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Bh1>O X @~E7J83X$H8! =P4o

1.1 X @~E7J83X
M-;K0JA0$+$i Lk6u$N@1$O?M!9 $rL%N;$7B3$1$F$-$?!#4QB,E7J83X$O?MN`$NJ82=$H6&$KH/E8

$7$F$-$?;K>e:G$b8E$$3XLd$N0l $D$@$, !" 20@$5*$O$8$a$^$G$O2D;k 8w$K$h$k4QB,$N$_$K8B$i
$l $F$$$?!# 6aG/!" 2J3X5; =Q$NH/E8$H6&$K?7$?$J1' Ch$X$NAk$, 3+$+$l $?!# 1920G/ Coblentz
$i $K$h$C$F@V30@~4QB,$, =i $a$F9T$o$l !" 1930G/$K$OJansky$K$h$C$F6d2OCf?4J} 8~$+$i $N
1' ChEEGH$, 4QB,$5$l EEGHE7J83X$, ;O$^$C$?!# $=$l $KCY$l $k$3$H32G/!" Giacconi$i $O7n$+
$i $NX @~$r4QB,$9$kL\ E*$GX @~8! =P4o$r%m%1%C%H$GBg5$7w30$KBG$A>e$2!" =i $a$FB@M[7O
30$NE7BN$+$i $NX @~$rH/8+$7$?!# $3$l $, X @~E7J83X$N@h6n$1$G$"$k!#

$=$N8e$NX @~4QB,$O70G/$NUHURU(SAS-1)$K;O$^$k1R@14QB,$, <gBN$H$J$C$?!# %*%i
%s%@$NANS!" %"%a%j%+$NOSO-8!" %$%.%j%9$NArial5 $H3F9q$, <! !9 $H1R@1$rBG$A>e$2$F
$$$C$?$, !" Bg$-$JJQ3W$O78G/%"%a%j%+$NEinstein1R@1$K$h$C$F$J$5$l $?$H8@$($k$@$m$&!#
Einstein $O=i $a$FX @~K>1s6@$rEk:\ $7$FSNR$d6d2OCDEy9-$, $C$?E7BN$N6u4V9=B$$N5DO@
$r2DG=$K$7!" X @~4QB,$r " E7J83X" $KJQ$($?$H8@$($k!# F|K\$b1978G/ Hakucho1R@1$rBG
$A>e$2?t B?$/ $NX @~%P!<%9%H$rH/8+$7$?!# Einstein $, 81G/$K5! G=Dd;_ $7$F$+$i $O1R@14Q
B,$O0l ;~F|K\$NFHCE>l $H$J$j !" Ginga(87G/)!" ASCA(93G/) $OX @~E7J8$NH/E8$KBg$-$/ 4s
M?$7$?!#8=:_ $G$O%"%a%j%+$NChandra!" 2$=#$NXMM N>1R@1$rCf?4$K4QB,$, 9T$o$l !" X @~
E7J83X$O2D;k 8w(@V30)!" EEGH$HJB$V3K\Cl$N0l 3Q$K$J$C$F$$$k!#

0J2<$G$O$3$l $i $N1R@1$K$h$C$F$J$5$l $?X @~E7J83X$N@.2L$r4JC1$K>R2p$9$k!#

� A0<g7ONs@1(PMS)

PMS$O$=$N?J2=CJ3, $K1h$C$F86;O@1(YSO)!" T Tauri 7?@1(TTS) $HJ, N`$5$l $k!#$I
$A$i $b< 100K$NDc29$J%,%9$KJ$$o$l $F$$$k$?$a!" � ?t @iK|EY$b$N9b298=>]$r%H%l!<
%9$9$kG.E* X @~$, PMS $+$i 4QB,$5$l $?$N$O6C0[ E*$J$3$H$G$"$C$?!# X @~4QB,$NMx
E@$O2D;k 8w$G$O5[ <}$K$h$j 8+$($J$$%,%91@$NFbIt $b!" F)2aNO$N6/ $$X @~$G$O4QB,
2DG=$J;v $G$"$k!# ASCA 1R@1$O!" 86;O@1$NCf$GHf3SE*@.D9$7$?CJ3, (class1$H8F$V)
0J9_PMS $NA4$F$NCJ3, (class3$^$G) $GX @~$rJ| <M$7$F$$$k$3$H$rH/8+$7$?!# 99$K
Chandra1R@1$N4QB,$G$O86;O@1CJ3, $NCf$G$b$h$j <c$$E7BN(class0$H8F$V) $+$i $bX
@~$, J| <M$5$l $F$$$k$3$H$, H/8+$5$l !" PMS $NX @~J| <M3hF0$, Ia JWE*$G$"$k$3$H$,
L@$i $+$K$J$C$?!#

$^$?PMS$+$i $NX @~$OB@M[X @~$HF1MM%U%l%"E*;~4VJQ2=$r<($9$3$H$+$i !" $=$NJ|
<M5! 9=$O<' >l 5/ 8; $G$"$k$H9M$($i $l $F$$$k!#%U%l%";~$N29EY$H%(%_%C%7%g%s%a%8%c!<
$N4X78!" $"$k$$$O29EY$H%U%l%"$NN)>e$j ;~ 4V$N4X78$+$i %U%l%"%k!< %W$NBg$-$5$*$h
$S<' >l 6/ EY$r8+@Q$b$k$3$H$, =PMh$k!# 8=:_ $^$G$N4QB,$G!" %U%l%"%k!< %W$O@1$H9_Ce
1_HW$r7R$$$G$$$k$H$$$&$h$j $O@1I= LL$+$i =P$F$$$k$i $7$$$3$H!" $^$?<' >l $O1000-
?t 100G$G!" class0-3$K@.D9$9$k$K$D$l $F<e$/ $J$k$i $7$$$3$H$, J, $C$F$-$F$$$k!#

0J>e$N;v JA$OA4$F>. <ANLPMS(0.08-2.0B@M[<ANL) $K$D$$$F$N4QB,7k2L$G$"$j !" Bg<A
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NLPMS$K4X$7$F$O!" I= LL$KBPN.AX$, $J$$$?$aB@M[$d>.<ANLPMS$NMM$J<' >l A}I} $O
9T$o$l $J$$$H9M$($i $l $F$$$?!# $7$+$7<B:] 4QB,$9$k$H!" >. <ANLPMS $HF1MM$N%U%l
%"$r<($7$F$*$j !" Bg<ANLPMS $b$d$O$j <' >l 3hF0$7$F$$$k$3$H$, J, $C$F$-$?!#

� D6?7@1;D3<(SNR)

D6?7@1GzH/$K$h$k>W7bGH$G@14VJ*<A$, 2CG.$5$l $?7k2L!" ?t @iK|EY$b$N9b29%W%i%:%^
$, 4QB,$5$l $k!#%;%I%UCJ3, $K$"$kSNR$G$+$D5wN%$, 4{CN$G$"$k>l 9g!" SNR$NH>7B!"
29EY!" %(%_%C%7%g%s%a%8%c!<$+$i SNR$NGzH/%(%M%k%.!< !" GzH/$+$i $N;~4V!" SNRFb
30$G$NJ*<AL)EY$, 7hDj$G$-$k!#$^$?SNR$O=E85AG1x@w$N8=>l $G$"$j !" :G6a$N9b6u4V
J, 2rG=4QB,$K$h$C$FSNRFbIt $N>l =j Kh$N85AGAH@.Ey$, L@$i $+$K$J$C$F$-$?!#$3$l $O
GzH/D>A0$N@1$NFbIt 9=B$$r<L$7$F$$$k$H9M$($i $l $k!#

� X @~O"@1(XRB)

Cf@-;R@1� %V%i%C%/%[!<%k(BH) Ey$N%3%s%Q%/%HE7BN$H<g7ONs@1$NO"@17O$O!" <g@1$X
$NJ*<A9_Ce$G2rJ| $5$l $?=ENO%(%M%k%.!<$, J| <M%(%M%k%.!< $KJQ49$5$l 6/ NO$JX @~8;
$H$J$k!#$3$l $i $OX @~%Q%k%5!<$dX @~%P!<%9%?!< $G$b$"$j !" A0<T$N%Q%k%9<~4| $NJQ
F0$+$i $O<g@1$N8xE><~4| $, J, $j !" H<@1$N<ANL$+$i <g@1$N<ANL$, 1?F03XE*$K7W;; $G$-
$k!#8e<T$NX @~29EY$H8wEY$N;~ 4VJQ2=$+$i $OCf@-;R@1$NH>7B$r7hDj$G$-$k!#$5$i $K
%9%Z%/%H%kCf$N%5%$%/%m%H%m%s5[ <}@~$N%(%M%k%.!< $+$i Cf@-;R@1$N<' >l 6/ EY$b7hDj
$G$-$k!#

� %V%i%C%/%[!< %k(BH)

BH $K$OBg$-$/ J, $1$F91@1<ANLBH!" D6Bg<ANLBH $, $"$k!#A0<T$OO"@17O$r$J$9<g@1
$N50F;$H<ANL$+$i !" 8+$($J$$H<@1$N<ANL$, 3B@M[<ANL0J>e$G$"$k>l 9gBH 8uJd$H$J
$k!#X @~J| <M$NFCD'$O%(%G%#%s%H%s8wEY$K6a$$6/ $$X @~6/ EY$H!" 6/ EY� %9%Z%/%H%k$N
;~ 4VJQF0$G$"$j !" $3$N$h$&$JE7BN$O6d2O7OFb$GJ#?t H/8+$5$l $F$$$k!# 8e<T$OB?$/ $N
6d2O$G$=$NB8:_ $, <(:6 $5$l $F$$$k$, $=$N7A@.2aDx$OFf$G$"$k!# :G6a$G$O%9%?!< %P!<
%9%H6d2O$+$i Cf<ANLBH 8uJd$, H/8+$5$l !" D6Bg<ANLBH $, Cf<ANLBH $N9gBN$G7A@.
$5$l $?$N$G$O$J$$$+$H$b9M$($i $l $F$$$k!#

� 6d2O� 6d2OCD

%9%?!<%P!< %9%H6d2O$dBJ1_6d2O$+$i 9b29$N%W%i%:%$̂, H/8+$5$l $?!# $^$?6d2OCD$+$i
$b!" 9=@.6d2O$N<ANL$NLs 10G\$b$N<ANL$N%W%i%:%$̂, H/8+$5$l !" $=$NJ, I[ $+$i !" %W
%i%:%$̂r=ENO$G94B+$9$k$?$a$K$O8+$($F$$$kJ*<A0J>e$N<ANL$, I, MW$G$"$k$3$H$, J,
$j !" %@!< %/%%̂?!< $H$7$FBg$-$JLdBj$rDs5/ $9$k$3$H$K$J$C$?!#

� 1' Ch@~

9b%(%M%k%.!< 1' Ch@~$N5/ 8; $O1912G/$NH/8+0JMh1' ChJ*M}3X$NBg$-$JFf$N0l $D$G$"
$k!# ASCA 1R@10J9_!" J#?t $N3L7?SNR$+$i %7%s%/%m%H%m%sX @~$NJ| <M$, H/8+$5$l
$F$*$j !" $=$NX @~%(%M%k%.!< $H<' >l 6/ EY$+$i !" 1' Ch@~EE;R$, :GBg1014eV $^$G2CB.
$5$l $F$$$k$3$H$, J, $C$?!#$^$?SNR$O1' Ch@~M[;R$N2CB.8; $N:GM-NO8uJd$H$b$J$C$F
$$$k!# <B:] 3L7?SNR$NRXJ 1713-3846$+$i $O!" J, ;R1@$H1' Ch@~M[;R$, >WFM$7$F@8
$8$k � N3;R$NJx2u$, 5/ 8; $H;W$o$l $kTeV %,%s%@̂~$, 8! =P$5$l !" $5$i $KEEGH4QB,$K$h
$j $3$NSNR$KIU?o$7$?J, ;R1@$NB8:_ $, L@$i $+$K$J$C$?$3$H$G1' Ch@~2CB.$N8=>l $G
$"$k$3$H$, 6/ $/ <(:6 $5$l $F$$$k!#
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$^$?!" J#?t $NSNR$HOB 7?@1$+$i $N7c$7$$@1Iw$K$h$C$F7A@.$5$l $k Super Bubble
$+$i $b%7%s%/%m%H%m%sX @~$, H/8+$5$l !" 1' Ch@~$, 2CB.$5$l $F$$$k8=>l $G$"$k$3$H$,
J, $C$F$$$k!#C1FH$NSNR$h$j $b2CB.;~ 4V$, D9$$$?$a!" $5$i $K9b$$%(%M%k%.!< $^$GM[
;R$, 2CB.$5$l $k$HM=A[$5$l $k$, $^$@>\ :Y4QB,$, $J$5$l $F$$$J$$!#

0J>e$N$h$&$K$o$: $+40G/Dx$GX @~E7J8$OBg$-$J?JE8$r8+$; $F$-$?$, !" >-Mh$b0zB3$-1R
@14QB,$, M=Dj$5$l $F$$$k!# F|K\$, 2005G/$KAstro-E2!" 2010G/$KNeXT $r !" 2010G/0J9_
$G$O2$=#$, XEUS!" %"%a%j%+$, Constellation-X $NBG$A>e$2$rL\ ;X$7$F$$$k!#

1.2 X @~8! =P4o
X @~$O$=$N9b$$%(%M%k%.!< $N$?$aEvA3Fy4c$G8+$k$3$H$O=PMh$: !" X @~$rG'<1$9$k$?$a$K

$O!" J*<A$H2?$i $+$NAj8_:n MQ$r$5$; $FEE5$?. 9f $J$I $KJQ49$7$J$1$l $P$J$i $J$$!# $=$N$?
$aX @~E7J83X$NH/E8$O8! =P4o$NH/E8$K$h$C$F;Y$($i $l $F$-$?!# $3$3$G$O0J2<$KBeI= E*$J
X @~8! =P4o$N86M}$HFCD'$K$D$$$F$^$H$a$k!#$^$?!" X @~8! =P4o$K8B$i $: !" J| <M@~8! =P4o$N
@-G=$H$7$F$O<g$K!" %(%M%k%.!<BS0h!" %(%M%k%.!< J, 2rG=!" ;~ 4VJ, 2rG=!" 0LCVJ, 2rG=($5$i
$K>-MhE*$K$OJP8w8! =P8zN($b9M$($i $l $k) $, $"$k!# $3$l $i $N;XI8 $K$D$$$F$N3F8! =P4o$NG=
NO$b$"$o$; $F@bL@$9$k!# ([1]!" [2])

1.2.1 HfNc7W?t 4I (Prop ortional Coun ter)

PC $O!" %,%9$rF~$l $?H"$NCf$K6bB0$N?D@~$r$O$j !" ?D@~$r9bEE05$K$7$FH"$r%0%i%&%s%I
$KMn$9$3$H$G!" %,%9Cf$r9bEE>l $K$7$F$"$k!#DL>oX @~$, F~<M$9$k$?$a$NAk$, @_$1$i $l !" F~
<M$7$?X @~$O%,%9CfJ, ;R$NEE;R$r8wEE8z2L$K$h$j EEN%$9$k!# Ht$S=P$7$?EE;R$O9bEE>l $K
$h$j 2CB.$5$l $J$, $i <~$j $NJ, ;R$rEEN%$7$F9T$-!" Fs<! EE;R1@$r7A@.$9$k!# $3$NEE;R � %$%*
%sBP$NAm?t !" B($AF@$i $l $kEE5$?. 9f $NBg$-$5$, F~<MX @~$N%(%M%k%.!< $KHfNc$9$k$3$H$+
$i HfNc7W?t 4I $H8F$P$l $k!#$^$??D@~$rJ#?t D%$k$3$H$G0LCV8! =PG=NO$r;} $D$3$H$b2DG=$G$"
$k!# 0l HLE*$KMQ$$$i $l $k:` <A$O!" %,%9$, P10%,%9(Ar90%!" CH410%)!" ?D@~$, Au!" F~<M
Ak$, Be $G$"$k!#%,%9$rMQ$$$?EEN%7?8! =P4o0l HL$K8@$($k$3$H$@$, !" %$%*%s2=%(%M%k%.!<
$, Bg$-$$$?$a%(%M%k%.!< J, 2rG=$O$=$l $[ $I NI$/ $J$$$, !" BgLL@Q$N8! =P4o$r :n $j $d$9$$!#$=
$N$?$a9q:] 1' Ch%9%F!< %7%g%sEk:\ $NA4E7X @~4F;k AuCV(MAXI) $K<g8! =P4o$N1 $D$H$7$F
MQ$$$i $l $kM=Dj$G$"$k!#

1.2.2 %7%s%A%l!<%?!<

%7%s%A%l!< %?!< J*<A$KX @~$, F~<M$9$k$H8wEE8z2LEy$NAj8_:n MQ$K$h$C$F<+M3EE;R$r :n
$j !" $=$l $, J*<ACf$N86;R$rNe5/ $7$FHy<e$J8w$r=P$9!#$3$N8w$O8eCJ$K<h$j IU$1$i $l $?8wEE
;RA}G\4I (PMT) $KF~<M$7!" F~<MLL$G$"$k8wEELL$GEE;R$r$?$?$-=P$9!#PMT FbIt $OJ#?t $N
%@%$%N!< %I$rMQ$$$F9bEE05$, $+$1$i $l $F$*$j EE;R$O3F%@%$%N!<%I$GA}I} $5$l $F?. 9f $H$7$F
<h$j =P$5$l $k!# EvA3EE;R?t $OF~<MX @~%(%M%k%.!< $KHfNc$9$k!# %7%s%A%l!< %?!< J*<A$K$O
L55! !" M-5! J*<A!" 8GBN!" 1UBN$HMM!9$J:` <A$N$b$N$, $"$j !" 8! =P$7$?$$X @~%(%M%k%.!<$KBP
$7$FNL;R8zN($N9b$$$b$N!" $^$?7V8w8: ?j ;~ 4V$, C;$$$b$N$rA*$V!# FC$KNaI!" CsI!" BGO!"
GSOEy$, 1' Ch4QB,$KMQ$$$i $l $F$$$k!#

%7%s%A%l!< %?!< $H8wEE;RA}G\4I $NMxE@$O!" 1~Ez;~ 4V$, B.$$$?$a9b$$7W?t N($NB,Dj$, 2D
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G=$J$3$H$H!" � 1keV$NFpX @~$+$i ?t I4 keV$NFp%,%s%@̂~$^$G$N9-$$%(%M%k%.!< %l%s%8$r
;} $D$3$H$G$"$k!#0l J} !" %(%M%k%.!<J, 2rG=$O%,%98! =P4o$KHf$YLs0l 7e0-$$$H$$$&7gE@$b$"
$k!# $3$l $i $NFC@-$+$i !" Anti 8! =P4o$H$7$FMQ$$$i $l $k$3$H$, B?$$!#

1.2.3 H>F3BN8! =P4o

H>F3BN7k>=$O6&M-7k9g$7$?86;R$, 3J;R>u$K6a@\$7$FJB$s$G$$$k!#$3$N>uBV$K$J$k$HEE;R
$N%(%M%k%.!< =LB`$, 2r$1$FO"B3E*$J2$D$N%P%s%I!" EAF3BS$H2AEE;RBS$, $G$-$k!#$3$N2$D
$N%P%s%I4V$N%(%M%k%.!<%.%c%C%W$O@d1oBS$KHf$Y$F69$$$?$aG.1?F0$J$I $K$h$j MF0W$K6&M-
7k9g$, @Z$l $F<+M3EE;R � @59&BP$, $G$-$k!#$3$N$?$aEE5$EAF3EY$, 6bB0$H@d1oBN$N4V$NCM$r
<h$k!# $3$NH>F3BN$r8! =P4o$H$7$FMQ$$$k>l 9g$K=EMW$H$J$k6uK3AX$K$D$$$F!" BeI= E*$J pn
@\9g$N>l 9g$K$D$$$F@bL@$9$k!#7k>=86;R$KBP$7$F2AEE;R?t $, 0l $DB?$$IT=cJ*$r%I!< %W$7$?
$N$, n 7?!" 0l $D>/$J$$IT=cJ*$r%I!<%W$7$?$N$, p 7?$G$"$k!#N><T$N@\9gIt $G$O!" EE;R$NL)
EY:9 $, $"$k$?$adi�usion $K$h$j p B&$KEE;R$, 0\ F0$7!" @59&$K$b5U$N8z2L$, 5/ $-$k!# 0\ F0
A0$O$I $A$i $bEE5$E*$KCf@-$G$"$k$?$a$3$N8z2L$K$h$j n B&$O+ !" p B&$O{ $NEE2Y$rBS$S$k!#
$3$N$?$a@\9gIt $KEE3&$, @8$8!" di�usion $, $H$^$k!#$3$N$H$-EE3&$NB8:_ $9$k>l =j $O<+M3EE
;R$b@59&$bL5$/ !" 6uK3AX$H8F$P$l $k!#

6uK3AX$KX @~$, F~<M$9$k$H8wEE8z2L$G0l <! EE;R$, @8$8!" $5$i $K$=$NEE;R$N1?F0$K$h$j
Fs<! EE;R � @59&BP$, @8@.$5$l !" EE;R$On B&$X!" @59&$Op B&$X0\ F0$7EE5$?. 9f $H$7$F<h$j =P
$5$l $k!#H>F3BN8! =P4o$NFCD'$OEE;R$N%$%*%s2=%(%M%k%.!<$, >.$5$$$?$a%(%M%k%.!< J, 2rG=
$KM%$l $F$$$k$3$H$G$"$k!#1R@1Ek:\ 5! 4o$H$7$F$O!" X @~CCD $, B@M[4QB,1R@1!V$h$&$3$&!W
$KEk:\ $5$l $F0J9_B?$/ $N1R@1$KMQ$$$i $l $F$$$k!#$^$?Astro-E2$N9EX @~8! =P4o(HXD) $K
$ODc%(%M%k%.!< X @~8! =PMQ$KPIN %U%)%H%@%$%*!< %I$, MQ$$$i $l !" $5$i $K<! 4| X @~E7J81R
@1NeXT $K$O9EX @~;# A|5! 4o$H$7$FCdTe8! =P4o$, 8uJd$K$J$C$F$$$k!#

1.2.4 %+%m%j%a!< %?!<

%+%m%j%a!<%?!<$OX @~5[ <}BN$H29EY7W!" G.Ma$+$i $J$j !" X @~%(%M%k%.!< $rG.%(%M%k%.!<
$KJQ49$75[ <}BN$N29EYJQ2=$rB,Dj$9$k!#$3$NG.$O$9$0$KG.Ma$KF($2$F9T$/ !#$3$N$?$a5[ <}
BN$H$7$F$O29EYJQ2=$, B.$/ $+$DG.MFNL$N>.$5$$:` NA$, K>$^$l $k!# HgTeEy$, MQ$$$i $l $F$$
$k!#X @~%(%M%k%.!<$r8! =P$9$k$?$a$K$OAG;R$r6KDc29$^$GNd5Q$7G.MI$i $. $rM $̂($J$1$l $P
$J$i $J$$$, !" $=$N%(%M%k%.!<J, 2rG=$O%U%)%N%s?t $NMI$i $. $J$I $G7h$^$k$?$aHs>o$KM%$l $F
$$$k!# $^$?Ls 0.1-10keV $H$$$&9-$$%(%M%k%.!< %l%s%8$KEO$C$F8! =P8zN($, $[ $\ 100%$G$"
$k$N$GE}7WE*$KM-Mx$G$"$k!#0l J} 1~EzB.EY$, CY$/ 9b7W?t N(B,Dj$K$O8~$+$J$$$N$, 7gE@$G$"
$k!#1R@1Ek:\ 5! 4o$H$7$F$O!" Astro-E2$NXRS$, =i $a$F1' Ch$KBG$A>e$2$i $l $kM=Dj$G$"$k!#

6aG/!" $3$N7gE@$r9nI~ $9$k$?$a3+H/$5$l $F$$$k$N$, Transition EdgeSensor(TES)$G$"
$k!# TES %+%m%j%a!< %?$O!" D6EAF3GvKl$, X @~$r5[ <}$7$=$N29EY$, >e>: $7$FD6EAF3$+$i >o
EAF3$KAjE>0\ $9$k:] Dq93CM$, 5^7c$KJQ2=$9$k$3$H$r29EY7W$H$7$FMxMQ$7$F$$$k!#$3$N$?$a
H>F3BN%5!<%_%9%?$rMQ$$$?%+%m%j%a!<%?$KHf$YJ, 2rG=$b1~EzB.EY$bLs17e2~A1$5$l $kM=Dj
$G$"$k!# 8=:_ 4eV$NJ, 2rG=$rC#@.$7$F$$$k!#
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1.2.5 X @~K>1s6@$HX @~J, 8w4o

>e5-$N8! =P4o$O$$$: $l $b%o%$%d!< $rD%$k!" $"$k$$$O%T%/%;%k2=$9$k$J$I $7$FX @~$NF~
<M0LCV$, J, $k9=B$$K$J$C$F$$$k!# =>$C$F8! =P4o>e$KX @~$r=88w$9$k$3$H$GX @~$N;# A|4Q
B,$, 2DG=$K$J$k!#$7$+$7!" X @~$KBP$9$kJ*<A$N6~@N̂($O1$h$j $b>. $5$$$?$a8w3XK>1s6@$N
$h$&$K%l%s%:$r ;H$C$F=88w$9$k$3$H$O=PMh$J$$!# $=$3$GX @~K>1s6@$G$OA4H?<M$rMxMQ$7
$?<PF~<M8w3X7O$, MQ$$$i $l $k!#$3$N5; =Q$OAstro-E2 1R@1XRT $G$b1~MQ$5$l $F$*$j !" >\$7
$$9=B$$dFCD'$O2>O$G=R$Y$k!#

$^$?2s@ X̂ @~$rF~<M$5$; $k$3$H$GX @~$NJ, 8w4QB,$, =PMh$k!# B($A2s@3̂J;R$r8! =P4o$N
A0CJ$KG[CV$7J, ;6 $5$; !" F~<MX @~$N8! =P4o>e$N:BI8 $+$i X @~%(%M%k%.!<$rCN$k!#Hs>o$KM%
$l $?%(%M%k%.!<J, 2rG=$rC#@.$G$-$k0l J} !" 9-$, $C$?E7BN$rJ, 8w=PMh$J$$!" FpX @~NN0h$G$7
$+46EY$r;} $?$J$$!" Ey$N7gE@$b;} $D!#$?$@$7Chandra1R@1Ek:\ $NHETG $N$h$&$K� 7keV
$^$G46EY$r ;} $D$b$N$b3+H/$5$l $F$$$k!#
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2.1 35MW
Astro-E2 1R@1$OF|K\$, BG$A>e$2$kBh5HVL\ $NX @~E7J81R@1$G$"$j !" 2000G/ 27n$K50F;

EjF~$K<: GT$7$?Astro-E 1R@1$N29f 5! $G$"$k!#2005G/27n$K</ ;y Eg1' Ch6u4V4QB,=j (KSC)
$+$i M-V 7?%m%1%C%H8 9f 5! $K$h$C$F9bEYLs 500km$NBJ1_50F;$KBG$A>e$2$i $l $kM=Dj$G
$"$k!#

1R@1$K$O!" X @~E7J81R@1ASCA $N@-G=$r$5$i $K8~>e$5$; $?X @~H?<MK>1s6@(XRT) $, 5
Bf$H!" $=$N>GE@LL$K$O4Bf$NX @~CCD %+%a%i (XIS) $H1Bf$N9b@:EYX @~J, 8wAuCV(XRS)
$, CV$+$l $k!#$^$?$3$l $K2C$(!" 9EX @~BS0h (10{700keV) $r4QB,$9$k9EX @~8! =P4o (HXD)
$, 1BfEk:\ $5$l $k!#$3$l $i 7W6Bf$N8! =P4o$GF1$8E7BN$rF1;~$K4QB,$9$k$3$H$, =PMh$k!#([3])

?^ 2.1: Astro-E2 1R@1304Q
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?^ 2.2: Astro-E2 1R@1FbIt 9=B$

2.2 X @~K>1s6@(XR T)
Astro-E2 Ek:\ MQXRT $O!" ASCA/XR T $r2~NI$7$?GvHDB?=EX @~K>1s6@5 Bf$+$i $J$j !"

>GE@$KXIS $rCV$/ $b$N(XRT-I) $, 4Bf!" XRS$rCV$/ $b$N(XRT-S) $, 1Bf$"$k!#86M}$H$7
$F$O!" <PF~<M3Q$, ==J, >.$5$1$l $P(0.5-1.0EY)X @~$, A4H?<M$9$k$3$H$rMxMQ$7$F$$$k!#4pK\
9=B$$O!" 6KGv$N6@LL4pHD$r$b$DH?<M6@$rF1?41_>u$K8w<48w$KBP$9$k3+8}8zN($r:GBg$K$9$k
$h$&$KB??t G[CV$7$F$$$k!# 6@LL7A>u$H$7$F$O!" 2sE>AP6JLL$H2sE>J| J*LL$+$i $J$kWolterI
7?8w3X7O$r1_?m2 CJ$G6a;w$7$F$$$k (?^ 2.5)!#

GvHDB?=E7?X @~K>1s6@$O!" Chandra/HRMA $N$h$&$J4pHD$rD>@\8&Ka$9$kJ} <0$KHf$Y7k
A|@-G=$G$ONt$k$, !" >. 7?7ZNL$G$+$D3+8}N($, 9b$$!" $H$$$&FCD'$r ;} $D!# XRT $OFC$K> 11
keV $N9EX @~NN0h$G8=9T$NXMM $dChandra$rN?$0M-8zLL@Q$rM-$9$k!# ?^ 2.3$K3F1R@1
Ek:\ K>1s6@$NM-8zLL@Q$r<($9!#
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?^ 2.3: X @~K>1s6@M-8zLL@Q

Astro-E2 $G$O!" ASCA/XR T $KHf$Y0J2<$N2~NI$, $J$5$l $?!#

� 6@LL7A@.$K%l%W%j%+K!$rMQ$$$k$3$H$G3QJ, 2rG=$, Ls 2 G\8~>e$7$?

� 8}7B$rBg$-$/ $7$?$3$H$G3+8}LL@Q$, Ls 1.5G\$KA}2C$7$?

� >GE@5wN%$r?-$P$7<PF~<M3Q$r>. $5$/ $9$k$3$H$G9b%(%M%k%.!< B&$G$N46EY$r8~>e$7$?

� K>1s6@A0LL$K%W%j%3%j%a!< %?!< $rEk:\ $9$k$3$H$GB?=EGvHD7?X @~K>1s6@$NLdBj$G
$"$C$?LB8w$rLs1 7e>. $5$/ M $̂($F$$$k
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?^ 2.4: XRT 304Q

‰ñ“]•ú•¨–Ê ‰ñ“]‘o‹È–Ê

“üŽËŒõ•ü

•Å“_

ƒ~ƒ‰•[

?^ 2.5: Wolter I 7?X @~H?<M6@
[13]$h$j H4?h
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I= 2.1: Astro-E2 $HASCA $NXRT @-G=$NHf3S

Astro-E2 XRT-I Astro-E2 XRT-S ASCA XRT
Bf?t 4 1 4
H?<M:` Au Pt Au
D>7B 399mm 400mm 345mm
6@LL?t 1400 1344 960
>GE@LL5wN% 4.75m 4.50m 3.50m
<PF~<M3Q 0.18-0.60� 0.19-0.63� 0.24-0.70�

;k Ln@1keV/7keV 190/190 190/190 240/160

M-8zLL@Qy@1.5keV/7keV 450cm2/250cm2 450cm2/250cm2 300cm2/150cm2

3QEYJ, 2rG=(HPD) 2.00 2.00 3.50

y: 8! =P4o1BfEv$?$j

2.3 8! =P4o

2.3.1 X @~J, 8w4o(XRS)

XRS(X-ray Spectrometer)$O!" @$3&=i $N1R@1Ek:\ X @~%%̂$%/%m%+%m%j%a!<%?$r ;H$C$FX
@~E7BN$N4QB,$r9T$&AuCV$G$"$k!# X @~%%̂$%/%m%+%m%j%a!< %?$O!" F~<MX @~$N%(%M%k%.!<
$rAG;R$N29EY>e>:$H$7$FB,Dj$9$k!#%(%M%k%.!<J, 2rG=$OAG;RFb$N%U%)%N%s?t $NMI$i $. Ey$K
$h$C$F7h$^$j !" 6KDc29$KNd5Q$9$k$3$H$G8~>e$9$k!#

XRS$G$OAG;R$K2=9gJ*H>F3BN$NHgTe$rMQ$$(?^ 2.7)!" $3$l $r5pBg$J??6uCGG.MF4o (De-
war; ?^ 2.6) $K<}$aLs 60mK $N6KDc29$GF0:n $5$; $k$3$H$GF~<MX @~%(%M%k%.!< $K$h$i $:
6-7eV$N%(%M%k%.!< J, 2rG=$rC#@.$7$F$$$k!# $3$l $OASCA/SIS $N<B$K20G\M%$l $?CM$G$"
$k!# $^$?Astro-E $N;~ E@$G$O!" <wL?$, 1.9G/$HC;$$$3$H$d!" 2 <!85%"%l%$$rCGG0$7$?$3$H
$K$h$j ;# A|G=NO$, Dc$$$3$H$, 7gE@$G$"$C$?$, !" $=$l $>$l 2~NI$, $J$5$l $?!# A0<T$K$D$$$F
$O!" XRS $N<wL?$ONdG $̂G$"$k8GBN%M%*%s$NNL$G7h$^$k$, !" 5! 3#<0NdE`5! $G%G%e%o!< Fb$N
J| <M%7!< %k%I$rNd5Q$9$k$3$H$G2.5-3.5G/$^$G<wL?$, 1d$S$?!# 8e<T$K$D$$$F$O@=B$5; =Q$N
8~>e$K$h$j !" 6� 6 %T%/%;%k$N2 <! 85%"%l%$$rEk:\ 2DG=$K$J$C$?!#

0J>e$N@-G=$K$h$j $3$l $^$GJ, 2r$G$-$J$+$C$?51@~$Nresonanceline!" forbidden line!" in-
tercombination line!" satellite line $J$I $rJ, 8w$9$k$3$H$, 2DG=$K$J$k!#%W%i%:%$̂N29EY!" L)
EY!" EEN%EY$J$I $NJ*M}>uBV$N9b@:EYB,Dj$N$?$a$N6K$a$F6/ NO$J4QB,<j CJ$K$J$k$@$m$&!#$^
$?grating J, 8w4o$H0[ $J$j 9-$, $C$?E7BN$G$b%(%M%k%.!< J, 2rG=$r0-2=$9$k$3$H$J$/ J, 8w=P
Mh$k$?$a!" Nc$($P6d2OCD$N9b29%W%i%:%$̂N85AGHf$dJ*M}>uBV$, L@$i $+$K$J$k$H4| BT$5$l $k!#

$?$@$7!" (1) AG;R$N1~EzB.EY$, 100msec$HCY$$$?$a!" L@$k$$E7BN$r4QB,$9$k>l 9g$O@lMQ
$N%U%#%k%?!< $G%+%&%s%H%l!< %H$rMn$7$F%Q%$%k%"%C%W$rKI$, $J$/ $F$O$J$i $J$$!" (2) ;k Ln
$, 69$/ 6u4VJ, 2rG=$bDc$$!" $H$$$&$h$&$J7gE@$b$"$k!#
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?^ 2.6: XRS Nd5Q%7%9%F%3̀04Q

?^ 2.7: %%̂$%/%m%+%m%j%a!< %?

;~ Dj?t $H%(%M%k%.!< J, 2rG=

5[ <}BNAG;R$N29EY>e>: � T $O$[ $\ F~<MX @~%(%M%k%.!< E $KHfNc$7!"

� T = E=C (2.1)

$H=q$1$k!#$?$@$7C $OAG;R$NG.MFNL$G$"$k!#$h$C$FAG;R$N29EY>e>: $NB,Dj$K$h$C$FF~<MX
@~$N%(%M%k%.!< $, J, $k$3$H$K$J$k!#0l J} !" AG;R$, Dj>o>uBV$KLa$k$^$G$N;~ Dj?t � $OC $H!"
AG;R$HG.Ma$N4V$NG.EAF3EYG $N7s$M9g$$$G7h$^$j !"

� = C=G (2.2)
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$H$J$k!# XRS$G$OLs 3msec$G$"$k!#
AG;R$N29EY$r T $H$9$k$H!" AG;RA4BN$NFbIt %(%M%k%.!< $OCT !" %U%)%N%s1$D$"$?$j $N%(

%M%k%.!< $OkT $H9M$($i $l $k$N$G!" %U%)%N%s?t $OCT=kT = C=k $H$J$k!# $h$C$F%U%)%N%s
?t $N$f $i $. $K$h$kAG;R$N%(%M%k%.!< $N$f $i $. $O!"

� E =
q

C=kkT =
p

kT2C (2.3)

$H$J$k!#<B:] $O$3$l $K2C$(AG;R$NG.$f $i $. $H%5!<%_%9%?$K$h$kG.;( 2; $, $"$k$?$a!" Jd@59`
� (� 2) $r4^$a$F%(%M%k%.!< J, 2rG=$O!"

� EF W H M = 2:35�
p

kT2C (2.4)

$H5a$a$i $l $k!#F0:n 29EY$r6KDc29$K$9$k$3$H$K$h$j $3$NCM$r6K8B$^$G>.$5$/ $9$k$3$H$, 2D
G=$G$"$k!# XRS $G$O%+%m%j%a!< %?<+?H$N8GM-%N%$%:$K$h$C$F7h$^$k%(%M%k%.!< J, 2rG=$O
� 4eV$H8+@Q$b$i $l $k!#$7$+$7<B:] $K$O%;%s%5!<$NFI$_$@$72sO)$dG.Ma$N29EYMI$i $. $N4s
M?$b$"$k$?$a � 6eV$H$J$C$F$$$k!#

2.3.2 9EX @~8! =P4o(HXD)

HXD (Hard X-ray Detector) $O!" 0f 8M7?J#4c%U%)%9%$%C%A7k>=%7%s%A%l!< %?$r4pK\$H
$7$F$5$i $KSi PIN %U%)%H%@%$%*!< %I$rAH$_9g$o$; $k$3$H$G!" X @~H?<M6@$rMQ$$$J$$Hs%$
%a!< %8%s%08! =P4o$H$7$F10-600keV $H$$$&9-BS0h9EX @~4QB,$r9T$&!# :GBg$NFCD'$O!" D6
Dc%P%C%/%0%i%&%s%I$r<B8=$9$k$3$H$G2a5n$N$$$+$J$k1' ChX @~AuCV$h$j 9b$$8! =P46EY$r
M-$7$F$$$kE@$G$"$k!#

?^ 2.8: HXD 304Q
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Well 8! =P4o%f%K%C%H

4QB,BP>] E7BN$+$i $NX @~$O4� 4 $N%%̂H%j%C%/%9>u$KG[CV$5$l $?16%f%K%C%H$NWell 8!
=P4o$K$h$j 8! =P$5$l $k!#1K\$NWell 8! =P4o$O=ENLLs4.63kg$G!" 4.6 � � 4.6� (FWHM) $N;k
Ln$rJ$$&!#

Well 8! =P4o$OBGO 7k>=$K$h$C$FJ| <M@~%"%/%F%#%V%7!< %k%I$5$l $F$$$F!" $3$NBGO 7k
>=$O%\%H%Ìt $H4J, 3d$NCGLL$r$b$D:YD9$$0f 8MIt $+$i $J$k!#0f 8M$N$=$l $>$l $NDl$K$O2mm
8| $N%7%j%3%sPIN %U%)%H%@%$%*!< %I$H5mm8| $NGSO7k>=%7%s%A%l!< %?$, >e2<$K=E$J$C
$F$*$j !" A0<T$G10-60keV $NX @~$r8! =P$7!" A0<T$rF)2a$9$k$h$&$J9b%(%M%k%.!< X @~$O
GSO$K$h$j 8! =P$5$l $k!# $^$?0f 8MIt $K$O%U%!%$%s%3%j%a!< %?$, A F̂~$5$l $F$*$j Dc%(%M%k
%.!< $G$N;k Ln$O0.56� � 0.56� (FWHM) $K9J$i $l $F$$$k!#

0J>e$N9=B$$K$h$j %P%C%/%0%i%&%s%I(%,%s%@̂~!" 2YEEN3;R) $d;k Ln30$+$i $NX @~$OBGO
$K$h$C$F8zN(NI$/ =| 5n$5$l !" PIN !" GSO$N%P%C%/%0%i%&%s%I$OHs>o$KDc$/ $J$k!#

An ti 8! =P4o%f%K%C%H

Anti 8!=P4o$OJ?6Q2.6cm8| $NBGO 7k>=%7%s%A%l!<%?$H%U%)%H%A%e!<%V$rAH$_9g$o$; $?
8! =P4o$G!" Well 8! =P4o$N%"%/%F%#%V%7!< %k%I$H$7$F20%f%K%C%H$, <~$j $r0O$s$G$$$k!# 1
%f%K%C%H$NM-8zLL@Q$O1200cm2 $K$b$J$j !" 1MeV$G$b600cm2 $G$"$k!#$3$N$?$aAnti 8! =P
4o$OHs>o$KM%$l $?%,%s%@̂~%P!< %9%H8! =P4o$H$J$j !" � 5� $N@:EY$G%P!<%9%H8; $N1<! 85$N0L
CV$r7hDj$G$-$k!#$^$?%H%i%s%8%'%s%HE7BN$N%b%K%?!< $H$7$F$bMxMQ$G$-$k$, !" A4J} 8~$+$i
$NJ| <M@~$K46EY$r ;} $D$?$aHs>o$K%P%C%/%0%i%&%s%I$, 9b$$!#

2.3.3 X @~CCD %+%a%i(XIS)

XIS (X-ray Imaging Spectrometer) $OX @~8! =PMQCCD %+%a%i$G$"$k!# %(%M%k%.!< � ;~
4V� 6u4VJ, 2rG=$N%P%i%s%9$, NI$$$N$, FCD'$G!" FC$KE7BN$N@:L)$J0LCV7hDj$O3<o$N8! =P4o
$N$&$AXIS $G$7$+9T$J$($J$$!#

F1$8CCD %+%a%i$G$"$k ASCA/SIS $KHf$Y0J2<$N$h$&$J2~NIE@$, 2C$($i $l $F$*$j !" @-G=
$H$7$F$OHtLvE*$K8~>e$7$F$$$k!#

� 6uK3AX8| $, 30� m $+$i 70� m $KA}2C$7$?$?$a!" 9b%(%M%k%.!< B&(� 7keV) $G$N8! =P8z
N($, Ls 2G\8~>e$7$?!#

� F0:n 29EY$r � 60� $+$i � 90� $K2<$2$k$3$H$K$h$j 0EEEN.$rBgI} $K2! $( !" EE2YE>AwHs8z
N( (CTI) $r8: >/ $5$; $?!#

� SIS$GFC$KLdBj$K$J$C$?BG$A>e$28e$NJ| <M@~B;=}$K$h$k@-G=Nt2=$KBP1~$9$k$?$a$NBP
:v $H$7$F!" 50F;>e3S@5@~8; (55Fe)$r@_$1$k!" $^$?EE2YCmF~C<;R$rHw$($F$$$F!" ?M9)
E*$KEE2Y$rCmF~$9$k$3$H$G%3%i%K̀h$NCTI $r%b%K%?$9$k!" $H$$$C$?BP:v $, $J$5$l $?!#

� SIS$G$O%a%b%j!< @)8B$N$?$a!" %@!< %/%U%l!< %%̀a%b%j!< $r2hAGKh$K;} $D$3$H$, =PMh
$J$+$C$?!# $=$3$GXIS $G$O==J, $J%a%b%j!< $r ;} $A%@!< %/%"%C%W%G!<%H%m%8%C%/$N2~
NI$r9T$$!" 8w1L$l $J$I $K$h$kM=A[30$N%@!< %/%l%Y%k$NJQF0$KBP=h$G$-$k!#

� SIS$G$O4 Kg$NAG;R$r9g$o$; $F1 %;%s%5!< $K$7$?$?$a!" $9$-4V$, $G$-$F$7$^$$4QB,
>e$NITET9g$, @8$8$F$$$?!# XIS $O1%;%s%5!< 1 AG;R$G9=@.$5$l $k$N$G$3$N$h$&$J$9
$-4V$OB8:_ $7$J$$!#
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XIS $K$D$$$F$O4>O$G$h$j 6qBNE*$K>R2p$9$k!#

I= 2.2: Astro-E2 $N3<oN`$N8! =P4o$N@-G==t 85

XRS HXD XIS
Bf?t 1 1 4
M-8z46EYBS0h 0.5{10keV 10{600keV 0.4{12keV
AG;R?t 6� 6{4 4� 4(Well) 1024� 1026

20(Anti)
AG;R%5%$%: 624� m� 624� m 21.5� 21.5mm(PIN) 24� 24� m

24� 24mm(GSO)
M-8zLL@Q(1 Bf) 150cm2@1keV 160cm2(@< 30keV) 300cm2@1keV

130cm2@7keV 330cm2(@> 40keV) 250cm2@7keV
;k Ln 2.920 � 2.920 0.56� � 0.56� @60keV 17.40 � 17.40

4.6� � 4.6� @500keV
%(%M%k%.!< J, 2rG= 6eV 3keV@10-40keV 130eV@6keV

9%@662keV
6u4VJ, 2rG=(HPD) y 2.00 { 2.00

;~ 4VJ, 2rG= { 61� sec 8msec(P-sum)
F0:n 29EY 65mK � � 20� C � 90� C

y: XRT $NJ, 2rG=$G7h$^$C$F$$$k





17

Bh3>O X @~CCD

3.1 X @~CCD $NF0:n
CCD $O1970G/Be$+$i 3+H/$5$l $F$$$kH>F3BN$rMQ$$$?;# A|AG;R$G$"$j !" Ia DL?t � ?t ==

� m ;MJ} $N2hAG$, ?t I4 K|8DJB$Y$i $l 1$D$N%A%C%W$r9=@.$7$F$$$k!# 3F2hAG$KJ| <M@~$, F~<M
$9$k$H!" %A%C%WCf$NJ*<A$H$NAj8_:n MQ$N7k2L!" EE2Y$, @8$8$k!#2hAGKh$K$3$NEE2Y$, =8$a$i
$l !" EE2YFI$_$@$78}$X8~$+$C$F2hAG4V$r%P%1%D%j%l!< $NMWNN$GE>Aw$9$k!#FI$_$@$78}$ODL
>o%A%C%W$NC<$KMQ0U$5$l $F$$$k!#=>$C$F!" BgNL$N2hAG?t $r ;} $A$J$, $i >.?t $NFI$_$@$72sO)
$G;# A|$, 2DG=$G$"$k!#

%G%8%?%k%+%a%iEy$K;H$o$l $k2D;k 8wMQCCD $HX @~CCD $H$NBg$-$J0c$$$O!" %(%M%k%.!<
$N9b$$!" B($AF)2a@-$N9b$$X @~$r8! =P2DG=$K$9$k$?$a$N8| $$6uK3AX$H!" EE2Y$N>/$J$$%$%Y
%s%H$rG'<1$9$k$?$a$NDc$$%N%$%:%l%Y%k$G$"$k!# X @~CCD $N3F2hAG$N9=B$$OMOS%@%$
%*!<%I7?$Hpn@\9g7?$N2$D$KBg$-$/ J, $1$i $l $k!#$3$3$G$OXIS $GMQ$$$i $l $F$$$kMOS%@
%$%*!< %I7?CCD $K$D$$$F@bL@$9$k!# $3$l $OMOS%@%$%*!< %I$r%b%6%$%/>u$KJB$Y$?$b$N
$G!" ASCA SIS$G=i $a$F1R@1Ek:\ 8! =P4o$H$7$F;HMQ$5$l !" 8=:_ $NChandra ACIS$dXMM
EPIC $K;H$o$l !" Astro-E2 XIS $dMAXI SSC$K:NMQ$, 7h$^$C$F$$$k!#

3.1.1 MOS 9=B$

MOS$OMetal(6bB0)!" Oxide(@d1oBN)!" Semiconductor(H>F3BN) $r@\B3$7$?$b$N$G$"$k!#
:` <A$O!" ACIS$dXIS $G$O6bB0$K%]%jSi!" @d1oBN$KSiO 2!" H>F3BN$KSi$r ;H$C$F$$$k!#$^
$?H>F3BN$NIT=cJ*$H$7$F$O8=:_ n 7?CCD $Hp 7?CCD $NN>J} $, B8:_ $9$k$, !" Hy:Y2C9)$N
$7$d$9$5$d$J$I $+$i !" <BMQ2=$5$l $F$$$k$N$OA4$Fp 7?CCD $G$"$k!# $7$+$7n 7?CCD $K
$bMxE@$O$"$k!# B??t %-%c%j%"$, EE;R$G$"$k$?$a0\ F0EY$, 9b$$!# 6uK3AX$N8| $_$O0\ F0EY$N
1/2 >h$KHfNc$9$k$?$a!" 9EX @~$^$G9b$$8! =P8zN($r ;} $C$?CCD $, :n @.2DG=$G$"$j !" 8=:_
3+H/$, ?J$a$i $l $F$$$k!# 0J2<$G$Op 7?CCD $N>l 9g$K$D$$$F@bL@$9$k!# ?^ 3.1:8 $O1 2hAG
$NMOS9=B$$r4JN,2=$7$?LO<0?^$G!" 6bB0AX$KEE05$r$+$1$J$$(V=0) $H$-$N%]%F%s%7%c%k
9=B$$r<($7$F$$$k!#6bB0AX$K@5EE05(V> 0) $r$+$1$k$H!" %(%M%k%.!<%P%s%I$O?^ 3.11&$N$h
$&$K2<$K6J$, $k!# $3$N$?$aB??t %-%c%j%"$G$"$k@59&$O1| (?^1&J} 8~) $KDI$$9~$^$l !" H>F3
BNI= LL$K6uK3AX$, =PMh$k!# $3$N>uBV$r " 6uK3" $H8F$V!# $^$?6uK3AX$N$5$i $K1| $NEE3&$N$+
$+$C$F$$$J$$It J, $rCf@-NN0h$H8F$V!# ?^ 3.2$K<B:] $NCCD $NEE6K$r4^$a$?9=B$$r<($9!#
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?^ 3.1: MOS %@%$%*!< %I$N%]%F%s%7%c%k9=B$
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?^ 3.2: CCD CGLL?^

$3$N>uBV$G$O;~4V$, 7P$D$H6uK3AX$GG.Ne5/ $K$h$j @8$8$?EE;R$, H>F3BNI=LL$K=8$^$C$FDj
>o>uBV$K$J$k!# 8! =P4o$H$7$F$NCCD $O!" $3$NDj>o>uBV$^$G$N2aEO4| $rMxMQ$7$FIi EE2Y$r
=8$a$FE>Aw$9$k!#

$5$i $K$+$1$kEE05$rBg$-$/ $9$k$H6uK3AXI} $O9-$/ $J$k$, !" $"$k$H$3$m$G??@-%U%'%k%_=`
0L$, %U%'%k%_=`0L$H8r$o$k$h$&$K$J$k!# $D$^$j >. ?t %-%c%j%"(EE;R) $N?t $HB??t %-%c%j%"
(@59&) $N?t $, 5UE>$9$k!# $3$N>uBV$r " H?E>" $H8F$V!# 0l C6H?E>>uBV$K$J$k$H!" $+$1$kEE05
$rBg$-$/ $7$F$bH>F3BNI=LL$KIi EE2Y$, N/$k$3$H$GEE0L$r;Y$($k$?$a!" 6uK3AXI} $O$3$l 0J>e
9-$, $k$3$H$O$J$$!#
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3.1.2 X @~$H$NAj8_:n MQ

X @~$O%A%C%W$r9=@.$9$kA4$F$NJ*<A$HAj8_:n MQ$9$k$, !" $3$N$&$AM-46NN0h$O6uK3AX$G$"
$k!# 6uK3AX$KF~<M$7$?X @~$O8wEE8z2L$K$h$j Si86;R$NFb3KEE;R$r$?$?$-=P$7!" 0l <! EE;R
$rH/@8$5$; $k!# $3$NEE;R$K$h$C$F<~0O$NEE;R$, <! !9 $HEEN%$7$FEE;R � @59&BP$r7A@.$9$k!#
EE;R$O6uK3AXFb$KB8:_ $9$kEE3&$K$h$j EE6KIU6a$X$H=8$a$i $l $k!# 0l J} Si86;R$O$[ $H$s$I
$N>l 9g!" Fb3KEE;R$NB+G{%(%M%k%.!< J, $N%(%M%k%.!< $r ;} $DAuger EE;R$rJ| =P$7!" $3$l $K
$h$j $5$i $KEE;R � @59&BP$, @8@.$5$l $k!# ?t %$N3NN($G!" Si-K� @~$rJ| =P$9$k>l 9g$, $"$k!#
Si-K� @~$OF~<MX @~$HF1MMB>$NSi86;R$HAj8_:n MQ$9$k$, !" B>$N%T%/%;%k$G5[ <}$5$l $?>l
9g!" %(%9%1!<%W%$%Y%s%H$HSi-K� %$%Y%s%H$N2$D$N%$%Y%s%H$H$7$FG'<1$5$l $?$j !" $"$k$$
$O5[ <}$5$l $J$$$^$^6uK3AX$N30It $X$HF($2$F$7$^$C$?>l 9g!" %(%9%1!< %W%$%Y%s%H$N$_$, <u
$+$k!#

8! =P$G$-$k X @~$N%(%M%k%.!< HO0O$O3FAX$N8| $_$K0MB8$9$k$?$a!" EE6K!" @d1oAX!" Cf@-
NN0hEy$NIT46AX$OGv$/!" 6uK3AX$O8| $/ $9$k$N$, M}A[$G$"$j !" 8=:_ $NX @~CCD $N9=B$$G$O
%(%M%k%.!< BS0h$O� 0.1-15keV $G$"$k!#

3.1.3 X @~>H<MJ} <0

A0LL>H<M7?

EE6KB&$+$i X @~$rF~<M$5$; $k!# MxE@$H$7$F$OX @~$, EE6K6a$/ $G5[ <}$5$l $k$N$G!" SiCf
$rEE2Y$, EE6K$X8~$+$&:] 5/ $3$93H;6 $d:F7k9g$N8z2L$, >.$5$/ %(%M%k%.!< J, 2rG=$KM%$l $k!#
0l J} 7gE@$H$7$F$ODc%(%M%k%.!< $NX @~$, A0LL$NEE6K$d@d1oAX$G5[ <}$5$l $d$9$$$?$a8! =P
8zN($, 0-$/ $J$k!# XIS $OA4$F$3$NJ} <0$N%A%C%W$G$"$k!#

N"LL>H<M7?

EE6K$NH?BPB&$+$i X @~$rF~<M$5$; $k!#MxE@!" 7gE@$OA0LL>H<M7?$N5U$G!" Dc%(%M%k%.!< X
@~$KBP$9$k8! =P8zN($, 9b$$0l J} $G!" X @~$N5[ <}E@$, EE6K$+$i 1s$$$N$G3H;6 $d:F7k9g$N8z2L
$, Bg$-$/ %(%M%k%.!<J, 2rG=$, 0-$/ $J$k!#:G6a$G$OChandra/ACIS%A%C%W$N0l It (ACIS-S)!"
XMM/EPIC pn $, $3$NJ} <0$r :NMQ$7$F$$$k!#

3.1.4 EE2Y=8@Q

H>F3BN7k>=Fb$NEE2Y$N1?F0$O!" EE3&$K$h$k%I%j%U%H1?F0$H3H;6 1?F0$H$KJ, $1$i $l $k!#
EE3&$, B8:_ $7$J$$>l 9g!" EE2Y$O%i%s%@%$̀JG.1?F0$r$7$F$$$k!#B($A!" 9bB.1?F0$G$O$"$k

$, 3J;R86;R$H$N>WFM!" ;6 Mp$N$?$aD9;~4V$G8+$?>l 9g$NEE2Y$N0\ F0$O%<%m$K$J$k!#>WFM$7$F
$+$i <! $N>WFM$^$G$N;~ 4V� c $rJ?6Q4KOB;~ 4V$H8F$V!# $3$N>uBV$KE $NEE3&$, $+$1$i $l $k$H
EE2Y$OqE $NNO$r<u$1!" G.1?F0$H%I%j%U%H1?F0$N9g@.1?F0$r$9$k!#

mp
d�v
dt

= �
mp�v
� c

+ qE (3.1)

$3$3$Gmp $OEE2Y$N<ANL!" q$OEE2YNL!" �v $OEE2Y$NJ?6QB.EY$G$"$k!# $h$C$FDj>o>uBV$G
$NEE2Y$N%I%j%U%HB.EY$O:8 JU$r%<%m$H$7$F
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�v = �
� cqE
mp

= �E (3.2)

$HI=$; $k!#%I%j%U%HB.EY$, EE3&$N6/ $5$KHfNc$9$k7A$GI= $7$?$H$-$NHfNc7W?t � $r0\ F0EY
$H8F$V!#0\ F0EY$O!" EE2Y$N0\ F0$, 30It $NEE3&$K$h$j $I $N$h$&$K1F6A$5$l $k$+$rCN$k$?$a$N
;XI8 $H$J$k!#

$D$. $K3H;6 $G$"$k$, !" 3H;6 $OH>F3BNCf$NEE2YL)EY$K8{G[$, $"$k$H$-$K8=$l $k!#$"$k0l Dj
$NEE2YL)EY8{G[$r ;} $DLL(x=0 $H$9$k) $r9M$($k!# $3$N;~ 3H;6 EEN.$O!" LL$rDL2a$9$kEE2Y
$Nux $G$"$k!# l $rJ?6Q<+M39TDx!" n(x) $rEE2Y?t L)EY$H$9$k$H!" x={ l $K$"$C$?EE2Y$, C1
0L;~ 4VC10LLL@Q$"$?$j $KLL$rDL2a$9$k?t $O

N (� l) =
1
2n(� l)l

� c
=

n(� l)vth

2
(3.3)

$H$J$k!# $3$3$Gvth $OG.1?F0$NB.EY$G$"$k!# x= l $K$"$C$?EE2Y$N>l 9g$bF1MM$K9M$($F:9
0z$r$9$k$H!" 3H;6 EEN.$O

J = qf N (� l) � N (l)g = qvth l
dn
dx

= qD
dn
dx

(3.4)

$HI= $; $k!# D $O3H;6 78?t $H8F$P$l $k!# $3$3$G%(%M%k%.!< EyJ, G[B'

1
2

mpv2
th =

1
2

kT (3.5)

5Z$S

l = vth � c (3.6)

$N4X78$rMQ$$$k$H!" %I%j%U%H$H3H;6 $=$l $>$l $N1?F0$rFCD'$E$1$k78?t $G$"$k0\ F0EY$H3H
;6 78?t $H$N4X78$,

D =
kT
q

� (3.7)

$HI= $; $k!# $3$l $r%"%$%s%7%e%?%$%s$N4X78<0$H8F$V!#
0J>e$G$O!" H>F3BN7k>=$O7gB;$, L5$$M}A[E*$J7k>=$rA0Ds$H$7$F$-$?$, !" <B:] $O@=B$2aDx

$dJ| <M@~$K$h$kB;=}$r<u$1$kEy$NM}M3$+$i 7k>=7gB;$, B8:_ $9$k$7!" H>F3BN86;R$NG.1?F0$K
$h$C$F86;R4V7k9g$O>o$K$"$k3d9g$G@Z$l $?$j $D$J$, $C$?$j $r7+$j JV$7$F$$$k!#$3$l $i $K$h
$j H>F3BNCf$NEE2Y$O:F7k9g$N1F6A$r<u$1$k!#

Si$N>l 9g!" 4V@\%P%s%I%.%c%C%WH>F3BN$N$?$a:F7k9g$O4V@\:F7k9g$N$_$G$"$j !" $=$N%?%$
%%̀9%1!< %k� r $O

� r =
1

vth � N t
(3.8)

$HI= $; $k!# $3$3$G� $O:F7k9gCf?4$NJa3MCGLL@Q!" N t $O:F7k9gCf?4L)EY$G$"$k!#
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3.1.5 %A%c%M%k%G%P%$%9

I= LL%A%c%M%k%G%P%$%9

?^$N$h$&$K6uK3AX$NI=LL$K=PMh$k%]%F%s%7%c%k$N9B$KEE2Y$rC_@Q$7$F$=$N$^$^E>Aw$9$k
CCD $N$3$H!# @d1oAX$H6uK3AX$N3&LL$KB8:_ $9$k%H%i%C%W$K$h$j EE2YB;<:$r<u$10W$/ !" %(
%M%k%.!< J, 2rG=$O0-$/ $J$k!#

Kd$a9~$_%A%c%M%k%G%P%$%9

6uK3AX$H@d1oAX$N4V$K!" H>F3BN4pHD$H5U$N6K@-$NIt J, $r:n $k$3$H$K$h$j %]%F%s%7%c%k$N
Dl$rH>F3BNFbIt $X$HJQ$($?$b$N!#0l HL$KH>F3BN$H@d1oAX$N3&LL$KHf$YH>F3BNFbIt $NJ} $, %H
%i%C%W$, >/$J$$$?$aEE2YE>Aw8zN($, NI$/ %(%M%k%.!<J, 2rG=$NNt2=$b>/ $J$$!#XIS $O$3$NJ}
<0$rMQ$$$F$$$k!#

3.1.6 EE6K9=B$

3 AjJ} <0

?^ 3.3$N$h$&$K1%T%/%;%k$r 3$D$NEE6K$G9=@.$7!" =gHV$KEE05$r$+$1$k$3$H$G%]%F%s%7%c
%k$N0f 8M$r0\ F0$5$; $F$$$/ !#EE05$N$+$1J} $K$h$C$FEE2Y$r5UJ} 8~$KE>Aw$7$?$j C_@Q$9$kEE
6K$N0LCV$rJQ$($?$j $9$k$3$H$, =PMh$FM;DL$, 8z$/ !# XIS $O$3$NJ} <0$rMQ$$$F$$$k!#

electron

?^ 3.3: 3AjJ} <0

2 AjJ} <0

1%T%/%;%k$rFs$D$NEE6K$G9=@.$7!" EE6K$N0l It $K@5$NEE2Y$r;} $DIT=cJ*$r%I!<%W$5$; $k
$3$H$GEE6KFb$K%]%F%s%7%c%k$N3, CJ$r@_$1$F$$$k!# 6nF0$, 4JC1$G$"$k$N$, MxE@$G$"$k!#
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electron

+ +
+ + +

+ +
+ + +

+ +
+ + + + + +

+ +
+ + +

+ +

?^ 3.4: 2AjJ} <0

%P!< %A%c%k%U%'!< %:J} <0

$d$O$j IT=cJ*$r%I!<%W$5$; !" 1%T%/%;%k$"$?$j 1$D$NEE6K$GE>Aw$r9T$($k$h$&$K$7$?$b
$N$G$"$k!# EE2YE>AwJ} 8~$rJQ$($k$3$H$O=PMh$J$$$, !" 0l It J, $GEE6K$, L5$$$?$aFpX @~$K
BP$9$kNL;R8zN($, 9b$/ $J$k$H$$$&MxE@$r;} $D!#

electron

+ +
+ + +

+ +
+ + + + + +

+ +
+ + +

+ +
+ + +
 + +

?^ 3.5: %P!< %A%c%k%U%'!< %:J} <0
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3.1.7 EE2YE>Aw

Frame Transfer

Frame TransferJ} <0$G$O!" %A%C%W$O?^ 3.6$N$h$&$KO*8wNN0h$HF1$8?t $N%T%/%;%k$rG[CV
$7$?C_@QNN0h$r ;} $D!#C_@QNN0h$K$O%+%P!<$, $+$V$; $i $l !" X @~$, F~<M$7$J$$$h$&$K$J$C$F
$$$k!# FI$_$@$7$O!"

1. $^$: 0l Dj;~ 4VO*8w$7$?8e$G!" =D$N%T%/%;%k?t J, =DE>Aw$9$k$3$H$GO*8wNN0h$NEE2YA4
BN$rC_@QNN0h$K0\ F0$5$; $k!#

2. C_@QNN0hA4BN$r 1%T%/%;%kJ, =DE>Aw$9$k!#$3$l $K$h$j C_@QNN0h0l HV2<$NNs$NEE2Y$O!"
FI$_$@$7$N%7%j%"%k%l%8%9%?$K0\ F0$9$k!#

3. %7%j%"%k%l%8%9%?$r 1 %T%/%;%k$: $D2#E>Aw$7$J$, $i EE2Y$rFI$_=P$9!# 2#$N%T%/%;%k
?t J, 7+$j JV$9!#

4. 2.!" 3.$r=D$N%T%/%;%k?t J, 7+$j JV$9$3$H$GA4%T%/%;%k$NEE2Y$rFI$_=P$9!#

$N$h$&$K9T$&!# =>$C$FA4BN$N=DE>AwCf$KO*8wNN0h$KF~<M$7$?X @~$O@5$7$$0LCV>pJs$r
4^$^$J$/ $J$k!#

Imaging Region

Frame Stored Region

Serial Shift Region

?^ 3.6: Frame TransferJ} <0

Full Frame Transfer

FrameTransferJ} <0$N>l 9g$+$i C_@QNN0h$r<h$j 5n$j !" ;# A|NN0h$HC_@QNN0h$N6hJL$rL5$/
$7$?J} <0$G$"$k!# FI$_$@$78}$^$G$NE>Aw7PO)$OFrame TransferJ} <0$HF1$8$?$a!" 0LCV>p
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Js$r ;} $?$J$$X @~$NF~<M$9$k3NN($, 9b$$!#

Imaging Region

Serial Shift Region

?^ 3.7: Full Frame TransferJ} <0

In ter Line

Inter Line J} <0$G$O?^ 3.8$N$h$&$K3Fcolumn4V$KC_@QNN0h$r@_$1$F$$$F!" FI$_=P$7;~4V
$rA0<T2DL$j $KBP$7$F>.$5$/ $7$F$$$k!#8=:_ $N%G%8%?%k%+%a%i$K$O$3$NJ} <0$, ;H$o$l $F$$
$k!# 0l J} E7J8$G$O0E$$E7BN$G$b8! =P$9$kBg$-$$M-8zLL@Q$, =EMW$J$?$aMQ$$$i $l $J$$!#

Imaging Region

Parallel Shift Region

Serial Shift Region

?^ 3.8: Interline J} <0

3.1.8 %G!<%?=hM}

FI$_$@$78}$^$GE>Aw$5$l $?EE2Y$OFET $K$h$j EE05$KJQ49$5$l $k!#CCD $+$i $N%"%J%m%0
=PNO?.9f $K$O?^3.9:8 $N$h$&$Kreset!" oating !" signal$N3F%l%Y%k$+$i $J$j !" oating{signal
$r?. 9f GH9bCM$H$7$F$H$j $@$9!#XIS $G$O!" oating !" signal $=$l $>$l $N%l%Y%k$r0l Dj;~4V@Q
J, $7$F$=$N:9 $rFI$_=P$9@QJ, J} <0(?^ 3.91&) $rMQ$$$F$$$k!#

$3$N8eADC $K$h$j JQ49$5$l $?%G%8%?%k?. 9f CM$K$O!" X @~$K$h$k@.J, $NB>$KFET 8GM-
$N%P%$%"%9CM$d0EEEN.@.J, Ey$b4^$^$l $k!#$=$3$G2r@O;~$K$O!" X @~$, F~<M$7$F$$$J$$>l 9g
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reset

float level

signal level
signal

1 pixel

time

voltage

+ integral

- integral

signal

?^ 3.9: CCD $+$i $N=PNO?. 9f $H@QJ, J} <0$N35G0?^

$N=PNO!" B($A%<%m%l%Y%k$rB,Dj$7$F$*$- !" GH9bCM$+$i %<%m%l%Y%k$r0z$$$?CM$r X @~$K$h
$k@.J, $NCM$H$7$FMQ$$$k!#

$^$?!" Fs<! EE;R1@$NBg$-$5$HCCD $N%T%/%;%k$NBg$-$5$K$h$C$F$O!" EE6K$^$G$N%I%j%U
%H$N4V$K3H;6 $r<u$1$?7k2L!" EE;R1@$, J#?t $N%T%/%;%k$K8Y$k$3$H$, $"$k!#$7$?$, $C$FX @~
CCD $G$O!" J, ;6 $7$?EE2Y$rB-$79g$o$; $FX @~$N%(%M%k%.!< $r7hDj$9$k!#$3$3$GCm0U$7$J
$1$l $P$J$i $J$$$3$H$O!" J, ;6 $7$?EE2Y$H%<%m%l%Y%k$NMI$i $. $H$r@53N$K6hJL$9$k$3$H!" $^
$?2YEEN3;R$HX @~$H$r6hJL$9$k$3$H!" B($A%P%C%/%0%i%&%s%I$N=| 5n$G$"$k!# $3$l $i $r%$
%Y%s%HCj=P$H8@$$!" %T%/%;%k%l%Y%k$r@5$7$/ B-$79g$o$; $?7k2L$NGH9bCM$r%$%Y%s%HCM$H8F
$V$3$H$K$9$k!#

3.2 @-G=
CCD $rMQ$$$?4QB,$r9T$&>l 9g!" $$$+$K@53N$K=8$a$?EE2YNL$rFI$_$@$; $k$+!" $$$+$K8z

N(NI$/ !" B.$/ EE2Y$rE>Aw$G$-$k$+$, =EMW$G$"$k!#$=$N$?$a$N@-G=;XI8 $H$7$F%2%$%s!" %(%M
%k%.!< J, 2rG=!" NL;R8zN(!" E>AwB.EY$, $"$k!#$3$l $i $r=PMh$k$@$1@53N$KCN$k$3$H$, !" E7BN
$N%G!< %?2r@O;~ $KI, MW$K$J$C$F$/ $k!#

3.2.1 %2%$%s

F~<MX @~$N%(%M%k%.!< $H%$%Y%s%HCM$H$N4X78$G$"$k!#6a;wE*$K0l <! 4X?t $GI=$5$l $k$, !"
87L)$K$OADC $NHs@~7A@-$dW CM$NJQ2=$J$I $K$h$j !" %(%M%k%.!< $K$h$k$P$i $D$-$, $"$k!#
$P$i $D$-$r4^$a$?%2%$%s$r@:EYNI$/ 8+@Q$b$k$3$H$, F~<MX @~%(%M%k%.!< $N7hDj$K$*$$$F
=EMW$G$"$k!#

3.2.2 %(%M%k%.!<J, 2rG=

CCD 8! =P4o$N%(%M%k%.!< J, 2rG=$OFI$_$@$7$?EE2YNL$NMI$i $. $G$"$k!#%(%M%k%.!< E $N
X @~$, F~<M$7$F@8@.$5$l $kEE2Y$N?t $O86M}E*$K$OE=W0 $G$"$k!#$3$3$GW0 $O%$%*%s2=%(
%M%k%.!< $G!" Si $N>l 9g3.65eV$G$"$k!# $3$NEE2Y?t $O%]%"%=%sE}7W$K$h$kMI$i $. $r ;} $D!#
$7$+$7!" <B:] $K$OMM!9$JMW0x$K$h$j J, I[ $, %]%"%=%sJ, I[ $+$i $: $l $k!#$3$N$: $l $r$"$kDj?t
F $K2! $79~$a$k$H!" E}7W$K$h$kMI$i $. $O

� e =

s

F
E
W0

(3.9)
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$HI= $; $k!# F $O%U%!%N0x;R$H8F$P$l !" Si$N>l 9gF =0.12 $G$"$k!# $^$?CCD $NFI$_$@$7
%N%$%:� r ead $b9MN8$9$kI, MW$, $"$k$N$G!" :G=*E*$JEE2Y$NMI$i $. $O

s

� 2
r ead + F

E
W0

(3.10)

$HI= $; $k!# $7$?$, $C$F%(%M%k%.!< J, 2rG=� E $r FWHM $G=q$/ $H0J2<$N$h$&$K$J$k!#

� E = W0 �
p

8ln2 �

s

� 2
r ead + F

E
W0

(3.11)

3.2.3 8! =P8zN(

CCD $KF~<M$7$?$"$k%(%M%k%.!< $NX @~$N$&$A!" X @~$H$7$F8! =P$5$l $?%$%Y%s%H$N3d9g
$G$"$k!#3.1.2$G=R$Y$?$h$&$KCCD $N3F%(%M%k%.!<$KBP$9$k8! =P8zN($O!" Dc%(%M%k%.!<B&
$G$O6uK3AX$^$G$N8w3XE*8| $_!" 9b%(%M%k%.!<B&$G$O6uK3AX$N8w3XE*8| $_$K0MB8$9$k!#6uK3
AX$G5[ <}$5$l $?X @~$H!" X @~$H$7$FG'<1$5$l $?%$%Y%s%H$, 40A4$K%$%3!< %k$G$"$k$H$9$k
$H8! =P8zN($O

Q(E) = exp(�
Z

� (E ; l)dl) � [1 � exp(� � Si(E)D)] (3.12)

$HI= $; $k!# C"$7 � $OEE6K!" @d1oAX$J$I 6uK3AX$^$G$NIT46NN0h$N5[ <}78?t !" l $O6uK3AX$K
C#$9$k$^$G$N8w;R$N50@W$K1h$C$?D9$5!" � Si $OSi$N5[ <}78?t !" D $O6uK3AX$N8| $5$G$"$k!#

3.2.4 FI$_$@$7B.EY

8=:_ $NX @~CCD $NB?$/ $O1024� 1024$+$=$l 0J>e$N%T%/%;%k$r ;} $D!#1%T%/%;%k$NFI$_
$@$7;~4V$O� 10� sec$G$"$k$+$i CCD A4BN$NFI$_=P$7$K$O?t sec$+$+$k!# ;~ 4VJ, 2rG=$r9M
$($k$HFI$_$@$7B.EY$O$5$i $KB.$$J} $, NI$$$, !" <B:] $OADC $NAD JQ49B.EY$d%N%$%:$J$I
$N@-G=$K$h$C$F7hDj$5$l $k!#

3.3 LdBj$H$J$k$b$N
0J>e$NCCD $N@-G=$OG.4D6- !" J| <M@~4D6-!" $"$k$$$O@=B$2aDx$d%7%9%F%$̀K$h$j @-G=$N

Nt2=$r<u$1$F$7$^$&!# 0J2<$K@-G=Nt2=$K$D$J$, $kLdBjE@$r=R$Y$F$*$/ !#

3.3.1 FI$_$@$7%N%$%:

EE;R2sO)5/ 8; $N%N%$%:$G$"$j !" J| <M@~$K$h$kEE2Y$, $J$/ $F$b>h$k@.J, $G$"$k!# $=$NBg
$-$5$rCN$k$?$a$K$OCCD $+$i $N?. 9f $, %<%m$N$H$-$N=PNO$r8+$l $PNI$$!# $=$3$GCCD $N
<B:] $N%T%/%;%k?t $h$j $bB?$/ FI$_=P$7$r9T$$2M6u$N%T%/%;%k%G!< %?$rF@$k!# $3$NNN0h$r
Over Clock Region$H8F$S!" ?eJ?J} 8~$NFI$_$@$7$r HOC(Horizontal Over Clock) !" ?bD>J}
8~$NFI$_=P$7$r VOC(Vertical Over Clock) $H$$$&!#
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3.3.2 0EEEN.

H>F3BN7k>=$O@d1oBN$KHf$Y%$%*%s2=%(%M%k%.!< $, Hs>o$K>. $5$/ !" G.1?F0$K$h$C$F6&M-
7k9g$, @Z$l $k$3$H$, $"$k!#$3$N$?$a$KCCD $KX @~$, F~<M$7$F$$$J$/ $F$bEE2Y$, @8@.$5$l
$k!#$3$l $r0EEEN.$H8F$V!#X @~$, F~<M$7$J$$%T%/%;%k%G!<%?$K$OFI$_$@$7%N%$%:$H0EEEN.
$, 4^$^$l !" $3$l $i $NB-$79g$o$; $r%<%m%l%Y%k$H$7$F0z$$$?;D$j $, %T%/%;%k%l%Y%k$G$"$k!#

3.3.3 8w1L$l

X @~CCD $O2D;k 8w$K$b46EY$r;} $D!#DL>o;# A|NN0h$K$O2D;k 8w$, F~$j 9~$^$J$$$h$&$J@_
7W$, $5$l $?$j !" 2D;k 8w<WCG%U%#%k%?$, MQ$$$i $l $?$j $9$k$, !" $=$l $G$b1L$l 9~$s$G$7$^$&>l
9g$O!" 8w1L$l $NNN0h$r%G!<%?2r@O$GMQ$$$J$$$+!" $"$k$$$OHyNL$G$"$l $P8w1L$l @.J, $r%<%m
%l%Y%k$K4^$a$F2r@O$r9T$&!#

3.3.4 EE2YE>AwHs8zN(

H>F3BN7k>=$K$O@=B$;~ E@$G!" $"$k$$$O@=B$8e$NJ| <M@~B;=}$K$h$C$F3J;R7g4Y$, @8$8$k!#
FC$KH>F3BNAX$H@d1oAX$N6-3&$K$OB?$/ B8:_ $7$F$$$k!#$3$l $i $OE>Aw$5$l $kEE2Y$K$H$C$F%H
%i%C%W$H$J$j !" E>AwESCf$GEE2Y$, <: $o$l $F$7$^$&!# EE2YNLA4BN$KBP$9$k!" 12s$NE>Aw$G<:
$o$l $kEE2YNL$N3d9g$rEE2YE>AwHs8zN( (ChargeTransfer Ine�ciency) $H8F$V!#$"$k$$$O%H
%i%C%W$5$l $: E>Aw$5$l $kEE2Y$N3d9g$rEE2YE>Aw8zN( (Charge TransferE�ciency) $H8F$V!#
CTI $K$D$$$F!" 5Z$S$=$NJd@5$KIU$$$F$O7!" 8 >O$G>\ $7$/ =R$Y$k!#

3.3.5 %Q%$%k%"%C%W

O*8wCf 1$D$N%T%/%;%k$K2$D0J>e$N%$%Y%s%H$, F~<M$9$k$H!" EE2Y$, B-$79g$o$5$l $F1$D
$N%$%Y%s%H$H$7$F8+$J$5$l !" 3FF~<MX @~$N%(%M%k%.!< $rCN$k$3$H$OIT2DG=$G$"$k!# X @~
6/ EY$NHs>o$K6/ $$E7BN$r4QB,$9$k>l 9g!" BP>] $NX @~6/ EY$+$i !" $3$N$h$&$J%Q%$%k%"%C%W
$, $I $NDxEY$N3NN($G5/ $-$k$+$r8+@Q$b$j !" :G$bE,$7$?%/%m%C%/%Q%?!<%s$rA*$V$3$H$, I, MW
$G$"$k

3.3.6 Hot Pixel

X @~$, F~<M$7$F$$$J$/ $F$b>o$K9b$$GH9bCM$r<($9%T%/%;%k$, $$$/ $D$+B8:_ $7!" Hot Pixel
$H8@$&!#$3$l $O@=B$2aDx>e@8$8$?$j !" $"$k$$$O7c$7$$J| <M@~B;=}$K$h$C$F3J;R7g4Y$, =PMh
$?$H$-$K$b@8$8$k!# 2r@O$N:] $K$O$3$N%T%/%;%k$O=| $/ I, MW$, $"$k!#
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Bh4>O XIS

4.1 35MW
Astro-E21R@1$K$O4Bf$NXIS $, Ek:\ $5$l !" 3F!9$O%;%s%5!<!" %"%J%m%0EE5$2sO)7O(AE) !"

%G%8%?%kEE5$2sO)7O(DE) $+$i 9=@.$5$l $k!#?^??$K$O!" %;%s%5!<$+$i DE $^$G$N9=@.$r<(
$9!# K\>O$G$O$=$l $>$l $NLr3d5Z$S!" 4QB,;~ $N%b!< %I$H%G!< %?=hM}K!$K$D$$$F@bL@$9$k!#

?^ 4.1: XIS %;%s%5!< 9=@.

4.2 BG$A>e$2D>A0$+$i Dj>o>uBV$^$G$N%*%Z%l!<%7%g%s
0J2<!" 1R@1BG$A>e$2D>A0$+$i BG$A>e$28e$NDj>o>uBV$^$G$N<g$J%*%Z%l!<%7%g%s$GFC$K5

>O$N5! G=;n 839`L\ $K4XO"$9$kIt J, $rCf?4$K5-$9!#

1. BG$A>e$2A0:%\%s%M%C%H(4.3.2@a) $H%Y!< %9(4.3.3@a) $rAH$_N)$F$?>uBV$G5$L)9=B$$K
$J$C$F$$$k!# BG$A>e$2;~ $NOBF $X$N2; 6AIi 2YDc8: $N$?$aCCD�OBF(4.3.2@a) <~JU
$r??6u>uBV$K$9$k!# BG$A>e$2$^$G$N4V??6u>uBV$, J] $?$l $F$$$k$3$H$r3NG'$9$k$?$a
05NO%;%s%5!< $N=PNO$r%b%K%?!#
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?^ 4.2: XIS %;%s%5!< 304Q� 9=@.

2. BG$A>e$2D>8e:05NO$rB,Dj8e!" %;%s%5!< FbIt $G$N7kO*$rKI$0$?$a$J$k$Y$/ Aa$/ %\%s
%M%C%H$NEE<' %P%k%V$r3+$1$FGS5$!#

3. AE!" DE $NEE8; $rEjF~!#

4. XIS %G!< %?<hF@3+;O!#

5. TEC(4.3.3@a) $NEE8; $rEjF~$7$FNd5Q3+;O!#

6. 05NO$, ==J, 2<$, $C$?$3$H$r3NG'$7$?8e!" %I%"(4.3.2@a) $r3+$1$k!#

7. GS5$7O$+$i $N8w1L$l $rKI$0$?$aEE<' %P%k%V$rJD$a$k!#

8. 29EY$, ==J, 2<$, $C$?$3$H$r3NG'$7$?8e!" 3F<o%F%9%H!" 3S@5;n 838e$KDj>o4QB,%b!< %I
$KF~$k!#

4.3 %;%s%5!<
%;%s%5!< It $O!" CCD!" 2D;k 8w<WCG%U%#%k%?!< !" %Y!< %9!" TEC $+$i 9=@.$5$l $k!# Flight

sensor$N3FIt $NID $r I= 4.1$K$^$H$a!" %;%s%5!< 304Q5Z$S9=@.$r?^ 4.2$K<($9!#

I= 4.1: XIS %;%s%5!< =t 85

%;%s%5!< XIS0 XIS1 XIS2 XIS3

CCD w1.3c6 x1.7c5 w1.7c6 w1.14c7
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?^ 4.3: CCD %A%C%W

4.3.1 CCD %A%C%W

%A%C%W$O%%̂5%A%e!< %;%C%D9)2JBg3X%j%s%+!< %s8&5f =j @=$NCCID41 $G$"$k!# A4BN?^$r
?^ 4.3$K!" <g$J@-G=$rI= 4.2$K<($9!#ASCA SIS$d%A%c%s%I%i ACIS$HF1$8MOS%@%$%*!<
%I7?$G$"$k!# ASCA SIS$G$O4 Kg$N%A%C%W$rD4L)$KJB$Y$F1 %;%s%5!< $r9=@.$7$F$$$?$, !"
XIS $G$O2.5mm;MJ} $N1%A%C%W$G1%;%s%5!< $r9=@.$7$F$$$k!# I= LL>H<M7?$N3AjJ} <0$G!"
FrameTransferJ} <0$r<h$C$F$$$k!#?^>eJ} $, O*8wNN0h!" 2<J} $, C_@QNN0h$G$"$j 8e<T$N%T%/
%;%k%5%$%:$O21� m ;MJ} $H$o$: $+$K>.$5$$!#%A%C%WA4BN$G1024columns$G$"$k$, !" FI$_$@
$7;~4V$rC;$/ $9$k$?$a256column$4$H4%;%0%a%s%H$KJ, $1$i $l !" 3F!9$, FHN)$N2sO)$GFI$_
=P$5$l $k!#0J2<$G$O? :̂8 $+$i %;%0%a%s%HA!" B!" C!" D $H8F$V!#$^$??^Cf=DJ} 8~$r parallel
J} 8~!" 2#J} 8~$r serialJ} 8~$HDj5A$9$k!#

I= 4.2: XIS CCD @-G==t 85

%T%/%;%k$NBg$-$5 24� m� 24� m
%T%/%;%k?t 1024(2#)� 1026(=D)
M-8zLL@Q � 25mm� 25mm
%&%(%O8| 600� m
FI$_$@$7%N%$%: 3 electrons(RMS)
FI$_$@$7;~ 4V 8 sec(Normal mode)

8 msec(P-sum mode)
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?^ 4.4: CCD CGLL!# (:8 ) %A%c%M%k%9%H%C%W9=B$!# (1&) %2!< %H9=B$!#

CCD $N1%T%/%;%k$NCGLL?^$r?^ 4.4$K<($9!#E>AwJ} 8~$K$D$$$F$O3$D$NEE6K$N3FEE05$r
JQ$($k$3$H$GEE2Y$r%H%i%C%W$9$k$3$H$, =PMh$k$, !" E>AwJ} 8~$H?bD>$JJ} 8~$K$OJ#?t $NEE6K
$r;} $?$J$$$?$aEE05$G%H%i%C%W$9$k$3$H$, =PMh$J$$!#$=$3$GH>F3BNIt J, $KIT=cJ*$r<~0O$h
$j B?$/ %I!<%W$5$; $?%A%c%M%k%9%H%C%W$H8F$P$l $k9=B$$rMQ$$$F!" NY$N%T%/%;%k$H$N4V$K%]
%F%s%7%c%k>cJI $r$r :n $j EE2Y$, 1L$l =P$J$$$h$&$K$J$C$F$$$k!# $3$N9=B$$K$h$j !" 1%T%/%;
%kFb$G$bF~<M0LCV$K$h$C$FGH9b$, 0[ $J$j !" 1~Ez4X?t $K1F6A$, 8=$l $k!#

4.3.2 %\%s%M%C%H� 2D;k 8w<WCG%U%#%k%?!< (OBF)

%\%s%M%C%H$OXRT 0J30$NJ} 8~$+$i $NX @~$r<WCG$7!" =88w$5$l $?X @~$N$_$rF~<M$5$; $k
$?$a$K<h$j IU$1$i $l $k!# $^$?=88w$5$l $J$$X @~$NF~<M$rKI$0$?$a$K!" X @~$d2D;k 8w$, %\
%s%M%C%HFbJI $G$N1 2sH?<M$G$OCCD $K7h$7$FF~<M$7$J$$@_7W$K$J$C$F$$$k!#

CCD $O0l HL$K2D;k 8w$K$b46EY$r ;} $D$?$a!" XRT $NJ} 8~$+$i Mh$k8w$r<WCG$9$k$?$a$K
OBF(Optical Blocking Filter) $r A0CJ$KCV$/ !# OBF $O8| $5 1000�A $N%]%j%$%_%I$K9g7W
1200�A $NAl $r N>LL$K>xCe$5$; $?$b$N$G!" $3$l $K$h$j 2D;k 8w$NF)2aN($O5� 10� 5 0J2<$K
M $̂($i $l $k!#0l J} O $NKX @~$NF)2aN($O70%$G$"$k!#X @~F)2aN($O3FOBF $G$o$: $+$K0[
$J$k$?$a1~Ez4X?t $N:n @.$K$*$$$F==J, Cm0U$, I, MW$G$"$k!#

CCD A0LL$K$O%I%"$, <h$j IU$1$i $l $F$$$k!# $3$N%I%"$OBG$A>e$2D>8e$^$GJD$8$i $l $F$*
$j !" %I%"$KIU$1$i $l $?55Fe%-%c%j%V%l!<%7%g%s%=!< %9$K$h$j BG$A>e$2D>8e$NCCD $NFC@-
$, D4$Y$i $l $k!# $=$N8e50F;>e$G%I%"$r3+$1$k$H!" %-%c%j%V%l!< %7%g%s%=!< %9$K$h$k X @~
$OF~<M$7$J$/ $J$j 4QB,$, 3+;O$5$l $k!# %I%"3+$1$OCO>e$+$i $N%3%%̂s%I$G%Q%i%U%#%s%"%/
%A%e%(!< %?!< $KDLEE$5$; $k$3$H$G9T$&!#%Q%i%U%#%s29EY$r>e$2$k$H%"%/%A%e%(!< %?!< $, %I
%"%m%C%/$N%m%C%I$r2! $7=P$7$F!" ==J, $K2! $7@Z$k$H%I%"$, $P$M$NNO$G3+$/ ;EAH$_$K$J$C$F
$$$k!# %I%"$, 3+$$$?$3$H$N3NG'$O!" %"%/%A%e%(!< %?!< $N%%̂$%/%m%9%$%C%A$K$h$C$F3NG'
$9$k!#

$^$?%\%s%M%C%HFbIt $N??6uEY$r%b%K%?$9$k$?$a$K05NO%;%s%5!<$, <h$j IU$1$i $l $F$$$k!#
$3$l $O!" BG$A>e$2;~ $K%\%G%#Fb$, ??6u$K$J$C$F$$$k$+$N3NG'$, <gMW$JL\ E*$G$"$k!#
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4.3.3 %Y!< %9�TEC

XIS %Y!< %9$O!" CCD $rJ| <M@~$+$i <i $k%7!< %k%I!" $^$?CCD $N;Y$($H$7$F$NLr3d$r ;}
$D!#CCD $O50F;>eFC$KSouth Atlantic Anomaly(SAA) DL2a;~ $K7c$7$$J| <M@~B;=}$r<u$1
$k!#ASCA $N7P83$J$I $+$i !" CCD $, ?t G/4V@-G=$rJ] $C$?$^$^F0:n $9$k$?$a$K$OAl 49;; $G
10gcm� 2 DxEY$N%7!<%k%I$, I, MW$G$"$k!#XIS $G$O%Y!<%9$NB&LL$dG.Ma!" $5$i $K%\%s%M%C%H
$N%U!<%IIt $N8| $_$r 3mm$K$9$k$3$H$G!" ;k LnJ} 8~0J30$N8| $_10gcm� 2 $rC#@.$7$F$$$k!#

CCD $, @_CV$5$l $F$$$k Focal Plane Assembly $K$OTEC(Thermo Electric Cooler) $, G[
CV$5$l $F$$$k!# TEC $OCCD $rNd5Q$9$k$?$a$N%Z%k%A%'AG;R$G$"$k!# %Z%k%A%'AG;R$H$O
0[ $J$k6bB0$N@\9gIt $KEEN.$rN.$9$H$-$KG.$, H/@8$9$k%Z%k%A%'8z2L$rMxMQ$7$?Nd5QAG;R
$G$"$k!# %3%%̂s%I$K$h$j CCD $NL\ I8 29EY$r@_Dj$9$k$H!" $=$N29EY$KE~C#$9$k$^$GTEC
$KEEN.$, N.$l B3$1$k;EAH$_$K$J$C$F$$$k!# XIS $ODL>o � � 90 !kC $^$GNd5Q$5$l !" 0EEEN.
$O� 0.4/frame/pixel $H!" SIS$N20J, $N10J2<$KM $̂($i $l $F$$$k!# $?$@$7!" TEC $O$=$l <+
?H$NDq93$K$h$C$FEEN.$N2>h$KHfNc$7$?%8%e!< %kG.$rH/@8$9$k!#$3$NG.$, Nd5Q$G1?$P$l $k
G.NL$r1[ $($k$H!" 2CG.$, 5/ $3$C$F$7$^$&!#=>$C$FTEC $KN.$9EEN.$K>e8BCM(Soft Current
Limit) $r@_Dj$7!" DL>o$OSCL$h$j $bDc$$EEN.$rN.$7$F$$$k!#

4.3.4 %-%c%j%V%l!< %7%g%s%=!<%9

XIS2 9f 5! $+$i $O!" CCD %A%C%WO*8wNN0h$N:8 >eC<!" 1&>eC<$r$=$l $>$l >o;~ >H<M$9$k$h$&
$K55Fe$N3S@5@~8; $, $D$1$i $l $F$$$k!# $3$l $O!" %(%M%k%.!< $, 4{CN$G$"$k X @~$r;H$&$3$H
$GCTI $r%b%K%?$7!" 5! >e$G$N%2%$%s$N3S@5$r9T$&$?$a$G$"$k!# $^$?%I%"$K$b1 $D@~8; $,
<h$j IU$1$i $l $F$*$j !" 50F;$K>h$j %I%"$, 3+$1$i $l $k$^$G$N4V!" %A%C%WA4BN$KX @~$, >H<M
$5$l $k$h$&$K$J$C$F$$$k!#$^$?%I%"$, 3+$$$?8e$O!" $3$N@~8; $+$i $NX @~$, CCD $KF~<M$7
$J$$$h$&$J@_7W$K$J$C$F$$$k!#

4.3.5 EE2YCmF~5! G=

XIS2 9f 5! $K$O;# A|NN0h$N:G>eIt !" FI$_$@$78}$+$i :G$b1s$$It J, $K?7$?$K%7%j%"%k%l%8
%9%?$r@_$1$F$*$j (?^ 4.5:8 )!" $3$3$+$i CCD $XEE2Y$NCmF~$, 2DG=$K$J$C$F$$$k!#$3$N%l%8
%9%?$O;# A|NN0hA4BN1024%T%/%;%kJ, $ND9$5$, $"$j !" FI$_$@$7$N$?$a$N%7%j%"%k%l%8%9%?
$H7k@~$5$l $F$$$FF14| $7$?2#E>Aw$, 2DG=$K$J$C$F$$$k!#B($AFI$_$@$7MQ$N%7%j%"%k%l%8%9
%?$r 12s2#E>Aw$7$F1%T%/%;%kFI$_=P$9$H!" F1;~ $KCI MQ%7%j%"%k%l%8%9%?$, Input Diode
$+$i 1&J} 8~$K1%T%/%;%kJ, 2#E>Aw$5$l $k!#EE2YCmF~;~ $K$O!" 2#E>Aw$HCmF~$r7+$j JV$9$3$H
$G%l%8%9%?A4BN$KEO$C$FEE2Y$rMQ0U$9$k$3$H$, =PMh$k!#Nc$($P!V2#E>Aw� 42s!" EE2YCmF~!W
$r 2562s7+$j JV$9$3$H$G!" %l%8%9%?A4BN$K3%T%/%;%kCV$-$NEE2Y$rG[CV$9$k$3$H$K$J$k!#
$=$N8e%l%8%9%?$NEE2Y$r ;# A|NN0h:G>eNs$K=DE>Aw$9$k$3$H$GEE2YCmF~$, 40N;$9$k!#

EE2Y$NCmF~$K$O"�ll and spill" $H$$$&J} K!$, MQ$$$i $l $k!#?^ 4.51&$OCI MQ%l%8%9%?$NCm
F~8}IU6a$N%]%F%s%7%c%k$r<($7$F$$$k!# Input Diode(ID) $, CmF~EE2Y$N8; $G$"$k!#ID $N%]
%F%s%7%c%k$r9b$/ $9$k$3$H$GEE2Y$r Input Gate(IG) $HEE6K�1 $KCy$a$k$N$, "�ll" >uBV$G
$"$k!#$3$N$H$- IG $H�1 $N%]%F%s%7%c%k$N9bDc4X78$O?^$NMM$K$7$F$*$/ !#$=$N8eID $N%]
%F%s%7%c%k$rDc$/ $9$k (\spill") $H!" EE2Y$, IG J} 8~$KLa$j !" IG $H�1 $N%]%F%s%7%c%k$N:9
$NJ, $@$1EE2Y$, �1 $K;D$k!#$3$N$h$&$KCmF~EE2YNL$OIG $H�1 $NEE0L:9 $G7h$^$k$, !" %3%^
%s%I$G$3$NEE0L:9 $r 1mV C10L$G@)8f $9$k$3$H$, =PMh$k!#$3$3$^$G$, %l%8%9%?:8 C<$N%T%/
%;%k$KEE2Y$rCmF~$9$kJ} K!$G$"$j !" $3$N8eDL>o$N2#E>Aw$G%l%8%9%?$N$"$kNs$^$GEE2Y$r1?
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?^ 4.5: EE2YCmF~%l%8%9%?$N0LCV$HEE2YCmF~$N86M}

$S=DE>Aw$7$F;# A|NN0h$X$HCmF~$9$k!#
$3$N5! G=$NL\ E*$OCTI $r%b%K%?$7!" %(%M%k%.!< J, 2rG=$NJd@5$r9T$&$3$H$G$"$k!# >\ :Y

$O7>O$G=R$Y$k$, !" %-%c%j%V%l!<%7%g%s%=!<%9$N%$%Y%s%H$HCmF~EE2YNL$rHf3S$9$k$3$H$G
CI MQ%7%j%"%k%l%8%9%?$NCTI $r@Z$j N%$7$F9M$($k$3$H$, =PMh$k$?$a!" ;# A|NN0h$+$i FI$_
$@$78}$^$G$NCTI $r columnKh$KCN$k$3$H$, =PMh$k!#

4.4 <~JU2sO)

4.4.1 %"%J%m%0EE5$2sO)7O(AE)/ 29EY@)8f 2sO)(TCE)

AE(Analog Electronics)/TCE(Thermal Controller Electronics)$O!" CCD $+$i Aw$i $l $k
3F%T%/%;%k$NGH9bCM?. 9f $NAD JQ49$dCCD $N@)8f $r9T$&%"%J%m%0EE5$2sO)7O$H!" CCD $r
Nd5Q$9$kTEC $N29EY$r@)8f $9$k2sO)7O$NAm>N$G$"$k!#AE/TCE $O0J2<$N4Kg$N2sO)4pHD
$+$i 9=@.$5$l $k!#

� Controller Card

AE/TCE $r@)8f $9$k%+!< %I!# DE $+$i $N%3%%̂s%I$O$^$: Controller Card $KAw$i $l !"
FI$_$@$7%3%%̂s%I$G$"$l $P;XDj$5$l $?Card$NFCDj$Nchannel$NHK (HouseKeeping)
%G!<%?$r<hF@$7$FDE $KAw$k!#$3$NHK %G!<%?$OController Card$GAD JQ49$5$l $k!#
$^$?Sequencer$+$i CCD $N%/%m%C%/%Q%?!<%s?. 9f $rH/@8$7!" Driver2sO)!" Video2s
O)$r@)8f $9$k!# $5$i $KTCE Card $KBP$7$F$b%/%m%C%/$rAw$k!#

� Driver Card

CCD $rF0:n $5$; $k$?$a$N%I%i%$%V?. 9f $rH/@8$9$k%+!< %I!# %I%i%$%V?. 9f $K$O!" EE
2YE>Aw;~ $N;# A| � C_@Q$=$l $>$l $NNN0h$N6nF0EE05$d!" EE2YCmF~MQ$NInput Gate $H
Input Diode$NEE05:9 !" $^$?3F%;%0%a%s%H$N%I%l%$%sEE05Ey$, 4^$^$l $k!# $3$l $i $N
CM$ODriver Card >e$NDAC $K@_Dj$5$l $?CM$K$h$j 7h$^$k!#
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� Video Card

CCD $+$i $N%"%J%m%0?. 9f $r=hM}$7!" 3F%T%/%;%k$N?. 9f %l%Y%k$NAD JQ49$r9T$&%+!<
%I!#3F%T%/%;%k$NEE2YNL$Ooating level$Hsignal level$N:9 $G7h$^$k!#XIS $G$O@QJ,
J} <0(3.1.8@a) $GEE2YNL$r5a$a$F$$$k$, !" @QJ, ;~ 4V$d%j%;%C%H$N%?%$%_%s%0$O8e=R$9
$k � -code$K$h$C$F7h$a$i $l $k!#

$3$NEE2Y$OVideo Card >e$N16bit ADC $K$h$j AD JQ49$5$l $k!# %2%$%s$O� -code
$G@QJ, ;~ 4V$rJQ99$9$k$3$H$GJQ$($k$3$H$b2DG=$G$"$k$, !" <! $N$h$&$K12bit $Npixel
data $r ;H$&$3$H$G%2%$%s$N@Z$j BX$($r$7$F$$$k!#

{ Gain High: 15bit(MSB)-0bit(LSB) $N$&$A13-2bitL\ $rA*$V

{ Gain Low : 15bit(MSB)-0bit(LSB) $N$&$A15-4bitL\ $rA*$V

Gain High $GLs 4eV/ch $K$J$C$F$$$k!#

� TCE Card

TEC $KN.$l $kEEN.$r@)8f $7$FCCD $N29EY@)8f $r9T$&%+!< %I!# 6qBNE*$K$OTEC $N
CCD B&29EY$Hheat sink B&29EY$r>o$K%b%K%?$7$F$*$j !" $=$l $H%3%%̂s%I$G@_Dj$7$?
CCD$NE~C#L\ I8 29EY$rHf3S$7$F!" EEN.@)8f $r9T$&!#Cooling mode$HAnnealingmode
$, $"$j !" $=$l $>$l CCD $rNd$d$9J} 8~!" 29$a$kJ} 8~$KTEC EEN.$rN.$9%b!<%I$G$"$k!#
TEC EEN.$N:GBgCM$r@)8f $9$k$?$a$N%Q%i%a%?!" EEN.%j%_%C%H$, $"$k!#$3$l $, >. $5$9
$. $k$HL\ I8 29EY$KE~C#$G$-$J$/ $J$j !" Bg$-$9$. $k$H29EY$, IT0BDj$K$J$k!#

4.4.2 %G%8%?%k?. 9f 2sO)(DE)

AE $GAD JQ49$5$l $?CCD$NPH %G!<%?$ODE $KAw$i $l X @~%$%Y%s%HH=Dj$,9T$o$l $k!#$5
$i $K%$%Y%s%H>pJs$O%F%l%a%H%j%U%)!<%%̂C%H$KJT=8$5$l !" XIS!" HXD !" XRS6&DL$NDP(%G!<
%?%W%m%;%C%5) $XAw$i $l $k!#A0<T$OPPU(Pixel ProcessingUnit) !" 8e<T$OMPU(Main Pro-
cessingUnit) $, 9T$&!#$3$NB>$K$bDE $OAE $X$N%3%%̂s%I$dHK >pJs$N%$%s%?!< %U%'!< %9
$r$H$C$?$j !" AE $N� -code$rJ] ;} $9$k$J$I $NLr3d$r ;} $D!#

4.5 %G!<%?2r@OK!

4.5.1 Jd@5

CCD 3F%T%/%;%k$N?. 9f $r AD JQ49$7$?CM(PH %G!< %?) $O!" X @~$NEE2Y$K$h$kCM$K%*%U
%;%C%H$, $+$+$C$F$$$k$?$a!" $^$: $=$l $r :9 0z$9$kJd@5$, 0J2<$N$h$&$K2C$($i $l $k!#

(%T%/%;%k%l%Y%k) = (PH %G!< %?) � (%@!< %/%l%Y%k) � (8w1L$l NL) (4.1)

0J2<$G$3$NJd@5$KIU$$$F@bL@$9$k!#

%@!< %/%l%Y%kJd@5

%@!<%/%l%Y%k$O%T%/%;%k$KJ| <M@~$, 2?$bF~<M$7$F$$$J$$$H$-$N%l%Y%k!" $D$^$j %<%m%l%Y
%k$G$"$j !" FI$_$@$7%N%$%:$NMI$i $. $H0EEEN.$rB-$79g$o$; $?$b$N$G$"$k!#ASCA SIS$G$O



36 Bh4 >O XIS

J| <M@~B;=}$K$h$k%T%/%;%kKh$N%@!<%/%l%Y%k$N$P$i $D$-$K$h$C$F%(%M%k%.!<J, 2rG=$, 0-2=
$7$FLdBj$H$J$C$?!# XIS $G$O$3$l $rKI;_ $9$k$?$a%T%/%;%kKh$K%@!< %/%l%Y%k$r5a$a$k!#

%@!< %/%l%Y%k$N@_Dj$K$ODark Init !" Dark Update$N2 $D$N%b!< %I$, $"$k!# A0<T$O0JA0
$N%@!<%/%l%Y%k$N>pJs$r0l EYGK4~$7$F$+$i 7hDj$9$k$N$KBP$7!" 8e<T$O0JA0$N%@!<%/%l%Y%k
$r$b$H$K?7$7$$%@!<%/%l%Y%k$r7hDj$9$k!#$$$: $l $N%b!< %I$b!" Normal/Burst %b!< %I$G$O
;XDj$7$? frame?t (DL>o$O16)$N%G!<%?$+$i !" P-sum%b!< %I$G$O;XDj$7$?%T%/%;%k>e$N%i
%$%s?t (DL>o$O8) $N%G!<%?$+$i 7hDj$5$l $k!#n 2sL\ $Nexposure$N$"$k%T%/%;%k$NGH9bCM$r
PH(n) !" n-12sL\ $Nexposure;~ $G$N%@!< %/%l%Y%k$r D(n-1) $H$9$k$H!" D(n) $N7h$aJ} $O!"

PH(n) � D(n � 1) > DarkUpper $N;~ !"D(n) = D(n � 1) (4.2)

PH(n) � D(n � 1) < DarkLower $N;~ !"D(n) = PH(n) (4.3)

DarkLower < PH(n) � D(n � 1) < DarkUpper$N;~ !"

D(n) = D(n � 1) +
(PH (n) � D(n � 1))

h
(4.4)

$3$3$GDarkUpper/Lower $O%@!< %/%l%Y%kogCM$N>e2<8BCM$G$"$j !" h $O%R%9%H%j!< %Q%i
%a%?(DL>o$O8) $G$"$k!# $^$?Dark Init/Up date %b!< %I$N:G8e$K3F%T%/%;%k$N%@!< %/%l%Y
%k$r Hot pixel ogCM$HHf3S$7!" A0<T$, Bg$-$$>l 9g$OHot pixel $HG'<1$7$FCO>e$K$=$N>pJs
$, Aw$i $l $k!#

$J$* XIS $G$OSAA DL2a8e$K%@!< %/%l%Y%k$, %8%c%s%W$9$k$3$H$, 7P83E*$KJ, $C$F$$$k!#
$7$?$, $C$F4QB,%b!< %IJQ998e5Z$SSAA DL2a8e$K%@!< %/%l%Y%k$, 99?7$5$l $k!#

8w1L$l NLJd@5

8w1L$l $O!" 2D;k 8w$J$I $NF~<M$K$h$k?. 9f %l%Y%k$N0l MM$JJQF0$G$"$j !" 1R@1$, F|1"$+$i F|
8~!" $"$k$$$O$=$N5U$K0\ $C$?$H$-$KFC$KJQF0$9$k!#XIS $G$O8w1L$l $K$h$k4QB,$X$N1F6A$r
M $̂($k$?$aNormal/Burst %b!< %I(4.6.2@a;2 >H) $G$O8w1L$l NL$r ;# A|Kh$K7W;; !" 99?7$7$F
$$$k!# $J$* P-sum%b!< %I$N>l 9g!" %@!< %/%l%Y%k99?7$, >o$K9T$o$l $F$$$k$?$a8w1L$l Jd@5
$O9T$&I, MW$OL5$$!#

8w1L$l NL$O%;%0%a%s%H$r6hJ, $1$7$?6hJ, Kh$KDj5A$5$l !" 6hJ, $1$O1� 1 $+$i 4� 16$^$G
(DL>o$O4� 16)A*$V$3$H$, =PMh$k!#$"$k6hJ, $K$D$$$F!" n 2sL\ $N;# A|;~$N8w1L$l NLL(n) $O!"

LightLow < PH(n) � D(n) � L(n � 1) < LightUppr (4.5)

$G$"$k%T%/%;%k$K$D$$$F%T%/%;%k%l%Y%k$NJ?6Q$r<h$j L(n-1) $K2C$($?CM!"

L(n) = L(n � 1)+ < PH(n) � D(n) � L(n � 1) > (4.6)

$H7W;; $5$l $k!# $3$3$GLightLow/Uppr $O8w1L$l ogCM$N>e2<8BCM$G$"$k!# $^$?L(n) $,
maxLight $H$h$P$l $kCM$r1[ $($?>l 9g$OL(n)=maxLigh t $H$7$F<! $N;# A|;~ $K$O$3$NL(n)
$r8w1L$l NL$H$7$FM?$($k!#
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4.5.2 %$%Y%s%HCj=P� 2r@O

Grade K!

GradeK!$G$O!" %$%Y%s%HCf?4%T%/%;%k$N<~0O3� 3 %T%/%;%kFb$G$N%$%Y%s%H$N9-$, $j $+
$i !" Grade$rDj5A$9$k$3$H$K$h$C$FX @~%$%Y%s%H$H%P%C%/%0%i%&%s%I%$%Y%s%H$r6hJL$7
$F$$$k!# %$%Y%s%H$H$7$FDj5A$5$l $k$N$O0J2<$N>r7o$rK~$?$7$?$b$N$G$"$k!#

� %T%/%;%k%l%Y%k$, %$%Y%s%HogCM$N>e2<8BCM$N4V$G$"$k$3$H!#

� %T%/%;%k%l%Y%k$, <~JU3� 3 %T%/%;%k$N%T%/%;%k%l%Y%k$h$j $b9b$$$3$H!#

%$%Y%s%H$HG'<1$5$l $k$H!" <~0O3� 3 %T%/%;%k$NNN0hFb$G%9%W%j%C%HogCM$H8F$P$l $kCM
$r1[ $($?%T%/%;%k$NJ, I[ $N%Q%?!< %s$+$i !" ?^ 4.6$N$h$&$KGrade$, Dj5A$5$l $k!#%9%W%j%C
%HogCM$OEv3: %T%/%;%k$N%T%/%;%k%l%Y%k$, %@!<%/%l%Y%k$NMI$i $. $J$N$+NY$N%T%/%;%k$NEE
2Y$N1L$l =P$7$J$N$+$rH=CG$9$kogCM$G$"$j !" XIS1 9f 5! �29f 5! $H$b%@!< %/%l%Y%k$N4� (20
ch) $K@_Dj$7$F$"$k!#

X @~%$%Y%s%H$O9-$, $C$F$b9b!9 2� 2 %T%/%;%k$G$"$k$N$KBP$7!" 2YEEN3;R$K$h$k%$%Y%s
%H$O3� 3 0l GU$"$k$$$O$=$l 0J>e$K9-$, $k!# $3$N$?$aGrade7$N%$%Y%s%H$O%P%C%/%0%i%&
%s%I$H$7$F<h$j =| $/ !# $^$?!" Grade1$H5$N9-$, $j J} $O!" EE2Y$N1L$l =P$7$G$O$J$/ %Q%$%k
%"%C%W$H9M$($i $l $k$N$G<h$j =|$/ !#$3$l $i 0J30$NGrade02346$N%$%Y%s%H$r X @~$H$_$J$9!#
Grade02346$N%$%Y%s%H$K$D$$$F$O!" 3� 3$NNN0hFb$G%9%W%j%C%HogCM$r1[ $($k%T%/%;%k$O
EE2Y$, 1L$l 9~$s$G$$$k$b$N$H$_$J$; $k$N$G$3$l $i $N%T%/%;%k%l%Y%k$rCf?4%T%/%;%k$N%T
%/%;%k%l%Y%k$KB-$9$3$H$G!" X @~$N%(%M%k%.!< $KBP1~$9$kEE2YNL$r=8$a$k$3$H$, =PMh$k!#
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[Definition] [Examples]

Grade 0
= perfect single

Grade 1
= single
  + detouched corners

Grade 2
= vertical single-sided split
  + detouched corners

Grade 3
= left single-sided split
  + detouched corners

Grade 4
= right single-sided split
  + detouched corners

Grade 5
= single-sided split
   with touched corners

Grade 6
= L-shape or square-shape
  + detouched corners

The center pixel.

A pixel whose PH level is larger than the split threshold and
which is included when summing up the PHs.

A pixel whose PH level is larger than the split threshold and
which is not included when summing up the PHs.

?^ 4.6: GradeK! (Normal %b!< %I)
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P-sum%b!<%I$N>l 9g!" ?^ 4.7$N$h$&$K%$%Y%s%HCf?4$H$=$N:8 1&$N%T%/%;%k$G$NCM$+$i X
@~%$%Y%s%H$, $I $&$+$rH=CG$7$F$$$k!#

?^ 4.7: GradeK! (P-sum%b!< %I)

�tting K!

�tting K!$O9EX @~$KBP$9$k8! =P8zN($r>e$2$k$?$a$K3+H/Cf$N%$%Y%s%H2r@OK!$G$"$k!#9E
X @~$, F~<M$7$?>l 9g!" FpX @~$KHf$Y%&%'%OCf$N5[ <}$5$l $k0LCV$, ?<$$$?$aEE6K>e$G3� 3
%T%/%;%k0J>e$K9-$, $C$F$7$^$&>l 9g$, $"$k!# $7$?$, $C$FGradeK!$G$OX @~$H$7$FG'<1$5
$l $: 8! =P8zN($, 2<$, $C$F$7$^$C$F$$$k!#

$3$N$h$&$J%$%Y%s%H$r5_$&$?$a$K$O3� 3 %T%/%;%k0J>e$N9-$, $j $r9MN8$7$J$1$l $P$J$i
$J$$!#XIS $G$OASCA SIS$KHf$Y%a%b%j!< !" 5-21AuCV!" %G!< %?E>AwNL$N@)8B$, L5$/ !" 5� 5
%T%/%;%k$N%G!< %?$rE>Aw$7$F$$$k!# $=$3$G�tting K!$G$O5� 5 %T%/%;%kNN0hFb$N%$%Y%s%H
$N9-$, $j $r 2<! 85$N%,%&%94X?t $G�tting $7!" %,%&%94X?t $r 7� 7 %T%/%;%kJ, @QJ, $9$k$3$H
$G!" %,%&%7%"%s$NI} $H@QJ, CM$N2$D$N%Q%i%a%?$r7h$a$k!#2YEEN3;R$N%$%Y%s%H$O%,%&%9I}
$, Bg$-$/ !" X @~$K$h$k%$%Y%s%H$H6hJL$G$-$k!#$5$i $K@QJ, CM$H%,%&%9I} $N4X78$+$i !" CCD
$NCf@-NN0h$G5[ <}$5$l $?%$%Y%s%H$b5_$&$3$H$, =PMh$k!#
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4.6 6nF0J} <0

4.6.1 � -code

XIS $N6nF0J} <0$O� -code$K$h$C$F7h$^$k!# � -code$OBg$-$/ S-ram$HP-ram $H$KJ, $1$i
$l $k!#A0<T$O1/40960ICC10L$G$NCCD $N4pK\E*$JF0:n %/%m%C%/$r7hDj$7!" 8e<T$OA0<T$N
AH9g$; $GMM!9 $J4QB,%b!< %I$r7hDj$9$k!# 0J2<$K:# 2s$N<B83$GMQ$$$? � -code$NNc$r<($7$J
$, $i @bL@$9$k!#

S-ram

2#E>Aw$7$F1%T%/%;%kJ, $NEE2Y$rFI$_=P$9S-ram$r<!$K<($9!#2#<4$O;~4V$G!" :G>. ;~4V
J, 2rG=(500ns)Kh$N3Fbit $NHigh(-)/Lo w(.) %l%Y%k$r ;XDj$7$F$$$k!# bit0 $+$i bit2 $O%7%j
%"%k%l%8%9%?$NEE6K$NEE05>uBV$r ;XDj$7$F$$$F!" 2<$N>l 9g!" EE2Y$r S3%l%8%9%?$X$HF3$$
$F$$$k!#$^$?bit3 $, Low $K$J$k$3$H$Goating level$, @QJ, $5$l !" bit4 $, Low $K$J$k$3$H
$Gsignal level$, @QJ, $5$l $k!#
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cal_serial

time: 000000000011111111112222222222333333333344444444
012345678901234567890123456789012345678901234567

b0 S1.OR Driver ----------- -- --- --- --- -- ... ... .. ... ... ... .. ... ..
b1 S2.OR Driver ........... .. ... --- --- -- --- --- -- --- --- --. .. ... ..
b2 S3.OR Driver --------... .. ... ... ... .. ... ... .. --- --- --- -- --- --
b3 ~VINT- Video ----------- -- --- --- -.. .. ... ... .. --- --- --- -- --- --
b4 ~VINT+ Video ----------- -- --- --- --- -- --- --- -- ... ... ... .. .-- --
b5 ~VTRA CK Video ........... .. ..- --- --- -- --- -.. .. ... ... ... .. ... ..
b6 VRST Video ........... .. ..- --- ... .. ... ... .. ... ... ... .. ... ..
b7 (ID) ........... .. ... ... ... .. ... ... .. ... ... ... .. ... ..
b8 S1.IA Driver ----------- -- --- --- --- -- --- --- -- --- --- --- -- --- --
b9 S2.IA Driver ----------- -- --- --- --- -- --- --- -- --- --- --- -- --- --
b10 S3.IA Driver ........... .. ... ... ... .. ... ... .. ... ... ... .. ... ..
b11 S1.FS Driver ........... .. ... ... ... .. ... ... .. ... ... ... .. ... ..
b12 S2.FS Driver ----------- -- --- --- --- -- --- --- -- --- --- --- -- --- --
b13 S3.FS Driver ........... .. ... ... ... .. ... ... .. ... ... ... .. ... ..
b14 SRG Driver ----......- -- --- --- --- -- --- --- -- --- --- --- -- --- --
b15 (unused) ........... .. ... ... ... .. ... ... .. ... ... ... .. ... ..

P-ram

Normal%b!<%I$G!" 4Ns$@$1EE2YCmF~$r$9$kP-ram$r<! $K<($9!#$3$NP-ram $G1frameJ,
$N%/%m%C%/%Q%?!< %s$r I= $7$F$$$k!# 35MW$r@bL@$9$k$H!" :8 C<$NNs$K%3%%̂s%I$N<oN !̀" $=
$N1&$KS-ram$N<oN !̀" $5$i $K1&$KFI$_$@$7$?%T%/%;%k$, $I $NNN0h$N$b$N$+(AP $OActiv e
Pixel!" HO $OHorizontal Overclock!" IA $OInactive$J$I )!" $, <($5$l $F$$$k!# $3$N$h$&$K
?t <oN`$NS-ram$N$_$rAH9g$; %M%9%H9=B$$r<h$k$3$H$G!" 1%;%0%a%s%H$NFI$_=P$7$r<B8=$7
$F$$$k!#
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Start: SEQE 1 cal_serial IA # Dumm y
SEQI 1 cal_serial IA (D _WRITE _DAC to D_DAC_CHAN5 with 250)
SEQ 1 cal_serial IA # wait for IA(lo w)= 100 - 250 = -150
SEQI 1 cal_serial IA (D _WRITE _DAC to D_DAC_CHAN3 with 50)
SEQ 1 cal_serial IA # wait for IA(high)= +50
SEQ 4 cal_parallel IA # 4 of 1026 total transfers
SEQE 1022 cal_parallel IA # 1022 of 1026 total transfers
SEQE 128 cal_serial_ci IA #w arm up ci capacitor, �ll IR traps
DO 256
SEQE 1 cal_serial_ci IA # x000
SEQE 3 cal_serial IA
ENDDO
SEQE 1 cal_inj _ci IA # Load IA2
SEQE 4 cal_image IA # Move 4 rows
DO 256
SEQE 1 cal_serial IA # 0x00
SEQE 1 cal_serial_ci IA
SEQE 2 cal_serial IA
ENDDO
SEQE 1 cal_inj _ci IA # Load IA2
SEQE 4 cal_image IA # Move 4 rows
DO 256
SEQE 2 cal_serial IA # 00x0
SEQE 1 cal_serial_ci IA
SEQE 1 cal_serial IA
ENDDO
SEQE 1 cal_inj _ci IA # Load IA2
SEQE 4 cal_image IA # Move 4 rows
DO 256
SEQE 3 cal_serial IA # 000x
SEQE 1 cal_serial_ci IA
ENDDO
SEQE 1 cal_inj _ci IA # Load IA2
SEQE 4 cal_image IA # Move 4 rows
SEQI 1 cal_serial IA (D _WRITE _DAC to D_DAC_CHAN3 with 255)
SEQ 1 cal_serial IA # wait for IA(high)= +255
SEQI 1 cal_serial IA (D _WRITE _DAC to D_DAC_CHAN5 with 52)
SEQ 1 cal_serial IA # wait for IA(lo w)= 100 - 52 = +48

# Flush OR 2 times
SEQ 2 cal_frame IA # Dump 2 rows
SEQ 2 cal_serial IA # 2 of 260
SEQE 258 cal_serial IA # 258 of 260

SEQE 260 cal_serial IA

# Clock out 1st Row
SEQE 1 cal_frame IA # Transfer 1 FS row to OR
SEQE 4 cal_serial IA # Clock out underclo cks
SEQE 1 cal_serial FS # Clock out FrameStart
SEQE 255 cal_serial AP # Clock out Activ ePixels
SEQE 15 cal_serial HO # Clock out Horiz. O'clks
SEQE 1 cal_serial LE # Clock out Line End
# Clock out next 1022 rows
DO 1022
SEQE 1 cal_frame IA # Transfer 1 FS row to OR
SEQE 4 cal_serial IA # Clock out underclo cks
SEQE 1 cal_serial LS # Clock out Linestart
SEQE 255 cal_serial AP # Clock out Activ ePixels
SEQE 15 cal_serial HO # Clock out Horiz. O'clks
SEQE 1 cal_serial LE # Clock out Line End
ENDDO

# Clock out last row

SEQE 1 cal_frame IA # Transfer 1 FS row to OR
SEQE 4 cal_serial IA # Clock out underclo cks
SEQE 1 cal_serial LS # Clock out FrameStart
SEQE 255 cal_serial AP # Clock out Activ ePixels
SEQE 15 cal_serial HO # Clock out Horiz. O'clks
SEQE 1 cal_serial FE # Clock out Line End
# Idle waiting for next start sequencecommand (In tegrate IA)
Idle: SEQE 1 cal_serial IA # Flush OR while waiting
JMP Idle
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4.6.2 %b!< %I

XIS $K$O!" FI$_$@$7J} <0$r7h$a$k%/%m%C%/%b!< %I(A0@a$N� -code$K$h$C$F7h$a$i $l $k)
$H!" 1frame$G=PNO$5$l $k>pJs$r7h$a$k%(%G%#%C%H%b!<%I$N2<oN`$, $"$k!#0J2<!" N><T$K$D
$$$F@bL@$7$?8e!" N><T$NAH9g$; $G2DG=$J$b$N$r I=$K<($9!#

%/%m%C%/%b!< %I

1. Normal %b!< %I

Normal %b!<%I$OCCD $NA4$F$N%T%/%;%k$rFI$_=P$9%b!< %I$G$"$j !" FI$_=P$7$K$OLs
8sec$+$+$k!#
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?^ 4.8: Normal %b!< %I

2. P-sum%b!< %I

P-sum%b!< %I$O%T%/%;%k$NEE2YNL$r=DJ} 8~$KE,Ev$J?t $N%i%$%sJ, B-$79g$o$; $F$+$i
FI$_=P$9%b!< %I$G$"$k!#B-$79g$o$; $k%i%$%s?t $O64!" 128!" 256%i%$%s$+$i A*$V$3$H
$, =PMh$k!# X @~%$%Y%s%H$N6u4V>pJs$O<:$o$l $k$, !" FI$_$@$7;~ 4V$, Ls8msec$HC;$$
$?$a;~ 4VJ, 2rG=$KM%$l $k!#
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‚± ‚ê ‚ð •‡ŽŸ“Ç‚Ý•o‚· •B

?^ 4.9: P-sum%b!< %I

3. Burst %b!< %I
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Burst %b!< %I$ONormal%b!<%I$KHf$YO*=P;~4V$, C;$$%b!<%I$G$"$k!#O*=P$NESCf$G0l
EYO*8wNN0h$N0l HV2<$NCJ$KE>Aw$7$F:FEYO*=P$9$k!#Burst %b!< %I$NO*=P;~4V$O0.1$+
$i 2sec$N4V$N?t <oN`$+$i A*$Y$k!#%Q%$%k%"%C%W$, 5/ $3$k$h$&$JL@$k$$X @~8; $KBP$7
$F$bM-8z$J4QB,$, 9T$($k$, !" <B8zE*4QB,;~4V$OA44QB,;~ 4V$N?t J, $N0l $+$i ?t I4 J, $N
0l $K$J$C$F$7$^$&!#
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?^ 4.10: Burst %b!< %I

4. Window %*%W%7%g%s

CCD $NFCDj$NNN0h$N$_$r7+$j JV$7FI$`%*%W%7%g%s$G$"$k!# Window %5%$%:$OCCD
$N=D$N%5%$%:$N1/4!" 1/8!" 1/16 $+$i A*$Y$k!#O*8w;~ 4V$rC;$/ $7$F%Q%$%k%"%C%W$rKI
$0$H$$$&$G$OBurst %b!< %I$HF1$8$@$, !" Window %*%W%7%g%s$G$OA44QB,;~ 4V$KBP$9
$k<B8z4QB,;~ 4V$NHf$r Burst %b!< %I$KHf$YBg$-$/ $G$-$k!#

%(%G%#%C%H%b!< %I

DE $O$"$k7h$a$i $l $?=q<0$G%F%l%a%H%j$r=P$9$, !" %F%l%a%H%j$NMFNL$K@)8B$, $"$k$?$a
1%$%Y%s%H$KIU$$$FAw?. $G$-$k>pJs$K$O@)8B$, $"$k!#XIS $G$O0J2<$N$h$&$J%(%G%#%C%H%b!<
%I$rMQ0U$7$F$*$j !" X @~E7BN$NL@$k$5$K1~$8$F;H$$J, $1$k$3$H$K$7$F$$$k!#

1. 5� 5%b!< %I

%$%Y%s%HCf?4%T%/%;%k$N0LCV$H!" <~0O$N5� 5A4%T%/%;%k$N%T%/%;%k%l%Y%k$rAw?. $9
$k!# 1 %$%Y%s%HEv$?$j $N%G!< %?NL$O$b$C$H$bB?$/ !" L@$k$$E7BN$N4QB,$N>l 9g%G!< %?
NL$NK0OB$KCm0U$, I, MW$G$"$k!#

2. 3� 3%b!< %I

%$%Y%s%HCf?4%T%/%;%k$N0LCV$H!" <~0O$N3� 3%T%/%;%k$N%T%/%;%k%l%Y%k!" $^$?<~0O
$N16%T%/%;%k3F!9 $, %9%W%j%C%HogCM$r1[ $($F$$$k$+$I $&$+!" $5$i $K16%T%/%;%k$N
$&$A%9%W%j%C%HogCM$r1[ $($F$$$J$$%T%/%;%k$N%T%/%;%k%l%Y%k$NOB$rAw?. $9$k!#

3. 2� 2%b!< %I

%$%Y%s%HCf?4%T%/%;%k$H2HVL\ $KGH9bCM$N9b$$%T%/%;%k$r4^$` 2� 2%T%/%;%k$NPixel
level!" 3� 3 %T%/%;%kCf$N2� 2 %T%/%;%k$N0LCV!" 2� 2 %T%/%;%k$N<~0O$N8 %T%/%;%k
3F!9 $, %9%W%j%C%HogCM$r1[ $($F$$$k$+$I $&$+$N>pJs$rAw?. $9$k!# 2� 2%T%/%;%k$NA*
$SJ} $O0J2<$NDL$j $G$"$k!#
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(a) Cf?4%T%/%;%k$N>e2<:8 1&$N4%T%/%;%k$N$&$A!" :G$bGH9bCM$N9b$$%T%/%;%k$rA*
$S$=$NH?BPB&$N%T%/%;%k$r9MN8$+$i 30$9!#

(b) ;D$C$?2%T%/%;%k$N$&$AGH9bCM$N9b$$%T%/%;%k$rA*$V!#

(c) Cf?4%T%/%;%k$H!" 1.!" 2.$GA*$s$@%T%/%;%k$r4^$` 2� 2%T%/%;%k$rA*$V!#

4. Timing %b!< %I

P-sum%b!< %I$GMQ$$$i $l $k!# %$%Y%s%HCf?4$H$=$N:8 1&$N%T%/%;%k$G!" %9%W%j%C%Hog
CM$r1[ $($F$$$k$b$N$K$D$$$F$N%T%/%;%k%l%Y%k$NOB$r=PNO$9$k!# $^$?%$%Y%s%H$N
Grade(8e=R) $b=PNO$9$k!#

5. Dark Init/Up date%b!< %I

A0<T$O%@!< %/%l%Y%k$r99?7$7!" $=$N8eHot Pixel $N:BI8 $H$=$N%@!< %/%l%Y%k$, =PNO
$5$l $k!# P-sum%b!< %I$N>l 9g!" Dark Update$O%$%Y%s%H8! =P$HJB9T$K9T$&$?$a=PNO
$5$l $k%G!< %?$OTiming %b!< %I$N$^$^$G$"$k!#

6. Frame%b!< %I

1frameJ, $NA4%T%/%;%k$NGH9bCM$, =PNO$5$l $k!#$?$@$7Window %*%W%7%g%s$r;HMQCf
$N>l 9g$O!" A*Br$7$?NN0h$N$_$NGH9bCM$, =PNO$5$l $k!#

7. Dark Frame %b!< %I

A4%T%/%;%k$N%@!< %/%l%Y%k$, =PNO$5$l $k!#

%/%m%C%/%b!< %I$H%(%G%#%C%H%b!< %I$G2DG=$JAH9g$; $r I= 4.3$K<($9!#

I= 4.3: %/%m%C%/%b!< %I$H%(%G%#%C%H%b!< %I$NAH9g$;

Normal P-sum Burst
5� 5 !} !_ !}
3� 3 !} !_ !}
2� 2 !} !_ !}
Timing !_ !{ !_
Dark Init !} !{ !}
Dark Update !} !_ !}
Frame !} !{ !}
Dark Frame { { {

!} :Window %*%W%7%g%sBP1~2D!" !{ :;HMQ2D$@$, Window %*%W%7%g%s$OBP1~IT2D!" {: %/%m%C
%/%b!< %I$H$OL54X78$J=hM}
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K\>O$G$OXIS $, @5$7$/ F0:n $9$k$3$H$r3NG'$9$k$?$a$N5! G=;n 83$N7k2L$r=R$Y$k!# %I%"3+
$1;n 83!" TEC $NNd5Q@-G=;n 83!" 05NO%;%s%5=PNOCM$N29EY0MB8@-!" XIS2 9f 5! $+$i 2C$o$C$?
CI 5! G=$K4XO"$7$?HK >pJs$N%b%K%?$K$h$k%N%$%:$d43>D$ND4:: !" CI 5! G=$rAH$_9~$`$3$H
$K$h$k%T%/%;%k%l%Y%k$K8=$l $k9=B$$ND4:: 7k2L$K$D$$$F@bL@$9$k!#

5.1 %I%"3+$1;n 83
4.3.2@a$G=R$Y$?$h$&$K%I%"$O%Q%i%U%#%s$r2CG.$9$k$3$H$G3+$/ $?$a!" %Q%i%U%#%s<~JU

$N29EY4D6-$K$h$C$FDLEE3+;O$+$i %I%"$, 3+$/ $^$G$N;~ 4V$, JQ2=$9$k!# :# 2s$NCO>e;n 83$G
$O!" %I%"$, <B:] $K3+$/ $3$H$N3NG'5Z$SDLEE3+;O$+$i %I%"$, 3+$/ $^$G$N;~ 4V$NB,Dj$r9T$$!"
%Q%i%U%#%s%"%/%A%e%(!< %?!< $, M=DjDL$j F0:n $9$k$N$r3NG'$9$k$3$H$, L\ E*$G$"$k!#

<B83$OFlight Model AE/TCE 01$HFM MQEGSE(Electric Ground Support Equipment)
$rMQ$$$FS0!" S1N>%;%s%5!< $K$D$$$F9T$C$?!#EGSE$NDLEE3+;O%9%$%C%A$r2! $7$F$+$i !" %Q
%i%U%#%s%"%/%A%e%(!<%?!<It $NGr6bDq93(Pt1000)$N=PNOCM$r%b%K%?$7$?!#$3$N$H$-$N%Q%i
%U%#%s%"%/%$%A%e%(!<%?!<29EY!" DLEE3+;O8e%I%"$, 3+$/ $^$G$N;~4V!" 3+$$$?$H$-$N>CHqEEN.
$NBg$-$5$rI= 5.1$K<($9!#$^$?DLEE3+;O$+$i $N;~ 4V$HGr6bDq93(Pt1000)$NCM$N4X78!" 5Z$S
Dq93CM$r29EY$KJQ49$7$?$b$N$r?^ 5.1$K<($9!#Dq93CM$H29EY$NJQ49<0$OT=273.25/1000�
R-273.25$G$"$k!#

I= 5.1: %I%"3+$1;n 83$N7k2L

%"%/%A%e%(!< %?!< 29EY( !kC) %I%"3+$^$G$N;~ 4V(sec) PSU>CHqEEN. (mA)
S0 {44 375 340
S1 {42 358 350

?^ 5.2$K!" 19f 5! Flight Model $H$NHf3S$r<($9!# %I%"$, 3+$/ $^$G$N;~ 4V$O$[ $\ 19f 5! $N
$H$-$HF1Ey$G$"$j !" 5! >e$G$N%I%"3+$1:n 6H$K$OLdBj$J$$$3$H$, 3NG'$G$-$?!#
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?^ 5.1: DLEE3+;O$+$i $N;~ 4V$HGr6bDq93CM� 29EY
E@@~$, S0!" <B@~$, S1%;%s%5!< $N7k2L!# 0u$G%I%"$, 3+$$$?;~ 9o$r<($7$F$$$k!#

?^ 5.2: 1 9f 5! $G$N%I%"3+$1$^$G$N;~ 4V$H:# 2s$N;n 83$NHf3S
;M3Q$, 1 9f 5! Flight Model$N7k2L(%\%s%M%C%H@=:n C4Ev$NNTspace$K$h$k)!#

0u$, :# 2s$N5! G=;n 83$N7k2L!#

5.2 TEC Nd5Q@-G=;n 83
TEC $NNd5Q@-G=$rD4$Y$k$?$a$KXIS %Y!< %9%W%l!< %H$NG.MaB&$r � {40 !kC $K8GDj$7!"

BUS EE8; $N6! 5kEENO$K$h$k CCD E~C#29EY$NJQ2=$rD4:: $7$?!# 6! 5kEENO$r0l Dj$KJ] $D$?
$a$KCCD L\ I8 29EY$rDc$/ @_Dj$7!" EEN.$r SCL$N110%!" 100%!" 80%!" 60%!" 40%$K@)8B
$7$?!#

?^ 5.3$OBUSEE8; $N6! 5kEENO$KBP$7$F!" CCD 29EY$r<($7$?$b$N5Z$Sheat sink$HCCD
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?^ 5.3: BUSEE8; >CHqEENO$KBP$9$k CCD 29EY!" 5Z$SCCD-heat sink4V$N29EY:9

$N29EY:9 $r<($7$?$b$N$G$"$k!#S0$HS1$G$OG.Ma$N29EY$, 0[ $J$C$F$$$?$?$a!" 1&?^$NJ} $,
$h$j TEC $NNd5Q@-G=$NHf3S$KE,$7$F$$$k$, !" S0$HS1$G$[ $H$s$I JQ$o$i $J$$!# $?$@$7!"
:# 2sS0$N;n 83$N$H$-$O%I%"$, 3+$$$F$$$?$, S1$N;~$OJD$8$F$$$?!#$=$l $G$bNd5Q@-G=$K:9
$, L5$+$C$?$3$H$+$i %I%"$NG.4D6-$KM?$($k1F6A$O>. $5$$$3$H$, J, $k!# S0$G$O� 4.3W $G!"
S1$G$O� 3.9W$GCCD 29EY$, L\ I8 $N-90!kC $KE~C#$7$F$$$k!#M=DjEENO$N4W $K$[ $\ 6a$$
7k2L$K$J$j TEC $NNd5Q@-G=$KLdBj$, L5$$$3$H$r3NG'$7$?!#

$3$3$G!" <B:] $OBUSEE8; $+$i $NEEN.$OA4$FTEC $KN.$l $F$$$k$o$1$G$O$J$/ 0l It $OB>
$N%3%s%]!< %M%s%H$KN.$l $F$$$k!# Nc$($P!" S0%;%s%5!< $GSCL $N110%$N;~ BUS EEN.$O
97.5mAN.$l $F$$$?$, !" $&$A10.2mA$OPSUEE8; $r ON $K$7$?$@$1$G$bN.$l $F$$$k@.J, $G
$"$k!# $D$^$j 2#<4$NCM$O@53N$JTEC $N>CHqEENO$G$O$J$$$3$H$KCm0U$5$l $?$$!#$b$&0l $D
Cm0U$9$Y$-$J$N$O!" :# 2s$N<B83$G$OCCD $KOBF $, IU$$$F$$$J$$$3$H$G$"$k!# $^$?X @~
F~<MJ} 8~$N29EY$O<<29$G$"$k!#$3$N$?$aBG$A>e$28e$H$OG.N.F~NL$, 0[ $J$kE@$KCm0U$7$J$1
$l $P$J$i $J$$!# 5! >e$G$O:# 2s$N<B83;~ $h$j DcEENO$GL\ I8 29EY$KC#$9$k$H;W$o$l $k!#

5.3 05NO%;%s%5!<=PNOCM$N29EY0MB8@-
%\%s%M%C%H$N??6uEY%b%K%?$N$?$a$K<h$j IU$1$i $l $F$$$k05NO%;%s%5!< $K$O29EYEY%j%U%H

$, B8:_ $9$k!#$=$N$?$a@53N$J??6uEY$rCN$k$?$a$K$O$"$i $+$8$a$=$l $r3S@5$7$F$*$/ I, MW$,
$"$k!# $=$3$G05NO%;%s%5!< $N=PNOEE05$N29EY0MB8@-$rD4$Y$?!#

S05Z$SS1%;%s%5!< $N5! G=;n 83=*N;8e$KCCD $r � {60 !kC $+$i >o29$KLa$9:] 05NO%;%s
%5!< $N29EY$H=PNOEE05CM$rF1;~ $K%b%K%?$7$?!# 29EY$O05NO%;%s%5!< $NNY$K$"$kGr6bDq93
(Pt1000) $NDq93CM$+$i 5a$a$k!# $3$N$H$-$N05NO%;%s%5!< $N=PNOCM$HGr6bDq93CM$N4X78$r
?^ 5.4 $K<($9!#

5.4 CI 4XO"HK 9`L\ FI$_$@$75/ 8; $N%N%$%:D4::
%I%i%$%P!< ?. 9f $NEE05CM$OHK >pJs$H$7$FB,DjCf$b%b%K%?$9$k$3$H$, =PMh$k$, !" ?. 9f

$N9`L\ $K$h$C$F$OHK >pJs$rFI$_=P$9$3$H<+BN$K$h$C$F%T%/%;%k%l%Y%k$K%N%$%:$d43>D
$, $N$C$F$7$^$&$3$H$, CN$i $l $F$$$k!# ?^ 5.5$O1997G/9 7n$N19f 5! EM1 %;%s%5!<$r ;H$C
$?<B83$G3F%;%0%a%s%H$NActiv eNN0h$HHOC NN0h$N$"$k frame$NPH %G!< %?$r parallelJ}
8~$K<M1F$7$?$b$N$G$"$k!# y=100!" 400!" 700IU6a$K8+$i $l $k%;%0%a%s%H6&DL$N%N%$%:$O!"
$"$kFCDj$NHK >pJs$r%b%K%?$9$k$3$H$G>h$k$3$H$, J, $C$F$$$k!# %N%$%:$, Ey4V3V$KJB$s
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?^ 5.4: 05NO%;%s%5!< =PNOCM$HGr6bDq93CM$N4X78
(:8 ):S0$N7k2L!# (1&):S1$N7k2L!#

$G$$$k$N$O!" HK >pJs$r%b%K%?$9$k%3%%̂s%I$, 0l Dj$N;~ 4V4V3V$G<+F0E*$KBG$?$l $F$$$k
$?$a$G$"$k!# 0J2<$G$O0l Dj4V3V$G<+F0E*$K%b%K%?$9$k HK 9`L\ $r>o;~ HK $H8F$V!# ?^ 5.5
$N>l 9g2secKh$K%3%%̂s%I$rBG$C$F$$$k$, !" 1Ns$NFI$_$@$7$K276%/%m%C%/!" 1%/%m%C%/$K
1/40960sec$+$+$k$N$G!" <B:] 2� 40960/276' 297Ns4V3V$G%N%$%:$, 8+$($k!#$3$N$h$&$K%N
%$%:$rH/@8$5$; $k HK 9`L\ $OFI$_=P$5$J$$$3$H$K$7$F$$$k!#

?^ 5.5: >o;~ HK 9`L\ $N%b%K%?$K$h$k%N%$%:$NNc
19f 5! EM1 %;%s%5!< <B83;~ $N%G!< %?!# >e$+$i %;%0%a%s%HA $NActiv eNN0h!" HOC NN0h!"

%;%0%a%s%HB $NActiv eNN0h!" ... $N=g$G!" PH %G!< %?$r parallelJ} 8~$K<M1F$7$F$$$k!#

XIS2 9f 5! $G$OCI 5! G=$, 2C$o$C$?$3$H$G!" HK >pJs$K$b0J2<$N9`L\ $, DI2C$5$l $?!#

1. Input Gate$NDAC EE05CM(Driv er Card HK ch28)

2. Input Diode$NEE05CM(Driv er Card HK ch39)
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?^ 5.6: >o;~ HK $K2?$b4^$^$J$$$H$-$HCI 4XO"HK >pJs$r%b%K%?$7$?$H$-$NPH %G!< %?$N
Hf3S(frame No.30)
(:8 ):>o;~ HK $K2?$b4^$^$J$$>l 9g!# (1&):CI 4XO"HK >pJs$r%b%K%?$7$?>l 9g!# $$$: $l $b>e
$+$i %;%0%a%s%HA!" B!" C!" D $N=g$K<($7$F$$$k!#

$3$l $i $NHK >pJs$rFI$_$@$9:] ?^ 5.5$N$h$&$J%N%$%:$, >h$k$+$I $&$+$rD4$Y$k<B83$r
EU %;%s%5!< $rMQ$$$F9T$C$?!# $^$: (1) >o;~ HK $K2?$b4^$^$J$$>l 9g!" $D$^$j 6u$N%k!< %A
%s$rAv$i $; $?>l 9g$H!" (2) >e5- 29`L\ $N$_$r>o;~ HK $H$7$F%b%K%?$7$?>l 9g$H$G$=$l $>$l
30frame$: $D%G!< %?$r<hF@$7!" @8$NPH %G!< %?$rHf3S$7$?!#

5.4.1 %@!< %/%l%Y%k$K8=$l $k%N%$%:D4::

?^ 5.6$O(1) 5Z$S(2) $N>l 9g$N30frameL\ $NPH %G!< %?$r parallelJ} 8~$K<M1F$7$?$b$N$G
$"$k!#%;%0%a%s%HF1;N$NHf3S$, $7$d$9$$$h$&$KGH9bCM$r$: $i $7$F$"$k$?$a=D<4$N@dBPCM$O
0UL#$r0Y$5$J$$!#>e$+$i %;%0%a%s%HA-D $N=g$K<($7$F$"$k!#y> 1000$GPH $, 9b$/ $J$C$F
$$$k$N$OCI 5! G=$K$h$j EE2Y$, CmF~$5$l $F$$$k$?$a$G$"$k!# $^$?%;%0%a%s%HA!" C $GGH9b
CM$, 1%T%/%;%k$@$1Ht$SH4$1$F9b$/ $J$C$F$$$k$N$O!" 8e=R$9$kBad Pixel $, B8:_ $9$k$?$a
$G$"$k!#?t ==%T%/%;%k$KEO$C$FGH9bCM$, 9b$/ $J$C$F$$$k$N$O!" 2YEEN3;R$K$h$k$H;W$o$l $k
Bg$-$/ 9-$, $C$?%$%Y%s%H$G$"$k!# y< 50$K$bPH %G!< %?$N8{G[$, 8+$i $l $k$, !" >o$KF1$8NN
0h$KF1$8PH %l%Y%k$, 8+$i $l $k$?$a3F:BI8 $G$N%@!< %/%l%Y%k$NMI$i $. $K$O$J$i $J$$!# (1)
$G$O$H$&$<$s$G$"$k$, !" (2) $N>l 9g$G$b?^ 5.5$K8+$i $l $?$h$&$J%;%0%a%s%H$K6&DL$9$k9=
B$$O(>/ $J$/ $H$b%T%/%;%kKh$N$P$i $D$-$G$"$k � 0.5ADU $N%l%Y%k$G$O) 8+$i $l $J$$!# $D
$^$j (1) $H(2) $GM-0U$J:9 $, L5$$!# $3$N7k2L$+$i !" >e5- 2 $D$NHK 9`L\ $O%@!< %/%l%Y%k$N
MI$i $. $KI$ E($9$k$h$&$J%N%$%:$N860x$K$O$J$i $J$$$3$H$, J, $C$?!#

5.4.2 CmF~EE2YIt J, $K8=$l $k%N%$%:D4::

<! $KCI 5! G=$rM-8z$K$7$?$H$->e5- HK >pJs$N%b%K%?$K$h$C$FCmF~EE2YNL$K1F6A$, =P$J
$$$+$rD4:: $7$?!# EE2Y$r%A%'%C%+!< %U%i%0>u$KG[CV$5$; !" >e5- (1) $H(2) $N>l 9g$H$GPH
%G!< %?$rHf3S$7$?!#?^ 5.7$KCmF~EE2Y$, G[CV$5$l $F$$$k%$%a!< %8$r<($9!# ;# A|NN0hA4BN$N
$&$A>eIt � 1/4 $K1%T%/%;%k4V3V$KCmF~EE2Y$, G[CV$5$l $F$$$k!#$3$N>uBV$G(1) $H(2) $N>l
9g3F30frame$: $D%G!< %?$r<hF@$7$?!# %A%'%C%+!< %U%i%0It J, $NPH %G!< %?$r !" (2) $N>l 9g
$+$i (1) $r0z$- ;; $7$?7k2L$r?^ 5.8$K<($9!# $3$N;~ !" %N%$%:$NH=JL$, $7$d$9$$$h$&0.5sec
$K0l EY>o;~ HK $r%b%K%?$7$?$N$G!" � 85NsKh$K%N%$%:$, >h$k2DG=@-$, $"$C$?$, $=$N$h$&
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?^ 5.7: CmF~EE2Y$NG[CV(:8 ) $H3HBg?^ (1&)
%0%l!< %9%1!<%k$GGr$$DxGH9bCM$, 9b$/ $J$k!# :8 ?^$N>e1/4 Gr$/ $J$C$F$$$kIt J,
$, %A%'%C%+!< %U%i%0It J, !# 1&?^$O%;%0%a%s%HA $N%A%'%C%+!< It J, $N:8 2<$r3HBg
$7$?$b$N!#

$J9=B$$O8+$i $l $J$$!# $^$?%;%0%a%s%H6&DL$N9=B$$bL5$$!# $7$?$, $C$F>e5- CI 5! G=4XO"$N
HK 9`L\ $K$h$kCmF~EE2YNL$X$N1F6A$OL5;k $G$-$k$H$7$FNI$$!# $3$N7k2L$r<u$1!" >e5- HK
$N$&$AFC$KInput Gate$NDAC EE05CM(Driv er Card HK ch28)$K$D$$$F$O>o;~ HK 9`L\ $K
DI2C$750F;>e$G$b>o$K%b%K%?$9$k$3$H$K7hDj$7$?!#
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?^ 5.8: %A%'%C%+!< It J, $NPH %G!< %?$NHf3S
(2) $NPH %G!< %?$+$i (1) $NPH %G!< %?$r0z$- ;; $7$?7k2L!#

>e$+$i %;%0%a%s%HA!" B!" C!" D!#

5.5 � -code Fb$GCI 5! G=M-L5$=$l $>$l $G$N%N%$%:
CI 5! G=$K$h$kCmF~EE2Y$N%$%Y%s%H$OKhframe10248D$"$k$?$a50F;$+$i CO>e$XAw$k%F%l

%a%H%jMFNL$r$[ $\ ;H$$?T$/ $7$F$7$^$&!# $=$N$?$aDL>o$N4QB,;~ $K$OCI 5! G=$rL58z$K$7$F
EE2Y$rCmF~$; $: !" Dj4| E*$K9T$&5! >e3S@5$N;~ $N$_CI 5! G=$rM-8z$K$9$k!" $H$$$&;H$$J, $1
$r$9$k!#

CI 5! G=$NM-8z/ L58z$=$l $>$l $N>uBV$r6qBNE*$K@bL@$9$k$H!" CI 5! G=$G<B:] $KEE2Y$rCm
F~$9$k>l 9g!" 4.6.1@a$G<($7$?� -code$rMQ$$$F%7%j%"%k%l%8%9%?$N2#E>Aw$H%l%8%9%?$+$i
;# A|NN0h$X$N=DE>Aw$r9T$$!" $+$DDAC $N@_Dj$GCI On $H$7$FEE2Y$rAw$j 9~$^$; $k!#0l J}
CI 5! G=$rL58z$K$9$k>l 9g$O!" 2DL$j $NJ} K!$, $"$k!# (1)� -code$G$O%7%j%"%k%l%8%9%?$+$i
;# A|NN0h$X$N=DE>Aw$r$7$J$, $i $bDAC $N@_Dj$GCI O� $K$7$FEE2Y$rAw$j 9~$^$; $J$$!#(2)
$=$b$=$b%l%8%9%?$N2#E>Aw$H;# A|NN0h$X$N=DE>Aw$NF0:n $r4^$^$J$$ � -code$r ;H$&!# $3$N
$H$- DAC @_Dj$OEvA3CI O� $K$7$F$*$/ !#

(1) $NJ} K!$N>l 9g!" CI M-8z/ L58z$GMQ0U$9$k � -code$N?t $, >/$J$$!" $H$$$&E@$G1?MQ$KE,
$7$F$$$k!# $7$+$7!" CI MQ%7%j%"%k%l%8%9%?$+$i ;# A|NN0h$X$N=DE>Aw$r9T$C$F$$$k$?$a%T
%/%;%k%l%Y%k$K2?$i $+$N:/ @W$, 8=$l $k2DG=@-$, $"$k!#0l J} (2) $G$O!" � -code$r 2<oN`MQ0U
$7$J$/ $F$O$J$i $J$$$, !" %N%$%:$, >h$k?4G[$O>/ $J$$!# $=$3$GCI L58z$N$?$a$N2DL$j $NJ}
K!$G%G!< %?$K0c$$$, $"$k$+!" $=$7$F$I $A$i $, 1?MQ$KE,$7$F$$$k$+$rD4$Y$k$?$a$KHf3S<B
83$r S0%;%s%5!<$rMQ$$$F9T$C$?!#?^ 5.9$OA0@a$N?^$HF1MMPH %G!< %?$r parallelJ} 8~$K<M
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1F$7$?J?6QCM$G!" %;%0%a%s%HA $N$_<($7$F$$$k!# 3 %T%/%;%k4V3V$G%*%U%;%C%H$, 8+$($F
$$$kJ} $, !" (1) $NJ} K!$G$H$C$?%G!< %?$G$"$k!# ?^ 5.10$O;# A|NN0h$N:G>eIt $N$_$r<($7$F$$
$F!" :8 B&$, (1)!" 1&B&$, (2) $Nframe%$%a!< %8$G$"$k!# 9u$$DxGH9bCM$, 9b$$$, !" :8 H>J, $G
$O� -code$GEE2Y$, CmF~$5$l $kM=Dj$NNsA4BN$KEO$C$F%*%U%;%C%H$, 8+$i $l $k$N$, J, $k!#

$D$^$j DAC @_Dj$GCI 5! G=$rL58z$K$7$F$b!" 2?$i $+$NM}M3$GCI MQ$N%7%j%"%k%l%8%9
%?$K$o$: $+$JEE2Y$, N/$j !" $=$l $i $, ;# A|NN0h$K=DE>Aw$5$l $k$3$H$G?^ 5.10$N$h$&$J%*%U
%;%C%H$N9=B$$K$J$k$HA[A|$5$l $k!#LdBj$O$3$N9=B$$, 1?MQ$K;Y>c$r$-$?$9$b$N$+$I $&$+$G
$"$k!#

?^ 5.9$h$j %*%U%;%C%H$N?6I} $O$*$h$=2ADU $H!" FI$_$@$7%N%$%:$H$[ $\ F1$8$+$=$l 0J2<
$N%l%Y%k$G$"$k$, !" ?^ 5.9$GJ, $k$N$O%;%0%a%s%HA4BN$G$NJ?6QCM$N$?$a!" %T%/%;%kKh$K$h
$kMI$i $. $rD4$Y$kI, MW$, $"$k!#?^ 5.11$O!" %*%U%;%C%H$, $"$k 4Ns$N3F%T%/%;%k$NPH %G!<
%?$r%5%s%W%k$7$F%R%9%H%0%i%$̀K$7$?$b$N$G$"$k!#3: EvNs$N1Ns>e$NNs!" 2<$NNs$K$D$$$F
$b%R%9%H%0%i%$̀r :n $j Hf3S$7$F$$$k!#<B@~$, %*%U%;%C%H$N$"$kNs!" E@@~� GK@~$, $=$l $>$l
%*%U%;%C%H$NNs$N>e� 2<$NNs$G$"$k!#<B@~$N%R%9%H%0%i%$̀N� $, %*%U%;%C%H$NMI$i $. $K$J
$k$o$1$@$, !" >e2<$NNs$NGH9bCM$NMI$i $. 3.1!" 3.5ch $h$j $o$: $+$K9b$/ 3.7ch $G$"$C$?!# $3
$l $OFI$_$@$7%N%$%:$NMI$i $. $h$j $o$: $+$KBg$-$$DxEY$G$"$k!# $^$?$3$N%*%U%;%C%H$OCI
5! G=$rM-8z$K$7$?:] EE2Y$, CmF~$5$l $k%T%/%;%k$N$_$K@8$8$k$N$G!" ;# A|NN0hA4BN$KHf$Y$k
$H!" $o$: $+$JNN0h$G$"$j !" $7$+$b:G$b8w<4$+$i N%$l $F$$$k!#$D$^$j 4QB,;~ $K$3$NNN0h$r=E
MW;k $9$k>l 9g$O6K$a$F5)$G$"$k$3$H$+$i !" $3$N%*%U%;%C%H$O1?MQ>eLdBj$J$$$HH=CG$7$?!#

?^ 5.9: CI $"$j $N� -code$HL5$7$N� -code$G$N%@!< %/%l%Y%k$NHf3S(frame No.50)
<B@~$, CI L5$7$N� -code$rMQ$$$?>l 9g$N%@!< %/%l%Y%k!#

GK@~$, CI $"$j $N� -code$rMQ$$$?>l 9g!#



5.5. � -codeFb$GCI 5! G=M-L5$=$l $>$l $G$N%N%$%: 55

?^ 5.10: CI $"$j $N� -code$HL5$7$N� -code$G$N%$%a!< %8$NHf3S
(:8 ):CI $"$j $N� -code$rMQ$$$?>l 9g$Nframe%$%a!< %8!#

(1&):CI L5$7$N� -code$rMQ$$$?>l 9g!#
@~$G0O$s$@It J, $K%*%U%;%C%H$, 8+$i $l $k!#
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?^ 5.11: 9=B$$N$"$k%T%/%;%k$H$=$N>e2<$NNs$N%@!< %/%l%Y%k$N%R%9%H%0%i%`
<B@~$, %*%U%;%C%H$N$"$kNs$N%T%/%;%k$NGH9bCMJ, I[ !#

E@� GK@~$O$=$l $>$l <B@~$N%T%/%;%k$N1Ns>e� 2<$NNs$NGH9bCMJ, I[ !#
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K\>O$G$OXIS $N4pK\E*$J@-G=$r I> 2A$9$k$?$a$N@-G=;n 83$N7k2L$r=R$Y$k!# %2%$%s!" %(%M
%k%.!< J, 2rG=!" NL;R8zN($N7k2L$K$D$$$F@bL@$7!" Bad pixel J, I[ $K$D$$$F$b5-$9!#

6.1 3S@5;n 83$NL\ E*
%-%c%j%V%l!< %7%g%s$N:] %G!< %?$N@QJ, ;~ 4V$, D9$$Dx@-G=$, $h$j @:EYNI$/ 7h$^$k$, !" C1

$KD9$/ %G!< %?$r<h$l $PNI$$$N$G$O$J$/ <B:] $KE7BN$r4QB,$7$?$H$- X @~6/ EY$d51@~%(%M%k
%.!<Ey$r@5$7$/ 7hDj=PMh$k$h$&$K3S@5$9$k$3$H$, I, MW==J, >r7o$G$"$k!#2f !9$O0J2<$NL\ E*
$N$b$H$K!" 19f 5! $N3S@5;n 83$r;2 9M$K$7$F<B837W2h$rN)$F$?!#

1. %2%$%s(%T!< %/$N0LCV) $r 0.1%$N@:EY!" %(%M%k%.!<J, 2rG=$r 1%$N@:EY$G7hDj$9$k!#

2. C1?' X @~$KBP$9$k%9%Z%/%H%k$N7A$N:F8=$r8m:9 3%0J2<$G9T$&!#

3. @dBPE*$JNL;R8zN($r 10%0JFb$N8m:9 $G7hDj$9$k!#

6.2 ;n 83$NJ} K!

6.2.1 I> 2A%7%9%F%`

K\>O5Z$S<! >O$K<($9XIS 5! G=� 3S@5;n 83$O5~ETBg3XX @~3S@5%7%9%F%$̀rMQ$$$F9T$o$l
$?!#?^ 6.1Cf1&<j $N%A%'%s%P(%l%$%s%\!<$H8F$V) $KIU$1$i $l $?Kevex<R@=X @~H/@8AuCV$+
$i =P$?0l <! X @~$O$N%l%$%s%\!<%A%'%s%PFb$KG[CV$5$l $?Fs<!%?!< %2%C%H$KF~<M$9$k!#%?!<
%2%C%H$OI= 6.1 $K<($7$?6bB05Z$S%]%j%(%A%l%s$, MQ0U$5$l $F$$$F!" %9%F!<%8$r2sE>$5$; $F
L\ Ev$F$N%?!<%2%C%H$K0l <! X @~$r>H<M$5$; $k$h$&$K$J$C$F$$$k!#%?!<%2%C%H$+$i $NFC@-X
@~$"$k$$$O;6 MpX @~$O!" :8 <j $N%A%'%s%P$KF~<M$9$k!# XIS $O?^$N$h$&$K%A%'%s%PFb$GF0
$+$9$3$H$, =PMh$F!" %S!< %%̀i%$%s>e$+$i $: $i $9$H!" 8eJ} $K$"$kCanberra<R@=AkL5$7SSD
$KX @~$, F~<M$7!" X @~6/ EY5Z$S%9%Z%/%H%k$N3S@5$r9T$($k$h$&$K$J$C$F$$$k!#$^$?%S!<%`
%i%$%s$+$i 90 !k$NJ} 8~$K$OX @~%j%"%k%?%$%%̀b%K%?MQ$NSSD$b<h$j IU$1$F$"$k!# $^$?!"
XIS $r%S!< %%̀i%$%s>e$+$i $: $i $7$F55Fe$+$i $NX @~$, F~<M$9$k$h$&$K$b=PMh$k!#
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?^ 6.1: 5~ETBg3XXIS 3S@5%7%9%F%`

6.2.2 <B83>r7o

K\>O$N<B83$G$OXIS2 9f 5! $NFMS05Z$SS1%;%s%5!< $rMQ$$$?!# CCD 29EY$O>o$KLs-90
!kC!" %3!< %k%I%W%l!< %H29EY$O-40 !kC $KJ] $?$l $?!# %A%'%s%PFb5$05$O� 10� 6Torr $KJ] $?
$l $?!#



6.3. FI$_$@$7%N%$%:$NB,Dj 59

I=$K!" 3FFs<!%?!<%2%C%H$N%(%M%k%.!< !" X @~H/@8AuCV$K$+$1$kEE05!" EEN.CM$r$^$H$a$k!#

I= 6.1: 3FFs<! %?!< %2%C%H$N%(%M%k%.!< $HX @~H/@8AuCV$K$+$1$kEE05!" EEN.CM

%?!< %2%C%H Energy � -stage EE05 EEN. (P)
K� (keV) K� (keV) !k kV mA(%)

Al 1.49 1.56 -5 5 0.029(0.2)
Cl 2.62 2.82 40 5 0.045(0.2)
Ti 4.50 4.93 85 15 0.047(0.2)

55Fe 5.89 6.49 | | |
Fe 6.40 7.06 130 15 0.145(0.5)
Zn 8.63 9.57 220 20 0.058(0.2)
Se 11.22 12.50 265 20 0.066(0.2)

%]%j%(%A%l%s | | 175 15 0.020(|)

Fs<! X @~$N6/ EY$O!" %Q%$%k%"%C%W$K$h$j %2%$%sEy$, JQ2=$7$F$7$^$o$J$$HO0O$G:GBg$N
6/ EY$r<h$C$?!# P CM$O1frameKh$NA4%T%/%;%k$KBP$9$k X @~$N%$%Y%s%H?t $N3d9g$r<($9NL
$G$"$j !" Nc$($PP=0.2%$N>l 9g$O

0:002� 1024� 256
8

� 64counts=sec=segment (6.1)

$H$J$k!#

6.3 FI$_$@$7%N%$%:$NB,Dj
FI$_$@$7%N%$%:$OCCD $N=EMW$J@-G=$N0l $D$G$"$k!# $=$NCM$OHOC NN0h$NPH %G!< %?

$Nroot meansquare$rEE;R49;; $9$k$3$H$G5a$a$k!#S0!" S13F%;%s%5!< $NFI$_$@$7%N%$%:
$O$=$l $>$l 2.1!" 3.7electron$G$"$C$?!# $3$N7k2L$r85$K!" 0J8e$N2r@O$N:] $N%9%W%j%C%Hog
CM$r7hDj$9$k!# 4.5.2@a$G=R$Y$?$h$&$K!" %9%W%j%C%HogCM$OEv3: %T%/%;%k$NEE2Y$, !" X @~
$K$h$kEE;R1@$N?~Ln$G$"$k>l 9g$H%N%$%:$NMI$i $. $G$"$k>l 9g$H$r6hJL$9$k$?$a$N%Q%i%a
%?$G$"$k!# $7$?$, $C$FX @~%$%Y%s%H$N%T%/%;%k%l%Y%k$r@5$7$/ 7hDj$9$k$?$a$N=EMW$J%Q
%i%a%?$G$"$j E,@Z$K@_Dj$9$kI, MW$, $"$k!#$=$N$?$a$K$OFI$_$@$7%N%$%:$NBg$-$5$H0EEEN.
$NMI$i $. $NN><T$r9MN8$7$J$1$l $P$J$i $J$$!# XIS1 9f 5! $G$O$OFlight Model$G:G$b%N%$%:
$, Bg$-$$%;%s%5!< $G1� $, 4electron� 15eV$G$"$C$?!# $=$N$?$a4� $G$"$k 60eV0J>e$, 9%
$^$7$$$, !" M>M5$r$b$C$F20ch� 78eV$K@_Dj$7$F$$$?!#:# 2s$OS0!" S1%;%s%5!< $N%N%$%:$N
Bg$-$5$+$i H=CG$9$k!#$^$?0EEEN.CM$O!" 2.3!" 1.3electron/frame/pixel$G$"$k$?$a!" %@!<%/
%l%Y%k$NMI$i $. $N1� $O:GBg$G3.9electron� 15eV$G$"$k!# $9$J$o$A4� $G$"$k60eV� 16ch
0J>e$, 9%$^$7$$$, !" $3$3$G$O19f 5! $HF1$8$/ M>M5$r ;} $C$F20ch $H$7$?!#

<B:] $N2r@O$KMQ$$$?%Q%i%a%?$NCM$rI= $K$^$H$a$F$*$/ !#
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I= 6.2: 2r@O$G$N3F<o%Q%i%a%?$N@_DjCM

darkLower/darkUpper {40/40 (ch)
Hot pixel threshold 3000(ch)
Event threshold Lower/Upp er 50/4095 (ch)
split threshold 20 (ch)
X @~%$%Y%s%H$HG'<1$7$?Grade(Normal mode) Grade 0,2,3,4,6

6.4 %2%$%s� %(%M%k%.!<J, 2rG=
FMS0 %;%s%5!< $KBP$7$F$O55Fe$N$_$r !" FMS1 %;%s%5!< $KBP$7$F$OI= 6.1Cf$N3F%?!<

%2%C%H$+$i $NFs<! X @~$r Normal %b!< %I$G>H<M$7$?!# %9%Z%/%H%k�t $G$OXIS 1~Ez4X?t $r
9MN8$7$?!#$3$l $OC1?' X @~$r>H<M$7$?$H$-$N%9%Z%/%H%k7A$r%b%G%k2=$7$?$b$N$G$"$j !" ?^
6.2 $N$h$&$K%a%$%s%T!<%/$NB>!" %5%V%T!<%/$d%3%s%9%?%s%H@.J, !" %(%9%1!<%W!" Si-K� !" ;0
3Q@.J, $, $"$k!# $3$3$G$O%a%$%s%T!< %/$NGH9bCM$rCN$k$N$, L\ E*$G$"$k$N$G%a%$%s%T!< %/
$H%5%V%T!< %/$r9MN8$7$J$, $i !" 3F%(%M%k%.!< $NX @~%T!< %/IU6a$r 2 $D$N%,%&%94X?t $G�t
$7$?!# %5%V%T!< %/$O%9%W%j%C%HogCM0J2<$NEE2Y$, <~0O$N%T%/%;%k$K1L$l $@$9$3$H$, 860x
$G!" %a%$%s%T!<%/$H%5%V%T!<%/$NGH9bCM$N:9 $Osplit threshold$NH>J, $H$5$l $k!#$3$3$G$O
10ADU $H$7$?!# $^$?%5%V%T!< %/$NI} $O:# 2s$O:# @>=$O@$K=,$C$F1.78G\$K8GDj$7$?!#

model

10 4

999.5 6499.5ID=111,N=500

model

10 4

999.5 6499.5ID=111,N=100

model

10 4

999.5 6499.5ID=111,N=100025

model

10 4

999.5 6499.5ID=111,N=11790

model

10 4

999.5 6499.5ID=111,N=1132

model

10 4

999.5 6499.5ID=111,N=3511

main peak

sub peak

triangle

Constant

Si escape
Si line

?^ 6.2: XIS 1~Ez4X?t $N@.J,

S1%;%s%5!< $K$D$$$F!" 3F%(%M%k%.!< $NK � %T!< %/$r �t $7$?%9%Z%/%H%k$r?^ 6.3$K<($9!#



6.4. %2%$%s� %(%M%k%.!< J, 2rG= 61

?^ 6.3: 3F%(%M%k%.!< $NK � %T!< %/$N%9%Z%/%H%k�t

$^$?3F%(%M%k%.!< $NK � !" K � %T!<%/$r �t $7$?:] $N!" %a%$%s%T!<%/$NCf?4CM!" FWHM $r
$=$l $>$l ?^ 6.4!" 6.5$K<($9!#5.89keV$G$NFWHM $O!" S0%;%s%5!< $G130eV!" S1%;%s%5!<
$G136eV$G$"$C$?!#$=$l $>$l $N�tting 4X?t $O!" ?^ 6.4$O0l <! 4X?t !" ?^ 6.5$O0J2<$N<0$G$"
$k!# $3$3$GN 0$H$O!" 3.2.2@a$N<0$G�t $7$?$H$-$K;D$k9b%(%M%k%.!< B&$N;D:9 $rJd@5$9$k
$?$a$K19f 5! $N3S@5;~ $KF3F~$7$?%Q%i%a%?$G$"$k!# 29f 5! $G$bF1$8798~$, 8=$l $?$?$a!" F1
MM$N4X?t $G�t $7$?!# $^$?WSi F $O3.65�0.12$K8GDj$7$?!# $3$N;~ $N%Q%i%a%?$r I= 6.3$K$^
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?^ 6.4: FM S1%;%s%5!< %2%$%s

$H$a$F$*$/ !#

� E = W0 �
p

8ln2 �

s

� 2
r ead + F

E
W0

+ N 0E 2:0 (6.2)

>e<0$N$h$&$K9b%(%M%k%.!< $G@~7A$K$J$k$h$&$J%b%G%k$G�t $9$k$H%(%M%k%.!< J, 2rG=$r
NI$/ I= $9$3$H$, =PMh$k!#

?^ 6.5: FM S1%;%s%5!< %(%M%k%.!< J, 2rG=

I= 6.3: FM S1%;%s%5!< %2%$%s$HJ, 2rG=

ch/eV 0.264
o�set (ch) -0.247
Nr ead (eV) 17.2
N' (ch) 1.63� 10� 5
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6.5 8! =P8zN(
XIS1 9f 5! $^$G$N8! =P8zN(B,Dj$OXIS $HF1$80LCV$KHfNc78?t 4I $rCV$-FC@-X @~$rEv$F!"

$=$N%+%&%s%H?t $HSSD$N%+%&%s%H?t $N4X78$r5a$a!" :G=*E*$KXIS $KF~<M$9$k X @~ux
$r5a$a$F$$$?!# $3$l $O!" SSD$N9=B$$, J#;( $GXIS $N0LCV$H0[ $J$k>l =j $K$"$k$?$aF~<MX
@~$N@dBP6/ EY$r5a$a$k$3$H$, :$ Fq$G$"$C$?$?$a$KMQ$$$i $l $?J} K!$G$"$k!# $7$+$7$3$NJ}
K!$G$OHfNc78?t 4I F~<MAk$NGvKl$dIT==J, $J%(%M%k%.!< J, 2rG=$N$?$a$KF~<MX @~$N@dBP6/
EY8m:9 $, Bg$-$+$C$?!# <B:] $3$NJ} K!$G5a$a$?3F%(%M%k%.!< $G$N8! =P8zN($NCM$Oreference
CCD(MIT $, Bessy$H$$$&J| <M8w;\ @_$r ;HMQ$7$F8! =P8zN($r7hDj$7$?CCD!# 2CB.4oFb$K
F~$l $?EE;R$N?t $rCN$k$3$H$GX @~%9%Z%/%H%k$r@53N$K5a$a$k$3$H$, $G$-$k!# ) $K$?$$$7$F
Bg$-$/ $P$i $D$$$F$$$?!#

$=$3$G:# 2s$N;n 83$G$O!" SSD7k>=A0LL$NF~<MAk$r<h$j 30$9$3$H$, 2DG=$JAkL5$7SSD$r
MQ$$$?!# ?^ 6.6$OBe$NF~<MAk$N>l 9g$H!" %]%j%!̂< $NF~<MAk$N>l 9g$NSSD$N8! =P8zN($r<(
$7$F$$$k!# :# 2sMQ$$$?$N$OAk$J$7SSD$J$N$G>/ $J$/ $H$b%]%j%!̂< $N@~$h$j 8! =P8zN($, 9b
$/ !" 1{50keV $NHO0O$G100%$G$"$k$H$7$FLdBj$J$$!# $7$?$, $C$FSSD$HCCD $N%+%&%s%H
?t $NHf$OD>@\AjBP8! =P8zN($r I=$7$F$*$j !" 4v2?3XE*$JJd@5$bITMW$G$"$k!#$?$@$7$"$k%(%M
%k%.!< E@$G@dBP8! =P8zN($r2>Dj$9$kI, MW$, $"$k!#

?^ 6.6: AkL5$7SSD$N8! =P8zN(
Dc%(%M%k%.!< B&$N@~$O!" E�ciency $, 9b$$J} $, 0.4� m $N%]%j%!̂< $r7k>=$N

A0$KG[CV$7$?>l 9g!" Dc$$J} $, 1/3mm $N%Y%j%j%&%K̀l$N>l 9g!#

3.2.3@a$G=R$Y$?$h$&$K8! =P8zN($OCCD %A%C%W$NEE6KAX!" @d1oBNAX!" 6uK3AX$N8| $_$K
$h$C$F7h$^$k!# $=$3$GXIS1 9f 5! $N3FAX$N8| $_$r2>Dj$7$F8! =P8zN($r5a$a$F$_$?!# ?^ 6.7
$O!" 3FAX$N8| $_$, 19f 5! $NS0%;%s%5!<$NCM$r<h$C$?>l 9g$H$=$NCM$+$i 3FAX$r > 10%$: $DA}
8: $5$; $?>l 9g$N8! =P8zN($r<($7$F$$$k!#3F%i%$%s$G$N3FAX$N8| $_$N?6$j I} $rI= 6.4$K<($9!#
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?^ 6.7: CCD 3FAX$N8| $_$K$h$k8! =P8zN($N0c$$
I= 6.4$NHO0O$GCCD 3FAX$N8| $_$rJQ$($F$b!"

?^$N:GBgCM$H:G>. CM$N4V$K<}$^$k$3$H$K$J$k!#

EE6K� @d1oAX$N8| $_$rGv$/ $9$k$H!" Dc%(%M%k%.!< B&$N8! =P8zN($, 9b$/ $J$j !" 8| $/ $9$k$H
5U$KDc$/ $J$k!#9b%(%M%k%.!< B&$G$O6uK3AX$N8| $_$K$h$j 8! =P8zN($, JQ2=$9$k$N$, J, $k!#$7
$+$7!" 3FAX$N8| $_$rJQ$($F$b4{5keV $G$N8! =P8zN($O95.4{96.7%$G$[ $H$s$I JQ2=$7$J$$!#
=>$C$FXIS $N@dBP8! =P8zN($r 10%$N8m:9 $G7h$a$k$?$a$K$O96%@4.5keV $r2>Dj$7$FLdBj
$J$$$3$H$, J, $C$?!#

I= 6.4: ?^ 6.7Cf$N3FAX$N8| $_$N?6$j I}

EE6KAX8| (� m) 0.25{0.45(0.33)
@d1oAX8| (� m) 0.20{0.35(0.27)
6uK3AX8| (� m) 65{80(74)

3g8LFb$O19f 5! S0%;%s%5!< $NCM

0J>e$N7k2L$rF' $^$($F3F%(%M%k%.!< $NX @~%$%Y%s%H$N%+%&%s%H?t $HSSD$N%+%&%s%H?t
$rHf3S$7$?!#XIS $O0.5keV0J>e$NGrade02346$NA4%$%Y%s%H!" SSD$O200ch(� 0.5keV) 0J
>e$NA4%$%Y%s%H$r@QJ, $7!" K� K� $N%T!< %/6/ EY$NHf$GJ, $1$F$$$k!# $^$?3FE@$G$N8! =P8z
N($N%W%m%C%H$r?^ 6.8$K<($9!#
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I= 6.5: 3F%(%M%k%.!< $NX @~$NXIS!" SSD$=$l $>$l $N%+%&%s%H?t

XIS $N%+%&%s%H SSD$N%+%&%s%H 5, 3J2=8e$N8! =P8zN(
(Grade 02346)(counts) (counts)

Al 185740 19675 0.984
Cl(K � ) 176112 20381 0.900
(K � ) 154483 1739 0.926
Ti(K � ) 28707 3313 0.903
Fe(K� ) 138852 20675 0.816
(K � ) 34682 5982 0.705
Zn(K� ) 97559 19415 0.524
(K � ) 21665 4311 0.524
Se(K� ) 85726 26884 0.332
(K � ) 13329 6037 0.230

?^ 6.8: S1%;%s%5!< $NNL;R8zN(
?^ 6.7$N>e$K:# 2s$N7k2L$r%(%i!< $r4^$a$FI= <($7$?!#

6.6 Bad Pixel J, I[ $H$=$N1F6A
XIS1 9f 5! $K$O8+$i $l $J$+$C$?8=>] $N0l $D$H$7$F"Bad Pixel" $H"Bad Column" $, $"$k!#

8=>]$H$7$F$O!" Bad Column$G5[ <}$5$l $?%$%Y%s%H$OE>Aw$5$l FI$_$@$5$l $k$^$G$K%F!<%k
$r0z$$$F$7$^$&$?$aGradeK!$K$h$C$FX @~$HG'<1$5$l $J$$!# ?^ 6.9$KDL>o$N%$%Y%s%H$H
Bad Column$G$N%$%Y%s%H$N%$%a!< %8$r<($9!#
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?^ 6.9: DL>o$N%$%Y%s%H$HBad Column$G$N%$%Y%s%H
B@@~$G<($7$?column$, Bad Column$G$=$l 0J30$ODL>o$Ncolumn!# Bad Column$N%$%Y

%s%H$N$_parallelJ} 8~$K%F!< %k$r0z$$$F$$$k!#

ParallelJ} 8~1024%T%/%;%kA4BN$K$3$N>I>u$, 8+$i $l $kcolumn $b$"$l $P0l It $K$N$_8+$i
$l $kcolumn$b$"$k!# $^$?8e<T$N>l 9g$=$NB?$/ $K!" >o$K%$%Y%s%HogCM0J>e$NGH9bCM$r<($9
Bad Pixel $, Bad ColumnNN0h$N2<C<$K8+$i $l $k!# $3$l $i $NNN0h$OEvA34QB,$KMQ$$$i $l $J
$$>e!" Bad Pixel $K$h$k56$N%$%Y%s%H$, %9%Z%/%H%k$K%T!<%/$r :n $C$F$7$^$&2DG=@-$b$"$k!#
$5$i $KGradeK!$G$O%$%Y%s%HCf?4$N:8 1&$N%T%/%;%k%l%Y%k$b9MN8$9$k$?$a!" Bad $NN>NY
$Ncolumn$b4QB,$K;H$($J$/ $J$k!# $3$l $i $h$j Bad Pixel 5Z$SBad Column$N>l =j $r5-O?
$7$F$"$i $+$8$a4QB,$G$-$J$$NN0h$d56$N%$%Y%s%H$rGD0. $7$F$*$/ $3$H$, =EMW$K$J$k!#

I= 6.6$K:# 2s$N;n 83$GH/8+$5$l $?S0!" S1%;%s%5!< $NBad Pixel J, I[ $r$^$H$a$k!# $3$3
$Gbad pixel/column $NNN0h$N<($7J} $O!" %T%/%;%k$N:BI8 $r%;%0%a%s%HA $NFI$_$@$78}
$+$i :G$b6a$$%T%/%;%k$r (1,1) $H$7$F$$$k!# Nc$($P[19:227-280]$Ox :BI8 19$Ncolumn$O
227� y� 80$NHO0O$, Bad Column$K$J$C$F$$$k!" $H8@$&0UL#$G$"$k!# S0!" S1$G$=$l $>$l
4!" 10column$NBad Column $, B8:_ $9$k!# $3$l $K$h$j 1F6A$r<u$1$kNN0h$O%A%C%WA4BN$N
� 1.2!" 2.9%$G$"$k!# $7$+$7Astro-E2 $N>l 9gXRT $N7kA|@-G=$, HPD2.0min $G!" $3$l $O
100%T%/%;%k0J>e$KAjEv$9$k!#$3$N$?$aE@8; $N4QB,$r9T$&:] $G$b8w;RE}7W$NB;<:$OBg$-$J
LdBj$K$O$J$i $J$$!#
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I= 6.6: S0!" S1%;%s%5!< $NBad Pixel J, I[

%;%s%5!< %;%0%a%s%H bad pixel/column $NNN0h
S0 segment A [19:227-280][213:1-][239:334]

segment B [347:674][400:731][485:861]
segment C [559:?] [569:966][609:628][709:1-915][764:912]
segment D [988:842]

S1 segment A [142:554-][94:984]
segment B [455:1-][495:556-][515:863-]
segment C [560:279-][657:874-923?][730:626-][738:1-][742:670?-][768:824-]
segment D $J$7

Bad pixel/column $NNN0h:Nc$($P!" [19:227-280]$O
x :BI8 19$Ncolumn$O227� y� 80$NHO0O$, Bad Column$K$J$C$F$$$k!" $H$$$&0UL#!#
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Bh7>O EE2YCmF~5! G=$K$h$kCTI Jd@5

CCD $O$=$N@=B$2aDx$d1' ChJ| <M@~Ey$K$h$kB;=}$r<u$1$k$3$H$GFbIt $K7k>=7gB;$J$I $N%H
%i%C%W$, =PMh$F$7$^$&!# $3$N$?$aF~<M$7$?X @~$K$h$kEE2Y$r=8$a@Z$l $: 7k2L$H$7$F%(%M
%k%.!< J, 2rG=$N0-2=$K$D$J$, $k!# <B:] Chandra/ACIS $OJ| <M@~BS$rDL2a$9$k50F;$r<~2s
$7$F$$$k$?$a!" CTI $NA}2C$, M=A[0J>e$KCx$7$$!# $^$?Dc9bEY50F;$r<~2s$7$?ASCA/SIS
$N>l 9g!" columnKh$NCTI $r%b%K%?$G$-$J$+$C$?$?$aCTI $r@5$7$/ Jd@5$9$k$3$H$, =PMh
$: J, 2rG=$NNt2=$K$D$J$, $C$?!# $3$l $i $N$3$H$+$i !" %2%$%s� %(%M%k%.!<J, 2rG=$NNt2=$rM^
$($k$?$a$K$O=PMh$k$@$1:Y$+$$NN0hKh$KCTI $N7PG/JQ2=$r I> 2A$7Jd@5$9$k$3$H$, =EMW$G
$"$k!# XIS $G$OSIS�ACIS $G$NH?>J$+$i !" columnKh$NCTI %b%K%?$r<B8=$9$k$?$aEE2YCm
F~(Charge Injection) 5! G=$rHw$($F$$$k!# $3$l $H>o$KCCD $N6y$r>H<M$9$k%-%c%j%V%l!<
%7%g%s%=!< %9$r ;H$C$F5! >e;n 83$GCTI Jd@5$r9T$&M=Dj$G$"$k!# K\>O$G$O$=$NJ} K!$K$D$$
$F$NDj<02=$r9T$&!#

7.1 Jd@5J} K!
0J2<$G$OCmF~EE2YNL$N7hDj$+$i :G=*E*$J%2%$%sJd@5$^$G$N<j =g$rDI$&!#$^$9EE2YCmF~$K

$h$j CTI $r%b%K%?$9$k>l 9g!" 0J2<$N4<oN`$NCTI $r9MN8$9$kI, MW$, $"$k!#

� Ccs: CI $N$?$a$N%7%j%"%k%l%8%9%?$r2#E>AwCf$NEE2YE>AwHs8zN(

� Cif : O*=PNN0h$+$i C_@QNN0h$X$N=DE>AwCf$NEE2YE>AwHs8zN(

� Cpa: C_@QNN0h$G$N=DE>AwCf$NEE2YE>AwHs8zN(

� Cs: FI$_=P$7$N$?$a$N%7%j%"%k%l%8%9%?$r2#E>AwCf$NEE2YE>AwHs8zN(

$?$@$7!" Cif $O!" F1$8column$NA4%$%Y%s%H$, Ey$7$/ <u$1$kCTI $G$"$k!# $3$N$?$a@dBP
CM$r5a$a$k$3$H$O=PMh$J$$$N$G!" 0J2<$G$OC0 = (1 � Cif )1024 $HDj?t $H$7$F07$&!#

7.1.1 CmF~EE2YNL$N7hDj

CI 5! G=$rMQ$$$?CTI %b%K%?$N$?$a$K$O!" ;# A|NN0h$KCmF~$7$?CJ3, $G$NEE2YNL$r@53N$K
CN$k$3$H$, =EMW$G$"$k!#$3$N$?$a$KXIS $G$OCCD ;# A|NN0h:G>eIt $NN>C<$r>o;~ >H$i $7$F
$$$k%-%c%j%V%l!< %7%g%s%=!< %9(55Fe) $K$h$k%$%Y%s%H$rMxMQ$9$k!# %-%c%j%V%l!< %7%g%s
%=!< %9$NX @~6/ EY$O!" %=!< %9%[%k%@!< $G$N;6 MpX @~$N%+%&%s%H%l!< %H$r CXB+NXB $K
BP$7$F==J, Dc$/ $9$k$H$$$&@)8B$, $"$k!#$3$N$?$a8=<BE*$J;~4V$G$OCmF~EE2Y$HF1MM$NE}7W
$rF@$i $l $J$$$3$H$KN10U$7$J$1$l $P$J$i $J$$!#

0l HL$K!" X @~$, CCD $G5[ <}$5$l $?;~$K@8$8$kEE2YN $HFI$_$@$5$l $k$H$-$NEE2YN 0$N
4X78$O!" C_@QNN0h$HFI$_$@$7MQ%7%j%"%k%l%8%9%?$=$l $>$l $G$NE>Aw2s?t $r npa!" ns $H$9
$k$H!"
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N 0 = N C0(1 � Cpa)npa (1 � Cs)ns

� N C0(1 � npaCpa)(nsCs)

$HI= $; $k!# $3$3$GCpa!" Cs $O1 $h$j ==J, >. $5$$$H$7$?!# %;%0%a%s%HA $N:8 C<:G>eIt IU
6a(x :BI8 a$Ncolumn$H$9$k) $KF~<M$7$?55Fe K� @~$r9M$($k!# $3$N%$%Y%s%H$, FI$_$@$5
$l $k$H$-$NEE2YNL$r Q0

Fe(a) $H$9$k$H!"

Q0
Fe(a) � QFeC0(1 � Cpa(a))1024(1 � Cs)a (7.1)

$H$J$k!# $3$3$GQFe $OF~<M;~ $K@8$8$?EE2YNL$G$"$k!# X @~$, Ev$?$kNN0hA4BN$KEO$C$F
Q0

Fe $r%W%m%C%H$9$k$H!" CCD $Nx :BI8 $N4X?t $H$7$FI= $; $k!#columnKh$NCpa $r$J$i $7$F
$7$^$($P

Q0
Fe(x) � QFeC0(1� < Cpa > )1024(1 � Cs)x

� QFeC0(1� < Cpa > )1024(1 � xCs)

$HI= $; $k!# $7$?$, $C$F$3$l $rD>@~$G�t $9$k$H$=$N79$-$OFI$_$@$7MQ%7%j%"%k%l%8%9%?
$G$NCTI $r I= $9$H9M$($i $l $k!#

0l J} !" CmF~EE2Y$NFI$_$@$7;~ $NCM$O3FcolumnKh$K7hDj$G$-$k!#Nc$($P$"$k%T%/%;%k(x
:BI8 b $H$9$k) $G$NFI$_$@$7CM$O

Q0
CI (b) = QCI C0(1 � Ccs)b(1 � Cpa(b))1024(1 � Cs)b (7.2)

55Fe$N>l 9g$HF1MM$Kx :BI8 $N4X?t $H$7$FQ0
CI $r%W%m%C%H$9$k$H!" $=$N79$-$OCI MQ� FI

$_$@$7MQN>%7%j%"%k%l%8%9%?$G$NCTI 8z2L$rB-$79g$o$; $?$b$N$K$J$k!#

Q0
CI (x) � Q0

CI (0)C0(1� < Cpa > )1024(1 � x(Cs + Ccs)) (7.3)

$7$?$, $C$FN><T$N79$-$N:9 $+$i Ccs $r7hDj$G$-$k!#$^$?!" ;# A|NN0h$N$b$&0l C<$r>H$i $7
$F$$$k%-%c%j%V%l!< %7%g%s%=!< %9$N?. 9f $+$i $bF1MM$N7W;; $, =PMh$k$?$a!" CI MQ%7%j%"%k
%l%8%9%?$NN>C<$G$NCcs $, F@$i $l $k!# $3$l $i $NE@$rD>@~$G�t $9$k$3$H$G%l%8%9%?A4BN$G
@:EYNI$/ Ccs $, 5a$a$i $l $k!#

7.1.2 CTI $N7hDj

$3$3$^$G$G;D$C$?L$CN?t $O3Fcolumn$NCpa $G$"$k!# $7$+$7Cpa $r columnKh$K@53N$K
5a$a$h$&$H$9$k$HCpa $N1F6A$r<u$1$F$J$$;# A|NN0h2<It $G$NEE2YNL$rCN$kI, MW$, $"$j !" $=
$N$?$a$K$O51@~%(%M%k%.!<$, 4{$KJ, $C$F$$$kE7BN$, ;# A|NN0h2<It $KMh$k$h$&$J4QB,$, MW5a
$5$l $k!#

$@$, $3$3$G$OCI 5! G=$N$_$+$i 6a;wE*$KCpa $r7h$a$kJ} K!$H$7$F!" %-%c%j%V%l!< %7%g%s
%=!<%9$N%G!<%?$rMQ$$$k!#%;%0%a%s%HA :8 C<$N$"$kcolumn(x :BI8 c$Ncolumn$H$9$k) $N
55Fe$NEE2YNL$r y :BI8 $N4X?t $H$7$F7hDj$7!" $=$N79$-$rEv3: column A4BN$NCpa $G$"$k$H
2>Dj$9$k!# <0$GI= $; $P!"
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Q0
Fe(c;y) � QFeC0(1 � Cpa(c))y(1 � Cs)c

� QFeC0(1 � Cpa(c)y)(1 � cCs)

$J$kD>@~$N79$-$r7h$a$k$3$H$K$J$k!#$3$&$7$FCpa(c) $, 7hDj$G$-$l $Pcolumn c $K4X$7
$F$OCTI Jd@5$, 2DG=$G$"$j !" $=$NB>$Ncolumn$K$D$$$F$b@h$K7hDj$7$F$$$k Ccs $HCs $+
$i Jd@5$9$Y$-EE2YNL$, 7hDj$G$-$k!#

0J>e$K$h$j columnKh$NCpa $N@dBPCM$, J, $l $P!" <B:] $N4QB,%G!<%?$N%T%/%;%k%l%Y%k$r
$=$NCCD >e$N:BI8 $K1~$8$FJd@5$7$F$d$l $P$h$$!#Nc$($P!" %;%0%a%s%HA $G$O!" :BI8 (x,y)
$N%T%/%;%k$G$N%T%/%;%k%l%Y%k$r Q0(x; y) $H$9$k$H!" Jd@58e$NCM$OQ0(x; y)((1 � xCs)(1 �
yCpa)) � 1 $H$J$k!#
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Bh8>O FM S1%;%s%5!<3S@5<B83%G!< %?
$X$NCTI Jd@5$N1~MQ

K\>O$G$O!" A0>O$G<($7$?CI 5! G=$rMQ$$$?CTI Jd@5J} K!$r8=:_ $NFM %;%s%5!< $K1~MQ$G$-
$k$+$r8! >Z$9$k!#

8.1 CmF~EE2YNL$N0BDj@-
A0>O$G=R$Y$?$h$&$K!" CTI Jd@5$r@:EYNI$/ 9T$&$?$a$K$O;# A|NN0h$XCmF~$7$?CJ3, $G$N

EE2YNL$N0BDj@-$, =EMW$G$"$k!#$=$3$G:# 2s$N3S@5;n 83$GF@$?%G!<%?$+$i !" <B:] $NCmF~EE2Y
NL$NMI$i $. $rD4$Y$?!#

4.6.1@a$G<($7$?Normal%b!<%I$N� -code$rMQ$$$FCI 5! G=$rM-8z$K$7$F%@!<%/$N%G!<%?
$r<h$C$?!#$"$k frame$N%;%0%a%s%HA :G>eIt $N%$%a!<%8$r?^ 8.1$K<($9!#%0%l!<%9%1!<%k
$G?' $, Gr$$DxGH9bCM$, 9b$$!#serialJ}8~3%T%/%;%k4V3V$KCmF~EE2Y$, JB$s$G$$$k!#$3$N3%T
%/%;%k4V3V$NEE2YCmF~$r 1 %T%/%;%k2#$K$: $i $7$J$, $i 7W4 2s9T$&$3$H$G!" A4$F$Ncolumn
$K1 EYEE2Y$, CmF~$5$l $F$$$k!# ?^CfDx$G1column$@$1%@!< %/%l%Y%k$, 9b$/ $J$C$F$$$k$N
$OBad Column$K$h$k$b$N$G$"$k!#
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?^ 8.1: CmF~EE2Y$N%$%a!< %8
%0%l!< %9%1!< %k$GGr$$DxGH9bCM$, 9b$/ $J$C$F$$$k!#

%;%0%a%s%HA $N:G>eIt $r3HBg$7$?$b$N!#

$3$N%$%a!<%8$N%T%/%;%k%l%Y%k$O4{$K

� CI MQ%7%j%"%k%l%8%9%?$r2#E>AwCf$NEE2YB;<:

� ;# A|NN0h$+$i C_@QNN0h$X$N=DE>AwCf$NEE2YB;<:

� C_@QNN0h$G$N=DE>AwCf$NEE2YB;<:

� FI$_=P$7MQ%7%j%"%k%l%8%9%?$r2#E>AwCf$NEE2YB;<:

$r<u$1$?8e$NCM$G$"$k!#B($A$I $N%T%/%;%k$NGH9bCM$b!" CTI $K$h$j EE2Y$NMI$i $. $, Bg$-
$/ $J$C$?7k2L$r8+$F$$$k!#=>$C$F$b$H$NCmF~EE2YNL$NMI$i $. $r8+$k$?$a$K$O!" $J$k$Y$/ >e
5-$NEE2YB;<:$r<u$1$J$$%T%/%;%k$G$NEE2YNL$r frame?t $@$1%5%s%W%k$7$=$N%R%9%H%0%i%`
$r8+$k$N$, NI$$!# $3$3$G$O%$%Y%s%HH=Dj$5$l $?%T%/%;%k$NCf$G:G$bFI$_$@$78}$+$i 6a$$!"
$D$^$j 2#E>Aw$NCTI 8z2L$, :G$b>. $5$$%T%/%;%k$G$NMI$i $. $rD4$Y$k!#



8.2. CmF~EE2Y$NCTI $HX @~$NCTI 75

?^ 8.2: CmF~EE2Y$NMI$i $.
%;%0%a%s%HA Cf$NCmF~EE2Y$N$&$A:G$bCTI $N8z2L$, >. $5$$(x :BI8 $N>. $5$$)

%T%/%;%k$NGH9bCMJ, I[ !# X @~%$%Y%s%H$NI} $KBP$7$F� 70%$G$"$k!#

FMS1%;%s%5!<$N@~7A@-$+$i !" $3$N%T!<%/$OX @~$G4.6keV$KAjEv$7!" J, 2rG=$OFWHM
$G85eVAjEv$G$"$k!#$3$NI} $O?^ 8.3$K$b<($7$F$$$k$h$&$KB>$NCmF~%T%/%;%k$K$D$$$F$b$[
$\ F1MM$N7k2L$G$"$k!#$3$l $O:# 2s$N@-G=;n 83$GF@$?Ti(4.5keV) $N%T!<%/$KBP$7$F� 70%$N
I} $K<}$^$C$F$$$k$3$H$K$J$k!# %U%!%N0x;R$+$i 7h$^$k X @~%$%Y%s%H$NJ, 2rG=$h$j $b!" EE
6KEE05$N@)8f $G7h$^$kCmF~EE2Y$N$=$l $NJ} $, M%$l $F$$$k$3$H$r<($7$F$$$k!#

8.2 CmF~EE2Y$NCTI $HX @~$NCTI
$b$&0l $DCI 5! G=$K$h$kCTI Jd@5$K$*$$$F=EMW$J$3$H$OcolumnKh$NCTI $, CmF~EE2Y$N

>l 9g$HX @~%G!< %?$N>l 9g$H$Gconsistent $J$3$H$G$"$k!#$b$7 inconsistent $G$"$l $PCmF~EE
2Y$N%G!< %?$+$i columnKh$NJd@5$r$7$F$b2?$N0UL#$b0Y$5$J$/ $J$k!#

$^$: A0@a$G9T$C$?3F%T%/%;%k$NCmF~EE2Y$NMI$i $. $r%;%0%a%s%HA Fb$NA4$F$N%T%/%;%k
$K$D$$$F9T$C$?$b$N$r?^ 8.3$K<($9!# =D<4$N%(%i!< $O%,%&%94X?t $NCf?4CM$N1� %(%i!< $G
$"$k!# 3F%T%/%;%k$NCf?4CM$N%(%i!< $O� 0.5ch $H>. $5$$$b$N$N!" %T%/%;%k4V$N$P$i $D$-$,
Bg$-$$!#$3$N$P$i $D$-$, columnKh$N=DE>AwCTI $N0c$$$rH?1G$7$F$$$k$N$+!" C1$J$kMI$i
$. $J$N$+$r0J2<$GD4$Y$k!#



76 Bh8 >O FM S1%;%s%5!< 3S@5<B83%G!< %?$X$NCTI Jd@5$N1~MQ

?^ 8.3: 3F%T%/%;%k$G$NCmF~EE2YNL
?^ 8.2$NJ, I[ $r3F%T%/%;%k$KBP$7$F9T$C$?7k2L!#

$=$N$?$a$K$OX @~$N%G!< %?$KBP$7$F?^ 8.3$HF1MM$N$3$H$r$9$k$N$, ;2 9M$K$J$k!# ?^ 8.4
$O55Fe$N3F%$%Y%s%H$N%T%/%;%k%l%Y%k$NCf?4CM$r columnKh$K%W%m%C%H$7$?$b$N$G$"$k!#
$?$@$71%T%/%;%kEv$?$j $N%$%Y%s%H?t $, 1{5 %+%&%s%H$H>/ $J$$$?$a3Fcolumn$N>eH>J, $N
NN0h$N%$%Y%s%H$r@QJ, $7$F$$$k!# $^$?columnKh$NCTI $r@53N$KH?1G$5$; $k$?$aGrade0
$N%$%Y%s%H$N$_$rA*Br$7$F$$$k!#



8.2. CmF~EE2Y$NCTI $HX @~$NCTI 77

?^ 8.4: 3F%T%/%;%k$G$N55Fe(Grade0)$N%T%/%;%k%l%Y%k
?^ 8.3$HF1MM$N$3$H$r 55Fe%G!< %?$K4X$7$F9T$C$?7k2L!#

$?$@$7;# A|NN0h>eH>J, $NNN0h$N%$%Y%s%H$N$_!#

0J>e$NCmF~EE2Y$H55Fe$=$l $>$l $NcolumnKh$N$P$i $D$-$KAj4X$, $"$l $P!" ?^ 8.3$N=D$N
$P$i $D$-$OCTI $rH?1G$7$F$$$k$H9M$($i $l $k!#$=$3$GN><T$NAj4X$r<h$C$?$b$N$r?^ 8.5$K
<($9!#=D� 2#<4$O$=$l $>$l ?^ 8.35Z$S8.4$r=D<4$K<M1F$7$F$=$NJ?6QCM$r$H$j !" $=$3$+$i $N
$: $l $r%Q!< %;%s%HI= <($7$F$$$k!# $J$*$3$N?^$b;# A|NN0h$N>eH>J, $NNN0h$+$i $N$_55Fe$N
%$%Y%s%H$rA*Br$7$F<($7$F$$$k!#



78 Bh8 >O FM S1%;%s%5!< 3S@5<B83%G!< %?$X$NCTI Jd@5$N1~MQ

?^ 8.5: 55Fe(Grade0)$HCmF~EE2Y$N%T%/%;%k%l%Y%k$NAj4X
:BI8 $O=D� 2#<4$H$bJ?6QCM$+$i $N$: $l $r%Q!< %;%s%HI= <($7$?$b$N!#

CI 5! G=$K$h$k CTI Jd@5$r9T$&>l 9g!" N><T$N4V$K$O@5$NAj4X$, $"$C$FM_$7$$$o$1$@$, !"
?^$r8+$k8B$j Aj4X$OHs>o$K>. $5$$!# <B:] ?^$rD>@~$G�t $9$k$H79$-$O0.04$H$J$k!#

$D$^$j ?^ 8.3$N=D$N$P$i $D$-$O!" columnKh$Nparallel CTI $r<($9$b$N$G$O$J$$$, !" $=
$l 0J30$N2?$i $+$NcolumnKh$NFCD'$r I=$7$F$$$k$b$N$G$"$k!#$3$N860x$O!" 1$D$K$OCI MQ
%l%8%9%?$+$i ;# A|NN0h$X$N=DE>Aw$N:] $KEE2YB;<: $, 5/ $-$F$$$k>l 9g$, 9M$($i $l $k!# $7$+
$7CI MQ%l%8%9%?$H;# A|NN0h$N6-3&$OC_@QNN0h$HFI$_$@$7MQ%l%8%9%?$N6-3&$HA4$/ F1$8$K
@_7W$5$l $F$$$k$?$a!" A0<T$GEE2YB;<: $, $"$l $P8e<T$G$bF1MM$J$3$H$, 5/ $3$k$N$, <+A3$@
$, 55Fe$N%G!< %?$r8+$k8B$j $=$N$h$&$J$3$H$O$*$3$C$F$$$J$$!# $^$?!" ;# A|NN0h$KEE2Y$,
E>Aw$5$l $F$+$i ?^ 8.1$N0LCV$^$G=DE>Aw$5$l $k4V$KB;<: $r<u$1$F$$$k$H$b9M$($K$/ $$!#$3
$l $^$G$N%G!< %?$+$i $O$3$NCmF~EE2Y$NcolumnKh$N$P$i $D$-$r@bL@$9$kM}2r$OF@$i $l $F$$
$J$$!#

0J>e$N7k2L$+$i !" >/ $J$/ $H$b8=:_ $NBG$A>e$2A0$NCJ3, $G$OCTI Jd@5$, M-8z$K9T$($k$+
$I $$$&$+J, $i $J$$!# $3$l $O8=:_ $NCTI $, >e5-$NCmF~EE2Y$N$P$i $D$-$KHf$Y>. $5$$$?$a$G
$"$k$HM=A[$5$l $k!#$?$@$7BG$A>e$28e$OJ| <M@~B;=}$N$?$aCTI $NA}2C$, 7c$7$/ CI 5! G=$K
$h$k CTI Jd@5$, 8z2L$r<($9$H9M$($i $l $k!#



79

Bh9>O $^$H$a$H:# 8e$N2] Bj

9.1 $^$H$a
K\=$;NO@J8$OAstro-E2 1R@1Ek:\ X @~CCD!" XIS29f 5! igh t model$N5! G=� @-G=;n 83$N

7k2L$H!" EE2YCmF~(CI) 5! G=$K$h$k CTI Jd@5$NDj<02=� <B:] $N%G!< %?$X$N1~MQ$r9T$C$?7k
2L$r=R$Y$?$b$N$G$"$k!# 0J2<$KFbMF$rMWLs$9$k!#

� XIS 5! G=;n 83$r9T$C$?!# XIS $N%I%"3+$1;n 83$G$O%I%"$, LdBj$J$/ 3+$/ $3$H$r3NG'$7
$?!#TEC $NNd5Q@-G=;n 83$G$O$[ $\ M=DjDL$j $NEENO$GL\ I8 29EY$^$GNd5Q$5$l $k$3$H$r
3NG'$7$?!# $^$?05NO%;%s%5!< $N=PNOEE05$N29EY0MB8@-$rD4$Y$?!# 2 9f 5! $+$i ?7$7$/
2C$o$C$?CI 5! G=$K4X$7$F$O!" CI 4XO"HK >pJs$N%b%K%?$K$h$k%N%$%:$ND4:: !" CI 5!
G=$rL58z$K$7$?$H$-$K%T%/%;%k%l%Y%k$K;D$k9=B$$ND4:: $r9T$$!" $$$: $l $bXIS $N@-
G=� 1?MQ$K$O1F6A$7$J$$$3$H$r3NG'$7$?!#

� XIS @-G=;n 83$r9T$$!" %2%$%s!" %(%M%k%.!< J, 2rG=!" 8! =P8zN($r I> 2A$7$?!#

� CI 5! G=$K$h$k columnKh$NCTI Jd@5$r9T$&5! >e3S@5;n 83J} K!$rDj<02=$7$?!#

� CI 5! G=$K$h$kCTI Jd@5$rCO>e3S@5;n 83$GF@$?%G!< %?$KE,MQ$7$?!#BG$A>e$2A0$OCTI
$, Hs>o$K>. $5$$$?$a!" CmF~EE2Y$NCTI $HX @~%$%Y%s%H$NCTI $H$, consistent $G$"
$k$+$I $&$+$, H=L@$G$-$J$+$C$?!#CTI Jd@5$NM-8z@-$r>ZL@$9$k$?$a$K$O!" $h$j CTI
$NBg$-$$%A%C%W$K$h$k2r@O$, I, MW$G$"$k!#

9.2 :# 8e$N2] Bj
� XIS $N@-G=I> 2A$r$5$i $K>\ :Y$K9T$&!#FC$K:# 2s$N;n 83$G<hF@$7$?O"B3X @~$N%G!< %?

$+$i !" 8! =P8zN($rFC@-X @~$N%(%M%k%.!< $N$_$G$O$J$/ O"B3E*$K7hDj$G$-$k$O$: $G
$"$k!#

� CCD $KC1?' X @~$, F~<M$7$F$b%9%Z%/%H%k$OC1=c$J%,%&%94X?t $K$O$J$i $: !" %F!< %k
$d%(%9%1!< %W$J$I $N@.J, $, 8=$l $k!# $3$l $i $N@.J, $r4^$a$?%9%Z%/%H%k$rDj<02=$7$?
$b$N$r1~Ez4X?t $H8F$V$, !" 29f 5! %;%s%5!< $N1~Ez4X?t $r :# 8e:n @.$7$J$1$l $P$J$i $J
$$!#$3$N$3$H$O>e5-$NO"B3X @~$N2r@O;~$K3F%(%M%k%.!<$NX @~6/ EY$r@5$7$/ I>2A$9
$k$?$a$K$bI, MW$J$3$H$G$"$k!#

� :G$bBg@Z$J$3$H$OBG$A>e$28e$NXIS $N@-G=JQ2=$K?WB.$KBP1~$7!" CTI $NJd@5NL5Z$S
1~Ez4X?t $r2~D{$9$k$3$H$G$"$k!#
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<U<-

K\=$;NO@J8:n @.$K$"$?$j !" B?$/ $NJ} !9$N8f ;XF3!" 8f 6(NO$r;r $o$j $^$7$?!#$3$3$K?<$/ 46<U
$7$?$$$H;W$$$^$9!#

:# 2s$N8&5f $, 5~ETBg3X1' Ch@~8&5f <<$N3' MM$N8f 6(NO$N>e$K@.$j N)$C$F$$$k$3$H$O8@$&$^
$G$b$"$j $^$; $s!#

;XF36541$N>. ;3 >! Fs65<x$K$O<B83!" %G!< %?2r@O$N$_$J$i $: !" J*M}!" E7J8$K$$$?$k$^$G
MM!9$J=u8@$rD:$-$^$7$?!#$3$3$K?<$/ 46<U$7$^$9!#0@LZ5W8w=u<j $K$O1~Ez4X?t :n @.$ND>B0
$N>e;J $H$7$F!" K\Ev$KK\Ev$KB?Bg$J$k8f ?TNO$rD:$-$^$7$?!# 1~Ez4X?t $N4pK\$+$i %G!< %?
2r@OK!!" %7%_%e%l!<%7%g%sJ} K!$K;j $k$^$G!" CN<1$N>/$J$$;d $r :, 5$NI$/ ;XF3$7$FD:$-$^$7
$?!#$^$?$3$NO@J8$N9; @5$G$b$*@$OC$K$J$j $^$7$?!#Da9d=u<j $K$O!" 3XIt @8$N:" $N<B83$+$i
;XF3$7$FD:$-$^$7$?!#$^$?H/A[NO$NK3$7$$;d $K9M$($k5! 2q$r4vEY$H$J$/ M?$($F2<$5$$$^$7
$?!# K\O@J8$N9; @5$N:] $K$b8f 6(NO$7$FD:$-$^$7$?!#

:# 2s$NXIS $N3S@5;n 83$O@oN,8&5f $K$h$j %5%]!< %H$7$FD:$-=i $a$F2DG=$K$J$C$?$b$N$G
$9!# $3$N8&5f $NBeI= <T$G$"$kBg:e Bg3X$N>o?<Gn65<x$K?<$/ 46<U$7$^$9!# $^$?Bg:e Bg3X$N
J} !9$K$OF1$8XIS %0%k!<%W$H$7$F;Y$($FD:$-$^$7$?!#KLK\=SFs=u65<x!" NSED@6=u65<x!" 5\
ED7CH~=u<j $K$O!" XIS $N<B83!" 2r@O$K$*$$$FB?Bg$J$k8f ?TNO$rD:$-$^$7$?!#JR;3 @2A1$5$s
$K$O:e Bg$N%G!< %?$d$=$N2r@OK!$r65$($FD:$- !" $^$?7k2L$N3($J$I $r$?$/ $5$sD:$-$^$7$?!#
AqJ] ?. $5$s$K$b%G!< %?$r$?$/ $5$sD:$-$^$7$?!#$^$?1R@1$NG.??6u;n 83$G$OQL 2r@O$NJ} K!
$r :) @ZCzG+$K65$($FD:$-$^$7$?!#

1' Ch2J3X8&5f =j $NJ} $K$b$*@$OC$K$J$j $^$7$?!#F2C+CiLw=u<j $K$OG.??6u;n 83$N:] $K?F@Z
$K;XF3$7$FD:$-$^$7$?!#Hx:j @5?-=u<j $K$O1~Ez4X?t :n @.%=%U%H$r:n $C$FD:$-$^$7$?!#$^$?
G.??6u;n 83$N;~ $bMWNN$NF@$J$$;d $r :, 5$NI$/ ;XF3$7$FD:$-$^$7$?!#

:# $d%"%a%j%+$NDZ0f M[;R$5$s$K$O!" X @~$K$h$k86;R@14QB,$K$D$$$F>\$7$/ 65$($FD:$-$^
$7$?!#NASDA $NIZEDMN$5$s$K$OD6?7@1;D3<$K$D$$$F6=L#?<$$OC$r$?$/ $5$sJ9$+$; $FD:$-
$^$7$?!# :d Ln@5L@$5$s$K$OXIS 2r@O%=%U%H$rB??t :n $C$FD:$-$^$7$?!# $^$?8&5f <<$G<Q5M
$^$C$F$$$k;d $r?);v $KM6$C$F$O$2$^$7$F$/ $l $^$7$?!#@>FbK~H~;R$5$s$K$O!" 1~Ez4X?t :n @.
$N@hGZ$H$7$F$=$N4pK\$d$3$l $^$G$N7k2L$rM%$7$/ 65$($FD:$-$^$7$?!#$^$?%%̂<%i%s1@4QB,
It Bb$N%\%9$H$7$FIt 2<$N;d $r;XF3$7$FD:$-$^$7$?!#_@8}7rFs$5$s$K$O!" <B83%7%9%F%$̀N9=
C[$r$7$FD:$- !" $=$N;HMQK!$r65$($FD:$-$^$7$?!# $^$?86;R@14QB,$J$I $GMM!9 $J discussion
$r$7$FD:$-$^$7$?!#B<>e90;V$5$s$K$O!" <B83$N<j K!$+$i %G!< %?2r@O$N4pK\!" XIS $N4pK\$K
;j $k$^$G?t $(@Z$l $J$$$[ $I $N%"%I%P%$%9$rD:$-$^$7$?!# $^$?K\O@J8$GMQ$$$F$$$k Sgr B2
$K$D$$$F$b>\ $7$/ 65$($FD:$-$^$7$?!#2#@n=_$5$s$K$O!" F~3XEv=i $N$^$@1&$b:8 $b$o$+$i $J
$$;d $K%G!<%?2r@O$N<j K!$rCzG+$K65$($FD:$- !" %Q%k%5!<O@J8:n @.$d4QB,%W%m%]!< %6%k:n @.
$N:] $K7W$j CN$l $J$$$[ $I $N8f 6(NO$rD:$-$^$7$?!#F14| $NDTK\6)90$5$s$K$O!" %G!<%?2r@O$+
$i 8&5f 2qH/I= !" $5$i $K$OK\O@J8:n @.$KEv$?$C$F4vEY$H$J$/ AjCL$K$N$C$FD:$-$^$7$?!#F1<<



82 Bh9>O $^$H$a$H:# 8e$N2] Bj

$NGO>l :L $5$s$K$O!" ;d $N5$@2$i $7$N$/ $@$i $J$$OC$K$D$-9g$C$FD:$-$^$7$?!#2OLn@?$5$s$K
$O!" G/Kv$Nalpha$N%P!< %8%g%s%"%C%W$N:] $KCY$/ $^$G$D$-9g$C$FD:$-$^$7$?!#

1' Ch@~8&5f <<$NX @~%0%k!< %W0J30$NJ} $K$bBgJQ$*@$OC$K$J$j $^$7$?!# Iq 86=S7{65<x$K
$O!" 9V5A$GMM!9$JCN<1$rD:$-$^$7$?!#4d<<;K1Q=u<j $K$O!" $9$P$k4QB,$N6=L#?<$$OC$rJ9$+
$; $FD:$-$^$7$?!#EDBtM:Fs=u<j $K$O!" =qN :̀n @.$J$I $G$*@$OC$K$J$j $^$7$?!#8eF#H~OB$5$s
$K$O:G6aB@$j 5$L#$N;d $r$?$7$J$a$FD:$-$^$7$?!#K\8682B@O:$5$s$K$O<V$r=P$7$F1s$/ $^$G
?) ;v $KO"$l $F$$$C$FD:$-$^$7$?!# F14| $NED8}CRG7$5$s!" ?AN4;V$5$s$H$O6&$KNe$^$7$"$C
$F=$;NO@J8$r:n @.$7$^$7$?!#86EgN4$5$s$K$O?);v $K$D$-9g$C$F$b$i $C$?$j $7$^$7$?!#Hk=q
$NCf>. O)M-9a$5$s$K$O3F<o?=@A$J$I $r$d$C$FD:$-$^$7$?!#

:G8e$K!" A4$F$NASTRO-E %A!< %$̀NJ} !9$K46<U$7$^$9!#ASTRO-E $N:# 8e$N3hLv$r4| BT
$7$F$*$j $^$9!#

CfEhBg
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