HBS MQ CCD %+ %a %i CR YOCAM-2 $N @- G= %F %9 %H (2) El KL Bg 3X Bg 3X 1! M} 3X 8& 5f 2J E7 J8 3X @l 96 Gn ;N 2] Dx 8e 4| 1 G/ =) ED C+ MN Gn ;N 2] Dx A0 4| 1 G/ Cf ;3 3P J? @. 11 G/ 7 7n 14 F| 1 $O $8 $a $K HBS $G $O <u 8w MQ CCD %+ %a %i $H $7 $F !" TI <R $N CCD %A %C %W !" TC{215( %T %/ %; %k %5 %$ %: : 12 � m ;M J} !" %U %) !< %^ %C %H :1024 � 1024 %T %/ %; %k ) $r Ek :\ $7 $? Micro Luminetics <R @= CR YOCAM $r ;H MQ $7 $F $- $? !# $3 $N EY !" HBS $N <u 8w 46 EY 8~ >e $H 4Q B, GH D9 0h $N 3H Bg $r L\ E* $H $7 $F !" SIT e <R CCD %A %C %W SI{502A( %T %/ %; %k %5 %$ %: :24 � m ;M J} !" %U %) !< %^ %C %H :512 � 512 %T %/ %; %k ) $r ;H MQ $7 $? CCD %+ %a %i !" CR YOCAM{2 $r F3 F~ $9 $k $3 $H $H $J $C $? !# $3 $N %+ %a %i $N F3 F~ $K $h $j !" 4000{9000 � A $N GH D9 0h $K $* $1 $k NL ;R 8z N( $, => Mh $N 20{60% $K BP $7 $F 50{85% $H $J $j !" <u 8w 46 EY $, 8~ >e $9 $k !# $^ $? !" 3600{4000 � A $N GH D9 0h $N 46 EY $b 8~ >e $9 $k $? $a ( NL ;R 8z N( 40{60%) !" 8w 3X 7O $N 2~ =$ $H J; $; $F !" HBS $N 4Q B, 2D G= GH D9 0h $r C; GH D9 B& $G � 3600 � A $^ $G 3H D% $9 $k !# CR YOCAM{2 $r 4Q B, $G ;H MQ $9 $k $? $a $K $O !" @- G= ;n 83 $r 9T $J $$ %+ %a %i $N FC @- $r == J, CN $k $3 $H $, =E MW $G $" $k !# 1998 G/ 12 7n $K !" Bh 1 <! ;n 83 $r 9T $J $C $F $* $j 4{ $K Js 9p $7 $? !# $= $N 7k 2L $r F’ $^ $( $F !" :# 2s $5 $i $K >\ :Y $J ;n 83 $r 9T $J $$ !" 4Q B, $N :] $K I, MW $H $J $k %+ %a %i $N <g $J FC @- $r L@ $i $+ $K $7 $? !# 0l ;~ E* $J F0 :n IT NI $O 8+ $i $l $? $b $N $N !" $= $l 0J 30 $N 7k 2L $r Am 9g $9 $k $H !" 4Q B, $K 6! $9 $k $K $" $? $C $F K~ B- $G $- $k 7k 2L $, F@ $i $l $? !# 2 <B 83 $N 35 MW CR YOCAM{2 $K 4X $7 $F $O !" 1998 G/ 12 7n $K %7 %c %C %? !< 3+ JD $J $I $N 4p K\ F0 :n $N 3N G’ !" gain(ADU{electron ?t Hf ) $N B, Dj !" readout noise !" G. ;( 2; $N B, Dj $J $I $r 9T $J $$ !" 4{ $K Js 9p $7 $? ( !V HBS MQ CCD %+ %a %i CR YOCAM{2 $N @- G= %F %9 %H (1) !" 1999.5.4 !" =) ED C+ ) !# IU O? A $K H4 ?h $r 7G :\ $7 $? !# :# 2s !" CR YOCAM{2 $, <B :] $N 4Q B, $K BQ $( $& $k ;E MM $K $J $C $F $$ $k $+ $r 3N G’ $7 !" 4Q B, %G !< %? $N Dj NL I> 2A $N :] $K I, MW $H $J $k %+ %a %i $N =t FC @- $r L@ $i $+ $K $9 $k $? $a $K !" 0J 2< $N 9‘ L\ $K $D $$ $F <B 83 $r 9T $J $C $? !# � linearity $N B, Dj $H 4Q B, $G ;H MQ $9 $k gain @_ Dj $N 7h Dj (3.1 @a ) � dark 2h A| $N FC @- (3.2 @a ) � %7 %c %C %? !< 3+ JD B. EY (3.3 @a ) � readout noise $N ADC B. EY 0M B8 @- (3.4 @a ) 1

� dark !" bias $N CCD 29 EY 0M B8 @- (3.5 @a ) � dark !" bias $N TEC(Thermo-Electric-Co oler) 29 EY 0M B8 @- (3.6 @a ) � 0[ $J $k gain @_ Dj 4V $N %+ %& %s %H Hf Nc @- (3.7 @a ) � ;D A| 8= >] (3.8 @a ) <B 83 $O !" 1999 G/ 6 7n 4 F| ( 6b ) $+ $i 7 F| ( 7n ) $K $+ $1 $F !" 9q N) E7 J8 Bf F2 J? 4Q B, =j $N 0E << !" 91cm K> 1s 6@ %I !< %‘ $K $F !" =) ED C+ !" Cf ;3 $N 2 L> $, <B ;\ $7 $? !# <B 83 7W 2h =q $r IU O? B $K 7G :\ $7 $? !# 3 @a $K 3F <B 83 $N 35 MW $H 7k 2L $r <( $9 !# $J $* !" 3.1 @a !" 3.2 @a !" 3.3 @a !" 3.7 @a !" 3.8 @a $O =) ED C+ $, !" 3.4 @a !" 3.5 @a !" 3.6 @a $O Cf ;3 $, C4 Ev $7 $? !# 3 <B 83 $H 7k 2L 3.1 linearit y $N B, Dj $H 4Q B, $G ;H MQ $9 $k gain @_ Dj $N 7h Dj 3.1.1 GX 7J M} A[ E* $K $O !" CCD %A %C %W $N 3F %T %/ %; %k $K $* $1 $k ADU %+ %& %s %H CM $O F~ <M 8w NL $K Hf Nc $9 $k $Y $- $@ $, !" <B :] $O $= $& $J $C $F $O $$ $J $$ !# FC $K !" $3 $N $h $& $J Hs @~ 7A $N 8z 2L $O !" CCD $K N/ $k EE ;R ?t $, B? $/ $J $k $[ $I Bg $- $/ $J $k $H M= A[ $5 $l $k !# $3 $N <B 83 $G $O !" 4Q B, $G ;H MQ $9 $k 2D G= @- $N $" $k 3F gain @_ Dj $K $* $1 $k !" F~ <M 8w NL $K BP $9 $k ADU CM $N @~ 7A @- $r D4 :: $9 $k !# $3 $l $r $b $H $K !" Hs @~ 7A $N 8z 2L $, @8 $‘ JP 8w EY B, Dj 8m :9 $r I> 2A $7 !" ;H MQ $K E, $7 $? gain @_ Dj !" $* $h $S !" $= $N @_ Dj $G $N ;H MQ 2D G= $J >e 8B ADU CM $r 7h Dj $9 $k !# 3.1.2 gain @_ Dj $N 7h Dj $H <B 83 A0 $b $C $F !" %+ %a %i $N %= %U %H >e $G $N gain @_ Dj 8 � 4( g 0 = 2 : 39[ADU =e � ]) !" 8 � 2( g 0 = 1 : 20[ADU =e � ]) !" 8 � 1( g 0 = 0 : 598[ADU =e � ]) !" 4 � 1( g 0 = 0 : 299[ADU =e � ]) !" 2 � 1( g 0 = 0 : 15[ADU =e � ]) $K $* $$ $F Bg ;( GD $J @Q J, ;~ 4V $- $6 $_ $G @~ 7A @- $N D4 :: $r 9T $J $C $? !# $3 $l $K $h $j !" L@ E7 BN MQ ( Dc gain @_ Dj ) $H $7 $F $O 8e =R $9 $k j � 1 j < 1 = 200 $N >r 7o $r K~ $? $7 $= $& $J $b $N $H $7 $F !" 8 � 1 !" 4 � 1 $N 2 @_ Dj $r A* Br $7 !" >\ :Y $J ;~ 4V $- $6 $_ $G $N @~ 7A @- D4 :: $r 9T $J $C $? !# $^ $? !" 0E E7 BN MQ ( 9b gain @_ Dj ) $H $7 $F $O !" %= %U %H $G @_ Dj $7 $& $k :G Bg $N gain @_ Dj 8 � 8( g 0 = 4 : 78[ADU =e � ]) $r A* Br $7 !" F1 MM $N >\ :Y $J @~ 7A @- D4 :: $r 9T $J $C $? !# 3F gain @_ Dj $K $* $$ $F !" 0B Dj $+ $D %A %C %W >e $G 0l MM $K 6a $$ 8w $r !" @Q J, ;~ 4V $r JQ 2= $5 $; $F >H <M $7 $? !# 8w 8; $H $7 $F $O !" Dj EE 05 EE 8; ( $= $l $> $l a few v olt $G ;H MQ !" 0B Dj @- $O 0.01V 0J 2< ) $K @\ B3 $7 $? %O %m %2 %s %i %s %W A0 $K $9 $j %, %i %9 $r @_ CV $7 $? $b $N $r ;H MQ $7 $? !# 40 A4 $J 0l MM 8w $O :n $l $J $+ $C $? $, !" %A %C %W >e $N ADU %+ %& %s %H CM :G Bg $N NN 0h Ls 900 %T %/ %; %k Dx EY $G !" %T %/ %; %k 4V $N ADU CM $N I8 =‘ JP :9 $, photon noise $+ $i M= A[ $5 $l $k CM $N Ls 2 G\ Dx EY 0J 2< $K $J $k $h $& $K @_ Dj $G $- $? !# $3 $N NN 0h $G !" %+ %& %s %H $, 6000{9000ADU Dx EY $: $D A} 2C $9 $k $h $& $K @Q J, ;~ 4V $r A} 2C $5 $; !" 60000ADU $N %+ %& %s %H $, F@ $i $l $k @Q J, ;~ 4V $^ $G 2h A| <h F@ $r 9T $C $? !# Bias !" Dark 2h A| <h F@ $O E, 59 9T $C $? !# >0 !" gain 2 � 1( g 0 = 0 : 15[ADU =e � ]) $G $N <B 83 $N :] !" Ls 36,000 ADU $G blo oming $r @8 $8 $? !# $3 $N $H $- $N electron ?t $O !" 36 ; 000 =g 0 = 240 ; 000 e � $H $J $j !" $3 $l $, full well $H $J $k !# 2

3.1.3 3F gain @_ Dj $K $* $1 $k @~ 7A @- $H JP 8w EY B, Dj 8m :9 8 � 8( g 0 = 4 : 78[ADU =e � ]) !" 8 � 1( g 0 = 0 : 598[ADU =e � ]) !" 4 � 1( g 0 = 0 : 299[ADU =e � ]) $N 3 @_ Dj $K $D $$ $F >\ :Y $J @~ 7A @- $r D4 :: $7 $? !# 4p K\ =h M} $H $7 $F !" 3F @Q J, ;~ 4V $G $N 8w >H <M 2h A| $K $D $$ $F !" J# ?t 2h A| $N J? 6Q 2= $H A0 8e $N Dark J? 6Q 2h A| $N :9 0z $- $r 9T $J $C $? !# 3F @Q J, ;~ 4V $K $* $1 $k ADU %+ %& %s %H $H $7 $F !" 2h A| Fb $G ADU %+ %& %s %H CM $, :G Bg $H $J $k NN 0h x:201{300 !" y:231{260 $N 900 pixels $K $* $1 $k J? 6Q CM $r MQ $$ $? !# >H <M 8w $O 2h A| Fb $G $O 40 A4 $K 0l MM $G $O $J $+ $C $? $, !" pixel 4V $N ADU %+ %& %s %H CM $N I8 =‘ JP :9 $O !" photon noise $+ $i M= A[ $5 $l $k I8 =‘ JP :9 $N Ls 2 G\ 0J 2< $K $* $5 $^ $C $F $$ $? $N $G ( I= 1) !" A* Br $7 $? NN 0h Fb $G $N >H <M $N $‘ $i $O L5 ;k $G $- $k $H $7 $? !# C" $7 !" gain 8 � 8 $K $* $$ $F $O !" NN 0h Fb $G $N ADU %+ %& %s %H CM $N $P $i $D $- $, !" photon noise $+ $i M= A[ $5 $l $k I8 =‘ JP :9 $h $j $b >. $5 $/ $J $C $F $$ $k !# $3 $l $O !" gain 8 � 8 $N <B 83 $N D> A0 $K !" gain $N 0[ >o JQ 2= (4.1 @a ;2 >H ) $, H/ @8 $7 !" $= $N $^ $^ <B 83 $r 9T $J $C $F $7 $^ $C $? 2D G= @- $, $" $k !# <B B, $N ADU %+ %& %s %H CM $N $P $i $D $- $+ $i ?d NL $9 $k $H !" <B :] $N gain $, G\ Dx EY $K $J $C $F $$ $? $+ $b $7 $l $J $$ !# C" $7 !" $3 $N >l 9g $O !" %@ %$ %J %_ %C %/ %l %s %8 :G Bg $N ADU CM ( !A 65,000 ADU) $K $* $1 $k electron ?t $O gain 8 � 8 $N >l 9g $N G\ Dx EY $K $J $k !# $3 $N $H $- $N linearity $K Ld Bj $, $J $1 $l $P !" %@ %$ %J %_ %C %/ %l %s %8 0l GU $K $* $1 $k electron ?t $, $5 $i $K >/ $J $/ $J $k !" gain 8 � 8 $N @_ Dj $K $* $1 $k linearity $O Ld Bj $, $J $$ $H 8@ $( $k $@ $m $& !# @~ 7A @- $r I= $9 4X ?t $H $7 $F !" N ADU = a � t (1) $r 2> Dj $9 $k !# $3 $3 $G !" N ADU [ADU] $O ADU %+ %& %s %H CM !" t [sec] $O @Q J, ;~ 4V !" a [ADU/sec] $O F~ <M 8w $N 6/ EY $r I= $9 Hf Nc Dj ?t !" $O @~ 7A @- $+ $i $N $: $l $r I= $9 ;X ?t $G !" @~ 7A @- $, 40 A4 $J $H $- 1 $G $" $k !# $5 $F !" CCD $N @~ 7A @- $, <0 (1) $G I= $5 $l $k $H $- $K !" >o 8w 6/ EY $, I o !" 0[ >o 8w 6/ EY $, I e $N E7 BN $r 4Q B, $9 $k >l 9g $r 9M $( $k !# $3 $N $H $- !" ?? $N JP 8w EY P real $O !" P real = I o � I e I o + I e (2) $H $+ $1 $k !# 0l J} $G !" CCD $N @~ 7A @- $N 0- $5 $K $h $j !" 4Q B, $G F@ $i $l $k JP 8w EY P obs $O !" P obs = I o � I e I o + I e (3) $H $J $k !# <0 (3) $r P real � 1 $N 2> Dj $r CV $- E, Ev $K 6a ;w $r 9T $J $$ JQ 7A $9 $k $H !" JP 8w EY B, Dj $K $* $1 $k 8m :9 � P = P obs � P real $O !" � P � ( � 1) P real (4) gain @_ Dj @Q J, ;~ 4V [sec] J? 6Q %+ %& %s %H CM %T %/ %; %k 4V photon noise $+ $i [ADU] I8 =‘ JP :9 [ADU] M= A[ $5 $l $k I8 =‘ JP :9 [ADU] 8 � 8 (?) 100 30067 245(!) 379 8 � 1 50 31557 197 138 4 � 1 80 33542 197 100 I= 1: 3F gain @_ Dj $N E, Ev $J @Q J, ;~ 4V $K $* $1 $k !" NN 0h x:201{300 !" y:231{260 $N 900 pixels $N J? 6Q ADU CM !" %T %/ %; %k 4V I8 =‘ JP :9 !" photon noise $K $h $k I8 =‘ JP :9 $N M} O@ CM !# gain 8 � 8 $G %T %/ %; %k 4V I8 =‘ JP :9 $, M} O@ CM $h $j >. $5 $/ $J $C $F $$ $k $N $O !" gain $N 0[ >o JQ 2= $K $h $k 2D G= @- $, $" $k ( K\ J8 ;2 >H ) !# 3

$9 $J $o $A !" � P P real � � 1 (5) $H $J $k !# @Q J, ;~ 4V t $H ADU %+ %& %s %H CM N ADU $N B, Dj CM $r !" 3F gain @_ Dj $4 $H $K ?^ 1 !" 2 !" 3 $K <( $7 $? !# J; $; $F !" == J, @~ 7A @- $, NI $$ $H ;W $o $l $k 0 � N ADU � 10000 $G $N Hf Nc 4X ?t %U %# %C %F %# %s %0 ( <0 (1) $G = 1 : 0 $H $7 $? >l 9g $N 4X ?t ) $H !" 0 � N ADU � 65000 $G $N <0 (1) $N %U %# %C %F %# %s %0 $r $= $l $> $l GK @~ !" 0l E@ :? @~ $G <( $7 $? (gain 8 � 8 $G $O N> <T $O $[ $\ 0l CW ) !# $3 $l $K $h $k $H !" 9b gain @_ Dj $G $" $k gain 8 � 8 $G $O !" %@ %$ %J %_ %C %/ %l %s %8 0l GU $G = 1 : 0 $H NI $$ @~ 7A @- $r <( $9 $N $K BP $7 $F !" Dc gain @_ Dj $G $" $k !" gain 8 � 1 !" 4 � 1 $G $O !" > 1 $H $J $k 79 8~ $, $" $j !" gain $, Dc $$ $H $= $N 79 8~ $O 6/ $$ !# ?^ 4 $K $O !" $= $l $> $l $N gain @_ Dj $K $D $$ $F !" <0 (1) $N %U %# %C %F %$ %s %0 $G ;H MQ $9 $k N ADU $N HO 0O $N >e 8B ( 2< 8B $O 0 ADU) $r JQ $( $? ;~ $N !" >e 8B $N ADU CM $K BP $9 $k � 1 !" $* $h $S !" JP 8w EY B, Dj 8m :9 � P =P $r <( $7 $? !# %U %# %C %F %# %s %0 $G $O !" $^ $: 0 � N ADU � 10000 $N HO 0O $G = 1 : 0 $H $7 $F <0 (1) $r E, MQ $7 $F Hf Nc 78 ?t a $r 7h Dj $7 !" 0J 8e $O !" a $r 8G Dj $7 $F !" @Q J, HO 0O $N >e 8B N max $r 5000 $- $6 $_ $G A} $d $7 $J $, $i !" 0 � N ADU � N max $N HO 0O $G !" <0 (1) $r E, MQ $7 !" $= $l $> $l $N N max $K $* $1 $k $r 7h Dj $7 $? !# gain 8 � 8 $G $O !" N max $, %@ %$ %J %_ %C %/ %l %s %8 0l GU $N 65000 ADU $K $J $C $F $b !" � 1 � 0 $G $" $j !" A4 %@ %$ %J %_ %C %/ %l %s %8 $K $* $$ $F !" JP 8w EY B, Dj 8m :9 � P =P $O L5 ;k $G $- $k Dx EY $G $" $k !# $b $7 !" @h =R $7 $? $h $& $K !" gain 8 � 8 $N <B 83 ;~ $K gain @_ Dj $, JQ 2= $7 $F $$ $? $H $7 $F $b !" $= $N ;~ $N gain $O gain 8 � 8 $N gain $K Hf $Y $F !" Dc $/ $J $C $F $$ $? $H ?d Dj $5 $l $k $N $G !" $3 $N <B 83 $G F@ $? NI $$ @~ 7A @- $, !" $h $j %@ %$ %J %_ %C %/ %l %s %8 $" $? $j $N EE ;R ?t $, >/ $J $$ ?? $N gain 8 � 8 @_ Dj ;~ $K 6K C< $K 0- $/ $J $k $H $O 9M $( $K $/ $$ !# 0J >e $h $j !" 9b gain @_ Dj $H $7 $F $O gain 8 � 8 $r I8 =‘ $N gain @_ Dj $H $9 $k !# 0l J} !" Dc gain @_ Dj $G $" $k gain 8 � 1 !" 4 � 1 $G $O !" N max $, Bg $- $/ $J $k $K $D $l $F @~ 7A @- $, 0- $/ $J $j � 1 !" $9 $J $o $A JP 8w EY B, Dj 8m :9 � P =P real $, Bg $- $/ $J $k !# HBS $G @8 $8 $k JP 8w EY B, Dj 8m :9 $O !" E7 BN $N JP 8w EY $, Bg $- $$ ;~ $O %9 %Z %/ %H %k 4V $N cross talk $K $h $j � P crosstalk =P � 1 = 50 $N Dx EY $G $" $k (Ka w abata et al. 1999, P ASP , 111, 898) !# $3 $3 $G !" @~ 7A @- $N 0- $5 $, @8 $‘ JP 8w EY B, Dj 8m :9 $N 5v MF NL $r !" � P max =P � (1 = 4) � � P crosstalk =P � 1 = 200 $H @_ Dj $9 $k $H !" %@ %$ %J %_ %C %/ %l %s %8 0l GU $G j � P =P j = j � 1 j < � P max =P $H $J $k $N $O !" $3 $3 $G D4 :: $7 $? Dc gain @_ Dj $N Cf $G $O !" gain 8 � 1 $N $_ $H $J $k !# $h $C $F !" Dc gain @_ Dj $H $7 $F $O !" gain 8 � 1 $r ?d >) @_ Dj $H 7h Dj $9 $k !# $J $* !" >e 5- $N JP 8w EY B, Dj 8m :9 P = � P $N 5v MF HO 0O $N >r 7o $r 4K $a $k >l 9g !" $b $7 $/ $O !" @Q J, $G ;H MQ $9 $k :G Bg ADU CM $r MW 5a $9 $k 8m :9 $K 1~ $8 $F M^ $( $k >l 9g $O !" L@ E7 BN MQ $K gain 4 � 1 $r ;H MQ $9 $k $3 $H $b $G $- $k $@ $m $& !# $7 $+ $7 !" gain 4 � 1 $G $O %@ %$ %J %_ %C %/ %l %s %8 0l GU $G full well $N 90% $K Aj Ev $9 $k EE ;R $, C_ @Q $5 $l $k $3 $H $K $J $k $N $G !" hot pixels $K $* $1 $k EE ;R $N K0 OB $d hysteresis( ;D A| ) 8= >] $J $I $N H/ @8 $K !" $h $j Cm 0U $9 $k I, MW $, $" $k !# 3.1.4 $^ $H $a gain 8 � 8( g 0 = 4 : 78[ADU =e � ]) !" 8 � 1( g 0 = 0 : 598[ADU =e � ]) !" 4 � 1( g 0 = 0 : 299[ADU =e � ]) $N 3 @_ Dj $K $D $$ $F !" @~ 7A @- $N D4 :: $r 9T $J $C $? !# gain $, >. $5 $$ gain 8 � 1 !" 4 � 1 $K $* $$ $F $O !" :G Bg %+ %& %s %H CM $, $" $, $k $K $D $l $F !" @~ 7A @- $, 0- $/ $J $k $3 $H $, L@ $i $+ $K $J $C $? !# @~ 7A @- $N 0- $5 $, 5Z $\ $9 JP 8w EY B, Dj 8m :9 $, !" %@ %$ %J %_ %C %/ %l %s %8 0l GU $r ;H $C $? 4Q B, $K $* $$ $F cross talk $K $h $k B, Dj 8m :9 $N 1/4 Dx EY 0J 2< $H $J $k gain @_ Dj $H $7 $F !" Dc gain @_ Dj $H $7 $F $O gain 8 � 1( g 0 = 0 : 598[ADU =e � ]) !" 9b gain @_ Dj $H $7 $F $O gain 8 � 8( g 0 = 4 : 78[ADU =e � ]) $r $= $l $> $l 4Q B, ;~ $N I8 =‘ gain @_ Dj $H $7 $F A* Br $7 $? !# CCD $N full well $O $* $h $= 240,000 e � $G $" $k $3 $H $, J, $+ $C $? !# 4

?^ 1: gain 8 � 8 $K $* $1 $k @~ 7A @- !# @Q J, ;~ 4V t [sec] $K BP $7 $F %+ %& %s %H CM N ADU [ADU] $r %W %m %C %H $7 $? !# :? @~ $O 0 � N ADU � 65000 $N HO 0O $K $* $$ $F <0 (1) $r %U %# %C %F %# %s %0 $7 $? $b $N !# ?^ 2: gain 8 � 1 $K $* $1 $k @~ 7A @- !# @Q J, ;~ 4V t [sec] $K BP $7 $F %+ %& %s %H CM N ADU [ADU] $r %W %m %C %H $7 $? !# GK @~ $O 0 � N ADU � 10000 $N HO 0O $K $* $$ $F <0 (1) $G = 1 : 0 $H $7 $? $H $- $N %U %# %C %F %# %s %0 !# :? @~ $O 0 � N ADU � 65000 $N HO 0O $K $* $$ $F <0 (1) $r %U %# %C %F %# %s %0 $7 $? $b $N !# 5

?^ 3: gain 4 � 1 $K $* $1 $k @~ 7A @- !# @Q J, ;~ 4V t [sec] $K BP $7 $F %+ %& %s %H CM N ADU [ADU] $r %W %m %C %H $7 $? !# GK @~ $O 0 � N ADU � 10000 $N HO 0O $K $* $$ $F <0 (1) $G = 1 : 0 $H $7 $? $H $- $N %U %# %C %F %$ %s %0 !# :? @~ $O 0 � N ADU � 65000 $N HO 0O $K $* $$ $F <0 (1) $r %U %# %C %F %# %s %0 $7 $? $b $N !# ?^ 4: 3F gain @_ Dj $N <B 83 7k 2L $K <0 (1) $r %U %# %C %F %# %s %0 $9 $k :] !" N ADU $N HO 0O $r JQ 2= $5 $; $? $H $- $N $N JQ 2= !# 2# <4 $K %U %# %C %F %# %s %0 $G ;H MQ $7 $? N ADU $N HO 0O $N >e 8B ( 2< 8B $O 0 ADU) !" =D <4 ( :8 ) $K � 1 $r <( $7 $? !# =D <4 ( 1& ) $O !" @~ 7A @- $N 0- $5 $, M? $( $k JP 8w EY B, Dj 8m :9 $r E7 BN $N JP 8w EY P $H 8m :9 � P $N Hf !" � P =P $G <( $7 $? !# 6

3.2 dark 2h A| $N FC @- 3.2.1 GX 7J CR YOCAM2 $O !" E_ 5( $K $O CCD 29 EY $r � � 70 � C 0J 2< $K Nd 5Q $7 $F ;H MQ $9 $k $3 $H $K $J $k $, !" $3 $N Dx EY $N Nd 5Q 29 EY $G $O D9 ;~ 4V @Q J, ;~ $N G. ;( 2; $, L5 ;k $G $- $J $$ !# $3 $3 $G $O !" @Q J, ;~ 4V $K $h $k G. ;( 2; $N A} 2C $r D4 :: $7 !" C1 0L %T %/ %; %k !" C1 0L ;~ 4V $" $? $j $N G. ;( 2; NL $r 5a $a $k !# $^ $? !" hot pixels $N ?t $r D4 :: $9 $k !# 3.2.2 <B 83 gain 8 � 1 !" ADC sp eed 50KHz(Low) $G !" CCD 29 EY $r � 61 � C $G 0l Dj $K $7 !" @Q J, ;~ 4V 10{2000 sec $G dark 2h A| $r <h F@ $7 $? !# dark 2h A| $O 3F @Q J, ;~ 4V $4 $H $K 2{3 Kg $E $D <h F@ $7 $? !# 3F dark 2h A| $N A0 8e $K $O bias 2h A| $r <h F@ $7 dark 2h A| $+ $i :9 $7 0z $$ $? !# <B 83 Cf !" TEC 29 EY $O � 37 � C $+ $i � 33 � C $^ $G 4K $d $+ $K JQ 2= $7 $? $, !" $3 $N 4V $N bias $N JQ F0 $O � 2ADU Dx EY $H >. $5 $/ !" $^ $? !" dark 2h A| <h F@ $4 $H $K bias 2h A| $r <h F@ $7 dark 2h A| $+ $i :9 $7 0z $$ $F $$ $k $N $G !" TEC 29 EY $N JQ F0 $K $h $k bias JQ F0 $N 1F 6A $O L5 ;k $G $- $k !# 3.2.3 dark 2h A| $N FC D’ 100 sec @Q J, $N dark 2h A| $N x CG LL !" y CG LL $r ?^ 5(1) !" (2) $K <( $7 $? !# $= $l $> $l !" y J} 8~ $N A4 %T %/ %; %k !" x J} 8~ $N A4 %T %/ %; %k $G J? 6Q $r $H $C $F $$ $k !# x CG LL ( ?^ 5(1)) $r $_ $k $H !" x J} 8~ $N N> C< $K $/ $i $Y $F Cf ?4 IU 6a $G G. ;( 2; $, � 2ADU( � 3 e � ) Dx EY >. $5 $/ $J $C $F $$ $k !# JQ 2= $O 3j $i $+ $G $" $k !# 0l J} !" y CG LL ( ?^ 5(2)) $G $O !" N> C< $N Ls 30 pixels $G 6K C< $K G. ;( 2; $, 9b $/ $J $C $F $$ $k !# $= $N B> $N NN 0h $G $O G. ;( 2; $O Hf 3S E* 0l Dj $G !" $P $i $D $- $O $; $$ $< $$ 1ADU( � 1 : 5 e � ) $N Dx EY $G $" $k !# y J} 8~ $N N> C< $N Ls 30 pixels I} $N NN 0h $O 4Q B, ;~ $K $O ;H MQ $9 $k $Y $- $G $O $J $$ !# 3.2.4 dark 2h A| $N @Q J, ;~ 4V $K BP $9 $k @~ 7A @- dark 2h A| $N %+ %& %s %H CM $K $D $$ $F 2h A| Fb Cf 4V CM $r 5a $a !" @Q J, ;~ 4V $K BP $7 $F <( $7 $? ( ?^ 6) !# G. ;( 2; %+ %& %s %H CM $O !" $[ $\ @Q J, ;~ 4V $K BP $7 $F Hf Nc $7 $F $$ $k !# 3F E@ $K BP $7 $F !" =E $_ IU $1 $r $; $: $K Hf Nc 4X ?t N ADU = a � t ( N ADU [ADU/pixel]: G. ;( 2; %+ %& %s %H CM !" a [ADU/sec/pixel] : C1 0L ;~ 4V $" $? $j $N G. ;( 2; %+ %& %s %H CM !" t [sec] : @Q J, ;~ 4V ) $r %U %# %C %F %# %s %0 $7 !" C1 0L ;~ 4V !" %T %/ %; %k $" $? $j $N G. ;( 2; $H $7 $F !" a = 0 : 20[ADU = sec = pixel] $r F@ $? !# gain 8 � 1 $K $* $1 $k JQ 49 78 ?t g = 1 : 67[ e � = ADU] $r MQ $$ $k $H !" 0 : 33[ e � = sec = pixel] $H $J $k !# $3 $N CM $O !" CCD 29 EY $, � 70 � C $N ;~ $K F@ $? CM !" 0 : 064[ e � = sec = pixel]( @- G= %F %9 %H (1) Js 9p =q ;2 >H ) $N Ls 5 G\ $N 9b $$ CM $K $J $C $F $$ $k !# $3 $l $O !" :# 2s $N @_ Dj 29 EY $, � 61 � C $G $" $j !" A0 2s $N <B 83 ;~ $h $j $b Ls 10 � C Dx EY 9b $$ $? $a $G $" $k !# 3.2.5 hot pixels $N ?t <B :] $K ;H MQ $9 $k %A %C %W Cf ?4 IU 6a $G $N hot pixels $N 79 8~ $r $D $+ $‘ $? $a !" 0J 8e $O !" <~ 0O $N 50pixels I} $N NN 0h $r =| $$ $? It J, !" $9 $J $o $A !" x :51{462 !" y :51{462 $N 412 � 412 = 169 ; 744 pixels $N It J, $r A* $s $G 5D O@ $9 $k !# $3 $N NN 0h $G !" 3F @Q J, ;~ 4V $4 $H $K %+ %& %s %H CM $N Cf 4V CM $r $H $j !" $= $N CM $h $j 5 G\ $b $7 $/ $O 10 G\ 0J >e Bg $- $$ %+ %& %s %H $r $b $D %T %/ %; %k $r hot pixels $H $_ $J $7 !" $= $N ?t $r dark 2h A| $N @Q J, ;~ 4V $K BP $7 $F %W %m %C %H $7 $? ( ?^ 7) !# 1& $N =D <4 $K $O !" $3 $l $i $N %T %/ %; %k $, A4 BN $K @j $a $k 3d 9g $r J; $; $F <( $7 $? !# ?^ 7 $K $h $k $H !" hot pixels $N $& $A J? 6Q E* $J G. ;( 2; $h $j 5 G\ 0J >e $N %+ %& %s %H $r $b $D $b $N $G $b !" A4 BN $N a few � 0.01 p ercent ( x :51{462 !" y :51{462 $N NN 0h $G ?t == %T %/ %; %k ) Dx EY $G $" $k !# $3 $N Dx EY $N ?t $G $O !" 4Q B, $K $* $$ $F hot pixels $, $b $? $i $9 8m :9 $O !" G. ;( 7

?^ 5: dark 2h A| $N %+ %& %s %H J, I[ !# (1)x CG LL !# y J} 8~ $N A4 %T %/ %; %k $G J? 6Q !# (2)y CG LL !# x J} 8~ $N A4 %T %/ %; %k $G J? 6Q !# gain 8 � 1 !" ADC sp eed 50KHz !" CCD 29 EY � 61 � C $K $* $1 $k 100 sec @Q J, dark 2h A| 8

?^ 6: @Q J, ;~ 4V $K BP $9 $k G. ;( 2; $N JQ 2= !# G. ;( 2; $H $7 $F $O 3F @Q J, ;~ 4V $4 $H $K 2h A| Fb A4 %T %/ %; %k $N Cf 4V CM $r :N $C $? !# 1& $N =D <4 $K $O !" electron ?t $K JQ 49 $7 $? G. ;( 2; $r <( $7 $? !# Hf Nc 4X ?t �tteing $K $h $j !" G. ;( 2; NL $O a = 0 : 20[ADU = sec = pixel](0 : 33[ e � = sec = pixel]) $H $J $C $? !# (CCD 29 EY � 61 � C !# ) 9

2; $= $N $b $N $, @8 $‘ 8m :9 $K Hf $Y $k $H Bg $- $/ $O $J $$ !# E_ 5( $N 4Q B, $G $O :# 2s $N <B 83 $K $* $1 $k @_ Dj 29 EY ( � 61 � C) $h $j Dc $$ CCD 29 EY $G ;H MQ $G $- $k $? $a !" hot pixels $N 1F 6A $O $h $j >. $5 $/ $J $k $H 9M $( $i $l $k !# 3.2.6 $^ $H $a G. ;( 2; $O !" CCD 29 EY � 61 � C $K $* $$ $F !" 0 : 33 e � = sec = ADU $G $" $C $? !# G. ;( 2; $O %A %C %W >e $N 0L CV $K $h $j <c 43 JQ 2= $9 $k $, !" Cf ?4 IU 6a $G $O $= $N JQ 2= $O >. $5 $/ !" 3j $i $+ $G $" $k !# y J} 8~ $N N> C< ( Ls 30 pixels Dx EY ) $G $O Cf ?4 IU 6a $K Hf $Y $F 6K C< $K G. ;( 2; $, Bg $- $/ $J $k $N $G !" $3 $N NN 0h $O 4Q B, $K ;H MQ $9 $k $Y $- $G $O $J $$ !# J? 6Q $N G. ;( 2; $N 5 G\ 0J >e $N %+ %& %s %H $r ;} $D hot pixels $N ?t $O !" CCD 29 EY � 61 � C $K $* $$ $F !" 2h A| A4 BN $N a few � 0.01 p ercen t ( ?t == pixels) Dx EY $H >/ $J $/ !" hot pixel $N B8 :_ $, D> @\ 4Q B, $K M? $( $k 0- 1F 6A $O Bg $- $/ $O $J $$ $@ $m $& !# 3.3 %7 %c %C %? !< 3+ JD B. EY 3.3.1 GX 7J CR YOCAM2 $G $O CCD %A %C %W $N Cf ?4 $+ $i N> B& $K ?O $, %9 %i %$ %I $9 $k 7A <0 $N %7 %c %C %? !< $r ;H MQ $7 $F $$ $k !# %7 %c %C %? !< $O CCD %A %C %W D> A0 $N <} B+ 8w Cf $K 0L CV $9 $k $? $a !" %7 %c %C %? !< 3+ JD $N :] $K %A %C %W >e $N 0L CV $K $h $C $F 8w @~ $N >H <M ;~ 4V $K :9 $, @8 $8 $k !# %7 %c %C %? !< $N ?O $O 4 K\ $N %9 %Z %/ %H %k ( E7 BN !" 6a K5 6u $= $l $> $l $N >o 8w !& 0[ >o 8w @~ ) $N JB $S J} 8~ $K 0\ F0 $9 $k $? $a !" >H <M ;~ 4V $N :9 $, JP 8w EY B, Dj $K 7O E} E* $J 8m :9 $r @8 $‘ $3 $H $K $J $k !# $3 $N <B 83 $G $O !" %7 %c %C %? !< $N ?O $N 0\ F0 B. EY $H %7 %c %C %? !< 3+ JD $K MW $9 $k ;~ 4V $r B, Dj $9 $k !# $^ $? !" %7 %c %C %? !< $N 3+ JD $K H< $& >H <M ;~ 4V $N $‘ $i $, 5Z $\ $9 JP 8w EY B, Dj 8m :9 $r !" @Q J, ;~ 4V $N 4X ?t $H $7 $F 5a $a !" 4Q B, $K $* $1 $k @Q J, ;~ 4V 7h Dj $N :] $N ;q NA $r M? $( $k !# 3.3.2 <B 83 Dj EE 05 EE 8; $K @\ B3 $7 $? %O %m %2 %s %i %s %W $N A0 $K 3H ;6 HD $r @_ CV $7 !" %A %C %W A4 BN $K 8w $, >H <M $5 $l $k $h $& $K $7 $? ( 0l MM $J >H <M $G $O $J $$ ) !# @Q J, ;~ 4V $r 1 IC $+ $i 20 IC $^ $G 1{2 IC $- $6 $_ $G JQ 2= $5 $; !" $= $l $> $l E, Ev Kg ?t $N 2h A| $r <h F@ $7 $? !# dark 2h A| $O E, 59 <h F@ $7 !" 8w $r >H <M $7 $? 2h A| $+ $i :9 $7 0z $$ $? !# %+ %a %i $O DL >o $N ;Q @* $G @_ CV $7 $? !# <B 83 Cf $N 5$ 29 $O Ls 26 � C $G $" $C $? !# 3.3.3 %7 %c %C %? !< 3+ JD B. EY !" 3+ JD ;~ 4V %7 %c %C %? !< $N ?O $O CCD c hip $N y J} 8~ $K 0\ F0 $9 $k !# @Q J, ;~ 4V t $N $H $- !" chip Cf ?4 $N %+ %& %s %H CM $r I cent ( t ) !" Cf ?4 $+ $i � y $@ $1 N% $l $? 0L CV $G $N %+ %& %s %H CM $r I edge ( t ) $H $7 !" $= $N Hf $r r ( t ) = I edge ( t ) I cent ( t ) (6) $H $9 $k !# $5 $i $K !" �( t ) = 1 � r ( t ) r ( 1 ) (7) $r Dj 5A $9 $k !# r ( t ) =r ( 1 ) $O !" %7 %c %C %? !< $N 3+ JD ;~ 4V $K BP $7 $F @Q J, ;~ 4V $, == J, D9 $1 $l $P 1 $G $" $k $, !" @Q J, ;~ 4V $, C; $/ $J $k $H !" %A %C %W $N Cf ?4 $K BP $7 $F %A %C %W $N C< $K $* $1 $k >H <M ;~ 4V $N 3d 9g $, 8: >/ $9 $k $? $a !" 1 $h $j >. $5 $/ $J $k !# $h $C $F !" t ! 1 $G �( t ) ! 0 !" 0l J} !" t ! 0 $G �( t ) > 0 $G $" $k !# 10

?^ 7: @Q J, ;~ 4V $4 $H $N hot pixels $N ?t !# !{ : 2h A| Fb x :51{462 !" y :51{462 $N NN 0h $N %+ %& %s %H CM $N Cf 4V CM $h $j 5 G\ 0J >e Bg $- $$ %+ %& %s %H $r $b $D %T %/ %; %k ?t !# "$ : F1 NN 0h $N %+ %& %s %H CM $N Cf 4V CM $h $j 10 G\ 0J >e Bg $- $$ %+ %& %s %H $r $b $D %T %/ %; %k ?t !# 11

NN 0h v (pixels/sec) v (m/s) %7 %c %C %? !< 3+ JD B. EY (sec) NN 0h a 65000 1.6 0.008 NN 0h b 53000 1.3 0.010 I= 2: %7 %c %C %? !< $N ?O $N 0\ F0 B. EY !" %7 %c %C %? !< 3+ JD ;~ 4V !# � y = 200pixels !" pixel size = 24 �m $H $7 $? !# $5 $F !" %7 %c %C %? !< $N ?O $N 0\ F0 B. EY $r v !" chip Cf ?4 !" 5Z $S !" Cf ?4 $+ $i � y $@ $1 N% $l $? 0L CV $K $* $1 $k C1 0L >H <M ;~ 4V $" $? $j $N %+ %& %s %H $r !" $= $l $> $l � cent !" � edge $H $9 $k $H !" r ( t ) $O !" r ( t ) = � edge ( t � 2� y =v ) � cent t (8) $H $J $k !# $3 $3 $G !" � y =v $K $+ $+ $k factor 2 $O !" %7 %c %C %? !< $N 3+ !" JD N> J} $N F0 :n $r 9M N8 $7 $? $3 $H $K $h $k $b $N $G $" $k !# $3 $l $r !" <0 (7) $K Be F~ $9 $k $H !" �( t ) = 2� y v t (9) $H $J $k !# $3 $3 $G $O !" <B 83 $G F@ $? 2h A| $+ $i �( t ) $r F3 =P $7 !" <0 (9) $H $N Hf 3S $K $h $j %7 %c %C %? !< $N 3+ JD B. EY v $r 5a $a $k !# %A %C %W Cf ?4 IU 6a $N %+ %& %s %H I cent ( t ) $7 $F !" %T %/ %; %k :B I8 x:101-300 !" y:232{281 $N NN 0h $N 10,000 pixels $N J? 6Q $r $H $C $? !# $^ $? !" %A %C %W C< $N %+ %& %s %H I edge ( t ) $H $7 $F $O !" %A %C %W $N N> C< $K $" $? $k !" %T %/ %; %k :B I8 x:101-300 !" y:11{60 $N NN 0h ( NN 0h a) $H x:101-300 !" y:451{500 $N NN 0h ( NN 0h b) $N 2 NN 0h $r A* $S !" $= $l $> $l $K $D $$ $F NN 0h Fb $N 10,000 pixels $N J? 6Q $r $H $C $? !# $$ $: $l $N >l 9g $b � y � 200 pixels $H $7 $? !# I cent ( 1 ) !" I edge ( 1 ) $H $7 $F $O !" 6a ;w E* $K !" %7 %c %C %? !< 3+ JD ;~ 4V $K BP $7 $F == J, D9 $$ $H 9M $( $i $l $k 20 IC @Q J, $N 2h A| $N $b $N $r ;H MQ $7 $? !# I edge ( t ) $H $7 $F NN 0h a !" NN 0h b $r ;H MQ $7 $? >l 9g $N �( t ) $N B, Dj NL $r !" ?^ 8 !" 9 $K <( $7 $? !# $^ $? !" $= $l $> $l $K $D $$ $F !" <0 (9) $r %U %# %C %F %# %s %0 $7 $? $b $N $r <B @~ $G <( $7 $? !# �( t ) $O >e 5- $N %b %G %k $G $h $/ @b L@ $G $- $k 7k 2L $r <( $7 $? !# %U %# %C %F %# %s %0 $K $h $j 5a $a $? v !" 5Z $S %7 %c %C %? !< 3+ JD ;~ 4V (= 2 � 256pixels =v ) $r I= 2 $K <( $9 !# $3 $l $i $h $j !" %7 %c %C %? !< $N ?O $N 0\ F0 B. EY $O >/ $J $/ $H $b � 50 ; 000 pixels/sec ( � 1 : 2 m/s) !" 3+ JD $K MW $9 $k ;~ 4V $O � 1 = 100 sec 0J 2< $G $" $k $3 $H $, J, $+ $C $? !# C" $7 !" %7 %c %C %? !< B. EY $O %+ %a %i $N ;Q @* $d 30 5$ 29 !" ;H MQ 2s ?t $N A} 2C $J $I $K $h $C $F JQ 2= $9 $k 2D G= @- $, $" $k $? $a !" Dj 4| E* $K <B 83 $r 9T $$ %7 %c %C %? !< B. EY $r D4 :: $9 $k $N $, K> $^ $7 $$ !# 3.3.4 JP 8w B, Dj $K 5Z $\ $9 7O E} 8m :9 >o 8w %9 %Z %/ %H %k $, %A %C %W $N Cf ?4 $K 7k A| $7 !" 0[ >o 8w %9 %Z %/ %H %k $, %A %C %W Cf ?4 $+ $i y J} 8~ $K � y $@ $1 $O $J $l $? 0L CV $K 7k A| $7 $F $$ $k $H $9 $k !# $3 $N $H $- !" @Q J, ;~ 4V t !" >o 8w !" 0[ >o 8w $N C1 0L ;~ 4V $" $? $j $N 6/ EY $r $= $l $> $l � o !" � e $H $9 $k $H !" ?? $N JP 8w EY P real = � o t � � e t � o t + � e t = � o � � e � o + � e (10) $K BP $7 $F !" B, Dj $9 $k JP 8w EY $O !" � t = 2� y =v ( v $O %7 %c %C %? !< $N B. EY ) $H $9 $l $P !" P obs = � o t � � e ( t � � t ) � o t + � e ( t � � t ) � P real + � o � e + � e � t t (11) $H $J $k !# 7k 6I !" JP 8w EY B, Dj $N 7O E} 8m :9 � P = P obs � P real $O !" � P � � e � o + � e � t t � 1 2 � t t � � y v t (12) 12

?^ 8: %A %C %W C< $N %+ %& %s %H $H $7 $F NN 0h a $r MQ $$ $? >l 9g $N �( t ) ?^ 9: %A %C %W C< $N %+ %& %s %H $H $7 $F NN 0h b $r MQ $$ $? >l 9g $N �( t ) 13

$H $J $k !# $3 $3 $G $O � o � � e $H $7 $? !# � y � 50pixels !" v � 50000pixels = sec $H $9 $k $H !" @Q J, ;~ 4V t = 1sec $N $H $- !" � P � 0 : 001(0 : 1%) $G $" $k !# $3 $N 7O E} 8m :9 $O !" @Q J, ;~ 4V $K H? Hf Nc $7 $F 8: >/ $9 $k !# 3.3.5 $^ $H $a DL >o $N %+ %a %i ;Q @* !" 5$ 29 26 � C $K $* $$ $F !" %7 %c %C %? !< $N 3+ JD $K MW $9 $k ;~ 4V $O � 1 = 100 sec 0J 2< !" ?O $N 0\ F0 B. EY $O � 50000 pixels/sec ( � 1 : 2 m/s) 0J >e $G $" $k $3 $H $, J, $+ $C $? !# JP 8w EY B, Dj $K 5Z $\ $9 7O E} 8m :9 $O !" @Q J, ;~ 4V $r 1 sec $H $7 $? ;~ $K � 0 : 1% $G !" $3 $N 8m :9 $O @Q J, ;~ 4V $K H? Hf Nc $7 $F 8: >/ $9 $k !# %+ %a %i $N ;Q @* $d 30 5$ 29 !" ;H MQ 2s ?t $N A} 2C $K $h $k %7 %c %C %? !< B. EY $N JQ 2= $K $D $$ $F $O L$ CN $G $" $k !# Dj 4| E* $K <B 83 $r 9T $$ !" D4 :: $9 $k $N $, K> $^ $7 $$ !# 3.4 ADC B. EY $K $h $k readout noise $N JQ 2= 3.4.1 L\ E* ADC B. EY $r Low(50kHz),Mid(100kHz),High(200kHz) $H JQ 2= $5 $; $? >l 9g $K readout noise $, JQ 2= $9 $k $+ $r D4 $Y $k !# 9b B. $N AD JQ 49 $N ;H MQ $, 2D G= $G $" $l $P !" 4Q B, 8z N( $N %" %C %W $K 7R $, $k !# $= $3 $G Low $P $+ $j $G $O $J $/ !" Mid $H High $N 4Q B, $G $N ;H MQ 2D G= @- $r C5 $k $? $a $N ;q NA $r F@ $k !# 3.4.2 <B 83 J} K! Low(50kHz),Mid(100kHz),High(200kHz) $N $= $l $> $l $K $* $$ $F 15 Kg $N bias 2h A| $r <h F@ $7 !" %+ %& %s %H $N 2h A| 4V $N I8 =‘ JP :9 $+ $i readout noise $r 5a $a $k !# I8 =‘ gain !J 8 � 1 !K $r ;H MQ $9 $k !# CCD 29 EY $O � 59 � C !" TEC 29 EY $O Ls 41 � C $G 0B Dj $5 $; $? !# 3.4.3 <B 83 7k 2L <h F@ $7 $? $= $l $> $l $N 15 Kg $N 2h A| 4V $G 3F pixel $K $* $$ $F 3 � rejection $r 9T $$ !" IT I, MW $J pixel $r =| 5n $7 $? !# $= $& $7 $F 2r @O $7 $? 7k 2L $O 2< $N I= $N $h $& $K $J $C $? !# $J $* !" 2< $N I= $K <( $5 $l $F $$ $k A !A D NN 0h $O $= $l $> $l pixel >e $N 0J 2< $N $h $& $J HO 0O $r I= $9 $b $N $G !" ?t CM $O $= $N NN 0h Fb $G J? 6Q 2= $7 $? readout noise $G $" $k !# A NN 0h x !’ 51 !A 150 y !’ 51 !A 150 B NN 0h x !’ 226 !A 325 y !’ 226 !A 325 C NN 0h x !’ 351 !A 450 y !’ 351 !A 450 D NN 0h x !’ 51 !A 450 y !’ 51 !A 450 !J C1 0L $O pixel !K ADU C1 0L 14

A NN 0h B NN 0h C NN 0h D NN 0h Low 3.803189 3.815654 3.781205 3.823226 Mid 4.126563 4.120061 4.151499 4.140878 High 4.692483 4.681176 4.739298 4.718603 electron C1 0L A NN 0h B NN 0h C NN 0h D NN 0h Low 6.351325 6.372141 6.394526 6.384788 Mid 6.891359 6.929033 6.933004 6.915267 High 7.836446 7.888312 7.914628 7.880067 $3 $N 7k 2L $r 8+ $k $H Low $G $O A0 2s $N %F %9 %H $H F1 $8 Ls 6 : 4e � Dx EY $N 7k 2L $r F@ $? $, !" Mid $K 4X $7 $F $O $[ $\ %^ %K %e %" %k $N ;E MM $H F1 $8 7e � Dx EY !" High $K ;j $C $F $O Ls 8e � $K $J $C $F $7 $^ $C $? !# $^ $? !" NN 0h $K $h $k 0c $$ $O 10 � 2 e � $N %* !< %@ !< $G $" $k $N $G $3 $l $O Ld Bj $K $O $" $^ $j $J $i $J $$ $H ;W $o $l $k !# � ?7 $? $K H/ 8+ $5 $l $? Ld Bj E@ $[ $\ A4 $F $N bias image >e $K <J LO MM $N noise $, 8+ $i $l $? !# 8= $l J} $H $7 $F $O %+ %& %s %H $K $7 $F :G 9b $G 1ADU Dx EY !" I} $K $D $$ $F $O 20 !A 50pixel Dx $@ $C $? !# ADC B. EY $K $D $$ $F $N 0M B8 @- $K $D $$ $F $O Mid $H Low $O $= $l $[ $I $N 0c $$ $O $J $+ $C $? $, !" High $@ $1 $O <J LO MM $N I} $, ;~ @^ 100pixel $r D6 $( $k $3 $H $, $" $C $? !# >l =j $K $D $$ $F $O $= $N ;~ !9 $G 0[ $J $k >l =j $G 8+ $D $+ $C $? !# $= $N <J LO MM $N CG LL ?^ $r ?^ 10 $K :\ $; $F $* $/ !# 3.4.4 $^ $H $a $H $3 $l $+ $i $N J} ?K 0l HV 9- $$ NN 0h $r %+ %P !< $7 $F $$ $k D NN 0h $K $* $$ $F readout noise $O Low(6 : 4e � !" 3.8ADU) $r 4p =‘ $K $9 $k $H Mid $G 8.3% !" High $G 23.4% >e >: $7 $F $$ $k !# $7 $+ $7 !" High $H Mid $b == J, $K ;H MQ $G $- $k HO 0O Fb $K $" $k !# $? $@ $3 $l $^ $G $N @- G= I> 2A $N <B 83 $, A4 $F Low $K 4X $7 $F 9T $o $l $F $$ $k $N $G linearity $= $N B> $K 4X $9 $k >p Js $O High $H Mid $K 4X $7 $F $O B8 :_ $7 $J $$ $? $a !" B( ;H MQ 2D $H $$ $& $o $1 $K $O $$ $+ $J $$ !# ?7 $? $K H/ 8+ $5 $l $? <J LO MM %N %$ %: $N 86 0x $r C5 $k !# 3.5 dark,bias $N CCD 29 EY 0M B8 @- 3.5.1 L\ E* dark,bias $, CCD 29 EY $K $h $C $F $I $N $h $& $K JQ 2= $7 $F $$ $/ $+ $r CN $k !# 3.5.2 <B 83 J} K! I8 =‘ gain @_ Dj $G � 70 � C $+ $i � 10 � C $^ $G 5 � C 9o $G JQ 2= $5 $; !" 300sec dark $r <h F@ $7 !" $= $N A0 8e $G bias $r <h F@ $9 $k !# $^ $? !" HOT pixel $H 9M $( $i $l $k 3F CCD 29 EY $G $N %+ %& %s %H $, $= $l $> $l 40000,50000,60000ADU 0J >e $K $J $C $F $$ $k pixel ?t $r 5a $a $k !# !J C" $7 !" ;H MQ $9 $k NN 0h $O x:51-450pixel,y:51-450pixel $N $_ !K 15

?^ 10: bias <J LO MM $N y J} 8~ CG LL ?^ (x J} 8~ $O 101{400 $G J? 6Q 2= ) !# gain8 � 1 !" ADC sp eed 50kHz (Low) !# <J LO MM %N %$ %: $O y :320{350 $N NN 0h $J $I $K 8+ $i $l $k !# 16

3.5.3 <B 83 7k 2L dark $H $= $N A0 8e $N bias $N CCD 29 EY 0M B8 @- $O ?^ 11 !A ?^ 15 $N $h $& $K $J $C $? !# dark $K $D $$ $F $O ADU C1 0L $@ $1 $G $O $J $/ !" electron C1 0L $N I= <( $r 9T $J $$ !" $5 $i $K C1 0L ;~ 4V Ev $? $j C1 0L pixel Ev $? $j $N dark $N @8 @. N( $r I= <( $7 $? !# $J $* !" %+ %& %s %H $O ;H MQ $9 $k NN 0h x:51-450pixel,y:51-450pixel $N J? 6Q CM $r :N $C $? $b $N $G $" $k !# 3F CCD 29 EY $G $N 40000,50000,60000ADU 0J >e $N pixel ?t 40000ADU 0J >e vCCD 29 EY -63 -55 -50 -45 -41 -36 -31 -26 -21 -17 pixel ?t 0 0 0 0 0 1 1 1 4 81 50000ADU 0J >e CCD 29 EY -63 -55 -50 -45 -41 -36 -31 -26 -21 -17 pixel ?t 0 0 0 0 0 0 1 1 2 12 60000ADU 0J >e CCD 29 EY -63 -55 -50 -45 -41 -36 -31 -26 -21 -17 pixel ?t 0 0 0 0 0 0 1 1 1 6 3.5.4 $^ $H $a $H $3 $l $+ $i $N J} ?K dark $O CCD 29 EY $, 17 : 3 � C >e >: $9 $k $H 10 G\ $K $J $k $3 $H $, ?^ 13 $N �tting 4X ?t 2 : 83 � 10 (5+ T = 17 : 3) $K $h $C $F $o $+ $C $? !# $^ $? !" 3F CCD 29 EY $G $N C1 0L ;~ 4V Ev $? $j C1 0L pixel Ev $? $j $N dark $N @8 @. N( $O 2< $N I= $N $h $& $K $J $k !# CCD 29 EY -63 -55 -50 -45 -41 -36 -31 -26 -21 -17 e � = sec = pixel 0.24 0.89 1.74 3.62 7.00 13.60 27.66 51.50 93.40 166.48 bias $N JQ 2= $O 3d $H CCD 29 EY $K BP $7 $F 4K $d $+ $K 9T $J $o $l $F $$ $k !# � 50 � C 0J 2< $G $O $[ $\ @~ 7A $H $$ $C $F $$ $$ !# bias $K 4X $7 $F dark $N A0 8e $K <h F@ $7 $? $b $N $N %+ %& %s %H CM $K BP $9 $k :9 $, L\ $K 8+ $( $F 8= $l $? $N $O � 21 � C 0J >e $K $J $C $F $+ $i $G $" $k !# A0 8e $N :9 $N :G Bg CM $O � 17 � C $K $* $1 $k Ls 204ADU $G $" $C $? !# HOT pixel $K $D $$ $F $O :G Bg $G $b A4 pixel $N 0.05% Dx EY $G $" $k $N $G $3 $A $i $O Ld Bj $K $O $J $i $J $$ $@ $m $& !# $= $l $K 2f !9 $, DL >o ;H MQ $9 $k $h $& $J 29 EY $G $O $[ $H $s $I B8 :_ $7 $J $$ !# 3.6 dark !" bias $N TEC 29 EY 0M B8 @- 3.6.1 L\ E* CR YOCAM1 $G $O !" TEC 29 EY $N JQ 2= $K H< $C $F bias $, Bg $- $/ JQ 2= $9 $k $H $$ $& 7k 2L $, =P $? !# CR YOCAM2 $K $* $$ $F $b $3 $N $h $& $J FC D’ $, 8= $l $k $+ $r D4 $Y !" 4Q B, Cf $N ;X I8 $K $J $k $h $& $J Aj 4X 4X 78 $r 5a $a $k !# $J $* !" dark $K $D $$ $F $b bias $H F1 $8 $h $& $J TEC 29 EY 0M B8 @- $, $" $k $+ $r D4 $Y $k !# 17

?^ 11: dark <h F@ A0 $N bias ?^ 12: dark <h F@ 8e $N bias 18

?^ 13: dark( O* =P ;~ 4V 300sec) !" 4X ?t 2 : 83 � 10 (5+ T = 17 : 3) $G �tting ?^ 14: ?^ 13 $N dark $N electron C1 0L $G $N %+ %& %s %H 19

3.6.2 <B 83 J} K! CCD %+ %a %i $N %U %! %s $r :I $0 $J $I $7 $F TEC 29 EY $r JQ 2= $5 $; $k !# $= $& $7 $F $* $$ $F gain8 � 8 $K $* $$ $F $O bias $N $_ $r <h F@ $7 !" gain8 � 1 $K $* $$ $F $O 100sec dark $H bias $r <h F@ $9 $k !# ADC B. EY $O Low $r MQ $$ $k $3 $H $H $9 $k !# 3.6.3 <B 83 7k 2L � gain8 � 8 $N bias $N TEC 29 EY 0M B8 @- bias $N TEC 29 EY 0M B8 @- $r =D <4 ADU !" 2# <4 TEC 29 EY $K $H $k $H ?^ 16 $N $h $& $K $J $C $? !# $J $* !" �tting $K MQ $$ $F $$ $k 6J @~ $O 5 <! 4X ?t 2 : 3 � 10 � 3 x 5 � 4 : 7 � 10 � 1 x 4 + 38 : 6 x 3 � 1582 x 2 + 32337 x � 26724 $G $" $k !# ( :G >. Fs >h K! $K $h $k !K 31 � C !A 35 � C !" 35 � C !A 48 � C,48 � C !A 51 � $N $= $l $> $l $K $* $$ $F TEC 29 EY $K BP $9 $k %+ %& %s %H $N JQ 2= N( $, $[ $\ 0l Dj $K $J $C $F $$ $k !# 6q BN E* $J CM $r >e $2 $k $H 31 � C !A 35 � C $G $O 19 : 73ADU = � C,35 � C !A 48 � C $G $O 6 : 56ADU = � C,48 � C !A 51 � C $G $O 42 : 0ADU = � C $[ $I $K $J $C $? !# $7 $+ $7 !" $I $N 29 EY $K BP $7 $F $b 3F !9 0l EY $7 $+ B, Dj $O 9T $J $C $F $$ $J $$ $N $G $" $/ $^ $G $3 $N CM $O L\ 0B $H $7 $F <u $1 ;_ $a $F $b $i $$ $? $$ !# � gain8 � 1 $N bias,dark $N TEC 29 EY 0M B8 @- bias,dark $N TEC 29 EY 0M B8 @- $r =D <4 ADU !" 2# <4 TEC 29 EY $K $H $k $H ?^ 17 !A ?^ 18 $N $h $& $K $J $C $? !# $J $* !" gain8 � 8 $N >l 9g $H 0[ $J $j !" :# 2s $O �tting $O 9T $J $C $F $$ $J $$ !# L5 M} $K �tting $r $7 $F $b $" $^ $j NI $$ Aj 4X 4X ?t $O F@ $i $l $J $$ $H $* $b $C $? $+ $i $G $" $k !# TEC 29 EY $K BP $9 $k %+ %& %s %H $N JQ 2= N( $O bias $K 4X $7 $F $O 31 � C !A 35 � C $G $O 2ADU = � C,31 � C !A 35 � C $G $O $[ $\ 0l Dj !" 49 � C !A 50 � C $G $O 25ADU = � C $G $" $k !# dark $K 4X $7 $F $O $@ $$ $? $$ 34 � C !A 45 � C $/ $i $$ $G $O %+ %& %s %H $O $[ $\ 0l Dj !" 46 � C !A 50 � C $G $O 5ADU = � C $0 $i $$ $G $G $" $k !# !J C" $7 !" $3 $l $i $O A4 $F L\ 8! F$ $G $" $k !K $^ $? !" dark $K 4X $7 $F $O =D <4 electron C1 0L !" C1 0L ;~ 4V Ev $? $j C1 0L pixel Ev $? $j $N dark @8 @. N( !J electron/sec/pixel) $N ?^ $b ?^ 19 !A ?^ 20 $K :\ $; $F $* $/ !# 3.6.4 $^ $H $a $H $3 $l $+ $i $N J} ?K gain8 � 8 $N bias $K $D $$ $F $O TEC 29 EY $, 51 � C $G CCD 29 EY $, � 55 � C $K $J $j 1 � C $[ $I $= $l $^ $G $h $j >e >: $7 $? $, !" $" $H $O 8. JB 0B Dj $7 $F $$ $? $N $G ?. Mj @- $O $^ $: $^ $: $@ $H ;W $o $l $k !# gain8 � 1 $N bias,dark $K $D $$ $F $O $d $O $j 100sec $N ;~ 4V $G TEC 29 EY $r 0B Dj $5 $; $k $3 $H $O :$ Fq $G $" $C $? !# AP J} $H $b 42 � C !A 46 � C IU 6a $G %+ %& %s %H $, Mp $l $F $$ $k $, !" $A $g $& $I $3 $N HO 0O $G $O TEC 29 EY $N 0B Dj @- $, 0- $+ $C $? $3 $H $, 1F 6A $7 $F $$ $k $N $@ $m $& !# $^ $? 49 � C $+ $i %+ %& %s %H $, Cx $7 $/ >e >: $7 $F $$ $k $N $O CCD 29 EY $, $3 $3 $+ $i >e >: $7 ;O $a $? $3 $H $K 5/ 0x $7 $F $$ $k $K $A $, $$ $J $$ !# !J � 56 � C $+ $i � 54 � C $^ $G >e >: $7 $? !K 20

?^ 15: C1 0L ;~ 4V Ev $? $j C1 0L pixel Ev $? $j $N dark @8 @. N( !J electron/sec/pixel) ?^ 16: gain8 � 8 $N bias !Q 21

?^ 17: gain8 � 1 $N bias ?^ 18: gain8 � 1 $N dark( O* =P ;~ 4V 300sec) 22

?^ 19: ?^ 18 $N dark $N electron C1 0L $G $N %+ %& %s %H ?^ 20: C1 0L ;~ 4V Ev $? $j C1 0L pixel Ev $? $j $N dark @8 @. N( !J electron/sec/pixel) 23 gain8 � 1 $H gain8 � 8 $N bias $N TEC 29 EY $K $h $k JQ 2= N( $r Hf 3S $7 $? $H $3 $m !J 35 � C !A 45 � C $N HO 0O !K !" $@ $$ $? $$ gain8 � 8 $O gain8 � 1 $N 10 G\ Dx EY $K $J $k !# $3 $N 7k 2L $+ $i 9M $( $k $K gain $r JQ $( $F $b TEC 29 EY $K BP $9 $k JQ 2= N( $O conv ersion factor Dx EY $G $3 $l $J $i $P 0E E7 BN MQ $K gain8 � 8 $r ;H MQ $9 $k I, MW @- $O $" $^ $j 46 $8 $i $l $J $$ !# $3 $l $+ $i $N J} ?K $H $7 $F $O :# 2s 9T $J $C $F $$ $J $$ 31 � C 0J 2< $N 29 EY $K BP $9 $k B, Dj $r 9T $J $& $N $O $b $A $m $s $@ $, !" :# 2s 9T $J $C $? HO 0O $K $D $$ $F $b Hf 3S $N $? $a $K B, Dj $r 9T $J $C $F $$ $/ !# !J 5$ 29 $, 2< $, $k $N $r BT $? $M $P $J $i $J $$ $N $G 8 7n 0J 9_ $K $J $k 8+ DL $7 !K 3.7 0[ $J $k gain @_ Dj 4V $N %+ %& %s %H Hf Nc @- 3.7.1 GX 7J %U %i %C %H 2h A| $J $I $N 3S @5 2h A| $O !" 3F %T %/ %; %k $K $* $1 $k @d BP %+ %& %s %H CM $G $O $J $/ !" 2h A| Fb $G $N %+ %& %s %H CM $N J, I[ $, =E MW $G $" $k !# gain @_ Dj $r JQ $( $F A4 $/ F1 $8 8w NL $r >H <M $7 $? >l 9g !" 0[ $J $k gain @_ Dj $G $N 2h A| 4V $G !" %+ %& %s %H CM $N Hf $, >H <M 8w NL $d %A %C %W >e $N 0L CV $K $h $i $: 0l Dj $G $" $l $P !" %U %i %C %H 2h A| $N $h $& $J 3S @5 2h A| $O $3 $l $i $N gain @_ Dj 4V $G 6& M- $G $- $k $H $7 $F NI $$ !# $3 $3 $G $O !" gain8 � 1 $H gain8 � 8 $N 2 @_ Dj 4V $G !" F1 $8 8w NL $N 8w $r >H <M $7 !" $= $l $> $l $N @_ Dj $G $N 2h A| 4V $N Hf Nc @- $r 3N $+ $a !" N> @_ Dj 4V $N 3S @5 2h A| $N 6& M- $N 2D G= @- $r C5 $k !# 3.7.2 <B 83 gain8 � 8 $K $* $$ $F 2h A| Fb $K 5000{35000 ADU Dx EY $N %+ %& %s %H $, $^ $s $Y $s $J $/ <( $5 $l $k $h $& $J ;~ 4V E* $K 0B Dj $7 $? %O %m %2 %s %i %s %W 8w $r >H <M $7 !" 20 Kg $N 2h A| $r <h F@ $7 $? !# $3 $l $i $N 2h A| $+ $i E, Ev $K F@ $? dark 2h A| $r :9 $7 0z $$ $F J? 6Q 2= $7 $? ( ?^ 21) !# $5 $i $K !" 8w 8; $r A4 $/ JQ 2= $5 $; $: $K gain @_ Dj $r 8 � 1 $K JQ 99 $7 !" F1 MM $K 2h A| $r <h F@ $7 !" dark :9 $7 0z $- !" J? 6Q 2= $r 9T $J $C $? !# 3.7.3 7k 2L gain8 � 1 !" gain8 � 8 $= $l $> $l $N @_ Dj $G !" A4 $/ F1 $8 8w $r >H <M $7 $? $H $- $N pixel :B I8 ( x , y ) $K $* $1 $k %+ %& %s %H CM $r !" $= $l $> $l I 81 ( x; y ) !" I 88 ( x; y ) $H $9 $k !# $^ $? !" $3 $l $i $N Hf !" r ( x; y ) = I 81 ( x; y ) I 88 ( x; y ) (13) $r Dj 5A $9 $k !# $3 $N $H $- !" A4 pixel $K $* $$ $F !" r ( x; y ) = const : = g 0 81 =g 0 88 (14) ( g 0 81 !" g 0 88 $O $= $l $> $l gain 8 � 1 !" gain 8 � 8 $G $N gain [ADU =e � ]) $J $i $P !" 0[ $J $k gain @_ Dj $N 2h A| $O C1 $K $* 8_ $$ Dj ?t G\ $5 $l $? 2h A| $G $" $k $N $G !" %U %i %C %H 2h A| Ey $N 3S @5 2h A| $K 8_ 49 @- $, $" $k $H $7 $F NI $$ !# x :11{500 !" y :51-450 $N NN 0h $N 196,000 pixels $K $D $$ $F !" r ( x; y ) $r g 0 81 =g 0 88 $G 3d $j 5, 3J 2= $7 $? !# $3 $l $r r n ( x; y ) $H $9 $k !# $3 $3 $G !" g 0 81 =g 0 88 $H $7 $F $O !" >e 5- NN 0h $K $* $1 $k r ( x; y ) $N %T %/ %; %k 4V Cf 4V CM r av e � 7 : 980 $r MQ $$ $? !# $3 $N CM $O !" @- G= %F %9 %H (1) $G F3 =P $7 $? g 0 81 =0.598 !" g 0 88 = 4 : 78 $+ $i 5a $^ $k CM !" 4 : 78 = 0 : 598 = 7 : 99 $H $[ $\ 0l CW $7 $F $$ $k !# $5 $i $K !" gain8 � 8 $K $* $1 $k >H <M $K $h $k %+ %& %s %H CM $r 1000 ADU $4 $H $N bin $K 6h @Z 24

$j !" 3F bin $4 $H $K !" $= $N bin $K 4^ $^ $l $k %T %/ %; %k 4V $G r n ( x; y ) $r J? 6Q $7 !" bin $N %+ %& %s %H CM $K BP $7 $F <( $7 $? !# $3 $l $, ?^ 22 $G $" $k !# ?^ 22 $K $h $k $H !" � 25000 ADU Dx EY $^ $G $O r n � 1 $@ $, !" $h $j Bg $- $J %+ %& %s %H CM $G r n $, >. $5 $/ $J $j !" � 40000 ADU $G 0 : 98 6a $/ $^ $G C# $7 $F $$ $k !# $9 $J $o $A !" F1 $8 8w $r >H <M $7 $? gain8 � 8 $H gain8 � 1 2h A| 4V $G $O !" %+ %& %s %H $K $h $j !" 2h A| 4V $N Hf Nc @- $K >/ $J $/ $H $b 2% $N Aj 0c $, $" $k $3 $H $K $J $k !# ?^ 21 $N $h $& $K !" :# 2s >H <M $7 $? 8w $O !" x :B I8 $, Bg $- $$ NN 0h $G 6/ $/ $J $C $F $$ $k !# $b $7 !" %A %C %W >e $N 0L CV $K $h $C $F g 0 81 =g 0 88 $, 0[ $J $k 79 8~ $, $" $j !" g 0 81 =g 0 88 $, x $, Bg $- $$ NN 0h $G $h $j >. $5 $$ $H $9 $l $P !" :# 2s $N $h $& $J 7k 2L $, F@ $i $l $k $@ $m $& !# $? $@ !" :# 2s $N <B 83 $N $_ $G $O 86 0x $O $O $C $- $j $H CG Dj $G $- $J $$ !# $$ $: $l $K $7 $m !" 8= CJ 3, $G $O 0[ $J $k gain 4V $N 3S @5 2h A| $N 6& M- $O 9T $J $o $J $$ J} $, NI $$ $@ $m $& !# $J $* !" 3F bin $N %+ %& %s %H CM $K BP $7 $F !" bin Fb $G $N r n ( x; y ) $N I8 =‘ JP :9 $r ?^ 23 $K <( $7 $? !# $" $o $; $F !" photon noise $+ $i M= A[ $5 $l $k I8 =‘ JP :9 $r GK @~ $G <( $7 $? $, !" N> <T $O NI $/ 0l CW $7 $F $$ $k !# 3.7.4 $^ $H $a gain8 � 8 $H gain8 � 1 $N N> @_ Dj $G A4 $/ F1 $8 8w $r >H <M $7 !" ADU %+ %& %s %H $N Hf $r <h $C $? $H $3 $m !" %T %/ %; %k $K $h $C $F 2% 0J >e $N Aj 0c $, $" $j !" gain Hf g 0 81 =g 0 88 $, %A %C %W >e $N 0L CV $b $7 $/ $O F~ <M 8w 6/ EY $K $h $C $F 0l Dj $G $O $J $$ $3 $H $, L@ $i $+ $K $J $C $? !# $? $@ !" $3 $l $i $N $I $A $i $, 86 0x $G $" $k $+ $O :# 2s $N <B 83 $+ $i $O $O $C $- $j $7 $J $$ !# 8= CJ 3, $G $O !" %U %i %C %H 2h A| $r 0[ $J $k gain @_ Dj 4V $G 6& M- $9 $k $N $O ?d >) $G $- $J $$ !# 3.8 ;D A| 8= >] (hysteresis) 3.8.1 GX 7J CR YOCAM-1 $G $O !" 6/ $$ 8w $r >H <M $7 $? 8e $N dark 2h A| $K !" Hy $+ $K 0J A0 $N >H <M $H F1 $8 7A >u $N 2h A| $, 8= $o $l $k ;D A| 8= >] (hysteresis) $, @8 $8 $F $$ $? (1997.2.24 !" !X !V ;D A| !W Ld Bj B> <B 83 Js 9p !Y !" =) ED C+ ) !# $3 $3 $G $O !" CR YOCAM-2 $G $b F1 MM $N 8= >] $, 5/ $- $F $$ $k $+ $r 3N G’ $9 $k !# 3.8.2 <B 83 :# 2s $N A4 $F $N <B 83 $K @h N) $A !" D9 ;~ 4V ( Ls 1 %u 7n H> ) %A %C %W $K 8w $r >H <M $7 $? @Q J, $r 9T $J $C $F $$ $J $$ >u BV $G !" 500 sec @Q J, $N dark 2h A| $r 4 Kg <h F@ $7 !" E, Ev $J bias :9 $7 0z $- $N 8e !" J? 6Q 2= $7 $? !# $3 $N 2h A| Fb $K $O ;D A| 8= >] $, A4 $/ 8= $o $l $F $$ $J $$ $H 2> Dj $7 !" !V L5 A| ;D %F %s %W %l !< %H 2h A| !W $H $9 $k !# ( @Q J, ;~ $N >r 7o $O gain8 � 8 !" CCD 29 EY � 70 � C !" TEC 29 EY 40 � C !# ) 0l J} !" :# 2s $N A4 $F $N <B 83 $N :G 8e $K !" %O %m %2 %s %i %s %W $r MQ $$ $F !" gain8 � 1 $G %A %C %W Fb $G $N :G Bg %+ %& %s %H $, � 45000ADU $H $J $k $h $& $J 8w $r 2 EY >H <M $7 !" $= $N 8e !" gain8 � 8 $H $7 $F @Q J, ;~ 4V 250sec !" 500sec !" 750sec $= $l $> $l $G Dark 2h A| $r <h F@ $7 A0 8e $N bias 2h A| $r :9 $7 0z $$ $? ( $3 $3 $G CCD 29 EY � 70 � C !" TEC 29 EY 35 � 37 � C) !# 3.8.3 ;D A| $N M- L5 >H <M 8w $K $h $k x J} 8~ $N %+ %& %s %H CM J, I[ $r !" y:201-210 $N 10pixels I} $N J? 6Q CM $G ?^ 24 $K <( $7 $? !# 8w $N >H <M $G @8 $8 $? :G Bg %+ %& %s %H CM � 45000ADU $O !" Ls 75000 e � (full w ell $N Ls 30%) $K Aj Ev $9 $k !# >H <M 8e $N Dark 2h A| (bias :9 $7 0z $- 8e ) $N $& $A !" 500 sec @Q J, $N $b $N $+ $i !V L5 ;D A| %F %s %W %l !< %H !W $r :9 $7 0z $- !" x:51{100 !" y:51{450 $N NN 0h $N J? 6Q %+ %& %s %H CM $r 0ADU $H $J $k $h $& $J 86 E@ Jd @5 $r 9T $J $C $? !# $3 $l $r !" >H <M 8w $K $h $k 2h A| $H F1 MM $K !" x J} 8~ $N %+ %& %s %H CM J, I[ $r !" y:201-210 $N 10pixels I} $N J? 6Q %+ %& %s %H CM $G ?^ 25 25

?^ 21: >H <M $7 $? %O %m %2 %s %i %s %W 8w $K $h $k x J} 8~ $N %+ %& %s %H CM J, I[ !# y:256 $K $D $$ $F <( $7 $? !# ?^ 22: gain8 � 8 $K $* $1 $k ADU %+ %& %s %H CM $r 1000ADU I} $N bin $4 $H $K J, $1 !" 3F bin $K B0 $9 $k A4 %T %/ %; %k $N r n ( x; y ) $r J? 6Q 2= $7 $? !# $3 $l $r !" 3F bin $N gain8 � 8 $K $* $1 $k ADU %+ %& %s %H CM $K BP $7 $F <( $7 $? !# 26

$K <( $7 $? !# 8w $N >H <M $K $h $C $F ;D A| 8= >] $, @8 $8 $? >l 9g $O !" ?^ 25 Cf $K ?^ 24 $H F1 $8 $h $& $J 7A >u $N %+ %& %s %H CM J, I[ $, ;D A| $H $7 $F 8= $o $l $k $H M= A[ $5 $l $k $, !" $= $N $h $& $J MM ;R $O 8+ $i $l $F $$ $J $$ !# 250sec !" 750sec $N Dark 2h A| $K $D $$ $F $b F1 MM $G $" $C $? ( L5 ;D A| %F %s %W %l !< %H $H $7 $F $O !" 500 sec @Q J, $N $b $N $r @Q J, ;~ 4V $K 1~ $8 $F %9 %1 !< %k JQ 49 $7 $F MQ $$ $? ) !# $h $C $F !" :# 2s $N $h $& $K full well $N Ls 30% $N EE ;R $r @8 $8 $k Dx EY $N 8w $r 2 EY >H <M $9 $k Dx EY $G $O !" 82 Cx $J ;D A| 8z 2L $O 8= $o $l $J $$ $H 8@ $( $k $@ $m $& !# $5 $i $K >H <M 2s ?t $r 7+ $j JV $7 $? >l 9g $d !" %5 %A %l !< %7 %g %s $r 5/ $3 $9 Dx EY $N 6/ $$ 8w $r >H <M $7 $? 8e $N ;D A| 8= >] $K $D $$ $F $O L$ CN $G $" $k $N $G !" FC $K gain8 � 1 $N $h $& $J gain $, Dc $$ @_ Dj $G %@ %$ %J %_ %C %/ %l %s %8 0l GU $r ;H $C $? 4Q B, $r $9 $k >l 9g $O !" dark 2h A| $K ;D A| $, 8= $o $l $F $$ $J $$ $+ Cm 0U $9 $k I, MW $, $" $k !# 3.8.4 $^ $H $a full well $N Ls 30% $N EE ;R $r @8 $8 $k $h $& $J 8w $r 2 EY >H <M $9 $k Dx EY $G $O !" ;D A| 8= >] $O 8+ $i $l $J $+ $C $? !# $h $j 6/ $$ 8w $r >H <M $7 $? 8e $N ;D A| 8= >] $K $D $$ $F $O $^ $@ IT L@ $G $" $j !" Cm 0U $, I, MW $G $" $k !# 4 0[ >o F0 :n :# 2s $N <B 83 $K $h $j !" 0J 2< $N 3 $D $N 0[ >o $r 3N G’ $7 $? !# 4.1 gain 0[ >o JQ 2= %= %U %H >e $G 4Q B, <T $, gain @_ Dj $r A‘ :n $7 $F $$ $J $$ $K $b 4X $o $i $: !" %+ %a %i Fb It $G gain $, >! <j $K JQ 2= $7 $F $$ $k $H ;W $o $l $k 8= >] $, !" :# 2s $N <B 83 Cf $N 0l 4| 4V !" 4 ;~ 4V $N 4V $K 3 2s $[ $I H/ @8 $7 $? !# $3 $N 8= >] $O !" <B 83 Cf $N $" $k 2h A| $+ $i bias level $, 5^ JQ 2= $7 !" 2h A| Fb $N %+ %& %s %H $N J, I[ $N I} $, 9- $, $C $? $j 69 $^ $C $? $j $9 $k $b $N $G $" $k !# %= %U %H >e $G gain @_ Dj $r 0l C6 B> $N CM $K JQ $( $F $+ $i 85 $K La $9 $H !" @5 >o $J >u BV $K La $k !# $3 $l $i $N $3 $H $+ $i !" %+ %a %i Fb It $K $* $1 $k gain @_ Dj $, !" 4Q B, <T $N A‘ :n $J $7 $K >! <j $K JQ 2= $7 $F $$ $k $N $G $O $J $$ $+ $H ?d B, $7 $? !# 2h LL >e $N gain @_ Dj $N I= <( $O JQ 2= $7 $J $$ $? $a !" $3 $N 8= >] $N H/ @8 $K 4Q B, <T $, 5$ IU $+ $J $$ 62 $l $, $" $k !# 3F <h F@ 2h A| $N %R %9 %H %0 %i %‘ $r Cm 0U ?< $/ 3N G’ $7 !" gain 0[ >o JQ 2= $, 5/ $- $F $$ $J $$ $+ Cm 0U $9 $k I, MW $, $" $k !# 4.2 <J LO MM >u %N %$ %: bias image >e $K <J LO MM (x J} 8~ ) $N noise $, 8+ $i $l $k !# <J $N I} !" ?t !" =P 8= >l =j $O $= $N ;~ !9 $G 0[ $J $k !# ?6 I} $O Bg BN 1ADU Dx EY (gain 8 � 1) !" <J $N I} (y J} 8~ ) $O Ls 20 !A 50 pixel Dx EY !" ?t $O 3 !A 8 K\ $0 $i $$ $G $" $k !# 4.3 LZ L\ LO MM >u %N %$ %: bias image >e $K LZ L\ LO MM $N noise $, 8+ $i $l $k !# Cryocam1 $N ;~ $K $b F1 $8 $h $& $J $3 $H $, $" $C $? $, !" $= $N ;~ $O %+ %a %i $r EE 5$ E* $K FH N) $K $9 $k $3 $H $G 2r 7h $7 $? !# $7 $+ $7 !" :# 2s $O %+ %a %i $O :G =i $+ $i EE 5$ E* $K FH N) $7 $F $* $j !" 86 0x $O IT L@ $G $" $k !# ?6 I} $O gain8 � 1 $G ?t ADU Dx EY $G $" $k !# 27

?^ 23: 3F bin Fb $K $* $1 $k r n ( x; y ) $N I8 =‘ JP :9 $N <B B, CM $H !" photon noise $+ $i ?d Dj $5 $l $k I8 =‘ JP :9 $N M} O@ CM ( GK @~ ) $N Hf 3S !# ?^ 24: %O %m %2 %s %i %s %W 8w $N >H <M $K $h $k x J} 8~ $N %+ %& %s %H J, I[ !# y:201-210 $N 10pixels I} $G J? 6Q 2= $7 $? !# 28

4.1 @a $N gain 0[ >o JQ 2= $K $D $$ $F $O !" H/ @8 $K 5$ IU $+ $J $+ $C $? >l 9g !" @5 3N $J %G !< %? <h F@ $, 9T $J $( $J $$ $? $a !" Cm 0U $, I, MW $G $" $k !# 4.2 @a !" 4.3 @a $N 3F %N %$ %: $K $D $$ $F $O !" Dx EY $, >. $5 $$ $? $a !" 4Q B, $K 5Z $\ $9 1F 6A $O $= $l $[ $I ?< 9o $G $O $J $$ $@ $m $& !# :# 2s $N <B 83 $G B, Dj $7 $? readout noise $O !" $3 $l $i $N %N %$ %: $N 1F 6A $b 4^ $^ $l $? 7k 2L $G $" $k $, !" == J, Dc $$ CM $, F@ $i $l $F $$ $k !# $3 $l $i $K $N 0[ >o $D $$ $F $O !" %a !< %+ !< $K Js 9p $N >e !" BP :v $r 8! F$ $9 $k !# 5 :# 2s $N <B 83 $N $^ $H $a :# 2s $N <B 83 $K $h $j !" CR YOCAM{2 $N 4p K\ E* $J FC @- $r L@ $i $+ $K $7 $? !# 4Q B, $G ;H MQ $9 $k gain @_ Dj $O !" gain8 � 1( g 0 = 0 : 598[ADU =e � ]) $H $9 $k !# $3 $N @_ Dj $G $O !" %@ %$ %J %_ %C %/ %l %s %8 0l GU (CCD $N full well Ls 240000 e � $N 46% $K Aj Ev ) $G 4Q B, $7 $? >l 9g $G $b !" CCD $N Hs @~ 7A $N 8z 2L $, 5Z $\ $9 JP 8w EY B, Dj 8m :9 $O L5 ;k $G $- $k Dx EY $G $" $k !# 0E E7 BN MQ $H $7 $F gain $N Bg $- $$ @_ Dj !" gain8 � 8( g 0 = 4 : 78[ADU =e � ]) $N ;H MQ $b 8! F$ $7 $? $, !" TEC JQ F0 $K $h $k bias $N ADU CM $N JQ F0 $N Dx EY $, gain $H $[ $\ Hf Nc $7 $F $* $j !" gain $r >e $2 $F $b E7 BN $N ?. 9f $K BP $9 $k bias JQ F0 $N 3d 9g $, JQ $i $J $$ $3 $H $, L@ $i $+ $K $J $C $? $? $a !" $" $( $F gain8 � 8 $N @_ Dj $r ;H MQ $9 $k I, MW @- $O $J $$ !# G. ;( 2; $O !" CCD 29 EY � 61 � C $K $* $$ $F 0.33 e � = sec = pixel $G $" $C $? !# $^ $? !" G. ;( 2; $O CCD 29 EY $K BP $7 $F ;X ?t 4X ?t E* $K A} 2C $7 !" � 17 : 3 � C >e >: $9 $k $4 $H $K 10 G\ $H $J $k !# TEC 29 EY $K => $& G. ;( 2; $N JQ 2= $O 8+ $i $l $J $+ $C $? !# bias $N ADU CM JQ 2= $O TEC 29 EY $d CCD 29 EY $N JQ 2= $H 6/ $$ Aj 4X $r $b $D $? $a !" 4Q B, ;~ $K $O $H $b $K 0B Dj $5 $; $k I, MW $, $" $k !# TEC 29 EY 31 � 35 � C $K $* $$ $F bias $N TEC 29 EY $K BP $9 $k JQ 2= $O � 2ADU = � C !" CCD 29 EY � 60 � � 20 � C $K $* $$ $F !" bias $N CCD 29 EY $K BP $9 $k JQ 2= $O � 120ADU = � C $G $" $k !# %7 %c %C %? !< 3+ JD $K $h $k %A %C %W >e $G $N >H <M $N $‘ $i $, JP 8w EY B, Dj $K 5Z $\ $9 7O E} 8m :9 � P [%] $O !" @Q J, ;~ 4V t [sec] $K H? Hf Nc $7 !" � P = 0 : 1 =t $G $" $k !# @Q J, ;~ 4V $r ?t IC $H $9 $k $3 $H $G !" 8m :9 $O L5 ;k $G $- $k Dx EY $H $J $k !# $? $@ $7 !" %+ %a %i $N ;Q @* :9 $d 30 5$ 29 !" ;H MQ 2s ?t $N A} 2C $K $h $k %7 %c %C %? !< B. EY $N JQ 2= $O L$ CN $G $" $k !# readout noise $O ADC B. EY 50 kHz $K $* $$ $F � 6 : 4 e � $G $" $k !# readout noise $O ADC B. EY $N >e >: $H $H $b $K <c 43 A} 2C $9 $k !# :# 2s $N <B 83 $N $[ $H $s $I $r ADC B. EY 50 kHz $G 9T $J $C $F $$ $k $N $G !" $3 $N ADC B. EY $r :# 8e $N I8 =‘ $N @_ Dj $H $9 $k !# ADC B. EY 50 kHz $K $* $1 $k bias 2h A| <h F@ =j MW ;~ 4V $O Ls 12 sec $G $" $k !# 0[ $J $k gain @_ Dj $G F1 $8 8w NL $r >H <M $7 $? 2h A| $N %+ %& %s %H Hf $O !" 2h A| A4 BN $K $o $? $C $F 0l Dj $G $O $J $+ $C $? !# $h $C $F !" 8= CJ 3, $G $O %U %i %C %H 2h A| Ey $N 3S @5 2h A| $O !" ;H MQ gain $4 $H $K <h F@ $9 $k I, MW $, $" $k !# :# 2s $N <B 83 $G $O $O $C $- $j $7 $? ;D A| (hysteresis) 8= >] $O 8+ $i $l $J $+ $C $? !# $h $j 6/ $$ 8w $N >H <M $G 8= $o $l $F $/ $k 2D G= @- $, $" $k $N $G !" Cm 0U $, I, MW $G $" $k !# :# 2s $N <B 83 $H !" 1998 G/ 12 7n $N Bh 1 <! <B 83 $N 7k 2L $K 4p $E $- !" 8= CJ 3, $K $* $1 $k CR YOCAM{2 $N @- G= $r I= 3 $K $^ $H $a $F <( $9 !# $3 $l $^ $G $N 2 2s $N <B 83 $N 7k 2L $+ $i H= CG $7 $F !" 4p K\ E* $K $O CR YOCAM{2 $r 4Q B, $K ;H MQ $9 $k >e $G $N Bg $- $J Ld Bj $O $J $$ $@ $m $& !# $5 $i $K >\ :Y $J FC @- $r CN $k $? $a $K !" :# 8e !" 0J 2< $N $h $& $J <B 83 $, I, MW $G $" $k !# � 31 � C 0J 2< $N TEC 29 EY $K $* $1 $k bias $N TEC 29 EY 0M B8 @- $N D4 :: !# ( 5$ 29 $, Dc 2< $9 $k =) !A E_ $K 9T $J $& !# ) � ;D A| 8= >] $N >\ $7 $$ D4 :: !# � %+ %a %i FC @- $N 0B Dj @- $N D4 :: !# ( Dj 4| E* $J dark 2h A| !" bias 2h A| $N <h F@ !" shutter B. EY $N B, Dj !# ) � bias 2h A| Cf $N noise $N 86 0x 2r L@ $H =| 5n !# 29

?^ 25: 8w $r >H <M $7 $? 8e $N 500 sec Dark 2h A| $+ $i !" !V L5 ;D A| %F %s %W %l !< %H !W $r :9 $7 0z $- !" 86 E@ Jd @5 $r 9T $J $C $? 2h A| $N x J} 8~ $N %+ %& %s %H CM J, I[ !# y:201-210 $N 10pixels I} $G J? 6Q 2= $7 $? !# gain @_ Dj 8 � 1 gain 0 : 598ADU =e � ADC B. EY 50 kHz(Low) bias <h F@ =j MW ;~ 4V Ls 12 sec %7 %c %C %? !< B. EY 50000pixels = sec(1 = 100sec) %7 %c %C %? !< 3+ JD $, 5Z $\ $9 JP 8w EY B, Dj 8m :9 ( @Q J, ;~ 4V t [sec]) 0 : 1 =t % G. ;( 2; (CCD 29 EY � 70 � C) 0 : 064 e � = sec = pixel G. ;( 2; $N CCD 29 EY 0M B8 @- +17 : 3 � C $G 10 G\ bias $N CCD 29 EY 0M B8 @- (CCD 29 EY � 61 � � 20 � C) 120ADU = � C bias $N TEC 29 EY 0M B8 @- (TEC 29 EY 31 � 35 � C) 2ADU = � C readout noise 6 : 4 e � hot pixels( N dar k > 5 N dar k ) < 60 pixels full w ell Ls 240000 e � I= 3: CR YOCAM{2 $N =t FC @- 30

A @- G= %F %9 %H (1) $N 35 MW !V HBS MQ CCD %+ %a %i CR YOCAM-2 $N @- G= %F %9 %H (1) !" 1999.5.4 !" =) ED C+ !W $N 35 MW !# F ormat 512 � 512 pixels Pixel Size 24 � m � 24 � m Imaging Area 12.3 mm � 12.3 mm Dark curren t(MPP), 20 � C 50 pa/cm 2 (Max. 70 pa/cm 2 ) Readout Noise 7 e � (Max. 9 e � ) F ull W ell signal 350,000 e � (Min. 300,000 e � ) CTE p er pixel 0.99999 (Min. 0.99995) I= 4: SIT e SI-502A $N ;E MM <g $J %F %9 %H 9‘ L\ � 4p K\ F0 :n 3N G’ ( %7 %c %C %? !< 3+ JD !" Nd 5Q 29 EY ) � $* $b $J %= %U %H >e $N gain @_ Dj $K $* $1 $k gain !" conv ersion factor $N B, Dj � readout noise $N B, Dj � bias 2h A| � G. ;( 2; $N B, Dj ADC sp eed Time (sec.) Low 12 Medium 9 High 6 I= 5: ADC sp eed $K $h $k 2h A| <h F@ $K MW $9 $k ;~ 4V 31 gain @_ Dj gain g 0 [ADU/ e � ] conv ersion factor [ e � /ADU] 1 � 1 0.0748 � 0.0021 13.4 � 0.4 1 � 2 0.150 � 0.004 6.68 � 0.20 1 � 4 0.299 � 0.008 3.35 � 0.09 1 � 8 0.599 � 0.015 1.67 � 0.04 2 � 1 0.150 � 0.004 6.66 � 0.16 2 � 2 0.300 � 0.007 3.33 � 0.08 2 � 4 0.599 � 0.014 1.67 � 0.04 2 � 8 1.20 � 0.03 0.833 � 0.019 4 � 1 0.299 � 0.007 3.34 � 0.08 4 � 2 0.598 � 0.014 1.67 � 0.04 4 � 4 1.20 � 0.03 0.837 � 0.019 4 � 8 2.39 � 0.05 0.419 � 0.009 8 � 1 0.598 � 0.013 1.67 � 0.04 8 � 2 1.20 � 0.03 0.835 � 0.019 8 � 4 2.39 � 0.05 0.418 � 0.010 8 � 8 4.78 � 0.06 0.209 � 0.003 I= 6: ADU %+ %& %s %H Hf $+ $i 5a $a $? gain g 0 5Z $S conv ersion factor g gain @_ Dj � 1(ADU) [ADU](151500 pixels J? 6Q ) � 1(ADU) $N pixel 4V I8 =‘ JP :9 [ADU] � 1( e � ) [ e � ] 4 � 4 8.74 7.59 5.66 1 � 8 11.4 2.3 19.6 8 � 1 3.63 2.00 6.05 8 � 8 26.7 16.4 5.59 I= 7: bias 2h A| $+ $i 5a $a $? readout noise G. ;( 2; 0 : 064[ e � = sec = pixel] I= 8: CCD 29 EY � 70C � $K $* $1 $k G. ;( 2; J? 6Q %+ %& %s %H ADU / e � 60ADU(100 e � ) 0J >e $N %+ %& %s %H $r $b $D pixel ?t 500sec dark 19.26 / 32.1 1805 (0.7%) 1000sec dark 41.04 / 68.4 24344 (9.2%) I= 9: dark 2h A| (bias :9 $7 0z $- 8e ) $N J? 6Q %+ %& %s %H !" 32

B <B 83 7W 2h --------------------------------------------------------------- F2 J? 4Q B, =j HBS MQ SITe CCD %+ %a %i CRYOCAM-2 Bh 2 <! @- G= %F %9 %H 7W 2h ver 0.1 May. 29,1999. =) ED C+ MN --------------------------------------------------------------- [I] $3 $l $^ $G $N >u 67 Bh 1 <! %F %9 %H (1998 G/ 12 7n ) $K $* $$ $F !" 4J C1 $J F0 :n 3N G’ $r 9T $J $$ !" A4 $F $N gain @_ Dj $K $D $$ $F JQ 49 8z N( $r F3 =P $7 $? !# $^ $? !" <g $J gain @_ Dj $K $* $$ $F readout noise !" dark noise $r B, Dj $7 !" K~ B- $G $- $k CM $r F@ $? !# [II] %F %9 %H $N L\ E* 1999 G/ EY 6& F1 Mx MQ $G ;H MQ $r M= Dj $7 $F $$ $k HBS MQ SITe CCD %+ %a %i (CRYOCAM-2) $K $D $$ $F ?d >) $9 $k @_ Dj $r 7h Dj $9 $k !# $^ $? , $= $l $i $N @_ Dj $K $* $$ $F Dj NL E* $J %+ %a %i @- G= $N I> 2A $r 9T $$ , 4Q B, 7k 2L $N 8m :9 I> 2A $r @5 3N $K 9T $& $? $a $N ;q NA $r Ds 6! $9 $k !# FC $K =E E@ $r CV $/ $N $O 0J 2< $N E@ $G $" $k !# !& linearity $N NI $$ CCD well $r %@ %$ %J %_ %C %/ %l %s %8 0l GU $K ;H MQ $G $- $k gain @_ Dj $r 7h Dj $9 $k !# 0E E7 BN MQ $K !" :G 9b gain(8x8) $G $N linearity FC @- $b L@ $i $+ $K $9 $k !# (1) !" (2) !& %7 %c %C %? !< B. EY $K $D $$ $F D4 :: $7 !" 5v $5 $l $k :G >. $N @Q J, ;~ 4V $r L@ $i $+ $K $9 $k !# (7) !& 0[ $J $k gain 4V $G !" sky flat $J $I $N 3S @5 %G !< %? $, 6& M- $G $- $k $+ $r L@ $i $+ $K $9 $k !# (8) !& bias !" dark $N 0B Dj @- !" 30 It MW 0x $K 4p $E $/ $K JQ 2= $K $D $$ $F L@ $i $+ $K $9 $k !# (3) !" (4) !" (5) !" (6) !" (9) !" (10) [III] %F %9 %H 9‘ L\ $H =j MW ;~ 4V (1) ;H MQ gain @_ Dj $N 7h Dj 3 + 2( 2r @O ) (2) 3F gain @_ Dj $G $N linearity FC @- $N B, Dj 5 (3) Dark 2h A| $N FC @- 3 (4) Dark !" Bias $N CCD 29 EY 0M B8 @- 2 (5) Dark !" Bias $N TEC 29 EY 0M B8 @- 2 (6) ADC B. EY $K $h $k readout noise $N JQ 2= 0.5 (7) %7 %c %C %? !< 3+ JD B. EY 1.5 (8) 0[ $J $k gain @_ Dj 4V $N 3S @5 2h A| 8_ 49 @- 1 (9) ;D A| $N M- L5 0.5 (10) bias,dark $N D9 4| 0B Dj @- - 33

[IV] %F %9 %H F| Dx F| ;~ !’ 1999 G/ 6 7n 4 F| ( 6b ) !A 6 7n 8 F| ( 2P ) >l =j !’ F2 J? 4Q B, =j 91cm %I !< %‘ 2 3, 0E << ?M 0w !’ =) ED C+ !" Cf ;3 ------------------------------------------------- 8a A0 8a 8e Lk ------------------------------------------------- 6/4 F2 J? Ce !& =‘ Hw (9) !" (1) !" (6) 6/5 (2) (7) !" (3) (4) 6/6 (3) (8) !" (5) 6/7 0J 8e 2r @O 6/8 ------------------------------------------------- [V] 3F %F %9 %H $N >\ :Y ------------------------ (1) ;H MQ gain @_ Dj $N 7h Dj ------------------------ !& L\ E* $G $- $k $@ $1 9- $$ %@ %$ %J %_ %C %/ %l %s %8 Fb $G NI $$ linearity $r <( $9 gain @_ Dj $r A* $S !" I8 =‘ $N @_ Dj $H $9 $k !# !& >\ :Y NI $$ linearity $N 4p =‘ $O !V !A 50000ADU $^ $G $K $* $$ $F !" |Preal/ &$ P| < 200 (cross talk $K $h $k 8m :9 $N 1/4) !W $H $7 $? !# $3 $3 $G Preal : E7 BN $N ?? $N JP 8w EY &$ P : linearity $N 0- $5 $, JP 8w EY B, Dj $K 5Z $\ $9 8m :9 $G $" $k !# $3 $l $r K~ $? $9 $h $& $J linearity $N @_ Dj $O !" linearity $, 40 A4 $J $H $- $N CCD $N H? 1~ Ireal $K BP $7 $F !" <B :] $N CCD $N H? 1~ $, Iobs = Ireal^ &C $H $+ $1 $k $H $- !" !V &C >0.995 !W $H $J $k !# | &$ P=( &C -1)Preal | $H =q $1 $k $? $a !" | Preal/ &$ P = 1/( &C -1) | 1/200 > |1/( &C -1)| 34

| $h $j !" &C >0.995 0J >e $h $j !" !V !A 50000ADU $K $* $$ $F !" &C >0.995 $H $J $k $h $& $J gain @_ Dj $N $& $A !" gain $, :G >. $N $b $N $r I8 =‘ @_ Dj $H $7 $F A* $V !W $3 $H $H $7 $? !# !& 7W 2h gain @_ Dj Kh $K !" chip $K 0l MM $J 0B Dj halogen 8w (100sec $G !A 60000ADU) $r >H <M $7 !" 10sec $+ $i 100sec $^ $G 10sec 9o $_ $G halogen 2h A| !" dark 2h A| $r 1 Kg $E $D <h F@ !# gain @_ Dj $O 0J 2< $N =g $G JQ $( $k !# gain 8x4 8x2 8x1 4x1 2x1 $3 $N JU $j $O full well $N 4X 78 $G L5 M} $+ $b !# 1x1 gain 8x4,8x2,8x1,4x1,2x1,1x1 ------------------------------------------------ exp.time 10 20 30 40 50 60 70 80 90 100 ------------------------------------------------ halogen 1 1 1 1 1 1 1 1 1 1 dark 1 1 1 1 1 1 1 1 1 1 ------------------------------------------------ bias $r E, 59 <h F@ !# $9 $0 $K 2r @O $7 !" &C >0.995@50000ADU $r K~ $? $7 $= $& $J $b $N $r I8 =‘ $N gain @_ Dj $H $7 $F 7h Dj $7 !" %F %9 %H (2) $K 0\ $k !# !& =j MW 3 ;~ 4V (+ 2r @O 2 ;~ 4V ) -------------------------------------- (2) 3F gain @_ Dj $G $N linearity FC @- $N B, Dj -------------------------------------- !& L\ E* %F %9 %H (1) $G 7h Dj $7 $? gain @_ Dj $H 0E E7 BN MQ $N gain @_ Dj (8x8) $K $D $$ $F !" linearity FC @- $r B, Dj $9 $k !# !& >\ :Y Iobs=Ireal^ &C $r 2> Dj $9 $k !# 5a $a $i $l $k linearity FC @- $O !" (1) $G =R $Y $? $H $* $j !" !V &C >0.995 @ 50000ADU !W &C $r 0.001 $N @: EY $G B, Dj $9 $k $K $O !" 4Q B, %+ %& %s %H $K $D $$ $F 1\% $N @: EY $, 35

I, MW !# | 500000ADU $K $* $$ $F !" | @: EY &$ !A 50000^1.001 - 50000 !A 544 | $h $C $F !" 544/50000 -> !A 1\% $5 $i $K !" shutter 3+ JD B. EY $N IT Dj @- !" photon noise $r 9M N8 $9 $k !# !& 7W 2h 100sec $G 40000ADU Dx EY $N 0l MM 0B Dj halogen 8w $r chip $K >H <M !# %+ %& %s %H $N peak $N $" $? $j $G !" 10x10pix $N NN 0h Cf $G $N %+ %& %s %H $N $f $i $. $, photon noise Dx EY $N 0l MM @- $r MW 5a !# %F %9 %H Cf !" halogen MQ EE 8; $N EE 05 $r 4F ;k !# ---------------------------------------------------------- exp.time 5 10 20 30 40 50 60 70 80 90 100 halogen 3 3 3 3 3 3 3 3 3 3 3 dark 2 2 2 2 2 2 2 2 2 2 2 ---------------------------------------------------------- exp.time 110 120 130 140 150 160 halogen 3 3 3 3 3 3 dark 2 2 2 2 2 2 ---------------------------------- bias $r E, 59 <h F@ !# !& =j MW 5 ;~ 4V ------------------- (3) Dark 2h A| $N FC @- ------------------- !& L\ E* dark noise $N @Q J, ;~ 4V $K $h $k linearity !" hotpixels $N JQ 2= $r CN $k !# !& 7W 2h I8 =‘ gain @_ Dj ((1) $G 7h Dj ) !# 0J 2< $N <j =g $G dark !" bias $r <h F@ !# CCD 29 EY !" TEC 29 EY $N 0B Dj @- $K $O N1 0U !# --------------------------------------------------- exptime 10 20 30 60 100 200 300 600 1000 2000 dark 3 3 3 3 3 3 3 3 2 2 bias 3 3 3 3 3 3 3 3 2 2 --------------------------------------------------- !& =j MW 3 ;~ 4V ------------------------------ (4) Dark !" Bias $N CCD 29 EY 0M B8 @- ------------------------------ !& L\ E* 36 dark !" bias $, CCD 29 EY $K $h $C $F $I $N $h $& $K JQ 2= $9 $k $+ $r CN $k !# !& >\ :Y CCD 29 EY $K 1~ $8 $? dark 5/ 8; $N noise NL $r 7h Dj $9 $k !# M} O@ $G $O !" ND(T) = 2.55E15 !& N0 !& dpix^2 !& T^-1.5 !& exp(-EG/2kt) EG=1.557-(7.021E-4 !& T^2)/(1108+T) N0[mA/cm^2] : dark current at room temperature dpix[cm] : pixel size EG[eV] : band gap energy (Si) $, CN $i $l $F $$ $k !# 7k 2L $r chip $N %+ %? %m %0 $K 5- :\ $5 $l $F $$ $k CM $r $b $H $K 7W ;; $7 $? M} O@ CM $H Hf 3S $7 !" dark noise $, BE Ev $G $" $k $+ 8! >Z $9 $k !# CCD 29 EY $K $h $k hot pixels $N ?t $r 5a $a $k !# !& 7W 2h I8 =‘ gain @_ Dj $G 9T $J $& !# CCD 29 EY $r -70 !k C $+ $i -10 !k C $^ $G 5 !k C $- $6 $_ $G JQ 99 $7 !" $= $l $> $l $G 300sec dark $r <h F@ $9 $k !# A0 8e $K $O bias $r <h F@ !# ---------------------------------------------------------------- CCD Temp -70 -65 -60 -55 -50 -45 -40 -35 -30 -25 -20 -15 -10 dark(300sec) 1 1 1 1 1 1 1 1 1 1 1 1 1 bias 2 2 2 2 2 2 2 2 2 2 2 2 2 ---------------------------------------------------------------- !& =j MW 2 ;~ 4V ------------------------------ (5) Dark !" Bias $N TEC 29 EY 0M B8 @- ------------------------------ !& L\ E* TEC 29 EY $N JQ 2= $K $h $C $F Dark !" bias $, $I $N $F $$ $I JQ 2= $9 $k $+ $r B, Dj $9 $k !# !& >\ :Y CRYOCAM1 $G $O !" TEC $N JQ 2= $K $h $C $F bias $, Bg $- $/ JQ 2= $9 $k MM ;R $, J, $+ $C $F $$ $k !# CRYOCAM2 $G $b $3 $N FC D’ $, 8+ $i $l $k $+ $r D4 :: $7 !" Aj 4X 4X 78 $r 5a $a $k !# 2D G= $J >l 9g $O !" JQ 49 <0 $r F3 =P $7 !" Jd @5 $N 2D G= @- $r C5 $k !# !& 7W 2h CCD %+ %a %i $N %U %! %s $r :I $0 $J $I $7 $F TEC 29 EY $r JQ 2= $5 $; $J $, $i !" 100sec dark !" bias $r <h F@ $9 $k !# ( $* $h $= 1 !k C $- $6 $_ ) CCD 29 EY $r 0l Dj $K J] $D !# ( $" $i $+ $8 $a <c 43 9b $a $K @_ Dj $9 $k ) !& =j MW 2 ;~ 4V ------------------------------------- (6) ADC B. EY $K $h $k readout noise $N JQ 2= ------------------------------------- 37

!& L\ E* ADC B. EY $N JQ 2= $K $h $C $F readout noise $, JQ 2= $9 $k $+ $r D4 $Y $k !# !& 7W 2h ADC Speed $r Low(50K) !" Mid(100K?) !" High(200K?) $= $l $> $l $G bias $r 15 Kg <h F@ $7 !" %+ %& %s %H $N 2h A| 4V I8 =‘ JP :9 $+ $i readout noise $r 5a $a !" Hf 3S $9 $k !# I8 =‘ gain @_ Dj $r ;H MQ !# (8x8 $G $b :9 $7 ;Y $( $O $J $$ ) ----------------------------- ADC Low Mid High bias 15 15 15 ----------------------------- ----------------------- (7) %7 %c %C %? !< 3+ JD B. EY ----------------------- !& L\ E* %7 %c %C %? !< $, N> 3+ $- 9= B$ $G $" $k $? $a !" chip >e $N 0L CV $K $h $j @Q J, ;~ 4V $, <c 43 JQ 2= $9 $k !# $3 $l $, JP 8w EY B, Dj $K 5Z $\ $9 1F 6A $r D4 $Y $k !# $3 $l $r $b $H $K !" 2D G= $J :G Dc @Q J, ;~ 4V $r 7h Dj $9 $k !# !& >\ :Y %7 %c %C %? !< $O %9 %Z %/ %H %k $K ?b D> $J J} 8~ $K F0 $/ !# 0B Dj $7 $? 8w $r >H <M $7 $? $H $- !" y:1-50 $N It J, (I) $G $N %+ %& %s %H $r I1(t) !" y:451-500 $N It J, (II) $G $N %+ %& %s %H $r I2(t) $H $9 $k !# (t $O @Q J, ;~ 4V ) &$ (t)=1-(I1(t)/I2(t)) / (I1( !g )/I2( !g )) $H $9 $k $H !" M} A[ E* $K $O &$ (t)=0 $G $" $k $Y $- $@ $, !" %7 %c %C %? !< $N B. EY $, M- 8B $J >l 9g $O !" &$ (t)>0 $H $J $k !# $3 $3 $G !" >o 8w %9 %Z %/ %H %k $, (II) It J, !" 0[ >o 8w %9 %Z %/ %H %k $, y:401-450 It $K $" $k >l 9g !" %7 %c %C %? !< $N B. EY $, JP 8w EY B, Dj $K 5Z $\ $9 7O E} 8m :9 &$ P $O !" @h $K Dj 5A $7 $? &$ $r $b $A $$ $F !" &$ P=(1/9) !& ( &$ /4) $H $+ $1 $k !# $b $7 !" &$ P<0.00025(0.025\%) $H 7h $a $l $P !" &$ <0.009( !A 1\%) $G $" $l $P $h $$ $3 $H $K $J $k !# ---------------------------------- | | | | | %7 | | | %c | | V %C | | %? | |------ Cf ?4 + !C | ============================= |y:451-500 $N 38

| | (II) ^ F0 | | | $- | | | | ============================= |y: 1- 50 ---------------------------------- (I) CCD chip 512x512 !& 7W 2h I8 =‘ gain @_ Dj !# 100sec $G !A 30000ADU Dx EY $N halogen 8w $r >H <M $9 $k !# 0J 2< $N $h $& $K !" halogen flat 2h A| $H dark 2h A| $r <h F@ $7 !" @Q J, ;~ 4V $H &$ $N 4X 78 $r 5a $a $k !# ------------------------------------------------ exp.time 100 1 2 3 4 5 6 8 100 flat 6 10 10 10 10 10 10 10 6 dark 3 3 3 3 3 3 3 3 3 ------------------------------------------------ exp.time 10 12 14 16 18 20 100 flat 10 10 10 10 10 10 10 dark 3 3 3 3 3 3 3 --------------------------------------- !& =j MW 1.5 ;~ 4V ------------------------------------- (8) 0[ $J $k gain @_ Dj 4V $N 3S @5 2h A| 8_ 49 @- ------------------------------------- !& L\ E* I8 =‘ $N gain @_ Dj $G F@ $? 3S @5 2h A| (sky flat Ey ) $, !" B> $N gain @_ Dj (8x8) $K $b E, MQ $G $- $k $+ D4 :: $9 $k !# !& >\ :Y :# 2s $N %F %9 %H $G $O !" I8 =‘ $N gain @_ Dj $r 7h Dj $9 $k $, !" 0l J} $G !" 0E E7 BN $K $O BP $7 $F $O gain8x8 $N @_ Dj $r MQ $$ $k $[ $& $, NI $$ >l 9g $, $" $k !# $= $N >l 9g !" I8 =‘ gain @_ Dj $G F@ $? 3S @5 2h A| $r gain8x8 $K E, MQ $G $- $l $P !" 3S @5 4Q B, $N 8z N( $, NI $$ !# I8 =‘ $N gain @_ Dj !" gain8x8 $G A4 $/ F1 $8 8w $r >H <M $7 $? $H $- !" $= $l $> $l pixel(x,y) $K $* $1 $k %+ %& %s %H $r Ilow(x,y) !" Ihigh(x,y) $H $9 $k !# $^ $? !" $3 $l $i $N Hf !" r(x,y) = Ilow(x,y)/Ihigh(x,y) $r Dj 5A $9 $k !# $3 $N $H $- !" A4 pixel $K $* $$ $F !" r(x,y) = const = glow / ghigh (glow !" ghigh $O $= $l $> $l I8 =‘ $N gain @_ Dj !" gain8x8 $G $N gain(ADU/electron)) $J $i $P !" 0[ $J $k gain @_ Dj $N 2h A| $O C1 $K Dj ?t G\ $5 $l $? 2h A| $G $" $k $N $G !" flat Ey $N 3S @5 2h A| $K 8_ 49 @- $, $" $k $H $7 $F NI $$ !# 39

!& 7W 2h gaix8x8 $K $* $$ $F 2h A| Fb $K ?t 1000-40000ADU Dx EY $N %+ %& %s %H $, $^ $s $Y $s $J $/ <( $5 $l $k $h $& $J halogen 8w $r >H <M $9 $k ( !A 60sec $/ $i $$ ) !# 8w 8; $r 0B Dj $5 $; $F !" gain8x8 $* $h $S I8 =‘ gain @_ Dj $G 2h A| $r <h F@ $9 $k !# ------------------------------------ gain8x8 I8 =‘ gain @_ Dj halogen 20 20 dark 6 6 ------------------------------------ $3 $l $i $K $D $$ $F !" r(x,y) $r 5a $a !" Ilow(x,y) $H r(x,y) $N 4X 78 $r 5a $a $k !# !& =j MW 1 ;~ 4V --------------- (9) ;D A| $N M- L5 --------------- !& L\ E* CRYOCAM1 $G $_ $i $l $? ;D A| (hysterisis) 8= >] $N M- L5 $r 3N G’ $9 $k !& 7W 2h !V A4 $F $N <B 83 $K @h N) $A !W gain8x8 $G 500 sec dark $r 5 Kg <h F@ $7 !" L5 ;D A| template $H $7 $F $* $/ !# CCD 29 EY $O 0l Dj $H $9 $k !# ------------------------- dark(500sec) 5 bias 6 -------------------------- 0J 8e !" 8w $N >H <M $N $" $H $K 500sec dark $r E, 59 <h F@ $7 !" template $H Hf 3S $7 !" ;D A| $N M- L5 $r D4 $Y $k !# !& =j MW 0.5 ;~ 4V + &A --------------------------- (10) bias,dark $N D9 4| 0B Dj @- --------------------------- !& L\ E* bias !" dark $N D9 ;~ 4V ( ?t F| ) $N 0B Dj @- $r D4 :: $9 $k !# !& 7W 2h <B 83 Cf $K E, 59 300sec dark !" bias $r <h F@ $7 !" JQ 2= $r 8+ $k !# CCD 29 EY $O 0l Dj !" TEC $b $G $- $k $@ $1 0l Dj $H $9 $k !# 40