQ$$$? !# D>@~JP8wHD $H �= 4 ?e>=GHD9HD $O !" %[ %k %@ !<$K$H$a$i $l$F $*$j!" $= $l $>$l %[ %k %@ !<$NCf?4 $r <4 $H $7 $F 2sE>2DG= $G$" $k !# 43

Figure 3.3: F~<M7O D>@~JP8wHDA0J}$N%O!<%U%_%i!< $O H?<MGH $, $" $k $+ $I $& $+$r%b%K%?!<$9 $k$?$a$N$b$N $G$" $k$H F1;~ $K !" %l !< %6!< =P<M8w$N drift,jitter $J $I $r #4J,3d photo-dio de $G %b%K %? !<$9$k$?$a $K$b ;H $o $l $? !#%O!< %U%_%i!< $O 6~@^ $K$h $k8wO)$N $: $l$r >/$J$/$9$k$?$a !" %-%e !< %V 7? $r MQ $$$? !# %O!<%U %_%i!<$N F)2a8w !" H?<M8w $O GHD9 � = 632 : 8 nm $K BP $7 $F !" $= $l $>$l 32% $G F) 2aN( !’ H?<MN( !a #1 !’ #1 $H@_Dj$5 $l$F$$ $k !# D>@~JP8w HD $NF)2aN( $O max $G 35% !" �= 4 ?e>=GH D9HD $O 99% 0J>e $G$" $k !# �= 4 ?e>=GHD9HD $K$O AR %3 !< %H$, $J $5 $l $F$$ $k !# %l%s %: 7O $O wa v e-plane matching $r9T $J $& :] $KMQ$$ $i $l $k !# %l !<%6 !< $+ $i Optical Ca vit y 4V $N5wN% $ODj $a $i $l$F$*$j!" w a v e-plane mac hing $5$;$k $? $a !" 1z !" FL %l%s%:$= $l $>$l !" xyz J}8~ $K HyD4@0 $, $- $/$h $& $K$J $C$F$$$k !#$^ $?$= $l$i$O !" carrier $r DL $8 $F !" rail $N >e$r F0$/ $3$H $, 2DG=$G !" z J} 8~$NAF D4 $K MQ$$$i$l $k !# f 1 = � 15 : 1 mm $N 1z %l%s %:$G $^$: %S !< %‘ $, 9- $2$i$l !" f 2 = 51 : 5 mm $NFL %l%s%:$G %S !<%‘ $r<}B+$9 $k $3$H $K$h$C $F !" w a v e-plane matching $, 2D G= $K$J $C$F$$ $k !# w a v e-plane matching $7 $F $$ $k MM ;R$r%b%K %? !<$9 $k$?$a$K 1z %l%s %: <jA0 $K$5 $i$K%O!< %U%_%i!< $, CV $+ $l$F$$$k !# $3 $N%O!< %U%_ %i!< $O %l !<%6!< $N Intensit y $r D9 ;~4V%b%K%?!<$9$k$?$a $K$b MQ$$ $i $l $k !# %l !< %k$O 9b$5 100 mm $N%"%k %_Bf $K >h$;$i $l !" %l !<%k$H%"%k %_Bf$H%Y %s %A$O$=$l $>$l %M %8$G ;_$a $i $l $F$$ $k !# %O!<%U %_%i!< !’ %7 %0 %^8w5!<R@= ; %/%m%‘ %-%e!< %V %O!<%U%_%i!< ; C S C H � 25 � 550 %O!<%U %_%i!< %[ %k %@ !<!’ %7 %0 %^8w5!<R@= ; %W %j %:%‘%[ %k %@ !< ;� � 62 � (1) D>@~JP8wHD!’ %7 %0 %^8w5!<R@= ; U S P � 30 C � 38 44

�= 4 ?e>=GHD9HD!’ %7 %0 %^8w5!<R@= ; ?e>=GHD9HD ; � � 58 � (30)(AR %3 !< %H $D$- ) 1z %l%s %:!’%7 %0 %^8w5!<R@= ; S LB � 10 � 15 N M FL %l%s %:!’%7 %0 %^8w5!<R@= ; S LB � 30 � 50 P M >.7? x-stage !’ %7 %0 %^8w5!<R@= ;x %"%k %_ %9 %F!< %8 ;� � 207 AC >.7? y-stage !’ %7 %0 %^8w5!<R@= ; @:L) z %9 %F!< %8 ;� � 303(1) >.7? z-stage !’ %7 %0 %^8w5!<R@= ;x <4%" %k %_ %9 %F!< %8 ;� � 207 AS %l !< %k!’%7 %0 %^8w5!<R@= ; >.7?Gv7?%" %k %_8w3X%Y %s%A ; � � 06 T � (1) %-%c %j %"!<!’ %7 %0 %^8w5!<R@= ; >.7?Gv7?%" %k %_8w3X%Y %s%A MQ%-%c %j %" ;� � 07 � (1) Cm ); $3$N O@ J8 $G ;H $o $l $F$$ $k:BI8<4$H%7 %0 %^8w5!$N@=IJL> $O L5 4X78 $G$" $k !# %7 %0 %^8w5! <R5Z $S %K%e !< %] !< %H <R $G$O 1tD>J}8~$r z J}8~ !" ?eJ?J}8~ $NBh#1<4$r x J}8~ !" ?eJ?J}8~ $NBh #2<4 $r y J}8~ $H $7 $F$$ $k !# 3.1.4 Optical Ca vit y Figure 3.4: Optical Ca vit y 45

?^ 3.4 $O <B83 $K MQ$$$? Optical Ca vit y $N A4BNA|$G$" $k !#$^ $:!" Ca vit y $r 9= @.$9$k mirror $H $7 $F !" 6JN(H>7B R = 20 mm , H?<MN( R m = 96% $N 1zLL%_%i!< $r#2 Kg;HMQ $7 $? !# mirror $O M6EEB? AXKl %3!<%F%# %s %0$, ;\ $5 $l$F$*$j!" 1z LL $NN"B& $OJ?LL $G$"$k!# $= $l$i$r x J}8~ !" y J} 8~ $K 3QEY $r HyD4@0 $G$- $k%_%i!<%[ %k %@ !< $K <h$jIU $1 !" A0It mirror $O x-stage $K 8eIt mirror $O xz-stage $K <h$jIU $1 !" z-stage $O Cavit y length D $ND4@0 $KMQ$$ $? !# $5 $i $K 8eIt mirror $O $=$N2< $K z-stage $r IU $1 !" piezo translator $r <h$jIU $1 !" Ca vit y length D $N %9 %-%c %s $h $& $K MQ$$$? !# %S !< %‘$N0BDj@-$rB, $l $k$h $& $K !" Ca vit y A4BN $r x; y ; z ; � ( ?eJ?J}8~$N2sE> ) A4$F$NJ}8~ $K F0 $+$; $k$h $& $K !" $= $l $>$l Bg7? x-stage !" Bg7? y-stage !" Bg7? z-stage !" 2sE> stage $K <h$j IU $1$= $l$i$r %Y %s %A$K <h$jIU $1$? !#@\B3 $O $9$Y$F%M %8 ;_$a $G$" $k !# 1z LL %_%i!<!’%7 %0 %^ 8w5! <R @= ; M6 EE B?AX Kl%3 !<%F %# %s%0 , F~ <M3Q EY � = 0 � , Cf?4 GH D9 � = 632 : 8 nm , GXLL p olished, H?<MN( R m = 96%;LCBS-30C10-20 $"$*$j<0 %_ %i !< %[ %k %@ !< !’ %7 %0 %^8w 5! <R @= ; >eA‘ :n 7? #B 7? %_ %i!< %[ %k %@ !< ;� � 5302 � 30 T � M � M 6 A0It%_%i!<MQ x-stage !’%K %e!< %] !< %H <R@= ; %"%k %_ x %9 %F!< %8 ; S � M � 460 A � X � D M 8eIt %_ %i!< MQ xz-stage !’ %K %e !< %]!< %H <R@= ; %" %k%_ xy %9 %F!< %8 ; S � M � 460 A � X Y � D M piezo IU$- z-stage !’ %7 %0 %^8w5!<R@= ;x <4@:L) %9 %F!< %8 ; � � 213 S � (2) piezo !’ Physics Instrumente(PI) <R@= ;PIF0.0F p olarit y:- 2sE> stage !’ %7 %0 %^8w5!<R@= ; F)2aMQGv7?2sE> %9 %F!< %8 ; � � 402 � 160 H Bg7? y-stage !’ %7 %0 %^8w5!<R@= ; %"%k %_ z %9 %F!< %8 ;� � 303 � 120 Bg7? zx-stage !’ %7 %0 %^8w5!<R@= ;xy <4%" %k %_ %/%m%9%m!<%i%9 %F!< %8 ; � � 216 AC � 160 3.1.5 Detector Detector $r ?^ 3.5 $K<($9!# photo-detector $H $7 $F$O PIN-photo-dio de $r MQ$$ $? !# $3 $l$i$O $= $l $>$l F)2aMQ !" In tensit y MQ !" H?<MGH %b%K%? !<MQ !" beam waist B,DjMQ $K$= $l $>$l MQ $$ $i $l $? !# FC $K b eam waist B,DjMQ $G $O A0LL $K 1 mm $N %9%j %C %H$r @_ $1 !" x-stage $r <h$jIU $1 !" F)2a 8w $N%9 %- %c %s$r 9T $J$C $? !# $^ $? !" #4J, 3d photo-dio de $b ?^ 3.5 $H F1MM !" %" %k%_ %\ %C%/%9 $GJ$ $$ !" %m %C %I $G ;Y $($? !# #4J, 3d photo-dio de $O %S !<%‘ $N drift,jitter $r%b%K%? !< $9$k $? $a$N $b $N $G$" $j!" I, MW $K1~ $8$F E,59 ;H $$J, $1$?!# %P %$ %"%9 EE 8; $O P o w er Supply $+$i<h $j!" DC15V $K @_Dj $7 $? !# H? <MGH %b%K%?!<MQ PIN-photo-dio de $O 1 M $N Dq93 $G DC couple $5$;$F plotter $G %G!<%? $r<h $j!" #4 J, 3d photo-dio de 5Z $S !" In tensit y %b%K %? !<MQ PIN-photo-dio de $O JB Ns $K 10 k $r$D $1 DC couple $5$;F1 MM $K plotter $G %G !<%? $r<h $C $?!# $3 $l $K$h$j!" 1mW 0J2< $NF~ <M P o w er $H output voltage $r linear $J 4X78 $r J];}$9$k $3$H $, 2DG= $G$"$k !# $^ $?F)2a8wMQ5Z 46

Figure 3.5: Detector $S !" b eam w aist B,DjMQ PIN-photo-dio de $O 8w$N Intensit y $, <e $$$? $a !" PIN-photo-diode $+ $i$N =PNO $K Amp(1mW $, 10V $K$J $k$h $& $K @_Dj ) $r CV$- !" =PNO $r%*%7%m %9 %3!< %W $G 8+ $? !# PIN-photo-dio de !’IM>>%[ %H %K %/%9<R@= ;S3071 #4J,3d photo-dio de !’IM>>%[ %H %K %/%9<R@= ;S4521 x-stage !’ %7 %0 %^8w5!<R@= ;x <4%" %k %_ %/%m%9%m!<%i!<%9 %F!< %8 ; � � 217 AS � (2) 3.1.6 FI $_ $@ $7 7O F)2a8wMQ$NFI $_ $@ $7 7O$r?^ 3.6 $K <($9 !# function generater $+$i %N %3 %. %jGH $r Aw$j!" piezo $r ?6 F0$5$; !" Ca vit y 8eIt$r ?6F0$5$; $k$3$H$G !" Ca vit y length D $r JQ 2=$5$; !" PIN-photo- dio de $+ $i =P NO$5 $l $k F)2a 8w$r Amp $G A} I}$5$; !" %*%7%m %9%3 !< %W $G 8+$h $& $H $$ $&$b$N$G $"$k !# function generator $O !" <~GH?t $r tuning dial $K $h $C$F%"%J%m %0 E*$K JQ2=$5$; $k$3$H $, 2D G= $G$"$k !# %N %3 %. %jGH $r MQ $$$?M}M3 $O D $N %9 %-%c %s$, ;~4V $K linear $G $"$k$H$$$&M}M3 $G$" $j!" %* %7 %m %9%3!< %W $N 2#<4 ( ;~4V <4 ) $, D $K BP1~$9 $k$?$a$G $" $k !#2f!9 $, B,Dj$G MQ$$$? <~ GH?t $O Cavit y A4BN$N mechnical $J 6&?6<~GH?t $H$N 4X78 $G 100Hz $r MQ$$$? !# 47

Figure 3.6: FI$_ $@ $7 7O piezo $N%3 %s%H %m!<%i !< $O 30 ItF~NO 0 � 10 V $K BP 1~ $7 $F !" p olarit y - $G =PNO 0 � � 1000 V $r JV$9!# 30ItF~NO $H =PNO $O linear $J 4X78 $G$"$k !# %*%7%m%9 %3!< %W $K$O ch1 $K PIN-photo-dio de $+$i$N =PNO !" c h2 $K$O function generater $+ $i $N %N %3 %. %j GH$r F~ $l c h2 $r trigger MQ$K MQ$$$? !# c h2 $K %N%3 %. %jGH$r$$$l $? $N$O trigger p osition $r <+M3 $KJQ $($k $3 $H $,$G$-$k $?$a $G$"$k!# %* %7%m%9 %3!< %W$O �nesse B,Dj $d !" beam waist B,Dj $G !" %* %7%m %9 %3!< %W $N2hA| $r;_ $a$kI,MW $,$" $k $?$a !" %G%8 %? %k%* %7%m%9 %3!< %W $r MQ$$$? !# #4$DL\ photo-dio de 5Z $S !" H? <MGH %b%K%?!<MQ ,In tensit y %b%K%?!<MQ PIN-photo-dio de $+$i $N=PNO $O !" $9 $Y$F plotter $G D9;~4VB,Dj $G$- $k$h $& $K $7 $? !# function generator !’ KIKUSUI ELECTRONICS CORP .;model 459AL piezo %3%s %H %m!<%i!<!’ Physics Instrumente(PI) <R ; !& Display mo dule;E-111 !& Po w er Supply;E-102 !& High V oltage Ampli�er;E-107 Po w er Supply !’ ;KIKUSUI ELECTR ONICS CORP .;model P AB 25-1TR PIN-photo-dio de MQ plotter !’ ;YOK OGA W A Hokushin Electric.; P en recorder;TYPE 3056 #4$DL\ -photo-dio de MQ plotter !’ ;YOK OGA W A ;P en recorder;LR 4110 48

%G %8 %? %k%*%7 %m %9 %3!< %W !’ T ektronix <R ;TDS380 49

3.2 <B83<j=g 3.2.1 %l !<%6!<%;%C %H %"%C %W #1 %l !<%6!< $, %Y %s %A ( KI?6Bf ) $N ?eJ?LL $K BP $7 !" ?eJ? $r J]$C $F$$ $k $3$H$r 3NG’$9$k !# Figure 3.7: %l !<%6!<?eJ? %l %Y%k D4@0 !u ?e=‘4o %Y %s%A $K $O ?^ 3.7 $N$h$& $K#3E@ $K?eJ? %l %Y%k $rD4@0$9 $k $D$^ $_ $, $D$$ $F$$$k!# $3 $N$D$^ $_ $r D4@a$9$k$3$H $K $h$j !" %Y %s%A$N ?e J? %l %Y%k$r 9g $o$; $k !#?eJ? %l %Y%k$N 3NG’ $O%Y %s %A$N >e $K ?e=‘4o $r >h$; !" K" $, ?e=‘4o$NCf?4 $K $/$k$h $& $K 9g $o $7 $F 3NG’ $r 9T$J$C$? !# $=$N8e !" ?e=‘ 4o $r %l !<%6!<$N>e $K >h$; !" %l !<%6!<$N?eJ? %l %Y%k$N 3NG’ $r 9T$J$C$? !# #2 <! $K %l !<%6!< %S !<%‘ $r Cavit y $K BP $7 $F !" ?bD> $K F~<M $5 $;$k $?$a !" %l !<%6!< %S !<%‘$N?b D>J}8~!" ?eJ? J} 8~ $N alignment( D4 @0 ) $r$*$3 $J $& !# %l !<%6 !< $N?eJ? J} 8~ $O%Y %s%A$N%M %8 7j $r 4p=‘ $H $9$k !# $=$N%M %8 7j $K I8E* $r$?$F $k !# $3$NI8E*$NCf?4 $r %S !<%‘$N9b$5 $H 9g $o$; $k !#@: EY $O 0 : 5 mm 0J2< $G$" $k !# $3$l$r %l !<%6!< $N=P <M8} $+$i 50 mm 1) ; 600 mm 2) ; 1600 mm 3) $N#3E@ $K CV $- !" $= $l $>$l $N>l =j $G I8E*$NCf?4 $r DL$k$h $& $K D4@0$9$k !# ( ?^ 3.8) %l !<%6 !< $N D4 @0 $O 3.1 $G=R $Y $? $h$& $K#3 E@ ;Y ;} $N %l !< %6 !< %[ %k %@ !< $G9T $J$& !# D4 @0 8e!" @: EY 0 : 5 mm $NI>2A $rF~ $l$k $H %l !<%6!< $+ $i$N=P <M3Q $KD> $9 $H 0 : 5 1600 = 0 : 313 mr ad 0J2< $G %l !<%6!< $N=P NO @h $,M^ $( $i $l$F$$$k $3 $H $,$o $+$k !# %l !<%6 !< $N=P <M 8w $N divergence angle $O 1 : 6 mr ad $J$N $G !" $= $l$N 3QEY $N 20% 0JFb $G $*$5$^ $C $F$$$k $3$H $,$o$+ $k !# $= $l 0J9_ $N:Y $+$$D4@0 $K 4X $7 $F$O !" F~<M7O $NHyD4@0$NItJ, $G 9T$J $& !# 3.2.2 %O!< %U %_ %i!< !u D>@~JP8wHD !u �= 4 HD %;%C %H %" %C %W $3$l$i #3$D$N comp onen t $O 3.1 @a $G$b =R$Y$? $, !" %l !<%6!< $, 1zLL%_%i!<$K$"$? $j!" D7 $M JV$C$F$-$?8w $r %+%C %H $9$k$?$a$N$b$N $G$" $k !#H?<M8w $, %l !<%6!<$NCf $K F~$k $H MM !9 $J>c32 50

Figure 3.8: %l %Y%k D4@0?^ $, @8 $8 $k !# 0J2< $O$=$N0lNc $@$, !" #4J,3d photo-dio de $G $N Intensit y $, Cx $7 $/JQ2= $7 $F $$$k $N $,$o$+ $k !# ( ?^ 3.9)( ?^ 3.10) Figure 3.9: #4J,3d photo-dio de( H?<MGH $J $7 ) ?^ 3.9 $O %l !<%6!< $r%O!<%U%_ %i!< $G$o $1 !" 0l J} $r#4J,3d photo-dio de $G B,Dj $7 !" $b $& 0lJ} $O !" H? <M $,$J$$ $h$&!" ;f $G %l !<%6 !< $r<W $C $?>u BV $G $"$k!# ?^ 3.10 $O %l !<%6 !< $r%O !< %U%_ %i!< $G$o$1 !" 0lJ} $r #4J,3d photo-dio de $G B,Dj $7 !" $b $&0lJ} $r mirror $G H?<M$5 $;$F !" %l !<%6!< $N=P <M8} $KH?<M GH $rLa $7 $?$b $N $G $"$k!# 2# <4 $O;~4V $rI= $7 !" ?^ 3.9 $O0lL\@9 #1J, !" ?^ 3.10 $O #6L\@9#1J, $G plot $7 $? !#=D<4 $O photo-dio de $N FI$_$G$"$k !#?^ 3.9, ?^ 3.10 6& $K F1 $8 range $G B,Dj $7 $? !#?^ 3.9 $K BP $7 ?^ 3.10 $O C;$$;~4V $K Cx $7 $/ Intensit y $, JQ2= $7 $F $*$j !" H?<MGH $, 51

Figure 3.10: #4J,3d photo-dio de( H?<MGH $"$j ) F~$k $3 $H$G %l !<%6!<$N intensit y $K 1F6A $r5Z $\ $7 $F $$$k $3$H $,$o$+ $k !# 0J 2< %l !<%6!<$N=P<M 8} $K 8w $, F~ $i$J$$$h $&D4@0$9$k!# H?<MGH $O <!$N$h $& $K $7 $F <h$j=|$$$? !#$^ $: D>@~JP8wHD $G$" $k0lDj$NJ}8~ $K D>@~JP8w $7 $? 8w$r:n$j!" <! $K �= 4 HD$r DL $8 $F 1_JP8w $K D>$9!# ( ?^ 3.11)mirror $G H?<M$5 $l $? 8w $O 1_JP8w$N $^$^ �= 4 HD $K La$j!" �= 4 HD $r DL 2a $7 $? 8w $O D>@~ JP8w$5 $l $? 8w $K BP $7 $F !" 90 � 79$$$F D>@~ JP 8w$5 $l $? 8w $H $7 $F La$C$F$/$k !# $=$N8e !" D>@~JP8wHD $K F~$j!" H?<MGH $O <h$j=| $+ $l $k !# $3 $l$i$r<0 $r;H $C $F>\ $7 $/@b L@ $9$k!# D> @~ JP 8wHD $GD>@~ JP 8w $5 $l$?8w $NEE>l $O Jones vec- tor [5] $G =q $/ $H � 1 0 � $G$" $k !# $3$N D>@~JP8wHD $K BP $7 !" 7k>=<4 $, � $@ $1 79$$$?>l9g $O !" $3$N ?e>=GHD9HD $r DL$k:]$N Jones Matrix W ( � ) $O Figure 3.11: �= 4 GHD9HD!’ � = 45 � $N ;~=P<M8w $O 1_JP8w $H$J$k !# ( K\J8;2>H!# ) 52

W ( � ) = R ( � � ) z }| { cos � � sin � sin � cos � ! W 0 z }| { exp � i � 4 0 0 exp i � 4 ! R ( � ) z }| { cos � sin � � sin � cos � ! = 1 p 2 1 � i cos 2 � � i sin 2 � � i sin 2 � 1 + i cos 2 � ! $H =q $1 $k !# R ( � ) $O � $N 2sE>9TNs$r8=$9!# W 0 $O ?e>=$N#2$D$N7k >=<4J}8~ $r 4p=‘$H $7 $? ;~ $N Jones Matrix $G$" $k !# 7k>= <4J}8~ $K$h$k6~@^N( $N0c$$ $G 7k>=Cf $rDL$k:] !" #2$D $NJ}8~ $N 0LAj $,$:$l !" �= 4 HD $G$O 0LAj $, � = 4 $:$l $k !#D>@~JP8wJ}8~ $H 7k>=<4$N79$- $O FC $K � = � 4 $N ;~ !" W = 1 p 2 1 � i � i 1 ! $G � 1 0 � $, DL $jH4 $1$? $" $H $O � 1 � i � $H$J$j!" 1_JP 8w $K$J$k!# D7 $MJV $C $?8w $O$^$??e>= GHD9 HD $rDL$C $FLa$C $F$/$k $N $G$= $N;~ $NLa $C $F$- $?8w $O Jones vector V R $G V R = W ( � � ) W ( � ) 1 0 !! � = 1 2 1 � i cos 2 � i sin 2 � i sin 2 � 1 + i cos 2 � ! 1 � i cos 2 � i sin 2 � ! = � i cos 2 � i sin 2 � ! = � i cos 2 � � sin 2 � ! $H $J $k !# (Jones vector $O 8w$N?J9TJ}8~$r<4$H $7 $? !# ) $3 $N 8e !" D>@~JP8wHD $r DL$k$N$G EE >l@.J, $O � cos 2 � 0 � $H$J $k !#=>$C $F H?<MGH$N Intensit y P $O P / E 2 = cos 2 2 � $H$J $k !# � = � 4 $H$J$k $H$- !" H?<MGH $N In tensit y $O #0$H$J$j!" %l !<%6!< %A %e!< %V $K H?<MGH $, F~$k $N $rKI $0 $3 $H $,$G $- $k !# $J $* !" %O !< %U%_ %i!< !" D>@~ JP8w HD !" ?e >=GH D9HD $O 3.1 @a $G=R$Y $?$h$& $K %S !<%‘J}8~ $K %l !< %k $, CV $+ $l !" $= $N>e $r%9%i %$ %I $9$k$h$& $K$J$C $F$*$j!" %m %C %I %9%? %s %I $G ;Y $( $i $l$F$$$k !# %l !< %k >e$G$N %9%i %$ %I $H %m%C %I %9%? %s %I >e$N ?eJ?J}8~$N2s E> $O F1;~ $K 9T$J$( $k$h $& $K$J $C $F$$$k !# #1 %O!<%U%_%i!<$N LL $r %l !<%6!< $K BP $7 $F ?bD> $K CV$/!# $^ $: !" %Y %s %A >e$N%M %8 7j$r 4p=‘ $H $7 $F !" $= $3 $K %l !<%6!<$N%;%C %H %" %C %W $G MQ$$$?I8E*$r?^ 3.12 $N$h $& $K#2$D %l !<%6!<J}8~ $K $?$$ $7 $F ?bD> $K CV $/ !# ?bD> $+ $I $& $+$r 3NG’$9$k4p=‘ $H $7 $F !" %O!< %U %_%i!<FbIt $G$O$M$+$( $kHyNL $N8w ( 0J2<%O!< %U%_%i!<H?<M8w ) $r ;H $& !# %- %e!< %V $N I=LL$N6~@^ $r 9M $($J $1 $l $P %O!< %U%_%i!< $, %l !<%6!<=P<M8w $K BP $7 $F !" 79 $$$F$$$F$b %-%e !< %V FbLL5Z $S %O!<%U%_%i!<LL $G D7 $M JV$C$?8w $O 4v2?3XE* $K H?<MGH%b%K%?!<MQI8E* $K 90 � $G D7 $M JV$C$F$$$/!# ( ?^ 3.13) ( <B:] $K$OI=LL $G$N6~@^ $,$" $k$? $a !" %O!< %U%_ %i!< $, =P<M8w $KBP $7 $F !" ?b D> $G$J$$>l9g $O $o$: $+ $K$: $l$F$$$k $,$= $l$O %l !<%6 !< $+$iD>@\H? <M $9$k 8w $N $: $l$KBP $7 $F=<J,>. $5 $$ $N $G !" :G=i$N@_Dj $G$[ $\ 90 � $K $7 $F $* $1 $P !" LdBj $O$J$$ !# ) 53

Figure 3.12: %O!<%U%_%i!<%;%C %H %"%C %W ?^ 3.12 $G $^ $: !" H?<MGH %b%K%?!<MQI8E*$NCf?4 $K %O!<%U%_%i!<H?<M8w $, $"$? $k$h $& $K %l !< %k >e$N%O!<%U%_%i!<$N0LCV $r$-$a $k !#<! $K %O!<%U%_%i!< $r %l !<%6!< $K BP $7 !" ?bD> $K$J $k$h $& $K 2sE>$5$;$k !# $3 $l$K $h$j !" %O!< %U %_%i!< $r %l !< %6!<8w $K BP $7 $F !" ?bD> $K CV$/ $3$H 2DG= $G$" $k !# Figure 3.13: %O!<%U%_%i!<%;%C %H $N 4v2?3XE*H?<M$NMM;R #2 <! $K D>@~JP8wHD !" ?e>=GHD9HD $r%O!<%U %_%i!<$N2<N. $K CV$/!# $3 $l$i$O BgBN %l !<%6!<$K BP $7 $F ?bD> $K CV $/ !# C" $7 !" D>@~JP8wHD $O AR %3 !< %H$, ;\$5 $l $F$$$J$$$N$G !" ?bD> $K CV $/ $H H?<MGH $, %l !<%6!< %A %e!< %V $K F~$k $? $a !" Hy L/ $K � � $@$1 3QEY $r $:$i $7 $F$*$/!# $= $N8e %l !< %k >e $K J?LL%_ %i!< (He-Ne MQ ,0 � ; R m � 99 : 5%) $r CV$/!" J? LL%_ %i !< $O %l !<%6!<8w $K BP $7 $F !" ?b D> $K CV$/I,MW $,$" $j !" J?LL%_ %i!<$N%[%k %@ !<$N HyD4@0MQ$N %a !<%?!< $G D4@a$9$k $3$H$G !" H? <M GH $, H?<M%b %K %?!< MQI8 E*$N Cf ?4 $K $/$k$h $& $K $9 $k !# $3$N D4 @0 8e !" H?<M GH $, D>@~ JP 8wHD !" ?e>=GHD9HD $r DL2a $7 $F L5$/$J$C$F$$$k$3 $H$r 3NG’$9$k !# $3$3$G$O #2$D$ND4@0 $r 9T $J $C$? !# #1$DL\ $O F)2a8w $, :GBg $K$J $k$h $& $K D>@~JP8wHD$N8~$- $r %l !<%6!< $NJP8w $N8~$- $K$" $o$;$? !# 6qBNE* $K$O !" D>@~ JP8wHD $+$i$N F)2a8w $r PIN-photo- dio de $G <u $1;_ $a !" D> @~ JP 8w HD $N %[ %k %@ !< $N2s E> 3Q � $H=PNO EE 05 $r %W %m %C %H $7$? !# #2 $D L\ $OH? <MGH %b %K %? !< MQ I8 E* $N 0L CV $K PIN-photo-dio de $rCV $- !" J? LL %_ %i !< $+ $i $NH? <M GH $N Intensit y $r ?e>=GHD9HD$N%[ %k %@ !<$N2sE>3Q � $H 6& $K %W %m%C %H $7 $? !#?^ 3.14 $,$=$N %0 %i%U$G$" $k !# 54

D>@~ JP 8w HD $+ $i$N=P <M 8w $O P 1 � cos 2 ( � + P 2) + P 3 $G �t $7 $? !# H? <M GH $NJ} $O P 1 � cos 2 (2 � + P 2) + P 3 $G �t $7 $? !# (P1,P2,P3 $O $= $l $>$l P A W $N �tting parameter $G$" $k !# ) EE<’5$ 3X $r Hs >o $K @5 $7 $/:F 8= $7 $F $$ $k$N $,$o$+ $k !#2f!9 $O$3 $N %0 %i%U$+$i D>@~JP 8wHD 210 � , ?e >=GH D9HD 315 � $K $"$o$; !" 0J8e $3$N H?<M8w $r$: $C $H%b%K%?!< $7 $F <B83 $r$9$9$a$F$$ $C$? !# Figure 3.14: %" %$ %= %l !<%?!< 55

3.2.3 F~<M7O %;%C %H %"%C %W <! $K F~<M7O $rD4@0$9$k !#K> $_$N b eam waist $r F@$k$?$a $K$O !" $= $N b eam w aist $K BP1~ $7 $F !" F~<M7O$r D4@0$9$k I,MW $, $" $k !# 2.2 @a $G$O F~ <M7O$N @_7W $G 6qBNE*$J CM$r 5a$a$? !# $^ $: !" $=$N@_7WCM $K BP1~$9$k>l=j $K 1z %l%s %: !" FL %l%s %:$r 0\F0$5$; !" %l !< %k$N >e $G 8GDj$9$k !# $3 $N;~ %l !<%6!<8w $, @5 $7 $/!" Ca vit y A0J}$N%_%i!< $K F~<M $7 $F $$$k $+ 3NG’$9$k$? $a !" 1z %l%s %: $N>eN. $K %O!< %U%_%i !< $r<h $jIU $1$k !# %S !<%‘ $, @5 $7 $/F~<M $7 $F$$$k $H $O !" T E M 00 %S !<%‘ $N GHLL $, !" Ca vit y A0J}$N1zLL%_ %i!< $H0lCW $7 $F !" Ca vit y FbIt $K %S !<%‘ $, F~$C $F$$$/ $3$H $r0U L#$9$k !# $3$N;~ !" F~<M8w $O %_%i!<LL $K BP $7 $F !" ?bD> $K F~<M$9$k$?$a !" %_ %i!<$NH?<M8w $O F~ <M8w $H A4$/F1 $8 8wO) $r$? $I $C$FLa$k !# ( ?^ 3.15) Figure 3.15: mirror H?<M8w $O F~<M8w$HF1 $8 F;$rC)$k !# =>$C$F !" %O !<%U%_%i!< $G H?<MGH $r I8E* $r CV$$$F !" %b%K%?!<$9$k $H !" %l !< %6!< $+$i =P<M$5 $l $k %S !<%‘%9 %]%C %H $H F1 $8 Bg$-$5$N %S !<%‘%5 %$ %: $, F@ $i $l $k !# 1z %l%s%: !" FL %l%s %:$N x,y ,z D4@0MQ%^ %$ %/ %m %a !< %?!< $G HyD4@0 $7 !" I8E* $N %9 %] %C %H$r %l !<%6!<$N %9 %] %C %H %5 %$ %:$K 9g $o $; !" A0J}%_ %i!< $K BP $7 $F !" @5 $7 $/F~<M$5$;$? !# 3.2.4 mo de matc hing :G8e $K Optical Cavit y It $GD4@0 $r9T $J$$ !" mo de matching $r9T $J $C $?!# mode matching $H $O !" Ca vit y <4J}8~ ( #2Kg $N1zLL6@ $N>GE@ $r7k $s$@ D>@~J} 8~ ) $H %l !<%6!< $N %S !<%‘J}8~ $r0lCW $5 $; !" $5 $i $KF~<M 8w $r Cavit y length D $G 7h $^ $k%9 %] %C %H%5 %$ %: $K9g $o $; !" beam w aist( %S !< %‘ $, :G$b>.$5$$ $H$3$m ) $r Ca vit y Cf?4 $K 9g $o$;$k$h $& $K D4@0$9$k $3$H$G$"$k !#2f!9 $,$"$o $; $? mo de $O Gauss %S !<%‘ $G$$$& T E M 00 %b!< %I $G$"$j!" $$ $$ $+$( $l $P !" mode matching $H $O !" T E M 00 %b!< %I 0J30$N transev erse mo de $, N)$A>e $,$i$J$$$h $& $K $9$k $3$H $r 0UL#$9$k!# #1 . F~<M7O $^ $G$N %;%C %H %"%C %W $r =* $($?8e !" Ca vit y <4 $H %l !<%6!< $N %S !<%‘<4 $, 0lCW $7 $F$$ $J$$ $H$- $O !" Ca vit y $N F)2a8w $r%9%/%j!< %s$r CV$$ $F8+$F$_$k $H !" %9 %/%j !< %s$K >.$5 $J51E@ $, BJ1_>u $K JB $s$G 8+ $( $k !# %l !<%6!<$O Cavit y <4$r Cf?4 $K Cavit y FbIt$r H?<M$9$k$?$a !" 0l 2s $4 $H $N H?<M $K $h$kF)2a8w $, %9%/%j!< %s >e $G BJ1_ $K8+$($k !# ( ?^ 3.17) >.$5 $J 51E@ $NBg$-$5 $O F~<M7O $G %S !<%‘ %9 %] %C %H$K $" $& $h $& $K%; %C%F %# %s%0 $5 $l $F$$ $k$?$a !" $[ $\ F1 $8 Bg$-$5 $K 8+ $($k !# T E M 00 $K ;} $C $F$$$/ $K$O$3$NBJ1_ $r9J$j!" 0l E@ $K;}$C $F$$$/I, MW $, $"$k !# $3$ND4 @0$N$? $a !" Ca vit y 2< It $K <h$j IU$1$F $" $k Bg 7? x-stage !" Bg7? y-stage !" $^$? Ca vit y 8e J}$N 56 x-stage !" 5Z $S 8eJ}$N%_%i!< $N$"$*$j<0%_ %i!<%[ %k %@ !<$N$"$*$j $r A‘:n $7 $F !" 0lE@ $K 9J$C $F $$$/ !# ( A0 J} $N%_ %i!< $O4{ $K F~<M 7O $H%^ %C %A $7 $F$$$k $? $a !" @d BP ?( $i$J$$!# ) A‘:n $, C1=c $G$J $$$N $O !" Ca vit y $N %S !<%‘ $K BP$9$k0LCV $N $: $l (x,y) 5Z $S %S !<%‘ $K BP$9$k3QEY $N $: $l ( � x ; � y ) $N#4$D$N%Q%i %a !<%? $r A‘:n$9$kI,MW $, $"$k$+$i$G$"$k [9] !# x,y J}8~ $O FHN) $K A‘:n$9$k$3$H $, 2DG=$G$" $j !" $^ $: y , � y $r MQ$$$F ?eJ? J} 8~ $K 0l D>@~$K$J $k$h $& $K %S !< %‘$r JQ7A $9$k !# ( ?^ 3.17) <! $K x, � x $r F0 $+ $7 !" F)2a8w $r0lE@ $K=8$a$k !# T E M 00 %b!< %I $J$i $P !" 43 >D<J $N $J$$0l E@$N %9 %]%C %H $K $*$5$^$k !# $3$N ;~E@$G F)2a8w %9 %]%C %H$, ?6F0 $K $h $k Ca vit y 4V3V D $N JQ 2= $K 4s$C$F6/EY $, JQ2= $7 $F$$ $k$N $, 3NG’ $G$- $k !# #2 . :G 8e $K piezo-translator $r :n F0$5 $; !" function generator $G%T %( %> $r F0 $+ $7 !" D $r %9 %-%c %s $9 $k !# $3$N ;~ !" mode matching $, 40 ‘z$J$i $P %*%7 %m %9 %3 !< %W $K Airy function $, 8= $l $k (3.16) $, !" IT40 A4$J$i $P !" T E M 00 mo de $h $j $b 9b<!$N mo de $, 8= $l $k (3.16) !# $3$N transeverse mo de $r <h$j=|$- !" T E M 00 mo de $@$1$, $"$i$o $l $k$h $& $K $7 !" mode matching $, 40N;$9$k !# Figure 3.16: <L??!’ Airy function 0J 8e!" 1z LL %_ %i !< $r<h $j BX $( $F !" ?7 $? $K<B 83 $9 $k ;~ $b $9 $Y $F $3 $N <j =g $rF’ $_ !" mode match- ing $, 40N; $7 $?$3$H$r 3NG’ $7 $F$+$i <B83 $r 9T$J $& !# 57

Figure 3.17: screen >e$N%9 %]%C %H $N MM;R 58

3.3 <B837k2L $3 $N @a $G$O I,MW $J%Q%i %a !<%?!<$NB,Dj $r 9T $J $& !# 3.3.1 Enhancemen t factor $N B,Dj Enhancement factor $O D $r %9%-%c %s $5$;$? ;~$N Ca vit y F) 2a8w$+$i F@$i$l $k �nesse F $r B,Dj$9$k $3$H$G 5a$a$k $3$H $,$G $-$k !# 8= %;%C %H %" %C %W $G$O D94| $K EO$j!" mirror 4V3V$r0l Dj $K J]$D $3$H $,$G$-$J$$$?$a !" piezo actuator $r ;HMQ $7 !" %_ %i!<4V3V $r<~4|E* $K JQ2=$5 $; !" drift $N 1F 6A$r L5;k$9 $k$3$H$G B, Dj $r $*$3$J $C$? !# %T %( %> $K F~NO$9 $k EE05$H D $, @~ 7A $G $" $k$N $, M}A[E* $G$"$k $, !" 2f!9 $O:#2s $" $($F mechanical $J 6&?6<~GH ?t $NCM (93Hz) $r MQ$$ $? !# M}M3$H $7 $F !" 2f !9 $, ;H $& %T %( %> $N Dynamic range $O :GBg $G 1 : 5 �m $G $" $j!" $3 $l$G$O Airy function $O 9b !9 #5$D $7 $+ 8+$($J $$$?$a free-sp ectral-range $r @5 $7 $/B,$m $& $H $9 $k $K$O IT == J, $G$" $C$? !# ?^ 3.18 $O function generator $N <~GH?t$H Ca vit y length $N Dynamic range $r %W %m%C %H$7 $?$b $N $G$"$k !# Dynamic range $O function generator $N H><~4| $G$N Airy function $N 8D?t N $K 49;; $7 $F %W %m%C %H $7 $? !# Dynamic range $O N � � 2 $K $h$C$FB,Dj $G$-$k !# FC $K 50Hz 0J2< $G$O Cavit y $r ?6 $i $7 $F$$ $kBf $, %Y%" %j %s %0 $H$N K‘;$$J $I $G @5 $7 $/F0$$$F$$$J$$ !# 6&?6 <~GH?t$N$H$3 $m$G$O !" mec hanical $J 6&?6$N$?$a !" Ca vit y $N Dynamic range $, Bg$- $/$J$j!" 20 �m $b ?6 $l$F $$ $k$3$H $,$o$+ $k !# %T %( %> $O %N %3 %. %jGH $G ?6$C$F $O$$ $k $, Cavit y length $N F0$-$O sin GH E* $G$" $k !# $? $@ $7 !" sin GH$NCf ?4It $O ;~4V$K BP $7 $F @~ 7A $K F0$/$?$a !" 2f !9 $O $=$N Cf ?4IU 6a$K trigger level $r $" $o $; !" $$$/$D $b$N Airy function $N free-sp ectral- range $, $=$NHO0O $GF1 $8 CM $r<( $7 $F$$$k $3$H $r3NG’ $7 $F !" @5 3N $J free-sp ectral-range $NCM $r F@ $?!# ?^ 3.19 $O$= $N;~ $NMM ;R $G $"$k!# Airy function $, 5,B’ @5 $7 $/ $J $i $s$G$$$k $N $,$o $+$k!# H?<MN( R m = 96%(catalogue v alue) $G $N �nesse $r B,Dj $7 $? !# mode matc hing $r @53N $K9T $J$C$?8e !" free-spectral-range� D 5Z $S !" Airy function $N FWHM: � D $r B,Dj $7 $? !#?^ 3.20 $h$j!" �nesse : F = � D =� D = 273 � 1 �s 2 : 8 � 0 : 2 �s = 97 : 5 � 7 : 0 $H$J $k !# catalogue v alue 96% $N M} O@ CM 77 $h$jBg $-$$CM $H$J$j0lCW $7 $J$+$C $?!# ;H $C $? mirror $O 9XF~ $7 $? $P $+ $j$N $b$N $r;H$$ !" I=LL $K$h$k loss $O$[$H$s $I $J$$$H9M $( $i $l $k !# 3NG’ $N$? $a !" 9X F~A0 $K ;HMQ $7 $F $$$? 96% $N mirror $r I=LL $r8w3X@v>t :^ $G$h$/@v >t $7 $?$b$N $r Ca vit y $K AH$_9~ $_ !" B, Dj $7 $? !# ?^ 3.20 $h $j!" �nesse : F = � D =� D = 255 � 1 �s 2 : 8 � 0 : 2 �s = 92 : 1 � 6 : 6 $H$J $j !" Catalogue v alue $N CM$h$j $‘ $7 $m !" 9XF~ $7 $? mirror $N J} $K 0lCW $7 $? !# :#2s $NB, Dj $G $O mo de matc hing $b $[ $\ 40 ‘z $K$* $3 $J $o $l$F$* $j!" � D ; � D $b@~7A $J region $G B,$i$l $F $$ $k$? $a !" catalogue v alue $, 5, Dj$N CM$h $j$: $l $F $$ $k$b $N $H 8+$i$l $k !#>e$N �nesse $+$i H?<MN( $r 7W;;$9$k $H $H $J $j!" catalogue v alue $H$O :G Bg 0 : 8% $:$l $F $$ $k$3$H $, $o$+ $k !#H?<MN($NB,Dj$K$O $5 $i$K K5>Z $H$J $k<B83 $, I,MW $G$" $k !# 59

Figure 3.18: %0 %i%U!’ frequency vs H><~4| $K 8+ $i $l $k Airy function $N 8D?t 60

Figure 3.19: <L??!’ Airy function $N free-sp ectral-range Figure 3.20: <L??!’ �nesse B,Dj 61

R m enhancement factor F = 97 : 5 � 7 : 0 96 : 7 � 0 : 1% 65 : 0 � 4 : 7 F = 92 : 1 � 6 : 6 96 : 6 � 0 : 1% 64 : 6 � 4 : 4 3.3.2 Ca vit y length $N B,Dj Cavit y length D $H b eam w aist w 0 $N 4X78 $O <0 2.13 $h$j!" #1BP#1$N 4X 78 $r $7 $a $9!# D $N B,Dj $H $7 $F !" transev erse mo de $r MQ$$$?B,Dj$r0J2< $K <($9!# [4], [6] <0 2.8 $h$j!" transev erse mo de $N 8w<4>e$N0LAj $O � ( z ) = � k z + ( m + n + 1)�( z ) b eam waist $N 0LCV$r z = 0 $H $7 $F !" %_%i!<$N 0L CV $O z = � D = 2 ; D = 2 $G $" $k !#=> $C $F !" 6&LD;~$N4X78<0 $O � ( � D = 2) � � ( D = 2) = p� ( p = 1 ; 2 ; ::: ) k D � ( m + n + 1)2�( D = 2) = p� $H$J $k !# 2�( D= 2) = arccos ( D =R � 1) [4] $h$j!" k D � ( m + n + 1) arccos � D R � 1 � = p� =>$C$F !" D = � 2 � p + m + n + 1 � arccos � D R � 1 � (3.1) p $O =D%b!< %I ;X?t$H8F $P$l $k !# <0 3.1 $h$j!" NY $j9g$& %b!< %I 4V3V (�( m + n ) = 1) $r free-sp ectral-range( �= 2) $G 3d$C $?CM $O 1 � arccos ( D =R � 1) $H$J $j !" $3$NCM $+$i Cavit y length D $, B,Dj $G$-$k !# $^ $: !" D = 38 : 0 mm ( < 2 R ) 0J>e $N $H $3$m $r 0 : 2 mm 4V3V $G Cavit y 8eJ} $K$"$k micrometer $r F0$+ $7 $=$N ;~ 1 � arccos ( D =R � 1) $+$i F@ $i$l $? D $r B,Dj $7 $F$$ $/ $3$H$G D $N 9; @5 $r 9T $J$C $? !# ?^ 3.21 $O D $N9;@5$N %0 %i%U $G$"$k !# 2#<4 z $O micrometer $NFI$_ !" =D <4 $O D+z $G $"$k !# (z $N @5$NJ}8~ $, D $, 8:>/ $7 $F$$ $/J}8~ $G$" $k$?$a !" D+z $, 0lDj $K$J $k !# ) z + D = 42 : 72 � 0 : 011 mm $G $"$j!" $3$NJ}K! $G $O micrometer $N FI $_ $K BP $7 !" D $, 10 �m $NHO 0O $G@53N $KFI $_ $H $l$F $$ $k $3 $H $,$o $+$k!# $3 $3 $G8m:9 � D $NI> 2A $O%* %7%m%9 %3!< %W$G$N 62

Figure 3.21: D $N 9;@5 63 free-sp ectral-range,transeversemode $N one mo de di�ernce $r B,Dj$9 $k;~ $N disital sampling $K 0MB8$9$k !# s = 1 � arccos ( D =R � 1) = one � mode � dif f er ence f r ee � spectr al � r ang e $H $9 $k $H !" � D � s = R� j sin( � s ) j $H$J $j !" � s $N 8m:9 $+$i 5a $a$k$3$H $,$G $-$k !# b eam waist 20 �m 0J>e $G $O $3$N8m :9 $OLdBj $J$/!" 0J 2< $3$N D $+$i 5a $a $i $l $k b eam w aist $r nominal v alue $H $7 $F MQ$$ $? !# 3.3.3 b eam w aist $N B,Dj b eam waist B,Dj $H $7 $F$b $& 0l $D2f!9 $O Cavit y F)2a8w $N b eam divergence $r MQ$$ $F b eam waist $r B,Dj $7 $? !# Ca vit y Cf?4$+$i z $N 5w N%$N b eam waist $O w ( z ) = w 0 q 1 + ( z =z 0) 2 $J $N$G !" z � z 0 $N ;~ $O w ( z ) ’ ( w 0 =z 0 ) z $G $" $k !# beam In tensit y $N 1 =e 3& LL$N div ergence $O w 0 = p 2 z 0 $H $J $k !# 1 =e $N 3& LL$O w 0 = 2 z 0 $H $J $k !# ( 2f!9 $O P A W $N Gaussian �tting $G P 1 � exp( � ( x � P 2) 2 = (2 � P 3 2 ))(P1,P2,P3 $O P A W $N �tting parameter) $H �t $7 $F $$ $k$? $a !" P3 $H D>@\Hf3S $G$- $k$h $& 1 = p e 3&LL $G divergence $r Hf3S $7 $? !# ) =>$C$F !" div ergence a $O z = � w 2 0 =� $h$j!" a = w 0 2 z 0 = � 2 � w 0 <B:]B,Dj $7 $? divergence a $O mirror $N 6~@^N( n = 1 : 519 $b9MN8$5 $l $k$N$G !" a ’ n� 2 � w 0 $H$J $k !# B,Dj $7 $? b eam waist $O A0@a$N transeverse mo de $+$i Dj$a $i$l $k w 0 = 20 �m; 28 : 5 �m $N #2 $D $G $"$k!# B, Dj $O0J 2< $N DL $j $G $"$k!# $^ $: !" F) 2a 8w $r %b %K %? !< $9 $k $? $a !" PIN-photo-diode $rCV $- !" $= $NA0 $K1tD> J} 8~ $K %9%j %C %H$rMQ0U $9$k!# $= $l$i $O x %9 %F!< %8$K:\ $; $i $l !" ?^ 3.22 $N$h $& $K x J}8~ $K %9 %-%c %s $7 !" b eam $N Intensit y $N J,I[ $r 8+$k$3$H$G !" beam $N 9- $, $j$r 8+$k !# $3$l$r Cavit y $N Cf?4 $+$i z J}8~ $K 4 E@ $H$j!" 3FE@ z $G $N b eam $N 9- $, $j$r %0 %i%U$GD>@~ �t $5$; $k$3$H$G !" b eam divergence $r B,Dj$9 $k !# y J} 8~$b F1MM $K %9 %j%C %H $r ?eJ? J}8~$K CV $- !" y %9 %F!< %8$K :\ $; !" y J}8~ $K b eam $r %9 %- %c %s $5$;$k!# %9 %j %C %H$O B,Dj;~ $K B?$/ $N8wNL $r F@$k$? $a !" 1mm 4V3V $K $7 $? ( ?^ 3.5) !#%9 %-%c %s$O Ey4V3V $G 9T $J$$ !" w 0 = 28 : 5 �m $N ;~ $O z = 240 mm � 390 mm $^$G$N 4 E@ !# w 0 = 20 : 0 �m $N ;~ $O z = 190 mm � 440 mm $^$G$N 6 E@5Z $S 4 E@$r B,Dj $7 $? !#B,Dj;~ $N Intensit y $O mo de matching $7 $? 8e !" F)2a8w $+$i F@ $i $l $k Airy function $N p eak CM $r MQ$$ $? !# 64

Figure 3.22: b eam divergence B,Dj B,Dj7k2L $r ?^ 3.23 !A?^ 3.28 $K <($9!# ?^ 3.23, ?^ 3.24 5Z $S !" ?^ 3.26, ?^ 3.27 $O 3F z $K BP$9$k x,y J}8~ $K %9 %-%c %s $7 $? :]$N b eam Intensit y $N 9- $, $j $r<($9!# $3$N;~ $N P3 $K BP1~$9$k CM (error $b4^ $a$F ) $r 2f!9 $O b eam $N 9- $, $j$H $7 !" z $H P3 $G $N �t $r 9T $J $C$?$b$N $, ?^ 3.25, ?^ 3.28 $G$" $k !# $3 $l $h$j !" M}O@CM x y w 0 = 28 : 5 �m a = 5 : 368 � 10 � 3 (5 : 258 � 0 : 2102) � 10 � 3 (5 : 532 � 0 : 257) � 10 � 3 w 0 = 20 : 0 �m a = 7 : 649 � 10 � 3 (7 : 907 � 0 : 1787) � 10 � 3 (6 : 715 � 0 : 2668) � 10 � 3 $H $$ $&7k2L $, F@ $i $l $? !# $3 $l$i $h$j b eam w aist $r 5a$a$k$H x y w 0 = 28 : 5 �m (29 : 10 � 1 : 16) �m (27 : 65 � 1 : 28) �m w 0 = 20 : 0 �m (19 : 36 � 0 : 437) �m (22 : 78 � 0 : 91) �m $H $J $k !# nominal v alue w 0 = 28 : 5 �m $G $N B, Dj $G$O !" x,y N>J}$N B,Dj$K BP $7 !" $*8_$$ 1 � 0J Fb $G NI$$ 0lCW$r 8+$;$F $$ $k$N$K BP $7 !" nominal v alue w 0 = 20 : 0 �m $G $N B, Dj $G$O !" x J} 8~ !" y J}8~ $, $* 8_$$0lCW $7 $F$$$J$$ !# w 0 = 20 �m 6a$/ $G$O mechanical $J drift $N 1F6A $H$b 8@ $($k $+$b $7$l $J $$ $, !" :# $N $H$3$mM}M3 $O NI$/ $o $+$C $F$$ $J$$ !# :#8e !" mec hanical $J drift $r M^ $($? ?7 $7 $$ Optical Cavit y $r MQ$$ $F !" :FEYB,Dj $r ;n$_$kI,MW $,$" $k !# 65

Figure 3.23: b eam divergence x J}8~B,Dj ( w 0 = 20 �m ) 66

Figure 3.24: b eam divergence y J}8~B,Dj ( w 0 = 20 �m ) 67

Figure 3.25: w 0 = 20 �m $N b eam div ergence (x,y) 68

Figure 3.26: b eam divergence x J}8~B,Dj ( w 0 = 28 : 5 �m ) 69

Figure 3.27: b eam divergence y J}8~B,Dj ( w 0 = 28 : 5 �m ) 70

Figure 3.28: w 0 = 28 : 5 �m $N b eam div ergence (x,y) 71

3.3.4 0BDjNN0h$NB,Dj :#$^ $G MQ$$$FMh$? Ca vit y $O <g$H $7 $F !" 86M} %F %9 %H ( FC $K =EMW$J baem waist $d �nesse $N B,Dj ) $N$?$a $K 9=C[$5 $l $? !# $3$N Cavit y $O B?$/$N2DF0ItJ, $r 4^ $s$G$$ $k$?$a !" 5U $K 5!3#E* $J6/ EY $, =< J, $G$O$J $/!" 30It $N $8 $g $&Mp $dFb ItItIJ ( FC $K %T %( %> AG ;R ) $N drift $J $I $N 1F6A $r<u $1$d$9$$9= B$ $G$"$C $? !# $3 $N$? $a $o $l$o $l$NL\E* $H$9$k <g %b!< %I { $9 $J $o$A6&LD>r 7o $r K~$?$9 T E M 00 %b!< %I { $N$_ $r D9;~4V $K EO$C $F 0BDj $K $7 $F J];}$9$k $3$H$O =PMh $J$+ $C$? !# $3 $N @a $G =R$Y$k0BDjNN0h$NB,Dj$N L\E* $O Ca vit y $, <o !9 $N%Q%i %a !<%?!<$NJQ2= $K BP $7 $F !" $I $N$h $& $K H?1~ $9$k $+$rB,Dj $7 !" $3 $l$r ?7 $7 $/@= :n $9$k Cavit y $N @_7WJ}?K $K H?1G $9$k $H8@ $&E@ $K$" $k !#$^ $: !" :G=i $K Ca vit y $, T E M 00 %b!< %I $+$i $:$l $kMW0x$r 9M;!$9$k !# [9], [10] $K$h $l $P !" #4DL $j$N ’mismatching parameter’ $, 9M $($i $l $k !# ( ?^ 3.29) Figure 3.29: #4$D$N mismatc hing $= $l $>$l (a) %S !< %‘J}8~ $K BP $7 $F J?9T $K Ca vit y axis $, F0$$$?>l9g !# (b) Ca vit y Cf?4 $r <4 $H $7 $F !" � x $@ $1 Ca vit y axis $, 79$$$?>l9g !# (c) b eam waist $, Cf?4 $G Bg$-$5 $, 9g $o$J$+ $C$?>l9g !# (d) Ca vit y $,%S !< %‘J}8~ $K J?9T $K F0$$$?>l9g !# $G$"$k !# >e $N#4 $D $N$&$A (a),(b),(d) $N#3$D $KBP $7 $F !" T E M 00 %b!< %I $, $I $N$h$& $K JQ2= $9 $k $+$r D4$Y$? !# ((c) $K 4X $7 $F$O op eration $, 4JC1$G $O$J $$$?$a !" :#2s $O 9T$J$o$J $+ $C$? !# ) 0lHL$K Cavit y Fb It $G N) $A>e $, $kEE >l $O <0 (2.8) $N T E M mn $N (m,n $N ) =E$M 9g$o$;$G$" $k $, !" mode matc hing $, Hy >.$G $" $k >l 9g$O !" Ca vit y Fb It$G$O <g%b !< %I 0J 30$K Bh 0l<! 9b D4 GH $, N) $A >e $, $k !# mismatc hing parameter $H Bh 0l <! 9b D4 GH$N N) $A >e $, $j $N 4X 78$O \coupling co e�cient" $H 8F $P$l !" [9], [10] $G 7W;;$5 $l$F $$$k !# I= 3.2 $K $=$N7k2L$r7G $2 $k !# 72

T able 3.2: coupling co e�cien t:z J}8~ $K mismac hing $7 $? >l9g ( K\J8 (d)) $O Bh0l<!9bD4 GH V 1 $O%i %2 !< %k$N B?9‘<0 $G M? $($i $l $k !# [9] parameter coupling co e�cient Bh0l<!9bD4GH (a) � x � x=w 0 H 1 � p 2 x w 0 � (b) � � x i � � � x w 0 � H 1 � p 2 x w 0 � (d) � z i � � z 2 � w 2 0 V 1 ( r; z ) Hf3S$N$?$a !" w 0 = 28 : 5 �m; 20 : 0 �m $N ;~ !" (a),(b),(d) $K $*$$$F 0 <! $H 1 <!$N Hf $, 1:1 $H $J$k;~$N x; � x ; z $N CM$r0J2< $K <($9!# T able 3.3: mismatching parameter � x � � x � z w 0 = 28 : 5 �m 57 : 0 �m 14 : 1 mr ad 16 : 1 mm w 0 = 20 : 0 �m 40 : 0 �m 20 : 2 mr ad 7 : 94 mm T E M 00 %b!< %I $N 0BDj $rF@$k $?$a $K$O !" z $h$j x J}8~$NJQ0L $K BP $7 $F !" @)8B $, Hs>o $K87 $7 $$$N $, $o$+ $k !# $3 $l$O x,y J}8~$N displacement $, m + n = 1 <!$N%* !< %@ !<$G 8z$$$F $/$k $N$K BP $7 !" z J} 8~$N displacemen t $, m + n = 2 <!$N%* !< %@ !<$G 8z$$$F $/ $k$3$H$K 5/ 0x$9 $k [11] !# :#2sB,Dj$r9T$J$C$?$N $O !" 3F %Q%i %a !<%?!< $N JQ0L $K BP1~$9$k T E M 00 %b !< %I $N Intensit y $NJQ2= $G$" $k !# Ca vit y Fb$N%b!< %I $, T E M 00 %b!< %I $H $= $l 0J30$N%b!< %I $7 $+ N)$A>e $, $C$F $$$J$$$H 2>Dj$9$k$H !" %b!< %I $N Hf $, 1 : 1 $G $" $k$H$- !" =PNO$5 $l $k Intensit y $N %b!< %I $N Hf $b 1 : 1 !" $9 $J$o$A !" T E M 00 %b !< %I $N In tensit y $, T E M 00 %b!< %I $@ $1$, N)$A>e $, $C$F$$$k >l9g $K BP $7 $F !" 1 = 2 $K $J $k !#B,Dj $O 0J2<$NMWNN $G 9T$J$C$? !# #1 !# $^ $: !" mo de matching $r9T $J $$ !" <g %b !< %I $N $_ $rN) $A >e $2 $k!# $= $N;~ ?^ 3.5 $N x-stage,y- stage,z-stage 5Z $S Cavit y 8eJ} $N x-stage $N %^ %$ %/ %m %a !< %?!< $NL\@9 $rFI$_ !" $3$NE@ $r %T !< %/0LCV $H >N$9$k !# #2 !# $=$N 8e !" � x; � � x ; � z $r 1-parameter $: $D JQ2=$5 $; $k !# (� � x $O w 0 = 20 �m $N ;~$N $_ )� � x $O Cavit y 8e J}$N � x $r F0$+ $9$3 $H $G Cavit y axis $r $: $i$7 $? !#JQ0L � x $H � � x $K$O � � x = � x 2 R � D $N 4X78 $, $"$k !# ?^ 3.30 !# laser $K BP $7 !" Ca vit y $r F0 $+ $9 $3$H$G (a),(b),(d) $K BP1~$9$k study $, 2DG= $G$" $k !# #3!# <! $K � x; � y ; � x; � z ; � x; � � x $r$= $l $> $l#2 $D F1 ;~ $KF0 $+ $7$F$$ $-!" $= $N;~ $N Intensit y $N J,I[ $r 8+$? !# (� x; � � x $O w 0 = 20 �m $N ;~$N$_ ) 73

Figure 3.30: � x $H � � x $N 4X78 <B837k2L $r ?^ 3.31 !A?^ 3.37 $K <($9!# #1 <!85 %W %m %C %H ( ?^ 3.31 5Z $S ?^ 3.34) $N @^ $l @~ $O B,Dj$r9T$J$C$?=gHV $K 7k $s$@ @~ $G$" $k !# FC $K 2f !9 $O p eak( <g%b!< %I $N$_$N ;~$N in tensit y) $N JQF0$K CmL\ $7 $? !# peak $O B?$+ $l >/$J$+ $l !" JQF0 $7 $F$$ $k !#FC $K w 0 = 20 �m $K $*$$$F$3$N79 8~ $, Cx $7 $$ !# $3 $l$O Ca vit y <+BN$N0B Dj@- $, $J$$$?$a$G$" $k $, !" 2f!9 $NL\E* $G$" $k0BDj@-NN0h $r 7hDj$9$k $K$O =<J,$J:F8=@- $G$" $k $H 7kO@ $G$- $k !# 2-parameter study $O <g$H $7 $F !" %Q%i %a !<%? !< $, 8_$$$K FH N)$G$" $k$3$H $r 3N G’$9 $k$? $a $K 9T$J$C$? !#M=A[DL$j $[ $\ FHN) $G$" $k$3$H $, 7kO@ $E$1$i$l $k !#C" $7 !" w 0 = 20 �m $N >l9g !" (z,x) $K BP $7 $F !" Aj4X $, B8:_$9 $k$3$H$, H=L@ $7 $? ( ?^ 3.37) !# $3 $l$O%l !< %6!< 8w <4 $H Cavit y $r :\$;$F$$$k z-stage <4 $, IT0lCW $G$" $k$3 $H$K 5/0x $7 $F $*$j!" K\<AE* $J$b$N$G$O$J$$ !# 0B DjNN 0h$H $7 $F p eak CM$+$i H>J, Mn $A 9~ $s$@ $H $3 $m $^$G $N I} (FWHM) $r Bg;( GD$K 8+@Q $b$C$? !# w 0 = 28 : 5 �m $N ;~ 0BDjNN0h � x; � y 40 �m � z 10 mm 74

Figure 3.31: b eam w aist w 0 = 28 : 5 �m $G$N 1parameter study ( :8>e !’ x J}8~ ( B,Dj $r9T $J$C $?=gHV $K plot $7 !" @~ $G7k $s $@ !# )) ( 1&>e !’ y J}8~ ( B,Dj $r9T $J$C $?=gHV $K plot $7 !" @~ $G7k $s $@ !# )) ( :82< !’ z J}8~ ( B,Dj $r9T $J $C $?=g HV $K plot $7 !" @~ $G7k $s $@ !# )) ( 1&2< !’ x J}8~ (Gaussian �t)) 75

Figure 3.32: b eam w aist w 0 = 28 : 5 �m $G $N 2parameter(y ,x) study 76

Figure 3.33: b eam w aist w 0 = 28 : 5 �m $G $N 2parameter(z,x) study 77

Figure 3.34: b eam w aist w 0 = 20 : 0 �m $G$N 1parameter study ( :8>e !’ x J}8~ ( B,Dj $r9T $J$C $?=gHV $K plot $7 !" @~ $G 7k $s$@ !# )) ( 1&>e!’ � x J}8~ ( B,Dj$r9T$J$C$? =gHV $K plot $7 !" @~ $G 7k $s$@ !# )) ( :82< !’ y J}8~ ( B,Dj $r 9T $J$C$?=gHV $K plot $7 !" @~ $G 7k $s$@ !# )) ( 1&2<!’ z J}8~ ( B, Dj $r 9T$J$C$?=gHV $K plot $7 !" @~ $G 7k $s$@ !# )) 78

Figure 3.35: b eam waist w 0 = 20 : 0 �m $G $N 2parameter ( � x ,x) study 79

Figure 3.36: b eam w aist w 0 = 20 : 0 �m $G $N 2parameter(x,y) study 80

Figure 3.37: b eam w aist w 0 = 20 : 0 �m $G $N 2parameter(z,x) study 81 w 0 = 20 �m $N ;~ !" 0BDjNN0h � x; � y 30 �m � � x 7 �m ! 17 : 5 mr ad � z ’ 1 mm z $K 4X $7 $F$O A0$K =R$Y$?$h $& $K %S !< %‘J} 8~ $H Cavit y axis J}8~ $, HyL/ $K 0c$C $F$$ $k$?$a !" M=A[$h$j$b>.$5$$CM $H$J $C$? $, !" $3 $l$r =|$/ $H !" 8=O@ $+$i M=A[$5 $l $kCM $H%* !< %@ !< $O 0lCW $7 $F$$ $k !# ( <B:] $K $O#1 <!6a;w $G $O$J $/9b<! 9‘ $bF~ $C $F$$$k $HM=A[$5 $l !" 8= :_ $3$N8z2L$b4^ $a $F 8!F$ $7 $F$$ $k !# ) $o $l$o$l $NL\E* $O ?7 $7 $$ Cavit y $K BP$9$k@_7W;XI8 $rM? $( $k $3$H $G$" $k$N $G !" $3$NE@ $G$O =<J,L\E* $r C#$; $i $l $?$H 9M $( $k !# 7kO@!’<!4| Ca vit y $K 8~ $1 $F ?7 $7 $$ Ca vit y $K BP $7 $F 0J2<$N$h $& $J ;X?K $r M? $($? !# 1zLL6@@_CV@:EY ( 9):n@:EY5Z $S 0LCV7h $a @:EY $r 4^$‘ !# ) � x; � y � 20 �m � � x � 10 mr ad � z � 8 mm <B:]Ld Bj $H $7 $F$O � � x $, :G$b !" 87 $7 $$ MW5a $G$" $k !# $3 $l$i $N MW5a $O #2CJ 3, $K J,3d $7 $F !" K~$?$9 $3$H $K $7 $? !# B($A !" 9) :n@:EY $H $7 $F !" x,y ,z J}8~ $H$b ’ 10 �mD DxEY $rMW5a $7 $? !# 99 $K 9b$$@:EY $r 5a$a$k$?$a $K 1zLL6@ $r %T %( %> $H FHN) $7 $? #4$D$N%^ %$ %/ %m %a !< %?!< $H$G%3 %s%H %m!< %k $7 !" 3F!9 z J}8~ translator,x J}8~ ,y J}8~ , � x J}8~ , � y J}8~$NHyD4@0 $r<u $1 ;}$? $;$k $3$H $K $7 $? !# 99 $K A4$F$N%Q!<%D$N9d@- $r 9b$a !" 2DF0ItJ, $N@\?(LL@:EY $K BP $7 $F !" FCJL $NCm0U $r J’ $& $3 $H$K $7 $? !# $3 $l$K 2C $($F z J}8~ translator $r <u $1 ;}$D %T %( %> $K 4X $7 $F$O !" feedbac k 7O$rIU 2C $7 !" >o $K p eak $K 0LCVIU $1 $k$h $& $K $7 $? !# ( $3 $l$K 4X $7 $F$O 4.2 @a $G >\=R$9$k !# ) 82

Chapter 4 ?7 $7 $$ Optical Ca vit y $K $h $k <B83 $3 $N >O$G$O ?7 $7 $$ Optical Cavit y $G $N <B83$N@b L@ $r 9T$J $& !# 4.1 @a $G$O !" ?7 $7 $$ Optical Cavit y $G$N 4pAC <B83!# 4.2 @a $G $O Optical Cavit y Fb $G$N %l !<%6!< %S !<%‘$NDj >o2= <B 83 $r@bL@ $9$k !# 4.1 4pAC<B83 4.1.1 Optical Ca vit y ?^ 4.1, ?^ 4.2 $K?7 $7 $$ Optical Cavit y $N B&J}CGLL?^ !" 5Z $S 8eJ}?^ $r<($9!# ?7 $7 $$ Optical Cavit y $O Bg$-$/30It !" $"$*$jIt !" %T %( %> It $N#3$D $K J, $1$k$3$H $,$G $-$k !# 30It $H$O A4BN $r J$$C$F$$$k 30OH$N ItJ, $G$" $k !# ( ?^ 4.1, ?^ 4.2 $NE@ It ) $"$*$j It$O ?^ 4.1 $N:8H> J, $K$"$? $k !# mirror $r 4^$a$F !" $"$*$j#2$D $GD4@0$9$kItJ, $G$"$k !# %T %( %> It $O ?^ 4.1 $N1&H>J, $K$"$? $k !# mirror $r 4^$a$F !" %T %( %> $r ?6F0$5$;$kItJ, $G$" $k !# $= $l $>$l $K $D$$$F @bL@ $r 9T$J $& !# 30It!’30It $O :‘<A $O F e $G$G $-$F$*$j!" A4BN $N9d@- $r 9b$a $F$$$k !# $3 $l$K $h$j!" Ca vit y A4 BN$N drift $N 1F6A$r >.$5 $/ $7 !" 30It $+$i $N $8 $g $&Mp $r%7%c %C %H %" %& %H $7 $? !# $b $&0l$D 30It $O x J}8~ !" y J}8~ $K J?9T0\F0 $G$-$k$h$& $K@_7W$5 $l$F$$$k !# %Y %" %j %s %0 $r MQ$$ $? =>Mh $NJ}K! $G$OK‘;$ $N1F6A $, Bg$-$/!" $^ $?9d@- $r9b $a$k $3 $H $, =PMh $J$$$? $a !" 30 It $r mirror $N $" $k Fb It ( 0J2< Cavit y It ) $H 30 OH $K J, $1 !" $=$N @\ B3$r >e2< 4 2U =j$N E4HD$K $7 $F ;D $7 $F $* $/ !# ( ?^ 4.2)y J}8~$NJ?9T0\F0 $O Ca vit y It $r >e $+$i %^ %$%/ %m %a !< %?!< $G 2!$9 $3$H$G !" 2DG= $K$J $k !# >e2< 4 2U=j$NE4HD $O F e $N CF@- $r MxMQ$9$k $3$H$G !" $P $M $N Lr3d $r 2L$? $7 $F$$ $k !#%^ %$ %/ %m %a !<%?!< $H Cavit y It$N@\?( $O LL@\?( $K$h $kK‘;$ $r KI $0 $? $a !" Ca vit y >eIt$K 7j$r 3+ $1 !" $=$3$K%; %i %_%C%/ %\ !<%k$r F~ $l E@@\ ?( $K $h$j NO$r 6QEy $K EA $o$i$;$? !# F1MM $K x J}8~$NJ?9T0\F0 $bF1 $8 9=B$ $G9T $J$o $l !" $3 $l$i$O mo de matching $K MQ$$ $i $l $k !# Cavit y It$O %S !< %‘J} 8~ $K 1_7A$K $/$j$L$+$l $F $*$j !" $" $*$j It$H %T %( %> It $, F~$j!" @\ B3$5 $l $k$h $& $K$J $C$F$$$k !# 83

Figure 4.1: ?7 $7 $$ Optical Cavit y ( B&J}CGLL?^ ) Figure 4.2: ?7 $7 $$ Optical Cavit y ( 8eJ}?^ ) 84

$" $*$jIt !’ mo de matc hing $G $b $& #1$DI,MW $H$J$k$N $O !" x,y J}8~$N3QEY$ND4@0 $G$" $k !# $3 $l $r 9T$J $& $N $, !" $"$*$j It $G $" $k !# ?^ 4.1 $K $" $k$h $&!" ca vit y $&$AB& $+$i (1)y J} 8~ $"$*$j !" (2)x J}8~$"$*$j!" (3) 30It@\B3It !" (4) $" $*$jIt;Y $($H$J$C$F$*$j!" (5) $N%M %8$G (1) !A (4) $, ;Y $($i$l$F $$ $k !# mirror $, $D$$$F $$$k$N$O !" (2) $N x J}8~$"$*$j$G $" $k !# (1) $O Cavit y $N Cf?4 $r <4 $K 30It $H 120 � $4 $H$K ;0E@%;%i%_%C%/ %\ !< %k$G @\ $7 $F $$ $k !# ( ?^ 4.1) ;0E@$ND:E@ $N $&$A?bD>J}8~ $K %S !<%‘<4 $, 0lCW $7 $F$$ $k%;%i%_%C%/ %\ !< %k$N$H$3$m $@$1 $, !" %^%$ %/ %m %a !< %?!< $H@\ $7 $F$*$j!" %^%$ %/ %m %a !< %?!< $rF0 $+$9$3 $H $K $h$j!" B> $N#2E@ $, ;YE@ $H$J$j!" y J}8~ $K mirror $r 79 $1$k $3$H $, =PMh$k!# x J}8~ $N3Q EY$ND4 @0$bF1 MM $K 120 � $4 $H$K ;0E@%;%i %_%C%/ %\ !<%k $, @\ $7 $F$$ $k !# x J}8~$"$*$j$H y J} 8~$"$* $j$r =E$M$F $$ $k$3$H$+ $i %; %i %_%C%/ %\ !<%k$O (1) $H (2) $K @\?( $7 $F $$ $k !# $3 $N ;0 E@$N D: E@$N#1 $D$r %S !< %‘ <4$H ?e J? %l %Y%k$G F1 $8 $K $7 $F $* $- !" $=$3$K %^ %$%/%m %a !<%?!< $rCV$/$3 $H$G !" x J}8~ $N3QEY $r D4@0$9$k!# $3 $l$K (4) $N$"$*$jIt;Y $($r$* $/ $3$H$G D4@0 $, 2DG= $H$J$k!# (4) $, (2) $r Cf?4 $N%9 %W %j %s %0$G M^ $($?9=B$ $K$J$C $F$$$k!# (4) $N$" $*$jIt;Y $($O (5) $N%M %8$K$h$C $F (3) $N 30It@\B3It5Z $S !" (1) $H%M%8$G$H$a$k $3$H$K$h$j!" $"$* $jIt $r0lBN2= $7 !" 9d@- $r9b $a$?!# B> $K$"$*$j $NHyD4@0 $,$G$- $k$h$& (1),(2) $N @\?( It , (1) $H (4) $N 4V$K %9 %W %j %s%0 $r $$ $l $? !# mirror $, $" $k (2) $O A08e %9 %W %j %s %0$K $h$C $F;Y $( $i $l$?7A $K$J$k!# 9d@- $r9b $a$k $? $a !" %9 %W %j %s %0$N $P $M Dj?t $r 9b$a !" :G8e $K (5) $N%M%8$G A4BN $r$-$D $/ $7 $a$? !# %T %( %> It !’ %T%( %> $O mirror $r cylindrical $K BP>N $K 2!$9 $h$& $K1_7A $N %;%i%_ %C %/ %T %( %> ( IY ;N%;%i%_%C%/%9 !’7B 15mm) $r ;H$C$? !# FbB& $O %l !<%6!< %S !< %‘ $, DL$k $?$a $K 7j $, 3+ $1 $i$l $F $$$k !# %T %( %> $O%T %( %> It$N mirror $N H? BPB& $K %T %( %> $r M^ $($D$1 $k$?$a$N%M%8 $, IU $1 $i $l$F$*$j!" $3$N %M %8$G %T %( %> $r 2! $7 $D $1 !" mirror $r$D $1$F$$$kBf $rM^ $($D $1 $F$$$k !# $3$N>uBV $G %T%( %> $r ?6F0 $5$;$k $3$H $K$h$j!" %_ %i!< $, z J}8~ $K?6F0$9$k $3$H $K$J $k !# mirror $O Gv$$E4HD $G ;Y $($i $l !" E4HD $O $P $M $N Lr3d $r 2L$? $7 $F$$ $k !# mirror $O 96% $N $b $N $rMQ $$!" mirror $N<h $jIU $1 $O%M %8 $H@\ Ce :^ $G9T $J $C $?!# :# 2s $N Cavit y $O =i4|@_Dj $G b eam waist 15 �m $G $"$k D = 39 : 875 mm � 1 �m $K %O %$ %H%2 !< %8 (Mitsuto y o No.191-601) $r MQ$$ $F !" 9g $o$;$? !# Ca vit y $N Cf?4 $N $: $l$O %@ %$ %d %k %2 !< %8$rMQ$$ $F 1 �m 0J Fb$K 9g$o $; !" %S !< %‘ <4$H 0l CW$5$; $? !#=>$C $F !" 2f!9 $N M}A[$H $9 $k Ca vit y <4 $K BP $7 !" D = 39 : 875 mm $+$i � � x = � x 2 R � D = 8 mr ad 0JFb $N@:EY $G$*$5$^$C $F$$$k $3 $H $,$o$+$k !# $3 $l$O A02s$N>r7o $r$[ $\ K~$? $7 $F$$ $k !# $3 $l$i $N =i4|@_Dj $K$"$o $7 $F%; %C %H %" %C %W$7 $? MM;R $r ?^ 4.3 5Z $S ?^ 4.4 $K <($9!# $"$*$j It $O >e2< :81&H?E> $7 $F$$ $k $, @5 $7 $/5!G= $7 $F $$ $k !#$^ $? 9d@- $r 9b$a $k$?$a !" $5 $i$K $$ $/$D$+$N%M%8$G 6/ $/9J$a$? !# $3 $l$K $h$j 30 Mp $K$h $k jitter $r 6K NO M^ $( $k$3 $H $, 2DG= $K$J $C$? !# $3$N Optical Cavit y $N ?^LL $r IUO? B $K :\$;$F$* $/ !# 85

Figure 4.3: <L??!’?7 $7 $$ Optical Cavit y %;%C %H %"%C %W ( $"$*$jIt ) 86

Figure 4.4: <L??!’?7 $7 $$ Optical Cavit y %;%C %H %"%C %W ( %T %( %> It ) 87

4.1.2 mo de matc hing ?7 $7 $$ Cavit y $r ;H$C$F mo de matc hing $, $G $- $k $+ $I $& $+$r 3N $+$a$? !#A02s $+$i$N JQ99 E@ $O Optical Cavit y $r ?7 $7 $$ Optical Cavit y $K JQ $($?E@0J30 $K F~<M7O $r Optical Cavit y $N 9b$5 $K 9g $o $9$?$a !" %" %k %_Bf $r 30 $7 !" %l !< %6!< !" F~<M7O !" Optical Cavit y $N 9b$5 $r $9$Y$F 160mm $N line $K $"$o$;$? !# mode matching $^ $G$N<B83<j=g $O 3.2 @a $G =R $Y$?<j=g $HA4$/F1 $8 $G $" $k !#?^ 4.5 $O mo de matc hing 8e$N<L?? $G$" $k !# Figure 4.5: <L??!’ mo de matc hing 8e T E M 00 %b!< %I $N$_ $,$- $l$$ $K=P $F$$$k $N $,$o $+$k !# Airy function $, 5U8~ $- $K $J $C $F$$$k $N $O Amp $K$h$C $F@5Ii $, 5UE> $7 $?$? $a $G$"$k!# Amp $O =>Mh $N $b$N $N 10 G\$N $b$N $r;HMQ $7 $?!# A4 BN $NMM ;R $O ?^ 4.6 $N $h$& $K$J $C $F $$$k!# %T%( %>$O sin GH 70Hz $G ?6 $i$; $?!# %T %( %>$K$+ $1$?EE05 $O dynamic range $G 500V $G $"$j!" %T %( %> It $K $O %T%( %> $r AH$_9~ $s $@ >uBV $G 500V $GLs 1 : 5 �m $G mirror $, F0$/ $h$& $J %T%( %> $r A* $s$@ !# ?^ 4.6 $K$"$k $h$& $K sin GH $NH> <~ 4| $G:G Bg Airy function $, #5$D8+ $($F$* $j!" 316 : 2 nm � 4 = 1 : 264 �m 0J>e $GF0$$ $F$$$k $3 $H $,$o $+ $k !# linear $G Cf?4#3$D$N Airy function $N free-sp ectral-range $r MQ$$$F !" �nesse,transev erse mo de $NB,Dj $r9T $J$C $?!# free-spectral-range $O #3$D $"$k Airy function $N4V3V $, #2$D $H$bF1 $8 $G $" $k$3 $H$r 3NG’ $7 $? !# 4.1.3 �nesse B,Dj �nesse F $N B,Dj7k2L $r ?^ 4.7 $K <($9!# $3 $l $h$j !" F = 1 : 025 �s � 5 ns 11 �s � 1 �s = 93 : 2 � 8 : 47 $H$J $C$? !# $3 $l$O A0$N<B83 $N 96% $N mirror $N �nesse 97 : 5 � 7 : 0,92 : 1 � 6 : 6 $H 0lCW $7 $F $*$j!" A0 2s $N<B 83 $r ?7 $7 $$ Cavit y $G :F8= $7 $F$$ $k$3$H $, $o$+ $k !# 88

Figure 4.6: <L??!’ Airy function A4BN?^ Figure 4.7: <L??!’ �nesse B,Dj 89

4.1.4 b eam w aist B,Dj $^$:!" transev erse mo de $H free-sp ectral-range $+$i D $r ;; =P $7 $? !#?^ 4.8 $K B, Dj7k 2L$r <($9!# Figure 4.8: <L??!’ b eam w aist B,Dj $3$3$+$i !" one � mode � dif f er ence f r ee � spectr al � r ang e = 60 �s � 2 �s 1 : 045 ms � 5 �s = 0 : 0574 � 0 : 00191 D = 39 : 676 � 0 : 0215 mm w 0 = 19 : 0 � 0 : 31 �m $r F@$k !#=i4|@_Dj w 0 = 15 �m $H 0[$J $k$N $O !" mode matching $N :]$"$* $j$r A‘:n $7 $?$? $a !" <c43 D $, >.$5 $/ $J$C$?$?$a $G$" $k !#C" $7 !" $3$N8e !" b eam divergence B,Dj $r 9T $J$C$? $, !" B,Dj $G %T %( %>$, 2u $l !" K5>Z $H $7 $F !" @5 $7 $$ 7k2L $r F@$k$3 $H $,$G $-$J$+ $C$? !#:#8e !" ?7 $7 $$ Optical Cavit y $G b eam waist $N B,Dj7k2L$N0lCW $r 8+$kI,MW $, $" $k !# 90

4.2 %l !< %6 !< %S !<%‘ Dj>o2=<B83 %@ %s%T%s%0 %j %s %0 Fb $G e + ; e � %S !<%‘$N %S !< %‘ %W %m%U%! %$ %k$N B,Dj $r 9T $J $& $K$O !" Ca vit y Fb $G 0B Dj $7 $? %S !< %‘ $r J];} $7 $J$1$l$P $J$i $J $$ !#6qBNE* $K$O !" <g %b!< %I $N T E M 00 %b !< %I $N$_ $, N)$A>e $, $C$F$*$j !" $+ $D8w;RA} I}N( $, 0lDj $G$" $k$3$H $, MW5a$5 $l $k !#8e<T $NMW5a $O %l !<%6!< Intensit y $r <B<AE* $K 9b$a$k$?$a $K =EMW $G$" $k !#<0 2.29 5Z $S !" ?^ 2.7 $+$i$b$o $+ $k $h $& $K A}I}N( $, 9b $1 $l $P 9b$$ $[ $I !" 6&LD>r 7o $O 87 $7 $/ $J$k !# 6qBNE* $K$O !" H?<M N( 96% $N1z LL6@$r;H$C$? Ca vit y $K BP $7 $F$O !" 6&LDI} (FWHM) $O Ls 3 : 4 nm $G $" $k !#1zLL6@4V3V D $O $3 $NI}$h $j!" NI $$@:EY $G J];} $7 $J$1 $l $P $J$i$J$$!# 0l J} !" T E M 00 %b!< %I 0J30 $N9b<! %b!< %I $, N)$A>e $, $k<g$?$kMW0x $O 1zLL6@$N %l !<%6!<8w $K BP$9$k3QEY $, JQ2=$9$k$3 $H$K$h $k $H ;W $o $l $k !#?7 $7 $/@=:n $7 $? Ca vit y $K BP $7 $F !" $^ $:!" T E M 00 %b!< %I $, D9;~4V $K EO$C$F !" J];} $G $-$k $+ $I $& $+$r3NG’ $7 $? !#<L?? 4.9 $O B,DjD>8e$*$h $S 0l;~4V8e $NF)2a8w$r8+$?$b$N $G$"$k !# Figure 4.9: <L??!’ Airy function $N drift ( :8!’B,DjD>8e )( 1&!’B,Dj0l;~4V8e ) 0l;~ 4VN)$C$F$b transev erse mo de $X$N JQ0L $,$J $$ $N $, $o$+ $k !# $3$l$K $h $j Cavit y $O @_ 7WDL$j!" Hs>o $K 0BDj $7 $F $*$j !" 0lEY mo de matching $7 $? 8e $O T E M 00 0J30$N%b!< %I $O #1 ;~ 4VDxEY $NHO0O $J $i $P L5;k $G$-$k $3 $H $, H=L@ $7 $? !# C" $7 !" Ca vit y 4V3V D $K 4X $7 $F$O !" $3 $l$, %T%( %> AG;R $HD>@\E* $K @\B3 $5 $l$F$$ $k $?$a !" ’ nm $N @:EY $G$O >o $K drift $7 $F$$ $k $H;W $o $l $k !# ( $3 $l$K BP $7 $F$O !" 0J2<=R $Y$k feedback system $K$F BP=h$9$k !# ) $^ $?:#2s$N Cavit y $G$O F)2a8w $r$_$k $3$H $G 3F mo de $4 $H$N <L?? $r<h$k $3$H $, 2DG= $G$"$C $? !# ?^ 4.10 !" ?^ 4.11 !" ?^ 4.12 $O$= $l $>$l ?^ 2.8 $N T E M 00 , T E M 01 , T E M 02 mo de $r <( $7 $F$$ $k$3 $H $,$o$+ $k !# 91

Figure 4.10: <L??!’ TEM00 %b!< %I Figure 4.11: <L??!’ TEM01 %b!< %I Figure 4.12: <L??!’ TEM02 %b!< %I 92

4.2.1 feed bac k system ?^ 4.13 $O feedback system A4BNA| $G$"$k !# feedbac k system $N 86M} $O !" 6&LDE@ IU6a $G 1zLL 6@4V3V D $K mo dulation $r 2C$( !" $3 $l$K BP$9$kF)2a8w$N 6/<e$NJQ2=$rCN$k$3$H$K$h $j!" 6& LDE@ $K La$9 $? $a$N8m:9?. 9f $rF@$k $H8@ $& $b$N $G$"$k !# 0J 2< !" 86M} $r@bL@$9 $k!# clock $r @QJ, $7 $? %N %3 %. %jGH (a) $r %T %( %> $K Aw$j !" %T %( %> $r Airy function $N p eak DxEY$N ?6I} $G Hy>.?6 F0$5$; !" D $r JQ 2=$5$; $k !#=P<M8w $O (b) $K 8+ $i$l $k$h $& p eak ItJ, [B] $K >h$C$F$$$l $P $$ $$ $, !" [B] $N 0LCV $+$i Mn$A $F !" [A],[C] $N 0LCV $G %T %( %>$, ?6F0 $7 $?$H $9$k $H$=$N0LCV $+ $i [B] $N0L CV $K La$9I, MW $,$G $F $/$k !# [B] $K La$9$?$a$K clo ck $H $N F1 4|8! GH$rMQ$$$F feedback $r $+$1$? !# PIN-photo-diode $+$i Aw $i $l $F $/$k?.9f$O Amp $r DL $8 $F !" A C coupling $7 $? 8e !" (b) $N [A],[B],[C] ItJ, $N?6F0 $K BP1~ $7 $F !" ?^ 4.13 $N (c) $NItJ, $K [A],[B],[C] $N7A $GAw $i $l$F $/$k !# $3 $l$O (a) $r :n$j=P $7 $? clo ck $H F14| $7 $F $$$k$N$G !" (c) $N E@@~$N0L CV $G F14| $r <h$C $FKh2s H?E>$5$;$k !# F14|8!GH$r9T$J$C$? 8e$N?.9f $O (d) $N [A],[B],[C] $N 7A $K$J $k !#@QJ,2s O) $K F~ $l $k$3$H$G !" (e) $K$O [A] ! @5 ,[B] ! 0,[C] ! Ii , $N CM $, JV$5 $l $k !# (a) $N %N %3 %. %jGH $K (e) $N CM $, DC E* $K 2C $o$j !" %T%( %> $r F0 $+ $7 !" [A],[C] $O [B] $N p eak $N$H$3$m $K La$k $H$$ $&;EAH $_ $G$" $k !#6qBNE* $J2sO)?^ $O IUO? C $K :\$;$F$*$/!# feedback $, $+$+ $k >r7o $H $7 $F 0J2<$N#3$D $, I,MW $G$"$k !# #1 !# (a) $N %N %3 %. %jGH $K BP $7 $F !" (c) $N ?.9f$N0LAj $,$:$l$F $$$J$$$3$H !# #2 !# clo c k $N <~GH?t $K BP $7 $F !" @QJ, $N;~Dj?t $+$i 7h$^$k feedback $N <~GH?t $, >.$5$$$3 $H !# #3 !# Airy function $N p eak $+$i =V4VE* $K GND $K Mn$A $J$$$3$H !# #1 !# $K4X $7 $F !" 0l HV0LAj $NCY $l$, =P $F $/$k $H$3$m $O %T %( %> $r F0 $+ $7 $F$$$k Ca vit y $N me- chanical $J 0L Aj$N$:$l $G $" $k !#0LAj$N$:$l$O <g$H $7 $F !" Ca vit y $N mechanical $J 6& ?6 <~GH ?t $K 0MB8 $7 $F$$$k $, !" :#2s $N Cavit y $G$O 6&?6<~GH?t $O 1kHz 0J>e $N$H$3$m $K$"$k !# $3$N $? $a !" 1kHz 0J2<$G$O :GBg 0LAj$N$:$l$O < 10 � $G $*$5 $^$j!" F14|8! GH$r 9T$J $& $3$H $, 2DG=$G $"$C$? !# #2 !# $K 4X $7 $F$O @QJ,HO0O $O Bg$- $1 $l $P Bg$-$$ $[ $I NI$$ !# clo c k <~GH?t $O#1 !# $+$i 1kHz 0J Fb $G$" $l $P $h$$$3 $H $,$o$+$C$? !# :#2s $N<B83 $G$O clo ck <~GH?t $r 870Hz, $= $7 $F @QJ,2sO) $N ;~Dj?t $r � = C R = 10 6 pF � 10 k = 10 � 2 s , : . :f = 1 2 � � = 16Hz $r A* $s$@ !# 16 � 870 $G =<J, $J@QJ,HO0O $, $" $k !# #3 !# $K 4X $7 $F$O Cavit y $N mechanical $J 0BDj@- $K 0MB8 $7 !" feedbac k sysytem $G$O 2r 7h $G $-$J$$ !# �nesse $N 3 G\$NI} $G$" $k 10 nm $^$G$G 0BDj $G$" $l $P feedback sysytem $G p eak $K >h$; $k$3$H$O 2DG=$G$" $k $, !" $= $l 0J>e$K 4X $7 $F$O feedbac k system $O L5 NO $G$" $k !#<B83 $G p eak $K ;_$^$k $+ 3N $+$a $kI,MW $,$" $k !# 93

Figure 4.13: feedback system 94

4.2.2 <B83 !u 7k2L Figure 4.14: <B83A4BNA| <B83A4BNA| $r?^ 4.14 $K <($9!# PIN-photo-diode $N =PNO $O plotter $G D9;~4VB,Dj $7 !" !# $^ $? !" %* %7%m %9 %3!< %W $G $b 8+ $l $k$h $& $K%; %C %H %"%C %W$7 $? !# ?^ 4.15 $O B,Dj$N7k2L $G$"$k !# 2#<4 $O ;~ 4V$r I= $7 !" 1 L\ @9 !" 12 J,$G$" $k !# c h1 $O Ca vit y $+ $i $N F) 2a 8w !" c h2 $O%l !< %6 !< %S !< %‘ Intensit y !" c h3 $O H?<MGH$N Intensit y $r <($9!# $= $l $>$l $N range $r !" I= 4.1 $K <($9 !# T able 4.1: plotter $G $N B,DjNN0h low high GND ch1 -2V 0V 0V ch2 0.4V 0.6V 0V ch3 0mV 100mV 0mV D9;~4VB,Dj $K BP $7 $F !" $U $i$D$-$J $,$i $b � 1 : 0 � � 1 : 1 V $G F)2a8w$O 0BDj $7 $F $$ $k$N $, $o $+$k !# $3$N;~ $N p eak CM $O 1.3V $G$"$C $? $?$a !" peak $K 0LCV $7 $F$$$k $o $1$G $O$J$$ $, !" p eak $+$i Mn$A $: !" Dj>o %S !<%‘ $r :n$jB3 $1$F$$$k !# $3$N8e !" 10 ;~4VDxEY0BDj $K 2TF/ $7 $?$3$H$r3N G’ $7 !" B,Dj $r BG$A@Z$C$? !# 95

Figure 4.15: feedback $r$+$1$F F)2a8w$N in tensit y $r D9;~4VB,Dj 96

Figure 4.16: feedback $r$+$1$:$K F)2a8w$N in tensit y $r D9;~4VB,Dj 97

$= $l$K BP $7 !" feedbac k $r o� $K $7 $? ;~$N PIN-photo-dio de $N =PNO $r ?^ 4.16 $K <($9 !# range $O 4.1 $H F1 $8 $G !" ;~4V range $r 1 L\@9 3 J,$H $7 $? !# feedbac k $, $J$$$?$a !" C;;~4V $G p eak $+ $i Mn$A $?$j>e $, $C$?$j $7 $F$$ $k$N $,$o$+ $k !# 1 ;~4V $[ $I $3$N JQF0 $, B3$- !" %T %( %> $N drift $K $h$j!" peak $+$i Mn$A$F$$$C$F !" F)2a8w $N Intensit y $O #0$K$J $C$? !# Dj>o %S !<%‘ $NA}I} N(5Z $S 0BDj@- $r<($9 ;XI8 $H $7 $F !" feedbac k $r$+$1$?;~ $N In tensit y $NJ, I[ $r$H$j!" $=$N;~ $N In tensit y $N J?6QCM5Z $S RMS $r B,Dj $7 $? !# In tensit y $O ;~4VE* $K JQF0$9 $k$N $G !" $G$-$k $@$1 C;;~4V $GB,Dj $7 $? J} $,$h$$ !# 2f!9 $O Intensit y $r%*%7%m %9 %3!< %W $G 8+ $F 1 �s $N HO0OFb $NJ?6Q CM $r=V4V $N In tensit y $N CM $H $7 !" $= $l$r 100 E@ $H$j!" J? 6Q 5Z $S !" RMS $r 5a$a$? !#?^ 4.17 $K B,Dj7k2L $r <($9!# J? 6QCM$O V = � 1 : 107 � 0 : 1518 V $G ?^ 4.15 $N B, Dj$r$[ $\ :F8= $7 $F $$ $k !# RMS $K $D$$$F $O !" RMS 7W (Hewlett Pac k art:3400A) $r MQ$$$F$b B,Dj $7 $? !# RM S = 0 : 20 V $h$j >.$5$$CM $G$" $C $? $, !" RMS 7W $N$U $i $D$-$b 0.5V $H Bg$- $/!" $h$$0lCW $r<( $7 $F $$$k$H$$$($k !# peak CM $O � 1 : 30 V $G $" $k$?$a !" $3$3$+$i F)2aN( T $r 5a$a$k $H J?6Q $7 $F !" T = � 1 : 107 � 0 : 1518 � 1 : 30 = 0 : 853 � 0 : 117 $H $J $k !#A}I} N($O T = 1 $N $H $- 1+ R m 1 � R m ’ 2 3 � 93 = 62 $h $j !" Dj>o %S !< %‘$N J? 6QA} I} N( < P > $O < P > = 52 : 9 � 7 : 3 $H$J $k !# Cavit y 4V3V$N0BDj@-$rI>2A$9$k$?$a !" ?^ 4.18 $N%b %G%k $r 9M $( $k !# $"$k Airy function $N p eak $G$N D $, D 0 $@$C $?;~ $= $3 $+ $i � "= 2 $@$1 $U $l $k $H $3$m $G2f!9 $O J? 6Q2= $7 $?$H $9$k$H ?^ 4.18 $N <P@~ It$NJ? 6Q $r$_$?$3 $H$K$J $k !#F)2aN( T $N J? 6QCM T av e $O D = D 0 $N$H$3$m$r 86E@ D = 0 $H $9$k$H !" <0 2.29 $h$j!" T av e = 1 " Z + " 2 � " 2 1 1 + 4 F 2 � 2 sin 2 � 2 � D � � dD @QJ,HO0O [ � "= 2 ; "= 2] $K BP $7 !" " ’ 1 nm $J$N$G !" 2 � D � � 1 $h$j!" sin � 2 � D � � ’ 2 � D � $h$C $F !" T av e = 1 " Z + " 2 � " 2 1 1 + 4 F 2 � 2 � 2 � D � � 2 dD = 1 " Z + " 2 � " 2 dD 1 + 16 F 2 D 2 � 2 D = � 4 F tan � $H JQ49$9$k !# " 2 � � 4 F tan � " $H $9$k$H !" 98

Figure 4.17: feedbac k $r$+$1$? ;~$N Intensit y $N J,I[ 99

Figure 4.18: 0BDj@-$NI>2A T av e = 1 " Z � " � � " 1 1 + tan 2 � � 4 F d� cos 2 � = � 4 F " Z � " � � " d� = � " 2 F " : . :T av e = � 2 F " � tan � 1 � 2 F " � � (4.1) $H$J $k !# F = 93 ; � = 632 : 8 nm $h$j <0 4.1 $rMQ$$$k$H T = 0 : 853 � 0 : 117 $h$j !" " = 2 : 63 +1 : 40 � 1 : 55 nm $N NN0h $G Cavit y length $r @)8f $7 $F $$$k !# 100

Chapter 5 7kO@ ?7 $7 $$ Optical Cavit y $r MQ$$$F2f !9 $O 0J2<$N7kO@$rF@$? !# A02s$N<B83 $H$N Hf3S : ?7 $7 $$ Optical Cavit y $O $=$l $^$G$K MQ$$$? Optical Cavit y $K BP $7 $F !" J#;($J 9=B$$r $7 $F$*$j!" $^ $?:G=i $+$i@)8B $, $D$$ $F$$$k $?$aF~<M 7O $NCJ3, $+ $i$G$N8w<4 9g $o$; $, 6K $a$F =EMW $K$J $C $F$/$k !# 4pAC<B 83 $N;~ $H F1MM 96% $N mirror $r MQ$$ !" $^ $: !" F~<M7O $N 8w <49g$o$;$r 9T$J$$ !" Ca vit y $+ $i $N =P <M8w$r%b %K %? !<$9 $k$3$H$G !" mode matching $N 8e !" T E M 00 mo de $N Airy function $, =P$F$$$k$3$H$r3NG’ $7 $? !# <!$K �nesse 5Z $S !" beam waist $N B, Dj$r 9T$J $$ !" �nesse 93 : 2 � 8 : 47 !" beam waist 19 : 0 � 0 : 31 �m $H $$ $&7k2L $r F@$? !# �nesse $K 4X $7 $F$O !" M}O@CM 77 $h$j Bg$-$$ CM $, =P $? $, !" A02s $N Optical Cavit y $N <B83CM 97 : 5 � 7 : 0,92 : 1 � 6 : 6 $H Hf3S$9$k $H Hs>o $K NI$$ 0lCW $, 8+$i$l !" ?7 $7 $$ Optical Cavit y $O A0 2s$N<B 83$r :F8= $7 $F $$ $k$3$H$, 3N G’ $G $- $k !# b eam waist $K 4X $7 $F$O !" transev erse mo de $r ;H$C $F$NB,Dj $7 $+ 9T $J$C $F$* $i$: !" :#8e b eam div ergence metho d $r MQ$$ $F$N b eam w aist $N 3NG’ $, =EMW $K$J $C$F$/$k !# %S !< %‘Dj>o2=$X$N<B83 : Dj>o %S !<%‘ $r:n$k $?$a $K$O Ca vit y Fb $G %S !<%‘ $, 6&LD $7 $F$$ $k>uBV $K Ca vit y 4V $rJ];} $9 $k I,MW $, $" $k !# $=$N$?$a 2f !9 $O F)2a 8w $r%b%K %? !< $7 !" F)2a8w $, >o $K Airy function $N p eak $K 0LCV $E$1 $k$h $&!" feedbac k $r$+$1$J $,$i %b%K%?!<$rB3 $1 !" Dj>o %S !<%‘$r:n $j =P$9!# �nesse 93 $N Cavit y $G$O !" >/ $J $/ $H$b Airy function $N H>CMI} $K$N$; $k$K$O � 2 = F = 316 : 4 nm 93 ’ 3 : 4 nm $N @:EY $G Ca vit y $r 0BDj2=$5$;$kI,MW $, $" $k !# $^ $: !" ?7 $7 $$ Cavit y $r MQ$$$F mec hanical $J drift $K $h $k transeverse mo de $X$N JQ0L $r M^ $($k $3$H $K@.8y $7 $? !# <! $K %T %( %> $N drift $K $h$k D $N JQ2= $rKI $0 $?$a !" feed back monitor $r MQ$$ $F !" drift $rM^ $( !" F)2a N( $G 0 : 853 � 0 : 117 $K CM $9$k 0B Dj $JDj>o %S !<%‘ $r :n $j =P $9 $3 $H $K@. 8y $7$? !# $3 $l $O (2.29) <0 $+ $i !" 7W ;; $9 $k $H " = 2 : 63 +1 : 40 � 1 : 55 nm $N@: EY $G @)8f $7 $F$$$k $3$H $K$J$k!# $= $3 $GF@ $i $l$? J?6Q A}I} N( $O < P > $O < P > = 52 : 9 � 7 : 3 $G $" $C$? !# 101

%J %N %a !<%?!< $G$N @)8f $r 8=CJ3,$N<B83 $G <B8= $G$-$?$3$H$O :#8e !" A}I}N( $r >e $2 $F$$ $/:] $K !" F~<M7O !" Ca vit y !" feed bac k monitor $N 2~NI $r$9$9 $a$k$3$H $G !" $5 $i$K@)8f$N@:EY $r>e $2 $F$$ $/$3 $H $, 2DG= $G$" $k$3 $H$r <(:6 $7 $F$$ $k $H 8@ $&E@ $G Hs>o $K Bg$-$J0UL# $r ;}$A !" :#8e $N3+H/ $K $*$$$F$bM-MQ$J %G !<%? $K$J $C$? !# 102

Chapter 6 :#8e $N 2]Bj Optical Ca vit y $r MQ $$$? study !& mirror $N H?<M N( R m (catalogue v alue) $H �nesse $N B, DjCM $, 0lCW$r <($5$J$+ $C$? !#=>$C $F !" catalogue v alue $r ?.MQ$9 $k$N$G$O $J $/!" <B:] $K R m $r B, Dj$9 $k I,MW $, $" $k $@ $m $& !# H?<MN( R m $N B, DjK! $H $7 $F$O mirror $K %l !<%6!<$r Ev$F !" H?<M8w $r8+ $k$N $, 0l HV $N NIK!$G$" $k !#C" $7 !" 1zLL%_%i!< $G$" $k$?$a !" H?<M8w $O 9- $, $j$r ;}$C $F $*$j!" 100% 8w$r =8 8w$9 $k%7 %9%F%‘$r 3NN) $9 $k$3$H$, I, MW $K $J $k !#$^$? F1;~$K F) 2a 8w$r%b%K %?!< $7 !" mirror $N loss $r B,Dj$9$kI,MW $, $" $k !# !& beam waist $NB,Dj $G$O x,y J}8~ $, IT0lCW $G$"$C $? !# %, %& %9 %S !<%‘ $O=>Mh1_7A $r $7 $F$$$k $H$O 8B $i$: !" 0lHL $K$O BJ1_ $G$" $k [5] !# $^ $: Cavit y $+$i $N =P<M8w $N Quality factor( BJ 1_EY ) $r B,Dj $7 !" Ca vit y FbIt $N b eam size $r B,Dj $9 $k $3 $H $, I,MW $G$"$k!# B, Dj $O CCD %+ %a %i $rMQ$$ !" b eam divergence $r B,$k $N $HF1MM !" z J}8~ $K2?E@ $+ CCD %+ %a %i $rF0 $+ $7 !" %S !<%‘%5 %$ %: $rB,Dj $7 $F !" %S !<%‘ $N7A $NJQ2= $r$r$*$C $F$d$kI, MW $,$" $k !# %S !<%‘ $NBJ1_EY $, Bg$- $$;~ $O%_%i!< $N6J N(H> 7B $N@:EY $r>e $2 $F !" $b$&0l EY B,Dj $r9T $J$$ !" ?? 1_ $N>u BV $K$J $C $F$$$k $3 $H $r3NG’ $7 $F $+ $i$b $& 0l EY b eam $N9- $,$j$rB, Dj $7 $F !" beam size $r B,Dj$9 $l $P NI$$!# 6JN( H>7B $N@:EY $O2C9)>e?t %* %s %0 %9 %H %m!<%‘$^ $G$" $2 $k$3 $H $, 2DG= $G$" $k !# !&0B DjNN 0h $, b eam w aist $, >.$5 $$ $H$3$m $G $O @5 $7 $/B,Dj $G$- $F$$$J$$!# ?7 $7 $$ Cavit y $G $O drift $, $J$$$?$a !" #0<!$H#1 <!$N mo de $N Hf $, 3F%Q%i %a !<%?!<Kh $K @5 $7 $/B,Dj $G$- $k !#:#8e?7 $7 $$ Cavit y $G$O !" in tensit y $N J,I[$H F1;~ $K#0 <! $H#1 <!$N mo de $N Hf $r B, Dj $7 !" M} O@ $H$N0lCW $r8+$kI,MW $,$" $k!# C" $7 !" %S !<%‘<4 $H z J}8~ $, 0lCW $7 $F$$$J$$>l 9g $, $" $k$?$a !" [11] $K $" $k$h $& $K 0lHL$N 7A $G 0lCW $7 $F $$ $k$3$H$r 3NG’$9$k I,MW $, $" $k !# $3 $l$K 4X $7 $F$O ?7 $7 $$ Optical Cavit y $G B,Dj$r9T$J $&I,MW $,$" $k !# !& :#2s $N<B83 $G $O %T %( %>$, ESCf $G 2u $l$F $7 $^$C $? !# %T %( %> $K 4X $7 $F :# $N %7 %9 %F%‘ $G $I $N$h $& $K ?6Iq $& $+$r study $9$kI,MW $, $" $k !#FC $K %T %( %> $K$+$1 $kEE05$N<~GH?t , ?6I}5Z $S %T %( %> $K$+$+ $k NO $K BP$9 $kBQ 5W@-$r study $9 $k $H$H $b$K drift $d hysteresis $K 4X $7 $F 103

87L) $K B,Dj $9 $kI, MW $,$" $k!# �nesse $d b eam waist B,Dj $K4X $7 $F$O function generator $G ?6 $i$: !" GP-IB $G EE05$r=y !9 $K JQ$($F$$$- airy function $r $k !# $3$N J}K! $O 9b<~GH $G Aa$/F0 $+$5$: $K B,Dj $G$-$k$? $a %T%( %> $r DK$a $J$$ !# ( $? $@ $7 !" $3$NJ}K! $O Ca vit y $N drift $, $J $$ >l9g $K $7 $+ B,Dj2DG= $G$J$$ !# ) !& mo de matching $K :] $7 $F$O :Y $+$$ HyD4@0 $K$O %T %( %> $r MQ$$$k !# $h$j9b $$ A}I}N($K8~ $1 $F !& $^$: mechanical $J ?6F0$r M^ $( $k$3$H $, I, MW $G$" $k !# $"$*$jIt$O%P%M$G ;Y$( $i$l$F $$ $k $?$a !" 30 $+ $i$N $8 $g$& Mp $r$b$C $H$b $& $1$d$9$$ItJ, $G$"$k !# @: EY $r%J%N %a !<%? !< $+$i %* %s %0 %9 %H %m!<%‘ $X>e $2 $k:] $K$^ $:$"$* $jIt $N2~ NI $, I,MW $G$"$k !# $? $@ $7 !" :# $N $H $3 $m 2~NI $K BP$9$k6qBNE* $J J}K! $O$J$$ !# !& <B 83$G$O feedback system $N <~ GH ?t , %T %( %> $N ?6 I}$O :G E, 2=$5$l $? $b $N$G$O $J$+ $C$? !# feedback $r$+$1$?$H$- resp once function $r CN$kI,MW $,$" $k !# 6qBN E* $K$O �nesse $N Bg $-$$ Cavit y $r MQ$$ !" peak $G 0BDj2= $5$; $?8e !" %Q %k %9GH $b $7 $/ $O6k7AGH $rAw$C $F$=$N ;~$N resp once $r 8+$F !" responce function $r D4$Y $k$3$H$, 2D G=$G$" $k !# $= $l$K $h $j !" feedback system $N<~GH?t , %T %( %> $N ?6I} $O :GE,2=$9$k $3$H$G !" $h$j p eak 6a$/ $NMI $i $. $r M^ $( $k $3$H $, 2DG= $G$" $k !# !& F~<M %S !<%‘ $O6u5$ $N $f $i $. $K $h$j2#J}8~ $K ?t �r ad DxEY drift $9$k !# :# 2s $N<B83 $G $O$=$N $f $i $. $O 8z $$ $F$3 $J $+$C $? $, !" :#8e @:EY $r>e $2 $F$$ $/:] !" F~ <M7O $N@:EY $r>e $2 $F$$$/ I,MW $, $" $k !#0BDj2= $K 8~ $1$F$O #1 !#F~<M7O $r??6u $K $9$k !# #2 !# %m %C %I $K $h$k;Y;} $G$N $f $i $. $r$J $/$9 $? $a !" F~<M 7O A4BN $r F e $G J$ $$ !" F~ <M7O $N %3%s%] !<%M %s %H $r cylindrical $K ;Y $( $k !# #3 !# %O!<%U%_%i!<$r F~<M 7O $K #22U=j CV$- !" #4$DL\ photo-dio de $G %b%K %?!< $7 !" $f $i $. $K $?$$ $7 $F !" feedbac k $r$+$1 $k [12] !# $, 9M $($i $l $k !# 2CB.4o install $K :] $7 $F !& 9b??6uCf$G$N cavit y $N ?6Iq$$ !& e � %S !<%‘ $K BP$9$k %9 %-%c %s$N ;EJ} !# $, $" $2 $i$l $k !# 104

<U<- K\<B83 $O 0J2< $N3’MM $N6(NO $,$J $1 $l $P @.8yCW $7 $^$; $s$G $7 $? !# ?< $/ ?4 $h$j46 <UCW $7 $^$9 !# $^ $: !" =* ;O7c Ne $H8f;X F3 $rD: $-$^ $7 $? 5~ET Bg 3X $N:{Hx EP 65 <x $K ?4 $h $j!" 46 <U CW $7 $^ $9!# <B 83 $K BP $7 !" >o $K E* 3N $J%3 %a %s %H $r M? $($F 2<$5$j!" ;~ $K$O <B83$r<jEA$C$F D:$-$^ $7 $? !#$^ $? #3G/4V$3$N<B83 $r ;Y $($F 2<$5$C$?5~ETBg3X$N0o8+9/IW;a $K 46<UCW $7 $^$9!# 9b%(%M %k %. !< 2CB.4o8&5f5!9=$NJ} !9 $K$O MM !9 $J LL $G 6(NO $r D:$-$^ $7 $? !#$^ $: K\8&5f$N5! 2q$rM? $($F 2<$5$C$?1: @n=g<#=u65<x $K ?4$h$j46<UCW $7 $^$9!# 2CB.4oB& $+$i $N E,@Z $J%3 %a %s %H$r D:$- !" $^ $? A TF $H$$ $&2CB.4o $r ?( $l $k5!2q $r D:$-B?$/ $N$3$H$r3X $P $;$F Lc$$$^ $7 $? !# feedback 2sO) $r :n$C $FD:$$$?C+8}7I;a $K$O <B83$r<jEA$C$FD:$$$? $@$1$G$O$J $/!" EE ;R2sO) 0lHL $K$D$$ $FB?$/ $N $3$H $r65 $($FD: $-$^ $7 $? !# ?4 $h$j 46<U CW $7 $^$9 !# ?7 $7 $$ Optical Ca vit y $r :n$C$FD:$$$?9):n$NElJ]CK;a $K$O 9):n0lHL !" FC $K%J %N %a !< %?!< $G$N%3 %s%H %m !< %k$N Fq $7 $5 $r65 $($FD: $-$^ $7 $? !# $^ $?E0Lk $G$N<B83 $K$b<jEA $C $FD:$$ $? $3$H $K?4$h$j46 <UCW $7 $^$9 !# 2CB.4o $N Timo Korhonen ;a $K $O 8w3X0l HL !" FC $K %l !<%6!< $K4X $7 $FB?$/ $N $3 $H$r3X $P $;$FD: $-$^ $7 $? !# <B83 $r<jEA $C $FD: $$$? $@$1$G$J$/!" D A Q %7 %9 %F%‘$N9=C[ $K 7H $o$C $FD:$$ $? $3$H $K$b ?4$h$j46<UCW $7 $^$9!# A0G/EY $3$N <B83 $r 9T$C$F$$$?El5~9)6HBg3X$N:eB<K-;a $K$O C;$$4V $G$N 0z$-7Q $. $G $7 $? $, M}O@7W;; 5Z $S Cavit y %7 %9 %F%‘ $NA0G/ EY $+ $i$N2~NIE@ $J $I $r 65 $($FD:$-$^ $7 $? !# ?4 $h $j46<U CW $7 $^$9!# B> !" <B83 $K :] $7 !" <B83AuCV $r B_ $7 $F D:$$$?$j !" <B83 $r <jEA$C $F D:$$$?$j!" =u8@ $r D:$-$^ $7 $?5~ETBg3X9b %(%M %k %. !< %0%k !< %W $N3’MM !" A TF %0 %k !< %W $N 3’MM !" El5~ET N)Bg3X $N?y;3@: Gn;a !" EZ669n9-;a $K 46<UCW $7 $^$9!# :G8e $K$3$3 $^ $G ;d $r ;Y $($F 2<$5$C$?N>?F $K ?<$/?4$h$j46<UCW $7 $^$9!# 105

App endix A T ungsten wire scanner $r MQ $$ $? <B83 Figure A.1: T ugsten wire scanner A TF $G$O extraction It $G$N b eam size B,Dj $,$J$5 $l$? !# T ugsten wire $r ;H $C $F e � %S !<%‘ $r %9 %- %c %s $7 !" $= $N;~ Bremsstrahlung $K$h $C $F=P $F$/ $k @~ $N Intensit y $NJ,I[ $r8+$k $3 $H $G %S !<%‘%5 %$ %:$rB,Dj$9$k $H$$ $& $b$N $G$"$k!# ?^ A.1 $O$=$N;~;H$C $? wire scanner $G$"$k !# 50 �m $H 10 �m $N T ungsten wire $, ?eJ? !" 45 � !" ?bD>$N#3 J} 8~ $K D%$i$l$F $$ $k$N $, $o$+ $k !# $3 $l $i $r stepping mortor $G F0$+ $7 !" wire $r b eam $K BP $7 $F %9%-%c %s $7 $F $$ $/ !# stepping mortor $O 5 �m 4V3V$G F0$/$3$H $, 2DG=$G$" $k !#B,Dj7k2L (10 �m wire , ?bD>J}8~ ) $r ?^ A.2 $K <($9!# 106

J,I[ $r Gaussian $H 2>Dj $7 $F %S !<%‘%5 %$ %:$rB,Dj$9$k $H !" %S !<%‘%5 %$ %:$O 55 : 3 �m $G$" $C $?!# %(%_ %C %? %s %9 � y = 1 : 62 � 10 � 10 $H$$$& 7k 2L $rF@ $k!# $3 $N7W ;; $KBP $7 $F $O t wiss parameter � $, I,MW $@ $, $= $l$O $=$N <jA0$N Quadrop ole Magnet $r JQ2=$5$; � $N CM$rF@$F$$$k !# Figure A.2: Wire scanner $K $h$k extraction It$N e � %S !< %‘%5 %$ %: B,Dj 107

App endix B ?7 $7 $$ Optical Ca vit y ?^LL ?7 $7 $$ Optical Ca vit y $N ?^ LL$r 7G:\$9 $k !# $= $l $> $l 8eLL ?^5Z $S !" B&LL$N CGLL ?^ $G$" $k !# 8e LL?^$K 4X $7 $F$O 9b$5 130 mm I} 140 mm $G $" $j !" %S !< %‘8}$N Cf?4 H>7B$O 12 mm $G $" $k !# B&LL$N CGLL?^ $O$" $*$j It $+$i%T %( %> It$NC<$^$G $, 147 mm $G $" $k !#%^ %$%/ %m %a !<%?!<$ND4 @0ItJ, $K$O %^ %$%/ %m %a !<%?!< $@$1$G$J $/<B:] $K$O %T %( %> $, AH$_9~$^ $l $F $*$j!" %T %( %> $K $h $kHyD4@0 $, 2DG= $K$J $C$F$$$k !# :#2s $N <B83 $G$O %^ %$ %/ %m %a !<%?!<It$N %T %( %> $N study $, =P Mh$F$$$J $+ $C$?$?$a !" %T %( %> $O MQ$$$J $+ $C$? !# 108

Figure B.1: ?7 $7 $$ Optical Cavit y ?^LL 109

App endix C feedbac k monitor 2sO)?^ feedback monitor $N2sO) ?^ 5Z $S !" <L ?? $r<( $9 !# feedbac k $OBg $-$/ F1 4| 8! GH It!" @Q J,!" clo c k $N#3$D $K$o$+ $l $F$$ $k !# $= $l$i $N @\B3 $O lemo %1!< %V %k$G 9T$J $o $l $? !# [13] 110

Figure C.1: feedback 2sO)?^ ( F14|8!GHItJ, ) 111

Figure C.2: feedbac k 2sO)?^ ( @QJ,5Z $S Bu�er ItJ, ) 112

Figure C.3: feedbac k 2sO)?^ (clo ck 5Z $S %N %3 %. %jGH:n@.ItJ, ) 113

Figure C.4: <L??!’ feedback 2sO) 114

Bibliograph y [1] J.D.Jac kson;’Classical Electro dynamics’,2nd ed.,p661 (1975) [2] F.Hino de,S.Kaw abata,H.Matsumoto,K.Oide,Seishi T ak eda and J.Urak a w a(KEK);’A TF Design and Study Rep ort’(1995) [3] Tsumoru Shintak e;’Prop osal of a nanometer b eam size monitor for e + ; e � linear col- liders’,Nucl.Instr.and Meth.A311,p453 (1992) [4] Y Sak am ura;Master thesis (Kyoto Universit y (1997)),unpublished [5] Amnon Y ariv;’Optical Electronics’,4th ed.,(1991) [6] J!8w1wEQ;0 ; 8w%( %l %/ %H %m%K %/%9F~Lg ; ><98F2 [7] B.T ehan Landesman;’Geometrical representation of thefundamen tal mo de of aGauss geam in oblate spheroidal co ordinates’,J.Opt.So c.Am.A6(1),p5(1989) [8] Miles V.Klein,Thomas E.F urtak;’OPTICS’,2nd ed.,p296-307 [9] Dana Z.Anderson;’Alignmen t of resonan t optical cavities’, Appl.Opt.v ol.23 no.17,p2944,(1984) [10] Nicholas M.Sampas and Dana Z.Anderson;’Stabilization of laser b eam alignment to an optical resonator by hetero dyne detection of o�-axis mo des’,Appl.Opt.vol.29 no.3,p394,(1990) [11] F.Bay er-Helms;’Coupling co e�cients of an incident wa v e and the mo des af a spher- ical optical resonator in the case of mismatching and misalignment’,Appl.Opt.v ol.23 no.9,p1369,(1984) [12] S.Grafstrom,U.Harbarth,J.Kow alski,R.Neumann and S.No eh te; ’F ast laser b eam p o- sition con trol with submicroradian precision’ ,Opt.Comm.vol.65 no.2,p121,(1988) [13] P .Horo witz W.Hill;’The art of electronics’,2nd ed.(1989) 115