=$;NO@J8 CGG.>C<’NdE‘5!$rMQ$$$?6KDc29 X @~8!=P4o F0:n4D6-$N9=C[ El5~ETN)Bg3X M}3X8&5f2J 1’ChJ*M}<B838&5f<< <D:j 7DN<

L\<! 1 ;O$a$K 10 1.1 X @~J,8w$K$h$k1’Ch$N?J2=$N2rL@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 1.2 <!@$Be$N X @~J,8w4o$KMW5a$5$l$k@-G= . . . . . . . . . . . . . . . . . . . . . . . . . 11 1.2.1 2s@^3J;R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.2.2 X @~%^%$%/%m%+%m%j%a!<%? . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.3 %+%m%j%a!<%?$NF0:n4D6- | 6KDc29%7%9%F%‘ . . . . . . . . . . . . . . . . . . . . . . . 14 1.3.1 D6EAF3BN7? |TES 7?%+%m%j%a!<%?$NF0:n86M} . . . . . . . . . . . . . . . . . 14 1.3.2 6KDc29NdE‘5! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15 1.4 K\=$;NO@J8$NL\E* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16 2 ADR $NNd5Q86M}$H9=B$ 17 2.1 Nd5Q86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.1 M}A[>o<’@-BN$N4pK\E*@-<A . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 2.1.2 HfG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 2.1.3 %(%s%H%m%T!<@)8f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 2.1.4 NdE‘%5%$%/%k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 23 2.1.5 29EY@)8f . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.2 NdE‘5!$N9=@. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.2.1 <’@-BN$NA*Br . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 2.2.2 F AA( E4%_%g%&%P%s ) $NFC@- . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.2.3 %G%e%o!< . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 2.3 ADR $N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.3.1 9=B$?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.3.2 G.%9%$%C%A | %R!<%H%9%$%C%A . . . . . . . . . . . . . . . . . . . . . . . . . . 30 2.3.3 saltpill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.3.4 %^%0%M%C%H%3%$%k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 2.4 %G%e%o!<9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.4.1 He tank . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.4.2 ;Y;}:‘NA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.4.3 1UBN%X%j%&%‘CmF~8}$H radiation shield( %"%k%_9g6b ) . . . . . . . . . . . . . . 33 1

3 ADR $N%7%9%F%‘$N@=:n 34 3.1 CGG.$N4pK\E*$JM}O@$H$=$NJ}K! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.1.1 G.@d1o$HG.EAC# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34 3.1.2 G.mU<M . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35 3.1.3 8GBNG.EAF3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36 3.1.4 ?6F0$K$h$kG.H/@8 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37 3.1.5 G.EAC# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.1.6 6-3&G.@\?(Dq93 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38 3.2 MLI|Multi La y er Insulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 3.3 V CS|V ap or Co oling System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.3.1 >x5$Nd5Q$r;HMQ$9$k$3$H$K$D$$$F . . . . . . . . . . . . . . . . . . . . . . . . 41 3.3.2 v ap or co oling $NNd5Q86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42 3.3.3 >x5$Nd5Q$N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 3.4 G[@~7O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45 3.4.1 29EY7WB,7O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46 3.4.2 ?.9f7WB,7O . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.5 D6EAF3%^%0%M%C%H%3%$%k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.5.1 %^%0%M%C%H%3%$%k . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.5.2 %j!<%I@~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49 3.5.3 %j!<%I@~$NM}O@E*$J;HMQJ}K!!<!<!<A08e$NG.%-%c%s%;%k . . . . . . . . . . . . 51 3.5.4 %j!<%I@~A08e$NG.%j%s%/$N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.5.5 %j!<%I@~$h$j30$X$NG[@~$H!"$=$l$K$h$kG.EAF3 . . . . . . . . . . . . . . . . . 51 3.6 HS| %a%+%K%+%k%R!<%H%9%$%C%A . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.6.1 2K � 300K 4V$r$D$J$09=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.7 saltpill . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.7.1 ;O$a$K | . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.7.2 saltpill $N@-G=$KBP$9$k>r7o |F AA $N>l9g . . . . . . . . . . . . . . . . . . . 56 3.7.3 saltpill $N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 3.7.4 $U$?ItJ,$NL)IuJ}K! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 3.7.5 7k>=$N@.D9J}K! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 4 E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 63 4.1 G.N.F~$H6KDc29;}B3;~4V$NM}O@7W;; . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 4.2 9b29It$+$i%X%j%&%‘$X$NG.N.F~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 4.2.1 mU<MG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 4.2.2 ;Y;}:‘NA$+$i$N8GBNEAF3G. . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 4.2.3 ADR %^%0%M%C%H%3%$%k$NH/@8G. . . . . . . . . . . . . . . . . . . . . . . . . 69 4.2.4 1UBN%X%j%&%‘$N>CHqNL$*$h$S;}B3;~4V . . . . . . . . . . . . . . . . . . . . . 69 4.3 %X%j%&%‘$+$i ADR Cf?u$X$NG.N.F~ . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 4.3.1 mU<MG. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 69 2

4.3.2 %1%V%i!<$=$NB>$r$D$?$&EAF3G. . . . . . . . . . . . . . . . . . . . . . . . . . 70 4.3.3 HfG.7W;; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.3.4 ADR Cf?u$N29EY>e>:$N8+@Q$b$j . . . . . . . . . . . . . . . . . . . . . . . . 71 4.4 Nd5Q<B83$NJ}K!$H<j=g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.4.1 Nd5Q$N4pK\E*$J35G0 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 4.4.2 Nd5QJ}K! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.5 Nd5Q;n837k2L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 4.5.1 8:051UBN%X%j%&%‘$NE~C#29EY$H;}B3;~4V . . . . . . . . . . . . . . . . . . . . 75 4.5.2 V ap er Co oling $N@-G= . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 4.5.3 CGG.>C<’;n837k2L . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77 4.5.4 CGG.>C<’$N8zN( . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.5.5 CGG.>C<’;n83 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.5.6 NdG^$NHfG.5Z$SNdE‘G=NO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 4.6 $=$NB>$NNd5Q;n83 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 4.6.1 saltpill 2 9f5!$N ADR F3F~;n83 . . . . . . . . . . . . . . . . . . . . . . . . . 81 4.6.2 %G%e%o!<$r2#$K$7$?>uBV$G$NNd5Q;n83 . . . . . . . . . . . . . . . . . . . . . 83 5 29EY@)8f 86 5.1 %+%m%j%a!<%?F0:n4D6-$H$7$F$N29EY0BDj@- . . . . . . . . . . . . . . . . . . . . . . . 86 5.2 29EY@)8f!"29EY0BDj2=$N86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 5.2.1 CGG.>C<’NdE‘$G$NNdG^29EY@)8f . . . . . . . . . . . . . . . . . . . . . . . . . 87 5.2.2 29EY@)8f$K5a$a$i$l$kB,DjAuCV$N@-G= . . . . . . . . . . . . . . . . . . . . . 87 5.2.3 PID mo del . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.3 Lab Windo ws . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 5.3.1 k2400 SourceMeter MQ%W%m%0%i%‘ . . . . . . . . . . . . . . . . . . . . . . . 91 5.3.2 29EY7WB,7O$N%N%$%:B,Dj . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 5.3.3 29EY@)8f;n83 -02/11/13 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92 5.3.4 29EY@)8f;n83 -02/11/23 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93 6 detector table $HF~<MAk 95 6.1 detector table @=:n>e$NN10UE@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 6.1.1 G.%j%s%/ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 6.1.2 radiation shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 6.1.3 <’5$ shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 6.2 F~<MAk$NM}O@ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97 6.2.1 detector table ItJ,$NF~<MAk . . . . . . . . . . . . . . . . . . . . . . . . . . 97 6.2.2 IR-UV Blo c king �lter . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 6.3 detector table $N@_7W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 6.4 Nd5Q;n83 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 6.4.1 D6EAF3 2 AXGvKl$ND6EAF3A+0\29EYB,Dj . . . . . . . . . . . . . . . . . . . . . 102 6.5 HfG.7W;; . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 3

6.5.1 <’@-BNHfG.$HN.F~G.$NB,Dj . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 6.5.2 Ey29J];};~4V$HNdE‘G=NO . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 6.5.3 %(%s%H%m%T!<$+$i8+@Q$b$i$l$kNdE‘G=NO . . . . . . . . . . . . . . . . . . . . 107 6.6 $^$H$a . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 7 SQUID system 109 7.1 SQUID $NF0:n86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 7.1.1 dc-SQUID $N86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109 7.1.2 FLL: Flux Lo c k ed Lo op . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111 7.1.3 dc-SQUID $N%N%$%: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113 7.1.4 SQUID AMP|200 Serial SQUID ARRA Y AMP . . . . . . . . . . . . . . 114 7.1.5 200 Serial A QUID ARRA Y AMP $NFC@- . . . . . . . . . . . . . . . . . . . 114 7.2 <’5$<WJC . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 7.2.1 30Mh<’5$%N%$%: . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 7.2.2 <o!9$N<’5$<WJCJ}K! . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 7.3 %[!<%kAG;R$rMQ$$$? ADR <~JU$N<’>lB,Dj . . . . . . . . . . . . . . . . . . . . . . . 117 7.4 SQUID shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 7.4.1 shield $N>r7o . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 7.4.2 @=:n$7$? SQUID shield . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 7.4.3 Nd5Q;n83$H SQUID system $N8=>u . . . . . . . . . . . . . . . . . . . . . . . 121 8 ADR $N8=>u$H2]Bj 123 A 29EY@)8f$N%W%m%0%i%‘ 126 B %G%e%o!<Fb$NG.N.F~7W;;CM 129 C <U<- 131 4

?^0lMw 1.1 29 EY k T =2 k eV $N8w 3X E* $K Gv $$ %W %i %: %^ $+ $i J| <M $5 $l $k 6.7 k eV $N E4 51 @~ $r!" %(%M %k %.!<J, 2rG=$, 120 eV !" 10 eV !" 2 eV $N8! =P4o$G 4QB,$7 $?>l 9g$KF@ $i$l$k %9%Z%/ %H %k ( %7%_%e%l!<%7%g%s ) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 1.2 X @~ J,8w 4o $N@- G= Hf3S!# :8 : %(%M %k %.!<J, 2rG= $N %(%M %k %.!<0M B8 @- 1& : M- 8zLL @Q $N%( %M%k%.!<0MB8@- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 1.3 TES 7?%^%$%/%m%+%m%j%a!<%?$NF0:n35N,!#5[<}BN$K X @~$,F~<M$9$k$H$=$N%(%M%k%.!< $K H<$C $F29 EY >e>: $9 $k!#$3 $l $r TES $, Ja$(!" TES $N Dq93 $, A}$9!# 29 EYJQ 2=$K BP $7$F Dq93JQ2=$NBg$-$$J*$NJ}$,%(%M%k%.!<J,2rG=$,$h$$!# . . . . . . . . . . . . . . . . . 14 1.4 ASTR O-E $KEk :\$5 $l$? H>F3 BN%+ %m%j %a!<%? (XRS) MQ ADR !#Cf 1{$N He insert $NCf $K ADR $NCf?4It$H$J$k saltpill $,$"$k!# . . . . . . . . . . . . . . . . . . . . . . . . 15 1.5 ADR $,F3F~$5$l$?8DBN Ne %G%e%o!< . . . . . . . . . . . . . . . . . . . . . . . . . . 15 2.1 >o <’ @- 1v $N!" 1 K $^ $G $" $2 $k $N $K MW $9 $k G. NL (erg/g)([16] $h $j ) !# a:CrK %_%g %& %P %s b:F e(NH 4 ) %_%g%&%P%s c:Mn(NH 4 )T utton 1v . . . . . . . . . . . . . . . . . . . . . 22 2.2 Nd5Q2]Dx$G$N%(%s%H%m%T!<$H29EY$N4X78%0%i%U . . . . . . . . . . . . . . . . . . . . . 24 2.3 29EY@)8f$N86M} . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25 2.4 F AA 5Z$SBeI=E*$J<’@-BN$NHfG.!# . . . . . . . . . . . . . . . . . . . . . . . . . . . 27 2.5 ADR Cf?4It!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.6 ADR Cf?4It$N9=B$CGLL?^!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 2.7 ADR %G%e%o!<!#304Q!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 2.8 ADR %G%e%o!<$N9=B$?^!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 3.1 9uBN4V$K$*$$$?%"%k%_$N%U%#%k%‘ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 3.2 G.@)8f%U%#%k%‘$N4,$$$F$$$k2U=j . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41 3.3 150K Al radiation shield $K4,$+$l$?G.@)8f%U%#%k%‘ . . . . . . . . . . . . . . . . . 41 3.4 V ap or Co oling System MQ%?%o!< . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.5 1UBN%X%j%&%‘CmF~8}5Z$S%?%o!<$N304Q!#Cf1{$K4,$$$F$$$k$N$OG.@)8f%U%#%k%‘!# . . . 44 3.6 K\ ADR $N V CS $N9=@.?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44 3.7 %^%s%,%K%s@~$NG.EAF3N($N29EYFC@- ([25] $h$j ) . . . . . . . . . . . . . . . . . . . . . 45 3.8 D>@~%?%$%W!" � 7? EMI %U%#%k%?$r$H$j$D$1$?%3%M%/%? . feed through $K$O KYOCERA 48PINt yp e $r;HMQ . <L??$ON"B& ( 9b??6uB& ). . . . . . . . . . . . . . . . . . . . . . . . 47 3.9 29EY7W$N<h$jIU$12U=j$HG[@~7OE} . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 3.10 RuO 2 29EY7W$NDq9329EYFC@- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 5

3.11 RuO 2 29EY7W (1k ) $N He 4L1dD9E{ItJ,$NG[@~ . . . . . . . . . . . . . . . . . . . . . 49 3.12 HE tank %5%]!<%H%j%s%0$K$H$j$D$1$?9b29D6EAF3%j!<%I@~!#<jA0$, cold end cap !# . 51 3.13 cold end cap $NG.%j%s%/$N?^!# NbTi @~$r He tank $HG.%j%s%/$r$H$C$?F<ItIJ$G$O$5 $s$G$$$k!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 3.14 %a%+%K%+%k%R!<%H%9%$%C%A$N9=B$?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.15 %R!<%H%9%$%C%A$H saltpill $NG.%j%s%/ . . . . . . . . . . . . . . . . . . . . . . . . . . 55 3.16 ADR salpill 2 9f5!$N9=B$?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.17 ADR salpill 2 9f5!$N6b@~$N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 3.18 D%$jHD$KDL$7$? saltpill2 9f5!$N6b@~ . . . . . . . . . . . . . . . . . . . . . . . . . . 58 3.19 saltpill Fb$K F AA $r0i$F$k$?$a$N9=B$ . . . . . . . . . . . . . . . . . . . . . . . . . 60 4.1 <B:]$NB?AXCGG.$NMM;R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64 4.2 ADR Nd5Q;n83;~$N%G%e%o!<?^!#1&B&$NAuCV$O29EY%b%K%?!<MQ PC $J$I!# . . . . . . . 72 4.3 Nd5Q<B83$NAuCV$NG[CV?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 4.4 1U BN %X %j %& %‘ 8:05 ;~ $N E5 7? E* $J 29EY JQ 2=!# He tank b ottom $G E~C# 29 EY 1.7 K !# %R!< %H%9%$%C%A$O on !# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76 4.5 Adiabatic Demagnetization result in 02/06/28. . . . . . . . . . . . . . . . . . . . 77 4.6 Adiabatic Demagnetization result in 02/06/28. V oltage and Curren t. . . . . . . . 77 4.7 <gMW$JCGG.>C<’$N:]$N<’2=;~4V$HFbIt<’>l$N4X78!# . . . . . . . . . . . . . . . . . . . 79 4.8 <gMW$JCGG.>C<’$N:]$NE~C#29EY$HFbIt<’>l$N4X78!# . . . . . . . . . . . . . . . . . . . 79 4.9 CGG.>C<’;n837k2L$N:GBg<’>l$HFbIt<’>l$N4X78!# . . . . . . . . . . . . . . . . . . . . 79 4.10 CGG.>C<’;n837k2L$N>C<’3+;O29EY$HFbIt<’>l$N4X78!# . . . . . . . . . . . . . . . . . 79 4.11 CGG.>C<’;n837k2L$NE~C#29EY$HFbIt<’>l$N4X78!# . . . . . . . . . . . . . . . . . . . . 79 4.12 FbIt<’>l$r 600Gauss $H$7$?;~$N29EY | %(%s%H%m%T!<6J@~!#;g$,:GBg<’>l!#@V$OFbIt <’>l$N$_$N>l9g!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 4.13 �gure of saltpill no2. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81 4.14 �gure of saltpill no2. b efore the exp erimen t . . . . . . . . . . . . . . . . . . . . . 82 4.15 �gure of saltpill no2. b efore the exp erimen t . . . . . . . . . . . . . . . . . . . . . 82 4.16 �gure of saltpill no2. after exp erimen t . . . . . . . . . . . . . . . . . . . . . . . . 82 4.17 �gure of saltpill no2. after exp erimen t . . . . . . . . . . . . . . . . . . . . . . . . 82 4.18 %X%j%&%‘CmF~8e!"2#$KE]$7$?>uBV$N ADR %G%e%o!< . . . . . . . . . . . . . . . . . . . 83 4.19 %G%e%o!<$r2#$K$7$?>uBV$G$NCGG.>C<’;n83$N?^ . . . . . . . . . . . . . . . . . . . . . 83 5.1 29EY@)8f$N9=@.?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 5.2 Cry oCom62 panel(Lab Windo ws) . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 5.3 k2400 panel(Lab Windo ws) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 5.4 29EY%b%K%?!<$N%N%$%:B,Dj!# DISPLA Y-Tc $, 4s $N>l9g!# . . . . . . . . . . . . . . . 92 5.5 29EY%b%K%?!<$N%N%$%:B,Dj!# DISPLA Y-Tc $, 32s $N>l9g!# . . . . . . . . . . . . . . 92 5.6 2 ;~4V@)8f$5$;$?:]$N7k2L!# rms=13.6 � K !# . . . . . . . . . . . . . . . . . . . . . . 93 5.7 DISPLA Y-Tc=8s $G@)8f$5$;$?:]$N7k2L!# rms=8.8 � K !# . . . . . . . . . . . . . . . 94 5.8 @_Dj29EY$rF0$+$7$?;~$NJQ2=$N time scale !# . . . . . . . . . . . . . . . . . . . . . . 94 6

6.1 :8 : detector table %W %m %H%? %$ %WF3 F~ A0$H F3 F~8e $N Nd5Q ;n83 $N Hf3S!# 9u ( ;M 3Q ) : F3 F~ A0!#@V ( 4] ) : F3F~8e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 6.2 1& : <g MW $J Nd 5Q;n 83 7k 2L$H F~ <M Ak F3F~ ;~ $N Nd 5Q;n 83 $N Hf3S!# @V 4] 5Z $S@D $N ;0 3Q $,F~ <M AkF3F~8e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 6.3 3FJ* <A$K$*$1$k X @~F)2a N(!#:8$+$i Al !" Nb !" Pb $N >l9g!#9u$N<B@~ $O 0.1 � m !" @V$N E@@~$O 1 � m !# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 6.4 F~ <MAk $N9= B$?^!# ?^$K $O$J $$$, 300K It J,$O!" %Y%j %j%& %‘Ak $+ X @~ %S!<%‘ %i%$ %s$K D> @\%3%M%/%?$G$D$J$,$k!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 6.5 detector table %W%m%H%?%$%W$N9=B$?^ . . . . . . . . . . . . . . . . . . . . . . . . . . 101 6.6 6KDc29It$KF3F~$7$?%W%m%H%?%$%W!# R T B,Dj;~ ( Bh 6.4.1 >O;2>H ) !# . . . . . . . . . . . 101 6.7 F3F~$7$?F~<MAk$N9=B$?^!#<B<A$NF~<MAk$NBg$-$5$O 10mm � !# . . . . . . . . . . . . . 102 6.8 3K shield $NCf1{$KF3F~$7$? Blo c kingFilter !# 0.1 � m 8|$N Al >xCe$5$l$? 9 � m 8|%^%$ %i%U%#%k%‘$r;HMQ!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.9 R T results in 02/08/09 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.10 R T results in 02/09/04 and 02/09/17 . . . . . . . . . . . . . . . . . . . . . . . . . 102 6.11 F~<MAkF3F~$K$h$k R T B,Dj$NJQ2=!#F3F~$K$h$C$FA+0\29EY$, 10mK DxEYJQ2=$7$F$$$k!# 2 F|$H$b 2 2s$NB,Dj$G$[$\F10lD>@~>e!# . . . . . . . . . . . . . . . . . . . . . . . . . 103 6.12 CGG.>C<’NdE‘5!$N!"Ey29$K$7$?>l9g$NG.MFNL!#?^$N<P@~ItJ,!# . . . . . . . . . . . . . 107 6.13 E57?E*$JNdE‘%5%$%/%k$G$N%(%s%H%m%T!<6J@~!# . . . . . . . . . . . . . . . . . . . . . 108 6.14 %(%s%H%m%T!<$+$i7W;;$5$l$k3F29EY$G$NNdE‘G=NO . . . . . . . . . . . . . . . . . . . . 108 7.1 dc-SQUID AG;R$NLO<0?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 7.2 dc-SQUID AG;R$NEy2A2sO) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 110 7.3 %U%#!<%I%P%C%/2sO)?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112 7.4 Flux Lo c k ed Lo op !# FLL $N%U%#!<%I%P%C%/5!9= . . . . . . . . . . . . . . . . . . . 112 7.5 TSS AMP $N2sO)?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 7.6 SSA AMP $N2sO)?^ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114 7.7 200 Serial SQUID Arra y AMP $N4pHW>eG[@~?^ . . . . . . . . . . . . . . . . . . . . 115 7.8 6K Dc 29 It $K F3 F~ $7 $? %[!< %k AG ;R!# 6K Dc 29 It $K 3mm 8| $N F< HD $r $N $;!" 29 EY 7W 2 $D!" $5 $i$K%R!<%?!<$HF1;~$KF3F~$7$F$$$k!# . . . . . . . . . . . . . . . . . . . . . . . . . . 118 7.9 02/05/15 $K9T$J$C$? detector table <~JU$N<’>lB,Dj7k2L!#9u : magnetization !" @V : de- magnetization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 7.10 02/07/07 $K$*$3$J$C$? SQUID F3F~ItJ,$N<’>lB,Dj7k2L . . . . . . . . . . . . . . . 118 7.11 ADR’s SQUID shield assem bly . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 7.12 ADR’s SQUID shield Nb table. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 120 7.13 ADR’s SQUID shield. Nb table. . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 7.14 ADR’s SQUID shield moun ted in 02/12/25. . . . . . . . . . . . . . . . . . . . . . 121 7.15 F3F~$7$? Nb $N<+:n shield !# 0.1mm 8|!#F<$NK@$r%(%]%-%7@\Ce$7!"6bB0HiKlDq93$r%R!< %?!<$H$7$F<h$jIU$1$F$$$k!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 121 7.16 � -V FC@-!# 02/12/30. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 7

7.17 %N%$%:%Q%o!<%9%Z%/%H%k!# 02/12/30. . . . . . . . . . . . . . . . . . . . . . . . . . . 122 8.1 03/01/20 $K9T$J$C$?29EY@)8f7k2L!# rms=8.14 � K !# . . . . . . . . . . . . . . . . . 124 8.2 TES 7?%^%$%/%m%+%m%j%a!<%?F3F~?^!#:8$O Nb shield $KJQ$o$C$FF3F~$7$? Pb shield !# 124 8.3 TES %^%$%/%m%+%m%j%a!<%?$rF0:n$5$;$k$?$a$N2sO)?^ . . . . . . . . . . . . . . . . . 125 B.1 ADR %G%e%o!<$NN.F~G.7W;;CM . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130 8

I=0lMw 2.1 >o<’@-1v$NHfG.$N;3$NFCD’ ([16] $h$j ) . . . . . . . . . . . . . . . . . . . . . . . . . . 23 3.1 BeI=E*$J;Y;}:‘NA$N 1 K 0J2<$K$*$1$kG.EAF3N( ([16] $h$j ) . . . . . . . . . . . . . . . 36 3.2 BeI=E*$JH/K":^J*<A$NG.EAF3N( ([16] $h$j ) . . . . . . . . . . . . . . . . . . . . . . . 37 3.3 E57?E*$J8GBN4V$NG.@\?(Dq93 ([16] $h$j ) . . . . . . . . . . . . . . . . . . . . . . . . 39 3.4 3FJ*<A$NFC@- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 3.5 %8%e!<%kG.$r 8 A ;~$KLs 1 W $H$7$?;~$N%8%e!<%kG. (300 K) . . . . . . . . . . . . . 54 3.6 <B:]$NF<@~$K>H$i$79g$o$;$?M}O@CM . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 3.7 Thermal expansion rate of saltpill’s comp onen ts . . . . . . . . . . . . . . . . . . . 59 3.8 8GBN4V$NG.@\?(Dq93 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 4.1 %G%e%o!<3FIt$NFC@- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 4.2 <o!9$NJ*<A$N3F29EY$4$H$NG.EAF3N( (mW/cm-K) . . . . . . . . . . . . . . . . . . . 67 4.3 exp erimen tal results. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78 4.4 Result of Adiabatic demagnetization with saltpill no2. . . . . . . . . . . . . . . . 82 4.5 Exp erimen tal results when ADR w as laid on 021001 . . . . . . . . . . . . . . . . 84 4.6 Time scale of temp erature rise with the laid ADR . . . . . . . . . . . . . . . . . 85 5.1 V oltage Bias Selections . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.2 KEITHLEY2400 SourceMeter Line Sp eci�cations. MAX OUTPUT PO WER is 22 W . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 5.3 T emp erature Con trol Result on 02/11/13 . . . . . . . . . . . . . . . . . . . . . . 93 5.4 T emp erature Con trol Result on 02/11/23 !# DISPLA Y-Tc=8s !# . . . . . . . . . . 94 6.1 eac h parameter’s transmission of eac h elemen ts. . . . . . . . . . . . . . . . . . . . 99 6.2 HfG.B,Dj7k2L!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 7.1 SQUID AG;R%Q%i%a!<%? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 7.2 <o!9 $N 86 0x $K $h $k <’ >l!" 5Z $S B=M/r n $H $7 $? ;~ $N %Q %i %a!< %?!# %Y %/ %H %k J} 8~ $O 9M $( $F$$$J$$!# . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 9

Bh 1 >O ;O$a$K 1.1 X @~J,8w$K$h$k1’Ch$N?J2=$N2rL@ astroph ysics $OMM!9 $JE7 BN$N 5/8;$H ?J2= $rJ* M}K! B’$r;H$C $FL@ $i$+ $K$9 $kE7 J83X!"J* M}3X $N0l J,Ln $G $" $k!# 20 @$ 5* $K F~$C $F ?M N‘ $O!" 1’ Ch $O 7h $7 $F Dj >o E* $J $b $N $G $O $J $/!" $* $h $= 150 2/ G/ A0 $K %S%C %0 %P%s (big bang) $H8F$P$l$kBgGzH/$K$h$C$F;O$^$C$?$3$H!"$=$N8e$b?J2=$rB3$1!"8=:_$NJ#;($J3,AX9= B$ $r ;}$C $? 1’ Ch $K ;j$C$F $$ $k $3 $H $r CN $k $h $& $K $J$C $?!# $= $l $G$O %S%C %0 %P %s $N 8e!" $$ $D :"!" $I $N $h $& $K $7 $F @1 $, @8 $^ $l!" 6d 2O $, 7A @. $5 $l!" 6d 2O CD $N $h $& $J 5p Bg $J 9= B$ $, :n $i $l $? $N $@ $m $& $+ ? 1’ Ch $O :# 8e $I$N$h$&$K$J$C$F$$$/$N$@$m$&$+ ? 91 @1 $O ?M $N 0l @8 $H F1 $8 $h $& $K!" life cycle $r ;}$C $F $$ $k!# $9 $J $o $A @1 4V J* <A $N =E NO <} =L $K $h$C $F 86 ;O @1 $,@8 $^ $l!" 86 ;O @1$, $5 $i $K =E NO<} =L $r B3 $1$k $3 $H $G $d $,$F Cf ?4 It $G 3KM; 9g H? 1~ $, 5/$3 $j!" <g 7O Ns @1 $H $J$k!# 3K M; 9g H? 1~$N $? $a $N G3 NA$r ;H $$ 2L $?$9 $H!" $" $k $b $N$O <~ JU It $, OG@1 >u @1 1@ $H $7$F @1 4V 6u 4V $K 4T 85$5 $l $F Gr ?’ bd@1 $, ;D $j!" $" $k$b $N $O D6 ?7@1 Gz H/ $r 5/ $3$7 $F <+ J, <+ ?H$r ?a $- Ht $P $7!"Cf @- ;R @1 $d %V %i%C %/ %[!< %k $r;D $9!# 6d 2O $H $O 91 @1 $N =8 $^$j $G $" $j!" L5 ?t $N 91 @1 $,!" $" $k$$ $O FH N) $K!" $" $k $$ $O 1F 6A $7 $"$C $F cycle $r 7+ $j JV $7 $F $$ $k!# D9 4| E* $K 8+ $k $H!" 91 @1 $K $h$C $F :n $i $l $? =E 85 AG $r 4^ $s $@ @1 4V J* <A (ISM) $,!" 6d2O Iw (galactic wind) $H $$$& 7A $G 6d 2O 7O 30 $K J| =P $5 $l $k!# 6d 2O $O $5$i $K 6d 2O CD $H $$ $& =8CD$r7A@.$7$F$$$k!#6d2OCD$N=ENO%]%F%s%7%c%k$O<B$OEE<’GH$G$O8+$k$3$H$N$G$-$J$$0E9uJ*<A (dark matter) $K $h$C $F :n $i $l $F $* $j!" 6d 2O $O $= $N %] %F %s %7%c %k $K B+ G{ $5 $l $F $$ $k!# $^ $?!" 6d 2O CD Fb $N 6u 4V $O6d2OCD$N=ENO%]%F%s%7%c%k$KB+G{$5$l$? 1 2/EYDxEY$N9b29%,%9$GK~$?$5$l$F$*$j!"$=$NAm<ANL$O8D!9 $N 6d 2O $N<A NL OB $h $j $bBg $- $$!# $3 $N $h $&$J 9b 29 %, %9 Fb$K $b =E 85 AG $,B8 :_ $7 $F $* $j!" 8D!9$N 91 @1 $G :n $i $l!" 6d 2OIw $H $7 $F J| =P$5 $l $? @1 4V J*<A $, Bg $- $/4s M? $7 $F $$ $k!#6d 2O CD F1 ;N $b$^ $? >W FM 9g BN$r 7+ $j JV $7 $F $* $j!" $h$j Bg $- $J 6d 2O CD $X$H @. D9 $7 $F $$ $k!#%S%C %0 %P %s D> 8e $N 1’Ch $O 6K $a $F 0l MM$G $" $j!" 8= :_ $N 1’ Ch $K 8+$i $l $k $h $& $J9= B$ $O!" $= $N 8e$N ?J 2= $N 2aDx $G 8_ $$ $K L)@\ $K 4X 78 $7 $J$, $i :n $i $l $?$b $N $G $" $k!# $7 $? $,$C $F!"1’ Ch $N ?J 2= $rM} 2r $9 $k $? $a $K$O!" 3F <o $N E7 BN$N ?J 2= $H $* 8_$$ $N 4X O" $r 4Q B,E* $K 8+ 5f $a $F $$$/$3$H$,=EMW$G$"$k!# 6aG/ $K$J$C $F4Q B,5;=Q $,Ht LvE* $K?J Jb$7!" 8w!&@V 30@~ $G$O!" CO5e Bg5$ $N1F 6A$r<u $1$J $$%O%C %V%k 1’ ChK>1s6@ (Hubble Space T elescop e) $d!"$9$P$kK>1s6@$r$O$8$a$H$9$k 8 � 10 m %/%i%9$NK>1s6@$,!" EE GH$G $O!V$O $k $+!W1R @1$r ;H$C$? %9 %Z!<%9 VLBI $,<B 8= $5$l!" ?MN‘ $O$3 $l $i$N =tLd Bj $KBP $7$F 4QB, E* $J2sEz$rF@$O$8$a$h$&$H$7$F$$$k!# X @~$K$*$$$F$b!" 1999 G/$K NASA $N Chandra !" 2000 G/$K$O ESA $N XMM-Newton $, 50 F; $K Ej F~ $5 $l!" 7k A| @- G= $d M- 8z LL @Q $K $* $$ $F 2a 5n $N 1R @1 $r $O $k $+ $K >e 2s $k @- G=$r C#@.$7$F $$$k!#$5 $i$K!" 2005 G/ $K$O ASTR O-E-I I 1R@1$,50 F;$KEj F~$5$l$k M=Dj$G $"$j!"%(%M %k 10

Bh 1 >O ;O$a$K 11 %.!<J,2rG=$K$*$$$F$b?7$?$J;~Be$r8~$+$($h$&$H$7$F$$$k!# X @~ $O9b%( %M%k%.!< EE;R$K $h$k%7 %s%/%m %H%m%sJ| <M$d5U %3%s%W %H%s;6 Mp$K$h$C $F!"$"$k $$$O9b 29J* <A $+ $i $N G.@) F0 J| <M $d 9u BN J| <M$K $h$C $F @8 $_ =P $5 $l $k!#$7 $? $,$C $F!" 1’ Ch $K $* $1$k 9b %( %M %k %.!< 8= >] $r $H $i $( $k $N $K $b$C $H $b E, $7 $? EE <’ GH $G $" $k!# $^ $?!" %( %M %k %.!< 100 eV $+ $i 10 k eV $N 4V $K $O!" C: AG!" Cb AG!" ;@ AG!" %M %* %s!" %^ %0 %M %7 %& %‘!" %7 %j %3 %s!" %$ %* %&!" %" %k %4 %s!" %+ %k %7 %& %‘!" E4 Ey $N!" 1’ Ch $K B8 :_ $9 $k <g MW $J =E 85 AG $N K 51 @~!" K 5[ <} C< $, B8 :_ $9 $k $3 $H $+ $i!" $3 $l $i $N =E 85 AG $N NL $d J* M} >u BV $rCN$k >e$G$b!" X @~$K$h$k 4QB,$,M-8z $G$"$k!#$^ $?!"$3$l$i$N 51@~$N%(%M %k%.!<%7%U %H!"$"$k$$$O I} $O!"$3$l $i$N85AG$r 4^$‘%,%9$N 1?F0>uBV $rCN$k>e$G M-8z$G$"$k!# $3$l$i$N X @~$N@-<A $rF’$^$($k $H!" X @~$K$h$kJ,8w4QB,$,!"1’Ch$N?J2=$r2rL@$9$k>e$G$N80$H$J$k!# 1.2 <!@$Be$N X @~J,8w4o$KMW5a$5$l$k@-G= <!$K!" <!@$Be 8!=P 4o$K I,MW $J%( %M%k %.!<J, 2rG= $H;#A| G=NO $K$D $$$F 9M$( $F$_ $k!#%( %M%k%.!< J,2r G= $H $7 $F $O!" @: L) $J %W %i %: %^ ?G CG $, 9T $J $( $k $h $& $K!" ?t I4 km s � 1 $N %, %9 $N 1? F0 $K $h$C $F 5/ $- $k %I%C %W %i!< %7%U %H $d 3F 51 @~$N Hy :Y 9= B$ $r== J, $K J, N%$G $- $k J, 2r G=$, I, MW $G $" $k!#Hy :Y 9= B$ $, J,N% $G $- $J $$ $H!" %W %i %: %^$N >u BV $K $h$C $F 51 @~ 9=B$ $N Cf ?4 %( %M %k %.!< $,JQ $o$C $F $7 $^ $& $? $a!" E}7W $K 4X $o $i $: %( %M %k%.!<$N7hDj@:EY$,@)8B$5$l$F$7$^$&!#$7$?$,$C$FHy:Y9=B$$NJ,N%$OIT2D7g$G$"$k!# 1’ Ch $K $b$C $H $b B? $/ B8 :_ $9 $k 85 AG $N 1 $D $G!" X @~ J, 8w $G $b$C $H $b 6= L# $N $" $k E4 $N K � @~ $K $D $$ $F 9M $($F $_$k!# %X%j %&%‘ MM$K EEN% $5$l $?E4 $N K � @~$N %( %M%k %.!<$O 6.7 k eV $G $"$k $,!"$3 $NE4 %$%* %s$, 0l3,Ne5/$5$l$?>uBV$O LS %+%C%W%j%s%0$K$h$C$F!" 1s2s 1 S 0 !" 1s2s 3 S 1 !" 1s2p 1 P 1 !" 1s2p 3 P $N 4 $D $N>uBV$KJ,Nv$9$k!#$3$N$&$A 1s2p 1 P 1 ! 1s 2 1 S 0 $OAP6K;RA+0\$K$h$C$F 6698 eV $N6&LD X @~$rJ|<M $9$k ( Nc$($P Mew e Gronensc hild & Oord 1985) !#0lJ}!" 1s2s 3 S 1 ! 1s 2 1 S 0 $H 1s2p 3 P ! 1s 2 1 S 0 $OAP6K;RA+0\$,6X;_$5$l$F$*$j!"%W%i%:%^$NJ*M}>uBV$K$h$C$F 6637 eV $N6X@)@~$H 6673 eV $N in ter- com bination @~ $H $7$F 4Q B, $5$l $k!# $5$i $K!" $3 $l$i $N 51@~ $N 6a $/$K $O %j%A %& %‘ MM%$ %* %s$d %Y %j %j%& %‘ MM %$%* %s $+ $i=P $k 1R @1@~ $, 8= $l$k!# $7 $? $,$C$F $3 $l $i$N Hy :Y 9=B$ $r J, N%$9 $k $? $a$K $O!" � E < 10 eV $N %( %M %k %.!< J, 2rG= $, I, MW $G $" $k!# X @~ CCD %+ %a %i $J $I $N H> F3 BN 8!=P 4o $G $O 86 M} E* $K $3 $l $h $j $b 1 7e 0J>e 0-$/!" $3$N >r 7o$r K~$? $;$J $$!# ?^ 1.1 $O!" 29 EY k T =2 k eV $N 8w3X E* $KGv $$%W %i%: %^ $+$i J|<M $5 $l$k 6.7 k eV $NE451@~$r!"%(%M%k%.!<J,2rG=$, 120 eV !" 10 eV !" 2 eV $N8!=P4o$G4QB,$7$?>l9g$KF@ $i $l $k %9 %Z %/ %H %k ( %7 %_%e %l!< %7%g %s ) $G $" $k!# %( %M %k %.!< J, 2r G= $, 120 eV $N 8! =P 4o (X @~ CCD %+ %a %i ) $G $O!" Hy :Y 9= B$ $rJ, N% $G $- $F $$ $J $$!# $= $l $K BP $7 $F!" J, 2r G= 10 eV $N 8! =P 4o $G $O 6& LD @~ $r J, N% $G$-!"$5$i$K 2 eV $N8!=P4o$G$OJ#;($JHy:Y9=B$$r$7$C$+$jJ,N%$G$-$F$$$k$N$,$o$+$k!# 100 km s � 1 $N 1? F0 $K $h$C $F 5/ $3 $k %I%C %W %i!< %7 %U %H $O!" 6.7 k eV $N E4 51 @~ $K BP $7 $F 2.2 eV $G $" $k!# $3 $l $O 1?F0 $N >u BV $K $h$C $F!" %( %M%k %.!< $N %7 %U %H $b $7 $/$O 51 @~ $N 9- $, $j $H $7$F 8! =P $5 $l $k!# $7 $? $,$C$F!"E7BN$N1?F0$r@53N$KCN$k$?$a$K$O!"%(%M%k%.!<J,2rG= � ?t eV $,I,MW$H$J$k!# ;#A|G=NO$H$7$F$O!"3QEYJ,2rG= 30 ICDxEY$OM_$7$$!#$=$3$G 1 %T%/%;%k$NBg$-$5$r 20 00 � 20 00 $H$7!" <u8wLL@Q$r 10 0 � 10 0 $H$9$k$H!"%T%/%;%k?t$O 30 � 30 $K$J$k!#K>1s6@$N>GE@5wN%$r 8 m $H$9$k$H!" 1 %T%/%;%k$NBg$-$5$O 0 : 78 mm � 0 : 78 mm !"A4BN$G$O 23 mm � 23 mm $K$J$j!" CCD %A%C%W 1 KgJ,$K Aj Ev $9 $k!# 3Q EY J, 2r G= $H $7 $F $O X @~ CCD %+ %a %i $h $j 1/30 Dx EY 0- $$ $,!" ;# A| 8! =P 4o $H $7 $F CCD %+ %a%i$rJ;MQ$9$k$3$H$r9M$($l$PBEEv$JBg$-$5$G$"$k!# $^$H$a$k$H!"<!@$Be X @~8!=P4o$K5a$a$i$l$k@-G=$O!" 6 k eV $N X @~$KBP$7$F 1-2 eV (FWHM) $N

Bh 1 >O ;O$a$K 12

?^ 1.1: 29 EY k T =2 k eV $N 8w 3X E* $K Gv $$ %W %i %: %^ $+ $i J| <M $5 $l $k 6.7 k eV $N E4 51 @~ $r!" %( %M %k %.!< J, 2r G= $, 120 eV !" 10 eV !" 2 eV $N 8! =P 4o $G 4Q B, $7 $? >l 9g $K F@ $i $l $k %9 %Z %/ %H %k ( %7 %_%e %l!<%7%g%s ) %( %M%k %.!<J, 2rG= ( E = � E � 3000 � 6000) $r M-$7!" 30 � 30 %T%/ %;%k $G 2 cm � 2 cm Dx EY$N LL@Q $r %+%P!<$9$k$3$H$G$"$k!# 1.2.1 2s@^3J;R 2s@^ 3J;R (grating) $O!" X @~ NN 0h$G ?t eV $N J,2r G=$r C#@. $9 $kJ} K!$H $7$F $b$C$H $b0l HLE* $G $"$k!# Nc$( $P!" Chandra 1R@1 $K$O transmission grating (LETG !" METG !" HETG) $,!" XMM-Newton 1R @1$K $O re ection grating (R GS) $, Ek :\$5 $l $F$$ $k!# $7$+ $7!" HsJ, ;6 7?$O $= $N8! =P 86M} $K $*$$ $F!" 9-$,$C $?E7 BN$X $N4Q B,$K $O8~ $+$J $$!#$^ $? grating $N J,;6 3Q$O F~<M X @~$N GHD9 $KHf Nc$9 $k$? $a!"GHD9 $NC;$$!"$9$J$o$A%(%M%k%.!<$N9b$$ X @~$KBP$7$F$O%(%M%k%.!<J,2rG=$,0-$$!#?^ 1.2 :8$K!"%(%M%k%.!< $K BP $9 $k %( %M %k %.!< J, 2r G= $r <( $7 $?!# Chandra $H XMM-Newton $K Ek :\ $5 $l $F $$ $k grating J, 8w 4o $O!" 1 k eV 0J 2< $G $O Hs >o $K 9b $$ %( %M %k %.!< J, 2r G= $r ;} $D $,!" 2 k eV 0J >e $G $O 5^ 7c $K %( %M %k %.!< J, 2r G= $, 0- $/ $J$C $F $$ $k $3 $H $, $o $+ $k!# 6 k eV IU 6a $N E4 $N K � @~ $K BP $7 $F $O == J, $J %( %M %k %.!< J, 2r G= $G $O $J $$!# $5 $i $J $k 7g E@ $H $7 $F $O!" 2s @^ 3J ;R $G $O 8! =P 8z N( $, Dc $$ $3 $H $G $" $k!# grating J, 8w 4o $G $O J, ;6 $5 $l $? 8w$@ $1 $, %( %M %k%.!< >p Js $r ;} $D $?$a!" Hs J, ;6 7? J,8w 4o $K Hf $Y $FHs >o $K 8! =P 8z N($, Dc $/ $J $k!# ?^ 1.2 1& $O!" Chandra $H XMM-Newton $N grating J, 8w4o $NM- 8zLL @Q$r %( %M%k %.!<$K BP$7 $F%W %m%C%H $7 $? $b $N $G $" $k!# XMM-Newton $O Bg $- $J X @~ K> 1s 6@ $r Ek :\ $7 $F $$ $k $,!" K> 1s 6@ $H grating J, 8w 4o $H $r 9g $o $; $? M- 8z LL @Q $O 100 cm 2 Dx EY $7 $+ $J $$!# 9b $$ %( %M %k %.!< $K BP $7 $F $O $5 $i $K M- 8z LL @Q $, >. $5 $/ $J$C$F $7$^ $&!#0J >e$N $3$H $+$i grating J, 8w4o $G4QB, $G$- $kE7 BN$O!" Fp X @~$G L@$k $/!"$5$i $KE@ 8;$@ $1$K8B$i$l!"9-$,$C$?E7BN$d9E X @~$NJ,8w$K$OE,$7$F$$$J$$!# 1.2.2 X @~%^%$%/%m%+%m%j%a!<%? H>F3 BN8!=P 4o$O %(%M %k%.!< J,2r G=$NE@ $G@- G=IT B-$G $"$j!" J,;67? J,8w 4o$O 9-$,$C $?E7 BN$N4Q B,$K $O 8~ $+ $:!" $^ $?Dc $$ %( %M %k %.!< NN 0h $G$7 $+ == J, $J %( %M %k %.!<J, 2r G= $r C# @. $G $- $J$$!# 8= ;~ E@ $G $O!" E4 $N K � @~ NN0h $K BP$7 $F ==J, $J %(%M %k %.!<J, 2r G=$r ;} $DHs J, ;67? 8! =P4o $O!" X @~%^ %$ %/%m %+ %m%j %a!< %?$r

Bh 1 >O ;O$a$K 13

?^ 1.2: X @~J,8w4o$N@-G=Hf3S!#:8 : %(%M%k%.!<J,2rG=$N%(%M%k%.!<0MB8 @- 1& : M-8zLL@Q$N%(%M%k%.!<0MB8@- $* $$ $F B> $K B8 :_ $7 $J $$!# X @~ %^ %$ %/ %m %+ %m %j %a!< %? $O!" F~ <M %( %M %k %.!< $r AG ;R $N 29 EY >e >: $H $7 $F B, $k 8! =P 4o $G $" $j!" 6KDc 29 ( � 100 mK) $K $* $$ $F 9b $$ %( %M %k %.!< J, 2r G= $rC# @. $G $- $k!# D6 EA F3 %H %s %M %k @\ 9g (STJ) 8! =P 4o $b Dc 29 $G F0 :n $9 $k 8! =P 4o $H $7 $F 3+ H/ $, ?J $a $i $l $F $$ $k $,!" 9E X @~ $K BP $9 $k %( %M %k %.!<J,2rG=$H8!=P8zN($NE@$G X @~%^%$%/%m%+%m%j%a!<%?$NJ}$,M%$l$F$$$k!# 2000 G/ 2 7n $K BG $A >e $2 $i $l $? ASTR O-E 1R @1 $K Ek :\ $5 $l $F $$ $? XRS $O!" =i $a $F 50 F; >e $K Ej F~ $5 $l$k X @~ %^%$%/ %m%+ %m%j %a!<%? $H$7 $FBg$- $/4| BT$5 $l$F $$$? ( Nc$( $P Mitsuda & Kelley 1999; Kel- ley et al. 1999) !# XRS $O 2 � 16 $N %T %/ %;%k $G 2.5 mm � 5.3 mm ( ;k Ln 1 : 9 0 � 4 : 1 0 ) $N LL @Q $r ;} $A!" 8D!9$N %T%/ %;%k $NBg $-$5$O 1.2 mm � 0.3 mm !"%( %M%k%.!< J,2r G=$O CO>e ;n83$G J?6Q 12 eV (FWHM) $rC#@. $7$F$$$?!#?^ 1.2 $K$O!" ASTR O-E $KEk :\$5$l$F$$$? XRS $H X @~ CCD %+%a %i XIS $N%( %M%k %.!< J, 2r G= $H M- 8z LL @Q $b <( $7 $F $" $k!# 1-2 k eV 0J >e $N %( %M %k %.!< BS $G!" XRS $O %( %M %k %.!< J, 2r G= $H M-8zLL @Q$N$I$A $i$bB>$N8! =P4o$HHf $Y$F9b$$@- G=$r;}$C$F $$$k$3$H$, $o$+$k!#$5 $i$K!" XRS $O 32 %T %/ %; %k $J $, $i 6u 4V J, 2r $7 $? %( %M %k %.!< %9 %Z %/ %H %k $r <h F@ $9 $k $3 $H $b $G $- $k!# $3 $N $h $& $K!" XRS $O X @~E7J83X$K$*$$$F?7$?$J;~Be$r@Z$j3+$/$3$H$,4|BT$5$l$F$$$?!# 2000 G/ 2 7n$KBG$A>e$2$r;n$_$? ASTR O- E $O!" ;D G0 $J $, $i 50 F; $K $N $; $k $3 $H $, $G $- $J $+$C $? $,!" $3 $l $N :F D) @o 5! $H $7 $F!" 8= :_ ASTR O-E2 $r @=:nCf$G$"$k!# >e$G=R $Y$?<! @$Be X @~ 8!=P4o $O!"%(%M %k%.!<J, 2rG=$G XRS $h$j $b?tG\ NI$/!"%T%/ %;%k?t $O 2 7e 6a $/ B? $$!# %( %M %k %.!< J, 2r G= $N $5 $i $J $k 2~ A1 $K $O!" XRS $G MQ $$ $? H> F3 BN 29 EY 7W $N Be $o $j $K D6 EA F3 A+ 0\ C<$rMxMQ$7$?29EY7W (TES) $rMQ$$$??7$7$$%^%$%/%m%+%m%j%a!<%?$,Ds0F$5$l$F$$$k ( Nc$($P Irwin 1995a; 1995b; Irwin et al. 1995) !# TES %^ %$ %/ %m %+ %m %j %a!< %? $N FI $_ =P $7 7O $H $7 $F $O D6 EA F3 NL ;R 43 >D AG ;R (SQUID) $r MQ $$$l $P FI $_ =P $7 7O$N %N %$ %: $r M^ $( $k$3 $H $, $G $- $k!# $9$G $K!" 5.9 k eV $N X @~ $K BP $7 $F 4.5 eV (FWHM) $N %( %M %k %.!< J, 2r G= $, Js 9p $5 $l $F $$ $k (Irwin et al. 2000) !# $3 $N $h $& $K!" %( %M %k %.!< J, 2r G= $K $D $$ $F $O MW 5a $5 $l $k @- G= $r C# @. $7 $D $D $" $k!# 0l J}!" 1000 %T %/ %; %k $N FI $_ =P $7 7O $O $^ $@ 3+ H/ CJ 3, $G $" $k!# XRS $G $O 32 %T %/ %; %k $r FH N) $K FI $_ =P $7 $F $$ $? $,!" $3 $l $H F1 $8 $h $& $K 1000 %T %/ %; %k $r FHN) $K FI $_ =P$9 $N $O G[ @~$K $h $k G. N.F~ $N 1F 6A $J $I$r 9M $( $k $H8= <B E* $G $J$$!# 2? $i $+ $N%^ %k %A %W %l %/ %9 $r 9T$& $3 $H $K $h$C $F!"G[ @~ ?t $r 8: $i $9$3 $H $, I, ?\ $G$" $k!# 4{ $K $$ $/$D $+ $N J} K! $, Ds0F $5 $l $F $$ $k $, ( Nc$( $P Cherv enak et al. 1999, 2000; Mitsuda et al. 1999) !"$$$: $l$b 3NN)$5 $l$k $K$O;j$C $F$$ $J$$!#

Bh 1 >O ;O$a$K 14 1.3 %+%m%j%a!<%?$NF0:n4D6- | 6KDc29%7%9%F%‘ 1.3.1 D6EAF3BN7? |TES 7?%+%m%j%a!<%?$NF0:n86M} %+ %m %j %a!< %? $O X @~ $, F~ <M $7 $? :] $N $o $: $+ $J 29 EY >e >: $r Ja $( $k $3 $H $G 9b $$ %( %M %k %.!< J, 2r G= $r <B 8= $9 $k8! =P 4o $G $" $k!#29 EY JQ 2= $r Ja$( $k J} K! $ODq 93 JQ 2= $r Ja$( $? $j!" $^ $? $O<’ >l JQ 2= $r Ja$( $k $J $I $N J} K! $, <h $i $l $F $$ $k!# $3 $N $& $A TES 7? %^ %$ %/ %m %+ %m %j %a!< %? $O!" 29 EY 7W $H $7 $F D6 EA F3 BN $r ;H MQ $7!" D6EAF3A+0\C<$H$$$&29EY$KBP$7$F$H$F$bIR46$JDq93JQ2=$rMxMQ$9$k8!=P4o$G$"$k!# ?^ 1.3: TES 7?%^ %$%/ %m%+ %m%j %a!<%? $NF0 :n35 N,!#5[ <}BN $K X @~$, F~<M $9 $k $H $= $N%( %M %k %.!< $KH<$C $F 29 EY >e>: $9 $k!# $3$l $r TES $, Ja $(!" TES $N Dq 93$, A} $9!# 29EY JQ 2= $KBP $7 $F Dq93 JQ 2= $NBg $- $$ J* $NJ}$,%(%M%k%.!<J,2rG=$,$h$$!# ?^ 1.3 $K%^%$%/%m%+%m%j%a!<%?$NF0:n86M}$r4JC1$K<($9!#8!=P$7$?$$ X @~$N%(%M%k%.!<HO0O$O 0.1 � 10k eV $J $$ $7 20k eV Dx EY $@ $,!" 2> $K 100k eV $H $7 $F $b 1.6 !_ 10 � 12 J $K $7 $+ Aj Ev $7 $J $$ $N $G!" DL >o $N J} K! $G $O $3 $N G. $r 46 CN $9 $k $3 $H $O $G $- $J $$!#$7 $+ $7 X @~ $r 5[ <} $9 $k 5[ <} BN $N Hf G. $r C $H $9 $l $P X @~ F~ <M $K $h $k Hy >. $J 29 EY JQ 2= $O � T = E =C $J $N $G!" G. MF NL $r Hs >o $K >. $5 $/ $9 $k!" $9 $J $o $A 5[ <} BN $r >. $5 $/ $7!"$+ $D6K Dc29 $K$9 $k$3 $H$G � T $r Bg$- $/$G $-!"== J,46 CN$9 $k$3 $H$, 2DG=$H $J$k!# HfNc 78?t 4I$d %7%s %A%l!<%7%g %s8!=P4o$N $h$&$JJ| <M@~8!=P4o $G$O!" X @~ F~<M$K$h$C$F @8@.$5$l $k%$%*%s?t $NMI$i$.$, %( %M %k %.!< J,2r G= $r $[ $\ 7h$a $F $$ $k $,!" %+ %m%j %a!< %? $N >l 9g$O 29 EY $r B, Dj$9 $k $N $G J, 2r G=$O G. E* %N %$ %: $J$I$G7h$^$k!#$3$l$r7W;;$9$k$H!"%(%M%k%.!<J,2rG=$O FWHM( H>CMI} ) $G!" � E FWHM = 2 : 35 � q k B T 2 C ( T ) (1.1) $3$3$G � $O � $G7h$^$k%Q%i%a!<%? � $G!" � $NBg$-$$J}$, � $,>.$5$$!# k B $O%\%k%D%^%sDj?t$G$"$k!# >e <0 $h $j!" � $, Bg $- $/ $J $l $P %( %M %k %.!< J, 2r G= $O 4p K\ E* $K NI $/ $J $k!# $h$C $F $3 $N � $r Bg $- $/ $7 $h $&$H $$$&$N $, TES 7? %+%m%j %a!<%?$G $"$k!# TES 7?%+%m %j%a!<%? $O29 EY7W$H $7$FD6 EAF3BN $r;H$$!" $3 $l $N D6EA F3 A+ 0\ C< $rF0 :n E@ $H $7 $F;H MQ $9 $k $3$H $G!" 29 EY $K BP$7 $F 9b $$ Dq 9346 EY $r ;} $? $;$F $$ $k!# D6 EA � � $O %+ %m %j %a!<%? $N 29 EY $H Dq93 $+ $i 8+ @Q $i$l $k %Q %i %a!< %?$G!" DL >o $O %+ %m%j %a!< %? $N F0 :n29 EY $K $* $1$k 29 EY JQ 2= $HDq 93 JQ2=$N4X78$+$i d log R d log T $GI=$9!#$9$J$o$A29EY7W$N46EY$G$"$k!#

Bh 1 >O ;O$a$K 15 F3 BN$K $O DL>o $O 2 AXGv Kl $r ;HMQ $9 $k!#$3 $l $OD6 EA F3BN $H >oEA F3 BN $r 2 AX Gv Kl$K $7 $?$H $- $K@8 $8 $k6a @\ 8z2L$rMxMQ$7$F!"<+M3$KD6EAF3A+0\C< | F0:n29EY$rA*Br2DG=$K$9$k$?$a$G$"$k ( Bh 6.4.1 >O$K4XO" ) !# 1.3.2 6KDc29NdE‘5! $3$N$h$&$K9b$$%(%M%k%.!<J,2rG=$,4|BT$G$-$k%+%m%j%a!<%?$O!"$=$NL\E*$HF0:n86M}$h$j!" 100mK 0J 2< $H $$ $& 6K Dc 29 $G F0 :n $5 $; $k I, MW $, $" $k!# 8= :_ $3 $N 100mK 0J 2< $N >u BV $r :n $j =P $; $k Nd E‘ 5! $O 4u <a NdE‘5!$HCGG.>C<’NdE‘5!$NFs$D$G$"$k!# 4u <a Nd E‘ 5! $O 1U BN 3 %X %j %& %‘ ( 0J 2< 3 He) $H 1U BN 4 %X %j %& %‘ ( 0J 2< 4 He) $r J, N1!" :. 9g $9 $k $3 $H $G Nd 5Q $9 $k Nd E‘ 5! $G $" $k!# 3 He $H 4 He $N :. 9g 1U $O!" NW 3& 29 EY 0.76 K 0J 2< $G 3 He- G; 8| AX (concen trated phase) $H 3 He- 4u Gv AX (dilution phase) $N 2 $D $N AX $K J, N% $9 $k!# 3 He $O 4 He $K Hf $Y 7Z $$ $? $a!" con- cen trated phase $O dilution phase $N>e$KIb$+ $V$3$H$K $J$k!# 3 He $N%( %s%?%k%T!< $O 2 $D$N AX$G0[$J $j!" 3 He $r consen trated phase $+ $i dilution phase $X 4u<a :. 9g $5$; $k $3 $H$K $h $j Nd5Q $, 5/ $3 $k!#4u <aNd E‘5!$O 3 He $r 30$+$iGS 5$!"F3F~ $9$k=[ 4D1?E>$r $7$F$* $j!"=[4DB. EY$r>e $2$k$3 $H$GBg$- $JNdE‘ G= NO $, F@$i $l $k!# $^ $? NdE‘ %5 %$ %/ %k $,<’ >l $J $I $K$[ $\ 1F 6A $r <u$1 $J $$ $? $a!" 8=:_ $N CO >e $N <B83 << $G ;H MQ $5 $l $F $$ $k Nd E‘ 5! $O $[ $H $s $I $, 3 He- 4 He 4u <a Nd E‘ 5! $G $" $k!# $7 $+ $7 4u <a Nd E‘ 5! $O 3 He $H 4 He :. 9g 1U $N 2 AX J, N% $r Mx MQ $7 $F $* $j!" L5 =E NO >u BV $N 1’ Ch 6u 4V $G $O ;H MQ $G $- $J $$!# 1’ Ch 6u 4V $G 100mK 0J 2< $N 6K Dc29$r:n$j=P$9$K$O!"$b$&$R$H$D$NCGG.>C<’NdE‘5! |ADR y $,I,MW$H$J$k!# CG G.>C <’ Nd E‘ $O Bh 2 >O $K <( $9 $h $&$K!" >o <’ @- BN $r Nd G^ $H $7 $F!" <’ >l $rMQ $$ $F 29 EY $H %( %s %H %m %T!< $N %+ %k %N!<%5 %$ %/ %k $r :n$j =P $7 $F Nd 5Q$9 $k <’ 5$ NdE‘ %7 %9 %F %‘ $G$" $k!# >o <’ @- BN$O Dc 29 $G 6/ <’@- $H $J $j %( %s %H %m %T!<$, $5 $, $k $? $a!"Dc 29 $K $F Bg $- $JHf G. $r ;} $A F@$k $? $a Nd G^ $H$7 $F ;H MQ $9 $k $3$H $, $G $- $k!# CG G. >C <’ NdE‘ $O 4u <a Nd E‘ $H 0c$C$F 8D BN Nd G^ $r %G%e%o!< Fb $K $" $i $+ $8 $aIu F~ $5 $; $k I, MW$, $" $k $? $a!" Nd E‘ G= NO $K $D $$ $F $O 4u <a Nd E‘ $K Nt $k!# $7 $+ $7 CG G. >C <’ Nd E‘ $G $O $= $N Nd E‘ %5 %$ %/ %k $K =E NO $r ;H MQ $7 $J $$ $? $a!" 1’ Ch 6u 4V$G $b ;H MQ 2D G= $G $" $k!#$^ $? Nd G^ $K 8D BN $r ;HMQ $7 $F $$ $k $? $a!" %R!< %?!<$r MQ $$ $F 29 EY @) 8f $9$k4u<aNdE‘5!$h$j$b9b$$29EY0BDj@-$r<B8=$G$-$k!# ?^ 1.4: ASTR O-E $K Ek :\ $5 $l $? H> F3 BN %+ %m %j %a!< %? (XRS) MQ ADR !# Cf 1{ $N He insert $N Cf $K ADR $N Cf ?4 It $H $J $k saltpill $,$"$k!# ?^ 1.5: ADR $,F3F~$5$l$?8DBN Ne %G%e%o!< y ADR : Adiabatic Demagnetization Refrigerator $NN,

Bh 1 >O ;O$a$K 16 ?^ 1.4 5Z$S 1.5 $O!"F|K\$N 5 HVL\$N X @~E7J81R@1 ASTR O-E $KEk:\$5$l$?H>F3BN7?%^%$%/%m%+%m%j %a!< %? (XRS) MQ $N ADR $N %G%e %o!< $G $" $k [30] !# 8D BN %M %* %s $r M= Nd MQ Nd G^ $K ;H MQ $7 $? Nd E‘ 5! $G!" 1’ Ch 6u 4V $G $O 0l 2s $N CG G. >C <’ Nd E‘ $G F0 :n 29 EY 60mK $r 36 ;~ 4V J] ;} $G $- $k $H @_ 7W $5 $l $F $$ $?!# $3 $N $h $& $K!"1R@1 Ek:\MQ X @~8!=P4o$r 3+H/$9$k $K$"$?$C$F!"1’ Ch6u4V$K$F 6KDc29F0:n 4D6-$r:n$j =P$9$N$K:# $N $H$3$m ADR $OIT2D7g$G$"$k!# 8!=P 4o$N CO>e ;n 83$G $O4u <aNd E‘ 5!$, B?$/ ;HMQ $5 $l$F $$$k $,!"29 EY 0BDj @-$H Nd5Q $N <j7Z $5$G ADR $, >! $k!# $^ $? ASTR O-E $K Ek :\ $5 $l $F $$ $? H> F3 BN %^ %$ %/ %m %+ %m %j %a!< %? $O $[ $H $s $I <’ >l $K 1F 6A $5 $l $: $K F0 :n $9 $k $,!" TES 7? %^ %$ %/ %m %+ %m %j %a!< %? $O D6 EA F3 BN $r ;H MQ $7 $F $* $j!" ADR $N Nd E‘ %5 %$ %/ %k $, :n $j =P $9 <’ >l $N 1F 6A $, 7| G0 $5 $l $k!# ADR $r MQ $$ $F TES $N 3+ H/ $r 9T $J$C $F $$ $k 8& 5f %A!< %‘ $O @$ 3& $K $$ $/ $D $+ $" $k $,!" <’ >l $, TES $K $I $N $h $& $J 1F 6A $r M? $( $F $$ $k $+ 6q BN E* $K D4 $Y $? Nc $O $" $^ $j Js 9p $5 $l $F$$$J$$!# 1.4 K\=$;NO@J8$NL\E* K\ O@ J8 $N L\ E* $O CG G. >C <’ Nd E‘ 5! $r @= :n $7 $F!" 9b $$ %( %M %k %.!< J, 2r G= $r <B 8= $G $- $k %^ %$ %/ %m %+ %m %j %a!<%?$N$?$a$NF0:n4D6-$r9=C[$9$k$3$H$G$"$k!#?.9fFI$_=P$7%7%9%F%‘$K$O SQUID <’B+7W$r;HMQ$7!" Nd E‘ 5! $N :n $j $@ $9 <’ >l $K $h $k %+ %m %j %a!< %?!" SQUID $X $N 1F 6A $r D4 $Y $k!# $5 $i $K X @~ F~ <M Ak $r @0 Hw $7!"30It$+$i$N X @~>H<M$K$h$k X @~8!=P%7%9%F%‘$N9=C[$rL\;X$9!# $^ $:Bh 2 >O $G $O CG G. >C <’ NdE‘ $r 3N N) $9 $k $K $" $?$C $F$N 4p K\ E* $J M} O@!" $9 $J $o$A Nd G^ $H $J $k <’ @- BN $N J* M} $H Nd E‘ 5! $N 0l HL M} O@ $r <( $7!" MW 5a $5 $l $k %G%e %o!< @- G= $J $I $K $D $$ $F =R $Y $k!# $^ $? Bh 3 >O $G $O!" <B :] $K K\ O@ J8 $G @= :n $7 $? ADR $N <g MW It J, $K $D $$ $F >R 2p $9 $k!# Bh 4 >O $G $O!" K\ ADR $N @_ 7W $+ $i 8+ @Q $b $i $l $k M} O@ 7W ;; CM $H!" <B :] $N CG G. >C <’ 7k 2L $r Hf 3S $9 $k!# $^ $? Bh 5 >O $+ $i 7 >O $G $O <B :] $K %+ %m %j %a!< %? $r F3 F~ $9 $k $K $" $?$C $F!" 29 EY @) 8f ( Bh 5 >O ) $d detector table( Bh 6 >O ) !" 8! =P 4o$N ?. 9f FI $_ $@ $7 7O $H $J $k SQUID $J$I$N 86M}$d F3F~;n 83 ( Bh 7 >O ) $J$I$r =R$Y$k!# :G8e$K K\O@J8 $N$^$H $a$H8=>u!" :#8e$N 2]Bj $K$D$$$FBh 8 >O$G=R$Y$k!#

Bh 2 >O ADR $NNd5Q86M}$H9=B$ K\ O@J8 $G @=:n $7 $?CG G. >C<’ Nd E‘5! |ADR(Adiabatic Demagnetization Refrigerator) $O!" Wiscon- sin Bg 3X X-ra y group $, %m %1%C %H <B 83 4Q B, MQ $K ;H MQ $7 $F $$ $? Nd E‘ 5! $r ;2 9M $K!" CO >e <B 83 MQ $K M} 2= 3X 8& 5f=j$G@_7W$5$l$?$b$N$G$"$k!# NdE‘ 5!$O0l HL$K!" NdG^ $N%( %s%H %m%T!<$r A‘:n $7$F Dc29 $r:n $j=P$9 $,!"I, MW$H $9$k NdE‘ G=NO$H E~C# 29 EY $K $h$C $F ;H MQ $9 $k %G %P %$ %9 $O 0[ $J $k!# ADR $b Nc 30 $G $O $J $/!" I, MW $H $9 $k <B 83 4D 6- $r F@ $k $? $a $K Nd G^ $d 5a $a $k 9= B$ $O Bg $- $/ 0c$C $F $/ $k!# $3 $3 $G $O $^ $: ADR A4 HL $K 6& DL $9 $k 6K Dc 29 @8 @. $N $? $a $N 4p K\ 86 M}$r<($9!# $^ $? Nd E‘ 5! $N Cf ?u $H $J $k ADR Cf ?4 It $N 9= B$ $r Bh 2.3 >O $K!" ADR Cf ?4 It $r F3 F~ $9 $k %G%e %o!< $N 9= B$$rBh 2.4 >O$K4JC1$K<($9!# 2.1 Nd5Q86M} CGG. >C<’Nd E‘$O NdG^ $H$7 $F>o <’@-1v $rMQ $$$F!" <’>l $rM? $($k$3 $H$G %(%s %H%m %T!<$r 2<$2!"CG G.>u BV $K$7$?8e$K<’>l$r<h$j5n$k$3$H$GNd5Q$9$kNd5QJ}K!$G$"$k!#<g$K;HMQ$5$l$F$$$k<’@-BN$G$O 100mK !" $b $N $K$h$C $F $O ?t mK $r:n $j $@ $9 $3 $H$b 2D G= $G!" 1mK 0J2< $N @8 @. $K $O:# $N $H $3 $m <’5$ Nd E‘ $K Mj $k$7 $+$J$$!# CG G. >C <’ Nd E‘ $G $O 4u <a Nd E‘ $J $I $N $h $& $J =[ 4D 1? E> $, $J $/!" Nd G^ $O $" $k NL $r 6K Dc 29 It $N %+ %W %; %k $K Iu F~ $7 $?$+ $? $A $K $J $k $? $a!"Nd E‘ G= NO $O 4u <aNd E‘ $h $j Nt $k!# $7 $+$7 Nd G^ $N 29 EY @)8f $O 0B Dj $; $:!" %R!< %?!<$r;HMQ $7$?29EY@)8f$H $J$k4u<aNdE‘$K BP$7!"CGG.>C<’Nd E‘$N>l9g$ONdG^ ( 8GBN ) <+?H$N 29EY$r@)8f $9$k$3$H$,2DG=$J$N$G!"$3$l$r3NN)$5$;$l$PB>$NNdE‘5!$h$j$b3JCJ$K@53N$J29EY@)8f$,2DG=$H$J$k!# 2.1.1 M}A[>o<’@-BN$N4pK\E*@-<A $^$:$ONdG^$K;HMQ$5$l$k<’@-J*<A!"$H$j$o$1>o<’@-BN$N4pK\E*@-<A$r@0M}$7$F$_$k!# <’@-BN$N4pAC $3$3$G $OFC <l$J %P%s %ILO7? $r9M $($k 6/<’@- BN$O =|$-!" 6I:_%9 %T%s $r$b $D6b B0$d2= 9gJ* $K8B Dj$7$F 5D O@ $7 $F $_ $k!# $3 $l $O 3d 3L $, IT 40 A4 3L $H $J $j!" IT BP EE ;R $r $b $D 3d B2 A+ 0\ 6b B0 85 AG!" $5 $i $K 4f 3L $K IT BPEE;R$r$b$D4uEZN‘85AG$,BeI=E*$G$"$k!# 17

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 18 $3 $N $h $& $J 86 ;R $O!" 6I :_ %9 %T %s $K $h $k %9 %T %s 3Q 1? F0 NL S $H 50 F; 3Q 1? F0 NL L $r $b$C $F $$ $k!# $h$C $F A43Q1? F0NL J $OC1=c$K J = S + L $GI=$7$? $$$H$3$m$@ $,!"<B<’@-86;R $OB??t8D$NIT BPEE;R$r$b$C $F$$$k $? $a!"EE ;R F1;N $N Aj8_ :nMQ $K $h$C$F J $O 0[ $J$C$F $/$k!# $3 $N>l 9g!" 3FEE ;R $N50 F; 3Q1? F0 NL5Z $S%9 %T %s 3Q 1?F0 NL $, $=$l $> $lJL!9 $K @EEE E* $K 7k9g $7!" $=$N >e $G <’5$ E* Aj8_ :n MQ $rDL $7 $F7k 9g $7 J $r$D $/ $k (LS 7k9g ) !#$3$N$h$&$J J $r$b$D86;R$N<’5$%b!<%a%s%H � $O!"%i%s%G$N g-factor g j $rMQ$$$F!" � = � g j � B J (2.1) $G M? $( $i $l $k!# $3 $3 $G � B $O %\!< %" <’ ;R $G $" $k!# $3 $l $O 4u EZ N‘ $G $O $h $/ 0l CW $9 $k $b $N $N 3d B2 $G $O $" $o$J$$$b$N$b$"$k!# $3 $3 $N 6I :_ %9 %T %s $N <’ 5$ %b!< %a %s %H � i $O <’ >l $H $N $_ Aj 8_ :n MQ $9 $k ( %<!< %^ %s Aj 8_ :n MQ ) !# B=0 $N >l 9g$O NL ;R2= $N <4 $,$J $$ $N$G (2J+1) $N >uBV $O =LB‘ $7 $F$$ $k $,!" B $r 2C $($k $3 $H$K $h$C $F <’5$ NL ;R?t m j $G A[ Dj $5 $l $k (2J+1) 8D $N =‘ 0L $K J, Nv $9 $k!# %9 %T %s 7O $O $= $l $, 6I :_ $7 $F $$ $k 86 ;R $N 3J ;R 7O $H G. 8r 49 $r 9T $J$C $F $* $j!" $= $N 7k 2L %9 %T %s 7O $O � k B T $N G. %( %M %k %.!< $r ;}$C $F $$ $k!# Dc 29 $K $J $k $H $3 $l $, >.$5$/$J$j!" g � B B 0 >> � k B T $rK~$?$9$H$-$K$O!"%9%T%s$OA4$F$,4pDl>uBV$r<($9$h$&$K$J$k!# >o<’@-BN$N<’5$%b!<%a%s%H G.J?9U>u BV$K$"$k %9%T%s7O $N<’5$%b!< %a%s%H M ( T ; B ) $O!"8D!9 $N86;R$N <’5$%b!<%a %s%H � i $N G.E* $JJ?6QNL$r < � i > $H$9$k$H!" M = N < � > = N g � B < J > (2.2) $G $" $k!# $3 $3 $G N $O 86 ;R ?t!# M} A[ >o <’ @- BN $G $O 30 <’ >l $, $J $$ >l 9g M=0 $@ $,!" 30 <’ >l $, 2C $( $i $l $k$HM65/$5$l$k<’5$%b!<%a%s%H$O!" M ( T ; B ) = N P J m j = � J ( � g � B m j exp ( � g � B m j =k B T )) P J m j = � J (exp ( � g � B m j =k B T )) (2.3) $3$N<0 2.3 $O!" M ( T ; B ) = N g � B J @ @ x ln J X m j = � J (exp x � m j J ) (2.4) $H=q$-2~$a$k$3$H$,$G$-!"$3$3$G x $O x = g � B J B =k B T !#<0 2.4 $OBP?tFb$N4X?t$,$5$i$K J X m j = � J (exp x � m j J ) = sinh � 2J + 1 2J x � = sinh � x 2J � (2.5) $H2~$a$i$l$k!#$h$C$F<’5$%b!<%a%s%H ( <’2= ) $NJ}Dx<0$O<0 2.3 $+$i<0 2.5 $h$j M ( T ; B ) = N g � B J � 2J + 1 2J coth 2J + 1 2J x � 1 2J coth x 2J � (2.6)

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 19 <’5$ %b!<%a%s %H$H Aj8_ :nMQ $r9T $J$&$N $O!"@h $K<( $7$? $h$& $K<’>l $G$" $k$,!" $3$l $OCm L\$9$k $"$k 6I :_ %9 %T %s $H $=$N <~ 0O $N %9 %T %s $, $= $3 $K:n $j =P $9 Fb It <’ >l b $H $N Aj 8_ :n MQ $H 9M $( $k;v $b $G $- $k!# $= $7 $F 3F%9%T%s$K$+$+$kFbIt<’>l$,30It<’>l$HF1MM$KF10lJ}8~$r8~$-!"$3$l$K$h$k%<!<%^%s%(%M%k%.!< g � B b � k B T $H$J$k>l9g!"Nc $(30It<’>l$,B8:_ $7$J$/$F$b%9%T %s$,F10lJ}8~$r8~ $/$h$&$K$J$k ( 6/<’@-G[Ns ) !# $h$C$F>o<’@-BN$O==J,Dc29$K$J$k$H6/<’@-J*<A$H$J$k!# <’5$%(%s%H%m%T!< <!$K %9%T%s 7O$N <’5$ %(%s %H%m%T!< $rF3 $$$F $_$k!# <’2=$5 $l$? >uBV $O$h $j9b$$ Ca=x $K$" $k$N $G%(%s %H %m%T!< $O8:>/$9 $k!#4pDl >uBV$NA4 3Q1?F0 NL$, J $G $"$k%$ %*%s$R$H $D$K$* $$$F!"%(%s %H%m%T!< S $OE} 7W NO3X$h$j!" S = N k B ln(2J + 1) (2.7) $3 $3 $G k B $O %\ %k %D %^ %s Dj ?t $G $" $k!# <B :] $N 7k >= $G $O 40 A4 $K =L B‘ $9 $k $o $1 $G $O $J $/!" AP 6K ;R $H 3J ;R $H $NAj 8_:n MQ$d AP6K ;R4V $H$N Aj 8_:n MQ$N $?$a $K!"Fb It$G =‘0L $N J,Nv $,5/ $3$j!" $3$N J,Nv $NJ? 6Q I}$r E $H$9$k$H!">e<0$O k B T � E $K$*$$$F@5$7$$!# 0lJ}!"%9%T%s$,40A4$K$=$m$C$?>uBV$G$O!"%9%T%s$OA4$F4pDl>uBV$N$_$7$+$H$l$J$$$N$G!" S = N k B ln W $K$*$$$F W = 1 $h$j!" S =0 $H$J$k!#$3$l$O<0 2.7 $, 9b29!" S = 0 $ODc29$G$N6K8B$rI= $9!#Cf4V$NNN 0h$G$O!"G.NO3XE*%^%C%/%9%&%’%kJ}Dx<0$h$j!"<’5$%b!<%a%s%H$rMQ$$$F S ( T ; B ) = S 0 + Z B 0 @ M @ T � B (2.8) $3$3$G!"<0 2.6 $G5a$a$? M ( T ; B ) $N%+%C%3Fb$O � � 2J + 1 2J � 2 x sinh 2 2J+1 2J x 1 T + � 1 2J � 2 x sinh 2 1 2J x 1 T (2.9) $@$+$i S ( T ; B ) = Z B 0 @ M @ T � B = N k B � 2J + 1 2J x coth � 2J + 1 2J x � + 1 2J x coth � 1 2J x � + ln � sinh ( 2J+1 2J x ) sinh ( 1 2J x ) � ! (2.10) $3$l$r9b29!"$9$J$o$A x � 1 $K6a;w$9$k$H<0 2.7 $K$J$k!# $7$+ $7<B:] $N<’ @-BN $N<’ 2=$* $h$S%( %s%H %m%T!< $NCM $O!"@5 3N$K$O $3$l $i$N <0$K $O$" $F$O$^ $i$J $$!# $3 $l $O 0l $D $N6I :_ %9 %T %s $K $O 30 It <’ >l$H F1 ;~ $K!" <’ 2= $K H< $$ <~ 0O$N %9 %T %s $, :n $j =P $9 Fb It<’ >l b $, $+ $+ $k $+ $i $G $" $k!# $3$N Fb It <’ 5$ %9 %T %s $, :n $j =P $9 <’>l $, F1 0l J} 8~ $G J? 6Q CM b $H $$ $& CM $r $b$C $F $$ $? $H

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 20 $-!"0l$D$N%9%T%s$K$+$+$k<’>l$NBg$-$5$O B + b !#$3$N<’>l b $r!"<’2= M $KBP$7$FHfNc4X78$K$"$k$H 9M$($l$P!" M = M ( T ; B + AM ) ( A $O b $KBP$9$k M $NHfNc78?t ) (2.11) <B:]$N<’5$%b!<%a%s%H$HJ?6QFbIt<’>l$N4X78$O b = AM = 2 K N A g 2 � 2 B M (2.12) $3$3$G K $O$"$k6I:_%9%T%s$KCmL\$7$?;~$N!"6a@\%9%T%s$H$NAj8_:nMQ%Q%i%a!<%?$G$"$k!# $h$C$F 1&JU $K$b <’2= M $N$" $kJ} Dx<0 $r2r $- D>$9 I,MW $,$G $F$/ $k!#$3 $l$r J,;R >l6a ;w$H $$ $$!" A $O J, ;R >l78 ?t $H 8F $P $l$k!# $3 $l $O 6a ;w7W ;; $r 9T $J$o $J $$ 8B $j 2r@O E* $K $O 2r $/;v $O $G $- $:!" ?tCM 7W ;; $K Mj $i$6$k$rF@$J$/$J$k!#$3$l$,>o<’@-BN$N<’2=$NM}O@CM$H<B83CM$H$N4V$K?t % $N8m:9$r:n$j=P$9:GBg$N MW 0x $H $J$C$F $$ $k!# K\ Mh $O$3 $N J, ;R >l 6a ;w$r MQ $$ $? Hf G.7W ;; $, $h $j @53N $@ $,!" K\ O@ J8 $NL\ E* 0J >e $N $b $N$K$J$C$F$7$^$&$N$G$3$l$O$U$l$:!"6a;w7W;;$GHfG.$NCM$r=P$9;v$K$9$k!# 2.1.2 HfG. <’5$HfG. x � 1 $N>l9g!"<0 2.6 $r x $GE83+$7$F 1 <!$N9‘$@$1$r$H$k$H!" M ( T ; B ) = C B � 0 T C = N � 0 g 2 � 2 B J(J + 1) 3 k B (2.13) $3 $3 $G M =H � $O %-%e %j!< $N K! B’ $r :9 $7!" C $O %-%e %j!< Dj ?t $G $" $k!# F1 MM $K <’ 5$ %( %s %H %m %T!< $O x � 1 $N6K8B$G!" T � 1 $N$H$-$K<0 2.7 $HEy$7$/$J$k$N$G!" S ( T ; B ) = N k B ln (2J + 1) � C B 2 2 � 0 T 2 (2.14) $3$l$h$j!"CGG.E*$JJQ2=$KBP$9$k<’@-BN$N<’5$HfG.$O!" � S ( B ; T i ) = Z T i T i C M T � T (2.15) $J$N$G!" C M = T � S = C B 2 T 2 / 1 T 2 (2.16) Dc 29 $N 6/ <’ @- NN 0h $G $O!" <’ @- BN $O G. MF NL $, Bg $- $/ $J $k $3 $H $, $3 $l $+ $i $o $+ $k!# $3 $N CM $O $b $A $m $s x � 1 $N>l9g$G!">o<’@-NN0h$G$O$[$\ 0 $G$"$k!# 3J;R7O$*$h$SEE;R7O$NHfG. <’@- BN$,Dc 29$G $I$l $@$1 Bg$-$J G.MF NL$r ;}$A $&$k$+ $r<( $9$? $a$K!" J*<ACf $N3J ;R7O!" EE;R 7O$NHf G. $K$D$$$F9M$($F$_$k!# $^$: 3J;R7O $K$D $$$F CeL\ $9$k!"8G BN$r 9=@. $9$k 86;R$, 3J;R $r7A @.$7 $F$$$k >l9g $K$O!" 86;R $O$3$l $r J? 9U E@ $H $7 $F G. ?6 F0 | 3J ;R ?6 F0 $r $* $3 $J$C $F $$ $k!# C1 =c $K $O $3 $N 3J ;R ?6 F0 $h $j 3J ;R $N %( %M %k %.!< $r

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 21 3d$j $@$7 T $GHy J,$9$l$P $h$$$,!" Dc29$G$O $3$l$O$" $o$:!"%" %$%s%7%e%? %$%sLO 7?$r$^$: F3F~$9$k!# $3 $l$K$h$k$H3J;R0l$D$K$*$1$kD4OB?6F0;R$N%(%M%k%.!<$O E n = ( n + 1 2 ) h� n = 1 ; 2 ; 3 ; ; ; ( @0?t ) (2.17) (1 = 2) h� $O ?6 F0 ;R $, @d BP Nm EY $G ;} $D Nm E@ %( %M %k %.!< $G G. E* $K $O 4X 78 $J $$!# 29 EY T $K $* $1 $k ?6 F0 ;R $N Ne 5/ >u BV @j M- 3N N( $O %\ %k %D %^ %s J, I[ B’ $K => $$!" $h$C $F n HV L\ >u BV $N %( %M %k %.!< nh� $N $b $D B8 :_ 3N N($O exp ( � nh� =k B T ) $H$J$j!" 1 N3;R$"$?$j$NJ?6Q%(%M%k%.!<$O < E > = h� e h� =k B T � 1 (2.18) $3$l$, N 8D$N7O$N>l9g!" 3 N G\$9$l$P$h$$$N$G!"3J;RHfG.$O C L = � 3 N @ < E > @ T � = N k B ( h� =k B T ) 2 e h� =k B T ( e h� =k B T � 1) 2 (2.19) $7$+ $7$3 $l$G $O40‘z $G$O $J$$!# $3$l $O86 ;R$O <o!9$N ?6F0 ?t!"7A BV$G ?6F0 $r$*$3 $J$C$F $$$k $+$i $G!" ?6F0?t$, � � � + d� $N$b$N$N?t$r C ( � ) d� $H$*$/$H!"7O$N%(%M%k%.!<$O E L = Z h� C ( � ) d� e h� =k B T � 1 (2.20) $H $J $k!# $3 $l $r 2r $/ $K $O ( � ) d� $r 2r $/ I, MW $, $" $j!" $3 $3 $G Deb y e $N Hf G. <0 $, $G $F $/ $k!# Deb y e $O 3J ;R ?6 F0 $rM- 8B $J O" B3 BN$H $7 $F!" $= $N GH ?t$K $D $$ $F 6a ;w7W ;; $r 9T $J $&$3 $H $G $3 $N J} Dx<0 $r 07$C $?!# 7W ;; $O>JN,$9$k$H$7$F$3$l$K$h$k$HJ*<A$N3J;R%(%M%k%.!<$O E L ( T ) = 9 N k B T � T � D � 3 Z � D =T 0 x 3 e x � 1 � T (2.21) $3$3 $G � D = h� D =k B $O %G%P%$ 29EY $H8F$P $l$k J*<A $K8GM- $JDj ?t$G$" $k!#Dc 29!"$9$J $o$A � D =T � 1 $G$O!">e$N@QJ,$O Z � D =T 0 x 3 e x � 1 � T � � 4 15 (2.22) $h$C$F C L ( T ) = 234 N k B � T � D � 3 / T 3 (2.23) $3$l$ODc29$K$*$$$F!"HfG.$, � T 3 $H$$$&<B83;v<B$H$h$/0lCW$9$k!# <!$K EE;R7O $NHf G.$K CeL\ $9$k!#EE ;R$N HfG. $r9M $($k$K $OEE ;R$N $b$D %(%M%k %.!<$H $=$N J,I[ $K$D$$ $F 9M $( $k I, MW $,$" $k $,!" EE ;R $N %( %M %k %.!< >uBV L) EY $O %Q %& %j $N GS B> 86 M}$+ $i $/ $k %U%’ %k %_!< %G%# %i%C %/ E}7W$K=>$&!#$h$C$F%U%’%k%_J,I[4X?t$rMQ$$$FEE;RHfG.$r7W;;$9$k$H C e ( T ) = � 2 N 2 N A k B T T F = T / T (2.24) N A $O%"%\%,%I%m?t$G$"$k!#EE;RHfG.$O T $KHfNc$9$k$3$H$r<($7$F$$$k!# HfG.$NHf3S 0lHL$NJ*<A$N%G%P%$29EY � D $O 200 � 300 K DxEY$G!"$3$l$h$j C L ( T ) � 10 � 5 T 3 J = mol (2.25)

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 22 <!$KEE;RHfG.$O � 10 � 3 J/K 2 -mol DxEY!#$3$l$KBP$7$F<’5$HfG.$O!"%-%e%j!<Dj?t C $, C = 1 : 25 g 2 J(J + 1) (2.26) $J$N $G!"%-%e%j!< Dj?t$K <’>l $N 2 >h $N@Q!" C B 2 $O BgBN 0.1 J-K/mol $H $J$k!#$h$C $F g = 2 !" J=5/2 $NJ*<A $r 0.1 K 6aK5$N6K Dc29$K$7 $?>l9g!"<’5$ HfG. C M � 10 J/K-mol $r;} $A$&$k$N$K BP$7!"3J;RHf G. C L � 10 � 8 J/K-mol !" EE;R HfG. C e � 10 � 4 J/K-mol $J$N $G!"6K Dc29 $G$O<’ 5$Hf G.$, 05E] E*$K Bg $-$$$3$H$,$o$+$k!# ?^ 2.1 $K$O , BeI=E*$JNdG^!&>o<’@-1v$r 1 K $^$G$"$2$k$N$KMW$9$kG.NL$,<($5$l$F$$$k!# ?^ 2.1: >o <’ @- 1v $N!" 1 K $^ $G $" $2 $k $N $K MW $9 $k G. NL (erg/g)([16] $h $j ) !# a:CrK %_%g %& %P %s b:F e(NH 4 ) %_%g %& %P %s c:Mn(NH 4 )T utton 1v $^$?I= 2.1 $K BeI= E*$J NdG^$N HfG. $N;3$r <($9!# Shottky $H$O!" 7k>= >lJ,Nv $N$? $a$K$* $/Hf G.$N;3 $G $"$k!# 2.1.3 %(%s%H%m%T!<@)8f <!$K 30<’ >l$K $h$C$F!"<’ @-BN $N$I $N0L $N%( %s%H %m%T!< @)8f $,2D G=$+ $r8+ @Q$b$C$F $_$k!# <’@- BN$K == J, $J %( %s%H %m %T!< JQ 2= $r 5/ $3$5 $; $k $? $a $N >r7o $O!" 30 <’ >l $K $h$C $F<’ 5$ %9 %T %s $, F@$i $l $? %( %M %k %.!< g � B B $, G. %( %M %k %.!< k B T $h $j $b == J, $K Bg $- $$ I, MW $, $" $k!# $3 $l $O Nc $( $P g = 2 $N J* <A $r ;H MQ $7 $? >l9g!" g � B B =k B T � 1 : 3 � B T � (2.27) $r:GDc$G$bK~$?$9I,MW$,$"$j!"29EY 1 K $G$O 1.3 T DxEY$N<’>l$,I,MW$J7W;;$K$J$k!#<B:]$K 1 K DxEY $N 29EY NN 0h$K 1.3 T $N<’ >l $N@8 @. $ODL >o Fq$7 $$!# $3$l $O 6/<’ >l $r:n $j =P$9 $N $KDL >o %=%l %N %$%I %3 %$%k

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 23 Shottky <’5$JQBV b � Mol HfG.$N;3 (K) HfG.$N;3 (K) (J/mol-K) (J/mol-K) wgt(g) CrK %_%g%&%P%s � 0.08 � 0.02 0.135 4 : 11 !_ 10 � 3 499.4 F e(NH 4 ) 2 %_%g%&%P%s � 0.08 � 0.04 0.112 3 : 52 !_ 10 � 3 482.2 Mn(SO 4 )2(NH 4 ) 26 H 2 O 0.12 0.128 391 Ce 2 Mg 3 (NO 3 ) 2 24H 2 O � 0.006 6 : 24 !_ 10 � 5 714.8 I= 2.1: >o<’@-1v$NHfG.$N;3$NFCD’ ([16] $h$j ) b: <’5$HfG.78?t!" � : 3J;RHfG.78?t $r ;H MQ $9$k $,!" I, MW $J EE N. $,Bg $- $/ G[ @~ $b D9$/ $J $j!" H/ @8 $9 $k %8%e!<%k G. $O $H $F $b 6KDc 29 $r J] $F $k NL $K$O$J$i$J$$!#$h$C$F:G6a$G$OD6EAF3%^%0%M%C%H%3%$%k$r;HMQ$9$k!# CGG.>C<’Nd5Q T 1 K $H$$$&>uBV$G!"Ey29$G<’@-BN$K<’2=$r9T$J$&$H!"<0 2.13 $h$j!" � S ( T 1 ; B 1 ) = S ( T 1 ; 0) � S ( T 1 ; B 1 ) = C B 2 1 2 � 0 T 2 (2.28) $@ $1 %( %s %H %m %T!< $, JQ 2= $9 $k!# $3 $N ;~ %( %s %H %m %T!< JQ 2= $K H< $$!" <’ @- BN $O T � S $N <’ 2= G. $r H/ @8 $9 $k!# $3 $l $O 30 <’ >l $N $* $3 $J$C $? ;E ;v $H 9M $( $i $l $k!# $3 $3 $G <! $K <’ >l $r B 2 ( B 2 < B 1 ) $X CG G. E* $K Dc 2< $9$k$H!"%(%s%H%m%T!<$OJQ2=$7$J$$$N$G!" C B 2 1 2 � 0 T 2 1 = C B 2 2 2 � 0 T 2 2 (2.29) $H$J$j!" T 2 ( T 2 < T 1 ) $KJQ2=!"$9$J$o$A<’@-BN$N29EY$,Dc2<$7$?$3$H$K$J$k!# $3$l$, CGG. >C<’ Nd5Q $H$$$& J}K! $G$" $j!"<’@- BN$N @-<A $r9MN8 $9$k $3$H $G:G Dc29EY $HNd E‘G= NO$rA* Br $G$-$k!# 8=:_!" 100 mK 0J2< $N6KDc29$r :n$j=P$; $k$N$O4u<a NdE‘$H$3$N CGG.>C<’ Nd5Q$N 2 J}K!$N$_$G $"$j!"$^$?3KCGG.>C<’$O 1 mK 0J2<$N29EY$r:n$j=P$;$kM#0l$NNdE‘<jCJ$H$J$C$F$$$k!# <’@- BN$N >o <’@- | 6/ <’@- NN0h $X $NJQ 2= $rMx MQ$7 $F $$$k $N $G!">o <’@- NN 0h$G $" $k?t K $^$G $O G.MF NL $O >. $5 $$!#$h$C $F M= Nd $^ $G$O Hf 3S E* 4J C1 $K29 EY $r $5 $2 $k$3 $H $, $G $- $k!#$3 $l $b Nd G^ $H $7$F <’ @- BN $r <h $j07$&$K$O$H$F$bM-Mx$JE@$H$$$($k!# 2.1.4 NdE‘%5%$%/%k $3$3$G$O<B:]$K<’@-BN$rNdG^$H$7$F07$C$?;~$N!"6KDc29@8@.$N$?$a$NG.%5%$%/%k$r=R$Y$k!#?^ 2.2 $K Nd5Q2aDx$G$N%(%s%H%m%T!<$H29EY$N%@%$%d%0%i%‘$r<($9!# ?^Cf$N 6J@~ $O 0 � T $N>l 9g$N $=$l$> $l$N Ey<’>l $K$* $1$k%( %s%H %m%T!<$H 29EY$N 4X78 6J@~$G!" @V$N 0O $$$,%+%k%N!<%5%$%/%k$H$J$k!# $^$:=i4| 29EY T H $K$*$1$k Dc29>u BV$r9M$( $k!#$3$N$H $-<’@- BN$K$O<’ >l$,$J$/!" %9%T%s $O%P%i%P %i $N J} 8~ $r8~ $$ $F $$ $k!# $3$3 $G G. Ma $H G. J?9U >u BV $K $7 $F<’ >l $r =y!9 $K $+$1 $k $H!" <’ @- BN Cf$N 6I :_ %9 %T %s $,B7 $$!"%( %s%H%m %T!<$, 8:>/ $9$k!#$^ $?<’ >l$r$+ $1$k 0Y!" 0 T $+ $i<’ >l$N$+ $1$i $l$?;~ $N6J @~$X $H>u

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 24 ?^ 2.2: Nd5Q2]Dx$G$N%(%s%H%m%T!<$H29EY$N4X78%0%i%U BV $, 0\ F0$9 $k!# $7 $+ $7 7O $O G.Ma $H @\ ?( $7 $F $$$k $? $a!" <’ @- BN $N 29EY $O JQ 2= $7 $J $$!#$h$C $F %5 %$ %/ %k $O 1 "* 2 $HEy29JQ2=$H$J$k!# Dj >o >u BV $K $7 $? 8e!" :# EY $O G. Ma $H CG G. >u BV $K $7!" >/ $7 $: $D <’ >l $r :G Bg CM B H $+ $i $H $j $N $> $$ $F $$ $/!# $9 $k $H :F $S 0 T $N $H $- $N 6J @~ >e $X $H >u BV $, 0\ F0 $7 $F $$ $/ $,!" CG G. >u BV $K $7 $F $" $k $? $a!" 7O $N %( %s %H%m %T!< $O JQ2= $; $: $K29 EY $N$_ $, JQ 2=$9 $k!# $h$C $F%5 %$ %/%k $O 2 "* 3 $X 0\ F0 $7$F $$ $/ CGG. >C <’$H $J $k!# 0 T $K$*$1$kEy<’>l6J@~>e$K$N$C$?;~$N29EY T L $,:GDcE~C#29EY$H$J$k!# :G=*<’>l$r 0 T $G$O$J$/ B L $J$I$H $$$&M-8B$JCM $K$9$k;v$G!" :GDcE~C#29 EY$r T L ‘ $J$I$HD4@0$9 $k $3$H$,=PMh$k!# $b$7 <’ >l $,%< %m $b $7$/ $O >. <’>l B L $K$* $$ $F $O$8 $a $F 7O$X $N G. N.F~ $, $" $k$H $9 $l $P!"%5 %$ %/ %k$O 3 "* 1 !" 3‘ "* 1 $G40N;$9$k!# T L $O87L)$K$OAP6K;R7O$N%9%T%s29EY$G$"$k!# <’5$Nd 5Q$O<’>l $NCGG. E*8:>/ $KH<$&$b $N$G$" $j!"%(%s %H%m%T!<$O 2 $H 3 $N4V$G JQ2=$7$J $$!#$h$C$F =i4|29EY$H:G=*29EY$K$O B H T H = B L T L (2.30) $,@. $jN) $D$O $:$G $"$k!# $b$A $m$s <’>l $, 8:>/ $7!" k B T � g � 0 B $H $J $k$H <0 2.30 $O @.$j N)$? $J $/$J $k!# 30 It<’ >l $, %< %m $G$N %( %s %H %m %T!<$r :G =* E* $K%< %m $K $9 $k %9%T %s $N Ca =x 2=$, $* $3 $k 29 EY$G :G =* 29 EY $,7h$^$k!#

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 25 Dc29$K $J$k $H6I :_%9 %T%s$K $+$+ $k<’ >l$O30 It<’ >l$@ $1$G$J $/!"Fb It$N <’5$ %9%T%s $N<’ 2=$K $h$kJ? 6Q >l b $N4sM?$b$+$+$C$F$/$k!#$3$l$h$j!"<0 2.30 $O ( B 2 H + b 2 ) 1 2 T H = ( B 2 L + b 2 ) 1 2 T L (2.31) $H=q $- D>$9!# B H � b $h $j!" ( B H =T H ) $r :GBg $K $9$l $P :G =*29 EY T L $r:G >. $K $G$- $k!# $b$7 :G =* <’ >l B L =0 $G$"$l$P!"<0 2.3 $O T L = b B H T H (2.32) $^$?!":G=*<’>l$+$i29EY$,>e>:$7$F$$$/4V$K5[<}$G$-$kG.NL$O � Q = Z T dS (2.33) $G!" $3 $l $O ?^ $N S-T 6J @~ >e $N 3 "* 1 $" $k $$ $O 3‘ "* 1 $H S <4 $G 0O $^ $l $? NN 0h $N LL @Q $K $J $j!" :G =* <’ >l $r M-8B $K $H $I $a $F$* $1 $P!" 29 EY >e>: $N CJ 3, $G%9 %T %s 7O $K Bg$- $J G. MF NL $,;D $j!" Bg $- $J NdE‘ G= NO $, F@ $i$l$k!# 2.1.5 29EY@)8f :G=* 29EY$K C#$7 $?8e $N%= %k%H %T%k$O!" ;Y;} :‘NA $dmU <MG. $J$I$K $h$j =y!9$K $=$N 29EY $r>e>: $5$;!" :G =* E* $K$O G. Ma $G $"$k 1U BN %X %j%& %‘ $N 29 EY$K C# $9 $k!# $3 $N>e >: B. EY $O%= %k %H %T %k$N Hf G. $H N.F~ G. $H $N 4X 78$K$h$k!# <’@- BN$O8e $K$b 1d$Y $k$,!" <’2= HfG.$h $j$+ $J$j $NN. F~G. $KBQ$( $k$3 $H$, $G$- $k!#$7 $+$7!"<B 83>e 29 EY $N 0BDj @- $r J] $3 $H$O Nd E‘ 5! $N Bh0l >r 7o $G $"$j!" :G Dc 29 EY $KC# $7 $F $+ $i =y!9$K 29 EY $, JQ 2=$7 $F $$ $/ $N $OB?$/$N>l9g9%$^$7$/$J$$!#$h$C$F<B:]$K<B83$r9T$&;~$K$O<’>l$r;D$7$F29EY@)8f$r9T$&!# ?^ 2.3: 29EY@)8f$N86M} ?^ 2.3 $K29 EY@)8f $N35G0$r <($9!# T L ’ K $r @_Dj29 EY$H$7 $?>l9g!"CG G.>C<’ 8e$N29 EY$OEy <’>l6J @~>e $K>e>: $7$F$$$/!# $3$3$G30 It<’>l$r $o$:$+$K 2<$2$F85 $N T L ’ K $KLa $9!#29EY$N >e>:$K9g $o$;$F$3 $l$r 7+$jJV$9!#$3$N;~$N29EYMI$i$.$O � T $H$J$k!#

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 26 29EY T 0 $K$* $1$k<’>l B 0 $N>uBV$, $"$j!"$3$NCGG.>C<’$G$N :GDc29EY$, T L $G$"$C$? $H$9$k!#:GDc29 EY $H $O CGG. >C <’ $N :] $K40 A4 $K <’ >l $r $J$/ $7 $F $7 $^$C $?>l 9g $G $N!" %( %s%H %m %T!< JQ 2= $, $J$$ :G Dc E~ C# 29 EY$G$"$k!#$3$N>l9g!"C10L29EYEv$j$N<’>l � B $OC1=c7W;;$G � B = B 0 T 0 � T L ( T =K ) $K$J$j!" � B $@$1<’>l$r$"$2$l$P29EY$, 1 mK >e>:$9$k7W;;$K$J$k!#%^%$%/%m%+%m%j%a!<%?$J$I$r3+ H/ $9 $k ;~ $N Nd E‘ 5! $N @- G= $H $7 $F $O 29 EY MI $i $. $, rms=10 � K 0J 2< $N 0B Dj @- $, K> $^ $7 $/!" 2> $K :G Dc 29 EY 40 mK !";}B3$7$?$$29EY$, 60 mK $G!" 60 mK E~C#;~$N<’>l$, 100 mT $G$"$C$?>l9g!" 0.5 mT=5 gauss DxEY$N<’>l@)8f$,5a$a$i$l$k!# 2.2 NdE‘5!$N9=@. <’@- BN$rMx MQ$7 $?<’ 5$Nd E‘$r9T $J$& $K$O C1=c $K!":GDc $G$b 0J2< $N9= B$:‘NA $rI, MW$H $9$k!# $3$l$O @h $K<($7$?NdE‘%5%$%/%k$r<B8=$5$;$k$?$a$N>r7o$G$"$k!# 1. 6KDc29 ( � 1 K) $r:n$j=P$9%G%e%o!< 2. 6/<’>l@8@.MQ%^%0%M%C%H%3%$%k 3. CGG.!"9129>uBV$r:n$k$?$a$NG.%9%$%C%A ( %R!<%H%9%$%C%A ) 4. <’@-BN$r=<E6$7$?%+%W%;%k 2.2.1 <’@-BN$NA*Br %+ %m %j %a!< %? $N F0 :n 29 EY $O 1 K 0J 2< $G!" FC $K :G 6a $G $O G. E* %N %$ %: BP :v $N $? $a!" 100mK 0J 2< $N >u BV$r :n$j=P $9I,MW$, $"$k!# Astro-E2 $KEk:\ $5$l$k H>F3BN7? %^%$%/ %m%+%m %j%a!<%? $OF0:n29 EY 60 mK $G!" <!@$ Be 7? $N TES-ETF 7? %+ %m %j%a!< %? $b 100mK 0J 2< $r L\I8 $H $7 $F$$ $k!# :G Dc$G $b $3 $NG= NO $, 5a $a$i$l$k!# CGG. >C<’$N :]!"M} A[E* $K$O <’@-BN $O30 It$H $NG. $N$d$j $H$j $O$J $$$,!" 8=<BE* $K$O 40‘z $JCG G.$OIT 2D G= $G $" $j!"30 It <’ >l $r Mn $H $7$F $$ $k :G Cf $K $b%( %s %H %m %T!< $N >e >:$, $" $k!# $^ $? :G Dc29 EY E~ C# 8e!" $3 $N G. N.F~ $K $h$C$F <’ @-BN $O 0 T $N %(%s %H %m%T!< 6J @~$K 1h$C $F29 EY JQ2= $9 $k ( ?^ 2.2 ;2 >H ) !#CG G. >C<’ Nd E‘ $G 29 EY$r 0l Dj $K J] $D$K $O <’ >l $r M-8B $K $H $I $a!"29 EY >e >: $K 9g$o $; $F <’ >l $r=y!9 $K 8: >/ $5 $;$k <j K! $r $H $k!#$h$C$F<’@-BN$NM}O@E*$J:GDcE~C#29EY$O!">/$J$/$H$bF0:n29EY0J2<$K$9$kI,MW$,$"$k!# $3 $3 $G ;H MQ $9 $k <’ @- BN $N E~ C# 29 EY $H Nd E‘ G= NO | G. MF NL $r 8+ @Q $b$C $F $_ $k!# @h $K =R $Y $? $h $& $K!" <B :] $O J, ;R>l 6a ;w $r MQ $$$? %( %s %H %m %T!< 7W;; $, I, MW $@ $,!"$3 $l $O 8m :9 $,Bg $- $/ J} Dx <0 $bJ# ;( $K $J $j!" $5 $i $K Nd5Q ;n 83 $K $*$1 $k CG G. >C<’ $N :] $N G.N. F~ $b 9M $( $i$l $k $N $G!" 6a;w <0 $r MQ $$$F 4J 0W 7W ;;$N $_ $H $7 $F $*$/!# CGG.>C<’$N3+;O29EY$r 2 K !":GBg<’>l$r 3 T $H$7$?>l9g!"6/<’@-NN0h$K$*$1$k<+H/<’2=$,:n$j=P$9 J?6QFbIt<’>l$r � 1000 Gauss $H$7$?;~$N<’@-BN$NE~C#29EY$O<0 2.31 $h$j!" T L � 67 mK (2.34) $^$?$3$N$H$-$NHfG.$O<0 2.16 $h$j C M � 2 : 81 g 2 J(J + 1) (2.35)

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 27 HfG.$N E57? E*$JCM $H$7$F $O!"Bg BN 10 J/K-mol $G$" $k!#<’ @-BN$r NdG^$H $7$? ;~$KCm L\$9$k $Y$- $O!" Nd G^ $H $7 $F <g MW $J G= NO $r $" $i $o $9 E~ C# 29 EY $H G. MF NL $N 4X 78 $G $" $k!# <0 2.16 5Z $S <0 2.32 $r Hf 3S $7 $F $o $+$k $h$&$K!" 6/<’ @-NN0h $NHfG. $OJ?6Q FbIt<’ >l b $N 2 >h$K HfNc $9$k$N $KBP$7!" :GDc29 EY$O b $,>.$5 $$ $[ $I Dc$/ $G $- $k!# $3 $l$O 3N $+ $K Ev A3$N $3 $H $G!" 6KDc 29 $K E~ C# $G$- $k $b $N $[ $IG. MF NL $, >. $5$/ 29 EY >e >: $, B. $$!# $3$l $, :G E, $J <’@- BN $r A* Br $9 $k>r 7o $H $J $k!# $7$+ $7 >e $K <( $7$? $h $& $K!" J, ;R >l6a ;w $G $" $i $o $7$?HfG.!"%(%s%H%m%T!<$N7W;;CM$OJ#;($G!"<BB,$rMxMQ$9$kJ}$,NI$$$H;W$o$l$k!# 2.2.2 F AA( E4%_%g%&%P%s ) $NFC@- K\ ADR $G $O <’ @- BN $H $7 $F E4 %_%g %& %P %s (F AA) $r :N MQ $7 $?!# E4 %_%g %& %P %s $O @5 3N $K $O N2 ;@ %" %s %b %K%&%‘E4 (I I I) !& 12 ?e [F e 2 (SO 4 ) 3 !& (NH 4 ) 2 SO 4 !& 24H 2 O] $G!"MF0W$K:F7k>=2=$,2DG=$JJ*<A$G$"$k!# K\ O@ J8 $G @=:n $7 $? ADR $O %+ %m%j %a!< %? 3+ H/ MQ $H $7$F!" F0 :n 29 EY 60 mK !" <B 83 ;~ 4V 10 ;~ 4V $r @_ Dj $7 $?!#?^ 2.1 $r$_$k8B$j!"$3$l $OE4%_%g%&%P%s (F AA) $r;HMQ$9 $k$N$,M-Mx$J $3$H$r<($7$F $$$k!#$3$NJ* <A$NFC@-$K$D$$$F4JC1$K$_$F$_$k!# Hf G. $K $D $$ $F $O!" F AA $N B, Dj $H $7 $F Vilc hes,Wheatley $N data[26] $, $" $k $N $G!" $3 $l $r ?^ 2.4 $K <( $9!# F AA $G $O 26mK Dx EY $NIt J, $K Hf G. $K;3 $, $" $k $3 $H $,$o $+ $k!# $3 $l $O<’ 5$ E* Aj E> 0\ ( >o<’ @- | 6/<’@-NN0h ) $K$"$?$k!#$3$l$,CGG.>C<’NdE‘$N:n$j=P$;$k:GDc29EY$H9M$($F$h$$$@$m$&!# ?^ 2.4: F AA 5Z$SBeI=E*$J<’@-BN$NHfG.!# Hf G. $+ $i 8+ @Q $b $i $l $k 29 EY JQ 2= $O!" Nc $( $P 60 mK $G 1 � W $N N. F~ G. $, $" $k >l 9g!" F AA $r 1 mol =< E6 $7 $? Nd G^ $O 1 mK $N 29 EY >e >: $K 4000 s 0J >e $+ $+ $k!# <B :] $O 0l Dj 29 EY $r :n $j =P $9 $? $a $K!" <’ >l $r 8: >/ $5 $; $J $, $i Nd 5Q $9 $k!# $3 $N ;~ $N G= NO $O T � S $K $J $k $N $G!" %( %s %H %m %T!< JQ 2= $r 7W ;; $9 $k I, MW $, $" $k!#4J0W7W;;$H$7$F<0 2.10 $r;H$C$F!" 1 � W $NN.F~G.$KBP$7$F 60mK $r;}B3=PMh$k;~4V$O!" time = 0 : 48(J = mol) = 10 � 6 (W) = 133 hour = mol (2.36)

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 28 M}A[E*$J>r7o$J$i$P!" 0.1 mol|48.1 g $G==J,$J@-G=$r;}$F$k$H;W$o$l$k!# 2.2.3 %G%e%o!< K\ O@ J8 $G Nd 5Q ;n 83 $r $* $3 $J$C $? ADR $O!" Wisconsin Bg 3X $N X @~ E7 J8 3X %0 %k!< %W $G %m %1%C %H 4Q B, <B 83 MQ $K;H MQ $5 $l $F $$$? Nd E‘ 5! $r ;2 9M$K!" CO >e <B 83 MQ$K @= :n $5 $l $?$b $N $G $" $k!# $h$C $F0l HL $N Nd E‘ 5! $h$j$bHf3SE*7ZNL!"9b6/EY$G%3%s%Q%/%H@-$KM%$l$?$b$N$K$J$C$F$$$k!# 1UBN%X%j%&%‘%G%e%o!< :GDc E~C#29 EY$d NdE‘ G=NO $O;HMQ $9$k <’@- BN$N B>$K!">C <’3+ ;O29 EY!"$9 $J$o$A G.Ma $N29 EY$H @8@.$5 $l $k:GBg <’>l$K$bBg $-$/0MB8 $9$k!#<0 2.27 $K$"$k$h$& $K!"%(%s%H %m%T!<@)8f$r ==J,9T$J$& $?$a$K$O!"$3 $l$rK~$?$7$?>uBV$X<’@-BN$r$^$:$b$C$F$$$/I,MW$,$"$k!# $^$? NdE‘G= NO$O <’@- BN$N G=NO$K $h$k ItJ, $,Ev A3Bg$- $$$,!" 6KDc 29It $X$NN. F~G. $b$3 $l$K 1F6A$9 $k!# DL>o>uBV$G?/F~$7$F$/$kG.$,>.$5$$$[$I;}B3;~4V$OM-Mx$K$J$k!# 1K 6a K5 $r :n $j =P $9 <j CJ $H $7 $F!" 8= :_ $G $O 5! 3# <0 Nd E‘ $H 1U BN %X %j %& %‘ Nd E‘ $N 2 <o N‘ $, 9M $( $i $l $k!# 5! 3# <0Nd E‘ $O Nd G^$r =[ 4D 1? E>$9 $k $3 $H $GNd 5Q ;~ 4V $r HtLv E* $K A} $d$9 $3 $H $, $G$-!" Nd G^ $N >CHq $b 3J CJ $K >/ $J$$ $N$G %3%9 %H%@ %& %s$K $b$J $k!#:G 6a$G $O 5!3# <0Nd E‘$G � 1 K $N 6KDc 29@8 @.$N <B 8=$b Js9p $5$l $F$$ $k!# Fq E@ $H$7 $F $O Nd 5Q $K D9 ;~4V $, I, MW $J $N $H!"Nd E‘ 5! $N @= :n Hq MQ$, Bg I} $K A} 2C $7$F $7 $^ $&!# $h$C $F K\ ADR $G$O1UBN%X%j%&%‘NdE‘<0$K$7$?!# 1UBN %X%j%& %‘$r G.Ma $H$7 $F;HMQ $9$k >l9g $K$O!" $3$l$N ;}B3 ;~4V $b9M $($kI, MW$, $"$k!# 1UBN %X%j%& %‘ $N>xH/@xG.$O 2620 J/ ‘ $h$j!" 1 ;~4V$K 1 ‘ >xH/$9$k>l9g$N 300K $+$i$NN.F~G.$O 2620 = 3600 = 0 : 728 W (2.37) $3 $N CM $O 4.2 K{300 K $X $N N. F~ G. $H $7 $F $O $H $F $b >. $5 $$!# Nc $H $7 $F!" $3 $l $@ $1 $N N. F~ G. $r $b $? $i $9 F<@~ $N D>7B $r 8+@Q $b$C $F$_ $k!#DL >o!" G.EA F3 N( k c (T) $O 29EY 4X ?t$@ $,!" $3$3 $G $OC1 =c$N $? $aA4 $F $N 29 EYNN 0h $G 4000 mW/K-cm $H0l Dj $H $9$k!# $9 $k$H!" D9 $5 1 m $NF< @~ $NN. F~ G. $, 0.728 W $K $J $k $H $-$NCGLL@Q$r S cm 2 $H$9$k$H!" Q = S 100 !_ 4000 !_ (300 � 4 : 2) = 728 S � 6 : 15 !_ 10 � 2 cm 2 (2.38) $h$C $F D> 7B 2.8 mm Dx EY $N F< @~ $, $" $l $P!" $3 $N 29 EY 4V $r 1 m $N 5w N% $K $7 $F $b!" %X %j %& %‘ $O 1 ;~ 4V $G 1 ‘ $J $/ $J$C $F $7 $^ $&!# <B :] $N F< $J $I $N 6b B0 $N G. EA F3 N( $O 10 K 6a K5 $K %T!< %/ $r $b $D ;3 $N $h $& $J 7A $K $J $j!" >e $N7W ;; $O :G Dc CM$r 5a $a $F $$ $k $H9M $( $F $h $$!# $b$& 0l $D!" CG G. $r9M $( $k >l 9g $N =EMW $J 9‘ L\ $H $7 $F mU <M G. $, $" $k!# 4J 0W 7W ;; $H $7 $F!" Nd E‘ 5! $N Be I= E* $J I= LL @Q $N Bg $- $5 $r 1 m 2 $H $7 $? ;~ $N!" 4.2 K{ 300 K $X$NmU<MG.$O Q = 1(m) !_ � !_ (300 4 � 4 : 2 4 )(K) � 460 W (2.39) $3$3$G � $O Stefan-Boltzmann constan t $G!" 5.67 !_ 10 � 8 W/m-K 4 $G$"$k!#$h$C$FA4N.F~G.$r 1 W DxEY$^$G2<$2$k$?$a$K!">/$J$/$H$bmU<MG.$r 0.1% $^$GM^$($kI,MW$,$"$k!#$3$N$h$&$K!"%G%e%o!< 1 K 6aK5$r:n$j=P$9NdE‘5!$K$O!"E0DlE*$J$^$G$NCGG.>uBV$r:n$j=P$9I,MW$,$"$k!# 4.2K $N 1U BN %X %j %& %‘ $r $5 $i $K Dc 29 $K $9 $k $K $O!" DL >o %X %j %& %‘ $N 8: 05 $r ;n $_ $k!# $3 $N ;~ $N E~ C# 29 EY $O 8: 05 EY$K Ci <B $K H? 1G$5 $l $k!# $7 $+ $7 >o$K %X %j %& %‘ $N>x H/ $, 5/ $3$C $F$$ $k $? $a!" @d $( $:%, %9 $N H/ @8 $7

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 29 $F $$ $k%? %s %/ Fb $N 8:05 $K $O 8B 3& $,$" $k!# $^ $? 8:05 $K $h$C $F $5 $i$K Dc 29 $K $J $k$^ $G %X %j %& %‘$, 7c $7 $/ >x H/$9$k$?$a!"1UBN%X%j%&%‘$N>CHqNL$,A}2C$9$k$3$H$b9MN8$9$kI,MW$,$"$k!# %^%0%M%C%H%3%$%k <0 2.27 $K <( $9 $h $& $K!" <’ @- BN $N %( %s %H %m %T!< @) 8f $K $O 6K Dc 29 $G $N 6/ <’ >l @8 @. $, I, MW $G $" $k!# <’ @- BN $K F AA $r ;H MQ $7 $? >l 9g!" G. Ma $N 29 EY $r 2 K $^ $G 2< $2 $? $H $- $NI, MW $J <’ >l $O!" F AA $O g = 2 $h $j 2.6 T $H$J$k!#$3$l$O2>$K bias $r 10 A $H$7$F!" 1 cm Ev$j 2000 turn !" 10 cm $G 2 K| turn $N%3%$%k $rI,MW$H$9$k!# D6 EA F3 %3 %$ %k $O!" :G 6a $G $O NW 3& EE N. $N Bg $- $$ 9g 6b 7? $N $b $N $b B? $/ ;T HN $5 $l!" 9b 3[ $G $O $" $k $b $N $N 6/ <’ >l @8 @. <+ BN $O Fq $7 $$ 5; =Q $G $O $J $$!# Ld Bj $O >o 29 - Dc 29 4V $N %3 %$ %k MQ G[ @~ $G!" $3 $3 $O A4 $F $N G[ @~ $r D6 EA F3 $K$O $G $- $J $$ $?$a!" B@ $/ $F Dq 93 $N>. $5 $/ NW 3& EEN. $N Bg $- $$ %j!<%I @~ $r ;H MQ $9 $kI, MW $, $" $k!# $3 $l $O EE5$ EA F3 N( $NBg $- $$ $b $N$[ $I $h $$ $3$H $K $J $k $,!" Be$o $j $K G. EAF3 N( $b Bg $-$$ $? $a N. F~G. $, A} 2C $9 $k!#$=$N$?$aG[@~$NCf4VE@$K$FG.N.F~$r%+%C%H$9$kG.%j%s%/$,I,MW$G$"$k!# 2.3 ADR $N9=B$ 2.3.1 9=B$?^ ADR $N9=B$?^$r?^ 2.5 $K<($9!# ?^ 2.5: ADR Cf?4It!# ?^ 2.6: ADR Cf?4It$N9=B$CGLL?^!# ADR $O %^ %0%M%C %H%3 %$%k $H%R!< %H %9%$%C %A!">o <’@- BN $r4^ $‘%+ %W%; %k {saltpill $N 3 $D $NIt J,$+ $i $J$C$F$$$k!#$3$l$KG.Ma$H$J$k1UBN%X%j%&%‘$N%?%s%/$,@_$1$i$l$k!# 1. A : %R!<%H%9%$%C%A$N2TF/It

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 30 2. B : <’@-BN$N%+%W%;%k |saltpill( Cf1{:YD9$$E{ ) 3. C : saltpill $r;Y$($k%1%V%i!< wire 4. D : D6EAF3%^%0%M%C%H%3%$%k 5. E : Jd=~%3%$%k 6. F : deector table $H$N%3%M%/%? 2.3.2 G.%9%$%C%A | %R!<%H%9%$%C%A G. %9 %$%C %A | %R!< %H %9 %$%C %A $N Lr 3d $H $7 $F :G $b =E MW $J 0l $D $O!" <’ @- BN $r <’ 2= $9 $k :] $K H/ @8 $9 $k <’ 2=G.$rG.Ma$G $"$k1UBN%X%j%&%‘$XF( $9$3$H$G$"$k!# 1 mol $N F AA $r 2 K $K$F 3 T $^$G<’ 2=$5$;$?;~ $NH/@8$9$k<’2=G.$O!"<0 2.28 $h$j!" Q = T � S = 2(K) !_ C !_ 3(T) 2 2 � 0 !_ 2(K) 2 � 196 : 7 J = mol (2.40) $h$C $F 0.1 mol $G � 20 J $O H/ @8 $9 $k!# $3 $l $O 2 K $K $F 5000 mW/K-cm $H $$ $& =c EY $N 9b $$ F< @~ $r ;H MQ$7$F!" 1 cm 2 $NCGLL@Q$GG. @\?($5$;$l$P 0.1 K $N29EY:9$G$b$b$N$N?tIC$G G.Ma$X=|5n$G$-$k!#$7$+ $70l HL$K 1 K 6aK5$G$N 6KDc29 $G$NG.%j %s%/$O 8GBN$NG. EAF3N($h $j$b6- 3&G.@\?( Dq93$, LdBj$H$J$C $F$/ $k ( Bh 3.1.6 >O $r ;2 >H ) !# $3 $l $O @\ ?( G^ BN $N 4V $K H/ @8 $9 $k G. Dq 93 $G!" J* <A $K $h$C $F 0c $$ $O $" $k $b $N $N!" � 100 mW/cm 2 Dx EY $, 8B 3& $G $" $m $&!# %9 %$%C %A $K L5 ;@ AG F< $J $I!" 9b $$ G. EA F3 N( $r $b $D $b $N $r ;H MQ $9 $k $N $O $b$A $m $s $@ $,!" G.@\ ?( Dq 93 $O @\ ?(LL @Q $K Hf Nc $9$k $? $a!" $3 $l $r8~ >e $5 $; $k $3 $H$, %M%C %/ $N 0l $D $G$"$k!# %R!<%H %9%$%C %A$K $O$$$/ $D$+ $N0[ $J$k J}<0 $,$" $j!"Bg $-$/ J,$1 $F5! 3#<0!" %X%j%& %‘%, %9<0!" D6EA F3 BN <0 $N 3 <o N‘ $, $" $k!#$3 $l $i $O %R!< %H%9 %$%C %A $K 5a $a$i $l $k @- G=!" $9$J $o $A 6K Dc 29$K $* $1 $k G. J?9U!" CGG.$r:n$j=P$9L\E*$K$*$$$F$=$l$>$l$GD9=j!"C;=j$,$"$k!# $^ $: 5! 3# <0 $O CG G. >C <’ Nd E‘ 5; =Q $N 8& 5f =i 4| $+ $i MQ $$ $i $l $F $$ $k $b $N $G!" 30 It $^ $G $D $J $, $k %O %s %I %k $d %l %P!< $G 6K Dc 29 It $N It IJ $r 2T F/ $5 $;!" G. Ma $H saltpill $r 8G BN G. @\ ?( $5 $; $k!# 6K Dc 29 $K $* $$ $F $O J* <A $N G. EA F3 N( $O 6K C< $K Mn $A $k $,!" L5 ;@ AG F< $d %" %k %_!" 6b $J $I $N =c 6b B0 $O 1 K $G 1000 mW/K-cm !" 0.1 K $G$b 100 mW/K-cm $NG.EAF3N($rMQ$&$k!# 5! 3# <0 $N >l 9g Cm 0U $9 $k $N $O 2T F/ It $N @\ ?( It J, $N @_ 7W $H >o 29 | 6K Dc 29 $^ $G $N It IJ @_ 7W $G $" $k!# ?? 6u 6K Dc 29 $K$J$C $? $H $- $O G.<} =L $J $I $K $h$C $F<c 43 2T F/ It $N9= @. $, $: $l $k!#$3 $l $, @\ ?( LL @Q$r Dc 2< $5 $; $k $* $= $l $, $"$k!# $^ $? 05 Ce @\ B3 $N >l9g $, $* $* $$ $,!" $3 $l $O%R!< %H %9 %$%C %A $N @- G= $K$= $N $^ $^ $G $k $? $a!" >o 29 | 6K Dc 29 It $N 9= @. :‘ NA $O $G $- $k $@ $1 6/ 8G $J $b $N $, $h $$!# $7 $+ $7 $3 $l $b N. F~ G. $K JI $, $" $k $? $a 8B 3&$,$"$k!#$^$?5!3#<0$N:G$bBg$-$J<eE@$H$7$F!"2TF/;~$NG.H/@8$,$"$k!# %X %j %& %‘ %, %9 <0 $O $3 $N 2T F/ It $r $J $/ $; $k J} <0 $G!" G. Ma | <’ @- BN 4V $K %X %j %& %‘ %, %9 $N F~$C $? %? %s %/ It $r @_ $1 $F!" CG G. $K $7 $? $$ ;~ $K $O $3 $N %? %s %/ $r %] %s %T %s %0 $7 $F ?? 6u $K $9 $k!# $3 $N >l 9g 91 29 | CG G. $H $N %, %9 %.%c%C %WHf $r $I $l $@ $1 Bg $- $/$G $- $k $+ $, 80 $H $J $k!#$^ $? D6 EA F3 BN %9 %$%C %A$O J* <A $N >o EA F3!" D6 EA F3 >u BV4V $N Bg $- $J G.EA F3 N( $N :9 $r %9%$%C %A J} <0 $K $7$? $b $N $G!" D6 EAF3 BN $N <~ 0O $K %^%0 %M%C %H %3 %$ %k $r$H$j$D$1!"G.Ma$H%j%s%/$r$5$;$?$$;~$K$O%3%$%k$r:nF0$7$FD6EAF3$r$d$V$k!# K\ ADR $G $O >e $N Cf $G 5! 3# <0 | %a %+ %K %+ %k $r :N MQ $7 $F $$ $k!# %X %j %& %‘ %, %9 J} <0 $@ $H CG G. ;~ $K $O %] %s %T %s%0 $r >o $K $9$k I, MW $, $"$j ?6 F0 $N =|5n $, I, MW $G $"$k!# 5! 3# <0 $O9= B$ $, B? >/J# ;( $G $O $"$k $b $N $N 9b

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 31 ?? 6u $r:n $j =P $9 $N $KHf 3S E* MF 0W $J$? $a $3 $l $rMQ $$ $?!# D6 EA F3BN J} <0 $G $b $h$$ $,!" $3 $l $K $O%3 %$ %k $K Bg EEN.$rI,MW$H$9$k$?$a:#$N$H$3$m;HMQ$7$F$$$J$$!# 300K $N %U%? $^ $G%9 %$%C%A $,?- $S$F!" 30It $+$i %9%$%C %A$N F~@Z $,$G $-$k!# %9 %$%C%A $O B $H D>7k $7$F $*$j!" %9%$%C%A $r0z$CD% $k$H B $N %"%k%_ 9g6b$N %O%5%_ $,JD$8 $k7A$K $J$C$F$$ $F!"$3$l $,%=%k%H %T%k$+ $i Ht $S =P $7 $F $$ $kF< It IJ $r 64 $_ 9~ $‘ 7A $G 91 29!" CG G. >u BV$r $D $/ $j $@ $7 $F $$ $k!# 300K $^ $G$N :Y $+ $$ @_ Dj$K$D$$$F$OBh 3.6 >O$K=R$Y$k!# 2.3.3 saltpill saltpill $O%^ %0%M%C%H%3%$%kCf1{$N6uF6$NCf$r=D$KAv$i$;$F$$$F!#Cf$K>o<’ @-BN$N F AA $,=<E6$5$l $F $$ $k!# %= %k %H %T %k $O C 5Z $S 0l HV 2< $N %^ %0 %M%C %H %" %@ %W %? (He tank $H ADR Cf ?u It $H $N @\ B3 It IJ ) $K$"$k>e2<;0$D$:$D$N!"7WO;$D$N wire $G$D$k$5$l$?7A$r$7$F$$$F!"$3$l$GG.N.F~$r6KNOKI$$$G$$$k!# $D $k $9 $? $a $N wire $K $O %1 %V %i!< $r :N MQ $7 $F $$ $k!# 2D G= $J $+ $. $j G. $N N. F~ $r $5 $2 $k $? $a $K!" CG LL @Q $r � 0.75 mm � $H:Y$/$7$F;HMQ$7$F$$$k!# 6K Dc 29 It $N $3 $N wire $O CG G. @-!" 6/ EY $N N> J} $, 5a $a $i $l $k!# A0 $K =R $Y $? $h $& $K!" 100 mK 0J 2< $N <B 83 29 EY $N ;} B3 ;~ 4V $O G. Ma |1 � 2 K $+ $i Nd G^ $G $" $k <’ @- BN $X $N N. F~ G. $K $b 1F 6A $5 $l $k!# $5 $F $3 $N $& $A mU<MG.$O$H$F$b>.$5$/!"<’@-BN$NI=LL@Q$r 0.1 m 2 $H$7$?;~$N 2 K $+$i 100 mK $X$NN.F~G.$O!" Q = 0 : 1 !_ � (2 4 � 0 : 1 4 ) � 0 : 1 � W (2.41) $N$A$K<($9$,$3$NDxEY$^$G;Y;}:‘NA$NN.F~G.$r$5$2$k$N$O$H$F$bFq$7$$!# $5 $i $K $3 $N wire $O saltpill $, $: $l $J $$ $h $& %F %s %7%g %s $r D% $k I, MW $, $" $k!# ?6 F0 %N %$ %: $O detector $N ?. 9f 8! =P $K ;Y >c $r $- $? $9 B>!" G. <} =L $K $h$C $F saltpill $, 9b 29 It $K $U $l $k $H CG G. $, $d $V $l $F $7 $^ $&!# $3 $l $i 29 EY JQ 2= $K $h$C $F Cf ?4 $+ $i $: $l $? $j $f $k $s $@ $j $7 $J $$ $h $&!" wire $O %P %M $G ;Y $( $k J} K! $r $H$C $F$$$k!#$^$?$P$MDj?t$rJQ$($k$3$H$G6/EY$rD4@0$G$-$k!# 2.3.4 %^%0%M%C%H%3%$%k D6EAF3%^%0%M%C%H%3%$%k$O American Magnetics Inc <R@=%3%$%k$r;HMQ$7$F$$$k!#D6EAF3@~$O NbTi (T c =9.4 K !">eItNW3&<’>l 12 T) $r;HMQ$7$F$*$j!" saltpill $K<’>l$r:n$j=P$9!#>o29$G$NDq93CM$O 15.050 k $G!" <+ 8J %$ %s %@ %/ %? %s %9 L $O 36 H $G $" $k!# C1 0L EE N. $" $? $j $N <’ >l $O 0.513 T/A $G!" 4 T $r :n $j =P $9 $N $K 7.82 A $r I, MW $H $9 $k!# F1 ;~ $K $3 $l $, EE N. $N 8B 3& CM $G!" $3 $l 0J >e $N EE N. $r $J $, $5 $J $$ $h $& $K EE 8;AuCV$K%j%_%C%?!<$r$H$j$D$1$kI,MW$,$"$k!# K\ ADR $K $O Jd =~ %3 %$ %k ( %P%C %- %s %0 %3 %$ %k ) $r @_ $1 $F $$ $k!# $3 $l $O detector $r <h $j IU $1 $k It J, $K 6/ $$ <’ >l $, $+ $+ $k $N $r KI $0 $b $N $G!" %3 %$ %k $N 4, $- J} 8~ $O 5U $K $J$C $F $$ $k!# $3 $l $K $h$C $F detector $K $+ $+ $k <’ >l $r 10 J, $N 1 $+ $i 20 J, $N 1 $K $9 $k $3 $H $, $G $- $k!# TES %^ %$ %/ %m %+ %m %j %a!< %? $O D6 EA F3 BN $r ;H MQ $7 $F $$ $F!" $^ $? $= $N?. 9f FI $_ $@ $7 7O $K $O Dc %$ %s %T!< %@ %s %9 $N SQUID $, ;H MQ $5 $l $k!# $3 $N >l 9g $I $A $i $b <’ >l $N 1F 6A $r Bg $- $/ <u $1!" FC $K CG G. >C <’ $K I, MW $J $[ $I $N 6/ <’ >l $O 0- 1F 6A $r 5Z $\ $9 2D G= @- $, $"$k!#$^ $? ADR $N29 EY@)8f$N;~ $K$O<’>lJQ 2=$r$5$;$k $?$a!" detector 5Z $S SQUID $K$O $3$N1F6A$r %Y!<%9%i%$%s0J2<$K$9$kI,MW$,$"$k!# ADR $O 4u <a Nd E‘ 5! $J $I $H Hf $Y $F 4J C1 $J Nd 5Q 5! 9= $K $J$C $F $* $j!" =i 4| $N D4 @0 $, $& $^ $/ $$ $1 $P!" Nd 5Q $N :] $K :nF0 $5 $; $k $N $O %R!< %H%9 %$%C %A $H %^ %0 %M%C%H %3 %$ %k $N $_ $G $"$j!" $3 $N Fs $D $N :nF0 $, $& $^ $/ $$ $1 $P L\ I829 EY $K == J,E~ C# $G $- $k!#E~ C# 29 EY $O@h $K =R $Y $? DL$j CG G. >C <’3+ ;O ;~ $N 29EY $H :G Bg <’>l $K Bg $- $/

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 32 0MB8$7$F$*$j!" %G%e%o!<$bNdE‘5!$N@-G=$r 7h$a$k0l$D$G$"$k!# <!$K$3 $N%G%e%o!<$N9=B$$K$D$$$F =R$Y $k!# 2.4 %G%e%o!<9=B$ ADR $N%G%e%o!<$N35MW?^$r?^ 2.8 $K<($9!# ?^ 2.7: ADR %G%e%o!<!#304Q!# ?^ 2.8: ADR %G%e%o!<$N9=B$?^!# ADR %G%e %o!< $O A4 D9Ls 56 cm $N 1_E{ 7? $G $" $k!#%G%e %o!< Fb It $O?^ 2.5 $K 8+ $k$h $& $K %, %i%9 %( %] %- %7$d%"%k%_ 9g6bE{!"@\B3ItJ,$G $"$k%j%s%0!" 300 K $N??6uMF4o$N ItJ,$G$G$-$F$$$F!"4p K\E*$K;Y;}:‘ NA$r>e2<$KAv$i$;$?%P!<%‘%/!<%X%s7?$r$7$F$$$k!# 2.4.1 He tank %^%0%M%C %H%"%@ %W%?$G ADR Cf?u It$r;Y $($F$$ $k!"%I!<%J %D7?$N$b $N$, He tank $G!" $3$3$K 1UBN 4 %X%j%& %‘ ( M=Nd$N>l9g $O1UBNCb AG ) $, CmF~$5$l $k!#4L$NMF @Q$O307B 230 mm, Fb7B 120 mm $G!" A4D9$, 235 mm !" 7 ‘ Cm F~ =PMh $k!# He tank $N2< $K $O He tank 1d D9E{ $, <h$j IU $1$i $l $F $$$k!# $3 $3$O detec- tor table $X $N G[ @~ 7O $* $h $S SQUID $N AH $_ 9~ $_ It $H $J $k!# $3 $N He tank 1d D9 E{ $+ $i >o 29 2< $U $? $K $O Cf 1{ It $K D> 7B 100 mm $N 4] 7? $N%[!< %k $, $" $j!" detector $+ $i 30 It$K $D $E $$ $F $$ $k!# $3 $l $O X @~ F~ <M 8} $N$? $a$N $b$N $G!" IR-UV Blo c king �lter $r 2p$9 $3$H $G >o29 It$+ $i$N X @~F~ <M $r$5 $;$k $3$H $,$G $- $k!# 2.4.2 ;Y;}:‘NA G. EA F3 N( $N J} Dx <0 $h $j!" 8G BN $N EA F3 G. $r 2< $2 $k $K $O 5w N% $r $* $/ $N $, 8z 2L E* $J <j CJ $N $R $H $D $G 0l HL $K Nd E‘ 5! $O :Y D9 $$ 7A $r $H $k $,!" K\ ADR $O %3 %s %Q %/ %H @- $r 9M $( $F!" ;Y ;} :‘ NA $r >e 2< $K Av $i $; $k %P!< %‘

Bh 2 >O ADR $NNd5Q86M}$H9=B$ 33 %/!<%X%s7?$r:NMQ$7 $F$$$k!#6/EY$H$=$NG.EAF3N($h$j %,%i%9%(%]%-%7$r;HMQ$7$F$$$F!" ring $r2p$7$F He tank $r;Y$($F$$$k!# 2.4.3 1UBN%X%j%&%‘CmF~8}$H radiation shield( %"%k%_9g6b ) K\ ADR $G $O!"CG G. >C<’ Nd E‘$N Nd5Q 86 M}$K =E NO$r ;HMQ $7 $J$$ $3 $H$r @8$+ $9 $?$a!" %G%e%o!< $r 2#$K $7 $? >u BV $G $b Nd 5Q $, 2D G= $K $J $k $h $& Cb AG M= Nd %? %s %/ $r ;H $o $:!" V CS| V ap er Co oling System $r :N MQ $7 $F $$ $k!# $3 $l $O 1U BN %X %j %& %‘ $N >x H/ %, %9 $r M= Nd $K ;H MQ $9 $k $b $N $G!" He tank $X $N N. F~ G. $r 3J CJ $K 2< $2 $k G= NO $r $b $D!# 0l HL $K $O He tank $N <~ 0O!" $^ $? $O 300 K 4V ;Y ;} :‘ NA $N ES Cf $K Cb AG %? %s %/ $r @_ $1 $F!" 8G BN EA F3 G. $* $h $S mU <M G. $r 0l C6 77 K $K Mn $H $9 9= B$ $r $H $k $,!" =E NL $H %3 %s %Q %/ %H @- $r 9M $( $k $H >x 5$Nd5Q$NJ}$,$h$$!# K\ ADR $N >l9g!" 1UBN %X%j %& %‘Cm F~8} $H He tank $r 7k$V %?%o!< It J,$+ $i 50K ring !" 150K ring $H 8F$P$l$k;Y;}:‘NA ring $X%"%k%_9g6b$N E{7?G.%j%s%/$r$D$J$$$G>x5$Nd 5Q$r9T$J$C$F$$$k!#$3$l$G;Y;} :‘NA$G$"$k%,%i%9%(%]%-%7$NCf4V$rNd5Q$7$FN.F~G.$r$5$2$k!#$^$? 50K !" 150K ring $N%"%k%_9g6b$G He tank A4BN$r 2 =E$KJ$$&$3$H$G radiation shield $K$5$;$k!# >x5$ Nd5Q$r 9T$J $&$N $KLd Bj$H $J$k$N $O!"%? %o!<It J,$N $I$N 0LCV$K G.@\ ?($r $5$; $k$+ $G$"$k!# $3$l $K $O %? %o!< $N29 EY J, I[ $r CN $k I,MW $, $" $k $,!" <+ A3BP N. G. EA C# $N J} Dx<0 $O >r 7o $K $h$C $FJQ 2= $9 $k %Q %i %a!< %? $, B? $/!"8= <B E* $K $O <B B, $KMj $i $6 $k $r F@ $J$/ $J $k!# $h$C $F K\ O@ J8$G $O <B :] $K Nd 5Q;n 83 $r 9T $J$C $F G. @\?($r$5$;$F$$$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n ADR $O @h $K <( $7 $? $h $& $K!" <’ @- BN $H G. %9 %$%C %A!" G. Ma!" $* $h $S <’ >l @8 @. MQ %^ %0 %M%C %H $, $" $l $P 2D G= $@ $,!" <B :] $K $O ;H MQ $9 $k <’ @- BN $N @- <A $d G. %9 %$%C %A $N assem bly !" <’ >l @8 @. $N $? $a $N 9= B$ 7A @. $d EE N. @) 8f $K $5$^ $6 $^ $J 9) IW$r MW $9 $k!# $5 $i $K1U BN %X %j %& %‘$r @5 >o $K G. Ma$H $7 $F 07 $( $k $h$& $J %G%e %o!< $N 9= B$!"FC$KCGG.$N$?$a$N8z2LE*$J9=B$$rMW$9$k!# Bh 2 >O $G $O Nd 5Q $N 4p K\ 86 M} $H 4J C1 $J %G%e %o!< 9= B$ $K $D $$ $F $U $l $? $,!" $3 $3 $G $O MW 5a $5 $l $k Nd 5Q @- G=!" FC $K CG G. $N M} NX $K $^ $: Cm L\ $9 $k (3.1) !# <! $K K\ ADR $K ;H MQ $5 $l $F $$ $k <g MW $J %7 %9 %F %‘!" $H $j $o $1 MLI ( B? AX CG G. | Bh 3.2 >O ) !" V CS( >x5$ Nd 5Q | Bh 3.3 >O ) !" D6 EA F3 %^ %0 %M%C %H %3 %$ %k ( Bh 3.5 >O ) !" HS( %R!<%H %9%$%C%A | Bh 3.6 >O ) !" saltpill( <’@-BN $N%+%W %;%k | Bh 3.7 >O ) $J $I$N9= B$$K$D $$$F$h $j$/ $o$7$/=R$Y$k!# 3.1 CGG.$N4pK\E*$JM}O@$H$=$NJ}K! 6KDc 29NdE‘ 5!$N @8@. $K$O G.@d1o!" G.@\ ?($K :Y?4 $NCm0U $rMW $9$k!# $^$: $O0lHL $NNd E‘5! $K6& DL$9$k 4p K\E*$JM}O@$K$D$$$F$^$H$a$k!# 3.1.1 G.@d1o$HG.EAC# CGG. >C<’Nd E‘$G $O!"Nd G^$H ;nNA$r 4^$‘ Dc29 ItAu CV$X$N G.N. F~$H $=$N =|5n$r 4^$‘ G.@d 1o$N LdBj$H!" >o <’@-BN!];nNA4V$NG.EAC#$NLdBj$,$"$k!# NdG^$^$?$O detector $X$NG.N.F~$,Bg$-$$$H!":GDcE~C#29EY$KC#$7$?8e$N saltpill $N29EY>e>:$,Aa$/!" K~ B- $K<B 83 $, =P Mh $kDx $N ;} B3 ;~ 4V$, F@ $i $l $J$/ $J $k!# $3 $N >l9g!" :G Dc 29 EY 6aK5 $G $N ;n NA 5Z$S >o <’ @- 1v $N!"G.Ma$H$7$F$NHfG.$KBP$7$F!"<~JUIt$+$i$NG.$NN.F~B.EY$,$I$l$@$1>.$5$/=PMh$k$+$,80$H$J$k!# $A$J$_ $K!"<’ @-BN { NdG^$= $N$b$N $OG. MFNL$, Bg$-$$ $N$G!" M}O@E* $K$O$+ $J$j $NG.N. F~$K$? $($& $k!# Nc $H $7 $F!" 0.02 K $K $" $k 100 g $N CrK %_%g %& %P %s $r 0.01 K $" $2 $k $? $a $K $O Ls 5 !_ 10 � 3 J I, MW $H $9$k $N$G!"C10L ;~4V$N G.N.F~ _ Q L ’ 1.5 erg/s( Ls 100 erg/min) $H$9 $l$P!" 10 ;~4V$+$+ $k;v$K $J$k!# 1.5 erg/s $NG.N.F~$O!"CGG.>C<’$N<B83$H$7$F$O0lHL$K$OHs>o$KBg$-$$!#$7$?$,$C$F!">o<’@-BN<+BN$N @-<A$rD4$Y$k<B83$G$O!"G.N.F~$NLdBj$O$5$[$I$G$O$J$/$J$k!# Ld Bj $O ;n NA!" $9 $J $o $A detector $N >l 9g $G!" Nd G^ !] ;n NA 4V $N G. EA C# $N 3d 9g $r _ Q c ( T ) $H $9 $l $P!" ;n NA $N E~ C# 29 EY T m $O!" _ Q L ( T m ) ’ _ Q c ( T m ) $G Dj $^$C $F $7 $^ $&!# _ Q c ( T m ) $O 29 EY $, $5 $, $k $H 5^ 7c $K >. $5 $/ $J $j!"8e =R $9 $k $h $&$K ;n NA $N G. EAF3 N( $d Nd G^$+ $i $N G. EA F3BN $H $N @\ ?( $NEY 9g $K $b $h $k$,!" $= $N CM $O 34

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 35 _ Q L $N 1/100 Dx EY $K $J $k!# G. N. F~ $b $3 $l $K 1~ $8 $F 2< $2 $k I, MW $, $" $j!" _ Q L $r $3 $N Dx EY $K M^ $( $k $K $O :Y $+$$G[N8 $rMW$9$k!#:GDc29 EY$NE~C#!"5Z$S;}B3 ;~4V$r 10 ?t ;~4V$K$9$k$K$O!" _ Q L $r>.$5 $/$7!" _ Q c $r $J$k$Y$/Bg$-$/$9$k;v$,=EMW$J2]Bj$H$J$k!# Nd G^ $9 $J $o $A saltpill $H detector $O!" CG G. >C <’ D> A0 $K $O � 2K Dx EY $N ?? 6u >u BV $K $J$C $F $$ $k!# Nd E‘ 5! $, M} A[ E* $J ?? 6u >u BV $K $" $k $H $9 $l $P!" G. N. F~!" G. H/ @8 $N 86 0x $H $7 $F!" 1) G. mU <M!" 2) ;Y ;} :‘ NA ( %1 %V%i!] ) $r$D$?$C$F$NG.EAF3!" 3) 5!3#E*?6F0!" 4) G.EAC#MQ$NF3BN$GH/@8$9$k12EEN.$,$"$2$i$l$k!# $^$?!" saltpill $NNd G^ $+$i detector $X$N G. EAC# $O!" 1) Nd G^ $H detector $r 7k$V G. $NF3 BN ( G.%j %s%/ ) $N G. EA F3 N(!" 2) Nd G^ 5Z $S detector $N G. EA F3 N( $K @) 8B $5 $l $k!# $3 $N B> $K $b $& 0l $D!" Nd G^ 5Z $S detector $HG.%j%s%/$rG.E*$K7k$V;~$N6-3&@\?(Dq93$H$$$&$b$N$b9M$($i$l$k � !# 3.1.2 G.mU<M G.mU<M$O 1 K $G%9%F%U%!%s - %\%k%D%^%sJ}Dx<0$h$j!"Ls 3 !_ 10 � 3 erg/min-cm � 2 $J$N$G!"MF4oJI $N LL @Q $, $= $l $[ $I Bg $- $/ $J $$ 8B $j $^ $: ?4 G[ $O $J $$!# $7 $+ $7 mU <M G. $O T 4 $K Hf Nc $9 $k 0Y!" 9b 29 It $+ $i $N J| <M G.$, D> @\ Dc 29It $K $$ $+ $J$$ $h $& $K Cm0U $7 $J $1 $l $P$J $i $J $$!# 8w$, F~ $k $H $=$l $, $= $N $^$^ H/ G. $N 86 0x$H$J$k$N$G!"??6uMF4oFb$r9=@.$9$kMWAG$O$9$Y$FITF)L@$K$7$F$"$k!# J|<M G.$r8: >/$5 $;$k J}K! $K$O B?AXCG G.K! $d!"$^ $?$O G.%7!< %k%I$r F3F~ $9$k J}K! $J$I $,$"$k $,!"$3 $3 $G$OB?AXCGG.K! (Multila y er Insulation : MLI) $rMQ$$$F!"9b29It$+$i$NJ|<M$K$h$kG.N.F~$r8:>/$5$; $F $$ $k!# $3$l $O 9b 29 9u BN$H Dc 29 9u BN $H $N4V $K H? <M N( $NBg $- $$ AG :‘ $r4v =E $K $b 4, $- IU$1!" J| <M %U %i%C %/ %9 $r 8:>/ $5 $; $h $& $H$9 $k $b $N $G!" ??6u >u BV $, NI$1 $l $P!" ;D N1 %,%9 $K $h $k G. EAC# $O L5 ;k =P Mh$k Dx >. $5 $/ $J $j!" G. N.F~ $O mU <M G. $N$_ $r 9M $( $l $P NI$$ ;v $K $J $k!# $3$N >l 9g!" G. N. F~$N Bg $- $5 $O 9b 29It $H Dc 29 It $H $N29EY:9$KBg$-$/0MB8$7$F$/$k!# mU<M $N6/$5 $O;H MQ$9 $kJ* <A$NI= LL$N >uBV 0J30 $K8w$N GHD9 $K$b 4X78 $9$k!#$h $/CN $i$l $F$$ $k$h$& $K!" mU <M %( %M%k %.!< $N :G Bg CM$O Dc 29 $K $J $k $H$H $b $K D9 GH D9B& $X $: $l $F $/$k!# $7 $? $,$C $F J8 8%$K $" $k J| <M N( $K $O $5$^ $6 $^ $J Dj 5A$N $b $N $, $" $k!#Nc $( $P $" $kFC Dj GH D9 $K BP$9 $k J| <M N( $H!"A4 $F $N GH D9 $KBP $7 @Q J, $7 9u BN J|<M $H GH D9 $N 4X78 $r ;H$C $F =E 2A$r $D $1 $? A4J| <M N( $, $" $k$,!" mU <M $O ?t %_%/ %m %s $+ $= $l0J >e $N D9 GH D9 $N $b $N$, =E MW $G $"$C $F!"@V 30 NN 0h $N J| <MN( $H $" $k HO 0O$K $o $?$C $F J? 6Q$7 $? J| <M N( $H $G$O $+ $J $j $N :9 $,$"$k!#<BMQ>e$N$b$N$G$OL\E*>e!"$3$l$i$N0c$$$rL5;k$7$?A4J|<MN($r;HMQ$9$k$N$,$U$D$&$G$"$k!# mU<M$K$h$kG.EAC#$K4X$7<BMQ>e;29M$H$J$k<B83;v<B$H$7$F0J2<$N$h$&$J$b$N$,$"$k!# 1. F<$d6dEy$J$IG.EAF3$NNI$$F3BN$O$h$$H?<MBN$G$"$k!# 2. H?<M8zN( � $ODc29$K$J$k$H8:>/$9$k!# 3. I=LL$,51$$$F$$$k$[$I � $O>.$5$$!#$7$+$7304Q$@$1$G$OH=CG=PMh$J$$;v$,$"$k!# 4. 9g6b$K$9$k$H0lHL$K$O � $OA}2C$9$k!# 5. D6EAF3>uBV$K$J$C$F$b � $O$[$H$s$IJQ2=$7$J$$!# >e$N ;vJA $r$U $^$(!"$3 $3$G $OH? <MN( $NBg $-$$ %"%k %_%K %&%‘ $r!"%9 %Z!<%5!< $H$J$k %^%$ %i!<$K >xCe $5 $; $?!" G. @)8f %U%# %k %‘ $r ;H MQ $7$F $$ $k!# %" %k %_ %K%& %‘ $O ;H MQ 2D G= $J<o!9 $N :‘ NA $N Cf $G$b 7h $7 $F 9b 2A $J � 1K 0J 2< $N 6K Dc 29 $G $O $3 $l $, :G $b =E MW $G $"$C $? $j $9 $k!# $I $s $J G. EA F3 N( $, Bg $- $$ J* <A $r ;H MQ $7 $F $b!" $3 $l $, Bg $- $$ $H K~ B-$JG.%j%s%/$O$"$j$($J$$!#6KDc29$G$OG.EAF3N($N9b$$$b$N$h$j$b!"ItIJ4V$N@\?(LL@Q$rA}$d$9J}$,8z2LE*$J>l9g$,B?$$!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 36 $b $N $G $O$J $/!" H? <M N( $b $+ $J$j $h $$!# $7 $+ $7!" 8DBN $H $7 $F $N G. EA F3N( $, Be $o $j $K LdBj $H $J $j!" 9b 29 It $K >/ $7 $G $b D>@\ ?( $l $F $7 $^$C $F $$ $k $H!" $=$l $K $h $k G. EA C# $K $h$C $F $+ $($C$F CG G. $, 0- $/ $J $k!# $^ $?!" %" %k %_ %K%& %‘ F1 ;N $r D>$K 4, $- IU $1 $k $H!"%" %k %_ %K %& %‘F1 ;N $G 29 EY $,C; ;~ 4V $G EA $o$C $F$7 $^ $&!# >e $G =R $Y $? $h$& $K mU <M CG G.$O 29 EY :9 $K Bg$- $/ 0M B8 $9$k $? $a!" $3 $l $G$O B? =E $K 4, $-IU $1 $k 8z 2L $,$" $^ $j $J $$!# $h$C$F%9%Z!<%5!<$r4V$K$$$l$k$3$H$G!"%"%k%_F1;N$,D>$K?($l$J$$$h$&$K$7$F$$$k!# $3 $l $K $h $k mU <M CG G. $N 8z 2L $H!" 6q BN E* $J mU <M G. $N M} O@ E* ?t CM!" MLI $N 9T $J$C $? 2U =j $K $D $$ $F $N $/ $o$7$$@bL@$OBh 3.2 >O$K=R$Y$k!# 3.1.3 8GBNG.EAF3 ADR K\ BN $N saltpill $r ;Y $( $k ;Y ;} :‘ NA $r $D $?$C $F $N G. N. F~ $O!" :‘ NA $N CG LL @Q $r == J, >. $5 $/ $9 $l $P L5 ;k $7$& $k Dx EY $K 8:>/ $G $- $k $N $G!"Dc 29 It $r :Y$$ ;e $G D_ $9 J}K! $, B? $/ $D $+$o $l $F $$ $k $,!";e $K $h $k ;Y ;} $O ?6F0 $K $h $k 1F 6A$r <u $1 $d $9 $/!"$h $[ $I @E $+$J 4D 6- $G $J $$$+ $. $j!" ?6 F0 G.$N H/ @8 $, L5 ;k=P Mh $J $/ $J $k!# $3 $l $r$U $; $0 $? $a!" ;Y$( $k ;Y ;} :‘ NA $O$G $- $k $? $1 6/8G $J >u BV $K $9$k $Y $- $G $" $k!# BeI= E* $J ;Y ;} :‘ NA$NG.EAF3N($rI= 3.1 $K<($9 ( � = �T n ) !# :‘NA � n B,Dj29EYNN0h (erg/s-cm-K n +1 ) (K) %F%U%m%s 380 2.4 0.7 � 0.3 %J%$%m%s 260 1.75 0.8 � 0.2 Epib ond 100 A 2850 1.95 0.8 � 0.1 Epib ond 104 1000 2.6 0.75 � 0.2 Kel-F 660 2.0 0.8 � 0.2 Pyrex 1530 1.75 0.8 � 1.8 9E<A%4%‘ 3900 1.85 0.6 � 0.14 Cu 70 Ni 30 9g6b (a) 9300 1.23 4 � 0.3 D6EAF31t (b) 45000 3 0.75 � 0.23 %^%s%,%K%s (c) 5500 1 I= 3.1: BeI=E*$J;Y;}:‘NA$N 1 K 0J2<$K$*$1$kG.EAF3N( ([16] $h$j ) a H.A.F airbank & D.M.Lee : Rev.Sci.Instr.31(1960)660 b W.Reese & W.A.Stey ert : Rev.Sci.Instr.33(1962)43 c %V%#%G%^%s!<%U%i%s%DK!B’$h$j$N7W;;CM =t :‘ NA $N G. EA F3 N( $O!" 0l HL $K $O T 1 : 5 � 2 : 5 $K $7 $? $,$C $F JQ 2= $9 $k $N $G!" 29 EY $, Dc $$ $H G. @d 1o EY $, 5^ $K NI $/ $J $k!# Nc $( $P %J %$ %m %s $N >l 9g!" CG LL @Q 1 cm 2 !" D9 $5 1 cm $H $7 $? ;~ $N G. EA F3 N( $O 0.1 K !" � T =1 K $G 0.5 � W $NG.N.F~$,$"$k!# $3 $3 $G $O ADR $N saltpill $r ;Y $( $k ;Y ;} :‘ NA $H $7 $F %1 %V %i!< $r MQ $$ $F $$ $k!# %1 %V %i!< $O 0z$C D% $j 6/ EY $, 9]E4 $H F1 Dx EY $H$$ $& $R $b >u $N9g @. <y ;i $G!"G. @d 1o $K $O $+$J $j 4| BT $G $-$k!# $7 $+ $7 %P %M$r G[ $7 $F $$ $k $b $N $N$R $b >u $K ;Y $($k $b $N $J $N $G!" ?6F0 $K $I $l $@ $1BQ $(!" ?6 F0 G. $r8: >/ $G $- $k $+ $,80 $H $J $k!# ;Y ;} :‘NA$NES Cf$K%,!<%I1v ( >o<’@-1v ) $r;HMQ $7!"$3$l$,NdG^$H F1MM6KDc29$KNd $($k$N$rMxMQ$9 $kCGG.J}K!

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 37 $b$"$k$,!":#2s$N ADR $G$OMQ$$$F$$$J$$!# <!$K?? 6uMF 4oFb $N9b 29It$+ $iDc 29It $KBP$7 $F$N G.EA F3$r9M $($k!# $3$l $K$O J4KvCG G.K! $dH/ K":^CG G. K!$J$I$,$"$j!"$$$:$l$b8DBN4V$NG.EAC#$r8:>/$5$;$k$N$K8z2L$rH/4x$9$k!# J4Kv CGG.K! (P o wder Insulation) $O!" HyJ4 Kv$r9b 29LL $HDc 29LL $N4V $K=<$F $s$9 $kCG G.K! $G$"$k!# $3 $l $O!" J4 Kv$, B? 9& <A $G $" $j $+$D E@ @\ ?( $K $h$C $FO" $J$C $F $$ $k $N $G 8DBN EA F3 $, >. $5 $/!"$^ $? J4 Kv $, $" $k $?$a%,%9$NBPN.$K$h$kG.EAC#$,>/$J$/$J$k$N$rMxMQ$7$F$$$k!# H/K":^ CGG.K! (Rigid F oam Insulation) $O!"5$ K"$r4^ $s$@ :‘NA$G Dc29It J,$r8G Dj$9 $kJ}K! $G$"$k!# Au CV Fb $N $= $l $J $j $N Bg $- $5 $N It J, $O $3 $l $r == J, 0B Dj $K ;Y $( $k $3 $H $, $G $- $k $N $b 0l $D $N >r 7o $H $J $j!" 9b ?? 6u$G $N CG G. K! $G$O $5 $i $K $3 $l$, Fq $7 $/ $J$k!# 5$ K" $O $* $N$* $N $, $D $J $,$C$F $$ $J $$ $b $N$N $[ $& $, $h $$!# $3 $l $O0l J} $N LL $, Bg5$ $K @\ $7 $F $$ $k$? $a!" 5$ K" $, $D$J $,$C $F $$ $k $H?e >x 5$ $, $3 $l $i$N 7j $r DL $8 $F Cf$K6E=L$9$k0Y$G$"$k!#<gMW$JH/K":^J*<A$NG.EAF3N($r?^ 3.2 $K<($9!# H/K":^ L)EY N>LL$N29EY 05NO G.EAF3N( (g/cm 3 ) (K) (10 3 cal/s-cm-K) %]%j%9%A%l%s 0.04 300 � 78 1atm 0.0801 0.048 300 � 78 1atm 0.0629 0.048 78 � 20 10 � 5 mmHg 0.0197 %(%]%j%7!< 0.083 300 � 78 1atm 0.0801 0.083 300 � 78 10 � 2 mmHg 0.0406 0.083 300 � 78 4 !_ 10 � 3 mmHg 0.0315 %]%j%&%l%?%s 0.083 � 0.147 300 � 78 1atm 0.0801 300 � 78 10 � 3 mmHg 0.0289 %4%‘ 0.083 300 � 78 1atm 0.0873 0.163 300 � 78 1atm 0.1370 0.147 300 � 78 1atm 0.0846 I= 3.2: BeI=E*$JH/K":^J*<A$NG.EAF3N( ([16] $h$j ) %] %j %( %A %l %s!" %( %] %- %7 <y ;i!" %] %j %& %l %? %s!" %4 %‘!" %, %i %9 $J $I $, ;H $o $l $k $,!" $3 $l $i $N G. EA C# $O 5$ K"Cf $N 6u 5$ $K $h$k $b $N $H H/ K":^ <+ BN $K $h$k $b $N $, $" $k!#0l HL $K 5$ K" $,A4 $F $D $J $,$C $F$$ $J $$ $h $& $J :‘ NA$r :n $k ;v $O :$Fq $J $N $G!" ?e AG$d %X %j %& %‘$, :. F~ $9 $k $HG. EA F3 EY $, NI$/ $J$C $F $7 $^ $&$* $= $l $, $" $k!#$=$N$?$a8:05$7$?B?AXCGG.:‘$K$O!"$=$NCGG.G=NO$O5Z$P$J$$!# $3$3$G $OH/ K":^ CGG. K!$H$7 $F!"?? 6uMF 4oFb$N E{$J $I$N 9=@.MW AG$H $7$F %,%i %9%(%] %-%7 $r;H MQ$7$F $$ $k!# $3 $N %, %i %9 %( %] %- %7 $O <g $K ADR %G%e %o!< $N 9b 29 It $+ $i Dc 29 It $K $+ $1 $F $N ;Y ;} :‘ NA $H $7 $F ;H MQ $7 $F $$ $F!" EA F3 N( $H ;Y ;} :‘ NA $H $7 $F $N 6/ EY $r 9M $( $? 8| $5 $K $9 $k!# ;H MQ 2U =j $K $D $$ $F $O ADR $N 9= B$ $r ;2 >H!#$J$*:#2s$N ADR $K$OJ4KvCGG.K!$O;HMQ$7$F$$$J$$!# 3.1.4 ?6F0$K$h$kG.H/@8 ?6F0 $K$h$k G.H/ @8$O!" $*$= $i$/ :‘NA$N FbIt K‘;$ $K$h $k$b $N$J$N $@$m $&$,!" :‘NA $N5! 3#E*@- <A$K $h$C $F $I $NDx EY $K $J $k $N$+ $r <( $7 $? 7OE} E* <B 83 $O$^ $@ $J $$!# $? $@!"$h $j ?6 F0 $r <u$1 $d $9 $$ 9= B$$N Au CV $G $O

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 38 Hs >o $K Bg $- $/ $J $k $3 $H $O L@ $i $+ $G $" $k!# <B 83 << $K $* $1 $k ?6 F0 8; $N :G $? $k $b $N $O ?? 6u %] %s %W $J $I $N %] %s %W N‘ $@$,!" $3 $l $r == J,=| 5n $7 $? $" $H $G$b 7z J* A4 BN!" EZCO $J $I $N ?6 F0$O $^ $L $, $l $i $l$J $$!# $b $A $m $s 60 mK $G$O$3$l$i$N7zJ*$J$I$N?6F0$O9M$($kI,MW$b$J$$$@$m$&$,!"%1%V%i!<$N>uBV$K$h$C$F$ON10U$9 $kI,MW$,$"$k$+$b$7$l$J$$!# $$$^$N$H$3$m$3$N?6F0G.$NH/@8$r2r>C$9$kJ}K!$O!" saltpill $r;Y$($k%1%V%i!<$N?6F06/EY$r6/$/$7!" ADR %G%e%o!<$r?6F0$,EA$o$j$K$/$$Bf$K>h$;!"??6u%]%s%W$r$G$-$k$@$11s$6$1$k$3$H$G$"$k!# 3.1.5 G.EAC# Dc 29 It Au CV Fb $N Nd G^ $+ $i detecter table $X $N G. EA C# $O!" >e $G =R $Y $? $h $& $K!" 1) G. %j %s %/ $N G. EA F3 N(!" 2) NdG^5Z$S;nNA$NG.EAF3N(!" 3) 6-3&G.@\?(Dq93$N 3 $D$r9MN8$9$k!# $^$: G.%j%s %/$K $D$$ $F9M $($k!#Nd G^$G ;nNA $rNd $d$9;v $rL\ E*$H $9$k G.%j%s %/$O!" F<$J $I$N G.EAF3 N( $N Bg$- $$ :‘NA $r MQ$$ $l $P!"6K C< $K$$$C $F 0.1 mm $N 7B$N @~ 0lK\ $G $9$‘ >l 9g$b $" $k$,!" <’ 2=G. $N =|5n $K F1MM $NG.%j%s %/$rMQ $$$k>l9g $K$O!"$= $l0J>e$N Bg$-$J G.NL$r=| 5n$9$k I,MW$,$" $k!#Nc$( $P 1 K $G Ey29 <’ 2= $r $9 $k $H!" T � S � ?t J/mol $N G. $, H/ @8 $9 $k!# $7 $? $,$C $F!" ?t J, $N 0l %b %k ( Ls 100 g) $N >o <’ @- BN $r ;HMQ $7 $? >l 9g$N <’ 2= G. $r=| 5n $9 $k $K$O!" ;H MQ $9 $k G.%j %s %/ $h $j=| 5n $K I, MW$J ;~ 4V $r ;;=P $9 $k I, MW $,$"$k ( Bh 3.6 >O$r;2>H ) !# <!$K;nNA5Z$S>o<’@-BN$NG.EAF3N($@$,!"$3$l$O;HMQ$9$k detector table $H<’@-BN$NG.MFNL$K$h$k!# >o<’@- BN$N G.EA C#$O :F7k>= 2=$5 $;$? >uBV$G ;HMQ $9$k $?$a!"0l HL$K $OG. EAF3 N($OBg $-$$ $H;W $o$l$k $b $N $N!"<’ @-BN $N >l9g $K5a $a $i$l $k$N $O <’@- BN$N 29EY $r $G$- $k$@ $1 detector table $X EA$( $k$3 $H $@$1 $G $J $/!" $5 $i$K 29 EY @) 8f $N :] $NEy 29 @- $N J} $, =EMW $G $" $k!# 29 EY @) 8f$O 8e $K <( $9 $h $&$K!" %+ %m %j %a!< %? 3+ H/ $H $7 $F ?t � K $N 29 EY :9 $r � 1 IC Dx EY $G 6Q 0l $K $7 $J $1 $l $P $J $i $J $$!# $3 $l $O Ia DL $N G. %j %s %/ $G $O <B 8= $;$:!"6b$d%5%U%!%$%d$J$I$N!"G.EAF3$N$H$F$b9b$$C17k>=$+=cEY$N9b$$J*<A$r;HMQ$9$k!# $^$?<’@-BN$N29EY$r detector $X!"$G$-$k$@$1@53N$KC;;~4V$GEA$($k$K$O6KDc29ItA4BN$NG.MFNL$r!" NdG^$KBP$7$F>.$5$/$9$k$3$H$b8z2LE*$G$"$k!#$3$l$O detector table @_7W$N:]$N>r7o$N0l$D$K$J$k!# 3.1.6 6-3&G.@\?(Dq93 1 K 0J 2< $G $O G. %j %s %/ $r $H $k :] $K 6- 3& G. @\ ?( Dq 93 $, :G $b 9M N8 $9 $Y $- =E MW $J E@ $H $J $k!# 29 EY T H $H T L ( T H > T L ) $N@\?(LL$rDL$7$F0\9T$9$kG.NL$O!" _ Q = � A ( T n +1 H � T n +1 L ) (3.1) $^$? T H � dT ( dT = T H � T L ) $N;~$K$O!" _ Q = � 0 A ( n + 1) T n dT = �AT n dT (3.2) I= 3.3 $KE57?E*$J8GBN4V$NG.@\?(Dq93$r<($9!# >e$G <($9$H $*$j!" 6bB0 <+?H $NG.EA F3N( $HHf $Y$k $H$+$J $j>. $5$$!# G.@\ ?($5$; $?;~ $NN. F~G. 8~>e$K $O J*<A$NA*Br$h$j$b@\?(LL@Q$r>e$2$kJ}$,=EMW$G$"$k!# $3$NDq 93$O 2 J*BN$r @\?( $5$;$? >l9g!"J* BNI= LL$K$O L\$K8+ $($J$$ AF$5 $,B8:_ $9$k$N $G!"<B :]$N@\ ?( LL @Q $O7W ;; $5 $l $k LL@Q $h $j $b $+ $J$j >. $5 $$ $H;W $o $l $k!# $3 $l$r 2r >C $5 $; $k$? $a $K $O!" I= LL$r 2D G= $J 8B $jKa$$$F!"4V$K@\ ?(G^BN$r$$$l$k<jK!$,$H$i$l$k!# 9b??6u6KDc29$G$O Apiezon "N" !"??6u%0%j!<%9$J $I$,$h$$!#$^$?@\?(;~$NG.EAF3N($O05NO$KBg$-$/0MB8$9$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 39 @\?(J*BN @\?(G^BN � n B,Dj29EY 8&5f<T mW/K n +1 -cm 2 NN0h F<HD$H C r K L@c) 5!3#E* � 0.1 2 Mendoza[32] J4Kv F<@~ (a) $H C r K L@c) J4Kv$H%0%j!<%9 � 0.1 2 0.01 K $^$G Kurti $i [33] J4Kv F<@~Gs (b) $H C r K L@c) Apiezon "N" 30 3 0.03-0.15 K Anderson $i [34] C17k>=HD (c) F1>e Apiezon "N" 25 3 0.04-0.2 K Connolly $i [35] F1>e ??6uMQ %7%j%3%s%0%j!<%9 3.7 3 0.04-0.55 K F1>e H>1_7A C r K L@c)C17k>= Apiezon "N" 25 3 0.04-0.55 K Miedema $i [36] $H?e>=$NC17k>= F e(NH 4 ) L@c)C17k>=$H Apiezon "J" $J$I 10 2.7 0.09-0.3 K Wheatley $i [27] ?e>=$NC17k>= CMN C17k>=F1;N (d) GE7031+ %H%k%(%s 3 !_ 1.4 2.4 0.05-0.31 K Hart $i [28] I= 3.3: E57?E*$J8GBN4V$NG.@\?(Dq93 ([16] $h$j ) a %(%J%a%kHoJ$@~!" b %]%j%&%l%?%sHoJ$F<@~$rGs>u$K8G$a$?$b$N c 8|$5 3mm DxEY!" d CMN C17k>=$O$R$S3d$l$9$k798~$"$j CGG. >C<’ $r 9T$J $&$? $a $NJ} K!!"35 G0 $O>e $K=R $Y $?;v JA $H$J $k!#<! $O <B:] $NK\ ADR $N %7%9 %F%‘!" $= $N Cf $G$b FC $K =E MW $J MLI !" V CS !"G[@~ 7O!" %^ %0%M%C %H %3 %$ %k!" HS !" saltpill $N 9= B$ $KCm L\ $9 $k!# $= $l$h$j9b29It$+$i$NA4G.EAF3N(!"Dc29It$NA4G.MFNL$r7W;;$9$k$3$H$G!"M}O@E*$J;}B3;~4V$,;;=P$5$l!" <B 83 $r 9T $J $&:] $N ;X I8 $H $J $k!# <B :] $KM= A[ $5 $l $k G. N. F~!" ;} B3;~ 4V $K $D $$ $F $O Bh 4 >O $K <( $9 $3 $H$K $9 $k!# 3.2 MLI|Multi La y er Insulation mU<M CGG. $O NdE‘ %7 %9%F %‘$r $D $/$k $K $"$?$C $F=E MW $J9‘ L\ $N0l $D$@ $,!" ADR $N%G%e %o!<$O %" %k%_ %J %$%:%I%^%$%iCG G.$rMxMQ$7$F!"N>LL%"%k%_>x Ce$7$F$"$kG.@)8f%U%#%k%‘ ( >bJ%2=3X9) 6H@= 8| $5 10 � m) $G$3$NmU<MG.$rM^$($F$$$k!#$3$l$OB?AXCGG.K!$H8F$P$l$kJ}K!$G$"$k!# ?^ 3.1 $N$h$&$J9uBN$NJ?HDFsKg$N4V$K%"%k%_%K%&%‘$NAX$r=E$M$F$$$k>l9g$r9M$($k!# $3$N;~!"Lp0uJ}8~$KJ|<M$5$l$kC10L m 2 Ev$j$NJ|<M%U%i%C%/%9 q $O!" q = � S ( T 4 H � T 4 2 ) [ W ] ( T H "* T 2 ) (3.3) q = � 2 � S ( T 4 2 � T 4 1 ) ( T 2 "* T 1 ) q = � S ( T 4 1 � T 4 L ) ( T 1 "* T L )

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 40 ?^ 3.1: 9uBN4V$K$*$$$?%"%k%_$N%U%#%k%‘ $3$3$G!" � $OJ|<MN(!" � $O%9%F%U%! %s - %\%k%D %^%s78?t!" S $OLL@Q (m 2 ) $G$"$k!#>e<0$rN>JU A4$F B-$7$F!" (1 + 2 � ) q = � 2 � S ( T 4 H � T 4 L ) q = � 2 1 + 2 � � S ( T 4 H � T 4 L ) (3.4) $h$C$F!" n Kg=E$M$?;~$N%U%i%C%/%9$O (( n � 1) + 2 � ) q = � 2 � S ( T 4 H � T 4 L ) q = � 2 ( n � 1) + 2 � � S ( T 4 H � T 4 L ) (3.5) G.$N J| <M$r 1 1000 Dx $K M^ $($? $$ $N$G!" 2> $K 10 $+ $i 20 Kg$N %U%# %k%‘ $r =E$M $F 4, $$$? >l 9g!"%" %k %_%K %&%‘$NmU<MG.$r � = 0 : 1 $H$*$/$H 0 : 1 2 (20 � 1) + 20 !_ 0 : 1 � 5 : 2 !_ 10 � 4 (3.6) 0 : 1 2 (10 � 1) + 2 !_ 0 : 1 � 1 : 1 !_ 10 � 3 >e<0$h$j!"M}O@E*$K$O 20 Kg$N MLI $G 0.05% 0J2<$^$GmU<MG.$rM^$($k;v$,2DG=$G$"$k!# G.@)8f%U%#%k%‘$N4,$$$?8D=j$r?^ 3.2 $K$7$a$9!# $"$^ $j6/$/ 4,$- $9$. $k$H mU<MG. $O8: >/$5 $;$k $3$H$, $G$- $F$b!" :#EY $OEAF3 G.$, H/@8 $7!"5U $KG.$r EA $o $i $;$k $3 $H $K $J$k $? $a Cm 0U$, I, MW $G $"$k!# >e 2< $N %U %?$= $l $> $l $HE{ $H $N @\ B3It J, $O 7d 4V$r $J $/ $9 $? $a!" E{ $K 4, $$ $? %U%# %k %‘ $r >e 2< $K <c 43 $H $S $@ $5 $;!" JD $8 $k :] $K %U%# %k %‘ $r =E $M $k 7A $K $7 $?!# 130K 30 ring $d 30K Fb ring !" 30 ring It J, $K $D$$ $F $O!" AH $_ N) $F >e %U%# %k %‘ $K7d 4V $, @8 $8 $F $$ $k!# 6q BN E* $K N. F~$9$kmU<MG.$NCM$OBh 4 >O$K<($9!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 41 ?^ 3.2: G.@)8f%U%#%k%‘$N4,$$$F$$$k2U=j ?^ 3.3: 150K Al radiation shield $K4,$+$l$?G.@)8f%U%#%k%‘ 3.3 V CS|V ap or Co oling System $3$3$G$OK\ ADR $NFCD’$N0l$D$G$"$k!">x5$Nd5Q$r;HMQ$7$?CGG.J}K!$K$D$$$F=R$Y$k!# 3.3.1 >x5$Nd5Q$r;HMQ$9$k$3$H$K$D$$$F 6bB0:‘NA$NG.%-%c%s%;%k Bh 3.1 >O $G =R $Y $? DL $j!" ADR $N $_ $J $i $: 0l HL $K Nd E‘ 5! $N @- G= $O 9b 29 It $+ $i Dc 29 It $X $N G. N. F~ $r $I $l $@ $18: $i $; $k $+!" $9$J $o $A CG G. @-$, 80 $N 0l $D$H $J $k $,!" $3 $l$O 9b 29 It $H Dc29 It $r %@ %$ %l%/ %H $K $D $J $2$k6bB0ItIJ$,$b$C$H$bBg$-$JN.F~G.$N$R$H$D$H$J$C$F$$$k!# $3 $N 6b B0 It IJ $O!" LHe $N Cm F~ 8} $G $"$C $? $j!" ?. 9f FI $_ $@ $7 $d 29 EY 7W $J $I!" <B 83 >e $I $& $7 $F $b $O $: $; $J $$ G[@~ $G $"$C $? $j!" Dc 29 It$r ;Y $( $k ;Y ;} :‘NA $G $"$C $? $j $9 $k!# ;Y;} :‘ NA $O ?6 F0 $d>W 7b $K 6/ $$ :‘ NA $r ;H MQ $9 $k I, MW $, $" $j!" 6/ EY $K $" $o $; $F G. @d 1o @- $O $" $k Dx EY 5> @7 $K $J $k!# LHe Cm F~ 8} $O CG LL @Q $3 $= ;Y ;} :‘ NA$K Hf $Y >. $5 $$$,!" 5w N% $r ?- $P $9$3 $H $, :$ Fq $G$" $j!" $^ $? $7 $?$,$C $F G. <} =L $K BQ$( $i $l $k 9= B$ $bI,MW$H$J$k!#$3$l$i$O He tank $KF~$C$F$/$kG.N.F~$G$"$k!# ADR $N >l 9g!" D6 EA F3 %3 %$ %k $N G[ @~ $, :G =E MW ;k $5 $l $k!# $3 $l $O G[ @~ $, ADR Cf ?u It!" HS <~ JU $^ $G

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 42 G. E* $K $D $E $$ $? 9= B$ $K $J$C $F $$ $k $N $G!" $3 $3 $K G. N. F~ $, $" $k $H HS $d saltpill $^ $G $" $? $? $a $k $N $G Nd 5Q$,:$Fq$H$J$k!# $3$N G.%-%c%s %;%k $NJ} K!$K $O!":G 6a$G $O$b$C $Q$i 1UBNCb AG$G $NM= HwNd 5Q$, <gN. $G$" $k!#1UBN CbAG $O Hf 3S E* 0B 2A $G!" $= $N 4J 0W @- $h $j!" 6b B0 It IJ $+ $i $N G. N. F~ $r 0l C6 Cb AG %? %s %/ $G 77 K $K $* $H $7!" $= $3 $+ $iDc29It$K$D$J$,$k7A$,9-$/:NMQ$5$l$F$$$k!# 3 He %G%e%o!<$b$3$N<jK!$GNd5Q$7$F$$$k!# CbAGM=Nd$H>x5$Nd5Q K\ ADR $N@_7W$N85$H$J$C$? Wisconsin Bg3X$N%m%1%C%H<B83MQ ADR $O!"$=$NMQES$+$i!"NdE‘5!<+ BN$NBg$-$5$H7Z$5!"6/EY$K$D$$$F=>Mh$NNdE‘5!$h$j$b$5$i$K9b$$@-G=$rI,MW$H$7$F$$$k!# $h$C$FNdE‘5!A4BN$NBg$-$5$K@)8B$,IU$1$i$l$F$*$j!" LHe !" LN2 $NCyB"%?%s%/$NMF@Q$K8B3&$,$"$C $?!# $^ $? <B 83 ;~ 4V $r =P Mh $k 8B $j 1d $P $9 $3 $H $, K> $^ $l!" $= $N $? $a $K $O He %? %s %/ $N MF NL $r 2D G= $J 8B $j Bg $- $/ $9 $k I, MW $, $"$C $?!# $h$C $F $3 $N %m %1%C %H <B 83 MQ ADR $G $O!" M> 7W $G $" $k Cb AG %? %s %/ $r $J $/ $7!" Be $o$j$K$b$&0l$D$NCGG.J}K!$G$"$k>x5$Nd5Q$r:NMQ$7$?$N$G$"$k!# >x 5$ Nd 5Q $O LHe >x H/ 8e $N Nd $? $$ %, %9 $r MQ $$ $F 6b B0 It IJ $J $I $r Nd 5Q $9 $k J} K! $G!" 1U BN Cb AG $H F1 MM 0l HL E* $J Nd 5Q J} K! $G $" $k!# LHe !" LN2 1? HB MQ %? %s %/ $b $3 $N J} K! $, ;H $o $l $F $* $j!" $= $l $> $l Cm F~ 8} $+ $i $N G. N. F~ $r $3 $N J} K! $G Dc 8: $5 $; $k $3 $H $G!" 1U BN $N >x H/ NL $r 1/10 $/ $i $$ $K 2< $2 $i $l $k 9= B$ $K $J$C $F $$ $k!# K\ O@ J8 $G @= :n $7 $? ADR $O CO >e <B 83 MQ $@ $,!" X @~ H/ @8 Au CV $r MQ $$ $? %S!< %‘ %i %$ %s $+ $i $N X @~ F~ <M $J $I $r$5 $; $? $$ ;~ $K$O!" %3 %s %Q %/ %H@- $K M% $l 7ZNL $G $" $k $3 $H$K $O B? $/ $N MxE@ $, $" $k!# $^ $?2# $K $7 $? >u BV $G $N Nd5Q $, 2D G= $G $"$k $? $a $K $O!" =P Mh$k $@ $1 =E NO $K1F 6A $r <u $1 $kJ* $O Hr $1 $? J} $,NI $$!# $h$C $F K\ O@ J8$N ADR $b>x5$Nd5Q$r;HMQ$9$k;v$KB?$/$NMxE@$,9M$($i$l$k!# 3.3.2 v ap or co oling $NNd5Q86M} <+A3BPN.G.EAC#$NJ}Dx<0 1_ E{>e $N %9 %F %s %l 4I Fb $r >x H/$7 $? He %, %9 $, DL $jH4 $1 $F $$ $/ $H $- $N!" 4I $, C%$o $l $k G. NL $r 9M $( $k!# 4I$ND9$5$r L cm !"CGLL$ND>7B D cm !"%9%F%s$N29EY$r T H !"%,%9$N29EY$r T L $H$9$k!# v ap or co oling $O G. NO 3X!" N. BN NO 3X $r I, MW $H $9 $k!# 0l 1~!" ?e Nd $J $I $N 86 M} $H $7 $F $O <+ A3 BP N. G. EA C# $H$7$F<!<0$,$"$k!# q 1 = � D � ( T H � T L ) (3.7) q 1 $O C1 0L D9 $5 Ev $j $K C% $o $l $k G.!" $3 $3 $G � $O G. EA C# N( (mW/cm 2 -K) $G $" $k!# G. EA C# N( $O %L%C %; %k%H?t N u $G7hDj$5$l!" N u = �D =k Hegas (3.8) %L%C %; %k %H ?t $O L5 <! 85 ?t $G $" $k!# k Hegas $O 5$ BN $N G. EA F3 N(!# <+ A3 BZ N1 G. EA C# $N >l 9g!" %L%C %; %k %H ?t$O%W%i%s%H%k?t P r $H%0%i%9%[%U?t Gr $GI=$5$l!"

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 43 P r = c p � =k Hegas Gr = D 3 g � � T =� 2 N u = C 1 ( Gr P r ) C 2 (3.9) � $O N. BN $N BN KD D% N(!# � T $O N. BN $H JI LL $N 29 EY :9!# � $O L) EY!# � $O G4 @- 78 ?t!# c p $O 5$ BN $N Dj 05 Hf G.$G$"$k!# C 1 !" C 2 $O Gr !" P r $NCM$K$h$C$FBeF~$9$kCM$,$A$,$&!# $7 $+ $7 <B :] $K Be F~ $9 $k $K $O!" 3F Dj ?t $O 29 EY $K $h$C $F CM $r JQ $( $k $N $G!" $= $N It J, $K $* $1 $k 29 EY $r ;v A0 $K @_Dj $7 $F Be F~$9 $k I, MW $,$" $k!# $^ $? G.EA C# N( $O >x H/%, %9 $, DL 2a$9 $k 4I $N I=LL >u BV $K Bg$- $/ 1F 6A $9 $k!# 1UBN %X%j%& %‘$N >xH/ B.EY $,$o$+ $l$P!" 4I$N =P8} $K$-$? %X%j %&%‘ %,%9 $N29EY $rCN $k$3 $H$, $G$-$k!# 4I $+ $i %, %9 $X EA C# $5 $l $k Am G. NL $r _ Q !" %, %9 $N N. NL $r _ M $H $9 $k $H!" 4I $N F~ $j 8} $H =P 8} $N 4V $N %, %9 $N %( %s %?%k%T!<:9 � H $O � H = _ Q= _ M (3.10) %(%s%?%k%T!<$NCM$+$i!"%(%s %H%m%T!<$H29EY$N4X78$h$j!"$3$N=P8}$N29EY T out $,$o$+$k!#$3$l$h$jG. EAC#$N8zN($,3d$j$@$;$k!# >xH/%,%9$K$h$kCGG.0BDj@- CG G. $, IT == J, $G He tank $X $N N. F~ G. $, Bg $- $$ $H >x H/ $, Aa $/!" $h$C $F >x 5$ Nd 5Q $, B% $5 $l $k 7A $K $J $j CG G. $, B%?J $5 $l $k!# 5U $KCG G. $, $- $- $9 $.$k $H >x H/ B. EY$, 2< $, $j!" >x 5$Nd 5Q $, ?J $^ $J $/$J$C $F G. N. F~ $, A} $( $k!# $h$C $F FM H/ E* $J N. F~ G.$N A} 2C $J $I $, $"$C $F $b feed bac k $, $+ $+$C $F 0B Dj 2= $N J}8~ $X F0 $/!# 0l EY>x5$Nd5Q$K$h$k3F9=@.:‘NA$N29EYJ,I[$r:GE,2=$9$l$P!"8zN(NI$/Nd5Q$,$G$-$k!# LdBj$O>xH/ %,%9$NNd 5$ ( @5 3N$K$OIi$N HfG. ) $r$I$l$@$1 8zN(NI$/ 4I$,C%$($k $+$G!"<0 3.7 $K<($9$h $& $K!" $3 $l$O 4I $N D> 7B $KHf Nc $9 $k $,!" $3$N J, 4I $N CGLL @Q $, A} $( $k$? $a 8G BN EA F3G. $, A} 2C $9 $k$* $= $l $, $" $k!# 3.3.3 >x5$Nd5Q$N9=B$ K\ ADR $K$O V ap or Co oling MQ%?%o!<$H $7$F?^ 3.4 $N $b$N$r@_7W$7 $?!#$3$l$O>o29 >e$U$?$N1UBN %X %j%&%‘ CmF~8}$+$i He tank $^$G$r7k$V$b $N$G!"%X%j%& %‘E>Aw;~$N %H%i%s%9%U%!!<%A%e!< %VF3F~8}$K $J $k $H F1 ;~$K >x H/ %X %j %&%‘ %, %9 $N DL $j 8}$K $J $k!# $h$C $F >x5$ Nd 5Q $N 5! 9=$O $3 $3 $K <h $j IU$1 $i $l $k!# @= :n $7$?%?%o!<$N304Q$r?^ 3.5 $K<($9!# 9b ?? 6u $r J] $D $? $a >e $U $? It J, $K $O O ring !" $* $h $S He tank $H $N @\ B3 It J, $K $O %$ %s %8 %& %‘ %7!< %k $r G[ $9 $k 9= B$ $K $7 $?!# $^ $? G. N. F~ $r 2< $2 $J $, $i 6/ 8G $J $b $N $K $7 $? $$ $? $a!" A4 BN $O SUS-304 $r ;H MQ $7!" %? %o!< $N 1_ E{It J, $K $O %U %l %- %Y %m!<%: $r :N MQ $7 $?!# %Y %m!< %:$O 0l <o $N %P %M <0 $K $J$C$F $$ $k $? $a CG G. E* $K 5w N% $H CG LL @Q $, M- Mx $K $J $k!# $^ $? ADR $O ;Y ;} :‘ NA $r %P!< %‘ %/!< %X %s 7? $K $7 $F $$ $k $,!" $3 $l $K $h $k Bg$-$JG.<}=L$K$bBP1~$G$-$k$h$&$K$J$C$F$$$k!# ;HMQ $7$F $$$k %Y%m!< %:$O 307B 31 mm !" Fb7B 20 mm $G!"Fy 8|$O Ls 0.15 mm $H 9M$( $i$l $k$N $G!" CG LL @Q $O � 0.1185 cm 2 $H ;W $o $l $k!# $3 $N ;~ $N N. F~ G. $O $[ $\ %Y %m!< %: $, CG G. $r :n $j =P $7 $F $$ $k $H 9M $( $i $l$k$N$G!" Q = 0 : 1185 = 12 !_ Z 300 4 : 2 k s ( T ) dT = 0 : 1185 !_ 2 : 8 12 !_ 1 : 741 (300 1 : 741 � 4 : 2 1 : 741 ) � 326 mW (3.11)

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 44 ?^ 3.4: V ap or Co oling System MQ%?%o!< ?^ 3.5: 1U BN %X %j %& %‘ Cm F~ 8} 5Z $S %? %o!< $N 30 4Q!# Cf1{$K4,$$$F$$$k$N$OG.@)8f%U%#%k%‘!# ?^ 3.6: K\ ADR $N V CS $N9=@.?^ $3 $3 $G SUS-304 $N G. EA F3 N( $N4X ?t k s(T) $O!" %9%F %s %l %9 $N E57? E* $J G. EA F3 N($N CM $+ $i �tting $7$? 4X ?t $r ;H MQ $7 $? ( Bh 4.2.2 >O ;2 >H ) !# <B :] $N G. N. F~ $O 300K $+ $i $G $O $J $/!" >x 5$ Nd 5Q $K $h $k %? %o!< A4 BN $N Nd5Q$,$+$+$k$N$G$3$l$h$j$b$5$,$k!# V ap or Co oling $N9=@.?^$r?^ 3.6 $K<($9!#$3$N?^$r8+$F$o$+$kDL$j!"%G%e%o!<$NCGG.@-G=$N 90% $O $3$N V ap or Co oling $N9= @.$K$h $k$H 9M$( $i$l$k!# $3$N Nd5Q 9=B$$r 9=C[ $9$k $K$O<0 3.7 $r2r$/ I,MW $,$" $k $,!" $7 $+$7 $3 $N J} Dx <0$O 29 EY J, I[ $r <j$K $$ $l!" $5 $i $KJ* <A 4V $G 0[ $J$k G. EA C# $N %Q %i%a!< %? $r 7h $a $k I, MW $, $" $k!# $3 $N %Q %i %a!< %? $O <B B, $K Mj $k $7 $+ $J $$ $? $a!" $h$C $F K\ ADR $G $O %? %o!< $K <o!9 $N G. %j %s %/ $r $H $j $J $, $i!" Nd 5Q ;n 83 $r 9T $J $& $3 $H $G :G E, $J >u BV $r 5a $a $?!# 7k 2L!" 50K ring $X $N G. %j %s %/ $K $D $$$F$O?^ 3.4 $N (1) $NItJ,!" 150K ring $K$D$$$F$O?^ 3.4 $N (2) $NItJ,$KL5;@AGF<$N9=@.ItIJ$r2p$9$3 $H$G!" 50K ring $O 45-50K !" 150K ring $O 170-180K $KNd 5Q$5$l $k$3 $H$r 3NG’ $7$? ( 1UBN %X%j %&%‘ 8: 05;~ ) !#$3$N29EYJ,I[$K$h$k He tank $X$NN.F~G.$NCM$OBh 4 >O$K<($9!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 45 3.4 G[@~7O K\ ADR $K $O29 EY7W B,7O!" ?.9f 7WB, 7O $N 2 7O E}$r AH$_ 9~$s $G$$ $k!#$[ $\A4 $F %D%$ %9%H %Z%" $G!"CG G. $N$?$a$KG.EAF3N($NDc$$%^%s%,%K%s@~ (0.64-0.1 mm � ) $r:NMQ$7$F$$$k!# D6EA F3%^%0 %M%C%H MQG[ @~$H F1MM!" G[@~7O $OG. N.F~ $N86 0x$H $J$j$d $9$$!# $7$+ $7G. EAF3 $r0-$/ $7$h $& $H $9 $k$H Dq 93 $, Bg $-$/ $J $j %N %$ %:$, Bg $- $/!" 6KDc 29 $G $N 29 EY7W B, $d 29 EY @)8f!" $^ $? 8! =P 4o$N ?. 9f 8! =P $K ;Y >c$r $- $? $9!# K\ O@J8 $G $O $= $3 $^$G $N 7W ;; $O$7 $F $$ $J $$ $b$N $N!" Dq 93 $H G.N. F~ $N :G E, CM$r <B 83 $9 $k I,MW$b>-Mh$G$F$/$k2DG=@-$b$"$k!# G[@~$K$h$kG.EAF3 CGLL@Q A !"D9$5 L !"G.EAF3N( K ( T ) $NEAF3@~$rEA$o$kEAF3G.$O W = A L Z T H T L K ( T ) � T (W) (3.12) $3$3 $G T H 5Z $S T L $O 9b29 B&!"Dc 29 B&$N 29EY $G $"$k!# ?^ 3.7 $K!" 29EY 7W G[@~ $K;H MQ $7$? %^%s %,%K %s @~$NG.EAF3N($N29EYFC@-$r<($9!# ?^ 3.7: %^%s%,%K%s@~$NG.EAF3N($N29EYFC@- ([25] $h$j ) ?^ $h $j %^ %s %, %K %s @~ $N G. EA F3 N( $O 120 K $G 0.14 W/K-cm $G!" :G Bg CM $r 9M $( $l $P $h $$ $N $G!" @Q J, $G$O$J$/29EY:9$H$N@Q$G7W;;$9$l$PMQ$OB-$j$k!#;HMQ$7$?EAF3@~$ND>7B$O 63.5 � m $G!"CGLL@Q$O 3.17 !_ 10 � 5 cm 2 $h$j!"<0 3.11 $O!" W = 3 : 17 !_ 10 � 5 L !_ 0 : 14 !_ (130 � 2) (3.13) He $N >x H/ G. $O 728 mW-h/ ‘ ( ‘ :He $N 1U NL ) $G!" G[ @~$K $h$C $F EA $o $k G.$O 20 K\ $G $3 $l$N 1000 J, $N 1 !" 1 mW $[$I$KM^$($?$$$N$G!":GDcI,MW$JG[@~$ND9$5$O 1 : 0 !_ 10 � 3 W = 20 !_ 3 : 17 !_ 10 � 5 L !_ 0 : 14 !_ 128 = 1 : 14 !_ 10 � 2 L W

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 46 L = 1 : 14 !_ 10 � 2 1 : 0 !_ 10 � 3 � 10 cm (3.14) >e $h $j G[ @~ $O!" 10 cm 0J >e $" $l $P EA F3 G. $N ?4 G[ $O $J $$!# $b $A $m $s EA F3 G. $N B> $K 5/ 0x $9 $k G. $N N. F~ $b 9M $( $i$l $k!# $^ $? @h $K =R $Y$? $h $& $K %N %$ %:$K 5/ 0x $9 $k $? $a!" G[@~ $O 3F %9 %F!< %8 $r=g $K $O $& 7A $K $7!" � 5 !" 10 cm $4$H$K;Y;}:‘NA$K8GDj$9$k!# G[@~$N$D$J$.J}K! ADR %G%e %o!< $O 9b 29 It $+ $i $N EA F3 G. $r Dc 2< $5 $; $k $? $a!" 9= B$ >e ;Y ;} :‘ NA $, %P!< %‘ %/!< %X %s 7? $G >e 2< 8r 8_ $K$" $k $N $G!" AH $_N) $F $O ;Y $( $K $h$1 $$ $J Ii C4 $,$+ $+ $i $J $$ $h$&!" 3F %9 %F!< %8 $N N>C< $N >e 2< $K $" $k%"%k%_9g6b$N%j%s%0$G@\B3$5$l$F$$$k!# 29EY 7W$NG[ @~$O $3$N 3F%9 %F!<%8$N @\B3 ItJ, $H$J $k%j%s %0$r Cf7Q E@$H $7$F!":G $b30 B&$N ??6u MF4o>e $U $? $K $" $k %3%M %/ %? $^ $G F3 $+ $l $k!#$3 $l $O!" K| $, 0l %7%g!< %H $J$I $N G[ @~ $N 8N >c $, 5/$- $F!" =$ M} $N :] $K I, MW$JG[@~J}K!$G!"Cf7QE@$G$NG[@~$NCeC&$K$h$j%G%e%o!<$NJ,2r$rMF0W$K$7$F$$$k!# Cf7Q E@$O $= $l$> $l!" He 4L 2< $N1d D9E{ It J,!" He 4L %5%]!< %H %j%s %0!" 50K %j %s %0!" 150K %j %s%0 $K $" $j!" 4p HD $r Cf 7Q E@ $H $7 $F Mx MQ $7 $F $$ $k!# MLI $+ $i $N @d 1o $N $? $a!" %J%C %H $G $& $+ $7 $J $, $i %j %s %0 $K 8G Dj $7!" >e2< $r %+ %W %H %s %F!< %W$G J] 8n $7 $F $" $k!#$^ $? %N %$ %: BP :v $N$? $a!" $[ $\ A4 $F %O%s %@ $E $1 $G G[ @~ $r9T$J$C$F$$$k!# ??6uMF4o$U$?$N 300K %3%M%/%? | � 7? EMI %U%#%k%? 130K >e %j %s %0 $h $j ?? 6uMF 4o >e $U $? $N 300K %3 %M %/ %? $^ $G $N G[@~ $O!" DL >o $N F< @~ (0.65 mm � ) $G G[ @~ $7!" $U $? $N 3+$1 JD $a $r MF 0W $K $9 $k $? $a $K 300K %j %s %0 $N Cf 7Q E@ $r4p HD %3 %M %/ %? $G Ce C& 2D G=$K $7 $F $" $k!# $U $? $K $O ?? 6u | Bg 5$ 05 4V$N G[ @~ MQ $K B? %A%c %s %M %k 7? 5$ L) C< ;R (MUL TI PIN TYPE V A CCUM FEEDTHR OUGH)48pin t yp e $, 3 $D <h $j IU $1 $i $l!" SQUID G[ @~ 7O 5Z $S $= $N B> 7W B, 7O $H 29 EY 7W B, 7O$GJ,$1$F;HMQ$7$F$$$k!# 7WB, %N%$%: $N$& $A$^ $:Ld Bj$H $J$k $N$O 9b<~ GH$N$b $N$G!" %O%$ %Q%9 %U%#%k %?$, 8z2L E*$G$" $k!#$h$C $F FEEDTHR OUGH $N<jA0$K$O � 7? EMI %U%#%k%? y $r@_CV$7$F$$$k!#$3$N$&$AD>@~7?$rG[@~4V$K$$$l!" 10 MHz 0J>e$N9b<~GH$r%+%C%H$9$k5!G=$r$b$D!# EMI %U%#%k%?$N$D$$$?%3%M%/%?$r?^ 3.8 $K<($9!# 3.4.1 29EY7WB,7O ;HMQ$7$?29EY7W$N<oN‘$HFC@- ?^ 3.9 $K G[ CV $7 $? 29 EY 7W B, 7O $N 0L CV $H G[ @~ 7O E} $r <( $9!# A4 $F 4 C< ;R K!!# 150Kring $K %+!< %\ %s 29 EY 7W ( Ls 1k ) !" 50Kring $K $O%^ %0 %M%C%H %3%$ %kMQ %j!< %I@~ $J$I $N29 EY $rB, $k$? $a%@ %$%*!< %I 29EY 7W (2 60mV@1 � A) !" He 4L $N 2< It $H %^ %0 %M%C %H %3 %$ %k >e It $K $O RuO 2 29 EY 7W (100k ) !" $= $7 $F detector table $K$O RuO 2 29EY7W (1k ) $r$H$j$D$1$?!# $^ $?!" 1U BN %X %j %& %‘ $N NL $d He 4L Fb It $N 29 EY J, I[ $r D4 $Y $k $? $a He 4L >e It $K!" $5 $i $K %3 %$ %k G[ @~ $N %j!<%I@~Dc29B&$K$=$l$>$l RuO 2 29EY7W (100k ) $r$H$j$D$1$?!# y Erie <R@= PI-t yp e EMI �lter 1251-001 D>@~7? 10MHz 0J>e$r%+%C%H$9$k%O%$%Q%9%U%#%k%?

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 47 ?^ 3.8: D> @~ %? %$ %W!" � 7? EMI %U%# %k %? $r $H $j $D $1 $? %3 %M %/ %? . feed through $K $O KYOCERA 48PINt yp e $r ;H MQ . <L ?? $O N" B& ( 9b ??6uB& ). 1. 130Kring : carb on(1.08k ) 2. 30Kring : dio de(380mV@7 � A) 3. He tank b ottom(He 4LDlLL ) : silicondio de(-40 ) 4. He tank top(He 4L>eIt ) : RuO 2 (100k )No.1 5. leadline cold end cap( %j!<%I@~Dc29B&F, ) : RuO 2 (100k )No.4 6. HS( %R!<%H%9%$%C%AItJ, ) : RuO 2 (100k )No.2 7. detector table : RuO 2 (1k )No.1 29EY7WB,$K$O YOK OGA W A D A100 D A T A A CQUISITION UNIT $r;HMQ$7$?!#$3$l$ODjEEN.$r 30ItEE8;$+$i29EY7W$KN.$7!"%^%k%A%A%c%s%M%k$GEE05$r%b%K%?!<$G$-$k!#30ItEEN.$K$O KEITHLEY 617 pro- grammable electrometer $r;HMQ$7$?!#$^$?6KDc29It$N29EY%b%K%?!<$K$O Cry o Con mo del 62 $r;HMQ $7$F$$$k ( Bh 5 >O;2>H ) !# Dq93$O>o29Dq93$G$"$k!# RuO 2 (100k ) $O 4 $D:n@=$7$F$*$jHV9f$r$D$1$F$"$k!# :# 2s ADR MQ $K :n @= $7 $? 1k 7? $N RuO 2 29 EY 7W $O!" ET N) Bg $N %^ %$ %/ %m %+ %m %j %a!< %? $N <B 83 MQ $K 4u <aNd E‘5!$K;H MQ$5$l $F$$$k$b $N$HF1 $8$b$N $@$,!" 1 K 0J2<$N 6KDc29$G $N29EY FC@-$O>/ $70[$J $k!#$h$C $F ETN) Bg4u <a NdE‘ 5! $G%-%c %j%V %l!< %7%g%s $r $*$3 $J$C$?!# J} K!$O!" C1 =c$K ADR MQ RuO 2 $r4u <a NdE‘ 5!$N detector stage $K$H$j$D$1$F$b$i$$!"$f$C$/$j29EY$r$5$2$J$,$i4u<aNdE‘5!MQ RuO 2 $N29EY$HDq 93$NJQ2=$r$_$k!#Dq93%V%j%C%8$K$O Cry o Com mo del 62 $r;HMQ$7$?!# F@ $i $l $? %G!< %? $h $j �tting $r 9T $&!# Dq 93 $O %8%e!< %k G. $K $h $j!" EE N. $K $h$C $F 0c $& JQ 2= $r <( $9 $,!" :G$bE,Ev$JCM$H9M$($i$l$k 10 nA $G$NCM$r;HMQ$9$k . T = 1 = f A + B !_ log R + C !_ (log R ) 2 + D !_ (log R ) 3 + E !_ (log R ) 4 g 2 (3.15)

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 48 ?^ 3.9: 29EY7W$N<h$jIU$12U=j$HG[@~7OE} A = � 343 : 6708 !" B = 86 : 35922 !" C = � 1 : 705856 !" D = � 0 : 9599732 !" E = 0 : 06222591 $3 $N CM $O 0.02-2 K $G $N CM $@ $,!" 4u <a Nd E‘ 5! $N 29 EY 7W $O 2 K 0J 2< $G $7 $+ %-%c %j %V %l!< %7%g %s $, $5 $l $F $*$i$:!" 2 K 0J>e$N%-%c%j%V%l!<%7%g%s$,$G$-$J$$!# ADR $N<B83>e!" 2 K 0J>e$G$N29EY7WB,$,$G$- $J $$ $N $O IT JX$J $N $G!" $3 $N 4u <a Nd E‘ 5! $G$N %-%c %j %V %l!< %7%g %s %G!< %? $K BP $7!"1U BN %X %j %& %‘ Cy B" %? %s %/$KDR$1$F$*$3$J$C$? 4.7-10 K $N%-%c%k%G!<%?$r �tting $7$F$_$?!#$3$N;~$N4X?t$O!" T = [ 1 ( � 3 : 356844 � 0 : 01587172 !_ ln R + 0 : 07691092 !_ (ln R ) 2 ) 2 ] (3.16) >e$N Fs $D$N 4X?t $O :9$, :G Bg$G Ls 0.02 K@1.8K $G!" 8rE@ $O 1.63463 K $H $J$C$F $$ $k!# 2K 0J >e $r4^ $s$@%G!<%?$r07$&>l9g$O$3$N8rE@$r6-$KFs4X?t$G;HMQ$9$k!# >e$N<0$GIA$$$?6J@~$r?^ 3.10 $K<($9!# ?^ 3.10: RuO 2 29EY7W$NDq9329EYFC@-

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 49 detector table $N RuO 2 29EY7W detector table $K<h $j IU $1$i $l $? RuO 2 29 EY 7W $O!" He 4L 1d D9E{ It J, $^$G %^ %s %,%K %s @~ $G$D $J $2 $i $l $? 8e!" %[%k %^ %k Ho J$ $N D6 EAF3 NbTi @~ $G G[ @~ $5$l $F $$ $k!# $3 $l $O @~$r D6 EA F3 >u BV $K$9 $k $3 $H $G G. $N N. F~ $r KI $0 $? $a $N $b $N $G!" RuO 2 $H He tank $H %3 %$ %k $N %3 %M %/ %? $h $j 30 $^ $G $N 4V $r $& $+ $7!" $Y %j %j %& %‘ F< $N:Y $$ HD $G @~ $r;Y $(!" %Y %j %j %& %‘F< HD $K >/ $7 %F%s %7%g %s $r $+ $1$k $3 $H $G @~ $r %T%s $H D%$C $? >u BV $K$7$F$$$k!#$3$l$r?^ 3.11 $K<($9!# NbTi @~$OD>7B 43.2 � m $G!"CGLL@Q$O 1.465 !_ 10 � 5 cm 2 $N$b$N $r;HMQ$7$F$$$k!# ?^ 3.11: RuO 2 29EY7W (1k ) $N He 4L1dD9E{ItJ,$NG[@~ 3.4.2 ?.9f7WB,7O K\ ADR $O?.9f7W B,7O$H$7$F!" TES AG ;R$ND6EAF3A+0\29EYB,DjMQ$H SQUID F0:nMQ$K 28 %A%c%s%M %k$,F3F~$5$l$F$$$k!%A4$F%D%$%9%H%Z%"$G!" 300 K ItJ,$+$i$O%7!<%k%I$D$-$K$$$F$$$k!#$^$? He tank $+$i SQUID shield $^$G$O%O%s%@$GD6EAF3%7!<%k%I$r;\$7!" shield D>A0$N%N%$%:Dc2<$r?^$C$F$$$k!% 3.5 D6EAF3%^%0%M%C%H%3%$%k 3.5.1 %^%0%M%C%H%3%$%k K\ ADR $K F3F~ $5$l $F $$$k D6EA F3%^ %0%M%C %H%3 %$ %k$O AMI <R@= NbTi @~7? %3 %$%k $G!"Ls 4 K| turn $G:GBgEEN. 7.82 A !":GBg<’>l 4 T !"C10LEEN.$"$?$j 0.513 T/A $G$"$k!# detector table 5Z$S SQUID F3F~It J,$K6/<’ >l$,$+$+ $i$J$$$h $&!"2<It$K %P%C%-%s%0%3 %$%k$, 1 K| turn @_ CV$5$l$F $*$j!"FC$K de- tector table $K$+$+$k<’>l$r 10 J,$N 1 0J2<$K$7$F$$$k!# 3.5.2 %j!<%I@~ %^ %0 %M%C %H %3 %$ %k $N 30K G[ @~ $K $O!$ D6 EA F3 $N %j!< %I @~ $r ;H MQ $7 $F $$ $k!# $3 $l $O %3 %$ %k G[ @~ $N G. EA F3$r2<$2!"$5$i$K:nF0;~$N%8%e!<%kH/G.$rKI$0$?$a$G$"$k . %^ %0 %M%C %H %3 %$ %k $O >e $G =R $Y $? $h $& $K FC @- $, 0.513 T/A $G!" <’ >l $r :n $k $? $a $K Bg EE N. $, I, MW $H $J $k . 8e $G =R $Y $k $, $3 $l $K $h$C $F G[ @~ $K H/ @8 $9 $k %8%e!< %k G. $O!" G[ @~ I= LL $r 9b 29 $K $7 $F $7 $^ $& $H $H $b $K!" Fb It $K G. $r :n $j =P $9 $N $G Nd 5Q $r 9T $& $N $K K8 $2 $H $J $k!# $h$C $F 30K It J, $N 31 mm 4V $r!" 30K $G ==J,D6EAF3>uBV$K$J$k9b29D6EAF3%j!<%I@~$rMQ$$$k$3$H$G%8%e!<%kG.$NH/@8$rM^$($F$$$k!# 9b29 D6EAF3 %j!<%I @~$O!$ %,%i %9%(%] %-%7 $GJ] 8n$7 $?9b29 D6EA F3BN $NN> C<$rF< $NB@ $$6b B0It J,$G$O $5 $s$@7A$r$7$F$*$j!$F<@~$r%O%s%@IU$1$7$?F<HD$H05Ce@\B3$GF3DL$5$;$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 50 ;HMQ$7$?9b29D6EAF3BN$O Bi Sr Ca Cu O x 7O$NF<;@2=J*7O2=9gJ* z $G$"$k . 9b29D6EAF3$NFC@-$O!"2< $NI=$N$h$&$K$J$C$F$$$k . � Lead Bism uth Stron tium Calcium Copp er Oxide � D6EAF3A+0\29EY : Ls 110 K( M}2JG/I= ) � >e2<$NF<ItJ,$NDq93$O 20 !_ 10 � 9 $G!" 0.4 mW@100A � D6EAF3>uBV$G$O!" 77 K $K$FBgBN 40-50 A $?$($i$l$k!# � 40 A !" 77 K-4.2 K $NG.N.F~$O 50 mW � 50 A !" 64 K-4.2 K $NG.N.F~$O 39 mW � D6EAF3$G$O$J$$>uBV$G$NG.N.F~$N@53N$JB,Dj%G!<%?$N5-:\$J$7!# $^$?!"F<$N6bB0ItJ,$NEENO>CHqNL$O!" 40 A $G 2 mW !" 50 A $G 3 mW $H$J$C$F$$$k!# %j!< %I @~ $O 30K It J, $N %, %i %9 %( %] %- %7 $N Fb B& $r Av $k 7A $K $J $k $,!" %^ %0 %M%C %H %3 %$ %k $, E7 HD $K $" $1 $?7j $rDL$C $F 30K $K $G$k $?$a!" He 4L%5%]!< %H%j %s%0 $K7j$r $"$1!" %j!<%I @~$N>e J}$N 6bB0 ItJ,$, %j%s %0 $+ $i >e $K Ht $S =P $9 7A $K $J$C $F $$ $k!# $^ $? 9= B$ >e 30K $N %" %k %_ 9g 6b E{ It J, $H @\ ?( $9 $k $? $a!" 2< B& $N %" %k %_ E{ $N @Z $j 9~ $_ It J, $r Av $k 7A $K $7!" %j!< %I @~ <+ BN $K $b MLI10 Kg $r 4, $$ $F mU <M CG G. $r $* $3 $J$C $F $$$k?^ 3.12 !# %j!<%I@~$O 100 K 0J2<$G$"$l$P==J,D6EAF3A+0\$r$9$k$O$:$@$H9M$($i$l$k!#D6EAF3>uBV$KF~$l$P!" BgEEN.$K$h$C$F$d$V$l$J$$8B$jG.N.F~$N?4G[$O$J$$!#$b$A$m$sD6EAF3A+0\$r$5$;$k$?$a$K$OA4BN$r 100 K DxEY$^$GNd5Q$9$kI,MW$,$"$j!"FC$K%j!<%I@~$N$_$r9M$($l$P!"D6EAF3$G$O$J$$>uBV$G$NN.F~G.$O!" 200 K $" $? $j $G $N F3 BN $H $7 $F $N E5 7? E* $J CM $N Dq 93 N( (30 -m) $H G. EA F3 N( (2000 mW/cm-K) $r Be F~ $7 $? >l 9g!">o29$G$NDq93CM 0.2 $h$j!" 30 !_ 10 � 8 !_ L= A = 0 : 1 A=L = 3 : 0 !_ 10 � 6 m 3 : 0 !_ 10 � 4 !_ 2000 !_ 200 = 120 mW (3.17) $3$3$G A $OCGLL@Q!" L $OD9$5$G!"29EY:9$O 200 K $rA[Dj$7$F$$$k!#Dq93CM$O>o29$G$NCM$h$j!" 150 K $"$?$j$GBgBN 1/2 $K$J$k$HA[Dj$7$?!#:GDc$3$l$/$i$$$OG.N.F~$,$"$k$H$_$FNI$$$@$m$&!# G.N. F~$OD6 EAF3 @~$@ $1$G $J$/!"@~ $r$* $*$& %,%i %9%(%] %-%7 $+$i $N$b $N$,$" $j!"D6 EAF3 ;~$K $O$3$l $N G. N. F~ $, ;Y G[ E* $G $" $k!# %, %i %9 %( %] %- %7 $O IT F3 BN $J $N $G!" G. EA F3 N( $K $* $1 $k 10 K $" $? $j $N F3 BN FH FC $N%T!<%/$O$b$?$:!"G.EAF3N($O29EY$N4X?t$G$+$J$j@53N$KI=$9$3$H$,$G$-$k!#$3$l$r k G ( T ) = 0 : 475 !_ T 0 : 50739 (mW = cm � K) (3.18) $H$9$k$H!"CGLL@Q 0.785 cm 2 !"D9$5 25 cm $h$j!" 0 : 785 = 25 !_ Z 200 4 : 2 k ( T ) dT � 29 : 0 mW (3.19) 29 EY $O 200 K $+ $i 4.2 K $X $N $b $N $H $7 $?!# ;2 9M $N $? $a!" G. EA F3 N( $N 29 EY 0M B8 @- $r L5 ;k $7!" :G Bg CM $r$@$9$?$a$?$@$N$+$1;;$G7W;;$9$k$H!"%,%i%9$r 5(mW/cm-K) $H$7$F!" 0 : 785 = 25 !_ 5 !_ (200 � 4 : 2) = 30 : 7 mW (3.20) $[$H$s$I$+$o$i$J$$!#D6EAF3A+0\$r$7$?8e$G$O%,%i%9%(%]%-%7$NG.EAF3$,;YG[E*$J$3$H$,$o$+$k!# z Lead Bism uth Stron tium Calcium Copp er Oxide ( 1t %S%9%^%9 %9%H%m%s%A%&%‘ %+%k%7%&%‘ F< )

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 51 3.5.3 %j!<%I@~$NM}O@E*$J;HMQJ}K!!<!<!<A08e$NG.%-%c%s%;%k 9b29D6EAF3%j!<%I@~$O9b29B&$NF<ItJ, (W arm end cap) $N29EY$r2<$2$k!"$b$7$/$O$3$3$X$NG.N.F~ $r $I $l $@ $1%-%c %s %; %k $G $- $k $+ $,!"$3 $N %j!< %I @~ $N @- G= $N0l $D!" N. F~ G. $N Dc 8: $r7h $a $F $$ $k!# 9b 29 D6 EAF3 BN$N A+0\ 29EY $+$i 8+$k $H!"9b29 B&$N @hC< $O 100 K 0J2<!" Dc29 B&$O 10 K Dx EY$,K> $^$7 $$!#Dc 29B& $K $D $$ $F $O!" $= $N @h $N NbTi @~ $N D6 EA F3 A+ 0\ 29 EY $, Bg BN 10 K Dx $J $N $G!" >/ $J $/ $H $b 10 K 0J 2< $, >r 7o$H9M$($i$l$k!# 3.5.4 %j!<%I@~A08e$NG.%j%s%/$N9=B$ Dc29B&F<ItJ,!<!< cold end cap Dc 29 B&$O He 4L %5 %]!< %H %j %s %0 $K %j!< %I @~ $N F, $r :9$7 9~ $s $@ 9= B$ $K $J$C $F $* $j!" Fb B& $+ $i ?? o+ $M $8 $G 05 Ce 8G Dj $7 $F $$ $k!# %j!< %I $H %5 %]!< %H %j %s %0 4V $K $O %+ %W %H %s %F!< %W ( @d 1o $N $? $a ) $H 0.5 mm 8| $N F< $, $O $5 $s $G $" $k!# %5 %]!< %H %j %s %0 $O %" %k %_ 9g 6b 6061( %8%’ %i %k %_ %s ) $G $" $k!# $3 $3 $K D> @\ $D $J $, $k NbTi @~$K $b G. %-%c%s %; %k$N $? $a!"%+ %W %H%s %F!< %W$G @d 1o$7 $? >e$+ $i F<It IJ $G He tank $N >e It$H G. %j %s%/$r$H$C$F$$$k!#$3$l$r?^ 3.12 $K<($9!# ?^ 3.12: HE tank %5 %]!< %H %j %s %0 $K $H $j $D $1 $? 9b 29 D6 EA F3 %j!< %I @~!# <j A0 $, cold end cap !# ?^ 3.13: cold end cap $N G. %j %s %/ $N ?^!# NbTi @~ $r He tank $H G. %j %s %/ $r $H$C $? F< It IJ$G$O$5$s$G$$$k!# 9b29B&F<ItJ,!<!< w arm end cap 9b29 B& $G %j!<%I @~ $O F< @~ ( CG LL @Q 3.33 !_ 10 � 3 cm 2 D9$5 52 cm) $K $D $J $, $j$= $N $^ $^F< @~ $O >o 29 It $X$D $J $,$k!# $3 $N$H $- F<@~ $+ $i%j!< %I @~$X $N G.N. F~ $O!" 4 K\ $G � 200 mW $K $J $k (300 K-50 K) !# $3 $N G. $N %-%c %s %; %k $O ;Y ;} :‘ NA $G $" $k 150Kring $H 50Kring $, $* $3 $J $&!# F< @~ $O $3 $N ring $K 05 Ce $5 $l $F $$ $k!# %j!< %I @~ $N 9b 29 B& $O $h$C $F!" $3 $N ring $N 29 EY $K 6/ $/ 0M B8 $7 $? 7A $K $J $k!# $3 $N ring $r Nd 5Q $9$k$N$O%?%o!<$K$D$J$,$k V CS( >x5$Nd5Q ) $G$"$k!# 3.5.5 %j!<%I@~$h$j30$X$NG[@~$H!"$=$l$K$h$kG.EAF3 D6EAF3 %j!<%I@~ $h$j30 $K8~$1 $? 50 K-300 K 4V $OD6EA F3@~$, ;HMQ$G $-$kDx Nd$($J $$$N$G DL>o $NEAF3 @~$r;H$&;v$K$J$k$,!"$3$N>l9g$NG.EAF3$HH/@8$9$k%8%e!<%kG.$r9MN8$7$J$1$l$P$J$i$J$$!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 52 CG LL @Q A !" D9 $5 L !" G. EA F3 N( K ( T ) $N EA F3 @~ $r EA $o $k EA F3 G. $O <0 3.12 $N DL $j $@ $,!" F1 ;~ $K $3 $N EA F3@~$KH/@8$9$k%8%e!<%kG.$O J = RI 2 = � L A I 2 (3.21) $3 $3 $G � $O EA F3 @~ $N Dq 93 N( ( -m) !" I $O EE N. CM (A) $G $" $k!# >e <0 $G 8+ $k $h $& $K!" %8%e!< %k G. $O G[ @~ $N D9 $5 $K Hf Nc!" CG LL @Q $K H? Hf Nc!# $3 $l $K H? $7 $F EA F3 G. $N G. NL $O $= $N 5U $G $" $k!# $h$C $F G. ( %8%e!< %k G. + EAF3G. ) $r:G>.$K$9$k$K$O!"0J2<$NJ}Dx<0$r2r$1$P$h$$!# f = J + W = � L A I 2 + A L K ( T )( T H � T L ) (3.22) $3$3$G!" x = L A $H$*$/$H!"B>$ODj?t$J$N$G �I 2 = C 1 !" K ( T )( T H � T L ) = C 2 $H$*$$$F!" f ( x ) = C 1 x + C 2 x � 1 _ f ( x ) = C 1 � C 2 x � 2 (3.23) $3$l$h$j x = q C 1 C 2 $N$H$- f ( x ) $O6K>.CM$r$H$k!# x � 0 $h$j!"$3$l$, f ( x ) $N:G>.CM$H$J$k!#$3$N $H$-!" J = C 1 � C 2 C 1 = 2 p C 1 C 2 W = C 2 � C 1 C 2 = 2 p C 1 C 2 $H!" J = W $H $J $k $N $G!" $h$C $F J = W $H $J $k CG LL @Q!" D9 $5 $r 9M $( $l $P G. $O :G >. $H $J $k!# $3 $l $K 8=<B E*$J CM ( D> 7B $O 0.1- ?t mm !"D9 $5 $O9= B$>e 50 cm 0J>e ) $KJd @5$9 $l $P$h $$!#$7 $+$7 $3$3 $GG[ @~ $N I= LL 29 EY $H $$ $& Ld Bj $, =P $F Mh $k!# EE N. $r N. $7 $? $3 $H $K $h $k G[ @~ I= LL $+ $i $N J| <M G. J r $O C1 0L D9 $5 Ev $j J r = � S T 4 L (S $OC1 0LD9$5 Ev$j$N I=LL@Q!" T l $O G[@~I= LL$N29 EY ) $GI=$; $k$,!"2> $K$3$l $,H/@8 $9$k %8%e!<%kG.$HF1Ey$@$H$9$k$H!"CGLL@Q$*$h$SEAF3@~$ND9$5$K$h$C$F$OI=LL$,9b29$H$J$C$F$7$^$&!# Nc$($PF<@~ (K=420 W/K-m !" � =1.55 !_ 10 � 8 ( -m)) $r;HMQ$7$?>l9g!"EEN. I=0.1 A $H$7$F J = W = 1 : 55 !_ 10 � 8 !_ ‘ !_ A � 1 !_ 0 : 1 2 = 420 !_ ‘ � 1 !_ A !_ (130 � 30) f min = 2 : 6 mW x = L A � 1 : 646 !_ 10 7 m � 1 (3.24) >e $N x $h $j!" D> 7B d =0.1 mm � $H $7 $? $H $- $N D9 $5 L $O Bg BN 0.517 m $H!" M} A[ E* $J CM $, =P $k!# $7 $+ $7$3$N$H$-$NI=LL29EY T l $O!"C10LD9$5Ev$j$NI=LL@Q$r � d $HI=$7$F!" J r = J = � S T 4 L = � L A I 2 T l = f 4 �I 2 � � 2 d 3 g 1 4 (3.25) $h$C$F!"EEN.$N:GBgCM 8 A $,N.$l$?;~$NI=LL29EY$O!" T l = f 4 !_ 1 : 55 !_ 10 � 8 !_ 8 2 5 : 67 !_ 10 � 8 !_ 3 : 14 2 !_ (2 : 0 !_ 10 � 4 ) 3 g 1 4 � 970 K (3.26)

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 53 $7$?$,$C$FM}O@E*$JG[@~29EY$, 1000 K 6a$/$K$b$J$j!"$H$F$b;HMQ$G$-$k>u67$G$O$J$$!#29EY T l ( � 400 K) !"D>7B d ( CGLL@Q )( � 1 mm) !"D9$5 L (50 � 200 cm) !"$5$i$KG[@~$NJBNsK\?t n ( � 10 K\ ) $N;M$D$r JQ?t$H$7!"<0 3.25 $+$i I =8 A $N>uBV$H$7$F T l !" d $r5a$a!"<!$KG.NL$r9MN8$7$F L $r$-$a!" n $GD4@0 $9$k$H$$$C$?%W%m%;%9$,I,MW$G$"$k!# $3 $3 $G %^ %0 %M%C %H %3 %$ %k $N :n F0 ;~ 4V $O @h $K =R $Y $? DL $j!" 8 A $G 0l ;~ 4V!" 0.1 A $G Ls 5 � 20 ;~ 4V $H $J$C $F $$ $k $N $G!" I= LL 29 EY $N J} Dx <0 $O I =8 A $G!" G. NL $N J} Dx <0 $O I =0.1 A $G 7W ;; $9 $k $N $, 9% $^ $7 $$!# JBNsK\?t$r9MN8$9$k$?$a!"<0 3.21 $r=q$-D>$9!#$A$J$_$KJBNs$7$?G[@~$NA4CGLL@Q$r$+$o$i$J$$$h$& $K$9$k$?$a!" � d 2 2 = n� d 0 2 2 , $9$J$o$A d 0 = d p n $H!"0lK\$N;~$ND>7B$, d $N;~$HF1$8CG LL@Q$G n K\JB Ns $H$7$?;~$O!"D>7B$, d p n $K$J$k$H$9$k!#$@$+$i<0 3.21 $O � f n� d 2 p n g � 1 I 2 = � T 4 l n� d p n T l = f 4 �I 2 p n� � 2 d 3 g 1 4 d = f 4 �I 2 p n� � 2 T 4 r g 1 3 (3.27) $^$?!"G.EAF3$,:GDcCM$KM^$($i$l$k;~$N%8%e!<%kG.$*$h$SEAF3G.$N4X78<0$O �L f n� d 2 p n g � 1 I 2 = n� L � 1 d 2 p n 2 K ( T H � T L ) L = � 4 I s K ( T H � T L � d 2 (3.28) $3$3 $G G[ @~ $K ;H MQ $9$k 8u Jd $H $7 $?!" F<!" %Y%j %j %& %‘ F<!" %9 %F %s%l %9 $= $l $> $l $N FC@- $O I= 3.4 $N DL $j $G$"$k!# J*<A G.EAF3N( K(W/K-m) Dq93N( � ( -m) F< 420 1.551 !_ 0 � 8 %Y%j%j%&%‘F< 130 7.68 !_ 10 � 8 %9%F%s%l%9 11 8.21 !_ 10 � 4 I= 3.4: 3FJ*<A$NFC@- $3$3$G%8%e!<%kG. $K$D$$$F$b$&0l EY9M$($F$_$k!# I =8 A $N ;~$H I =0.1 A $N$H$-$=$l $>$l$KH/@8$9 $k %8%e!< %k G. $N Am NL $r 5a $a $F $_ $k $H!" 0.1 A N. $7 $F $$ $k ;~ 4V $O 8 A $N 10 G\ $N ;~ 4V $J $N $G!" Am NL $K $b $3$l $,4X 78$7 $F$/ $k!#$3$l $r$U $^$(!" I =8 A $N ;~$N %8%e!<%k G.$r 1 W DxEY $KM^ $($? >l9g!"JQ ?t$N 4X 78$OI= 3.5 $N$h$&$K$J$k!#29EY$O 300 K $H@_Dj$7$F$$$k!# I= 3.5 $h $j!" D9$5 $N It J, 0J 30 $K J*<A $4 $H $N :9 $O $J $/!"$3 $l $H $$$C $? :G E, $JJ* <A $, $" $k $h $& $K$O 8+ $( $J $$!# $h$C $F!"G[ @~ $H $7 $F $N 6/ EY$d Dq 93 N( $J $I $NLL $+ $i F< @~ $r ;H MQ$9 $k ;v $K $7 $?!# >e$h $j F< @~ $N D> 7B $r d =0.6 � 0.65 mm � $G8GDj$7!"$3$N>l9g$NG.$NEAF3NL$rI= 3.6 $K<($9!# I= 3.6 $GJBNsK\?t$r 2 K\!" 130K ItJ,$OA4D9$,Ls 450 mm $G!" 500 mm 0J>e$rBP>]$H$7$?!#$3$N>l 9g$NI=LL29EY$O 400 K $[$I$G$"$k!#$h$C$F$3$NF<@~$r;HMQ$7$F$bLdBj$O$J$$$H$7$?!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 54 J*<A JBNsK\?t D>7B (mm) D9$5 (m) J+W(mW)(0.1(A)) J+W(mW)(8 A) F< 1 0.957 0.693 43.7 1000 4 0.677 0.346 43.8 998 %Y%j%j%&%‘F< 1 0.396 8.59 68.8 1000 4 1.15 0.198 68.8 1000 %9%F%s%l%9 1 3.44 0.191 53.7 1000 4 0.120 2.29 53.7 1000 I= 3.5: %8%e!<%kG.$r 8 A ;~$KLs 1 W $H$7$?;~$N%8%e!<%kG. (300 K) J*<A JBNsK\?t D>7B (mm) D9$5 (m) J+W(mW)(0.1 A) J+W(mW)(8 A) F< 2 0.652 0.5 95.8 3068 2 0.652 1 48.6 5993 4 0.652 0.5 190.8 1677 4 0.652 1 95.8 3068 I= 3.6: <B:]$NF<@~$K>H$i$79g$o$;$?M}O@CM <B:]$KG[@~$7$?F<@~$OD9$5$, 80 cm !"CGLL@Q 2.2 !_ 10 � 3 cm 2 !"JBNsK\?t 2 K\$G!">o29It$+$i 50 cm $N Cf 4V It J, $G 0l C6 150Kring $G G. %j %s %/ $r $H $k J} K! $K $7 $?!# $3 $N >l 9g $N EA F3 G. 5Z $S H/ @8 G.!" M} O@ E* $J :GBgI=LL29EY$O J (150 � 300 K) � 111 mW J (50 � 150 K) � 180 mW (3.29) W (8 A) � 3610 mW W (0 : 1 A) � 0 : 56 mW (3.30) T r (8 A) = ( �LI 2 2 � p � AA ) � 4 � 108 K (3.31) <0 3.29 $N CM $O K\ Mh $O F1 CM $H $J $k $O $: $J $N $G!" 29 EY J, I[ $, B? >/ JQ 2= $7 $F F1 Dx EY $N CM $K $J $k $H ;W $o $l $k!#EEN. $r 8 A N.$7$F$$$k;~!" H/@8G.$N$&$A 2260 mW $O 150Kring !" 1350 mW $O 50Kring $,5[<} $9 $k $3 $H$K $J $k!# $b $A $m$s $3 $l $K $O G. J|<M $r 9M N8 $; $:!"B> $N 9= B$ :‘ $KF( $2 $F 9T $/ It J,$b $" $k!# $^ $? >e $N 7W ;;$K $O Dq 93 N( $N29 EY 0M B8 @- $r9M N8 $7 $F $$$J $$ :G Bg CM $H$J$C $F $* $j!" <B :]$O Dc 29 $K $J $k$H Dq 93 N( $O $5$,$j!"H/@8G.$O<0 3.30 $N 50% 0J2<$H;W$o$l$k!# 3.6 HS| %a%+%K%+%k%R!<%H%9%$%C%A %R!< %H %9 %$%C %A $O saltpill $H He tank !< G. Ma $H $N G. J? 9U!" CG G. >u BV $r $D $/ $j $@ $9 $b $N $G!" CG G. >C <’ NdE‘$K$O$+$+$;$J$$ItIJ$N$R$H$D$G$"$k!#$3$N5!9=$K$O$5$^$6$^$JJ}K!$,9M0F$5$l$F$$$k$,!"M}8& ADR $K$O%a%+%K%+ ( 5!3#<0 ) $r:NMQ$7$F$$$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 55 $3 $l $O 6b B0 It IJ $r %9 %$%C %A $G on !" o� $9 $k $3 $H $G!" saltpill $H D> 7k $9 $k 6b B0 It $H G. @\ ?( $9 $k 5! 9= $K $J$C$F$*$j!"=i4|$+$i;HMQ$5$l$F$$$?J}K!$G$"$k!#?^ 3.14 $K%R!<%H%9%$%C%A$N5!9=?^$r<($9!# He tank $H G. @\ ?( $5 $; $F $" $k %O %5 %_ 7? $N It IJ $, $" $j!" $3 $l $, JD $8 $l $P on $H $J$C $F G. @\ ?( $, $* $3 $k!# HS $N JD $8$kNO$N%Y%/%H%kJ}8~$r>e$KJQ$($k$3$H$G!">e$K0z$CD%$k5!9=$G on !" o� $,$G$-$k$h$&$K$J$C$F$$$k!# ?^ 3.14: %a%+%K%+%k%R!<%H%9%$%C%A$N9=B$?^ ?^ 3.15: %R!<%H%9%$%C%A$H saltpill $NG.%j%s%/ %R!< %H %9 %$%C %A $K $O $3 $N B> $K!" %X %j %& %‘ $J $I $N G. 8r 49 %, %9 $r MQ $$ $k J} K! $, $" $k!# $3 $l $O %, %9 $r %9 %$%C %A $K MQ$$ $k J} K! $G!" %a%+ %K %+ %k $H 0c$C $F?6 F0 $N 86 0x $H$J $k 4m 81 @- $,$J $$ $, $3 $N >l 9gCG G. $r $9 $k $H $-$K He $r8zN($h$/GS5$$G$-$k$+$,LdBj$H$J$j!"$^$?9=B$>e9g7W 3 Bf$N??6u%]%s%W$,I,MW$H$J$k!# $^$? 8=:_D6 EAF3 %9%$%C %A$, <gN. $K$J$C $F$- $F$$ $k!#$3$l $OD6 EAF3 J*<A $N>o EAF3!" D6EA F3>uBV $G$N G. EA F3 N( $N 0c $$ $r Mx MQ $9 $k $b $N $G $" $k!# He 29 EY $G == J, D6 EA F3 $K $J $j!" G. EA F3 N( $, 6K C< $K >. $5 $$ It IJ $r G. Ma!< Nd G^4V $K $* $-!" G. J?9U $K $7 $? $$ ;~ $K$O!" $3 $l $K <’ >l$r $+ $1 $F >o EAF3 $K $9 $k $3 $H $GG. EA F3 N( $r $" $2 $k!# $? $@!" $3$l $K $O %R!< %H %9 %$%C %A ItJ, $K D6 EA F3 %^ %0 %M%C %H$K $h $k 6/ <’ >l $, F~ $j9~ $^ $J $$ $h $& $K G[ N8$9$kI,MW$,$"$j!"M}8& ADR $N9=B$$K5a$a$i$l$F$$$k%3%s%Q%/%H@-$K7g$1$k!# 3.6.1 2K � 300K 4V$r$D$J$09=B$ 2-300K 4V $O on o� $r$9 $k$?$a$K$R$C$Q$k5!9= $r:n$kI,MW$,$"$k $,!"$3$l$O?^ 3.14 $K$"$k $h$&$K%1 %V %i!< $r ;H MQ $7 $? wire $G 300 K $U $? $^ $G $D $J $2 $F $$ $k!# $U $? $K $O %Y %m!< %: $r MQ $$ $F >e 2< J} 8~ $N 2T F0 $K BP $7 $F ?? 6u $r J] $F $k $h $& $K $J$C $F $$ $k!# %1 %V %i!< wire $O 2-300 K 4V $r $D $J $0 It IJ $K $J $k $N $G CG G. @-$H6/EY$r9MN8$7$FCGLL@Q$r7hDj$9$k!# K\ O@ J8 $G ;H MQ $7 $? %1 %V %i!< $O N. F~ G. $r 9M N8 $7 $F!" 1.5‘mm � $N wire $r 4 J, 3d $5 $; $k $3 $H $G N. F~ G. $r � 1-2 mW $^$G2< $2$F$$$k!#$3$N;~$N wire $N0z$CD%$j6/EY$OLs 20kg(110.8 MP a) $HB,Dj$5$l$F$$ $k!# $3 $l $O %1 %V %i!< wire $N K\ Mh $N 6/ EY $H Hf $Y $k $H 10% Dx EY $H >. $5 $/!" :# 8e 2~ NI $N M> CO $" $k It IJ $H ;W $o$l$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 56 3.7 saltpill 3.7.1 ;O$a$K | ADR $G:G$b=EMW$J>o<’@-BN$N%+%W%;%k |saltpill $O!"$=$NNdE‘5!$N@-G=$r:81&$9$k?4B!It$G$"$k!# ;H MQ $9 $k<’ @- BN 7k >= $N A* Br$K $h$C $F Nd 5Q G= NO!":G Dc E~ C# 29 EY $, 7hDj $5 $l $k!# $3 $l $O%+ %m %j %a!< %? $N F0 :n 29 EY $K $h$C $F!" ;H MQ $9 $k 7k >= $N <o N‘ $, 0[ $J $k $3 $H $r 0U L# $9 $k!# $^ $? $3 $l $K $h$C $F 100mK 0J 2< $K $* $1$kI,MW$J30ItEEN.$d detector $NF0:n4D6-$,JQ2=$9$k2DG=@-$,$"$k!# K\ O@ J8 $G Nd 5Q ;n 83 $K ;H MQ $7 $? saltill $O El <G 8& 5f =j $G @= :n $5 $l $? $b $N $@ $,!" F0 :n 4D 6- $N :G E, 2= $r 9M $( $? >l 9g!"F3 F~ $7 $F $$ $kNd G^ $r $N $; Be $($k $3 $H $, 2D G=$J >u BV $, K> $^$7 $$!# $3 $l $h $j!" K\8& 5f << FH <+ $G saltpill $N@= :n5; =Q $r2q F@$9 $k$3 $H$O %+%m %j%a!< %? 3+H/ $K== J,$J Ip4o $N0l $D$H $J $k!#$7 $+$7 saltpill $N @= :n $O0l HL $K $H $F $b:$ Fq $G!" $^ $: 7k>= $H $7 $F BeI= E* $K MQ $$ $i$l $F $$ $k %_%g %&%P %s $O M; E@ $,$H $F $b Dc $/ (F AA $N >l 9g 40 � C) !" Bg 5$ $K $= $N $^ $^ J| CV $7 $F $* $/ $H ?e $, $L $1 $? N2 ;@ E4 $K $J$C $F $7 $^ $&!# $^ $? N2 ;@ 2= J*$N$?$a!"<h$j07$$$K==J,Cm0U$7$J$1$l$P$J$i$J$$!# $3 $3 $G $O K\ ADR $K F3 F~ $5 $l $F $$ $k saltpill $N 9= B$ $K $D $$ $F =R $Y!" $5 $i $K 1’ Ch J* M} <B 83 8& 5f << FH <+ $G@=:n$7$? saltpill( 0J2<!" saltpill2 9f5!$H$9$k ) $K$D$$$FJs9p$9$k x !# 3.7.2 saltpill $N@-G=$KBP$9$k>r7o |F AA $N>l9g ADR $NNd G^$H$7$F F AA( N2;@BhFsE4%"%s%b%K%&%‘ 12 ?e ) $r;H MQ$9$k$K$"$?$C$F!"5a$a$i$l$k salt- pill $N@-G=$K$O0J2<$N>r7o$,$"$k!# 1. %+%W%;%kA4BN$NG.EAF3@-$,M%$l$F$$$k 2. FbIt$KO*=P$5$l$kItJ,$OA4$FBQ6/;@@-$G$"$k 3. 3005$KBP$7Bg5$05$+$i9b??6u$^$GBQ$($i$l$k 4. %+%W%;%kA4BN$, 300 K $+$i 100 mK 0J2<$N6KDc29$^$GBQ$($i$l$k 5. FbIt$G7k>=$r0i$F$k9=B$$K$9$k!# 9M $( $i $l $k 2W 9s $J >r 7o 2< ( ;@!" 29 EY!" 5$ 05 ) A4 $F $K BQ $( $i $l $J $1 $l $P 40 @. $5 $l $J $$!# $= $N 7k 2L!" AH $_N)$FJ}K!$r9MN8$7$F saltpill $N9=B$$O0J2<$N$h$&$K$J$C$?!#?^ 3.16 $K$3$l$r<($9!# 3.7.3 saltpill $N9=B$ G.EAF3@- >e $N >r 7o $G $^ $: (1) $K $D $$ $F $O!" F AA $b 4^ $a $F 7k >= $N G. EA F3 $, 6K Dc 29 $G Ld Bj $H $J $k $+ $i $G $" $k!# FC $K K\ ADR $N 9= B$ >e!" %R!< %H %9%$%C %A $, >e B&!" detector table $,Dl LL B& $H $J$C $F $$$k $? $a!" <’ 2= G. $r4^$a$F>e2<J}8~$NG.EAF3@-$rNI$/$7$J$1$l$P$J$i$J$$!# $3$N >l9g!"%+ %W%; %kFb $KG. EAF3 $NM%$l $?6b B0$r F3F~ $9$k $N$,K> $^$7 $$!#$7 $+$7!" <’>l $N?bD> LL$K BP $9 $k LL@Q $N Bg $- $$6b B0 $, %+ %W%; %k Fb $K B8:_ $9 $k $H!" CG G.>C <’ $N :] $KM6 F3 5/ EE NO$, H/ @8 $7 $FNd 5Q $G $- $J x $3$N ADR $K:G=i$KF3F~$5$l$? saltpill 1 9f5!$OEl<G8&5f=j$G@=:n$5$l$?MO@\7? saltpill $G!"K\O@J8$GFC$K$3$H$o$j$,$J $$$+$.$j!"Nd5Q;n837k2L$OEl<G8&5f=j@= saltpill 1 9f5!$G$N7k2L$H$9$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 57 ?^ 3.16: ADR salpill 2 9f5!$N9=B$?^ $/ $J $k!# $h$C $F <’ >l ?b D> J} 8~ $K F3 @~ $r B? $/ D% $k <j K! $r $H$C $?!# $3 $l $O F AA $N 7k >= Fb It $r Av $k $N $G!" BQ6/;@@=6bB0$G$J$1$l$P$J$i$J$$!#$h$C$F6b@~$r;HMQ$7$?!#$3$l$r?^ 3.17 $K<($9!# ?^ 3.17: ADR salpill 2 9f5!$N6b@~$N9=B$ ;HMQ$9$k6b@~$ND>7B5Z$SK\?t$O!"<’>l?bD>LL$KBP$9$kA4CGLL@Q$H!"G.$NN.$l$N time scale $N4X78$G $- $^ $k!#A4 CG LL @Q $, Bg$- $$ $H M6 F3 5/EE NO $N H/ @8$, Bg $- $/ $J $k!#$7 $+ $7 K\ ?t $,$" $^ $j $K >/ $J$/ <’ >l ?b D> LL $K BP$9 $k 6b @~ 4V 3V$, Bg $- $$ $H!" :#EY $O G. J? 9U>u BV $K C# $9 $k;~ 4V $, D9 $/ $J$j!" AG ;R $N Nd 5Q$d 29 EY @) 8f $K;Y>c$r$-$?$9!#$h$C$F0J2<$N$h$&$K9M$($k!# 6b @~ $N D> 7B $r r !" K\ ?t $r n $H $* $/!# $3 $N ;~ $N 6b @~ $N A4 CG LL @Q $O n� r 2 $G $- $^ $k!# $3 $l $, saltpill <+ ?H $N CG LL @Q $N 1% Dx EY $K $7 $? $$!# $3 $l $O 30 E{ $K SUS $r ;H MQ $7 $? >l 9g!" :G Dc 8B I, MW $J 8| $5 $r 0.5 mm 8| $H $7 $F!" $3 $N 30 E{ $N CG LL @Q $, A4 CG LL @Q $N 7-8% $@ $+ $i $G $" $k!# A4 6b B0 $N CG LL @Q $r 10% Dx EY $K $7 $? $$!# saltpill $ND>7B$O 25 mm � $J$N$G!"$3$l$h$j D Au = n� r 2 � � � 2 : 5 2 � 2 !_ 0 : 01 = 0 : 032 cm 2 (3.32) <! $K G. $N N. $l $N time scale $O!" :G $b ;~ 4V $N $+ $+ $k $N $O <’ >l ?b D> J} 8~ $N 6b @~ | 6b @~ 4V $N F AA $N G. $N $d $j $H$j $H ;W $o $l $k!#6b @~ $N 4V 3V $O 6a;w $9 $k $H!" %+ %W%; %k A4 CG LL @Q$r 6b @~ K\ ?t $G 3d$j!" $3 $l $N J? J}

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 58 :,$H9M$($i$l$k!#$h$C$F6b@~4V3V d $O d = r � � 2 : 5 2 � 2 =n (3.33) 7k>=$NG.EAF3N($NNc$H$7$F!" CrK %_%g%&%P%s$r9M$($k!# CrK $NG.EAF3 � $O � = 53 !_ T 3 mW = cm � K 4 (0 : 16 � 0 : 29 K) (3.34) 3J;RHf G.$, C L � 10 � 5 T 3 J/cm 3 K !"%U%)%N %sB.EY v � 10 5 cm/s $h$j!" %U%)%N %s$NJ? 6Q<+M3 9TDx l $O%U%)%N%s$K$h$kG.EAF3N($N8x<0$h$j � � 1 3 l C L v l � 2 mm (3.35) $h$C $F ?t mm Dx EY $N 4V 3V Fb $N 7k >= $O 29 EY $, 0l MM $H $_ $J $7 $F $h $$ $H ;W $o $l $k!# $? $@ $7 $3 $l $O C1 7k >= $NCM $G$"$j!" $3$l$[ $I$N6K Dc29$K $J$k $H � $O7k >=$N Bg$-$5 $K0MB8 $7$F$/ $k$N$G!" 7k>=$, >.$5$$ $H � $O ?t J, $N 1 $K Nt 2= $9 $k!# $^ $? J4 Kv >u $K $9 $k $H 7k >= 4V $N G. EA F3 $, Ld Bj $H $J$C $F $/ $k!# $5 $i $K 6b @~ | 7k >= 4V$NG.EAF3$,LdBj$K$J$k$3$H$r$5$1!"7k>=$OFbIt$G:F7k>=2=$5$;$k!# >e $r $U $^ $(!" K\ O@ J8 $N saltpill $O 0.2 mm � $N 6b @~ $r 160 K\ ?b D> J} 8~ $K Av $i $; $k 9= B$ $K $7 $?!# 6b @~ 4V3V$O 1.2-1.4 mm $G$"$k!#$3$N$H$-$NCGLL@Q$O D Au = 160 !_ � ( 2 : 0 !_ 10 � 2 2 ) 2 = 0 : 0503 cm 2 D Au D al l = 0 : 0503 4 : 91 = 0 : 0102 (3.36) $h$C$FA4I=LL@Q$KBP$7 1% DxEY$N4sM?$G$"$k!#6b@~$O?^ 3.18 $N$h$&$K!"6b@~$rDL$9$?$a$N7j$N$"$$ $? %, %i%9 %( %] %- %7 $ND% $j HD 2 Kg$G D% $k 7A $r$H$C $F $$ $k!# 7j $N0L CV $O ?^ 3.16 $N A{A $G $" $k!# D%$j HD $K $O 2 Kg$N 5w N% 5Z$S 0L CV$r 8G Dj $9$k $? $a $NK@ $N :9$7 7j $, 3 $D$" $k!# K@$O =E NL!" BQ6/ ;@ @-!" BQ6K Dc 29@- $r 9MN8$7$F%"%/%j%kK@$r:NMQ$7$?!#$3$l$K%M%8;3$r@Z$C$F%"%/%j%k%J%C%H$GHD$r8GDj$9$k!# ?^ 3.18: D%$jHD$KDL$7$? saltpill2 9f5!$N6b@~ >e2<J} 8~$K 1d$S $?6b @~$OB+ $M$i $l$F %+%W%; %k$N 30$K Ht$S=P $7!"G. %j%s %/MQ F<ItIJ $XH> ED$G @\B3$5 $l $k!# $7 $+ $7F< $* $h $S H> ED $O BQ;@ @- $, 0- $/!" $- $l$$ $K N2 ;@ $K MO 2r $5$l $F $7 $^ $&!# $h$C $FN> B& $U $? $N Cf 1{ $K$"$1$? 6 mm � $N7j$+$i6b@~$rHt$S=P$5$;!"$3$3$r%(%]%-%7@\Ce:^ (STYCAST 2850FT) $G$9$-4V $r $U $5 $0 <j K! $r $H $k $3 $H $K $7 $?!# $3 $3 $O saltpill $N Cf $G :G $b Fq $7 $$ 2U =j $G!" %T %s %[!< %k $, B8 :_ $9 $k $@ $1$G7k>=$N@O=P$,5/$3$k2DG=@-$,$"$k$N$G==J,Cm0U$,I,MW$G$"$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 59 BQ6/;@@- F AA $O7k>=@.D9 ;~$KN2;@MO1U$r;HMQ$9$k!#$^$?MO$1$?;~$KN2;@2=J*$r@8@. $9$k$?$a!" saltpill $N9= @.$9$kItIJ$O!"FbB&$KLL$7$?ItJ,$OA4$FN2;@$K$OMO$1$J$$BQN2;@@-$N:‘NA$K$7$J$1$l$P$J$i$J$$!# $h$C $F %+ %W %; %k $N 30 OH $O 6/ EY $r 9M $( $F %9 %F %s %l %9 {SUS304 $r ;H MQ $7 $?!# %9 %F %s %l %9 $O F e $r <g @. J,$H $7!" Cr !" Ni $N @.J,3d 9g$r JQ$($F $=$N MQESJL $K$" $o$;$? B?$/ $N<oN‘ $,$" $k$,!" SUS304 $O$= $N$& $A :G $b BeI= E* $J $b $N $G6/ EY!" BQ ;@ @- $H $b$K Ld Bj L5 $/!" <j$K F~ $j $d $9 $$:‘ NA $G $" $k!# $3 $N>l 9g %9 %F %s %l %9$OHf3SE*L)EY$,9b$$$N$G!"=ENL$r9MN8$7$F30E{$OGv$/ 0.5 mm 8|$K$7$?!# $U$?$H $N@\ 9gIt J,$O MO@\$d 6d%m %&IU $1$,:G E,$@ $,!"9= B$>e$U $?$N Cf1{ $r$U $5$0%( %]%- %7It J,$,2C G. $5 $l$F $7 $^ $&!# STYCAST 2850FT $O 8B 3&29 EY 130 � C $G!" 29 EY$K 6/ $$%( %] %-%7 @\ Ce :^$G $b 180 � C $, 8B 3& $G $" $k!# 0l J} %9 %F %s %l %9 MO @\ $N :] $K $O %9 %F %s $N M; E@ � 1400 � C $^ $G 2C G. $5 $l $k!# 6d %m %& $G $b 700-900 � C $^ $G 2C G. $9 $k I, MW $, $" $k $? $a!" $U $? $H 30 E{ $N @\ Ce $N :] $K %( %] %- %7 $, C: 2= $7 $F $7 $^ $&!# $3 $N >l 9g!" A0 $K =R $Y $? $h $& $K saltpill $O 6 K\ $N %1 %V %i!< $R $b $G D_ $9 7A $G F3 F~ $5 $l!" saltpill $N ?b D> J} 8~ $KBP$7 � 10 N $NNO$,$+$+$k!#$3$l$K@\CeItJ,$,BQ$($i$l$k$+$I$&$+$bLdBj$H$J$k!# BQ3005@-!"BQ6KDc29@- $" $? $j $^ $( $@ $, %G%e %o!< Fb $O 9b ?? 6u >u BV $N $? $a!" saltpill $N Fb It $r Bg 5$ 05 $K J] $D $? $a $K 5$ 05 $K BQ $( $i$l$k9=B$$rI,MW$H$9$k!#$^$? saltpill $O ADR $G:G$bNd$($kItJ,$J$N$G!"9=@.:‘NA$OA4$F 300 K � 100 mK $G 2u $l$J $$ $b $N $G $"$k I, MW $, $" $k!#$h$C $F 9= @. ItIJ $N @\ Ce $K ;HMQ $9 $k @\ Ce :^$K $O %( %] %- %7$, :G E, $H 9M $($i$l$k!# $A$J $_ $K 9= @. $7 $?J* <A $N G. KD D%N( $O!" I= 3.7 $N $h $& $K$J$C $F $$ $k!# $3 $l $r$_ $k $H!" %9 %F %s%l %9 { %( %]%-%74V$K<c43$N0c$$$,8+$i$l$k!# ItIJ J*<A G.KDD%N( !_ 10 � 4 !_ ( L 293 � L T ) L 293 C10L$J$7 @20 K 30OH %9%F%s%l%9 29.7 6b@~ 6b 40-45 $/$i$$ @\Ce:^ %(%]%-%7 40 D%$jK@ ( %J%$%m%s$^$?$O%F%U%m%s$J$I ) 150-200 I= 3.7: Thermal expansion rate of saltpill’s comp onen ts 7k>=$NF3F~J}K! 0lHL$NCGG.>C<’NdE‘$G$O!"Bg$-$J7k>=$r%+%W%;%k$KF3F~$7$?$j7k>=$rJ4>u$K$7$F1U>u@\?(G^BN (Apiezon- N $J $I ) $G N}$C $? $b $N $r F3 F~ $7 $? $j $9 $k J} K! $, MQ $$ $i $l $? $j $7 $F $$ $k $,!" $3 $l $O %+ %W %; %k $N MF @Q $r @8 $+ $7 $- $l $J $+$C $? $j!" G. EA F3 N( $K Ld Bj $, $"$C $? $j $9 $k!# $h$C $F saltpill 2 9f 5! $G $O Fb It $G 7k >= $r 0i $F $k J} K! $r $H $k!# $3 $N >l 9g!" %+ %W %; %k $N 95% Dx EY $r $U $5 $$ $@ >u BV $G 7k >= F3 F~ MQ $N F~ 8} $r :n $j!" Cm F~ 8e $KF~8}$r:I$0!# ?^ 3.19 $K F AA Cm F~ 8} $N 9= B$ $r <( $9!# detector table B& $K MO 1U Cm F~ 8} $H $J $k %Q %$ %W $, 2 K\ IU $1 $i

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 60 ?^ 3.19: saltpill Fb$K F AA $r0i$F$k$?$a$N9=B$ $l!"$3$3$+ $iMO1UCmF~MQ$N %Q%$%W$r:9$79~ $‘!#6b@~$ND%$jHD ( %,%i %9%(%]%-%7 ) $K$b7j$, $"$j!"$3$3$b DL $7 $F H?BP B& $N $U $? ItJ, $^ $G DL $9!# $3 $l$O 7k >= $r Dl LL$+ $i =y!9 $K @. D9$5 $; $k $? $a $G $"$j!" 2> $K Cf 4V It J, $K @. D9$7 $? It J, $, $"$k $H!" 7k >= @. D9 8e$N GS 1U $r Fb It$K JD $8 9~ $a $F$7 $^ $&!# GS 1U $O =y!9$K 7k >= $r GK 2u $7$F$7$^$&$N$G!"$3$l$r2DG=$J8B$jFbIt$K;D$5$J$$$h$&$K@.D9$5$;$kI,MW$,$"$k!# ItIJ9=@. 0J>e$h$j!" saltpill $N9=@.ItIJ$O0J2<$N$h$&$K$J$k!# 1. 30E{5Z$S>e$U$? ( %R!<%H%9%$%C%AB& ) !"2<$U$? (detector table B& ) 2. G.%j%s%/MQF<ItIJ 2 $D ( %R!<%H%9%$%C%AB&5Z$S detector table B& ) 3. D%$jHD 2 $D$HD%$jK@ 3 K\ 4. MO1UCmF~MQ%Q%$%W 2 K\ 5. 6b@~ (0.2mm � ) 6. F AA 3.7.4 $U$?ItJ,$NL)IuJ}K! 7k>=$NG.EAF3N($O6KDc29$K$F6KC<$KDc2<$7!"$=$l$O6bB0$KHf$Y 1000 J,$N 1 0J2<$G$"$k!#$7$+$7Bh 3.1.6 >O $K=R $Y$?$h$& $K!" 1 K $r$-$k$h $&$J6K Dc29$GG. %j%s%/ $r$H$k>l 9g!"LdBj$H $J$k$N $OJ*<A$N G.EAF3 N($G $O$J$/8GBN4V$NG.@\?(Dq93$G$"$k!# 29EY T H $H T c ( T H > T c ) $N@\?(LL$rDL$8$F0\9T$9$kG.NL$O!" _ Q = � A ( T n +1 H � T n +1 c ) (3.37) $3$3$G � $OG.EAF3N($NJQ7A$G (W/cm 2 -K n ) $NC10L$r$b$D!# A $O@\?(LL@Q$G$"$k!# T H � T c = � T !" � T � T H $N>l9g!" _ Q � � 0 ( n + 1) AT n � T = �AT n � T (3.38) Nc$H$7$F8GBN4V$NG.@\?(Dq93$N<B83CM$rI= 3.8 $K<($9!#6b$NG.EAF3N($O 1 K $"$?$j$G 4000 mW/cm- K $[ $I$J $N $G!" $3$l $h $j saltpill $N>l 9g $G $O 6b {F AA 4V!" 6b { F< 4V $N G. @\?(!" $H $j $o$1 @\ ?( LL @Q$r Bg $-$/$9$k$3$H$,=EMW$H$J$k!# 6b {F AA 4V $O!" F AA 7k >= $r D> @\ 6b @~ $N DL $k satpill Fb $G @. D9 $5 $; $k $? $a!" $3 $l 0J >e @\ ?( LL @Q $N 8~ >e $O $J$$ $@ $m $&!# LdBj $O 6b { F<4V $G!" $3 $l$K $O %M %8 05Ce $+ H> ED $J$I $N @\ ?( J}K! $, $" $k$,!" 9= @. :‘ NA$N

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 61 @\?(J*BN @\?(G^BN � n B,DjNN0h 8&5f<T F AA C17k>=$H Apiezon "J" !"$^$?$O 1 !_ 10 5 2.7 0.09-0.3 Wheatley [27] ?e>=C17k>= @d1o%K%9$H%H%k%(%s CMN !< CMN C17k>= @d1o%K%9$H%H%k%(%s 1.4 !_ 10 4 2.4 0.05-0.31 Hart [28] I= 3.8: 8GBN4V$NG.@\?(Dq93 BQ N2 ;@@- $H %3 %9 %H!" Bg$- $5 $K BP $9 $k@) 8B $J $I $r9M N8 $9 $k $H %M%8 05 Ce $O IT E,Ev $H $J $j!" $+ $D6b @~ $r D> @\ saltpill $N30It$XO*=P$5$;$kI,MW$,$"$k!# $3 $l $O saltpill 9= B$ $N :G $b Fq $7 $$ It J, $G!" 6b @~ $r Ht $S =P $5 $9 J} K!!" $3 $3 $r %7!< %k $9 $k J} K!!" F< It IJ $H@\B3$9$kJ}K!!"$=$N=g=x$K==J,$JBP:v$,I,MW$G$"$k!# saltpill 1 9f5! | El<G8&5f=j@=$N>l9g El<G8&5f=j$G@=:n$5$l$? saltpill 1 9f5!$O!"$U$?ItJ,$N@\CeJ}K!$H$7$F0J2<$N=g=x$G$*$3$J$C$?!# 1. 6b@~$HF<ItIJ$rH>ED@\Ce 2. $U$?$+$iHt$S=P$7$?6b@~$N$9$-4VItJ,$r%(%]%-%7@\Ce$GKd$a$k 3. $U$?$H30E{$rMO@\ $3 $N >l 9g!"MO @\ $r ;H MQ $7 $F $$$k $? $a ?? 6u $K BP$9 $k 6/ EY $, :G $b $h$/!" 7k >= O3 $l $b $^$C$? $/ @8 $8 $J $$!# $? $@ $7 @h $K =R $Y $? $h $& $K!" MO @\ $K $h $k %( %] %- %7 @\ Ce :^ $N C: 2= $, @8 $8 $? $? $a!" ?t Bf $N saltpill $r :n @. $7 $F MO@\J}K!$N:GE,2=$rB,$C$F$$$k!# saltpill 2 9f5! | ETN)Bg8&5f<<@=$N>l9g saltpill 2 9f 5! $G $O MO @\ J} K! $G $O $J $/!" $U $? $H 30 E{ $H $N @\ Ce J} K! $b %( %] %- %7 @\ Ce $K $7 $F $$ $k!# $3 $l $O MO @\J} K! $N :G E,2= $r B, $k I,MW @- $r $J $/$9 $? $a $N =h CV$G!" It IJ AH $_N) $F 0J 9_ $N:n 6H $O A4 $FK\ 8& 5f << $G 9T $J $o $l $?!# $3 $N J} K! $N >l 9g %( %] %- %7 @\ Ce :^ $N C: 2= $O LH $l $k $b $N $N!" %1 %V %i!< wire $N D% NO $K BQ $( $i $l $k $+!"%+ %W %; %k $, ??6u $K BQ $( $i $l$k $+!" 7k >= 1L$l $, @8 $8 $J $$$h $& $9 $- 4V $r:n $i $: $K @= :n$G $- $k $+ $, 80$H$J$k!# 3.7.5 7k>=$N@.D9J}K! F AA $O ;T HN $G 9X F~ $G $- $k $b $N $J $N $G!" $3 $l $r MO 1U $K $7 $F %+ %W %; %k Fb $K $F :F 7k >= 2= $5 $; $l $P $h $$!# F AA $rMO$+$79~$‘MOG^$K$ON2;@ 7% MO1U$r;HMQ$9$k!# 0i$FJ}$O Wisconsin Bg3X X-ra y group $,:n@.$7$?%^%K%e%"%k$r;2>H$7$?!#$3$l$K$h$k$H!" F AA $r N2 ;@ MO 1U $K 2 : 1 $N 3d 9g $G 37-39 � C $N >u BV $GMO $+ $7 9~ $‘!# 40 A4 $K MO $1$? >u BV $G %U%# %k %?!< IU $- $N%m!< %H$G %+%W %;%k Fb$K N.$79~ $‘!#:n @.$7 $? F AA MO 1U$N Fb!"Ls 50% $,:F 7k>=2= $7$F ;D$j $OGS 1U$H$J $k!#$3 $l $O CmF~ 8} $+ $i GS=P $9 $k!# MO 1UCm F~ %Q %$ %W$r $$ $l $? $^ $^@. D9 $5 $; $F$7 $^ $& $H %Q%$ %W $, $H $l$J $/ $J $k $? $a!" $3 $l $OCm F~ 8e B. $d $+$K $H $k!# 0l 5$ $K @.D9 $5 $; $F $7 $^$& $H $9 $- 4V $,$G $- $? $j!" GS 1U $rCf $K JD $8 9~ $a $F$7$^$&$N$G!">/$7$:$D (5-10 g) @.D9$5$;$k!#

Bh 3 >O ADR $N%7%9%F%‘$N@=:n 62 7k >= $OMO 1U $N 3d 9g $, factor 1-2 $+ $o$C $F $b @. D9 $9 $k $3 $H $, $G $- $k!# <B :]!"GS 1U $@ $1 $G $b 1-2 %u 7n $9 $l $P GS1U MF 4o Fb$K $- $l $$$J 8 LL BN $N7k >= $, @.D9 $9 $k!# $7 $+$7 $3 $N >l9g!" MO 1U Cf$G 7k >= 2= $9$k 3d 9g $,>. $5 $/!" 7k>= Cf $K GS 1U $r<h $j 9~ $s $G $$$k 2D G= @- $,9b $$!# $^ $? 3d 9g$, $" $^ $j $K 0c$& $H Gr $$ J4 >u$N $b $N $, D@ EC $9 $k$@ $1 $G 7k >= $K$O $J $i $J $$!# $3$N E@ $K $* $$$F $b!" %+ %W %; %kFb $K ;D $k GS 1U$O 2D G= $J 8B $j=| 5n $9 $k I, MW $, $" $k!# $^ $? :F 7k >= 2= ES Cf $N It J, $b <! $N MO 1U $N 3d 9g $r JQ $( $k 2D G= @- $, $" $k $N $G <! $N F AA Cm F~ A0 $K N2;@MO1U$GMO$+$7=P$9!# 7k>= :n@.$K :G$b =EMW $J$N $O29EY 4IM} $G$" $k!#FC $K F AA $r MO2r$5 $;$k ;~$N 29EY $O 37-39 � C $KJ]$? $J $1 $l $P $J $i $J $$!# $b $7 39.5 � C $K $7 $F $7 $^ $& $H F AA $N J, ;R $r 40 A4 $K GK 2u $7 $F $7 $^$C $F 0- $$ 7k >= $7 $+ $G $- $J $/ $J $k!# saltpill $O 7k >= $r 0i $F $k :] $K $O $[ $\ BLA CK BO X 2= $7 $F $$ $k $? $a!" A4 $F $N 9T Dx $O Cz G+$K9T$J$&I,MW$,$"$k!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L Bh 3 >O $G $O K\ ADR $N 6q BN E* $J %7 %9 %F %‘ $r <( $7 $? $,!" $3 $3 $G $O $= $N %7 %9 %F %‘ $K $h$C $F 8+ @Q $b $i $l $k @- G= $H!" <g MW$J CG G. >C <’ ;n83 7k 2L $K $D $$ $F=R $Y $k!# Nd 5Q ;n83 7k 2L $H M} O@7W ;; CM $H $N Hf 3S$r $9 $k $3 $H $G!" @=:n$7$?%G%e%o!<$NCGG.G=NO$d saltpill $NG=NO!" X @~F0:n4D6-$H$7$F$NG=NO$rI>2A$9$k$b$N$G$"$k!# $^ $: Bh 4.1 � 4.3 >O $G!" K\ ADR $G 8+ @Q $b $i $l $k @- G= $NM} O@ 7W ;; $r 9T $J $$!" 4| BT $5 $l $k Nd E‘ %5 %$ %/ %k $N J] ;} ;~ 4V $J $I $r <( $9!# <! $K Nd 5Q ;n 83 $N 6q BN E* $J J} K! $r =R $Y ( Bh 4.4 >O ) !" Nd 5Q ;n 83 7k 2L $+ $i Nd E‘ 5! $N @-G=$rF3$-!"$3 $l$HM}O@7W;;CM$rHf3S$9$k ( Bh 4.5 >O ) !#:G8e$K!"K\8& 5f<<FH<+$K@=:n$7$? saltpill 2 9f 5!$NCGG.>C<’;n83$H!" ADR %G%e%o!<$r2#$K$7$?>uBV$G$N;n837k2L$rBh 4.6 >O$K<($9!# $? $@ $7 6K Dc 29!" FC $K 100 mK 0J 2< $K $* $1 $k 29 EY B, Dj $d N. F~ G.!" Hf G. B, Dj $O 0l HL $K Fq $7 $/!" FC $K K\ ADR $K $* $$ $F $O <B 83 L\ E* $K 1~ $8 $F 6K Dc 29 It $N It IJ!" 9= B$ :‘ NA $r JQ 49 $7 $F $$ $k!# $h$C $F CG G. >C <’ ;n 83 $K $D $$ $F $O Nd E‘ %5 %$ %/ %k $r Cf ?4 $K =R $Y!" saltpill $N G= NO $K $D $$ $F $N $/ $o $7 $$ 2r @O $O Bh 5 >O 0J 9_ $G =R $Y $k$3$H$K$9$k!# 4.1 G.N.F~$H6KDc29;}B3;~4V$NM}O@7W;; >e$G=R $Y$F $-$? <~JU 5!4o$N FC@- $HCG G.$N$? $a$N G[@~ $J$I$N =hCV $+$i!" ??6u MF4o$N 30It 5Z$S 9b29It $+ $i!" Dc 29 It $9 $J $o $A ADR K\ BN $K N. $l $k G. NL $, 7W ;; $5 $l!" $3 $l $h $j!" :# 2s @= :n $7 $? ADR $N :G Dc E~ C# 29EY!";}B3;~4V$J$I$N@-G=$,<B:]$K$I$NDxEY8+9~$^$l$k$b$N$J$N$+$rM}O@E*$K;;=P$9$k;v$,=PMh$k!# ADR K\ BN $r 7A $E $/ $k MW AG!" It IJ A4 $F $N G. MF NL $J $I $r 6q BN E* $K 7W ;; $9 $k $3 $H $O $H $F $b :$ Fq $@ $,!" M} O@ E* $K9M $( $i $l $k G.N. F~ $N <o N‘ $NCf $K $O!" ?6 F0G. $N $h $& $K 8=>u $G $O B, Dj $N$7 $h $& $, $J $$!"$Y $D $N @_ Dj $N Cf $G$N @: L) B, Dj$r I, MW $H $9$k $b $N $b $"$k $N $G!" $3 $3 $G$O $3 $N $h $&$J $b $N $K 4X$7 $F $O L5 ;k$9 $k $3 $H $K $7!" :G Dc $I$N Dx EY $N G. N.F~ $, 8+ 9~ $^ $l!" >/$J $/ $H $b $I $NDx EY $N 4V!" :G Dc29 EY $, ;} B3 $9 $k$b $N $H M= A[ $G $-$k$+$rNd5Q;n83A0$K4JC1$K8+@Q$b$k$b$N$G$"$k!# ;}B3;~4V$K$D$$$F$N9M$(J} Dc29 It$KN. $l$k G.$N <oN‘ $O!">e $G=R$Y $?$h $&$K Bg$- $/J, $1$FmU <MG.!" ;Y;} :‘NA $r$D $?$C$F$N 8GBN EA F3 G.!" 5! 3#?6 F0 G.!" G. EA C# MQ $NF3 BN $G H/ @8 $9 $k12 EE N. $J $I $, $" $k!#$3 $3 $G!" G. N. F~ $K4X $7 $F $O Fs <o N‘ $" $j!" 0l $D $O ADR %G%e %o!< $N $b$C $H $b 9b 29 $9 $J $o $A ?? 6u MF 4o ( Ls 300 K) $+ $i!" He tank Fb $K Cm F~ $5 $l $? %X %j %& %‘ ( Ls 2 � 4.2 K) $K N. $l $k G.!" $b $& 0l $D $O %X %j%& %‘ $+ $i ADR $N Cf ?u!" %= %k %H %T%k $X $H N.$l$kG.$G$"$k!# 63

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 64 300(K) $N 9b 29 It J, $N G. $O G. J? 9U >u BV $K C# $9 $k $^ $G Dc 29 It $X $H N. $l $F $$ $/ $,!" %X %j %& %‘ $, B8 :_ $9 $k 8B$j He tank $h $jFbB&$ODc29 $rJ]$D$3$H $,$G$-$k!#$h$C$F!" 9b29It$+$i N.$l$kG.$N BgH>$OA4$F!"$3 $N %X%j %&%‘$N>x H/5Z$S He tank $N29 EY>e>:$K ;HMQ$5$l $k$H9M $($F:9$7 ;Y$($J$$!# $^$? ADR Cf?u$KN. $l $k G. $O $3$l $h $j!" Ls 1 � 2 K $K J] $? $l $? He tank $+ $i $N mU <MG. $d!" %1 %V %i!< $r$D $?$C $F F~ $k EA F3G. $r 9MN8$9$k$3$H$G$h$$$O$:$G$"$k!# ;}B3 ;~4V $K$D $$$F $O$3 $l$h $j!"%X %j%& %‘$, $9 $Y$F >xH/ $9$k $^$G $N;~ 4V$H!" $b$& 0l$D $N detedtor ta- ble $N29EY$rJ]$F$k;~4V$N 2 <oN‘$N$&$A!"C;$$J}$r;}B3;~4V$H$9$k!# %X %j %& %‘ $, $[ $s $N >/ $7 $G $b B8 :_ $9 $k 8B $j!" M} O@ E* $K $O!" He tank $H ADR K\ BN $H $N @\ B3 It J, $G $" $k %^ %0 %M%C %H %" %@ %W %? $O %X %j %& %‘ 29 EY $G $" $j!" ADR Cf ?u $X $N Bg H> $N G. N. F~ $O!" %X %j %& %‘ 29 EY $+ $i $N N. F~ $H9M $( $i $l $k!#$b $A $m $s<B :] $O %X %j%& %‘ $, $" $kNL 0J 2< $^$G >x H/ $7 $?;~ E@ $G!" He tank 5Z $S ADR $N Cf ?u0J 30 $N It J, $O29 EY >e >: $r $7$O $8 $a $k $N$G!" 29 EY 7W $r MQ$$ $F $N <B B, $r$9 $k I, MW $, $"$k $,!" $* $= $i $/ $3 $l$O J, C1 0L $G $7$+ JQ $o $i $J $$$G $" $m $&!# %X%j %& %‘ $, 40 A4$K $J $/ $J $k $H!"$= $l $^ $G %X %j%& %‘ $, ?) $$ ;_ $a $F $$ $? 9b 29 It $+ $i $N G. $, A4 $F D> @\ ADR K\ BN $^ $G EA $o $k $3 $H $K $J $j!" ADR K\ BN $N 29 EY $O 5^ 7c $K >e>:$9 $k!#5^7c$K$H8@$C $F$b!"%"%k%_ 9g6b$G$G$-$? He tank $NG.MFNL$O%X %j%&%‘$N>x H/G.$HHf$Y$F $+ $J $j Bg $- $$ $N $G!" L\ $K 8+ $( $F $H $$ $& $o $1 $G $O $J $$ $,!" G. Ma $, $J $/ $J$C $? 0J >e!" ADR K\ BN $X $N G. N. F~ $r ?) $$ ;_ $a $F $$ $? $b $N $O $J $/ $J $k!# $h$C $F!" DL >o $O ADR Cf ?u $, $" $k 29 EY $@ $1 >e >: $9 $k $N $K $+ $+ $k ;~ 4V $r ;}B3 ;~ 4V $H $9 $k9M $( J} $, @5 $7$$ $,!" %X %j %&%‘ $, $J $/ $J$C $?;~ E@ $G $b :G Dc29 EY $O $9 $0 $K$d $V $l $F $7 $^ $& $H M= A[ $G $-!" $I $A $i $+ C; ;~ 4V $K 8+ @Q $b $i $l $? J} $,!" $3 $N ADR $K M= A[ $5 $l $k ;} B3 ;~ 4V $H 9M $( $i $l $k!# 4.2 9b29It$+$i%X%j%&%‘$X$NG.N.F~ 4.2.1 mU<MG. B?AX CG G. J} K! $r MxMQ $7 $F <B :] $K G.@) 8f %U%# %k %‘ $r 4,$$ $? 2U =j $O!" 4J C1$K $O ?^ 4.1 $N $h $& $J $+$? $A $K $J$k!# ?^ 4.1: <B:]$NB?AXCGG.$NMM;R ?^ 3.2 $r $_ $F $o $+ $k $h $& $K!" %G%e %o!< $N %" %k %_ 9g 6b radiation shield $N It J, $K $b G. @) 8f %U%# %k %‘ $r

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 65 4, $$ $F $$ $k 0Y!" 30 B& 5Z $S Fb B& %, %i %9 %( %] %- %7 $K $O $= $l $> $l 9g 7W 20 !" 60 Kg $^ $$ $F $$ $k $3 $H $K $J $k!# $b $A $m $s $3 $N 130K !" Fb B& %, %i %9 %( %] %- %7 $N %" %k %_ 9g 6b E{ $b B? AX CG G. $N Lr 3d $r 2L $? $9 $b $N $J $N $G!" 7k 6I Fb B& %, %i %9 %( %] %- %7 $K $O 62 Kg $" $k $3 $H $K $J $k!# $^ $? He tank $K $O 20 Kg $G $" $k!# $J $*!" 3F 9u BN $N I= LL@Q$OA4$FEy$7$$$b$N$H$9$k!# $^$:29EYJ,I[$,$o$+$i$J$$>uBV$H$7$F9M$($F$_$k!#$3$N;~>o29It$r T H !" 150K shield $r T 1 !" 50K shield $r T 2 !" 3K $N He tank $r T L $H$*$/$H!"$=$l$>$l$N9uBN4V$NJ|<MG. Q ( W ) $O Q 1 = S 1 � 2 � (20 � 1) + 2 � ( T 4 H � T 4 1 ) (W) ( >o29It 300 K "* T 1 ) (4.1) Q 2 = S 1 � 2 � (62 � 1) + 2 � ( T 4 1 � T 4 2 ) (W) ( T 1 "* T 2 ) (4.2) Q 3 = S 1 � 2 � (20 � 1) + 2 � ( T 4 2 � T 4 L ) (W) ( T 2 "* T L ) (4.3) $3 $3 $G S 1 $O 0l HV 30 B& $N ?? 6u MF 4o $N A4 I= LL @Q $G $" $k!# 7W ;; $7 $d $9 $/ $9 $k $? $a!" Dj ?t A !" B $r <! $N $h $&$KDj5A$9$k!# A = S 1 � 2 � (20 � 1) + 2 � B = S 1 � 2 � (62 � 1) + 2 � $h$C$F>e<0$O<!$N$h$&$K=q$-49$($i$l$k!# Q 1 A = ( T 4 H � T 4 1 ) ; Q 2 B = ( T 4 1 � T 4 2 ) ; Q 3 A = ( T 4 1 � T 4 L ) J|<MG. Q $,$=$l$>$l$N9uBN4V$G$9$Y$FEy$7$$$H$*$/$H!">e$N;0<0$NN>JU$rA4$FB-$7$F!" ( 2 A + 1 B ) Q = ( T 4 H � T 4 L ) (W) $h$C$F Q = AB A + 2 B ( T 4 H � T 4 L ) (W) (4.4) <B:]$KCM$rBeF~$9$k$H!" S 1 =0.818 m 2 $h$j A !" B $O � =0.1 $H$7$F A = 0 : 818 !_ 0 : 1 2 !_ 5 : 67 !_ 10 � 8 19 : 2 � 2 : 416 !_ 10 � 11 K = W B = 0 : 818 !_ 0 : 1 2 !_ 5 : 67 !_ 10 � 8 (61 : 2 � 7 : 579 !_ 10 � 12 K = W $3$3$G � $O%9%F%U%!%s - %\%k%D%^%sDj?t (5.67 !_ 10 � 8 W/K 4 -m 2 ) $G!"$3$l$h$jJ|<MG. Q $O!" T H =300 K !" T L =2 K $H$7$F!" Q = 2 : 416 !_ 10 � 11 !_ 7 : 579 !_ 10 � 12 2 : 416 !_ 10 � 11 + 2 !_ 7 : 579 !_ 10 � 12 (300 4 � 2 4 ) � 37 : 72 mW (4.5) $3$l$O!" He $N>xH/G.$, 728 mW-h/ ‘ $h$jC10L;~4VEv$j$N He $N>xH/NL$,$@$5$l!" 37 : 72 728 = 51 : 8 m ‘= h

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 66 $H$J$k!# He tank $K$O%X%j%&%‘$,Ls 7.1 ‘ !"8:05$7$F$bLs 4.2 ‘ $OB8:_$9$k$H9M$($i$l$k$N$G!"$h$C$F J| <M G. $@ $1 $G $O Ls 80 ;~ 4V %X %j %& %‘ $, B8 :_ $9 $k $H 8+ @Q $b $i $l $k!# $b $A $m $s $3 $l $O J| <M G. $N $_ $G $N 9M $( J}$J$N$G@5$7$/$O$J$$!#8GBNG.EAF3$J$I$b9M$($F=i$a$F$3$l$O7W;;$G$-$k!# <0 4.1 � <0 4.3 $h$j!" T 1 5Z$S T 2 $rF3$/$3$H$,$G$-$k!#<0 4.5 $N Q $rBeF~$7$F!" T 1 = (300 4 � Q A ) 1 4 � 284 : 4 K (4.6) T 2 = (2 4 + Q A ) 1 4 � 198 : 8 K (4.7) $3 $l $h$j!" Nd 5Q $, Ld Bj$J $/ 9T $o $l $F$$ $k >l 9g $G$N 3F It $N 29 EY$, M= A[ $G $- $k!#$b $A $m $s $3 $l$b J| <M G. $N $_$r9MN8$7$?>l9g$J$N$G@53N$G$O$J$$!# <B:] $N ;Y;} :‘ NA$N 29 EYJ, I[ $O!" v ap or co oling $K $h$k 3F %j%s %0 It J,$N 29 EY$K $h $k!#$3 $l $O!"6b B0 It IJ $+ $i$N G. N. F~ $,mU <M G. $h $j$O $k $+ $K Bg$- $$ $? $a $G $"$k!# $3 $l $h $j3F It J, $N 29EY $O mU <M G.$K $[ $H $s $I 1F6A$J$/7h$^$C$F$$$k$H;W$o$l$k!# Nd5Q;n83$K$h$C$F;Y;}:‘NA$N ring ItJ,$N29EY$O$=$l$>$l!" 150Kring $G 170 K !" 50Kring $G 47 K $H B, Dj $5 $l $F $$ $k!# %" %k %_ 9g 6b radiation shield $b $* $= $i $/ $3 $N 29 EY $G J] $? $l $F $$ $k $H 9M $( $i $l $k $N $G!" 2-300 K 4V$N mU <MG. $O$3 $N radiation shield $4$H $G%-%c %s %;%k $5$l $k$H ;W $o$l $k!#$h$C $F shield $4$H$NG.@)8f%U%#%k%‘$O 170-300 K 4V$G 40 Kg!" 50-170 K 4V$G 40 Kg!" 2-50 K 4V$G 20 Kg$H9M$($k$3 $H$,$G$-!"$3$l$h$j8+@Q$i$l$kmU<MG.$O!" Q 1 = 0 : 01 39 : 1 !_ 0 : 818 !_ 5 : 67 !_ 10 � 8 (300 4 � 170 4 ) � 86 : 2 mW (300K � 150K) (4.8) Q 2 = 0 : 01 39 : 1 !_ 0 : 517 !_ 5 : 67 !_ 10 � 8 (170 4 � 50 4 ) � 6 : 22 mW (150K � 50K) (4.9) Q 3 = 0 : 01 19 : 1 !_ 0 : 440 !_ 5 : 67 !_ 10 � 8 (50 4 � 2 4 ) � 0 : 1 mW (50K � 2K) (4.10) $*$=$i$/$3$l$,BEEv$JmU<MG.$NCM$G$"$m$&!# 4.2.2 ;Y;}:‘NA$+$i$N8GBNEAF3G. 8GBN EAF3G. $H$7 $F$O!" %"%k %_9g 6b5Z$S %,%i %9%( %]%- %7$r $D$?$C$F N.$l $kG. $,9M $($i $l$k!#?/ F~7P O) $O9=B$?^$r$_$l$PJ,$+$k$H$*$j!"??6uMF4o$+$i30B&%(%]%-%7!" 170Kring !"FbB&%(%]%-%7$H 50Kring !" He tank $H$D$E$/!# He tank $N>eC<$,%X%j%&%‘$K$h$C$F 2 K $KJ]$?$l$F$$$k$H$9$k$H!"$3$N7PO)$rEA $o$C$FF~$kG.NL!"5Z$S3FIt$NM=A[29EY$,3d$j=P$;$k!#$7$+$7$3$3$G$b!" V ap or Co oling $K$h$C$F%j%s %0$N29EY$O8GDj$5$l$F$$$k$H9M$($i$l$k!#$h$C$F!"3FItJ,$X$NG.N.F~$O7h$^$C$?CM$r3d$j=P$;$k!# 2<$N I= 4.1 $K 3F It J, $NJ* <A 5Z $S Bg $-$5 $r <( $9!# $3 $3$G ?? 6u MF 4o 5Z$S %, %i %9 %( %]%- %7 $r $D $J $0%" %k %_ 9g6b raidation shield $OG.EAF3$,Hs>o$KNI$$$N$G9M$($:!"%,%i%9%(%]%-%7ItJ,$N$_$r9M$($k!# $3$3 $G%"%k %_9g 6b$N D9$5 $O!"$U$? $NIt J,$G $O30 B&$HFb B&$G CGLL @Q$, $A$,$& $?$a!" B&LL $ND9 $5$K%W %i %9 5 cm $9$k$3$H$G6a;w$7$?!# G.EAF3$NJ}Dx<0$O!"0JA0$K<($7$?DL$j<0 3.12 $GI=$9$3$H$,$G$-$k$,!"$3$l$O$+$J$j6a;w$7$?$+$?$A $NJ}Dx<0$G!"<B:]$NG.EAF3$NJ}Dx<0$O!"

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 67 HV9f ItIJL> J*<A G.$NJ}8~ CGLL@Q D9$5 29EY (cm 2 ) (cm) (K) 1 30B&%,%i%9%(%]%-%7 %,%i%9%(%]%-%7 ?bD>2< 11.64 35.00 170-300 2 30B&%"%k%_9g6b %"%k%_9g6b ?bD>>e 11.0 39 � 170 3 FbB&%,%i%9%(%]%-%7 %,%i%9%(%]%-%7 ?bD>>e 9.750 35.00 50-170 4 FbB&%"%k%_9g6b %"%k%_9g6b ?bD>>e 9.75 22 � 50 I= 4.1: %G%e%o!<3FIt$NFC@- f = k ( T ) S � T � x = const (4.11) S $O :‘ NA $N CGLL @Q!" x $O:‘ NA $N 9b 29B& $N C< $r4p E@ $H $7 $?Dc 29 B& $X$N 5w N% $G $"$k!# G. $N %U%i%C %/ %9 f $O0lDj$N$?$a!"A4$F$N>l=j$G ‘ F1$8CM$H$J$k!# $5 $F!" >e $N <0 $h $j 29 EY T $H 5w N% x $H $N 4X ?t $, F3 $1 $k!# G. EA F3 N( k ( T ) $O!" T $r 2# <4 $K $7 $? N> BP ?t %0 %i %U $K $9 $k $H D> @~ %0 %i %U $H $J $k $? $a!" T $N 4X ?t $H $7 $F k ( T ) = A 1 T A 2 ( A 1 ; A 2 $O Dj ?t ) $H I= $; $k!# $3$N4X?t$rBeF~$9$l$P>e$N@QJ,<0$,$H$1$k!# <B:]$NJ*<A$4$H$NG.EAF3N($OJ88%$K:\$C$F$$$kCM$r;2>H$7$FF3$$$? [16] !#I= 4.2 $KCM$r<($9!# :‘NAL> T=0.1 0.4 1 4 10 40 80 150 300 (K) (K) (K) (K) (K) (K) (K) (K) (K) %"%k%_9g6b 7 30 82 340 650 800 1200 F< - %K%C%1%k 0.06 0.3 0.9 5 20 120 200 250 Fp%,%i%9 0.15 1.15 1.9 2.6 4.6 %F%U%m%s 0.0002 0.004 0.04 0.45 0.95 1.96 2.3 %J%$%m%s 0.0005 0.0052 0.025 0.125 0.39 %9%F%s%l%9 0.59 2.5 7 46 80 110 150 I= 4.2: <o!9$NJ*<A$N3F29EY$4$H$NG.EAF3N( (mW/cm-K) %"%k%_9g6b$NAH@. :Al94,Mg4.5,Mn0.7 F< - %K%C%1%k$NAH@. Cu70,Ni30 $3$l$h$j!"6a;w6J@~$+$iF3$+$l$kG.EAF3N($N4X?t$O!" k ( T ) G = 0 : 475 T 0 : 50739 ( %,%i%9 ) (4.12) k ( T ) Al = 9 : 3 T 0 : 96981 ( %"%k%_9g6b ) (4.13) k ( T ) SUS = 2 : 8 T 0 : 741 ( %9%F%s%l%9 ) (4.14)

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 68 k ( T ) tef = 0 : 102 T 0 : 9761 ( %F%U%m%s ) (4.15) k ( T ) nai = 0 : 0226 T 1 : 237 ( %J%$%m%s ) (4.16) $3$l$h$j!"3F ring 4V$NEAF3G.$O Q 1 = 11 : 64 35 Z 300 170 k ( T ) G dT � 327mW (170 � 300 K) (4.17) Q 2 = 9 : 75 16 Z 170 50 k ( T ) G dT � 372 mW (50 � 170 K) (4.18) Q 3 = 9 : 75 16 Z 30 2 k ( T ) G dT � 70 mW (2 � 50 K) (4.19) 8GBN G.EAF3 $H$7 $F$O!" $3$l $N$[ $+$K 29EY 7WG[ @~$NEA F3G.!" >o29 It$^ $G1d $S$k %R!<%H %9%$%C%A MQ%1 %V %i!< wire $+$i $NN. F~G.!" %^%0 %M%C %H%3 %$%k G[@~ $NG. EAF3!" He Cm F~8} | %? %o!<$+ $i$N EAF3 G.$, 9M $( $i$l$k!# 29 EY 7W G[ @~ $N >l 9g!" 3F 29 EY 7W $K $h$C $F G[ @~ $N D9 $5 $, 0[ $J $k $,!" Bg $- $/ 8+ @Q $b $j $? $$ $? $a 20 K\ A4 $F 300 K � 2 K $ND9$5$H$9$k!#$3$N$H$-$NEAF3G. W T h $O!" W T h = 3 : 17 !_ 10 � 5 (cm 2 ) 130(cm) !_ 0 : 14(W = cm � K)(300 � 2) !_ 20 � 0 : 203 mW (4.20) %R!< %H %9 %$%C %A MQ %1 %V %i!< wire $O K\ ADR $N It IJ $N Cf $G 300K $N 29 EY 4V $r 7k $V ?t >/ $J $$ 9= @. :‘ NA $N 0l$D$G$"$k!#$3$l$NN.F~G.$O W K ev l ar = 1 2 !_ 0 : 0177(cm 2 ) 15(cm) !_ 3(mW = cm � K) !_ 300 � 0 : 5 mW (4.21) $^$?%^%0%M%C%H%3%$%k$NEAF3G. W M (ADR $,:nF0$7$F$$$J$$;~ ) $O!"%j!<%I@~8e$NG[@~$G W M � 120 � 160 mW (4.22) %^ %0 %M%C %H %3 %$ %k $N G[ @~ $r @b L@ $7 $? $H $- $N CM $H Hf $Y $F J, $+ $k $h $& $K!" %3 %$ %k $K 0.1(A) N. $7 $? ;~ $N G. $N N. F~$O 8G BN EA F3 G.$K $h $k $b $N $,$[ $H $s $I $G$" $k!# $3 $N CM $O%3 %$ %k G[ @~ $NF< @~ It J, $N N.F~ G. $@ $,!" 9b 29D6EAF3BN$,%X%j%&%‘%?%s%/$H$N4V$KF~$C$F$$$k$?$a!"N.F~G.$O$3$N High Tc $NN.F~G.$H9M$($i$l!" W M‘ � 30 mW (4.23) %? %o!< $N G. EAF3 $O!" 4V $K %Y %m!< %: $, $O$$$C $F $$ $k $? $a!" 87 L) $K$O CG LL @Q $N 0[ $J $k J}Dx <0 $r ?t 8D O" N) $9 $k I,MW $, $"$k!# $7 $+$7 %Y %m!< %:$O 8| $5$, 0.1 mm 0J2< $G!" CG G.$O $[ $H$s $I $3$N %Y %m!<%: $, $*$3 $J$C $F $$$k$H$_$F$h$$!# $3$N ;~!"LdBj $J$N $O%Y %m!<%: $N9b 29B&$N 29EY $r$$ $/$D $HDj 5A$9$k $+$G!" C1=c $K9M $($l $P:GBg CM$H $7 $F 170 K $rBe F~$7 $F $_$k!# ;HMQ $7$F $$ $k%Y %m!<%: $NCG LL@Q $O 0.1185 cm 2 $H 8+@Q $i$l $k $N$G!" $3$l $h $j W ( T ) = 0 : 1185 12 Z 170 2 k ( T ) S dT � 121 mW (2 � 170 K) (4.24) >x5$Nd5Q$K$h$kCGG.$+$i9M$($l$P$3$l$h$j$bN.F~G.$O>.$5$$!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 69 4.2.3 ADR %^%0%M%C%H%3%$%k$NH/@8G. ADR $r :nF0 $5 $;$? :]$K @8$8 $kG. $O%3 %$%k $N0L CV$G 9M$( $l$P!" He tank 5Z$S ADR K\BN $r CH$a $kG. $H 0l 8+ ;W$o $l $k $,!" %^ %0 %M%C %H%3 %$ %k $X EE N. $rN. $9 $H $- $K $O %3 %$%k 5Z $S %j!< %I @~ $OD6 EA F3 >u BV $N 0Y!" Fs $D $H $b %8%e!< %k G. $,H/ @8 $7 $J $$!# $h$C $F H/ @8 $9 $k %8%e!< %k G. $O F<@~ It J, $H $J $j!" $3 $l $O 30 B& %, %i %9 %(%]%- %7ItJ,$rCH $a$kG.$H$J $k!#$3$NG.$N AmNL$O<0 3.30 $N7k2L $r$=$N$^$^ ;HMQ$9$k!#%^ %0%M%C%H%3%$ %k G[ @~ $K $h$C $F H/ @8 $9 $k G. $O <0 3.30 $h $j Ls 3.3 W $G!" >e $N 8G BN EA F3 G. $H Hf $Y $F $b $+ $J $j $* $* $- $$!# $7$+ $7$3$NG. $OD>@\ He tank $r 29$a$k$b $N$G$O $J$/!"$^ $?!"$3$N%8%e!< %kG.$N H/@8$O ADR :nF0;~ $N Cf $G $b Ey29 JQ 2= $N ?t ;~ 4V $G$" $j!" CG G. >C <’ $N;~ $K $O G[ @~ $N G. EAF3 $N J} $, ;Y G[ E*$K $J $k!# $h$C $F!" $3 $N G[@~$,%X%j%&%‘$*$h$SNd5Q$K5Z$\$91F6A$h$j$b!"$‘$7$mG[@~$NI=LL29EY$KCmL\$9$Y$-$H9M$($i$l$k!# $b$A$m$s 8 A N.$7$?;~$NH/@8G.$O!"FbIt29EY$dCGG.$K0l;~E*$KBg$-$J1F6A$r5Z$\$9$?$a!"Ey29JQ2= $N :] $K $O Cm 0U $, I, MW $G $" $k!# $3 $N G. H/ @8 $, %j!< %I @~ 9b 29 B&!" Dc 29 B&!" 150Kring $K 5^ 7c $J 29 EY >e >: $r $b$?$i$;$P!"CGG.>C<’$O$G$-$J$/$J$k!# 4.2.4 1UBN%X%j%&%‘$N>CHqNL$*$h$S;}B3;~4V >e $G =R $Y $? $= $l $> $l $N G. $N N. F~ $h $j!" He tank Fb It $N %X %j %& %‘ $, $I $l $/ $i $$ ;} $D $b $N $J $N $+ $r $* $*$^$+$KF3$/$3$H$,$G$-$k!# G. $N N. F~ $N Am NL $O C1 =c $K CM $N OB $G $" $k!# <0 4.10 !" <0 4.19 !" <0 4.20 !" <0 4.23 !" <0 4.24 $h $j!" A4 N. F~G. Q all (2-300 K) $O!" Q all � 221 mW (4.25) $h$C$F%X%j%&%‘$N;}$A;~4V$O!" 728 !_ 7 : 1 221 � 23 : 4 hours (4.26) $3$NCM$O<0 4.17 !"<0 4.18 $O4^$s$G$$$J$$!#$3$l$O!"<0 4.17 !"<0 4.18 $N7W;;7k2L$O>x5$Nd5Q$K$h$k 8z2L$r$"$i$o$9NL$G$"$j!"$3$NN.F~G.$O>x5$Nd5Q$K$h$C$F%-%c%s%;%k$5$l$k!# <0 4.26 $O He tank $N MF @Q $+ $i C1 =c 7W ;; $7 $? CM $G!" 8: 05 ;~ $K %X %j %& %‘ $O $+ $J $j $N NL $r <: $&!# 8: 05 ;~ $N%X%j%&%‘>CHqNL$O tank Fb$NA4%X%j%&%‘NL$KBP$7!" 3 K $G 27-28 % !" 2 K $G 37-38 % !" 1 K $G 45 % $KC#$9$k!#$h$C$F<B:]$N;}B3;~4V7W;;$K;HMQ$9$k%X%j%&%‘NL$O 60-65 %|4.2-4.6 ‘ $K$J$k!#$h$C$F � 13 : 8 � 15 : 2 hours (4.27) >e $G =R$Y $? >x H/ ;~4V $G Cm 0U $7$F $* $- $? $$$N $O!" 9b 29 It $+$i N. F~ $7 $F$/ $k G. $, $9$Y $F %X %j %&%‘ $N >x H/ G. $H$7$F ;H$o$l$?$H2> Dj$7$F9T$C$?7W ;;$G$"$j!" He tank Ey$N 29EY>e>:$K $O0l@Z;H$o$l $F$$$J$$$H$7 $F $$$k!#>/$J$/$H$b$3$l$@$1$N;}B3;~4V$O4|BT$G$-$k!# 4.3 %X%j%&%‘$+$i ADR Cf?u$X$NG.N.F~ 4.3.1 mU<MG. ADR Cf ?u $X $+ $+ $k mU <M G. $O!" saltpill $r $* $* $& 7A $K $J $k ADR Cf 1{ $N 7j $N I= LL @Q S $H $$ $& $3 $H $K $J$k!#7j$ND>7B$O 12 cm !"B&LL$N9b$5$O 23.5 cm $h$j!" S = 3 : 14 !_ 0 : 12 !_ 0 : 235 + 2(3 : 14 !_ 0 : 12 2 2 ) = 0 : 111 m 2

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 70 Q = 0 : 111 !_ 5 : 67 !_ 10 � 8 !_ 6 4 = 8 : 2 � W (4.28) He tank $N29EY$O!" LHe $N$J$$>l=j$+$i>e>:$7$F$$$k$N$G!"J?6Q 6 K $HM=A[$7$?!#$3$l$O saltpill $X D> @\ $+ $+ $k G. $G $" $l $P $+ $J $j Bg $- $J G. $H ;W $o $l $k $,!" $= $N Bg It J, $O HS $d D6 EA F3 %^ %0 %M%C %H $K 1# $l $F $$ $k $N $G D> @\ $O $$ $+ $J $$!# He tank 1d D9 E{ $@ $1 $O saltpill $K D> @\ mU <M $, $+ $+ $k $,!" $3 $N G. $O 2.5 K $H$7$F!" Q = (3 : 14 !_ 0 : 12 2 2 ) !_ 5 : 67 !_ 10 � 8 !_ 2 : 5 4 = 25 nW (4.29) 4.3.2 %1%V%i!<$=$NB>$r$D$?$&EAF3G. %1%V %i!<$O9g @.<y ;i$G $G$- $F$$$k $N$G!" $=$N G.EA F3N($O BgBN %F%U %m%s $H%J%$ %m%s $NCf 4V$r $H$k$b $N $HM=A[$G$-$k!#%F%U%m%s$*$h$S%J%$%m%s$NG.EAF3N($NJ}Dx<0$O!"I= 4.2 $h$j!" k ( T ) = 0 : 0401 T 2 : 47646 (mW = K � cm) (1 K 0J2<$G$N%F%U%m%s ) (4.30) k ( T ) = 0 : 025 T 1 : 70311 (mW = K � cm) (1 K 0J2<$G$N%J%$%m%s ) (4.31) ;HMQ$7$F$$$k%1%V%i!<$O 1.5 mm � $r;MEyJ,$7$?$b$N$J$N$G!"CGLL@Q$OBg$-$/8+@Q$b$C$F$b 1 4 !_ � ( 0 : 15 2 ) 2 � 2 : 94 !_ 10 � 3 cm 2 (4.32) %1 %V %i!< $, ;Y $( $F $$ $k It J, $N D9 $5 $O J? 6Q $7 $F 3.75 cm $h $j!" $h$C $F %F %U %m %s $N >l 9g $N EA F3 G. $O!" <0 4.30 $h$j!" f 1 = 6 !_ 2 : 94 !_ 10 � 3 3 : 75 !_ Z 2 0 : 06 0 : 0401 T 2 : 47646 dT � 299 nW (0 : 06 � 2 K) (4.33) F1MM$K%J%$%m%s$N>l9g!" f 1 = 6 !_ 2 : 94 !_ 10 � 3 3 : 75 !_ Z 2 0 : 06 0 : 025 T 1 : 70311 dT � 813 nW (4.34) $b$&$R$H$D$N7W;;J}K!$H$7$F!" P ob ell"Matter and Metho ds at Lo w T emp eratures" second edi- tion $NCM$,$"$k!#$3$3$K$"$k Kevlar49 $NCM$+$i!" 4 K-0 K $N>l9g!" f 1 = 6 !_ 2 : 94 !_ 10 � 3 3 : 75 !_ 0 : 327 = 1 : 53 � W (4.35) 0.06-2 K $N>l9g!" f 1 = 6 !_ 2 : 94 !_ 10 � 3 3 : 75 !_ Z 2 0 : 06 0 : 039 � T 1 : 17 dT = 356 nW (4.36) CM $K Bg $- $J :9 $,@8 $^ $l $F $$ $k $N $O!" 6K Dc 29 0.1 K 0J 2< $K$* $1 $k G. EA F3 N( $, I= 4.2 $K $* $$ $F $H $F $b >. $5 $$$3$H$+$i$/$k!#>e$NCM$h$j!"%1%V%i!<$NEAF3G.$O 500 nW DxEY$H9M$($i$l$k!# 8G BN EA F3 G. $H $7 $F $O He tank $+ $i detector stage $X G[ @~ $5 $l $k NbTi @~ $N G. $, $" $k!# NbTi @~ $O D6 EA F3 $K $J $k$N $G $H $F $b >. $5 $$!# P ob ell"Matter and Metho ds at Lo w T emp eratures" $N CM $h $j!" 0.1 mm � $N NbTi @~$NEAF3G.$O!"CGLL@Q � 7.85 !_ 10 � 5 cm 2 $h$j!" 4 K\$G f N bT i = 4 7 : 85 !_ 10 � 5 8 ( Z 4 1 (0 : 05 + 0 : 26 T ) dT + Z 1 0 : 06 (0 : 15 � 0 : 27 3 T 3 ) dT � 84 nW (4.37) (0 : 06 � 4 : 2 K)

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 71 f N bT i = 4 7 : 85 !_ 10 � 5 8 ( Z 2 1 (0 : 05 + 0 : 26 T ) dT + Z 1 0 : 06 (0 : 15 � 0 : 27 3 T 3 ) dT � 19 : 3 nW (4.38) (0 : 06 � 2 K) 8G BN EA F3 G. $O %1 %V %i!< $+ $i $N $b $N $, ;Y G[ E* $J $3 $H $, J, $+ $k!# $J $* $3 $N 7W ;; CM $O F AA $N E5 7? E* $J F0 :n 29EY!" 60 mK $X$NG.N.F~$H$7$?!# 4.3.3 HfG.7W;; detector table $N G. MF NL $O!" Bg It J, $, saltpill Cf $N F AA $N $b $N $H $J $k $N $G!" He tank $H F1 MM!" $3 $3 $G $b detector table $N G. MF NL $O F AA $N $b $N $N $_ $r 9M $(!" saltpill $N %+ %W %; %k $d detector $N $b $N $O L5;k$9$k!# ;HMQ$7 $F$$ $k saltpill $N HfG.$O <0 2.10 $+$i F3=P$G $-$k!# $3$l$i $O6a ;w7W;; $G$"$C $F<B:] $NCM $H$O?t % $N 8m :9 $r $D $/ $j $@ $9 $b $N $N!" $* $* $h $= $N 8+ @Q $b $j $O $G $- $k!# saltpill %+ %W %; %k $N =E NL $h $j!" F AA 7k >= $N =< E6 NL $O 89.8 g !" 0.187 mol $H B, Dj $5 $l $F $$ $k!# N. F~ G. $O <0 4.29 !" <0 4.33 � 4.38 $h $j 0.6- 0.8 � W $H9M$($i$l$k$N$G!";}B3;~4V$O time ( hour ) � 31 � 42 h (4.39) 4.3.4 ADR Cf?u$N29EY>e>:$N8+@Q$b$j 29EY >e>: $N8+ @Q$b $j$O!" C1=c $KHf G.$r N.F~ G.$G 3d$l $PNI $$!# $3$l $G saltpill $, 200 mK $^$G 29EY >e >:$9$k$^$G$N;~4V$,8+@Q$l$k!# 2 : 0115 !_ 10 � 5 1 : 1943 !_ 10 � 9 � 11250 sec (4.40) 2 : 0115 !_ 10 � 5 3 : 2524 !_ 10 � 9 � 4131 sec (4.41) >e<0 $h$j!"%F %U%m %s$G$O Ls 4 ;~ 4V 40 J,!" %J%$%m %s$G $OLs 1 ;~4V 43 J,$+$+ $k!#$3$l $h$j %1%V%i!< $G;Y $($? saltpill $O!" 200 mK $^$G>e>:$9$k$N$KBgBN 2 � 4 ;~4VDxEY$+$+$k$HM=A[$G$-$k!# 4.4 Nd5Q<B83$NJ}K!$H<j=g 4.4.1 Nd5Q$N4pK\E*$J35G0 ADR $O!"Nd5Q86M}$r@bL@$7$?%+%k%N!<%5%$%/%k$N?^ 2.2 $r$_$FJ,$+$k$H$*$j!" ADR :nF0A0$K 2 K Dx EY $^ $G$" $i $+ $8 $a Nd$d $5 $J $1 $l $P $J$i $J $$!# %+ %k %N!<%5 %$ %/ %k $N ItJ, $G $9 $G $K =R $Y$? $h $& $K!" :G =* 29EY T f $O T i B i $r >.$5 $/$9 $k$3 $H$G $h$j Dc29 $KE~ C#$G $-$k!# 100 mK 0J2< $rC# @.$5 $;$k $K$O!" $3$N He $r %] %s%T %s %0 $7 $? ;~$N Fb It 29 EY $r=P Mh $k $@ $1Dc 29 $K $7!" %^ %0%M%C %H %3 %$ %k $N:n $j =P $9 <’ >l$r 8z N( $h $/ =P Mh $k $@ $1 Bg $- $/ $9 $k $3 $H $G $h $j M- Mx $J 4D 6- $K $J $k!# ;H MQ $9 $k %] %s %T %s %0 %7 %9 %F %‘ $d ADR %G%e %o!< $N 9= B$ >e!" He tank Fb It $N %X %j %& %‘ $O Ls 1 � 1.6 K Dx EY $^ $G Dc 29 $K $9 $k $3 $H $, $G $- $k $H ;W $o $l $k!# $^ $? %^ %0 %M%C %H %3 %$ %k $N 8B 3& EE N. CM $+ $i 8+ 9~ $^ $l $k :G Bg <’ >l $O 4 T $G $" $k � !# ADR K\ BN $N F0 :n 4D 6- $d CG G. >u BV$r :n $j =P $9 $?$a $N <o!9 $N 9= B$ $O$9 $G $K $N $Y $?!#<B :] $K Nd 5Q <B83 $r 9T $& 0Y $N J}K! $H $7 $F!" 9b ?? 6u >u BV$r $D $/ $j $@ $90Y $N 86 M} $H $=$l $K I, MW $JAu CV!" M= Nd $N 0Y$N Cb AG Cm F~!" 1UBN %X %j %& %‘ $NCm F~ $r 9M $( $J$1$l$P$J$i$J$$!# � $3$l$O AMI <R$GB,Dj$5$l$?8B3&EEN.CM -7.82 A $G$NCM$G$"$j!"K\ ADR $G$N8B3&EEN.$H$O0[$J$k

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 72 Nd5Q$NA0$K |- %G%e%o!<$N4m81@-$K$D$$$F 6KDc29 $r@8 @.$9 $kNd E‘5!$O A4$F FbIt $r9b?? 6u>u BV$K $9$k$N $,0l HLE* $@$,!" K:$l$F $O$J $i$J $$$N$, ?? 6u %G%e %o!< $N 4m 81@- $G $" $k!# 0l Jb 4V 0c $( $l $P%G%e %o!< $O Gz H/ J* $H 2= $9 $N $G!" $R$H $D $R $H $D $N :n 6H $K :Y ?4$NCm0U$r7W$j$J$,$i<B83$9$kI,MW$,$"$k!# 4.4.2 Nd5QJ}K! Nd5Q$N:]$N??6uMF4o$d$=$NB>$NAuCV$NG[CV$r?^ 4.2 5Z$S?^ 4.3 $K<($9!# ?^ 4.2: ADR Nd 5Q ;n 83 ;~ $N %G%e %o!< ?^!# 1& B& $N AuCV$O29EY%b%K%?!<MQ PC $J$I!# ?^ 4.3: Nd5Q<B83$NAuCV$NG[CV?^ Nd5QJ}K!$N<j=g$O 1. G[@~!"%R!<%H%9%$%C%A!"%?%o!<%A%’%C%/ 2. %G%e%o!<%]%s%T%s%0 3. M=Nd CbAGCmF~ %R!<%H%9%$%C%A ON 4. CbAGGS5$ He tank Fb$N%X%j%&%‘%,%9%Q!<%8 5. %X%j%&%‘CmF~ %X%j%&%‘%]%s%T%s%0 6. Ey29<’2= %^%0%M%C%H%3%$%kEEN.3+;O ( %(%s%H%m%T!<8:>/ ) 7. %R!<%H%9%$%C%A OFF %^%0%M%C%H%3%$%kEEN.8:>/ ( CGG.>C<’ 29EY8:>/ ) 8. :GDc29EYE~C# ADR $N %^ %0 %M%C %H %3 %$ %k $X N. $9 EE N. $O!" EE 8; Au CV $N It J, $G <( $7 $? DL $j $@ $,!" <B :] $N Dq 93 CM $O <B 83 Kh $G <c43 $N 0c $$ $, $G$F $/ $k $? $a!" <B83 $N :] $K $ODq 93 CM $r Kh 2s$O $+ $j $J $* $7$F!" 8B 3& EE N. CM$h $j EE 05 D4 @0$r==J,7W2h$9$kI,MW$,$"$k!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 73 ??6uAuCV ;H MQ $9 $k ?? 6u Au CV $O SEIK O-SEIKI @=!" HIGH V A CUUM PUMPING SYSTEM $G!" %] %s %T %s %0 $O MLI 4, $- $, $O $, $l $F $7 $^ $o $J $$ $h $& $K Dc B. EY $G GS 5$ $9 $k $,!" ?? 6u MF 4o >e $U $? $N ?? 6u GS 5$ 8} $@ $1 $G $O 8} 7B $, >. $5 $$ $? $a!" X @~ F~ <M 8} $+ $i $b GS 5$ $9 $k $h $& $K %Q %$ %W $r $D $J $2 $k >l 9g $b $" $k!# ;H MQ $9 $k ??6u 7W$O BALZERS TPG200(Pirani Gauge) $H!" ANEL V A @= NI-10D 9-BS0h EEN% ??6u7W $r;H MQ$7 $?!# %T %i %K %2!< %8 $O 0.001 m bar $, 8B 3& CM $G!" $3 $l $h $j Dc $$ CM $r %U%# %i %a %s %H $r MQ $$ $F $h $_ $H $k G. %$ %*%s??6u7W$r;HMQ$9$k!#9-BS0hEEN%??6u7W$N8B3&CM$O 10 � 10 T orr $G$"$k!# %]%s%T%s%03+;O G[@~!" %R!< %H%9 %$%C %A!"$= $N B> ADR $N %A%’%C %/$K %/ %j%" $9 $l$P %] %s%T %s %0 $r3+ ;O $9$k!# 4p K\E* $K $O>e$U$?$NGS5$8}$+$i9T$J$&!# NW-25 %K%C%W%k$G%]%s%T%s%0%7%9%F%‘$H@\B3$9$k!# M}8& ADR $OCGG.$N $?$a$KBg NL$N MLI $,AuCe$5 $l$F$$ $k!#$3$l$K $h$j%] %s%T%s%0 $N:]$K$O MLI $r $d$V$i$J$$$h$&$K$f$C$/$j8:05$9$kI,MW$,$"$k!# 1UBNCbAGCmF~!"GS5$!"%X%j%&%‘%Q!<%8 %G%e%o!<%]%s%T%s%03+;O$7$F 3-5 ;~4V8e!" 4.5 !_ 10 � 4 T orr 0J2<$^$G2<$,$l$PCbAGCmF~$r3+;O$9$k!# $" $k DxEY ?? 6u EY $, 9b$/ $J $i $J $$ $HFb It $^ $? $O30 It $K Az $, H/@8 $7!" $^ $?!" Cb AG$N >x H/ B. EY $,Aa $/ $J $k $? $a Cb AG $N >C Hq NL $, A} $7!" $5 $i $K %? %o!< $N O ring $, E‘ $j $D $$ $F ?? 6u 1L $l $r 0z $- 5/ $3 $9 >l 9g $b $" $k $N $G Cm0U$9$k!# M=Nd$N$?$a$NCbAG!"$=$7$F%X%j%&%‘$NCmF~$O He tank $+$i$N$S$?%?%o!]$NCmF~8}$+$i9T$&!#%?%o!] It J, $OEA F3 G. $r 9M N8$7!" 9= B$ >e 8} 7B$, >. $5 $$ $N$G!" $= $N $^ $^ CmF~ $7 $h $& $H $7$F $b $J $+ $J $+Cb AG $J $I $, Mn$A$:$K$?$^$C$F$/$l$J$$!#$h$C$F 500 ml %W%i%9%A%C%/MF4o$N8}$K%9%F%s%l%9%Q%$%W ( 8}7B 4.5 mm � ) $r %( %]%- %7 $G 8G Dj $7!"H? BP $N Dl $N ItJ, $K %4 %‘ @r$r $D $1 $? MF 4o$r ;H $&!# Cm F~ $N:] $K $O $3 $N %Q%$ %W $N J} $r %? %o !] $K$5 $7 $3 $_!" %4 %‘@r $r $O $: $7 $F MF4o $K Cb AG $r $$$l $k!# %4 %‘ @r $r$9 $k $H Cb AG $N >xH/ $K H<$C $F Fb It $, 2C 05$5 $l $? >u BV $K$J $j!" Cb AG $N CmF~ B. EY $, =ENO $N $_ $N ;~ $h$j 3J CJ $K A}$9!# He tank $N MF @Q$O Ls 8 ‘ $J$N$G!"$@$$$?$$ 10 ‘ A08e$GK~GU$K$J$k!# $b$& 0l$D$N CmF~ J}K! $H$7 $F!"Dl LL$^$G $H$I $/%Q %$%W $r$5 $7$3$_!" GS5$ 8}$r B&LL $K$D $/$C$?>u BV$G %Q %$ %W $+ $iCb AG $r Cm F~ $9 $k!# CmF~ $K $O Cb AG Cy B"%? %s %/ $+ $i %/ %i %$%* %8%’%C %H $r MQ $$ $FCm F~ $9 $k!# $" $U $l $k$N$OL\B,3NG’!#MF0W$K$o$+$k!# CmF~ $N:]$K $O>x H/%, %9$K $h$C$F CmF~ 8}$K Az$d ?eE)$, $D$/!# $3$l $O%9 %F%s %l%9 $G$G $-$?%G%e %o!<$H $$ $( $I $b I=LL $N Nt 2= $r 5/ $3 $9$N $G!" $? $( $: ?! $-<h $k $+ %- %‘ %o %$ %W$J $I $r %? %o!< $K $*$/!# >x H/ B. EY $K $h$C $F $O %? %o!< $N O ring $, E‘ $j $D $-!" %A%c %l %s %8%c!< 9f $G $O $J $$ $1 $l $I $b ?? 6u 1L $l $r 5/ $3 $9 >l 9g $, $" $k $N$G!">l9g$K$h$C$F$OCmF~8}$r%I%i%$%d!<$J$I$GCH$a$k!# M=Nd$K$O 8 ;~4VDxEY$rMW$9$k!# HS o� $N>uBV$G<B83$r3+;O$7$F$$$k$N$G!"$3$N;~E@$G$O saltpill $N 29 EY $O 1 F| Dx EY BT$C $F $b >o 29 $K 6a $$!# $3 $l $r Cb AG 29 EY $^ $G Nd 5Q $9 $k $? $a $K %R!< %H %9 %$%C %A $r on $K $9 $k!# $" $k Dx EY HS It J, $, Nd $( $F $/ $l $l $P HS $, on $K $J$C $? $+ $, $o $+ $k $N $G!" Cb AG Cm F~ 8e 1 ;~ 4V $/ $i $$$G on $K$9$k y !# y HS $K;H MQ$7$F$$$k %1%V%i!<$O$- $l$d$9$$$? $a!" on $K$7$?:] $ND%NO$K$h$C $F@Z$l$F$7 $^$&>l9g$, $"$k!#$^$?$" $^$j$KD% NO $,<e $$ $H G.EA F3 $,<e $/ $F saltpill $N29 EY $, 2<$, $i $J$$!# $3 $l$O K\ ADR :G Bg $NFq 4X $G!" HS $N on o� $r 2qF@ $9 $k $K$O Aj Ev

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 74 Cb AG $r $H $j =| $/ :] $K $O!" He tank $N Dl LL $^ $G %Q %$ %W $r $5 $7 $3 $_!" Fb It $r 2C 05!" $b $7 $/ $O Cf $N Cb AG $r>xH/$5$;$FFbIt$N05NO$r$"$2$k;v$G!"<+A3$H%Q%$%W$+$iCbAG$,?a$-=P$7$FMh$k!# CbAG$r%+%i$K$7$?8e!"B.$d$+$K He tank Fb$r%]%s%T%s%0$7$F%X%j%&%‘%,%9%Q!<%8$9$k!#$3$l$O1UBN %X %j %&%‘ Cm F~ $N :]!" FbIt $K Cb AG $J $I$N I9 $, @8 @.$5 $l $J $$ $h $&!"Fb It $N %X %j %&%‘ 0J 30 $N IT =cJ* $r $J $/ $9 $? $a $G $"$k!# I9 $, @8 @. $5 $l $k$H %X %j %& %‘ 29 EY$^ $G Nd 5Q $5 $l $? ;~!"%G%e %o!< Fb $G I9 $, @.D9 $7 $F $3 $l $, KD D%$9$k2DG=@-$,$"$j!">l9g$K$h$C$F$O He tank $rGK2u$9$k4m81@-$,$"$k!#1UBNCbAGGS5$8e$O He tank Fb $K IT =c J* $, F~ $i $J $$ $h $& $K Cm 0U $9 $k!# 8: 05 Cf $O Fb It $K $o $: $+ $K ;D $k Cb AG $, Nd $d $5 $l!" He Dl LL $N 29 EY $, 77 K $h$j $5 $i$K 2<$, $k!#$3 $l$r D4@a $9$k $H!"%X %j%& %‘Cm F~ $,M- Mx$K $J$k!# K|$, 0l He tank Fb $X $N 5[ $$ 9~ $_ 8= >] ( 6u5$ $, 5[ $$ 9~ $^ $l $k ) $, @8 $8 $? >l 9g!" $3 $l $O tank Fb $N 6u 5$ $N 0l It $, E‘ $j $D $$ $F Fb It $, 8: 05$5 $l $? >u BV $H$J $j!" 5[ $$ 9~ $s$@ 6u 5$ $, $5$i $K E‘ $j IU $$$F I9 $, @. D9 $7$F $$ $k >Z 5r $H$J $k!# $3 $l $O Hs>o$K4m81$J>uBV$J$N$G!"B.$d$+$K<B83$rCf;_$7$F%G%e%o!<$r>o29$K$b$I$9!#%T%i%K!<%2!<%8$G 1 mmHg 0J2<$K$J$l$P==J,$G!"%X%j%&%‘%,%9$G%Q!<%8$9$k!#FbIt$K$$$l$?%X%j%&%‘%,%9$O0lC6G.<}=L$9$k$N$G!" %Q!<%8$O$o$:$+$K2C05>uBV$K$J$k$^$G9T$J$&!# %X%j%&%‘CmF~ %X%j %&%‘ CmF~ $O!"4u <aNd E‘5! MQ%H %i%s %9%U%!!<%A%e!< %V$r ;HMQ $9$k!# Gr$$ 1l$, $G$F $/$l $PCm F~8} $K $$$l!"DlLL$+$i 1 mm DxEYN%$7$F8GDj$9$k!#CmF~$O 5-10 J,DxEY$G$"$k!# 1UBN%X %j%& %‘$O $[$s $N$o$: $+$J ??6u $b$l$, 5/$- $F$b CmF~$O IT2D G=$G $"$k!# $3$l$O CmF~ ;~$N G.<}=L $K $h$C $F O3 $l B. EY$O 5^ 7c $K A} $7!" >l 9g $K $h$C $F$O %G%e %o!< $K Az $, $D $/ $[ $I ?? 6uO3 $l $, ?< 9o $K $J $k!# $^ $? 8: 05 8e $ND6 N. F0 >u BV $H $J$C $?1U BN %X %j %& %‘ $O!"$[ $s $N $o $: $+ $J %T%s %[!< %k $+ $i $G $5$( $b O3 $l $F $/ $k!# %X %j %& %‘ 29 EY $K $b BQ $( $i $l $k ?? 6u %7!< %k $O B? ?t $" $k $,!" K\ ADR $G $O %$ %s %8 %& %‘ %7!< %k $r DY $9 7A $G ?? 6u%7!<%k$7$F$$$k!# K\ ADR $K $O Cm F~ 8} $, 0l $D $7 $+ $J $$ $? $a!" >x H/ %, %9 $b A4 $F Cm F~ 8} $+ $i GS 5$ $5 $l $k!# O ring $r E‘ $i $; $J $$ $?$a!" $^ $? I9 $N ?/ F~ $rKI $0 $? $a $K!" %X %j%& %‘ Cm F~ $N :] $K $OCm F~ 8} $r %I %i %$%d!< $J $I $G CH $a $k!# $3 $l $O Cm F~ =* N; 8e 1 ;~ 4V Dx EY 9T $J $&!# Cm F~ ;~ $O %I %i %$ %d!< $N p o w er $O :G Bg $G!" Az $N $D $- 6q 9g $K $h$C $F p o w er $r2<$2 $k!#$3$3$G1L $l$,@8$8$k $HBfL5$7$J $N$GCm0U$r MW$9$k!#??6u AuCV$N@Z$j N%$7$O4pK\ E* $K 1U BN %X%j %& %‘ 8: 05 Cf!"$^ $? $O 8: 05 8e $@$,!" %X %j %& %‘ CmF~ D> 8e $K 0l C6%] %s %W $H @Z $j N%$7!" Fb It $N ?? 6u EY $r 0- $/ $7 $F Nd 5Q B. EY $r Aa $a $? $j $9 $k ;v $b 2D G= $G $" $k!# $3 $N >l 9g!" ?? 6u EY $, 0- $/ $F saltpill $, 40 A4 $K Nd $($:!" detector table $, 6K DxEY $G Dj>o >u BV$K F~$C $F $7$^ $& $N$G!" :F EY%] %s %T%s %0 $9 $k!# detector table $, 5K DxEY$^$GNd5Q$5$l$l$P!"<!$NCJ3,$K0\$k!# 1UBN%X%j%&%‘8:05 %?!<%\ J,;R%] %s%W $,;O F0$9 $k$[ $I?? 6uEY $O$h $/$J$i $J$$ $N$G!" 8:05 $K$O %m!<%? %j!<%] %s%W$r ;HMQ $9 $k!# Cm F~ 8} - %] %s %W 4V $K $O ?? 6u 7W $H %P %k %V $r G[ $9 $k!# :G =i %P %k %V $O 40 A4 $K JD $a $? >u BV $G %] %s %W $r :n F0 $5$;$k!# He tank $+ $i>o$K>xH/ %X%j%&%‘%,%9 $,=P$F$$$k$N $G!"%P%k%V$r JD$a$?ESC<$K FbIt$,2C05$5 $l $F >: 29 $7 $F $7 $^ $&!# $h$C $F %] %s %W @\ B3 $H %] %s %T %s %0 3+ ;O $O C1 ;~ 4V $G 9T $J $&!# %P %k %V $O 3 He Cry ostat MQ8:05%P%k%V$r;HMQ$9$k!# 8:05;~ $K=E MW$J $N$O 8:05B. EY$N D4@a $G$"$k!# 8:05 D>8e %X%j%& %‘I= LL$O 7c$7 $/>xH/ $7$F 29EY $r5^7c $K $J71N}$,I,MW$G$"$k!#?t2s$O<B83Cf;_$rL#$o$&2DG=@-$,$"$k!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 75 Dc 2< $9 $k $,!"%X %j %& %‘ $N Dl LL $N J}$O $[ $H $s $I 29 EY $r 2<$2 $:!" BP N. $G $f$C $/ $j $5$,$C $F $$ $/!# $3 $3 $G I= LL$,Aa!9$K2< $,$j$9$.$k$H sup er leak $G%X%j%& %‘I=LL$,Bg$-$/$J$j!" >xH/B.EY$HGS5$B.EY$N 4X78$+!" $^ $? $OI= LL $N $_ $N >xH/ $G BP N. $, $*$$ $D $+ $J $$$N $+!" Dl LL $N Nd5Q $, $[ $H $s $I?J $^ $J $/ $J $k!#$@ $+ $i :G =i $O$f$C$/$j0z$/I,MW$,$"$k!# L\0B$H$7$F $O=i$a8:05$5 $l$k$.$j$. $j$N>uBV$^$G >.%P%k%V$r3+ $-!"$=$3$+$i 10mmHg/min DxEY$N 8: 05 B. EY $K $J $k $h $& $K %P %k %V $r 1/4 2s E> $: $D 3+ $/!# 16mmHg Dx EY $^ $G 2< $, $l $P!" >. %P %k %V $r 1 2s E> /min $G 3+ $/!# >. %P %k %V $, A4 3+ $K $J $l $P <! $K Bg %P %k %V $r (1/2) 2s E> /min $G 3+ $/!# A4 $F A4 3+ $K $J $k $N $K 90 min DxEY$G$"$k!# :GDc29EY$OGS5$B.EY$HG[4I$N%3%s%@%/%?%s%9$,$-$a$k!# Ey29<’2= detector table $, 3 K Dx EY $^ $G Nd 5Q $5 $l $l $P!" %^ %0 %M%C %H %3 %$ %k $K bias $r N. $7 ;O $a $F 8: 05 $r 3+ ;O $9 $k!# %b %K%?!< $K $O EE 8; EE 05!" EE8; EE N. $H $H $b $KD6 EA F3 G[ @~ 4V $N EE05 $r B, Dj $7 $F $$$k!# 4p K\ E* $K $O %3 %$ %k EE 05$r 0l Dj $K J]$C $? >u BV$K $J $k $h $& EE 8;EE 05 $r >e >: $5 $;!" :GBg EE 05 $G 0l Dj $KJ] $D!# <’ 2= $K $h$C $F saltpill $O<’ 2=G. $, H/@8 $7!"$3 $l$, HS ItJ, $N 29EY $b>e >:$5 $;$k!# $3 $l$, He $N>x H/G. $K $h$C$F >CHq $5 $l!"29EY$,9_2<$9$k$N$rBT$D!#Ey29<’2=$O 60-90 min DxEY$+$+$k!# %R!<%H%9%$%C%A o� !"CGG.>C<’ HS o� $N :] $K $O HS It J, $G 5! 3# :n F0 $K $h $k G. H/ @8 $, 5/ $3 $k $N $G!" $G $- $k $@ $1 $f$C $/ $j 9T $J $&!# o� $O %9 %$%C %A $N %P %k %V $, 40 A4 $K 2v $i $J $/ $J $k $^ $G!# o� $r 9T $J$C $? 8e B. $d $+ $K EE 8; EE 05 $r Dc 2< $5 $; $k!# $9$k$H 20-30 ICDxEYCY$l$F detector table $N29EY$,9_2<$7;O$a$k!# EE05 $NDc2< $b4p K\E* $K$O %3%$%k EE05 0lDj $G9T $J$&!#8= :_$^ $G$N CGG. >C<’;n 83$G!" EE05 9_2< B.EY$K BP $9 $k E~C# 29 EY $N Nt 2=$, 3N G’ $5 $l $?<B 83 $O $J $$$,!" M> 7W $J M6 F35/ EE NO $r 5/ $3$5 $J $$ $? $a $K$b <’ >l $O $f$C $/ $j >C $9!# Ey29 <’ 2= MQ $N EE 8; Au CV$H 6K Dc 29 E~ C# 8e $N 29EY @) 8f MQ %=!< %9 %a!< %? $OJL!9 $N $? $a!" EE 05 $O :G =*E* $K 0 mV $K$9$k!# $H$O $$$( 0 mA $K$O $J$i$J $$$N $G!" 20-30 mA Dx EY$G out put $r o� $K$9$k!# >C<’;~4V$O 30-40 min DxEY!# 4.5 Nd5Q;n837k2L 4.5.1 8:051UBN%X%j%&%‘$NE~C#29EY$H;}B3;~4V 1UBN%X%j%&%‘8:05;~$NE57?E*$J29EYJQ2=$r?^ 4.4 $K<($9!# %P%k%V$r3+$1$kD>A0$OFbIt5$05$,>e$,$k$?$a He tank top $,29EY>e>:$7!"$=$N%P%k%V$r3+$1$k$K$D $lA4 BN$,29EY 9_2<$r$9 $k!# He tank top 29 EY$,>e2< $K?6F0$7 $F$$$k$3 $H$+$i!"$3 $NItJ,$r Nd5Q$7$F $$ $k $N $O 1U BN %X %j %& %‘ $N >x H/ G. $G $O $J $/!" >x 5$ Nd 5Q $K $h $k $b $N $@ $H $o $+ $k!# %P %k %V $O Bg BN 70 min Dx EY $GA43+$H$J$C$F$$$k!# $3$l$h$j!"K\ NdE‘5!$N 1UBN%X%j%& %‘$O8:05;~ $G 1.7 K $HB,Dj $5$l$?!#$3$N ;~>CHq$5$l $k1UBN%X%j %& %‘ $N NL $O A4 BN $N 40% $H 9M $( $i $l $k!# $^ $? %X %j %& %‘ $N ;} B3 ;~ 4V $O E5 7? E* $J CM $H $7 $F Ls 24 hour $H B, Dj $5$l$F$$$k!#$3$N;~$N1UBN%X%j%&%‘>CHqNL$O 0.175 ‘ /hour � = 21.9 g/hour !#$3$l$h$jN.F~G. Q all $O Q all = 728(mW � h =‘ ) !_ 0 : 175 � 127 : 4 mW (4.42)

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 76 ?^ 4.4: 1U BN %X %j %& %‘ 8: 05 ;~ $N E5 7? E* $J 29 EY JQ 2=!# He tank b ottom $G E~C#29EY 1.7 K !#%R!<%H%9%$%C%A$O on !# $3 $N CM $O <0 4.25 $G 8+ @Q $b$C $? M} O@ 7W ;; CM |221 mW $h $j $H $F $b >. $5 $$!# <B :] $N 8: 05 ;~ $N %X %j %& %‘ >C HqNL $O 8: 05 B. EY$K 0M B8 $7 $? ItJ, $b $" $j!" ==J, Dc B. $G GS 5$B. EY $r $" $2 $l$P Ld Bj $J $$ $,!"$3 $l $, B. $$ $H >x H/%X %j %& %‘ %, %9$, >o 29 It $N 4I:‘ $N Nd 5Q $K>C Hq $5 $l $F $7$^ $$!" L5 BL $J >CHq $, A} $( $k!# $=$l $G $b :G Dc 22 h $N;}B3$,B,Dj$5$l$F$$$k!# 4.5.2 V ap er Co oling $N@-G= Bh 3.3 >O$N<0 3.10 $rMQ$$$F!"K\ ADR $N8=:_$N>x5$Nd5Q$N8zN($r7W;;$7$F$_$k!# >e$NNd5Q;n83 7k2L$h$j!"%X%j %&%‘>CHqNL$+ $i8+@Q$b$i$l $kN.F~G.$O � 127 mW !# %X%j%&%‘$N>x H/@x G.$O 20.9 J/g $h$j!">CHqNL$O 6.08 !_ 10 � 3 g/s !# $^$?3FIt$N29EYJ,I[$+$i8+@Q$b$i$l$k!"%?%o!<ItJ,$N4IJI$h$j%,%9$KEAC#$5$l$kAmG.NL$O 790 mW !# $h$C$F%(%s%?%k%T!<:9$O � H = _ Q= _ M � 130 J = g (4.43) $3 $l $h $j %X %j %& %‘ %, %9 $N %( %s %H %m %T!< $+ $i!" 4I =P 8} $G $N %, %9 $N 29 EY $O 22 K Dx EY $H 8+ @Q $b $i $l $k z !# 150K ring $N <B B, CM $O 140 K Dx EY $H 9M $( $i $l $k $+ $i!" $^ $@ >x 5$ Nd 5Q $, 8z N( NI $/ 9T $J $o $l $F $$ $J $$ $3 $H$r0UL#$9$k!# 8= :_ $N 29 EY J, I[ $G 4I JI $K F1 MM $N N. F~ G. $, $" $k $H $7 $F!" 4I =P 8} $N %, %9 29 EY $, Nc $H $7 $F 100 K $K $J$C $F$$$k$H$-!"8+@Q$b$i$l$k%(%s%?%k%T!<$O � 530 J/g DxEY$G$"$k!#$3$N;~$N%X%j%&%‘>xH/B.EY$O � 1.55 !_ 10 � 3 g/s $H$J$j!"0l;~4V$G 5.5 g |44 m ‘ /hour !" 7 ‘ %?%s%/$GLs 95 ;~4VO"B31?E>$,2DG=$J7W;;$H $J$k!# 4I=P8}$N%9%F%s%l%929EY$,2>$K 22 K $N>l9g!"1UBN%X%j%&%‘CmF~8} | %?%o!<$+$i$NN.F~G.$,<0 4.24 $r :F7W;;$7$F W T = 0 : 1185 6 Z 22 2 : 7 k SUS ( T ) dT � 6 : 7 mW (2 : 7 � 22 K) (4.44) z Dc299)3X%O%s%I%V%C%/!"IUO? I{ ?^ I-13 $N T-s @~?^$r;2>H

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 77 $3 $3 $G %? %o!< $N Dc 29 B& $N 29 EY $O He tank >e It $N <B B, CM $r ;H MQ $7 $?!# $3 $l $h $j %? %o!< $+ $i $N N. F~ G. $,BgI}$K8:$j!"M}O@E*$J7W;;CM$O<0 4.25 $r:F7W;;$7$F Q all � 107 mW (4.45) $3 $l $h $j!"%? %o!< It J, $N 9b29 B& $N 29 EY $r 9MN8 $9 $k $3 $H $G!"8: 05 1U BN %X %j%& %‘ $N ;} B3 ;~ 4V$+ $i 8+ @Q $b $i $l$kN.F~G.$N<B83CM$r==J,@bL@$G$-$k$H9M$($i$l$k!# 4.5.3 CGG.>C<’;n837k2L E57?E*$JCGG.>C<’;n83$H$7$F!" 2002 G/ 6 7n 28 F|$NCGG.>C<’Nd5Q;n83$N7k2L$r?^ 4.5 !"$*$h$S?^ 4.6 $K <($9!#?^$K$OEy29<’2=$*$h$SCGG.>C<’$N:]$N3FItJ,$N29EYJ,I[$H!"EEN.$*$h$SEE05CM$r<($7$F$$$k!# ?^ 4.5: Adiabatic Demagnetization result in 02/06/28. ?^ 4.6: Adiabatic Demagnetization result in 02/06/28. V oltage and Curren t. Ey29<’2=$N:]$K$O<’@-BN$K<’2=G.$,H/@8$9$k$?$a!"%R!<%H%9%$%C%A$*$h$S9b29D6EAF3%j!<%I@~ (lead line) !" detector table $K 29EY >e>:$, 8+$i$l $k!#$= $l$K$h$C $F1UBN %X%j %&%‘$N >xH/$, B%?J $5$l$F >x5$Nd 5Q$,8~ >e$7!" He tank >eIt$N29 EY$,$5$,$k!#$3 $N$H$-$N%3%$ %k<’>l$NA} 2CB.EY$O 4 mA/s !" detector table $O 3+ ;OD> A0 $K 2.6 K $G$"$C $? $N $,!" :G 9b $G 3.4 K Dx EY $^ $G 29EY >e >: $7!" 2.7 K $^$G :F Nd 5Q $5 $l $k$^$GEy<’>l$GLs 1000 sec $+$+$C$F$$$k!# D6EAF3%^%0%M%C%H%3%$%k$KN.$9EEN.$K$O KENW OOD DC PO WER SUPPL Y PDS36-10 ( :GBg=P NO 360 W !" 10 A) $r;HMQ$7!"EE05@)8f$GEEN.$rN.$7$F$$$k!#=PNOEEN.$O SANW A CL-22AD. DCA- A CA PR OBE $r ;H MQ $7 $?!# $3 $l $O EE N. $K $h$C $F @8 @. $5 $l $k <’ >l $r $H $i $( $k $3 $H $G EE N. $r B, Dj $9 $k!# $^$?EE05%b%K%?!<$K$O29EY%b%K%?!<$HF1$8$/!" YOK OGA W A D A100 D A T A A CQUISITION UNIT $r;HMQ$7$? ( Bh 3.4 >O;2>H ) !# ;H MQ $7 $F $$ $k %^ %0 %M%C %H %3 %$ %k $O <+ 8J %$ %s %@ %/ %? %s %9 $, Bg $- $$ $? $a!" EE 05 $K BP $7 $F EE N. CM $, $9 $0 $K $O$" $o$:!" ;X?t 4X?t E*$K A26a $7$F $$$/!# $3$l $,%3 %$%k EE05 ( Cf CJ!" coil V oltage) $K 8=$l $F $$$k!# EE 8; EE 05$O EE 8; Au CV $N=P NO EE 05 $r D>@\ $_ $F $$ $k$N $K BP $7!" %3 %$%k EE 05 $O 9b 29D6 EA F3 BN 0J 9_$N %^ %0 %M%C %H G[ @~ $N EE 0L :9 $r $_ $F $$ $k!# $3 $3 $O 4p K\ E* $K $O EE 0L :9 $O >o $K 0 V $N $O $: $@ $,!" EE 05 JQ 2= ;~ $K EE 0L :9 | 4 mA/s $KBP$7 150 mV $,@8$8$F$$$k$3$H$,$o$+$k!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 78 4.5.4 CGG.>C<’$N8zN( I= 4.3 $KE57?E*$JCGG.>C<’;n83$N7k2L$r<($9!# 4.5.5 CGG.>C<’;n83 G/7nF| - 2sL\ >C<’3+;O29EY :GBg<’>l E~C#29EY <’2=;~4V >C<’;~4V FbIt<’>l K T mK min min T 020827-no1 3.45 3.02 69.5 150 70 0.0608 020827-no2 2.91 2.91 58.2 120 70 0.0582 020904-no1 3.28 2.49 88.2 60 45 0.0670 020904-no2 3.03 3.40 66.2 90 55 0.0742 020904-no3 2.98 3.20 67.5 90 50 0.0725 020904-no4 2.82 3.37 51 75 60 0.0610 020917-no1 3.1 2.73 65 60 40 0.0572 020927-no1 3.4 2.60 76 85 30 0.0580 021001-no1 3.56 2.48 91.5 80 30 0.0636 021001-no2 3.36 3.04 62 70 30 0.0560 (021001-no4) 3.5 2.65 77.2 60 40 0.0585 021010-no1 3.16 2.72 67.4 66 30 0.0580 021010-no2 3.4 3.25 66.2 65 45 0.0634 021010-no3 3.34 3.03 66.3 80 45 0.0602 021024-no1 3.6 2.95 74.9 66 35 0.0608 I= 4.3: exp erimen tal results. 021001 $N 4 2sL\$O!"2#$KE]$7$?>uBV$G$NNd5Q;n837k2L!# $3 $3 $G Fb It <’ >l $H $O!" >o <’ @- BN $G $" $k F AA $, 6K Dc 29 $G 6/ <’ @- $H $J $j!" Fb It <’ 2= $N H/ @8 $K $h$C $F <’ 5$%9%T%s$,Aj8_:nMQ$r5/$3$7$?$b$N$G!"<0 2.32 $h$j!" b = B H T H T L (4.46) $G 5a $a$k!# <0 $+ $i $o $+$k $h $& $K E~ C#29 EY $, 9b $$$H 7W ;; $5 $l $kFb It <’ >l $O Bg$- $/ $J $k $N $G!"K\ O@ J8 $G $O >C<’NdE‘$N8zN($rI=$9!#I=$N7k2L$h$jK\ ADR $N3FFC@-$r2r@O$7$F$_$k!# I= 4.3 $h$j!">C<’;~4V$HE~C#29EY!"FbIt<’>l$N4X78$r?^ 4.7 5Z$S?^ 4.8 $K<($9!#CGG.>C<’$N:]$K$O29 EY 9_ 2< $H$H $b $K G. Ma $+$i G. N. F~ $, $O $8$^ $j!" %( %s %H %m%T!< >e >: $, 5/ $3$C$F :G Dc E~ C# 29 EY$, $o $: $+ $K $" $, $k!# $3$l $r KI $0 $K $O>C <’ B. EY $r $G$- $k $@ $1 Aa$/ $9 $k $3 $H $@$,!" $" $^ $j >C <’B. EY $r $" $2 $k$H :# EY $O 6b B0:‘NA$NM6F35/EENO$,@8$8$k!#:G$b8zN($N$h$$>C<’B.EY$O Q c ( T ) = � Q V ( d�=dt ) (4.47) $3 $3 $G Q c ( T ) $O N. F~ G. $G 29 EY $N 4X ?t $K $J $k!# $^ $? Q V ( d�=t ) $O M6 F3 5/ EE NO $K $h $k H/ @8 G. $G <’ B+ JQ 2= $N4X ?t$K$J$C $F$$$k!# ?^ 4.7 $H?^ 4.8 $h$jN. F~G.$* $h$S saltpill Cf$N6b B0:‘NA$K $h$kM6 F35/EE NO$O$H $F $b>.$5$/!"E~C#29EY$,$[$\1F6A$7$J$$$3$H$r<($7$F$$$k!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 79 ?^ 4.7: <g MW $J CG G. >C <’ $N :] $N <’ 2= ;~ 4V $H Fb It <’ >l$N4X78!# ?^ 4.8: <g MW $J CG G. >C <’ $N :] $N E~ C# 29 EY $H Fb It <’ >l$N4X78!# M}O@E*$K$3$N1F6A$r9M$($F$_$k$H!"N.F~G.$O:GBg$G 1 � W DxEY$KM^$($F$$$k$N$G!">C<’$K 2000 sec $+$1$?>l9g$NN.F~ G.$K$h$k29EY>e>:$O!" 100 mK 6aK5 $G$N F AA HfG.$, � 1 J/K $@$+$i:GBg 2 mK Dx EY!" +20 Gauss DxEY$K$7$+$J$i$J$$!# $D$.$K?^ 4.9 � 4.11 $K<gMW$JCGG.>C<’;n83$N3F%Q%i%a!<%?$HFbIt<’>l b $N4X78%0%i%U$r<($9!# ?^ 4.9: CG G. >C <’ ;n 83 7k 2L $N :G Bg <’ >l $H Fb It <’ >l $N 4X 78!# ?^ 4.10: CG G. >C <’ ;n 83 7k 2L $N >C <’ 3+ ;O 29 EY $H Fb It <’>l$N4X78!# ?^ 4.11: CG G. >C <’ ;n 83 7k 2L $N E~ C# 29 EY $H Fb It <’ >l $N4X78!# ?^ 4.9 � 4.11 $O:8$+$i:GBg<’>l!">C<’3+;O29EY!":GDcE~C#29EY$HFbIt<’>l$N4X78$r<($9!#$=$l$>$l $KBg$-$JAj4X$O$J$/!"<’@-BN$N<’5$%9%T%s$,3F;n83$G$[$\40A4$K$=$m$C$F$$$k!# $A$J $_$KM} O@E* $K$O 6/$$ Aj4X$O $J$$!# FbIt <’>l $H$$$& %Q%i %a!<%? $O<’ @-BNCf $N6I :_%9 %T%s F1;N$, <u $1 $k Aj8_ :n MQ $G $" $j!"$R $H $D $R $H $D$N %9 %T %s $,$^ $o $j $+ $i <u$1 $k Aj 8_ :n MQ$N J? 6Q >l $,!" FbIt <’ >l $H $7 $F Nd 5Q$N :] $K $" $i $o$l $k!# $3 $N Bg $-$5 $O >C <’ $9$k ;~ $N 3+ ;O 29EY $d :G Bg <’ >l$K $O $h $i $J $$!#$b $7 $h $k $H $9$l$PNd5Q;n83;~$N%;%C%H%"%C%WJ}K!$,1F6A$7$F$/$k$H;W$o$l$k!# $3$l$h$j!" F3F~$5 $l$F$$$k saltpill $NFb It<’>l $OLs 600-650 Gauss $HB,Dj$5 $l$?!#$3 $N>l9g$N <’@- BN$N <’>l $KBP$9 $k%(%s %H%m %T!< | 29 EY$N4X 78$r ?^ 4.12 $K <($9!# ?^>e$N 6J@~ $O<0 2.10 $r;H MQ$7$?!# $3 $l$h$j!" 600 Gauss $H 9M$($?>l9g!" %3%$%kEEN.$r :GBg 6.8 A !">C<’ 3+;O29EY 2.7 K $K$7 $?>l9g$GE~C#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 80 ?^ 4.12: Fb It <’ >l $r 600Gauss $H $7 $? ;~ $N 29 EY | %( %s %H %m %T!< 6J @~!# ;g $,:GBg<’>l!#@V$OFbIt<’>l$N$_$N>l9g!# 29EY 46 mK $,4|BT$5$l$k!# 4.5.6 NdG^$NHfG.5Z$SNdE‘G=NO <’@-BN$NHfG.$O<0 2.16 $h$j!"FbIt<’>l$rBeF~$9$k$3$H$GM}O@E*$K$OF@$i$l$k!# $7$+$7$3$l$O8=<B$KB,Dj$5$l$kHfG.$NCM$h$jBg$-$$!# F AA $NHfG.$NCM$O Vilc hes $H Wheatley([26] $h $j ) $K $h$C $F 8& 5f $5 $l $F $$ $k $,!" $3 $N 7k 2L $+ $i 8+ @Q $b $i $l $k Fb It <’ >l $O � 200-250 Gauss $H $J $j!" K\ ADR $GB,Dj$5 $l$?<’>l$O :GBg 2 G\ $HBg$-$/ $J$k!#$3$l $O<0 2.16 $rF3=P$9 $k$K$"$?$C$F 9T$J$C$?6a ;w 7W ;; $K $h $k $H $3 $m $, Bg $- $$!# $^ $? saltpill $K =< E6 $5 $l $? <’ @- BN $N >u BV $K $h $k $b $N!" $b $7 $/ $O Nd 5Q $N 8z N( $K 5/0x $9 $k $b $N $H;W $o $l $k!# <B :] $NHf G. 7W ;; $O CGG. >C <’ Nd 5Q 7k2L $+ $i $G $O $J $/!"29 EY >e >:!" $^ $? 29EY@)8fB,Dj$N7k2L$+$i8+@Q$b$k$N$,@5$7$$$H;W$o$l$k ( Bh 6 >O;2>H!K!# $^$?=[ 4D1? E>$K $h$k 5[G.$N 8B3& $rNd E‘G=NO $H$9 $k4u <aNdE‘ 5!$H 0c$$!" CGG. >C<’Nd E‘5! $N>l 9g$ONd G^ $H $J $k8D BN $r Nd E‘ 5!Fb $K Iu F~ $7 $F;H MQ $9 $k $N$G!" 4u <a Nd E‘ 5!$H $O Nd E‘ G= NO$N <( $9 $b $N $,<c 43 0[ $J $k!# CGG. >C<’NdE‘ 5!$N>l 9g!"Nc$( $P 100 mK $r ;}B3$7 $?>l9g!" $3$N;~$N G.MFNL $NAmNL $,5a$a$i $l!"<B83 ;~ 4V $G $3 $l $r 3d $l $P Nd E‘ G= NO ( <! 85 $O W) $, F@ $i $l $k!# $h$C $F <B 83 ;~ 4V $, C; $/ $F $h $$ $J $i Nd E‘ G= NO $O $$ $/ $i $G$b >e $2 $i $l $k!#$H $O $$ $( 8= <BE* $K $O ?t ;~4V $O Ey 29 $G ;}B3 2D G= $G $J $1$l $P $J $i $J $$$7!" N. F~ G. 5Z $SH/@8G.$,Bg$-$1$l$P$=$NJ,29EY@)8f$b:$Fq$K$J$k!# K\ O@ J8 $G $O $h$C $F Nd 5Q ;n 83 $+ $i F3 $$ $? saltpill $N Hf G. $+ $i!" 5a $a $k 29 EY $G $N G. MF NL $r ;; =P $7!" $3 $l $K <B 83;~ 4V $r 9M N8$7 $? CM $r NdE‘ G= NO $H $7$F <( $9 $3 $H $K$9 $k!# $^ $? $3$N 7k 2L $r $U$^ $( $? G. N.F~ $N ?^ $r IU O? B $K<($9!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 81 4.6 $=$NB>$NNd5Q;n83 4.6.1 saltpill 2 9f5!$N ADR F3F~;n83 K\ 8& 5f << $G @_ 7W!" AH $_ N) $F!" 7k >= @. D9 $N A4 HL $r 9T $J$C $? saltpill 2 9f 5! $O!" 2002 G/ 7 7n $K A4 9T Dx $r40N;$5$;$FF3F~;n83$r$*$3$J$C$?!#0J2<$G$O$3$NNd5Q;n837k2L$K$D$$$F=R$Y$k!# ADR F3F~;n83 {02/07/31 It IJ AH $_ N) $F $H 7k >= @. D9 $, =* N; $7!" 7 7n 31 F| $K =i ;n 83 $r 9T $J$C $?!# ?^ 4.13 $K 40 @. $7 $? saltpill 2 9f5!$N<L??$r<($9!# ?^ 4.13: �gure of saltpill no2. 40 @. $7 $? saltpill 2 9f 5! $O 7k >= =E NL 85.44 g $G $"$C $?!# %+ %W %; %k $N MF @Q $O 55.6 cm 3 !" F AA $N L) EY $O 1.723 g/cm 3 $J$N$G!"%+%W%;%k$K$O 95.8 g =<E62DG=$G$"$k!#$3$l$h$j8+@Q$b$i$l$k=<E6N($O 89.2 % !" $^$?A4BN$N<ANL$O 190.2 g $H$J$C$?!#El<G8&5f=j@-$N saltpill 1 9f5!$G$O7k>==ENL 89.8 g( =<E6N( 99.5 %) !" A4=ENL 218.5 g $J$N$G!"A4=ENL$K$D$$$F$O7ZNL2=$K@.8y$7$?$b$N$N!"=<E6N($,0-$$7k2L$H$J$C$F$$$k!# $3$l$O@.D9B.EY$rB.$/$7$9$.$F!"$9$-4V$,@8$8$F$$$k$?$a$H;W$o$l$k!# A4 BN $N @\ Ce!" L) Iu $K ;H MQ $7 $? %( %] %- %7 @\ Ce :^ x $O 9b ?? 6u!" 6K Dc 29 $G $b ;H MQ $G $- $k @\ Ce :^ $@ $,!" He $[$I$N>.$5$JJ,;R$ODL$7$F$7$^$&!#<B:]!"7k>=@.D9A0$K9T$J$C$?%j!<%/%G%#%F%/%?!<$rMQ$$$?>o29%j!< %/ ;n 83$G $O!" 4 2s $N%( %] %- %7 EI $jD> $7 $r 9T $J$C$? $K $b $+ $+$o $i $: %j!< %/$, 3N G’ $5 $l $?!#$3 $N ;~ $N ;n83 7k 2L $O %?!< %\ %] %s %W ( %j!< %/ %G%# %F %/ %?!< $h $j 8e J} ) E~ C# ?? 6u EY 2.5 !_ 10 � 6 T orr@0.5 hour !" %G%# %F %/ %?!< $O �ne mo de !" %P %k %V A4 3+ $G He ?? 6u EY 3.8 !_ 10 � 10 P a-m 2 /s !" H? 1~ ;~ $O Bg BN 1 %1 %? ?? 6u EY $, >e >: $7 $?!#$? $@ $7 $3 $N ;~ $N %j!<%/ ;n 83 $O Fb It $r%] %s %T %s %0 $7 $F 9T$J$C $? $N $G!" 5U 05 NO$G Dc 29 $K $J $k K\ HV$N>uBV$G$O$3$N7k2L$,$=$N$^$^H?1G$7$J$$!# I= 4.4 $K=i;n83$G$NCGG.>C<’;n837k2L$r<($9!# 2 2s $NCG G.>C <’;n 83$G 100mK $r@Z $k$3 $H$, =PMh $J$+$C $?!#$3 $N;~ $N%;%C %H%"%C %W$G $O He tank Dl LL $K $" $k!" detector table 5Z $S ?. 9f FI $_ $@ $7 7O $r J] 8n $9 $k 1d D9 $U $? $N 29 EY $r B, Dj $9 $k $? $a!" Cf 1{ $N 100 mm � 7j $r 3+ $1 $? $^ $^ ;n 83 $7 $F $$ $?!# saltpill 1 9f 5! $G $b F1 MM $N %;%C %H %"%C %W $G 220-250 mK $7 $+ $$ $+ $J $+$C $?!# $3 $N radiation shield IT 6q 9g $N 1F 6A $b 9M $( $i $l $k!# $A $J $_ $K saltpill 1 9f 5! $K $F!" 1dD9$U$?$NCf1{7j$r$U$5$$$GF1MM$N;n83$r9T$J$C$?$H$3$m 100 mK $KDL>oDL$jE~C#$7$?!# $h$C$F$3$N;~$N;n837k2L$G$O!" saltpill $N>uBV$,$I$&$@$C$?$+$O40A4$K$O9M;!$G$-$J$$!# x ST A YCAST 2850FT

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 82 >C<’3+;O29EY :GBg<’>l E~C#29EY FbIt<’>l <’2=;~4V >C<’;~4V no1. 3.1K 3.14T 400mK 4050Gauss 70min 50min no2. 3.5K 3.51T 320mK 3210Gauss 140min 60min I= 4.4: Result of Adiabatic demagnetization with saltpill no2. 7k>=@O=P ?^ 4.14 $+$i?^ 4.17 $K!"<B83A08e$N saltpill 2 9f5!$NMM;R$r<($9!# ?^ 4.14: �gure of saltpill no2. b efore the ex- p erimen t ?^ 4.15: �gure of saltpill no2. b efore the ex- p erimen t ?^ 4.16: �gure of saltpill no2. after exp erimen t ?^ 4.17: �gure of saltpill no2. after exp erimen t <B 83 =* N; 8e!" saltpill 2 9f 5! $N N> B& LL $H Cm F~ 8} $N JR B& $+ $i 7k >= O3 $l $, 3N G’ $5 $l $?!# Gr $$ It J, $, O3 $l $? F AA 7k >= $G $" $k!# ?e $, H4 $1 $? H> J4 >u $K $J$C $F $$ $k!# $* $= $i $/ $U $? $H 30 E{ $N @\ Ce It J, $, Nd 5Q ;~ $N G. <} =L $K BQ$( $i $l $J $+$C $? $H ;W$o $l $k!# Fb It $, 8:05 $7 $? $3 $H $K $h$C $F7k >= Cf $N ?e $, H4$1!" $3 $l $, 7k >= $r $o$:$+$KMO$+$7$J$,$i30It$X@O=P$7$F$-$?$N$@$m$&!#

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 83 %+%W%;%k=$M} (1)| %(%]%-%7@\Ce$N2~NI $= $N 8e $N %+ %W %; %k =$ M} ;n 83 $G!" AH $_ N) $F J} K! $N =g =x $K $h $k $U $? | 30 E{ It J, @\ Ce $N IT 40 A4 $, 86 0x $H $o$+$C$?!# saltpill 2 9f5!$NAH$_N)$F$O 1. $U$?Cf1{$+$i6b@~$rHt$S=P$5$;$k 2. 6b@~$HG.%j%s%/MQF<ItIJ$rH>EDIU$1$9$k 3. 6b@~$NHt$S=P$7$?$U$?Cf1{$r%(%]%-%7$GKd$a$FJ]8n$9$k!# 4. $U$?$H30E{$r%(%]%-%7@\Ce$9$k!# $3 $N =g =x $G 9T $J $& $H H> ED IU $1 $7 $? F< It IJ $O 40 A4 $K %( %] %- %7 @\ Ce :^ $K $h$C $F J] 8n $5 $l!" N2 ;@ $K $h $k MO 2r $O $[ $\ LH $l $k!# $7 $+ $7 $U $? | 30 E{ It J, $N @\ Ce $O!" %( %] %- %7 $r >e EI $j $7 $? 7A $H $J $j 6/ EY $, $[ $H $s $I $J $$ $3$H $, $o $+$C $?!# $3$l $N 2r 7h $K $O %(%] %- %7 $r $U $?$H 30 E{ $N $9 $-4V $K $7$C $+ $j $H $$$l $k I, MW $, $" $k!# %+%W%;%k=$M} (2)| MO@\<0$X$N2~NI MO@\ <0$N>l 9gLd Bj$H $J$k $N$O!"@h $K=R $Y$? $h$& $K9=@. :‘NA!" FC$K %(%] %-%7@\ Ce:^ $,%9 %F%s %l%9$N MO @\ 29 EY$K BQ $( $i $l $J$$ $3 $H $G!" $3 $l$K $O %+ %W %;%k $N %W %m %H %?%$ %W $G 7+ $j JV$7 M= Hw ;n 83 $r9T $J $$!" :G E, $J29EY!"2CG.;~4V$rD4$Y$kI,MW$,$"$k!# $3 $l $N 2r 7h J} K! $H $7 $F $O!" AH $_ N) $F =g =x $N JQ 99 $H $$ $& $N $, $" $k!# %+ %W %; %k Fb $K 6b @~ $J $I $N It IJ $r $$ $l 6b @~ $r $U $? $+ $i Ht $S =P $5 $; $? $" $H!" F< %j %s %/ $H $N H> ED IU $1 $N A0 $K $U $? | 30 E{ F1 ;N $N MO @\ $r 9T $J $&!# $3 $l$O %( %] %- %7 @\Ce $, MO @\ 8e $K$J $k $N $G C:2= $O 40 A4 $K KI;_ $G $- $k!# $7 $+$7 :# EY $O $3 $l$O $U $? Cf 1{ $N %( %]%- %7 @\ Ce $, LdBj $H $J $k!# MO @\8e $K $O Fb It$+ $i Cf 1{ $r 8+$l $J $$ $? $a!" :#EY $O $3 $3 $, >eEI $j $, $A $K $J$C $F $7 $^ $$!" F< It IJ $, ;@ $K MO $1 $F $7 $^ $& 4m 81 @- $, $" $k!# $3 $N %W %m %; %9 $G $O (1) $N J} K! $H F1 MM $K!" 8+ $($:<j$NFO$+$J$$ItJ,$X$$$+$K%(%]%-%7@\Ce:^$rCmF~$9$k$+$,2]Bj$H$J$k!# 4.6.2 %G%e%o!<$r2#$K$7$?>uBV$G$NNd5Q;n83 ?^ 4.18: %X %j %& %‘ Cm F~ 8e!" 2# $K E] $7 $? >u BV $N ADR %G%e%o!< ?^ 4.19: %G%e %o!< $r 2# $K $7 $? >u BV $G $N CG G. >C <’ ;n83$N?^

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 84 ADR $O $= $N Nd 5Q J} K!$K =E NO $r I, MW $H$7 $J $$ $? $a!" 1U BN %X%j %& %‘ $, $3 $\ $l$J $$ 8B $j 360 EY2s E> $, 2D G= $G $" $k!# K\ ADR $N >l 9g!" 1U BN %X %j %& %‘ Cm F~ 8} $, >e $U $? $K IU $1 $i $l $F $$ $k $? $a!" 4p K\ E* $K $O 2# $G $b Nd 5Q 2D G= $G $" $k!# X @~ F~ <M Ak $O %G%e %o!< $N ?? 2< $K $H $j $D $1 $k $? $a!" 2# $K E] $7 $? >u BV $G Nd 5Q $9 $k $3 $H $G!" X @~H/@8AuCV$+$i$NJ?9T$J X @~$r$"$F$i$l$k%S!<%‘%i%$%s$K$D$J$2$k$3$H$,$G$-$k!# $7$+$78=<BE*$K2#$KE]$9>l9g$H$7$F<!$N$h$&$JLdBj$r%/%j%"$7$J$1$l$P$J$i$J$$!# (1) $I$N%?%$%_%s%0$G2#$K$9$k$+ ( 1UBN%X%j%&%‘F3F~A0$+8e ) 1UBN %X%j%& %‘$r $$$l $?8e $K2#$K E]$9 $HBg NL$K 1UBN%X %j%& %‘$, >xH/ $7!"<B83 IT2D G=$J $N$G $O$J$$ $+!# $^$?2#$K$7$F$+$i$@$H1UBN%X%j%&%‘$r$I$&$$$l$k$+!#$3$N>l9g@lMQ$N%X%j%&%‘E>AwMQ%A%e!<%V |transfer tub e $,I,MW$K$J$k!# (2) D6EAF3%^%0%M%C%H$,BgEEN.$K$b$D$+ ( FC$K9b29D6EAF3BN ) K\ ADR $N D6EA F3 %^%0 %M%C%H $O 1UBN %X%j %&%‘ $K D>@\ A4BN $r ?;$7 $F$$ $k $N$G $O$J $/!"Dl LL $+$i G.%j %s %/ $5$; $F Nd5Q $7 $F$$ $k ( $@ $+$i $[ $s$N $A$g$C $T$j $G $b1U BN %X%j %& %‘$, $" $l$P 86 M}E* $K $ONd $( $k ) !#$3 $l $r 2# $KE] $9 $H Dl LL $K$" $k 1U BN %X %j%& %‘ $N NL $,LL @Q E* $K 8: $k$? $a!" Nd $( $K $/$/ $J $k 2D G= @-$, $" $k!# $^ $? %^ %0 %M%C %HG[ @~ $O NbTi $N %3 %$%k $+ $i 0l C6 9b 29 It$+ $i $N N. F~ G. $r %-%c%s %; %k $5 $; $k $?$a $K 9b 29 D6 EA F3 BN $K $D $J $,$j!" F< @~ $K $D $E $$ $F >o 29It $K $D $J $,$C $F $$ $k!# $3$N 9b 29 D6 EA F3 BN $H D6 EAF3 NbTi @~ $H $N @\ B3 It J, $, Nd$( $J $$ $H NbTi $O D6 EAF3 $K $J $i $:!" $^ $? $3 $3$N 29 EY $K $h$C $F :G Bg EE N.!"$9 $J $o $A CG G. >C <’ $N :] $N:G Bg <’ >l $, 7h$^ $k!# $= $7 $F $3$N @\ B3 It J,$O Cm F~ 8} $K 6a$/!" 2# $K E] $9 :]$O 1U BN %X %j %&%‘ $, $3 $\ $l $J$$$h$&$K$9$k$?$a$KCmF~8}$O>e$K$9$k$N$G!"1ULL$+$i1s$6$+$C$FNd$($J$$2DG=@-$,$"$k!# (3) %R!<%H%9%$%C%A$,Nd$($F$/$l$k$+ $3$3$b%^%0%M%C%H$HF1MM$N86M}$GNd$d$7$F$$$k$?$a!# (4)saltpill $,CGG.$K$J$C$F$/$l$k$+ saltpill $O CGG. $r:n $j=P$9 $?$a $K 6 K\ $N%1 %V%i!< wire $G 6 J} 8~$+$i D_$C$? 7A$r :NMQ$7 $F$$ $k!#$3 $l $O 6/ NO $J%P %M $r ;H MQ $7 $F Bg$- $J %F %s %7%g %s $r$+ $1 $F $D $j >e $2 $F$$ $k $,!" %G%e %o!< $r F0$+ $9 $3 $H $G $d $O $j <c 43 F0 $/ ( Ia DL $N >u BV $+ $i ADR $r $5 $+ $5 $^ $K $9 $k $H 1mm Dx EY ) !# $3 $l $, 2# $K $9 $k $H <~ $j $H @\ ?( $7 $F$7$^$&4m81$,$"$k!# (5) $=$NB>%7%9%F%‘$NLdBj ( 29EY%b%K%?!<$J$I ) >e$N ;vJA$r 9MN8 $7$J $,$i!" 1UBN %X%j%& %‘Cm F~$r $7$F $+$i 2#$KE] $9J} K!$r $H$C$?!# :G=i <c43%X %j%& %‘ $N>xH/B.EY$,A}$7$?$b$N$N!"CGG.>C<’$^$G%9%‘!<%:$K9T$o$l$?!# 2s?t >C<’3+;O29EY :GBg<’>l E~C#29EY FbIt<’>l b <’2=;~4V >C<’;~4V (K) (T) (mK) Gauss min min no1. 3.86 2.04 168 890 30 25 no2. 3.5 2.65 80 606 60 40 I= 4.5: Exp erimen tal results when ADR w as laid on 021001

Bh 4 >O E~C#29EY!"J];};~4V$NM}O@7W;;$HNd5Q;n837k2L 85 1 2s L\$O$" $^$jNd $($:!" 100 mK @Z$k $3$H$, $G$-$J $+$C$?!#$3 $l$O:G Bg<’>l $r$+$1 $F$$$? ;~4V$, C; $/!"<’@-BN$N<’5$%9%T%s$,B7$$@Z$l$F$J$+$C$?$H;W$o$l$k!# 2 2sL\$K==J,;~4V$r$+$1$k$3$H$G 100 mK 0J2<$NE~C#$r3NG’$7$F$$$k!#2#$K$7$?$3$H$K$h$kN.F~G.JQ2=$OFC$K$J$7!#$3$l$rI= 6 $K<($9!# 29EY A B 1 mK 29EY>e>:;~4V (2 2sL\ ) 1 mK 29EY>e>:;~4V (4 2sL\ ) (mK) h:m:s h:m:s second second 87 9:56:23 22:34:11 88 10:11:21 22:51:26 900 1035 89 10:27:14 23:07:08 953 942 90 10:41:06 23:22:13 832 905 91 10:55:13 23:37:30 847 917 92 11:09:15 23:52:05 842 875 I= 4.6: Time scale of temp erature rise with the laid ADR A: T emp erature - time relation after no2 Adiabatic Demagnetization. B: T emp erature - time relation after no4 Adiabatic Demagnetization(laid ADR). >/$J $/$H $b!" 2#$K $7$F $b ADR $OLd Bj$J $/F0 :n $9$k $h$& $G $"$k!# 29EY @) 8f$N ;n83 $O$^ $@ 9T$o $l$F $$ $J$$$,!"3NG’$N$?$a:#8e;n83$9$kM=Dj$G$"$k!#

Bh 5 >O 29EY@)8f $3 $3 $G $O K\ O@ J8 $G 9= C[ $7 $? 29 EY @) 8f $N %W %m %0 %i %‘ $H!" $= $l $r ;H MQ $7 $F $N 29 EY @) 8f ;n 83 $K $D $$ $F =R $Y $k!# PID mo del $r ;HMQ $7 $?$3 $N 29EY @) 8f$G $O:# $N $H$3 $m 100 mK $G MI $i$. $, rms=10 � K 0J 2< $r<B 8= $7 $F $* $j � !" 8= ;~ E@ $G $O %W %m %0 %i %‘ $N Ld Bj $G $O $J $/ $‘ $7 $m 29 EY %b %K %?!< >e $N B, Dj %N %$ %: $G MI $i $. $O 7h$^$C$F$$$k!# >-MhE*$K$O rms=1 � K $rC#@.$7$?$$!#$3$l $O%+%m%j%a!<%?$N%(%M %k%.!<J,2rG=$KBP$9 $k29EYMI$i$. $N 4s M? $, $[ $\ L5 ;k $G $- $k $H $H $b $K!" ADR $N 86 M} $h $j!" 1 � K %l %Y %k $G %+ %m %j %a!< %? $N F0 :n 29 EY $r @_ Dj$G$-$k$3$H$K$J$j!"%+%m%j%a!<%?3+H/$NBg$-$JIp4o$H$J$k!# 5.1 %+%m%j%a!<%?F0:n4D6-$H$7$F$N29EY0BDj@- X @~ %^ %$ %/ %m %+ %m %j %a!< %? $O 4p K\ E* $K!" X @~ $N 8w EE 5[ <} $K $h $k AG ;R $N 29 EY JQ 2= $r 8! =P $9 $k $N $G!" AG ;R <+ ?H $N 29 EY $K MI $i $. $, $" $k $H $3 $l $O ?. 9f 8! =P >e $N %N %$ %: $K $J $k!# AG ;R <+ ?H $N $b $D G. E* MI $i $. $r :G >. 8B $K ?) $$ ;_ $a $k $? $a $K!" %+ %m %j %a!< %? $O 100 mK 0J 2< $H $$ $& 6K Dc 29 >u BV $K $9 $k $,!" $3 $N 29 EY $N @d BP E* JQ2= $b $^ $? %N %$%: $K $J $j!" $3 $l $r<h $j =| $/ $N $bJ, 8w @- G= 8~ >e$N I, ?\ >r 7o $G $"$k!# C1 =c 7W ;; $G!" 100 mK $rF0:n29EY $H$9$k%+%m%j%a!< %?$r9M$($k$H!" 1 eV@6 k eV $NJ,8w@-G=$rMW5a $7$?>l9g!"F0:n 29EY$O rms $G 7.1 � K $,MW5a$5$l$k!#>/$J$/$H$b$3$l0J2<$N29EY@)8f$,$G$-$J$1$l$P$J$i$J$$!# 4u <a Nd E‘ $J $I $N >l 9g!" 6K Dc 29 It $r Nd 5Q $9 $k Nd G^ $O 29 EY @) 8f $G $- $:!" $" $k 0l 2s $N Nd 5Q $G :G Dc 29 EY $O 7h $^$C$? CM$H $J$k!# $h$C$F $3$N $h$& $JNd 5QAu CV$N >l9g!" <B83 AG;R $r$N $;$F $$$k detector stage $K%R!< %?!< $r<h $jIU $1$F!" NdG^!" detector stage $N 29EY $rB, Dj$7 $J$, $i %R!<%?!< $r@) 8f$7 $FMW 5a$9 $k29 EY$K J] $D!# $^$? 4u <a Nd E‘ $N>l 9g $O Nd G^ $K1U BN $r ;H MQ$9 $k $? $a!" >o $KBP N. $, @8 $8 $F29 EY $K Bg $- $JMI $i $. $, @8 $8$k!# CGG. >C<’$N >l9g!" NdG^ $K8G BN$r;H MQ$7 $F$$ $k$? $a!"NdG^ A4BN $NG. EAF3 @-$rNI $/$7 $F$* $1$P 29EY$N MI $i $. $O :G>. 8B $K ?) $$ ;_$a $i $l $k!# $^ $? CGG. >C <’ Nd E‘ $O$= $N 86 M} $h $j!"Nd G^ <+ ?H $N 29 EY@) 8f $, 2D G= $G!" 4p K\ E*$K $O 29 EY $r %b%K %?!< $7 $J $, $iD6 EA F3 %^ %0%M%C %H $r @) 8f $9$k $@ $1 $G @_ Dj29 EY $K J] $D $3$H $, 2D G= $G $" $k!# $3 $l$i $N $3 $H $+ $i!"29 EY @) 8f $K 4X $7$F $O CG G. >C <’$O $H $F $b Bg $-$J Mx E@ $r ?t B? $/;}$C $F $$ $k $H 8@ $($k!# � 03/01/20 8=:_!" rms=8.13 � K@70 mK !# 86

Bh 5 >O 29EY@)8f 87 5.2 29EY@)8f!"29EY0BDj2=$N86M} 5.2.1 CGG.>C<’NdE‘$G$NNdG^29EY@)8f 8= <B $H $7 $F 40 A4 $J $k CG G. >u BV $J $I $O <B 8= $G $- $J $$ $? $a!" CG G. >C <’ $G :G Dc 29 EY $K E~ C# $7 $? 8e ( <B :] $O >C <’ $7 $F $k :G Cf $+ $i $@ $, ) $N Nd G^ $O!" %( %s %H %m %T!< $, >e >: $7 Ey <’ >l 6J @~ >e $K $=$C $F 29 EY $, >e >: $7 $F $$ $/!# $@ $, $3 $N ;~ D6 EA F3 %^ %0 %M%C %H EE N. $r 0 A $K $7 $F $$ $J $+$C $? >l 9g!" EE N. $r $5 $2 $k $3 $H $G 29 EY $, $^ $? 2< $, $k!#29 EY >e >: $K $"$o $; $F %^ %0 %M%C %HEE N. $r 2< $2 $F$d $l $P!" $[ $\ Ey29 >u BV $r :n $j =P$9 $3 $H $, $G $- $k!# ?^ 2.3 $O!" CG G. >C <’ 8e $K %^ %0 %M%C %H EE N. $r ;D $7 $F $* $-!" Ey 29 $K J] $H $& $H $7 $? >l 9g $N 4p K\ E* $J 29 EY - %( %s %H %m%T!< %0 %i %U $G $" $k!# ?^$K $" $k %. %6 %. %6$, @_ Dj 29 EY $G $N MI$i $. $H $J $k!# D6 EAF3 %^ %0 %M%C %H $N EE N. $, 0 $K $J $k $H!" $b $& $= $l 0J >e 29 EY $r 0l Dj $K J] $D $3 $H $, $G $- $J $$ $? $a CG G. >C <’ $r $7 $J $* $9 I, MW $, $" $k!#$3$l$,Ey29;}B3;~4V { O"B31?E>;~4V$N8B3&CM$N0l$D$H$J$k!# 5.2.2 29EY@)8f$K5a$a$i$l$kB,DjAuCV$N@-G= rms $G 7.1 � K 0J 2< $G $N 29 EY @) 8f $, :GDc $G $b I, MW $J $? $a!" 29 EY $r%b %K %?!< $9 $k Dq 93 %V %j%C %8$K $O Ev A3 $3 $l$@ $1 $N @- G=$G Dq 93 B, Dj$, 9T $J $o $l$J $1 $l $P $J $i$J $$!# $3 $l $O;H MQ $7 $F $$$k 29 EY 7W $N@- G= $K $b $h $k!# 6K Dc 29$K $* $1 $k 29 EYJQ 2= $K IR 46 $J Dq93 JQ 2= $r $b $D29 EY 7W $r ;H MQ$9 $l $P!" Ev A3 Dq 93%V %j%C %8 $K 5a $a $i$l$k@-G=$b4E$/$J$k!# 6KDc29It$K;HMQ$7$F$$$k RuO( ;@2=%k%F%K%&%‘ ) 29EY7W 1k 7?$O 100 mK 0J2<$G0J2<$N$h$&$J%-%c %j%V%l!<%7%g%s4X?t$r$b$D!#Dq93%V%j%C%8$K$O Cry o Con mo del 62 $r;HMQ$7$?!# T = 1 = f A + B !_ log R + C !_ (log R ) 2 + D !_ (log R ) 3 + E !_ (log R ) 4 g 2 (5.1) A = � 343 : 6708 !" B = 86 : 35922 !" C = � 1 : 705856 !" D = � 0 : 9599732 !" E = 0 : 06222591 $3$N<0$+$i7W;;$9$k$H!" 100 mK 6aK5$G$O 1 $NJQ2=$G 28 � K (0.2 $G 5.5 � K !" 0.05 $G 1.23 � K) $NJQ2=$r0UL#$9$k!#$3$l$h$j!" rms=7.1 � K $rL\;X$9$K$O:GDc rms=0.26 DxEY$,I,MW$H$J$k!#$5$i $K rms=1 � K $rL\;X$9$K$O rms=0.04 0J2<$,MW5a$5$l$k!# <!$K EE8;Au CV$@ $,!"$3 $l$O @_Dj $9$k29 EY$K $9$k $?$a $KI, MW$J%^ %0%M%C %HEE N.$H!" $=$N 8e$N%( %s%H %m %T!< JQ 2= $K $h$C$F MW 5a $5 $l $k @- G= $OBg $- $/ JQ 2= $9 $k!# $@ $,;2 9M $N $? $a!" %( %s %H %m%T!< $, 0l Dj $H 9M $( $? >l 9g | B T =const $H9M $($? >l9g $N29 EY JQ2= $KBP $9$k <’>l $NJQ 2=$O!" 100 mK $K$* $$$F 0.1 T $H $7$? $H $- 10‘ � K $G 0.1 Gauss !" 1 � K $G 10 mGauss $H$J$j!"$3$l$rD6EAF3%^%0%M%C%H$NFC@- 0.513 T/A $K BP 1~ $5 $; $k $H $= $l $> $l 19.5 � A !" 2.0 � A $H $J $k!# $3 $l $, EE N. Au CV $K 5a $a $i $l $k @- G= $G $" $k!# %( %s %H %m %T!< $, >e>: $9 $k $H I, MW $J <’>l $, 8: >/ $7!" <’ >lJQ 2= $K BP $7 $F 29 EY$, IR 46 $K $J$C $F $7$^ $& $,!" $= $N J, Nd G^ { <’@- BN $N <’5$ Hf G. $, 8:>/ $7 $F EEN. 0l Dj $K$7 $? >l 9g $N29 EY >e >:$, Aa $/ $J$C$F $7 $^ $&!# $=$N $? $a C10L ;~ 4V $" $? $j $N EE N. JQ 2= $, Bg $- $/ $J $k $N $G!" 7k 6I $3 $N %( %s %H %m %T!< >e >: $K $h $k 29 EY @) 8f $X $N MW 5a $, or- der JQ2=$7$?$3$m$G29EY@)8f$OGK>{$9$k$H9M$($i$l$k!# >e$N >r 7o $h $j!" M}8& ADR $K $O 29EY @) 8f MQ $H$7 $F!" 29 EY %b %K%?!< MQ $K Cry o Con mo del 62 $r ;H MQ $9$k!#$^$?K\O@J8$G$O6KDc2929EY@)8fMQ$NEEN.AuCV$H$7$F KEITHLEY 2400 Source meter $r;HMQ$7 $? ( 0J2<!" k2400 $H>JN,$9$k ) !#

Bh 5 >O 29EY@)8f 88 Cry o Con 62 $NJ,2rG=$OI= 5.1 $N$h$&$K$J$C$F$$$k!#B,Dj bias $K$h$k%8%e!<%kG.$r9MN8$7$F!" 100 � V range $r 4p K\$K $9 $k!# $3 $N $H$- $N J, 2r G= $O 0.01 0J 2< $G!" $3 $l$O rms=1 � K $r L\ I8 $H$7 $F $b == J, $J @-G=$H$$$($k!# V oltage Min. Max. Bias Resistance Resistance 333 � V 0.2 3.5 M 100 � V 0.06 1.0 M 33.3 � V 0.02 1.0 M I= 5.1: V oltage Bias Selections $^$?I= 5.2 $K!" k2400 $NFC@-$r<($9!#29EY@)8f$OEE05@)8f$K$9$k$+EEN.@)8f$K$9$k$+$I$A$i$+$@$,!" EE 05 $G$O D6 EA F3 %^ %0%M%C %H $N <+ 8J %$%s %@ %/ %? %s%9 $, Bg $- $$ $?$a!" 5a $a $k EE N.CM $K $J $k $N $K;~ 4V :9 $, @8 $8$k!#$^$?J,2rG=$K4X$7$F$O$I$A$i$G$b$[$\JQ$o$i$J$$$N$G!"K\O@J8$G$OEEN.@)8f$H$9$k!# Bias(V oltage) MaX. Min. Programming | Resistance Resistance Resolution 100.0 mA 105.0 mA -105.0 mA 5 � A 1.0 A 1.05 A -1.05 A 50 � A 20.0 V 21.0 V -21.0 V 500 � V 200.0 V 210.0 V -210.0 V 500 mV I= 5.2: KEITHLEY2400 SourceMeter Line Sp eci�cations. MAX OUTPUT PO WER is 22 W $3$3 $G!" 100 mA range $G$O J,2r G= 5 � A $h$j!" 2.5 � K $N@) 8f $,8B 3&$N $h$& $G $"$k!# 1 A range $G$O $5$i$K $3$l $,Nt2= $9$k!#@_ Dj29EY $K$h$C$F $O 1 A range $G$J $1$l$P $J$i$J $$9b 29$N>l 9g$,$" $j!" $3$l$O29EY@)8f>e$NJI$H$J$j$&$k!# $J$*!"B,Dj$5$l$F$$$k29EYMI$i$.$H<B:]$NMI$i$.$G$O!"B,Dj>e$N%N%$%:$NJ}$,==J,Bg$-$$$H$9$k!# 5.2.3 PID mo del CGG. >C<’$G $N29 EY@) 8f$O!" 4JC1 $K$$$( $P29 EY$r %b%K %?!<$7!" $3$l$H @_Dj 29EY $H$N :9$r 9MN8$7 $F%^ %0 %M%C %H EE N. $r @) 8f $9 $l $P NI $$ ( ?^ 5.1) !# K\ O@ J8 $G $O $3 $l $r %G %8 %? %k J} <0 $G @) 8f $9 $k!# B( $A %V %j%C %8 $+ $i p c >e $G 29 EY $r %b %K %?!< $7!" $3 $l $+ $i %W %m %0 %i %‘ $r Av $i $; $F @_ Dj 29 EY $K $J $k $Y $- EE N. $r %^ %0 %M%C %H $KN.$9!# $3$NJ}K!$H$7 $F PID mo del $r;H MQ$9$k!# PID mo del $H$O Prop ortional In tegral Di�eren- cial mo del $NN,$G!"Dc29$G$N29EY@)8f$K9-$/MQ$$$i$l$F$$$k!# P ow er = k f P ( T � T set ) + C i Z i 0 P ( t ) dt � D dT dt g (5.2) $3 $N 5.1 <0 $O PID mo del $G $N 4p K\ $H $J $k J} Dx <0 $G!" %R!< %?!< $N =P NO $r @) 8f $9 $k >l 9g $N <0 $K $J$C $F $$$k!#$3$3$G!"

Bh 5 >O 29EY@)8f 89 � P : prop ortional or gain co e�cien t � T !" T set : curren t and target temp erature � P ( t ) : p o w er output of the con troller from o v er the last i seconds � C : constan t (units of w att) � i : in tegral co e�cien t (units of seconds) � D : di�erencial co e�cien t ;HMQ$7$F$$$kCM!"JQ?t$NDj5A$+$i$_$F3F9‘ $O!" C i R P ( t ) dt $, I(s) A0 $+$i8=:_$^$G$NJ?6Q=PNO!" dT dt $,J? 6Q29 EYJQ2=!" ( T � T set ) $, @_Dj 29EY$H 8=:_ $N29EY $H$N :9$H$J $k!#$D $^$j@) 8f7O $H6K Dc29It $N!"29 EY $K $D $$ $F $N >p Js $H =P NO $K $D $$ $F $N >p Js $r A4 $F %Q %i %a!< %? $H $7 $F Be F~ $7 $F $$ $k!# $3 $l $K P !" C !" D !" $5$i$K k $H$$$C$?Dj?t$r$+$1$k$3$H$G3F%Q%i%a!<%?$N%9%1!<%k$KJd@5$r$+$1$F$$$k!# J? 6Q 29 EY!" J? 6Q =P NO 5Z $S J? 6Q 29 EY JQ 2= $r $@ $9 $? $a $N data <h F@ ;~ 4V $O B, Dj >e $N Au CV <+ ?H $, $b $D J, 2r G=!" %N %$ %:$J $I $K $h$C $F :GDc 8B I, MW $J ;~ 4V$, $" $k $,!" $3 $l$, $" $^ $j D9 $$$H :# EY $O 29 EY $K?6 F0 $, @8 $8 $k $3$H $K$J $k!#$^ $?6K Dc29 $N$? $a!"%R!< %?!<=P NO$K $h$k detector stage $N29 EY$N H?1~ $K;~ 4V:9 $,B8 :_$9 $k$N$G!"$3$l$,$I$NDxEY$N$b$N$+$b9MN8$9$kI,MW$,$"$k!# $5$F!"$3$l$rK\ ADR $KEv$F$O$a$?>l9g!"<0 5.2 $rJQ7A$5$;$F<!$NMM$J7A$,9M$($i$l$k!# I ( t ) = I ( t � 1) + � A ( T � T set ) + B dT dt + C dI dt � (5.3) $3 $l $O t IC ;~ $N EE N. I ( t ) $r 7h Dj $9 $k J} Dx <0 $G!" <0 5.1 $H F1 MM $K ( T � T set ) $, 29 EY :9 $N J? 6Q CM!" dT dt $, 29 EY JQ 2= $N J? 6Q CM $+ $i $N %Q %i %a!< %? $r I= $9!# $3 $l $K $5 $i $K dI dt $H $$ $& EE N. JQ 2= $N J? 6Q CM $r %Q %i %a!< %?$H$7$F2C$($F$$$k!# A !" B !" C $O3F%Q%i%a!<%?$N scaling factor !# D6EA F3%^ %0 %M%C%H $KN. $9EE N. $O$" $^$j Bg $-$J JQ2= $r $5$; $k$H IiC4 $, $+$+ $j!"$^ $? ADR $G$O 29EY $r 0l Dj $K $7 $? $$ >l 9g!" Bg $- $J time scale $G $O 0l Dj $N EE N. 8: >/ $r 9T $J $& 7A $K $J $k $? $a!" J? 6Q =P NO $N %Q %i %a!<%?$O;HMQ$;$:$KC1$K 1 ICA0$NEEN.CM$rBeF~$9$k$3$H$K$9$k ( I ( t � 1) $NItJ, ) !# 5.3 Lab Windo ws ?^ 5.1 $K!"29EY@)8f$N$?$a$N9=@.?^$r<($9!#29EY$r%b%K%?!<$9$k%V%j%C%8AuCV!"5Z$SD6EAF3%^%0%M%C %H$NEEN.AuCV$N@)8f$r PC >e$G<jF0!"<+F0A‘:n$5$;$k$?$a$K!"K\O@J8$G$O Lab Windo ws $r;HMQ$7$?!# $3$l$O GBIB %3%^%s%I$rMQ$$$F PC $+$i$NL?Na$rB,DjAuCV$KAw$k%7%9%F%‘$G!" PC >e$N Lab Windo ws $N%Q%M%k$r:n@.$9$k$3$H$G8=:_$NB,DjAuCV$N>u67$d!"%b%K%?!<$^$?$O@)8f$7$F$$$kCM$r PC >e$G3NG’!" @)8f$,$G$-$k!# 29EY%b%K%?!<$K4X$7$F$O!"K\8&5f<<$N4u<aNdE‘5!$N29EY%b%K%?!<$K;HMQ$7$F$$$? L TC-21 MQ$N panel !" %3 %^ %s %I $r =$ @5 $7 $F ;H MQ $7 $?!# Cry o Con 62 $N @) 8f $O %l %s %8 $J $I $N @_ Dj $r <j F0 $G 9T $J $& J} <0 $K $H $I $a!" Lab Windo ws $G$ODq93CM%b%K%?!<$N$_$H$7$?!# 29EY%b%K%?!<$N panel $r?^ 5.2 $K<($9!#

Bh 5 >O 29EY@)8f 90 ?^ 5.1: 29EY@)8f$N9=@.?^ ?^ 5.2: Cry oCom62 panel(Lab Windo ws) panel :8 $, %\ %? %s $H B, Dj $5$l $? CM $r I= <( $9 $k It J,!"1& $, B, Dj $5 $l $? 29 EY $N%0 %i %U $r I= <( $9 $k ItJ, $G $" $k!#!# panel :8 B& $N$& $A!">e H> J,$O Cry oCom62 $, B, Dj$7 $? Dq93 29EY 7W $NDq 93 CM$H!" $=$N CM $+$i 49 ;; $7$? 29 EY$N CM ( 29EY 7W $r 2 $D %b%K %?!< $G$- $k ) !# 2<H> J, :8B& $O %R!<%?!< @)8f MQ $NIt J, $G!"K\ O@ J8$G $O ;HMQ$7$F$$$J$$!#$^$?Cf1{$K$"$k k2400 $H$$$&%\%?%s$G!" k2400 $NA‘:n panel $,I=<($G$-$k!# <!$KEEN.%b%K%?!<!"@)8fMQ$N panel $r?^ 5.3 $K<($9!# panel >e:8B&$K$*$$$F!":8>e$K Cry o Con 62 $NB,DjCM$+$i49;;$7$?8=:_$N29EY!"2<J}$N:81&$K$=$l $> $l k2400 $N 8=:_ $NEE N.CM!" EE05 CM $r<( $9!#0l HV2< $N1& $K$" $k %\%? %s$O k2400 $NEE N. OUT PUT %\ %?%s$G$"$k (ST AND BY $HI=<($5$l$F$$$k%\%?%s ) !# Cf 1{ >e $K 29 EY @) 8f $N @_ Dj 29 EY $r <( $9 (SET TEMPERA TURE $H I= <( $5 $l $? It J, ) !# =i 4| @_ Dj $G $O 100 mK $rBeF~$5$;$F$"$k!#Cf1{$KJB$s$@ 4 $D$N source $O!"$=$l$>$l29EY@)8f$N data <hF@;~4V$H Scal- ing factor $r <( $7 $F $$ $k!# Scaling factor $K $D $$ $F $O 8e $G >\ $7 $/ =R $Y $k $,!" $3 $l $O @_ Dj 29 EY $d 3F <B 83 $K $* $1$k CG G. >C <’ ;~$N %( %s %H %m %T!<$K $h$C $F JQ 2= $9$k $N $G!" panel >e$G ?o ;~ JQ 99 $G$- $k $h $& $K $7$F $" $k!#$3$l$i$r@_Dj8e!"1&>e$K$"$kBg$-$J%\%?%s$G29EY@)8f$N3+;O!"=*N;$r$*$3$J$&!#

Bh 5 >O 29EY@)8f 91 ?^ 5.3: k2400 panel(Lab Windo ws) $J $*!" Cf 1{ $N 4 $D $N source $N $9 $0 2< $K $" $k $N $O @_ Dj EE N.!" $* $h $S EE N. range $G!" $3 $3 $G EE N. CM $H $= $N range $r <j F0$G JQ $($i $l $k$h $& $K$J$C $F $$ $k!#$3 $l $O%W %m %0%i %‘ $NIT 6q 9g$K $h $k29 EY $N $:$l $d!" <j F0 $G@_ Dj 29 EY 6a K5$K $b$C $F $$ $- $?$$ $H $- $K ;H MQ$9 $k!# panel >e 1&B& $K $" $k $N $O=P NO EE N.!" B, DjEE 05 CM$N%0%i%U$G$"$k!# 5.3.1 k2400 SourceMeter MQ%W%m%0%i%‘ K2400 SourceMeter @)8f MQ program $K $O 2 <o N‘$" $j!"<g $K panel >e$G %$%Y %s%H ( @_Dj 29EY $NCM $r JQ $( $k $J $I ) $, @8 $8 $? $H $- $N $= $N %$ %Y %s %H $K $" $o $; $F $O $7 $i $; $k program !" =i 4| 2=!" =* N; ;~ $H Main- Timer $K$"$o$;$F>o$K$O$7$k program $,$"$j!"$=$l$>$l K2400 Comm.c !" K2400.c $HL?L>$7$F$"$k!# $^ $? $= $l $> $l $G ;H MQ $5 $l $F $$ $k factor $r B> $N program $G ;H MQ $G $- $k $h $& $K $9 $k $J $I!" Jd =u E* $J Lr 3d $r$9$k$b$N$H$7$F K2400 Comm.h !" K2400.h $,$"$k!# program >e$G$O$^$:!" MainTimer $K$"$o$;$F 1 IC$4$H$K7WB,$7$? data $h$j!"8=:_$^$G$N data <h F@ ;~ 4V J, $N J? 6Q 29 EY $H J? 6Q 29 EY JQ 2= $r =P $9!# panel >e $K I= <( $7 $F $$ $k L\ I8 29 EY $* $h $S 3F Scaling fac- tor $O?o;~DI@W$7!"$3$l$i$rJ}Dx<0$KBeF~$7$F8=:_$NEEN.CM$r7hDj$9$k!# data <h F@ ;~ 4V $, C; $9 $. $k $H 7W B, 7O %N %$ %: $K $h $k 1F 6A $, Bg $- $/ $J $k!# 5U $K $3 $l $, Bg $- $9 $. $k $H 29 EY JQ2=$KIR46$G$J$/$J$j!"29EY$*$h$SEEN.CM$K?6F0$r0z$-5/$3$9860x$H$J$k!# K2400 $, =P $7 $? EE N. CM $K 8+ 9g$C $? 29 EY $K detector table $, $J $k $K $O ?t IC $N time lag $, B8 :_ $9 $k!# $3 $l $, Ld Bj $H $J $k >l 9g $K $O data <h F@ ;~ 4V $+ $i $/ $k J? 6Q 29 EY!" J? 6Q 29 EY JQ 2= $N ;; =P J} K! $r 2~ NI $7 $F $$ $/I,MW$,$"$k!#$J$*!"%W%m%0%i%‘$N<gMWItJ,$OIUO? A $K<($9!# 5.3.2 29EY7WB,7O$N%N%$%:B,Dj $^$: $O29EY @)8f ;n83 $NA0 $K!"29 EY%b%K %?!<$N $_$G $I$N DxEY $N%N%$ %:$, @8$8 $F$$ $k$+ $rB,Dj $7$?!# J} K! $O!" 4 C< ;R K! $G Dq 93 B, Dj $7 $F $$ $k 29 EY 7W B, 7O G[ @~ $N >o 29 It %3 %M %/ %? $r @Z $j N% $7!" $3 $3 $K 6.8 k $N 6b B0 Hi KlDq 93 $r <h $j IU$1 $?!# 6K Dc 29 ItB, Dj MQ RuO 29 EY7W $N %-%c %k 4X ?t $h$j!" 6800 $G 95.643 mK

Bh 5 >O 29EY@)8f 92 $r<($9!# Cry o Con 62 $N GND $O ADR $KMn$H$7$?!#%^%s%,%K%s@~$K$h$k%N%$%:$OF~$i$J$$$b$N$N!" >o29ItJ,$N$_$G$b:GDc$I$NDxEY$N%N%$%:$,@8$8$F$$$k$+$rB,Dj$7$?!#B,Dj;~4V$O$9$Y$FLs 30 J,!" 1800- 2000 data $G$"$k!# Cry o Con 62 $K$O DISPLA Y-Tc( B,DjCM$N%N%$%:$rM^$($k$?$a$N@QJ,;~4V@_Dj ) $,$"$j!" 0.5 s-1 s- 2 s-4 s-8 s-16 s-32 s-64 s $N @_ Dj $, $G $- $k $,!" $^ $: $O 4 s $H 32 s $G 9T$C $?!# DISPLA Y Resolution $O FULL $K @_ Dj $7 $?!# 7k 2L $r ?^ 5.4 $+ $i ?^ 5.5 $K <( $9!# ?^ Fb $K sigma $r I= <( $7 $F $$ $k $,!" $3 $l $h $j @Q J,;~4V 4 s $G$O rms=13 � K !" 32 s $K$7$F$b rms=4 � K $N%N%$%:$,$9$G$K$"$i$o$l$F$$$k!#$3$l0J>e $OAuCV<+?H$NG=NO$h$j$b!"G[@~$N%N%$%:Dc2<$rL\;X$9J}$,=EMW$H;W$o$l$k!# 32s $N%G!<%?$G$O%N%$%:$K$o$:$+$J<~4|@-$,$_$i$l$k!# GND $NLdBj$H;W$o$l$k!# ?^ 5.4: 29 EY %b %K %?!< $N %N %$ %: B, Dj!# DISPLA Y-Tc $, 4s $N>l9g!# ?^ 5.5: 29 EY %b %K %?!< $N %N %$ %: B, Dj!# DISPLA Y-Tc $, 32s $N>l9g!# 5.3.3 29EY@)8f;n83 -02/11/13 0l2s L\ $N 29 EY@) 8f ;n 83 7k2L $r 02/11/13 $K 9T$C$?!# $3 $N ;~ $NL\ E* $O 3F Scaling factor $N :G E,2= $H $= $NJQ 2=$K BP$9 $k29EY JQ2=!" $=$7 $F data <h F@ time $N JQ99$K $h$k 1F6A $G$"$k!# $*$3 $J$C$?3F %Q%i %a!<%? $H 7k 2L $rI= 5.3 $K <( $9!# $J $* Cry o Con 62 $N DISPLA Y Tc $O 4 s $G @_ Dj $7 $?!# T 1 !" T 2 $O 7W B, $5$l $k J? 6Q 29 EY!" J? 6Q 29 EY JQ 2= $= $l $> $l $N J? 6Q CM $r $@ $9 $? $a $N data <h F@ ;~ 4V $G $" $k!# $3 $N ;~ $O FC $K Ld Bj $J$+$C$?$?$a T 1 !" T 2 $OF1CM$H$7$?!# PID mo del $N >l 9g!" Scaling factor $, :G E, CM $+ $i $: $l $F $$ $k $H ?6 F0 $r 5/ $3 $9!# $h$C $F ?t J, $[ $I MM ;R $r $_ $F =$ @5 $r 9T $&!# I= 5.3 $O factor $r :G E, CM $H M= B, $7 $F F@ $? data $G $" $k!# %W %m %0 %i %‘ $N Ld Bj $G!" @_ Dj 29 EY $H J? 6Q 29 EY $K :9 $, @8 $^ $l $F $* $j!" $? $H $( $P 100 mK $r L\ I8 $H $7 $? >l 9g!" 40 � K Dx EY 2< $N CM $r panel $KF~ NO $9 $k I,MW $, $" $k$i $7 $$!# $^ $?$I $N Dx EY2< $N CM $r F~NO $7 $J $1 $l$P $J $i $J$$ $+ $O L\ I829 EY $K$h$C$F0[$J$k!# $J$*!" C $KCM$rF~NO$9$k$H?6F0$,@8$8$F$7$^$C$?!#$3$NCM$N:GE,CM$rLO:w$9$k$N$O8e$K$9$k!# no1-3 $O 100 mK 0l Dj$rL\ I8$H$7$F A $rJQ 2=$5$; $F8+$?$b $N$G$" $k!# A $O 20-40 % DxEY $NJQ2= $O 29EY@)8f$KFC$K1F6A$N$J$$$h$&$G$"$k!# no5-7 $O 80 mK 0l Dj $r L\ I8 $H $7 $F!" data <h F@ time $K $h $k 1F 6A $r 8+ $? $b $N $G $" $k!# $3 $l $, C; $/ $J

Bh 5 >O 29EY@)8f 93 HV9f data <hF@;~4V T 1 ( T 2 ) A B C B,Dj;~4V @_Dj29EY J?6Q29EY rms (second) (second) (mK) (mK) ( � K) no1. 60s(60s) 0.1 -8.0 0.0 760s 99.96mK 100.00mK 12.4 � K no2. 60s(60s) 0.13 -8.0 0.0 360s 99.96 100.00 12.73 no3. 60s(60s) 0.11 -8.0 0.0 310s 99.96 100.00 12.65 no4. 60s(60s) 0.1 -8.0 0.0 1600s 109.97 110.00 14.2 no5. 60s(60s) 0.11 -8.0 0.0 7400s 79.99 80.000 13.6 no6. 45s(45s) 0.15 -8.0 0.0 1600s 79.99 79.999 12.4 no7. 30s(30s) 0.18 -8.0 0.0 2500s 79.99 79.998 13.6 I= 5.3: T emp erature Con trol Result on 02/11/13 $k$K$D$l$F A $rBg$-$/$7$J$1$l$P?6F0$,Bg$-$/$J$C$F$$$k!# B $O -8.0 $G$[$\:GE,CM$i$7$$!# ?^ 5.6: 2 ;~4V@)8f$5$;$?:]$N7k2L!# rms=13.6 � K !# ?^ 5.6 $O 2 ;~ 4V 0J >e @) 8f $5 $; $? no5 $N data $G $" $k!# 2 ;~ 4V $N @) 8f $G Bg $- $J %V %l $O 8+ Ev $? $i $J $$!# Cf CJ $O ;~ 4V $K BP $9 $k EE N. CM $N JQ 2= $G!" 1 ;~ 4V Ev $? $j 4 mA $N JQ 2= $G $" $k!# $3 $l $h $j!" 75 mA $+ $i 29 EY @) 8f $r 3+ ;O $7 $? >l 9g!" ;} B3 ;~ 4V $O C1 =c 7W ;; $G 19 h@80 mK $H $J $k!# $b $A $m $s $3 $l $O 6/ 0z $@ $,!" %( %s %H %m %T!< >e >: $r 9M N8$7 $F $b 15 h DxEY $O 80 mK $, ;} B32D G= $H 9M $( $i $l $k!# I= 5.3 $h $j!" E, Ev $J@_ Dj $G rms=12-14 � K $N @) 8f $, 2D G= $H ;W $o $l $k!# $3 $l $O 29 EY %b %K %?!< $N $_ $G @8 $8 $k MI $i $. =13 � K $K $[ $H$s$I0lCW$9$k!#$9$G$KB,Dj7O$N%N%$%:$,JI$H$J$C$F$$$k$3$H$,$o$+$k!# 5.3.4 29EY@)8f;n83 -02/11/23 rms=10 � K 0J2<$N29EY0BDj@-$rL\;X$7!" DISPLA Y-Tc=8s $K@_Dj$7$F29EY@)8f;n83$r9T$J$C$?!# 29 EY %b%K %?!< $N B, Dj @QJ, ;~ 4V $r $" $2$l $P B, Dj %N%$ %: $O >. $5 $/$J $k!# $7 $+ $7 $=$N J, 29 EY JQ 2=$K BP $7 $F %b %K%?!<>e$N%?%$%‘%m%9$,@8$8!"JQ2=$KBP$9$kEEN.@)8f$,CY$/$J$k!#$3$l$i$r9MN8$7$F DISPLA Y-Tc=8s $,8B3&$H$7$?!#

Bh 5 >O 29EY@)8f 94 HV9f data <hF@;~4V T 1 ( T 2 ) A B C B,Dj;~4V @_Dj29EY J?6Q29EY rms (second) (second) (mK) (mK) ( � K) no1. 60s(15s) 0.112 5.5 0.0 800s 100mK 100.02mK 8.8 no2. 60s(15s) 0.112 5.7 0.0 900s 100 100.02 9.44 no3. 60s(15s) 0.112 5.7 0.0 1400s 119.98 120.00 11.0 I= 5.4: T emp erature Con trol Result on 02/11/23 !# DISPLA Y-Tc=8s !# ?^ 5.7: DISPLA Y-Tc=8s $G @) 8f $5 $; $? :] $N 7k 2L!# rms=8.8 � K !# ?^ 5.8: @_ Dj 29 EY $r F0 $+ $7 $? ;~ $N JQ 2= $N time scale !# ?^ 5.7 $K @) 8f 7k 2L $r <( $9!# data <h F@ ;~ 4V $O A !" B $= $l $> $l $G $o $+ $l $? 7A $K $7 $J $1 $l $P 0B Dj $; $:!" $= $l $> $l 60 s !" 15 s $G 8G Dj $7 $?!# 7k 2L 100 mK $G rms=8.8 � K $H $J$C $?!# 10 � K 0J 2< $N 0B Dj @- $O $@$;$?$b $N$N!"$3$N%l%Y%k$G $N@)8f$K$O Scaling factor $r 1 % DxEY$N@:EY$GBeF~ $7$J$1$l$P0BDj$7 $J $$!# $^ $? ?^ 5.8 $O!" PID mo del $N @_ Dj 29 EY $r Be $( $? >l 9g $N!" $= $N 29 EY $K 0B Dj $9 $k $^ $G $N time scale $r $_ $?$b $N $G$" $k!# 0.1-2 mK DxEY $N JQ 2=$G $" $l$P!" 2-4 J, DxEY $N ;~4V $G 0BDj $9 $k!# $?$@ $7 8=:_ $N PID mo del $G$O?6F0$OLH$l$:!" 2 mK $N@_Dj29EYJQ2=$KBP$7 300 � K DxEY$N?6F0$,:G=i$KF~$C$F$$$k!#

Bh 6 >O detector table $HF~<MAk $3 $3$G $O %+%m %j%a!< %? $NF3 F~ ItJ, $H$J $k detector table $K $D$$ $F =R$Y $k!#%+ %m %j%a!< %? $O29 EY7W $N 0l <o $J $N$G!" G. E* $J %N %$%: $O 9b J, 8w @-G= $N Bg $- $JK8 $2 $H $J $j!" F3F~ It $O 2D G= $J8B $j 8w $N ?/ F~$N $J $$ 6u 4V $K $9 $k I,MW $, $" $k!# $3 $l$O 0U 30 $K MF 0W $G$O $J $/!" $[ $s $N$o $: $+ $J 8w $N1L $l 9~ $_ $G @- G=$O Bg $- $/ JQ $o$C $F $7 $^ $&!# ;H MQ $9 $k shield $b 2D G= $J 8B $j Ey 29 $K $7 $J $1 $l $P $J $i $:!" Nd G^ { <’ @- BN $N G. MF NL $b 9M N8 $7 $F!"Bg$-$5$K$b@)8B$D$1$6$k$rF@$J$$ ( Bh 6.1 >O ) !# $^ $? TES-ETF 7? %^ %$ %/ %m %+ %m %j %a!< %? $O D6 EA F3 BN $r ;H MQ $9 $k $? $a!" EE >l!" <’ >l $K $b 1F 6A $r <u $1 $k!# ADR $O $= $N Nd 5Q 86 M} $K <’ >l $r MQ $$ $k $? $a!" %+ %m %j %a!< %? AG ;R $X $N <’ >l $N 1F 6A $b M^ $( $k I, MW $, $" $k!# $5 $i $K K\ ADR $G $O!" 30 It (300K It J, ) $+ $i $N X @~ 8; $N F3 F~ $b L\ ;X $7 $F $$ $k!# $3 $l $K $O 9b 29 It $+ $i$N8w $N?/F~$r8z 2LE*$KKI$.!" $+$D X @~ $KBP$9$kBg $-$JF)2aN( $r;}$?$5$J $1$l$P$J$i $J$$!#$3$l$i $N >r7o$rA4$FK~$?$9;v$OF0:n4D6-9=C[$NBg$-$J%M%C%/$N0l$D$H9M$($i$l$k ( Bh 6.2 >O ) !# K\O@J8$G$OM}O@E*$KMW5a$5$l$k detector table $N@-G=$h$j!"$3$l$N%W%m%H%?%$%W$r;n:n$7$? ( Bh 6.3 >O ) !# $3$l$KF~<MAk$r4^$a$?F3F~;n83$r9T$J$$!"$5$i$K$3$l$rF0:n4D6-$H$7$?;~$N ADR $N@-G=I>2A | salt- pill $NHfG.!"NdE‘G=NO$J$I$r<($9 ( Bh 6.4 � 6.5 >O ) !# 6.1 detector table @=:n>e$NN10UE@ 6.1.1 G.%j%s%/ 6K Dc 29 <B 83 It $H $7 $F $^ $: =E MW $J $N $O!" Nd G^ $N 29 EY $r @5 3N $K <B 83 AG ;R $K EA $( $k ;v $G $" $k!# Bh 3.1 >O $G =R $Y $?$h $& $K!" 6K Dc 29$G G. %j %s %/ $r<h $k $N $K K8$2 $H $J $k $N $OJ* <A $N G. EA F3EY $G $O $J $/!" :‘NA $4 $H $N 6- 3& @\ ?( Dq 93 $G $" $k!# L5 ;@ AG F< $N G. EA F3 N( $O 0.1 K $K $* $$ $F 100 mW/cm-K $H $$ $& 9b $$ CM $r ;} $A $& $k $,!"@\ ?(ItJ, $NG.EA F3EY$O 1 � 10 mW/K 2 DxEY $,8B3& $H9M$( $i$l$k$N $G!"$3$N CM0J>e $NJ*<A $r;HMQ $9 $l$PMQ$OB-$j$k!#$3$l0J>e$O@\?(ItJ,$N05CeEY$r>e$2$k$+!"@\?(LL@Q$r>e$2$k$7$+$J$$!# >e$N ;vJA$+ $i$9 $k$H!" 9=B$ $O2D G=$J8B $jIt IJ?t $N>/ $J$$!" 0lBN7? $NJ} $,NI $$!#$7 $+$7 $3$l$b 9=B$ $d <B83>e8B3&$,$"$k$N$G!":GDc8B$NItIJ?t$K$9$k!# 6.1.2 radiation shield %+%m%j%a!<%?$N$_$J$i$:!"6KDc29<B83$K$*$$$F9b29It$+$i$NG.N.F~$O<B83$N@53N@-$rDc2<$5$;$k!# ?^ 6.1.2 $O 6K Dc 29It MQ 29EY 7W $rD> @\ saltpill $K%M %8 05Ce $7 $?>l 9g ( 9u $N;M 3Q ) $H detedtor table $N %W 95

Bh 6 >O DETECTOR T ABLE $HF~<MAk 96 ?^ 6.1: :8 : detector table %W %m %H %? %$ %W F3 F~ A0 $H F3 F~ 8e $N Nd 5Q ;n 83 $N Hf 3S!# 9u ( ;M 3Q ) : F3F~A0!#@V ( 4] ) : F3F~8e ?^ 6.2: 1& : <g MW $J Nd 5Q ;n 83 7k 2L $H F~ <M Ak F3 F~ ;~ $N Nd 5Q ;n 83 $N Hf 3S!# @V 4] 5Z $S @D $N ;0 3Q $, F~<MAkF3F~8e %m %H%? %$%W ( Bh 6.3 >O;2 >H ) $rF3 F~$7 $?8e $NCG G.>C <’;n 837k 2L$G $"$k!# =D<4 $O 3 Ns$H $bFb It<’ >l$H $$$& %Q%i%a!<%?$K$7$F$$$F!"K\O@J8$G$ONd5Q$N8zN($r$"$i$o$9!# <0 4.46 $h $j!" FbIt <’>l $ODc $$J} $,CG G.>C <’$N :] $N8z N($, $h$$ $3$H $r$" $i$o $9$,!" ?^ 6.1.2 $r$_ $FL@ $i $+$J $h$& $K!" detector table $N %W%m %H%? %$ %W$r F3 F~$7 $?8e $N J}$,!" 8zN( $h $/CG G.>C <’ $,9T $J$o $l $F $$ $k $h $& $K $_ $( $k!# $3 $l $O saltpill $K D> @\ $H $j $D $1 $F $$ $k ;~ $K $O radiation shield $d G[ @~ 7O $N G. %j %s %/ $b L5 $$ >u BV $J $N $K BP $7!" detector table $N Cf $K 29 EY 7W $r <h $j IU $1 $? ;~ $K $O!" 29 EY 7W $, 100 mK $N radiation shield Fb$K$"$k$N$G!"N.F~G.$N1F6A$r$[$H $s$I<u$1$:$K saltpill $N29EY$r@53N$K7WB,$7$F$$ $k$+$i$H;W$o$l$k!# detector table $K ?/ F~ $7$F Mh $kN. F~ G.$O 6q BN E*$K $O mU<M G. $HG[ @~ 7O $NN. F~ G.$G!" $3 $l$O A0 $K =R$Y $? $h$&$K <0 4.28 $+$i<0 4.38 $G;;=P $5$l$?Dx EY$NNL$G $"$k!#$3$N$& $AG[@~7O $O table $N shield B&LL$G ta- ble $H G. %j%s %/ $5 $l $k $? $a!" $h$C $FB, Dj AG ;R $H table 4V $K29 EY 8{ G[ $r @8 $8 $5 $;$F $7 $^ $& $N $O radiation $N$_$H$J$k!# $@ $, 100mK Dx EY $N 29 EY NN 0h $G $O!" L) Iu >u BV $r :n $j =P $7 $? $D $b $j $G $b $^ $@ radiation $N 1F 6A $, 5/ $3 $jF@ $k!#$7 $+$7CG G.>C <’;n83 $N7k2L $G$O $b$O$d $=$N 1F6A$O $[$H $s$I2r @O$G $-$:!"40 A4$K shield $G$- $F $$$k$+$O!"%+%m%j%a!<%?F0:n;n83$GD94|%i%s%K%s%0$r$5$;$F$=$NJQ2=$r2r@O$7$F9T$J$&$Y$-$@$m$&!# 6.1.3 <’5$ shield ADR $O $= $N Nd 5Q 86 M} $K <’ >l $r ;HMQ $9 $k!# SQUID shield $N 86 M} $N It J, $G =R $Y $? DL$j!" $3 $l $O $o $: $+ $K detector table $K $b ?/ F~ $7 $F $/ $k $? $a!" D6 EA F3 BN $r ;H MQ $9 $k TES 7? %+ %m %j %a!< %? $H $7 $F $O $3 $l $r$7$C$+$j shield $9$kI,MW$,$"$k!# Bh 7.3 >O$G$N$Y$k$,?^ 7.9 $N7k2L$N$H$*$j!" detector table $K$OCf1{ItJ,$G:GBg 100Gauss !" 100mK 0J 2< $N AG ;R F0 :n ;~ $G $b 2-3Gauss $O $+ $+ $k!# :G Bg 100Gauss ;~ $O Ey 29 <’ 2= $N :] Cf $J $N $G :G Bg 5K Dx EY $^$G6KDc29It$N29EY$,>e>:$9$k$H9M$($i$l$k!#$h$C$F!"D6EAF3 shield $O 5K $G$NNW3&<’>l$, 100Gauss

Bh 6 >O DETECTOR T ABLE $HF~<MAk 97 0J >e $N I, MW $, $" $k!# $^ $? ADR $O $= $N 86 M} $H $7 $F 29 EY @) 8f $N $? $a $K <’ >l $r JQ 2= $5 $; $k $N $G!" 100mK 0J2<$N;~!"?t Gauss $N<’>lJQ2=$r%Y!<%9%i%$%s0J2<$K$9$k shield $rF3F~$9$kI,MW$,$"$k!# $3$l$O4pK\E*$K$O SQUID MQ$K@_7W$5$l$?<’5$ shield $H0l=o$N35G0$G$h$$!# SQUID $O<’3&$KBP$9 $k 46 EY $H $7 $F � 10 � 11 Gauss $H $$ $& 6< 0R E* $J G= NO $r ;}$C $F $$ $k $,!" <B :] $$ $^ ;H MQ $5 $l $F $$ $k SQUID shield $O$3$N%l%Y%k$^$G<’5$ shield $,2DG=$J;v$r0UL#$9$k!# $7 $+ $7 detector table $N >l 9g!" AG ;R {table 4V $N G. EA F3 EY $r Bg $- $/ I, MW $, $" $k!# D6 EA F3 BN $H $$ $&!" G.EA F3N( $NDc$$ J*<A$G AG;R A4BN$r <’5$ shield $7$J$, $i!"G. EAF3EY $NBg $-$JJ* <A$GNd G^$H G.%j%s %/$r $H $k$H$$$&!"AjH?$9$k>r7o$r%/%j%"$7$J$1$l$P$J$i$J$$!# 6.2 F~<MAk$NM}O@ K\ ADR $O <B 83 J} K! $H $7 $F!" >- Mh E* $K $O 30 It $+ $i $5 $^ $6 $^ $J %( %M %k %.!< $N X @~ $r 8! =P 4o $K $" $F $i $l$k$h $&!">o29It$+ $i6KDc29It $^$G X @~$,DL$kF~ <MAk$rF3F~ $9$k!#$3$l$O %^%$%/%m%+ %m%j%a!<%?$N 3+ H/$K$* $$$FB?GHD9 $N X @~!"%+ %&%s%H%l!<%H $N0c$$$J$I $KBP$9$k8! =P4o$N1~Ez FC@-$r8zN( $h$/8&5f2D G= $K$9$k $?$a$G$"$k!# $7$+$7 X @~0J30$NEE <’GH!"FC$KD9 GHD9$N$b$N $O<g$KFs$D $N9%$^$7$/ $J$$8z2L$r $b $? $i $9!# $R$H $D $O $$ $& $^$G $b $J $/ 8! =P 4o$K %N %$ %: $r :n$j =P $7!" $^ $? 8!=P 4o $r 29 $a $F $7$^ $& $3 $H!# Nc $( $PGHD9 1 mm 0J2<$N$b$N$O<g$K%N%$%:$r$b$?$i$7!" 1 mm 0J>e$N$b$N$O8!=P4o$r29$a$F$7$^$&!#FC$K 2 � m-2 cm $N 300 K $+$i@V30@~mU<M$O 10 � 9 0J2<$^$G<e$a$kI,MW$,$"$k!# mU <M G. $r M^ $( $k $K $O radiation shield $r F3 F~ $9 $k $N $, >o <1 $@ $,!" $3 $N >l 9g X @~ F) 2a N( $, Ld Bj $H $J $k!# X @~$K BP $7 == J,$J F) 2a N( $r;} $? $; $J $,$i!" $+ $D G. E* %N%$ %: $r <h $j=| $/ �lter $r 3NN) $7 $J $1 $l$P $J $i$J$$!# 6.2.1 detector table ItJ,$NF~<MAk detector table $K ;H MQ $9 $k F~ <M Ak $K $O <’ 5$ shield $N Lr 3d $r 9M N8 $9 $k $H NW 3& 29 EY!" NW 3& <’ >l $h $j!" Al !" Nb !" Pb $N 3 <oN‘$,9M$($i$l$k!#$3$N 3 J*<A$r8uJd$H$7$F9M$($F$_$k!# <’5$ shield <’5$ shield $NLr3d$b7s$M$? detector table $NF~<MAk$r9M$($F$_$k!# D6EAF3BN$NNW3&<’>l$O29EY$N4X?t$H$J$j!"NW3&<’>l H c ( T ) $O!" H c ( T ) = H c (0)[1 � � T T c � 2 ] (6.1) Nc$( $P Nb $N >l9g!" H c (0)=1944 Gauss $GA+ 0\ 29 EY T c =8.4 K $h $j!" $h$C $F 5 K $N;~ $G H c (5) = 1255 Gauss $H 7W;; $5$l $k!# detector table $K$+ $+$k :GBg <’>l $OEy 29<’ 2=;~ $G 100 Gauss $HB, Dj$5 $l $F$$$k$N$G!"$3$N;~E@$G$O Nb $rA*Br$9$k$N$,:GE,$H9M$($i$l$k!# Pb $N >l 9g!" H c (0)=803 Gauss $G A+ 0\ 29 EY T c =7.193 K $+ $i!" 5 K $N ;~ $G 415 Gauss $H $J $j!" Pb $G$b%/%j%"$7$F$$$k!# Al $OA+0\29EY 1.2 K $J$N$G$3$N>r7o$OK~$?$7$F$$$J$$!# <! $K <’ >l $N ?/ F~ D9 $@ $,!" $3 $l $O :G Dc 8B I, MW $J shield $N 8| $5 $r 7h Dj $9 $k %Q %i %a!< %? $H $J $k!# ?/ F~ D9 � ( T ) $b29EY$N4X?t$G � ( T ) = �= � 1 � ( T T c ) q � 1 = 2 (6.2)

Bh 6 >O DETECTOR T ABLE $HF~<MAk 98 q $N6qBNE*$JCM$O$^$@ITL@$@$,!"E57?E*$JCM$H$7$F � =100 nm $H$7$F q $r 1 $H$9$l$P:GBg$,$G$k!# $3$N;~ Nb $G$O 5 K $G 167 nm !" Pb $G$O 181 nm $H$J$k!# Nb $+ Pb $r;HMQ$9$k>l9g$O 1 � m $b$"$l $P==J,$i$7$$!# G.EAF3N( G.EAF3N($OD6EAF3BN$N$?$a3J;RHfG.$N$_$K$J$jBg$-$/Dc2<$9$k!# Nb $N>l9g 1K $G$O 100 mW/cm- K !" 0.1K $G$O 0.18 mW/cm-K DxEY!#0l1~4X?t$KD>$9$H p o w er-la w $G k Nb ( T ) = 100 !_ T 2 : 744 (mW = cm � K) (6.3) 3J ;R Hf G. $O M} O@ E* $K $O / T 3 $J $N $G $3 $s $J $b $N $@ $m $&!# $5 $F 3 K $+ $i $N mU <M $+ $i 9M $( $i $l $k N. F~ G. $O!" LL@Q $r H>7B 3 cm $H $7 $F 28.3 cm 2 !#$3 $N >l9g H> 7B 1 cm 0JFb $K N.F~ $9$k mU <MG. $, :n$j =P$9 29 EY>e >: $H 9M $( $k $H mU <M $O 0.14 nW( J| <M N( $O 0.1 $H $9 $k ) !# 8| $5 $r t $H CV $/ $H CG LL @Q $O :G >. $G 3.14 !_ 2 cm !_ t $H$*$/!#$9$k$H29EY8{G[$r 100 mK DxEY$H$*$/$H 3 : 14 !_ 2( cm ) !_ t 2( cm ) !_ Z 0 : 20 : 1100 !_ T 2 : 744 � T = 0 : 14 nW (6.4) >e<0$rK~$?$9 t $O 7.7 !_ 10 � 7 cm=7.7 nm !#$b$&>/$78|$/$7$F$b$h$$$H;W$o$l$k$N$G!"2>$K 0.1 � m $N 8|$5$K$9$k$H9b29B&$r x $H$*$$$F 3 : 14 !_ 2(cm) !_ 10 � 4 2(cm) !_ Z x 0 : 1100 !_ T 2 : 744 � T = 0 : 14 nW (6.5) $3$N>l9g x =0.1024 K $H7W;;$5$l$k!#29EY8{G[$K$D$$$F$O 0.1 � m $b$"$l$P==J,$H9M$($i$l$k!# Pb !" Al $N >l 9g $G $b 1K $G $N G. EA F3 N($O $[ $H $s $I JQ $o$i $J $$!# G. EA F3 N($r 9M N8 $7 $? >l 9g!"F~ <M Ak $N G.@\?($r$I$&$7$C$+$j$H$k$+$,LdBj$G$"$m$&!# X @~F)2aN( $@ $, detector table $N $U $? $N >l 9g!" X @~ $N F~ <M Ak $H $7 $F $N 9M N8 $b I, MW $G $" $k!# $9 $J $o $A D6 EA F3 BN $KBP$9$k X @~$NF)2aN($r9MN8$7$J$1$l$P$J$i$J$$!# X @~$,J*<A$K8wEE5[<}!"$^$?;6Mp$7$?>l9g$r9M$($k!#$3$N;~$NAj8_:nMQ$O86;R;6Mp7W?t (atomic scat- tering factor) $rMQ$$$FI=$;$k!#GHD9 � $KBP$9$k;6MpCGLL@Q$O!" � a = 2 !_ r 0 !_ � !_ f 2 (6.6) r 0 $O8EE5EE;RH>7B ( r 0 =2.82 !_ 10 � 13 ) !#%(%M%k%.!< E $KBP$9$kGHD9$O � = hc=E = 4 : 14 !_ 10 � 15 (eV � s) !_ 3 !_ 10 10 (cm = s) E (eV ) (6.7) $h$C$F8|$5 d $NJ*<A$KBP$9$k%(%M%k%.!< E $N X @~F)2aN($O T = exp ( � n !_ � a !_ d ) (6.8) n $OC1 0LBN @QEv $j$N 86;R ?t!#Nc $($P Al $N>l 9g!"86 ;RNL 26.98 g/mol !"L) EY 2.699 g/cm 3 $h$j!" %"%\ %,%I%m?t 6.022 !_ 10 23 (1/mol) $rMQ$$$F!" n = 2 : 699 26 : 98 !_ 6 : 022 !_ 10 23 = 1 : 000 !_ 10 21 (1 = cm 3 ) (6.9)

Bh 6 >O DETECTOR T ABLE $HF~<MAk 99 f 2 $O J* <A $H X @~ $N %( %M %k %.!< $K 0M B8 $7 $? 78 ?t $G!" <B 83 E* $K 5a $a $i $l $F $$ $k!# K\ O@ J8 $G $O B.L.Henk e $NO@J8 data $r;HMQ$7$?!#$3$l$K$h$k$H!"Nc$($P Al $K 6030 eV $N X @~$rF~<M$5$;$?;~$N f 2 $O 0.420 !# $h$C$F 1 � m $N Al $K 6030 eV $N X @~$rF~<M$5$;$?;~$NF)2aN($O!" T = exp ( � 0 : 02937) = 0 : 971 (6.10) I= 6.1 $K!"3F%Q%i%a!<%?$N;~$N3F%(%M%k%.!<$NF)2aN($r<($9!#$^$?F)2aN(%0%i%U$r?^ 6.2.1 � ?^ 6.2.1 $K <($9!# J*<A 8|$5 L)EY 86;RNL X-ra y energy f 2 F)2aN( cm g/cm 3 g/mol eV Al 1 !_ 10 � 5 2.699 26.98 1010 0.763 0.984 Al 1 !_ 10 � 5 2.699 26.98 6030 0.420 0.998 Al 1 !_ 10 � 4 2.699 26.98 1010 0.763 0.85 Al 1 !_ 10 � 4 2.699 26.98 6030 0.420 0.971 Nb 1 !_ 10 � 5 8.57 92.9 1010 10.31 0.938 Nb 1 !_ 10 � 5 8.57 92.9 6030 4.13 0.996 Nb 1 !_ 10 � 4 8.57 92.9 1010 10.31 0.527 Nb 1 !_ 10 � 4 8.57 92.9 6030 4.13 0.957 Pb 1 !_ 10 � 5 11.35 207.2 1010 27.81 0.925 Pb 1 !_ 10 � 5 11.35 207.2 6030 13.92 0.993 Pb 1 !_ 10 � 4 11.35 207.2 1010 27.81 0.460 Pb 1 !_ 10 � 4 11.35 207.2 6030 13.92 0.936 I= 6.1: eac h parameter’s transmission of eac h elemen ts. ?^ 6.3: 3F J* <A $K $* $1 $k X @~ F) 2a N(!# :8 $+ $i Al !" Nb !" Pb $N >l 9g!# 9u $N<B@~$O 0.1 � m !"@V$NE@@~$O 1 � m !# Nb $N >l 9g 0.3 k eV $" $? $j $H 3.3 k eV $" $? $j $K 5[ <} $, $G $- $k!# 0.1 � m $N ;~ $N F) 2a N( $O 6 k eV $G 0.97 !# 1 � m $G $O 0.75 !# $h$C $F $3 $N E@ $G $$ $( $P 0.1 � m Dx EY $, K> $^ $7 $$!# $3 $l $K<’ 5$ ?/ F~ D9 $r 9M N8 $9 $l$P Nb0.5 � m $/$i$$$,E,Ev$@$m$&$+!# Pb $N >l 9g $b <’ 5$ shield $N G= NO $r 9M N8 $7 $F 0.5 � m Dx EY $G $" $m $&!# Al $N >l 9g $O <’ 5$ shield $N Lr L\ $OFC$K5a$a$k$3$H$O$G$-$J$$$N$G!"G.EAF3N($H X @~F)2aN($r9MN8$7$F 0.1-0.2 � m $,E,Ev$H;W$o$l$k!#

Bh 6 >O DETECTOR T ABLE $HF~<MAk 100 6.2.2 IR-UV Blo c king �lter @h $K =R $Y $? $h $& $K!" 300 K $+ $i $N G. E* %N %$ %: $O 8! =P 4o $N Nt 2= $r $b $? $i $9 $? $a!" B? AX CG G. $r 1~ MQ $7 $? �lter $rF~<MAk$KF3F~$9$k!#$3$N35G0?^$r?^ 6.4 $K<($9!# ?^ 6.4: F~ <M Ak $N 9= B$ ?^!# ?^ $K $O $J $$ $, 300K It J, $O!" %Y %j %j %& %‘ Ak $+ X @~%S!<%‘%i%$%s$KD>@\%3%M%/%?$G$D$J$,$k!# K\ ADR $NDlIt$K$O>o29It$+$i6KDc29It$^$G$K 150Kshield !" 50Kshield $, V CS| >x5$Nd5Q$H$7$F F~$j!" $5$i $K He tank DlLL $K$" $k 3K shield $,F~$C $F$$ $k!#$3 $3$K Blo c king �lter $H $7$F Al >xCe $7 $? G. @) 8f %U%# %k %‘ $r $$ $l $? $N $_ $N It J, $r $D $/$C $F F~ <M Ak $H $9 $k!# $3 $N ;~ $N �lter $N 8| $5 $H 7j $N Bg $- $5 $O X @~F)2aN($HG.N.F~$K$h$k29EY8{G[$G7hDj$9$k!# Nc$H $7 $F!" D> 7B 1 cm $N Bg$- $5 $N %"%k %_ %J %$ %:%I %^ %$ %i $,<u $1 $k mU<M G. $H!" $3 $l$K $h $k 29 EY8{ G[ $r 4J0W7W;;$7$F$_$k!#CGLL@Q$O>xCe$5$l$?%"%k%_$r 0.1 � m !"%^%$%i$r 5 � m 8|$H$9$k!# 4JC1$K9M$($k$? $a!"Cf1{$ND>7B 3 mm ItJ,$, <u$1$kmU<M$NG. NL$,D>7B 3 mm-1 cm 4V$NEA F3G.$KEy $7$$$H$+$s$,$($F$_$k!#$9$k$H 300 K $+$i 150 K $X$NmU<MG.$O � 3 mW !" Al $NG.EAF3N($O 150 K $G 2500 mW/K-cm $r$b$A$&$k$N$G!"$3$N;~$NCf1{ 3 mm � $N29EY>e>: � T $O 9 : 4 !_ 10 � 6 (cm 2 ) 0 : 7(cm) !_ 2500(mW = K � cm)� T = 3(mW ) � T � 90 K (150 � 300 K) (6.11) F1MM$K 150K $+$i 50K !" 50K $+$i 3K $X$O 9 : 4 !_ 10 � 6 (cm 2 ) 0 : 7(cm) !_ 8000(mW = K � cm)� T = 0 : 20(mW ) � T � 1 : 9 K (50 � 150 K) (6.12) 9 : 4 !_ 10 � 6 (cm 2 ) 0 : 7(cm) !_ 15000(mW = K � cm)� T = 2 : 5( �W ) � T � 12 � K (3 � 50 K) (6.13) $3 $N7W ;; $O$" $^ $j$K C1 =c$@ $,!"$3 $3 $^$G >. $5$1 $l $P29 EY >e>: $N ?4G[ $O $J$$!# 150K shield $K $D $$$F $O 2 Kg$K$9$kI,MW$,$"$k$+$b$7$l$J$$!# Cm 0U $7 $F $* $- $? $$ $N $O 3K shield $N �lter $G!" �lter $K BP $7 D> 3Q J} 8~ $N F~ <M 8w $O 1F 6A $r <u $1 $k $3 $H L5 $/ 6K Dc29 $K ?/ F~ $9 $k >l 9g$, $" $k!# $h$C $F $3 $l$r KI $0 $? $a $K!" %+ %m%j %a!< %? F3 F~ $N :]$O 3Q EY $r ?t EY JQ $($? 3 Kg$N �lter $r 3K shield $KF3F~$9$k!#

Bh 6 >O DETECTOR T ABLE $HF~<MAk 101 6.3 detector table $N@_7W >e$G=R $Y$?;v JA$h$j!" K\ ADR $G $O<!$N $h$&$J detector table $N %W%m%H %?%$%W $r@=:n $7$?!#$3 $l$r ?^ 6.5 $K<($9!# ?^ 6.5: detector table %W%m%H%?%$%W$N9=B$?^ ?^ 6.6: 6K Dc 29 It $K F3 F~ $7 $? %W %m %H %? %$ %W!# R T B,Dj;~ ( Bh 6.4.1 >O;2>H ) !# $3 $N detector table $O 0.2mm 8| $N L5 ;@ AG F< $r table $H $7!" B& LL $H $7 $F 1 mm 8| $N %" %k %_ HD $r ta- ble $K %( %] %- %7 @\ Ce :^ � $G @\ Ce $7 $F $$ $k!# G[ @~ 7O $O B& LL $K %( %] %- %7 @\ Ce $7 $? IC %= %1%C %H $r DL $7 $F Cf $K F~$k!#%U%?$b 1 mm 8|$N%"%k%_HD$r;HMQ$7!"F<$N table $H%M%805Ce$5$l$k!# $^ $? <’ >l $N 1F 6A $r 9M N8 $7!" A4 BN $K 0.1 mm 8| $N Nb HD $r J$ $( $k 7A $K $7 $?!# $3 $l $O saltpill $H $N G. %j %s%/ItJ,$H IC %=%1%C%HItJ,0J30$N table A4BN$rJ$$&7A$G%M%805Ce$5$l$k!# radiation shield $H$7$F$N 5!G=$r9MN8$7$F!"%U%?$@$1$O%"%k%_HD$,30B&$K$/$k$h$&$K$7$?!# %" %k %_ $O 1.2 K $G D6 EA F3 $K $J$C $F $7 $^ $& $? $a!" K\ Mh $O 9= @. It IJ $r A4 $F L5 ;@ AG F< $K $9 $k $N $, :G E, $@ $,!" saltpill $N Am =E NL 218.5 g 0J 2< $K $7 $? $$ $? $a!" B& LL $J $I $K $O %" %k %_ $r :N MQ $7 $?!# %" %k %_ $r ;H MQ $9 $k $3 $H $G radiation shield $N Lr L\ $b 2L $? $9!# 7k 2L!" detector table %W %m %H %? %$ %W $O table LL @Q 40 !_ 40 mm !"9b$5 13.5 mm !"Am=ENL 49.4 g $H$J$C$?!# 6.4 Nd5Q;n83 K\>O$N;O$a$K?^ 6.1.2 $G<($7$?$h$&$K!"CGG.>C<’;n83$G$O dtector table %W%m%H%?%$%W$rF3F~$7$?$3 $H $G 8+ $+ $1 >e $N CG G. >C <’ $N 8z N( $, $h $/ $J$C $?!# 29 EY 7W $K $+ $+ $k radiation $r <h $j =| $/ $3 $H $, $G $- $F $$ $k$+$i$H;W$o$l$k!# <!$K?^ 6.1.2 $K!"F~<MAk$rF3F~$7$?:]$NCGG.>C<’;n837k2L$r<($9!#F3F~$7$?F~<MAk$N9=B$$O?^ 6.7 $K $" $k$h $& $K%j %s %0 (18mm � $N ?? o+%J%C %H ) $r ;H$C$? 05 Ce<0 $K $7$?!# %G%e %o!<%] %s %T%s %0 $N:] $N!" FbIt $N 5$ 05 :9 $K $h$C $F GK $l $k 4m 81 @- $r 9M $(!" $^ $: $O 9 � m 8| $N Hf 3S E* 8| $$ %" %k %_ >x Ce %^ %$ %i %U%# %k %‘ $r ;H MQ$7$?!# detector table $K$O$^$@F3F~$7$J$+$C$?!# ?^ 6.1.2 $N Cf $G!" @V 4] $O MLI MQ %" %k %_ >x Ce %U%# %k %‘ $K 18 mm � $N 7j $r $" $1 $? $b $N!" @D $N ;0 3Q $O!" $3 $l $K $5 $i $K Al radiation shield $K 10 mm � $N 7j $r $" $1!" blo c king �lter $H $7 $F %" %k %_ >x Ce %U%# %k � ST A YCAST 2850FT

Bh 6 >O DETECTOR T ABLE $HF~<MAk 102 ?^ 6.7: F3 F~ $7 $? F~ <M Ak $N 9= B$ ?^!# <B <A $N F~ <M Ak $NBg$-$5$O 10mm � !# ?^ 6.8: 3K shield $N Cf 1{ $K F3 F~ $7 $? Blo c king- Filter !# 0.1 � m 8| $N Al >x Ce $5 $l $? 9 � m 8|%^%$%i%U%#%k%‘$r;HMQ!# %‘ $r F3F~ $7 $? $b $N $G$" $k!# N> J} $K $*$$ $F CG G. >C<’ $N 8z N( $K Bg$- $J JQ 2= $O $J$$!# F~ <M Ak F3 F~$K $h $k CG G. >C<’$X$N1F6A$O$[$\$J$$$H$$$($k!# $7$+ $7$3$l $O5U $K!"CG G.>C <’;n 83$G$O $b$O $dF~ <MAk $N@- G=I>2A $,$G $-$J $$$3 $H$r 0UL#$9 $k!#$h$C $F <! $K!" TES-ETF 7? %^ %$ %/ %m %+ %m %j %a!< %? $N 29 EY 7W $H $J $k TES It J, | D6 EA F3 2 AX Gv Kl $N D6 EA F3 A+ 0\29EYB,Dj$r$9$k$3$H$G!" detector table %W%m%H%?%$%W!"5Z$SF~<MAk$N@-G=$rI>2A$9$k!# 6.4.1 D6EAF3 2 AXGvKl$ND6EAF3A+0\29EYB,Dj TES-ETF 7? %^ %$ %/ %m %+ %m %j %a!< %? $O!" X @~ F~ <M $N :] $N Hy >. $J 29 EY JQ 2= $r Ja $( $k $? $a $N 29 EY 7W $H $7 $F!"%A %? %s $H6b $N D6EA F3 2 AXGv Kl $r ;HMQ $7 $F$$ $k!# 2 AXGv Kl $K $7$? :] $K@8 $8 $k6a @\ 8z 2L$r Mx MQ$9 $k $3$H$G!"Kl05Hf$rJQ$($k$3$H$GD6EAF3A+0\29EY$r%3%s%H%m!<%k$9$k$3$H$,$G$-$k!#%^%$%/%m%+%m%j%a!< %? $O G.E* %N %$ %: $rDc $/ $7 $? $j!"$= $N F0 :n E@$r :G E, CM $K $9$k $? $a $K A+0\ 29 EY $r <+M3 $K @) 8f $G$- $k J} $, K> $^$7$$!# $3$N Ti/Au D6 EA F3 2 AX Gv Kl $NA+ 0\ 29 EY $O 100 mK 6a K5 $J$N $G!" $h$C $F A+0\ 29 EY $r B,Dj $9 $k $3 $H$G detector table 5Z$SF~<MAk$N@-G=I>2A$r9T$J$C$?!#0J2<!"$3$ND6EAF3A+0\29EYB,Dj$r R T B,Dj$H8F$V!# ?^ 6.9: R T results in 02/08/09 ?^ 6.10: R T results in 02/09/04 and 02/09/17

Bh 6 >O DETECTOR T ABLE $HF~<MAk 103 $^$:?^ 6.9 $O!"C1=c$K 3 mm 8|$N OF C( L5;@AGF< ) $rBf$K$7$? table $G!" 50 nm/120 nm $N Ti-Au2 AX %9 %Q%C %? Gv Kl $N D6 EA F3 A+ 0\ B, Dj (R T B, Dj ) $r $7 $? $b $N $G $" $k!# radiation shield $, $[ $H $s $I $J $$ $? $a!" B,Dj $N EY$K A+ 0\29 EY $, 5-7 mK JQ 2= $7$F $7 $^$C$F $$ $k $3$H $, $o$+ $k!# $J$*!" F1 MM$N %9 %Q%C%? Gv Kl $+ $i @Z $j =P $7 $? %A%C %W $, 1’ Ch 2J 3X 8& 5f =j $N 4u <a Nd E‘ 5! $K $F R T B, Dj $5 $l $F $* $j!" $3 $l $r R T-kisy aku $H $$ $& data $G F1 ;~ $K plot $7 $F $* $/!# $3 $A $i $H $O B, Dj $7 $? %A%C %W $, 0[ $J $k $? $a!" D6 EA F3 D> A0 $N Dq 93 $N $_ 0[ $J$k!# 1’ Ch 2J 3X8& 5f =j $N 4u<a Nd E‘ 5! $O:. 9g 4o Fb $N 1UBN %X %j %& %‘$K D> @\ ?; $7$? 7A $G B, Dj$7 $F $$ $k $? $a!" 29 EY 7W $N %-%c %j %V %l!< %7%g %s 4X ?t $N Ld Bj $b $"$C $F � 2mK Dx EY $N 8m :9 $O @8 $8 $F $$ $k $b $N $N!" $* $= $i$/$3$N$"$?$j$,@5$7$$A+0\29EY$H9M$($i$l$k!# $3$l$KBP$7?^ 6.10 $O!" shield $r$D$1$?>l9g$ND6EAF3B,Dj$G$"$k!# 02/09/04 $K9T$J$C$?<B83$G$O!" radiation shield $N $D $$$? detector table %W %m %H %?%$ %W $r Nb shield $J $7$G F3 F~ $7 $?!# shield $,F~$C $?$3$H$GGvKl {table 4V$N29EY:9$r2r>C$7!" 2 2s$NCGG.>C<’$G 5 2s$ND6EAF3A+0\B,Dj$r9T$J$$!" 300 � K DxEY$NHO0O$G$[$\F10lD>@~>e$rAv$C$F$$$k!# $5 $i $K 02/09/17 $K $O!" $3 $N detector table A4 BN $K 0.1mm 8| $N Nb HD $G J$ $$!" %M %8 $G 8G Dj $7 $?!# $3$l$K$h$C$F radiation $O$5$i$K8z2LE*$K<h$j=|$+$l!"A+0\29EY$,>e>:$7$?7k2L$H$J$C$F$$$k ( ?^ 6.10 $N 020917R Tno2 $H$$$& data) !# ?^ 6.11: F~ <M Ak F3 F~ $K $h $k R T B, Dj $N JQ 2=!# F3 F~ $K $h$C $F A+ 0\ 29 EY $, 10mK Dx EY JQ 2= $7 $F $$ $k!# 2 F| $H $b 2 2s $N B, Dj $G $[ $\ F1 0l D> @~ >e!# <!$K F~<MAk F3F~ $K$h $k1F 6A$r$_ $k!#?^ 6.11 $O!" 150K !" 50K !" 3K $N%" %k%_ radiation shield $K $= $l$>$l 10 mm � $N7j$r$"$1!" blo c king �lter $H$7$F%"%k%_>xCe%U%#%k%‘$rF3F~$7$?$b$N$G$"$k!#?^Cf $N 10 7n 10 F|$N data $G$O!"$3$l$K$h$jA+0\29EY$, 10 mK DxEYJQ2=$7$F$7$^$C$?!#F~<MAk$K$9$-4V$, @8$8$F$$$?$3$H!"$U$?$K$9$-4V$,@8$8$F$7$^$C$?$J$I$,9M$($i$l$k!# $? $@ $7M} O@ 7W ;; >e $G $O $3 $N >e >: $r @b L@ $G $- $J $$!# 2> $K!" 2 AX Gv Kl $, C1 =c $K 10 mK $N 29 EY :9 $r ;}$C $? $H9M $($? >l9g!" 100 mK 2<$G $N 2 AXGv Kl |detector table 4V $N6- 3&G. @\?( Dq93 $r Hf3S E*>. $5$$ 0.1 mW/K 2 cm 2 $H9M$($F!" 2 AXGvKl$NBg$-$5$, 5 !_ 4 mm $h$j!"Nc$(9uBNmU<M$H9M$($F$b 1 K 0J>e$+$i $N mU<M $,L5 $1$l $P$3 $l$@ $1$N 29EY :9$K $O $J$i $J$$!# 2 AXGv Kl$r 0O$‘ detector table $N$U $?$, $3$l $@$1 $N29EY$r$b$D$H$O9M$($K$/$$!#

Bh 6 >O DETECTOR T ABLE $HF~<MAk 104 B& LL $N %" %k %_ HD $, 29 EY 8{ G[ $r ;}$C $? $H $b 9M $( $i $l $k!# 2 AX Gv Kl $N Dq 93 $r B, Dj $9 $k $? $a $N G[ @~ $O de- tetor table Fb$G NbTi F<HoJ$@~$r;HMQ$7!" 2 AXGvKl$H%"%k%_B&LL$N IC %=%1%C%H$r7k$s$G$$$k!# NbTi $ND>7B$O 0.067 mm � !"$=$N$^$o$j$NF<HoJ$$O 0.097 mm � $h$j!" 4 K\$GF<ItJ,$NCGLL@Q$O 1.97 !_ 10 � 4 cm 2 !# F< $O 100mK 6a K5 $G 100 mW/K-cm $H $$ $& 9b $$ G. EA F3 N( $r ;} $A F@ $k $N $G!" 100 mK 2< $G $N 2 AX Gv Kl |detector table 4V$N 6- 3&G. @\ ?(Dq 93 $r 0.1 mW/K 2 cm 2 $H CV$/ $H!" %"%k %_ B&LL $H detector table $H $N29EY:9 � T $O 1 : 97 !_ 10 � 4 (cm 2 ) 2(cm) !_ 100(mW = K � cm)� T = 0 : 5(cm) !_ 0 : 4(cm) !_ 0 : 1(mW = K 2 cm 2 ) !_ 0 : 01 2 = 2 !_ 10 � 6 mW � T � 0 : 2 mK (6.14) $h$C $F %" %k %_ B& LL $H 2 AX Gv Kl $, 0.2 mK $N 29 EY 8{ G[ $r ;} $D $3 $H!" B( $A %" %k %_ B& LL $, detector ta- ble $H 10 mK Dx EY $N 29 EY 8{ G[ $r ;}$C $F $$ $? $H $9 $l $P @b L@ $G $- $J $$ $3 $H $b $J $$!# %" %k %_ B& LL $X $N N. F~ G. $O detector table $X F3 F~$5 $l $k G[ @~ 7O!" $9 $J $o$A NbTi @~ %[ %k %^ %kHo J$ (0.1 mm � ) $N 2 K $+ $i $N N. F~ $, $" $k!# $3 $l $O Bh 4 >O $N <0 4.38 $G $9 $G $K 5a $a $F $$ $k $,!" $3 $N R T B, Dj ;~ $K $O 12 K\ F3 F~ $7 $F $$ $? $N $G!" G[ @~$K $h $k N. F~ G. $O � 80 nW $H $J $k!# %" %k %_ $OD6 EA F3 >u BV $G $O G.EA F3 N( $O 0.1 mW/K-cm $H >.$5$/!"%"%k%_B&LL$H detector table $H$N29EY8{G[$O 1 : 6 1 !_ 0 : 1(mW = K � cm)� T = 80 nW � T � 0 : 5 mK (6.15) G[@~$G$O$3$3$^$G$N8{G[$O9M$($i$l$J$$!#FC$KG[@~N.F~G.$K$h$k%"%k%_B&LL | detector table $N29EY 8{ G[ $, B8:_ $7 $? $H $7 $F$b!" F~ <M Ak F3 F~ $K$h$C $F 1F 6A $, $G$? $3 $H $r @b L@$7 $F $$ $J $$!# $^ $?%" %k %_ B& LL $X $N N.F~ G.$H $7$F mU<M G.$b 9M$( $i$l $k$,!" $3$l $b 10 mK $N 29EY 8{G[ $r:n $j=P $9$N $K 10K 0J >e$N 9b29 It $+$i$NmU<M$,$J$1$l$P$J$i$J$$!# :G 8e $K ?^ 6.11 Cf $G 10 7n 26 F| $N data $O!" 3K shield It J, $N blo c king �lter $, 5! G= $7 $F $$ $J $$ $N $r9MN8$7$F!" $3$N �lter $r$O $:$7$F Al HD$G $U$5$$$@>uBV$G R T B,Dj$7 $?$b$N$G$"$k!#$3$NB, Dj$G$O!" �lter $r$O $:$7 $?$K$b $+$+ $o$i $:A+ 0\29EY $,85 $KLa $i$J$+$C $?!#$9 $-4V $r$D $/$C$F$$ $?$N $+!" 150K !" 50K shield $b 40 ‘z $G $O $J $$ 2D G= @- $, $" $k!# R T B, Dj $O F1 $8 %;%C %H %"%C %W $G B, Dj $r $9 $l $P!" 0l EY %G%e %o!< $r 300 K $^ $G >: 29 $7 $F $b :F 8= @- $N $" $k $3 $H $O 3N G’ $5 $l $F $$ $k $,!" $3 $l $K $D $$ $F 7O E} 8m :9 $r 5a $a $kB,Dj$,I,MW$+$b$7$l$J$$!# R T B,Dj$K$*$$$F$N!"D6EAF3 2 AXGvKl$N<’>l$+$i$N1F6A D6EA F3 2 AX GvKl $OD6 EAF3 BN$N $?$a!" $$$& $^$G $b$J $/ ADR $N:n $j=P $9<’ >l$K 1F6A $5$l $k!#FC $KA+ 0\ 29 EY B, Dj $G $O NW 3& 29 EY $r NW B, Dj $9 $k $? $a!" D6 EA F3 NW 3& <’ >l $O 8B $j $J $/ >. $5 $$ $O $: $G $" $k!# Bh 7.3 >O $G >\ $7$/ =R $Y$k $,!"K\ ADR $G $O 100mK Dx EY $N29 EY $G!" detector table $X 2-3 Gauss $N <’>l $r:n $j =P $9!# $^ $? 29 EY @)8f $N $? $a $K $3 $l $O O" B3 E*$K JQ 2= $9 $k!# $3 $l $, R T B, Dj $K BP$7 $F 1F 6A $r $b$C $F $$ $k 2DG= @-$,$"$k!# $3$l$rD4$Y$k$K$O<’>l$,$I$NDxEY$+$+$C$F$$$k$+$rCN$k$N$,E,Ev$@$,!"$7$+$7 100 mK DxEY$N6KDc 29$K $*$$ $F 2-3 Gauss $N<’ >l$rB, Dj$9 $k$N $O0l HL$KFq $7$$!# 6KDc 29$G $O%8%e!<%k H/G. $,Ld Bj$H $J$k $? $a!" bias $r Bg $- $/ $9 $k $3 $H $G 46 EY $N NI $/ $J $k <’ B+ 7W ( %[!< %k AG ;R $J $I ) $O ;H MQ $G $- $J $$!# 6K Dc 29 $G :n

Bh 6 >O DETECTOR T ABLE $HF~<MAk 105 F0 $9 $k <’ 3& 7W B, %7 %9 %F %‘ $H $7 $F :G E, $J $b $N $K SQUID <’ B+ 7W $, $" $k $,!" K\ ADR $G $O $3 $l $O $^ $@ F0 :n $r3NN)$G$-$F$$$J$$!#$h$C$F<’>l$N1F6A$K$D$$$F$N9M;!$O$3$3$G$OIz$;$k!# 6.5 HfG.7W;; 6.5.1 <’@-BNHfG.$HN.F~G.$NB,Dj Bh 2 >O$G @bL@ $7$? $H$* $j!" <’@- BN$N HfG. $O6a ;w 7W;; $+$b $7$/ $OJ, ;R>l 6a ;w$r MQ$$ $k$3 $H$G =P $9$3 $H $O $G $- $k $,!" $3 $l $K $O 8m :9 $, Bg $- $/ F~ $k $? $a!" <B :] $N B, Dj CM $r ;H MQ $9 $k J} $, $h $$!# ?^ 2.4 $r 8+ $k $+ $. $j!" F AA(F eNH 4 alum) $O 100 mK $G 3.3 J/K-mol !" 60 mK $G 5 J/K-mol $NHfG.$r$b$D!# $5 $F!" K\ ADR $K F3 F~ $7 $F $$ $k saltpill $N Hf G. $r CN $k $K $O $^ $: N. F~ G. $r B, Dj $9 $k I, MW $, $" $k!# 0l HL $K $O Hf G.B, Dj $O G. EA F3EY $N $o $+$C $F $$ $kJ* <A $r ;H$C $F!" 29 EYJQ 2= $N ;~ Dj ?t$+ $i 8+ @Q $b $k ([29] ;2 >H ) !# ;nNA $NHf G.$r C !"29 EY T !" 29EY T 0 $N;~ $N;n NA$H G.Ma $H$N G.EA F3EY $r G $H $*$/!# ;nNA $K2C $($k G.NL P $KBP$7$F<!$N$D$j$"$$$NJ}Dx<0!" C dT = P dt � G ( T � T 0 ) ) dT dt = P � G ( T � T 0 ) C (6.16) $? $@ $7 =i4| >u BV $G $O P = P i ( P i $O ;n NA $N 29 EY$r T = T i $KJ] $D $? $a $K =i 4|>u BV $G 2C $( $F$$ $k G. NL ) !" P = P i + P e ( P e $O;nNA $N29EY $r T = T f $^$G>e >:$5$; $k$? $a$K t IC$@$1 2C$( $?G.NL )) $,@. $jN) $D!# =i4|>uBV$G$O<0 6.16 $O!" 0 = P i � G ( T i � T 0 ) (6.17) 29EY2<9_;~ ( P = P i $r2C$($F$$$k>uBV ) $N29EYJQ2=6J@~ T ( t ) $KBP$7!"<0 6.17 $N2r T = T i + ( T f � T i ) !_ exp � t=� (6.18) $r%U%#%C%H$5$;!" T f !" � (= C =G ) $r7hDj$9$k!#<!$K P = P i + P e $r2C$($F$$$k%W%m%;%9$G$O!"<0 6.16 $N 2r$O T = T i + P e G (1 � exp � t=� ) (6.19) $3$N%W%m%;%9$N=*>uBV$,<0 6.18 $K$D$J$,$k$N$G!" T f = T i + P e G (1 � exp � t=� ) (6.20) $o$+$i$J$$$N$O G $NCf$N C $@$+$i7k6I C = P e � (1 � exp � t=� ) = ( T f � T i ) (6.21) $, @. $j N) $D!# <B :] $N C $O ;n NA + ;n NA $r :\ $; $k Bf $N Hf G. $N OB $K $J $k $N $G!" Bf $N Hf G. $O %P%C %/ %0 %i %s %I $H$7$F$"$H$G:9$70z$/I,MW$,$"$k!# $7$+$7K\ ADR $N<’ @-BN$N>l9g!"G.MFNL$, 100 mK 6aK5$G 5(J/K-mol) DxEY$K$J$k$?$a$3$N$h$& $J B, Dj$O MF 0W$G $O$J $$!# $^$? N. F~G. $b detector table $N@_ 7W J}K! $G JQ2= $7$F $/ $k!#$h$C $F G.Ii 2Y$N $" $k >l9g$H$J$$>l9g$H$N!" 1 mK 29EY>e>:$9$k time scale $r$_$k$3$H$GB,Dj$7$F$_$k!# $"$k 29EY T $G$N J*<A $N HfG. $r C ( T ) !"N. F~G. $r P ( T ) $H$* $/!#%R!< %?!<$r ;H$C$F H/G. $5 $;$? >l9g $N H/@8G.J?6QCM$r W $H$*$/$H!"$3$l$i$N4X78$OC1=c$J 2 <!J}Dx<0$G C ( T ) !_ 0 : 001 = s 1( s ) !_ P C ( T ) !_ 0 : 001 = s 2( s ) !_ ( P + W ) (6.22)

Bh 6 >O DETECTOR T ABLE $HF~<MAk 106 s 1 $O %R!< %?!<$r $? $+ $J $$ >l 9g$N!" 1 mK 29 EY >e >: $9$k $N $K MW $9 $k ;~4V!# s 2 $O %R!< %?!< $r$? $$ $? >l 9g $N!" 1 mK 29 EY>e >:$9 $k$N $KMW $9$k ;~4V $G$" $k!#%R!< %?!<$N =PNO $7$? CM$r CN$C$F $$$l $P!"29 EY>e >:$N time scale $r$_$k$3$H$G$=$N29EY$G$NHfG.$HN.F~G.$,BgBN$o$+$k!# B, Dj $O 8 7n 29 F| $K 9T $J$C $?!# $3 $N ;~ $N detector table %W %m %H %? %$ %W $K $O 0.1mm 8| $N Nb shield $O $D$1 $F$$ $J $$!#B, DjJ} K!$O!" %R!< %?!<$H $7$F Dq 9329 EY7W $r 4 C<;R K!$G @\B3 $7!" detector table $KF3 F~$7$?!#$3$l$K KEITHLEY 236 Source Measure Unit $r;H$C$FDjEEN.$rN.$7EE05$rB,Dj$7$?!#B,Dj CM $+ $i7W ;; $5 $l$k Dq 93 $K$O G[ @~ 7O $NDq 93 $b 4^$^ $l $k!# $=$3 $G 4 C< ;RK! $G G[ @~$5 $l $? $& $A!"Dq 93 29 EY7W $NF1$8 bias B&$K$D$1$i$l$?G[@~$N1}I|Dq93CM$rB,Dj$7$F$*$-!"$3$l$N 2 J,$N 1 $rG[@~Dq93$H$7$?!# B,Dj$5$l$?29EY>e>:$N time scale $H!"$=$l$K$h$C$FF3$+$l$?HfG.$rI= 6.2 $K<($9!# 29EY ;~4V ;~4V %R!<%?!< N.F~G. <’@-BNHfG. (mK) %R!<%?!<$J$7 (s) %R!<%?!<$"$j (s) H/G.NL ( � W) ( � W) (J/K) 73-74mK 1620 440 1.7 0.63 1.02 74-75mK 1450 440 1.7 0.74 1.06 75-76mK 1330 400 1.7 0.73 0.97 76-77mK 1290 390 1.7 0.73 0.945 77-78mK 1230 405 1.7 0.83 1.02 I= 6.2: HfG.B,Dj7k2L!# %R!<%?!<$K$+$+$C$?EE05$O 30 � A $G 67 mV 0lDj$HB,Dj$5$l$?!#$3$N;~$NG[@~Dq93$O V + |I + 4V$G 183.82 !" V � |I � 4V $G 174.43 $G $"$C$?!# $3 $N>l 9g 6K Dc29 It $KF3 F~ $5$l $? %R!<%?!< $N :nF0 ;~ $N Dq 93 R $O � 182 : 82 + 174 : 43 2 + R � i = v R = 1876 : 1 (6.23) $h$C $FH/ G. NL $O Ri 2 � 1.7 � W Dx EY $H7W ;; $5 $l$k!# I= 6.2 $h $j!" 70-80 mK $G saltpill $NHf G. $O 0.95- 1 J/K $H B, Dj $5 $l $?!# saltpill $K =< E6 $5 $l $? <’ @- BN $N NL $O 89.9 g !" 0.187 mol $H B, Dj $5 $l $F $$ $k $N $G!" $3 $l $h $j %b %k Hf G. $O 5.1-5.3 J/K-mol $H $J $k!# ?^ 2.4 $r 8+ $k 8B $j!" $3 $N CM $O $[ $\ Ld Bj $J $$ $H ;W $o $l$k!# N.F~G.$K$D$$$F$O 0.6-0.8 � W $HB,Dj$5$l$?!#<0 4.29 !"<0 4.33 � 4.38 $h$jM}O@7W;;CM$G 0.6-0.8 � W $H9M $($i $l$? $N$G!" $3$l $b$[ $\@5 $7$$ CM$H ;W$o $l$k!# $?$@ $7>e $NB, Dj$O 70-80 mK $N $_$J $N$G!" :#8e 0c$&29EY$GB,Dj$9$kI,MW$,$"$k!# 6.5.2 Ey29J];};~4V$HNdE‘G=NO 8=:_ $N ADR $,!" Hf G.$K $*$$ $F LdBj $J$$ CM $r$b $D$3 $H $,$o $+$C $?$,!" Nd5Q $N :]$N Dc29 J] ;};~ 4V$O Hf G. $G $O $J $/ ?^ 6.12 $N $h $& $J <P @~ It J, $N G. MF NL $H $7 $F 9M $( $k!# T L ’ K $H $$ $& 0l Dj 29 EY $K $7 $F Nd 5Q $7 $? $$>l 9g!"<’@- BN$N5[G. $G$-$k AmNL$O ?^ 6.12 $N<P@~ ItJ,$K Ey$7$$ $N$G!"$3 $l$, ADR $N <B<A>e $NNdE‘ G= NO$rI=$9!# ADR $O 4u <a Nd E‘ 5! $J $I $N $h $& $J =[ 4D 1? E> J} <0 $G $O $J $/!" I, MW $J Dc 29 J] ;} ;~ 4V $r 7h $a $k $3 $H $G =i $a $F Nd E‘G= NO $, 7h $^$k!# Bh 5 >O $K $*$$ $F!" ?^ 5.6 $N 7k2L $+ $i!" 80 mK $r 30 It EE N. 75 mA $N >u BV$+ $i @)

Bh 6 >O DETECTOR T ABLE $HF~<MAk 107 ?^ 6.12: CGG.>C<’NdE‘5!$N!"Ey29$K$7$?>l9g$NG.MFNL!#?^$N<P@~ItJ,!# 8f $7 $? >l 9g!" J] ;} ;~ 4V $O %( %s %H %m %T!< >e >: $r 9M N8 $7 $F 15 hour@80 mK $H =R $Y $?!# $3 $l $O G. Ii 2Y $r $+ $1 $J $$ >u BV $G 9T $J$C $? $b $N $G!" saltpill $r 29 $a $k $N $O N. F~ G. $7 $+ $J $$!# $h$C $F $3 $N >l 9g $N J] ;} ;~ 4V $O!"NdE‘G=NO$r 0.6-0.8 � W $H@_Dj$7$?>l9g!"$H$J$k!# >e $N C1 =c 7W ;; $G $O!" 80 mK $G $N Nd G^ $, 5[ G. $G $- $k Am NL $O 0.03-0.04 J $H $J $k!# $3 $N Am NL $O 7h $^$C $? CM $J $N $G!" $3 $l $h $j J] ;} ;~ 4V $r 5 ;~ 4V $K @_ Dj $9 $l $P!" Nd E‘ G= NO $O 1.8-2.4 � W !" 3 ;~ 4V $K $9 $l $P 3- 4 � W $H$J$k!# 6.5.3 %(%s%H%m%T!<$+$i8+@Q$b$i$l$kNdE‘G=NO ;2 9M $K!" Nd E‘ %5 %$ %/ %k $+ $i %( %s %H %m %T!< $r 8+ @Q $b $j!" J] ;} ;~ 4V $H Nd E‘ G= NO $r 5a $a $F $_ $k!# E5 7? E* $J CM $H $7 $F >C <’ 3+ ;O 29 EY $r 2.7 K !" :G Bg <’ >l $r 3.5 T $H $7 $? >l 9g!" <’ @- BN %( %s %H %m %T!< $O <0 2.10 $h $j!" 1.2 J/K-mole $rF@ $k!#<’ @-BN $NFb It<’2= $r!"Nd 5Q;n 83$G 8+@Q $b$i$l $?CM!" 600 Gauss $H 2>$K CV $/ $H!" $3$N Fb It <’ 2=$N $_ $N >l9g $N %( %s %H%m %T!< $O!" 80 mK $G 3.8 J/K-mole !# $h$C $F 80 mK $r J] ;} $9$k;~$N!" saltpill $N5[G.$G$-$kAmNL$O 0 : 187( mol e ) !_ (3 : 8 � 1 : 2) !_ 0 : 08 = 0 : 04 J (6.24) <B 83 CM $H Bg BN 9g $&!# ?^ 6.13 5Z $S I= 6.14 $O!" $3 $3 $G =R $Y $? %( %s %H %m %T!< 7W ;; %0 %i %U $H!" $3 $l $+ $i 5a $^ $k Nd E‘ G= NO $G $" $k!# %0 %i %U $G ;g $O :G Bg <’ >l!" @D $O 80 mK E~ C# D> 8e $N 30 It <’ >l 1000 Gauss $N 6J @~!" @V$OFbIt<’2= 600 Gauss $G$N%(%s%H%m%T!<6J@~$rI=$9!# 6.6 $^$H$a detector table $K$D$$$F$O!" K\Mh$J$i$P<B:]$K%+%m%j%a!<%? $rF3F~$7!" X @~8!=P $r9T$J$C$?>e$G@- G= I> 2A $r $9 $k $Y $- $G $" $k!# K\ O@ J8 $G $O %+ %m %j %a!< %? $K $h $k X @~ 8! =P $^ $G $O E~ $i $:!" 30 It X @~ F~ <M $b $G$-$J$+$C$?$3$H$O$H$F$b;DG0$G$"$k!# :G $b <B 83 $r :$ Fq $K $7 $F $$ $? $N $O $3 $N detector table $G $" $k!# Bh 6.3 >O $G <( $7 $? $3 $N %W %m %H %? %$ %W $r ;H MQ $7$? CG G. >C <’ ;n83 $G Nd 5Q $N 8zN( $O Bg $- $/ JQ$o$C $?!# $^ $? K\ O@J8 Cf $G $O <( $5$J $+$C $? $,!"!" 2 $D$N

Bh 6 >O DETECTOR T ABLE $HF~<MAk 108 ?^ 6.13: E5 7? E* $J Nd E‘ %5 %$ %/ %k $G $N %( %s %H %m %T!<6J@~!# @_Dj29EY NdE‘G=NO J];};~4V (mK) ( � W) hours 60 0.6-0.8 3.9-5.2 60 1 3.1 80 0.6-0.8 13.8-18.5 80 1 11.1 100 0.6-0.8 26-34.6 100 1 20.7 ?^ 6.14: %( %s %H %m %T!< $+ $i 7W ;; $5 $l $k 3F 29 EY $G $NNdE‘G=NO 29 EY 7W $r F3 F~ $9 $k $H I= <( $5 $l $k 29 EY $, 0[ $J $k Ld Bj $, 5/ $3 $j!" 7k 6I $3 $l $O 29 EY 7W $N F3 F~ J} K! $K $h$C $F 2 29EY7W4V$K29EY8{G[$,@8$8$F$$$?$3$H$,$o$+$C$?!# $3 $N >O $G $O $I $& $7 $F $b M} O@ $, @h 9T $7 $9 $. $F <B :] $N Nd 5Q <B 83 $, DI $$ IU $$ $F $$ $J $$ 7A $H $J$C $F $7 $^$C $?!#FC$K%+%m%j%a!<%?3+H/$NBg$-$J%M%C%/$H;W$o$l$k<’>l$N1F6A$O$^$C$?$/$G$-$F$$$J$$!#$3$l$O SQUID $NF3F~$K$h$C$F=i$a$F<B8=$9$k!#:#8e$O<’>l$rD>@\B,Dj$9$k$3$H$G@-G=I>2A$r9T$J$&!#

Bh 7 >O SQUID system %^ %$ %/ %m%+ %m %j %a!< %? $O$= $N 9b $$ %( %M %k%.!< J, 2r G= $r <B8= $5 $; $k $? $a!"?. 9f FI $_ $@ $7 7O$K $b Dc %N %$ %: $,MW 5a$5 $l$k!#$^ $? TES-ETF 7? %^%$ %/%m %+%m%j %a!<%? $O$=$N F0:n 86M}$h $j!"Dc %$%s%T!< %@%s %9$N ?. 9fA}I}4o$,:GE,$G$"$j!"$3$l$K$O%8%g%;%U%=%s@\9g$rMxMQ$7$? SQUID $,:G$bM-8z$H9M$($i$l$k!# $3$N>O$G$OK\ ADR $KF3F~$5$l$? SQUID AMP $N system $K$D$$$F=R$Y$k!#Bh 7.1 >O$G SQUID $N 0l HL E* $J 86 M} $H M} O@!" Bh 7.2 >O $G SQUID $r F0 :n $5 $; $k $N $K I, MW $J <’ 5$ <W JC $N M} O@ $K $D $$ $F =R $Y $k!# $^$?%[!<%kAG;R$rMQ$$$?<’>lB,Dj;n83 ( Bh 7.3 >O ) $h$j!" shield $KMW5a$5$l$k@-G=$r8+@Q$b$j!" SQUID shield $r<+:n$7$?!#$3$N shield $r;HMQ$7$F$N SQUID F3F~;n837k2L$rBh 7.4 >O$K<($9!# 7.1 SQUID $NF0:n86M} SQUID $H$O!"D6EAF3NL;R43>D7W :Sup er QUan tum In terference Device) $NN,$G!"D6EAF3$NNL;R@- $rMx MQ$7$? AuCV $G$"$k!# SQUID $K$OBg $-$/ J,$1$F dc-SQUID $H rf-SQUID $H$K J,N‘ $5$l$k!# $=$l $>$l dc 0h$"$k $$$O rf BS$N?. 9f$r07 $& SQUID $H$$$& $h$&$J 0u>]$r <u$1$k L>$G $O$"$k $,!"$3$l $O%P%$ %"%9J}<0$N0c$$$KM3Mh$7$?L?L>$G$"$j!"07$&?.9f$N<~GH?t$H$OL54X78$G$"$k!# rf-SQUID $O %8%g%; %U %=%s (Josephson) @\ 9g$r 1 %v =j;} $D D6EA F3%j %s %0$r Mx MQ$7 $F $*$j!" $=$N %j %s %0$K$O DL>o rf BS (20 � 30 MHz) $N=[4D8rN.EE N.$rN.$7$FF0 :n$5$;$k!#$3 $l$KBP$7 dc-SQUID $O!" 2 $D $N %8%g%; %U %= %s @\ 9g$r D> N. EE N. $G%P %$ %" %9 $7$F MQ $$!" @\ 9g $rB7 $( $k $N $O Fq$7 $$ $, 46 EY $,9b $$ $H $$ $& FC D’ $r ;} $D!# K\ O@ J8 $G $O!" %( %M %k %.!< J, 2r G= $r DI 5a $9 $k $? $a $K!" $h $j Dc %N %$ %: $G $" $k dc-SQUID $r MQ$$$k!# 7.1.1 dc-SQUID $N86M} dc-SQUID AG;R$O?^ 7.1 $N$h$&$KJBNs$7$? 2 $D$N%8%g%;%U%=%s@\9g$+$i$J$k9=B$$r;}$D!#@\9g$rN. $l $k %8%g%; %U %= %s EEN. $O @\ 9g N> C<$N 0L Aj :9 $K$h$C $F 7h $^ $k$,!" 2 $D $N @\9g $N 0L Aj :9 $OFH N) $G $O $J$/!" %k!<%W$r4S$/<’B+$K$h$C$F@)8B$r<u$1$k!# ?^ 7.1 $N E: ;z i ( i = 1 ; 2) $N @\9g LL $G$N 0L Aj$r � ia !" � ib $H $7$F $= $l$> $l $N@\ 9g LL $G$N EE N.$r 5a $a$k $H!" I i = I 0 sin( � ia � � ib ) = I 0 sin � � i (7.1) $N$h$&$K0LAj:9$K0MB8$7$?EEN.$,N.$l$k ( D>N.%8%g%;%U%=%s8z2L ) !#%k!<%W$K$+$1$k%P%$%"%9EEN.$r I B 109

Bh 7 >O SQUID SYSTEM 110 ?^ 7.1: dc-SQUID AG;R$NLO<0?^ ?^ 7.2: dc-SQUID AG;R$NEy2A2sO) $H$9$k$H!" I B = I 1 + I 2 (7.2) $H $J $k!# D6 EA F3 %k!< %W Fb $r 4S $/ <’ B+ $O ;~ 4V E* $K 0l Dj $K J] $? $l!" $= $N <’ B+ $O D6 EA F3 NL ;R <’ B+ � 0 $N @0 ?t G\$7$+5v$5$l$J$$!#EE2Y e $H Planc k Dj?t h $rMQ$$$F!" � 0 � h 2 e = 2 : 0678 � 10 � 15 [Wb] (7.3) $G$"$k!#$3$l$rMQ$$$F!"?^ 7.1 $N$h$&$K@QJ,O) A !" B $r<h$k$H!" ( � 1a � � 1b ) � ( � 2a � � 2b ) = � � 2 � � � 1 = 2 � � � 0 (7.4) $N @) 8B $, $+ $+ $k!# %k!< %W $r 4S $/ <’ B+ � $O!" 30 It <’ B+ � ext $H %k!< %W $N <+ 8J %$ %s %@ %/ %? %s %9 L !" %k!< %W$N=[4DEEN. J = ( I 1 � I 2 ) = 2 $rMQ$$$F!" � = � ext + LJ (7.5) $HI=$9$3$H$,$G$-$k!# 4JC1$N$?$a!" L = 0 $N$H$-$r$^$:9M$($k!#<0 7.1 !A 7.5 $h$j!" I B = 2 I 0 cos � � � ext � 0 � sin � � � i � � � ext � 0 � (7.6) $H$J$j!"30It<’B+ � ext $KBP$7>e<0$rK~$?$9 I B $N:GBgCM$O!" I max = 2 I 0 � � � � cos � � � ext � 0 � � � � � (7.7) $G M? $($i $l $k!# $D $^$j $3 $N JB Ns@\ 9g $N D6 EAF3 NW 3& EE N. $O%j %s %0 $r 4S$/ 30 It <’ B+$K $h $j <~ 4|E* $K JQ F0 $9 $k!# <0 7.7 $G$O30It<’B+$K$h$jNW3&EEN.$O 0 $+$i 2 I 0 $^$GJQ2=$9$k$,!"<+8J%$%s%@%/%?%s%9 L $r9MN8$9 $k$H0lHL$K$O 100% $NJQD4$O<u$1$J$$!#<0 7.1 $N sin 9‘$r!" � � = 2 < � < � = 2 $NNN0h$G!" I i = I 0 sin � � i � 2 � I 0 � � i (7.8)

Bh 7 >O SQUID SYSTEM 111 $H6a;w$9$k$H!"<0 7.1 !A 7.5 $h$j!" I i = 1 2 I B � � ext L + � 0 2 I 0 (7.9) $H$J$k!#$3$3$GI|9f$O i $K$h$C$F0[Id9f$r$H$k!# � $r!" � I max � 2 LI 0 � 0 (7.10) $HDj5A$9$k$H!" � ext = � 0 = 2 $G$NNW3&EEN.$N8:>/$O!" � I max = 2 I 0 1 + � (7.11) $H $J $k!#$3 $N $[ $+!" AG;R $N BP >N@-!" 2 $D $N @\9g $N NW 3& EEN. $N B7 $$ 6q9g $J $I $b JQD4 $N MM ;R$K 1F 6A $r M?$( $k!# I B > 2 I 0 $N D> N. EE N. $G %P %$ %" %9 $9 $k $H $-!" NW 3& EE N. $, JQ 2= $9 $k $3 $H $K $h$C $F!" 30 It <’ B+ $N JQ 2= $K BP $7$F =P NO $, JQ2= $9 $k $3$H $K $J $k!# =>$C$F!" <’ B+ / EE05 JQ 49 4o $H$7 $F Mx MQ $9$k $3 $H $,$G $- $k $N $G$" $k!#$3$l$, dc-SQUID $N86M}$G$"$k!# AG;R $N6a$/ $K%3 %$%k $r4, $1$P!" $=$N%3 %$%k $rN. $l$k EEN. $K$h$C$F!" AG;R $r4S $/<’ B+$r JQ$($k $3$H $, $G $- $k$N $G!" EE N. / EE 05 JQ 49 4o$H $7 $F MQ $$$k $3 $H $b 2D G=$G $" $k!# SQUID AG;R $r EE N. / EE 05 JQ 49 4o$H $7 $F MQ $$ $k :]!" :GBg $N Mx E@ $H $J $k $N $O D6 EA F3 %3 %$%k $r MQ $$ $F SQUID AG ;R $X F~NO $7 $F $d $k $3 $H $G!" F~ NO$O%U%m!<%F%#%s%0$H$J$jB,Dj$9$kEEN.$rA4$/Mp$5$J$$E@$G$"$k!# <’ B+ / EE 05 JQ 49 78 ?t (d V = d�) $O <! $N $h $& $K $7 $F Bg $^ $+ $K I> 2A $G $- $k!# JQ 49 N( $, Bg $- $$ $N $O I B � 2 I 0 $H$7 $? $H $- $G$" $j!" $3 $N$H $- � = 0 $K Hf $Y � = � 0 = 2 $G $O!" <0 7.10 $K AjEv $9 $k $@ $1$N EE N. $,>o EA F3 EE N. $H $7 $F @\ 9g $r N. $l $k $3 $H $K $J $k!# AG ;R $N %$ %s %T!< %@ %s %9 $r R= 2 $H 6a ;w $9 $l $P!" N> <T $G $N EE 05:9$O ( R = 2) � I max $G$"$k!#=>$C$F!" d V d� � R � 1 + 1 � � L = 2 I 0 R (1 + � )� 0 (7.12) $H$J$k!#Nc$($P!" R = 1 [ ] !" L = 1 [nH] !" I 0 = 1 [ � A] $H$9$k$H!"<0 7.12 $O d V d� � 5 � 10 8 [V = Wb] (7.13) = 2 [ � V = � 0 ] (7.14) $H$$$&CM$K$J$k!# 7.1.2 FLL: Flux Lo c k ed Lo op SQUID AG ;R $O 30 It <’ B+ $K BP $7 $F <~ 4| E* $J FC @- $r ;} $D $? $a!" F0 :n E@ $, >/ $7 $: $l $? $@ $1 $G A} I} N( $, Bg $- $/ JQ F0$9 $k!# $^ $?!" F~ NO?. 9f $, Bg $- $/ $J$k $H =P NO $O F~NO $K Hf Nc $7 $J$/ $J $j!" $D $$ $K $O@^ $j JV $7 $, 5/ $- $F $7$^ $&!# $= $3 $G@~ 7A @- $r ;}$? $; $k $?$a $K ?^ 7.3 $N $h $& $J %U%#!<%I %P%C %/ %b!< %I$G MQ $$ $k $N$, 0l HL E*$G$"$k!# dc-SQUID $N 0l HL E* $J 9= @. $r ?^ 7.4 $K <( $9!# SQUID AG ;R $O F~ NO %3 %$ %k 5Z $S %U%#!< %I %P%C %/ %3 %$ %k $K <’ 5$ E* $K 7k 9g $7 $F $$ $k!# %U%#!< %I %P%C %/ %3 %$ %k $K $O %U%#!< %I %P%C %/ EE N. $H 6& $K 0l Dj ?6 I} $N f m = ?t I4 kHz $N JQ D4 EE N. $, N. $5 $l $k!# AG ;R $N =P NO %$ %s %T!< %@ %s %9 $O Dc $$ $N $G!" %H %i %s %9 $" $k $$ $O JQ D4 <~

Bh 7 >O SQUID SYSTEM 112 ?^ 7.3: %U%#!<%I%P%C%/2sO)?^ GH ?t $K 6&LD $9 $k D> Ns 6&?6 2s O) $G >: 05 $7%$ %s %T!< %@ %s %9@0 9g $r <h$C $? $&$( $G A0 CV A} I} 4o$H 7k 9g $5 $; $k!# A0 CV A} I} 4o $N =P NO $O EE N. $r ;2 >H ?. 9f $H $7 $? %m%C %/ %$ %s A} I} $, 9T $o $l!" $5 $i $K $= $N =P NO $O Dq 93 R FB $H %U%#!<%I%P%C%/%3%$%k$K$h$j SQUID AG;R$K%U%#!<%I%P%C%/$5$l$k!# SQUID $r4S$/<’B+$,0lDj$KJ]$?$l$k$h$&$K%U%#!<%I%P%C%/$r$+$1$k$3$H$+$i!"<’B+8GDj%k!<%W (FLL: Flux Lo c k ed Lo op) $H8F$P$l$k!# $3$N$H$-!"%U%#!<%I%P%C%/NL b $O!"%U%#!<%I%P%C%/%3%$%k$H SQUID $H$NAj8_%$%s%@%/%?%s%9$r M FB $H$7$F!" b = � FB V out = M FB R FB (7.15) $HI=$9$3$H$,$G$-$k!# ?^ 7.4: Flux Lo c k ed Lo op !# FLL $N%U%#!<%I%P%C%/5!9= SQUID $N FLL $, DL >o $N %U%#!< %I %P%C %/ $H Bg $- $/ 0[ $J $k E@ $O!" A} I} EY A $, F~ NO $K BP $7 $F <~ 4| E* $K JQ $o $k $3 $H $G $" $k!# =>$C $F!" %U%#!< %I %P%C %/ $N 0B Dj E@ $, L5 ?t $K B8 :_ $9 $k $3 $H $G $" $k!# $b $7!" %U%#!< %I %P%C %/ @) 8f $, $- $+ $J $$ Dx B. $/ $F $7 $+ $b Bg $- $J %N %$ %: $, SQUID $K $+ $+ $k $H!" $= $N A0 8e $G � 0 $N @0 ?t G\ $@ $1 0[ $J$C $? 0B Dj E@$K BP $7 $F %U%#!< %I %P%C %/ $, $+ $+$C $F $7 $^ $& $3$H $, $" $k!# $3 $N 0[ $J$C $? F0 :n E@ $G 0B Dj $7 $F $7 $^ $&$3 $H $r %U %i%C %/ %9 %8%c %s %W $H8F $S!" 0l HL $K $O %U %i%C %/ %9 %8%c %s%W NL $O CN $j F@ $J $$ $N $G!" $=$NA08e$GB,Dj$,O"B3$G$O$J$/$J$k!# $3$N $h$&$K 30Mh %N%$ %:$K BP$7$F!" C1$K %N%$ %:$, A}$($k $@$1 $G$O $J$/!" K\<AE* $K@5 >o$N F0:n $r$7$J $/ $J$C $F $7 $^ $& $H $$ $& @- <A $,$" $k $N $G!" SQUID $N ;H $& >e $G %N %$ %: $N=| 5n $K $O :Y ?4 $N Cm 0U $, I, MW $H $J$C $F$/$k!#

Bh 7 >O SQUID SYSTEM 113 7.1.3 dc-SQUID $N%N%$%: %8%g%s%=%s%N%$%: dc-SQUID $K $O %7%c %s %H Dq 93 $N G. ;( 2; $K M3 Mh $9 $k 8G M- ;( 2; $, $" $k!# G. ;( 2; $O %j %s %0 $N N> C< $N EE 05 V $H =[ 4D EE N. J $K MI $i $. $r M? $( $k!# I 0 !" $D $^ $j >o EA F3 6b B0 %j %s %0 $G $" $l $P N> <T $N 4V $K Aj 4X $O $J $/!" EE 05 @- S 0 V $O %7%c %s %H Dq 93 $, JB Ns $K F~$C $F $* $j!" EE N. @- S 0 V $O D> Ns $K F~$C $F $$ $k $3 $H $+ $i!" $= $l $> $l $N%9%Z%/%H%k$O!" S 0 V = 4 k B R 2 T = 2 k B R T (7.16) S 0 J = 4 k B T 2 R = 2 k B T R (7.17) $H$J$k!# SQUID $G$O =[4DEEN. J $NMI$i$. $O � J $, <’B+$NMI $i$.$rM? $($k$3$H$H $J$k!#$^$?!" V $,<’ B+$N4X?t$G$"$k$3$H$+$iN><T$K$OAj4X$,$"$j!"4JC1$N$?$a!" � V = � V 0 + d V d� L� J (7.18) $H$9$k$H!" � V !" � J $N%9%Z%/%H%k$r<0 7.16 !" 7.17 $G6a;w$9$k$3$H$G!" S V � 2 k B R T 1 + � 1 + 1 � � � 2 ! (7.19) $HI=$5$l$k!# %7%g%C%H%N%$%: Dc29 $K$FF0 :n$5 $;$k $3$H $G%8%g%s %=%s %N%$ %:$O 8B$j$J $/>. $5$/ $J$k $,!"$=$N $h$& $J6K 8B$G $ODL>o L5 ;k$5$l$F$$$k NL;RNO3XE*$JMI$i$.$K4p$E $/%N%$%:$,4i$r=P$7;O$a $k!#29EY$, k B T < eV $H$J$k$h$&$J >u 67 $G $O<g MW $J %N %$ %: $O %8%g%s %= %s %N %$ %: $G$O $J $/!" %H %s %M %k @\9g It $N %7%g%C %H %N %$%: $K $J $k $H 9M $( $i$l$k!# %7%g%C%H %N%$%: $O<~ GH?t 0MB8 @-$r ;}$?$J $$%[ %o%$ %H%N %$%: $G$"$j!" %N%$ %:%9 %Z%/ %H%k $H$7$F I=$9 $J $i$P!" S V = eI 0 R 2 (7.20) $H=q$/$3$H$,$G$-$k!# %N%$%:Ey2A%Q%o!< 0J>e$N $3$H $+$i %N%$ %:%9%Z %/%H %k$O!" FI$_=P $77O $N2s O)$G7h $^$k <WCG <~GH ?t$h$j $bDc $$<~ GH?tNN 0h $G $O $[$\ 0l Dj $G $"$j!" %N %$ %: Ey 2AEE N. i n $O E5 7? E*$K ?t pA/ p Hz $G $" $k!#Dj EE 05 %P %$ %"%9 2< $G %+ %m%j %a!<%?$rF0:n$5$;$k:]!" SQUID %N%$%:$N%N%$%:Ey2A%Q%o!<$O%N%$%:Ey2AEEN. i n $rMQ$$$F!" NEP 2 readout = � � � � i n S i � � � � 2 (7.21) $H$7$FM?$($i$l$k!#

Bh 7 >O SQUID SYSTEM 114 ?^ 7.5: TSS AMP $N2sO)?^ ?^ 7.6: SSA AMP $N2sO)?^ 7.1.4 SQUID AMP|200 Serial SQUID ARRA Y AMP K\O@ J8 $G$O FI $_=P $7 7O$H $7$F SQUID AMP $r;H MQ $7$?!# SQUID AG ;R<+ BN $NMx MQ 2DG= $J <~GH ?t BS 0h$O dc !A GHz $HHs>o$K9-$$$,!"Dc%N%$%:$K$9$k$?$a%m%C%/%$%sA}I}$J$I$NJ#;($J2sO)7O$K$h$C$F!" <~GH?tBS0h$,@)8B$5$l$F$7$^$&!#$=$3$G:G6a<B8=$5$l$F$-$?$N$, SQUID %"%s%W$G$"$k!# SQUID %" %s %W $O ?^ 7.5 !" ?^ 7.6 $N$h $& $K!" ?. 9f$r J# ?t $N %3 %$%k $r MQ $$ $F?t == !A ?t I4 $ND> Ns $K JB $Y $? SQUID $X $H F~ NO $7!" $= $l $i $N =P NO EE 05 $N OB $r $H $k $3 $H $G ?. 9f $r A} I} $9 $k!# B? ?t $N SQUID $, D> Ns $K JB $s $G $$ $k $? $a!" C1 BN $N SQUID $K Hf $Y $F EE N. EE 05 JQ 49 %Q %i %a!< %? | %2 %$ %s $, ?t == !A ?t I4 G\ $K Bg $- $/ $J$C $F $* $j!" %$ %s %T!< %@ %s %9 @0 9g $, $H $j 0W $/ $J$C $F $$ $k!# $3 $N $? $a SQUID %" %s %W $N <~ GH ?t BS 0h $O C1 BN SQUID $h $j $b MZ $+ $K 8~ >e $9 $k!# $5 $i $KDc 29 4D 6- $G ?. 9f $r A} I} $G $- $k $N$G!" << 29 $K CV $+ $l $? A} I}4o$K$h$k%N%$%:$N1F6A$,>.$5$/$J$k!# $3$N$&$A TSS(Tw o Stage SQUID AMP) $O?^ 7.5 $N$h$&$K=iCJ$N%$%s%W%C%H SQUID $H!"8eCJ$N SQUID %" %l %$ $H $$ $& 9= B$ $K $J$C $F $$ $k!# %$ %s %W%C %H SQUID $+ $i $N =P NO $r $5 $i $K J# ?t $N %3 %$ %k $r MQ $$$F8eCJ$N SQUID %"%l%$$X$HF~NO$7!"$=$l$i$N=PNOEE05$NOB$r$H$j?.9f$rA}I}$5$;$k!# $3$l$KBP$7 SQUID ARRA Y $O?^ 7.6 $N$h$&$KF~NOEEN.$rJ#?t$N%$%s%W%C%H%3%$%k$rMQ$$$F!" SQUID %"%l%$$KF~NO$7!"D>Ns$KJB$s$@ SQUID $N=PNOEE05$rB-$79g$o$;$k9=B$$r$7$F$$$k!# TSS $N $h $& $K =i CJ!& 8e CJ $N 2 CJ 3, $N A} I} $G $O $J $/!" CN $j $? $$ >p Js ( ?. 9f ) $N :G $b 6a $$ $H $3 $m $G!" <’ B+ / EE05JQ49$HA}I}$r9T$&$N$G%N%$%:$N4sM?$,>.$5$/$J$k!#$?$@$7!"A}I}EY$rBg$-$/$7$h$&$H SQUID %" %l %$ $N ?t $r B? $/ $9 $k $H!"$= $N J, SQUID $N FC @- $, B7 $$ Fq $/ $J $j!"@\ 9g $N <e $$ It J, $, $"$C $? $j $9 $k $H $=$3$N<~$j$G<’B+$N%H%i%C%W$,5/$3$k$J$I$NLdBj$b$"$k!# 7.1.5 200 Serial A QUID ARRA Y AMP $NFC@- K\O@ J8$G F3 F~$7 $? SQUID AMP $O1U BN%X %j%& %‘ $[$I $N6K Dc 29$G $N;H MQ$r A0 Ds$H $7$F 3+ H/$5 $l$?!" %; %$ %3!< %$ %s %9 %D %k %a %s %D 3t <0 2q <R (SI I : Seik o Instrumen ts Inc) @= 200 SSA AMP $G $" $k [31] !# SQUID 4p HW $O %, %i %( %] $G$G $- $F $* $j!" SQUID AMP AG ;R 5Z $S <gMW $J G[ @~ $O 4p HW >e $N 0.5 !_ 0.5mm $N S i %&%’%O>e$K>xCe$5$l$F $$$k!#0l$D0l$D$N SQUID AG;R $O$=$l$>$l SQUID %o%C%7%c!<!"%U%#!<%I %P%C%/%3%$%k!"%$%s%W%C%H%3%$%k$+$i$J$C$F$*$j!"G[@~$OA4$F Nb G[@~$H$J$C$F$$$k!#$h$C$F SQUID $O >/ $J $/ $H $b Nb $N D6 EA F3 A+ 0\ 29 EY!" 9.23 K 0J 2< $G F0 :n $5 $; $k I, MW $, $" $k!# SQUID %o%C %7%c!< $K

Bh 7 >O SQUID SYSTEM 115 $O %7%c %s %H Dq 93$, $O $$ $k!# $3 $N B> AG ;R $K $O$= $l $> $l <’ 5$ %H %i%C %W $r %-%c %s%; %k $5 $; $k $? $a $N %R!< %?!< $,$D$$$F$$$k!# 200 SSA $N@- G= $r I= 7.1 $K!" $*$h $S G[ @~?^ $r ?^ 7.7 $K <($9!# SQUID 6n F0 AuCV $G 6n F0$5 $; $?;~ $N %2 %$%s$O 50 kV/A $G!"$3$l$h$jEEN.J,2rG=$O 10 pA/ p Hz $,8+9~$^$l$k!# %Q%i%a!<%? SSA F~NO%3%$%k <+8J%$%s%@%/%?%s%9 L in 40 nH Aj8_%$%s%@%/%?%s%9 M in 90 pH %U%#!<%I%P%C%/%3%$%k Aj8_%$%s%@%/%?%s%9 M f 90 pH � V 6 mV ( @ V @ � 9 : 4 mV = � 0 ) %2%$%s G (= M in @ V @ � ) 820 V/A <’B+%N%$%: (10kHz) 0.45 � � 0 / p H z EEN.J,2rG= (FLL :nF0;~ ) 10 pA = p Hz I= 7.1: SQUID AG;R%Q%i%a!<%? ?^ 7.7: 200 Serial SQUID Arra y AMP $N4pHW>eG[@~?^ 7.2 <’5$<WJC 7.2.1 30Mh<’5$%N%$%: SQUID $r ;H MQ $9 $k >l 9g Ld Bj $H $J $k $N $O!" $= $N 8G M- ;( 2; $N $_ $J $i $: 4D 6- $+ $i $N %N %$ %: $G $" $k!# 6u 4V $K>o$KB8:_ $9$k<’5$ | CO<’5$!"B,DjAuCV!"7z J*$N9=B$J*$J$I$N %N%$%:$OE57?E*$J CM$GI= 7.2 $/$i$$$@ $,!" $3 $l $, :n $j =P $9 1F 6A $O SQUID $N 8G M- ;( 2; $h $j $b 7e 0c $$ $K Bg $- $/!" SQUID $N @- G= $r == J, H/ 4x $5 $;$k$K$O$^$:30It$+$i$N%N%$%:$r%+%C%H$9$kI,MW$,$"$k!# >e$K <($7$F $$$J $$$b $N$G $b!"%/ %i%$%* %9%?%C %HCf $NIt IJ$K $b<’2= N($r $b$D $b$N $O$" $k!#%9%F %s%l %9 $J $I $N 9g6b $O <’ 2= N( $r<+ ?H $, $b $A!" ?? o+$d %9 %? %$ %-%c %9%H Cf $K $O 6/ <’@- IT =c J* $r 4^ $‘>l 9g $, B? $$!# $3 $l 0J 30$K Hr $1 $i $l$J $$ $b $N $H$7 $F B, Dj 5!4o $+ $i $/ $k %N%$ %: $, $" $k!#$3 $N >l 9g $O9b <~ GH %N %$%: $r =P $9 $3

Bh 7 >O SQUID SYSTEM 116 860x n <’2= M E57?E*$J r B(T) CO5e<’>l 3 1.3 !_ 10 22 (Tcm 3 ) 6 !_ 10 8 ( cm ) 5 !_ 10 � 5 <+F0<V 3 1.5 !_ 10 2 > 10 3 ( cm ) 5 !_ 10 � 7 (r=10(m) $H$7$F ) >.7?9)6q 3 0.2 6 !_ > 10(cm) 2 !_ 10 � 4 (r=10(cm) $H$7$F ) ( %I%i%$%P!<$J$I ) %H%i%s%8%9%?!<!" IC $J$I 3 1.6 !_ 10 � 5 > 10(cm) 1.6 !_ 10 � 8 (r=10(cm) $H$7$F ) 7zJ*$N9=B$J* 2 2 !_ 10 10 (pTcm 2 ) 1 � 100(m) 2 !_ 10 � 8 (r=10(m) $H$7$F ) D>7B?t cm $NG[4I I= 7.2: <o!9 $N86 0x $K $h $k<’ >l!" 5Z $S B=M/r n $H $7 $? ;~ $N %Q%i %a!< %?!# %Y%/%H%kJ}8~$O9M$($F$$$J$$!# $H$, B?$/!" $3$l$r NdE‘ 5!Cf $NG[@~ $,%" %s%F%J $H$J$C $F=& $&>l9g $,$" $j!"8D!9$N G[@~ $K shield $r I,MW $H $9$k>l9g$,$"$k!# 7.2.2 <o!9$N<’5$<WJCJ}K! <’5$<WJC$H$7$F$O<g$K 4 $D$NJ}K!$,9M$($i$l$k!# 9bF)<’N(:‘NA 0lMM $J<’>l Cf$K 9b$$ F)<’ N($NJ* <A$G $G$- $?5e 3L$rCV $/$H!" <’NO @~$O <’5$%$ %s%T!< %@%s %9$N Dc$$5e 3L It$K=8$^$j!"5eFbIt$K<’>l$N<e$$6u4V$,:n$i$l$k!#5e3L$N30H>7B!"8|$5!"HfF)<’N($r$=$l$>$l r !" t !" � 0 $H$7$?;~!"30It<’3& B out $N;~$N5eFbIt$N<’3& B in $O B in = � 1 + 2( � 0 � 1) 2 9 � 0 � B r mout 1 � (1 � t=r ) 3 � K r � 0 t ( K = 3 = 2) (7.22) K $O7A>u$+$i$/$k%Q%i%a!<%?$G!"L58BD9$N1_E{$G$O K=2 $H$J$k!# � $O30>l$N4X?t$J$N$G4D6-$K$h$C $F :‘ NA $N 8z 2L $O 0[ $J $j!" 100 Gauss 0J >e $G $O K0 OB <’ B+ L) EY $N Bg $- $J =c E4 $J $I!" 100 Gauss 0J 2< $G $O %Q!< %^ %m %$ $d%_%e!< %a %? %k 9g 6b $J $I $,9% $^ $7 $$!# 0l HL $K B? AX$K $9 $k $H 8z 2L $, G\ A}$9 $k!# 9b F) <’ N( :‘ NA $N >l 9gCm 0U $7 $J $1 $l$P $J $i $J $$ $N$O!" Dc 29 $K $9$k $H $[ $H $s $I$N $b $N $, FC @-$, 0- $/ $J $j!" $3$N 1F 6A $N >/ $J$$%Q!<%^%m%$ | %/%i%$%*%Q!<%‘$b@8;:$5$l$F$$$k!#$^$?9bF)<’N(:‘NA$O5!3#E*>W7b$K$bNt2=$9$k!# D6EAF3BN$N shield %^ %$ %9 %J!< 8z 2L $r Mx MQ $7 $? <W JC $, D6 EA F3 BN shield $G!" $3 $l $O 9b F) <’ N( :‘ NA $r ;H MQ $7 $? >l 9g $h $j $b <WJC G=NO $,9b$/ 6KDc29 It$K F3F~2D G=$J$N $,FC D’$G$" $k!#$" $?$j$^ $($@$, $3$N shield $O30 <’>l$, F0:n 29 EY $N NW3& <’ >l 0J 2< $G$J $1 $l $P 0U L#$, $J $$!# D6 EAF3 BN Cf $K ?/ F~$9 $k D9 $5 $O <’5$ ?/ F~ D9 $H Dj5A $5 $l!" $3 $l 0J>e $N8| $5$,$" $l$P LdBj$J $$$,!"D6 EAF3 shield $N>l 9g$O$3 $NNW 3&<’>l $NLd Bj$H!"$I $&$7 $F$bI, MW$J G[ @~MQ$N7j$J$I$N$9$-4V$r$I$l$@$1$J$/$;$k$+$,%M%C%/$H$J$k!# $3$N B>!"6/<’ @-BN $G$J $$6b B0$r$$ $l$k $3$H $G8r N.<’>l $J$I $N<’ >lJQ 2=$rK8 $2$k J}K! $d!"%3 %$%k$r F3 F~$7$F30<’>l$rAj;&$9$k$h$&A‘:n$9$kJ}K!$J$I$,$"$k!#

Bh 7 >O SQUID SYSTEM 117 $3 $N $& $A K\ ADR $G $O <’ 5$ shield $H $7 $F 9b F) <’ N( :‘ NA $H D6 EA F3 BN $r ;H MQ $7 $?!# <! $K $3 $N shield $K 5a$a$i$l$k@-G=$r7W;;$9$k$?$a$NM=Hw;n83$H!"<B:]$KF3F~$7$? shield $N@_7W$K$D$$$F=R$Y$k!# 7.3 %[!<%kAG;R$rMQ$$$? ADR <~JU$N<’>lB,Dj CGG.>C<’$G$O$=$N86M}$h$jNd5Q$N:]$K6/<’>l$rI,MW$H$9$k!#$=$NBg$-$5$O:GBg$G 4 T $K$b$J$j!" X @~ 8! =P 4o $, F3 F~ $5 $l $k detector table !" SQUID $J $I $N ?. 9f 7W B, 7O F3 F~ It J, $K $b $= $N 1F 6A $, $" $k!# $3 $N$?$a4p K\E*$K$OD6EAF3 %^%0%M%C%H$KJd =~%3%$%k ( %P%C%-%s%0%3 %$%k!#<’>l$r%-%c%s %;%k$9$kItJ, ) $, $^ $+ $l!" CGG. >C <’ $N <’ >l$r 8: >/ $5 $; $F $$$k!# $H $O $$ $( 40A4 $K >C $9 $3 $H$O =P Mh $:!" 29 EY @)8f $N :] $N <’ >l @)8f$b$o$:$+$J$,$i8!=P4o$d7WB,7O$K$+$+$k$3$H$K$J$k!# ASTR O-E2 $K Ek :\ $5 $l $k H> F3 BN %+ %m %j %a!< %? $O <’ >l $K $O 1F 6A $5 $l $J $$ $,!" TES 7? %+ %m %j %a!< %? $O <’ >l $K$h$C $F D6 EA F3 A+ 0\ 29EY $d A+ 0\ I} $, JQ$o $k 2D G= @- $, 9M $($i $l $k!# $5 $i $K %^%0 %M %F%#%C %/ %+ %m %j %a!< %? $G $O!" 30 <’ >l $r $+ $1 $k $3 $H $G $= $N <’ 5$ %9 %T %s $r B7 $(!" X @~ F~ <M $N :] $N <’ 5$ JQ 2= $r 8! =P $9 $k!# $h$C $F ADR $N detector It J, $K $+ $+ $k <’ >l $N %7!< %k %I $O <! @$ Be 8! =P 4o 3+ H/ $N =E MW 9‘ L\ $N 0l $D $H 9M $( $i$l$k!# $^ $? 8! =P 4o $N ?. 9f 8! =P $K ;H MQ $9 $k SQUID system $O <’ >l $N %H %i%C %W $K $h$C $F $= $N @- G= $, Cx $7 $/ Nt 2=$9$k!#$3$3$G$O SQUID F3F~ItJ,5Z$S detector table $K$I$l$[$I$N<’>l$,B8:_$9$k$+$rB,Dj$9$k!# B,Dj$K$O F.W.BELL <R@=$N6KDc29MQ%[!<%kAG;R!" BH-700 $r;HMQ$7$?!#AG;R$N46EY$O%P%$%"%9 200 mA $G 50 mV/kGauss !#%[!<%kAG;R$NB,Dj$K$O bias $H$7$F HEWLETT P A CKARD E3616A !"EE05B,Dj $K$O KEITHLEY2001 MUL TIMETER $r;HMQ$7$?!# detector table $N<’>lB,Dj;n83 $^$: detector $K$+$+$k<’>l6/EY$rB,Dj$9$k$?$a!" 2002/05/15 $K detector table $NCf1{ItJ,$K%[!< %kAG;R $rF3F~$7 $?!#AG;R$N Dq93$O 6K DxEY$NNd5Q ;~$GLs 3 m (4 C< ;RK!!" bias $O 1 mA) $G!"Dj3J EE N. 200 mA $G$O 120 � W $N%8%e!<%kG.$,H/@8$7$F$7$^$$!"CGG.>C<’$,IT2DG=$G$"$k!#$h$C$FB,Dj;~$N AG;R bias $r 10 mA $K$7$?!#$3$N;~$NAG;R46EY$O 2.5 mV/kGauss !"%8%e!<%kG.$O 0.3 � W !# F3F~ ;~ $N %[!< %k AG ;R $NMM ;R $r ?^ 7.8 $K <( $9!# G. N. F~ $r9M N8 $7 $F!" 29 EY 7W G[@~ $H F1 $8 $/ %Y %j %j%& %‘ F< $NHD$G%F%s%7%g%s$r$+$1$F$$$k ( ?^ 3.11 $r;2>H ) !# <’ >l $N B, Dj 7k 2L $O ?^ 7.9 $N DL $j $G $" $k!# 2# <4 $O %^ %0 %M%C %H <’ >l (T) !# =D <4 $O B, Dj <’ >l (Gauss) $G $" $k!#<’2=$,9uE@!">C<’;~$,@VE@!#$3$N%0%i%U$h$j!"<’>l$N$b$l$OLs 0.26 % !":GBg<’>l$N;~$G$b 100 Gauss Dx EY $H 9M $( $i $l $k!# $A $J $_ $K $3 $N %W %m%C %H E@ $r D> @~ $G 7k $V $H y @Z JR $, 8-9 Gauss =P Mh $k $,!" $3 $l $O %[!<%kAG;R$N o�set $H9M$($i$l$k!# SQUID F3F~ItJ,$N<’>lB,Dj;n83 <! $K SQUID F3 F~ It J, $H $J $k He %? %s %/ $N Dl LL ( Cf ?4 $+ $i Ls 90 mm) $K %[!< %k AG ;R $r 8G Dj $7 $F Nd 5Q $7 $?!#B, Dj7k 2L$O ?^ 7.10 $G$" $k!#<’ 2=$, 9uE@!" >C<’ ;~$, @VE@!# $- $l$$ $K<’ 2=!">C <’$G D>@~ >e$K $N$C$F $$ $k!# <’ >l $N $b $l $O :G Bg <’ >l ;~ $G 900 Gauss Dx EY!# Ls 2.25 % $H 8+ @Q $b $i $l $?!# $3 $l $h $j!" SQUID shield $K$ONW3&<’>l 900 Gauss 0J>e$NJ* <A$rI,MW$H$9$k!#$^$? CGG.>C<’8e!"%+%m%j %a!<%?F0:n29EY$H $7$F 200 mK $r9M$($?>l9g � !" saltpill $KI,MW$J<’>l$O 1000-1200 Gauss $H8+@Q$b$i$l!"$3$N;~ SQUID � $3$l$O%+%m%j%a!<%?$N@-G=$K$h$k$,!"$3$3$G$O:GBgCM$r9M$($F$$$k

Bh 7 >O SQUID SYSTEM 118 ?^ 7.8: 6K Dc 29 It $K F3 F~ $7 $? %[!< %k AG ;R!# 6K Dc 29 It $K 3mm 8| $N F< HD $r $N $;!" 29 EY 7W 2 $D!" $5 $i $K %R!< %?!< $H F1 ;~ $K F3 F~ $7 $F $$ $k!# ?^ 7.9: 02/05/15 $K 9T $J$C $? detector table <~ JU $N <’ >l B, Dj 7k 2L!# 9u : magnetiza- tion !" @V : demagnetization shield $K$+$+$k<’>l$O 22-27 Gauss $H$J$k!# ?^ 7.10: 02/07/07 $K$*$3$J$C$? SQUID F3F~ItJ,$N<’>lB,Dj7k2L 7.4 SQUID shield >e$N%[!<%kAG;R$rMQ$$$?<’>lB,Dj7k2L$r4^$a!" SQUID shield $K$O0J2<$N>r7o$r9M$($?!# � %Q!<%^%m%$$HD6EAF3 shield $G 2 =E shield $K$9$k!# � D6EAF3 shield $ONW3&<’>l 900Gauss 0J>e!"E>0\29EY 1.7K 0J>e!# � CeC&2DG=

Bh 7 >O SQUID SYSTEM 119 � <’>lJ}8~$KBP$7$F?bD>J}8~$KG[@~7OE}$N$9$-4V$r:n$k!#6KNO$3$l$O>.$5$/!# � %H%i%C%W%-%c%s%;%kMQ$K%R!<%?!<$rF3F~$9$k!# 7.4.1 shield $N>r7o >e$N>r7o$K$*$$$FD6EAF3 shield $K$O 1.7 K 0J>e$GD6EAF3$K$J$k$b$N$,MW5a$5$l$k!#$3$l$O!" SQUID shield $rF3F~$9$k He tank DlLL$O:GDc29EY 1.7 K $J$N$G!"$3$N29EY$G:GDc$G$bD6EAF3$K$J$C$F$J$1$l $P $J $i $J $$!# 0l HL $K NW 3& <’ >l $H $$$C $? >l 9g!" $3 $l $O 0 K $G $N NW 3& EE N. $+ $i 7W ;; $5 $l $k CM $J $N $G!" 2- 5 K <~JU$G$NNW3&<’>l$, 900 Gauss 0J>e$G$J$1$l$P0UL#$,$J$$!# D6EAF3BN$NNW3&<’>l$O29EY$N4X?t$H$J$j!"NW3&<’>l H c ( T ) $O!" H c ( T ) = H c (0) � 1 � � T T c � 2 � (7.23) Nc$($P Nb $N>l9g!" H c (0)=1944 Gauss $GA+0\29EY T c =8.4 K $h$j!"$h$C$F 5 K $N;~$G$b H c (5)=1255 Gauss $H7W;;$5$l$k!# He %?%s%/DlLL$N$&$A SQUID F3F~2U=j$O:GBg 900 Gauss DxEY$J$N$G$3$l$GLdBj$J$$!# <! $K <’ >l $N ?/ F~ D9 $@ $,!" $3 $l $O :G Dc 8B I, MW $J shield $N 8| $5 $r 7h Dj $9 $k %Q %i %a!< %? $H $J $k!# ?/ F~ D9 � ( T ) $b29EY$N4X?t$G � ( T ) = � (0) = � 1 � � T T c � q � 1 = 2 (7.24) q $N 6q BN E* $J CM $O $^ $@ IT L@ $@ $,!" E5 7? E* $J CM $H $7 $F � (0)=100 nm $H $7 $F q $r 1 $H $9 $l $P :G Bg $, $G $k!# $3 $N ;~ 5K $G $O 167 nm $G!" 1 � m $b $" $l $PA4 $/ Ld Bj $O $J$$!# $3 $l $h $j D6 EAF3 shield $K $O Nb $r ;HMQ$9$k!# $7 $+ $7 D6 EA F3 shield $N $_ $N >l 9g!" <’ >l $r %H %i%C %W $7 $F $7 $^ $& 2D G= @- $, 9b $$!# shield $N Fb It $r $" $i $+ $8 $a Dc <’ 3& $K $7 $F $* $/ $N $, M- Mx $G $" $k!# $h$C $F D6 EA F3 shield $N <~ $j $r %Q!< %^ %m %$ shield $G J$ $&!# %Q!< %^ %m %$ $H $O F e !" Ni !" Co $r 4p K\ $H $7 $F @= :n $5 $l $k 9b F3 <’ N( 9g 6b $G!" 9g 6b <~ JU $N <’ >l!" FC $K Fb It $N <’ 3&$r >. $5 $/ $9 $k$3 $H $, $G $-!" 0lHL $K EE <’ <WJC MQ 9g 6b $H $7$F ;H MQ $5 $l $F$$ $k!# 5a $a $i $l$k @- G= $H $7 $F $O!" F) <’N( K0 OB <’ B+ L)EY $, 9b $/ $+ $D ;DN1 <’ 5$!" J] <’ NO$, >. $5 $/ 8G M-Dq 93 $N Bg $- $$ $b$N $G $" $k!# $^ $? K\ O@ J8$G $O 6K Dc 29 $K$* $$ $F ;H MQ $9$k $? $a!" Dc 29$G $O $= $N G= NO$, Dc 2< $7 $F $7$^ $& DL >o $N %Q!<%^ %m %$ $G $O $J$/!"Dc29MQ$N%/%i%$%*%Q!<%‘$,K>$^$7$$!# $^ $? %H %i%C %W $, 5/ $3$C $? >l 9g!" D6 EA F3 BN shield $* $h $S SQUID AG ;R $r 0l C6 D6 EA F3 $+ $i >o EA F3 $K La $7!" %H %i%C %W$7 $J $$ $h $& $KD6 EA F3 A+ 0\ $9 $k$^ $G $3 $l $r 7+$j JV $9 <j CJ $r$H $k $H!" :G E, $J >uBV $, :n $l <B 83 8zN( $,$" $,$k!#$3 $l$K $OC1 =c$K!"Dq 93$r shield $HG. %j%s%/ $r$H$C $?It J,$KF3 F~$9 $l$P$h $$$,!" $3$l $O %"%s%F%J$NLrL\$r$7$F5U$K%N%$%:$N860x$K$J$k>l9g$b$"$k$N$GCm0U$,I,MW$G$"$k!# shield $O $^$C $?$/ $9$- 4V $N$J $$!" %T%s %[!<%k %l %Y%k $N7j $5 $($J $$>u BV $,:G $b $h$$ $,!" SQUID MQ G[ @~$,=PF~$j$9$k$?$a$3$l$K$b8B3&$,$"$k!#$^$?@-G=8~>e$N$?$a shield $OCeC&2DG=$K$9$k!# 7.4.2 @=:n$7$? SQUID shield >e$G=R$Y$?;vJA$h$j!"K\O@J8$G@_7W$7$? SQUID shield $r?^ 7.11 5Z$S?^ 7.12 $K<($9!# shield $O He tank $H 6/$$ G.%j %s%/ $r $H$i $;$k $?$a $K L5;@ AGF< $NBf $K$N $; $k!# SQUID $+ $i$_ $F Nb $ND6 EAF3 shield $N<~$j $r%Q!<%^%m %$$GJ$ $&!#A4BN $N9=@. $O$[$\ 4 E@%M%8 ;_$a<0 $G$"$k!# <’>l$r F~$j$K $/ $/ $5 $; $k $h $&!" Nb $N Bf $O 2 CJ <0 $K $7!" <’ >l $, $^$C $9 $0 F~ $i $J $$ $h $& $K $7 $F $$ $k!# 8| $5 $r 2T $0 $? $a $K Nb HD$N4V$KL5;@AGF<$r$+$V$;!"%M%8;_$a$O$G$-$J$$$N$G$&$9$/%(%]%-%7@\Ce$H$7$?!#

Bh 7 >O SQUID SYSTEM 120 ?^ 7.11: ADR’s SQUID shield assem bly . ?^ 7.12: ADR’s SQUID shield Nb table. Bf $K $O G[ @~ F3 F~ MQ $K 9B $, F~$C $F $$ $k!# 3F %D %$ %9 %H %Z %" G[ @~ $O H> ED shield $r 2p $7!" He tank <~ JU $N <’5$ <WJC $r9T$J $$F3F~ $5$l $k!#$*$= $i$/9B ItJ, $N=hM} $O shield @- G=$r $-$a$k =EMW$J ItJ, $J$N$G ==J, Cm 0U$9$k!# y y SQUID $N $N $k Bf $N It J, $b shield $H 8F $Y $k It J, $@ $,!" K\ O@ J8 $G $O shield $H $$$C $? >l 9g!" Bf $K $N $; $k!" SQUID $r >e $+

Bh 7 >O SQUID SYSTEM 121 ?^ 7.13: ADR’s SQUID shield. Nb table. ?^ 7.14: ADR’s SQUID shield moun ted in 02/12/25. @_ 7W $7 $? SQUID shield $N A0 $K!" $^ $: $O shield $r <+ :n $7 $F $_ $?!# $3 $l $r ?^ 7.13 $K!" 5Z $S F3 F~ $N MM ;R $r ?^ 7.14 $K <( $9!# Nb $O $H $F $b 9b 2A $G MO @\!" H> ED IU $1 $, $G $- $J $$ $? $a $H $F $b 2C 9) $, :$ Fq $G $" $k!# $h$C $F 0.5 mm 8| $N Nb HD $r =E$M $k 7A $G Bf $r @=:n $7!" $^ $? 0.1 mm 8|$N Nb HD $r 2< $j6J $2 $F $$ $/ $H $G shield $r@=:n$7$? ( ?^ 7.15) !# ?^ 7.15: F3 F~ $7 $? Nb $N <+ :n shield !# 0.1mm 8|!# F< $N K@ $r %( %] %- %7 @\ Ce $7!"6bB0HiKlDq93$r%R!<%?!<$H$7$F<h$jIU$1$F$$$k!# 7.4.3 Nd5Q;n83$H SQUID system $N8=>u 8= :_$N SQUID $O <+ :n $N Nb !"%Q!< %^ %m %$ shield $G <’5$ <W JC $7 $F $* $j!" 8= >u $H$7 $F $O %H %i%C %W $r 2r =|$9$k%R!<%?!<5!9=$r3NN)$9$k$N$,@h7h$G$"$k!# 02/12/30 $K9T$J$C$? SQUID Nd5Q;n83$N � -V FC@-$H%N%$%:%Q%o!<%9%Z%/%H%k$r<($9!# GH7A%b %K%?!< $K$O T ektronix TDS3012 %*%7 %m%9 %3!<%W$r MQ$$ $FB,Dj $7$?!# SQUID 6nF0Au CV$+ $i 8+ @Q $b $i $l $k $3 $N 200 SSA $N � -V FC @- $O!" K\ Mh $J $i $P � 1 V $N ?6 I} $r ;} $D $O $: $@ $,!" SQUID $N <’ 5$%H%i%C%W$,860x$G 130 mV $N?6I}$7$+F@$i$l$J$+$C$?!# $^ $? HEWLLET P A CKARD 3670A FFT %" %J %i %$ %6 $r MQ $$ $F B, Dj %b!< %I $G $N %N %$ %: B, Dj $r 9T $J$C $?!# $3 $N 7k 2L $r 7.17 $K <( $9!# SQUID $N EE N. J, 2r G= $+ $i 8+ 9~ $^ $l $k %N %$ %: $O 0.5 � V/ p Hz $J $N $iJ$$&7A$K$J$kH"7?$N$b$N$r;X$9!#

Bh 7 >O SQUID SYSTEM 122 ?^ 7.16: � -V FC@-!# 02/12/30. ?^ 7.17: %N%$%:%Q%o!<%9%Z%/%H%k!# 02/12/30. $K BP $7!" B, Dj $5 $l $? %N %$ %: $O � 3 � V/ p Hz Dx EY $H factor 6 $[ $I Bg $- $$!# G[ @~ 7O $+ $i $N %N %$ %: $N 4s M? $b 9M $( $i $l $k $,!" � -V FC @- $, $^ $@ >. $5 $$ $3 $H $K $h $k 1F 6A $N J} $, Bg $- $$ $H ;W $o $l $k!# measure mo de $KF~$k $3$H$O=PMh!"%+ %m%j%a!<%?$N ?.9f8!=P$O2D G=$J7A$K$J$C $F$$$k$b$N $N!"$^$:$O � -V FC@-$,K\Mh $N@-G=$K$J$k$^$G<’5$%H%i%C%W$r$J$/$9I,MW$,$"$k!#

Bh 8 >O ADR $N8=>u$H2]Bj %G%e%o!<@-G= Nd5Q;n837k2L$h$j!"8:05$7$?1UBN%X%j%&%‘$NJ];};~4V$OLs 24 hour@7 ‘ $rC#@.$7$?!#$3$N;~$N 300 K $+ $i 1.7 K $X$N %G%e %o!<N. F~ G. $O 127.4 mW $H 7W ;; $5$l!" $3 $l$O M} O@ 7W;; CM 221 mW $h $j>. $5 $+$C $?!# $3 $l $O!" K\ ADR $G ;H MQ $7 $F $$ $k >x 5$ Nd 5Q $N %7 %9 %F %‘ $+ $i M= B, $5 $l $k 29 EY J, I[ $r 9M N8 $9 $k $3 $H $G ==J,@bL@$G$-$? ( Bh 4.5 >O!"FC$K<0 4.45 $J$I ) !# CGG.>C<’NdE‘%5%$%/%k 8= :_ $N Nd E‘ %5 %$ %/ %k $O >o 29 $+ $i 100mK 0J 2< $N 6K Dc 29 $X C# $9 $k $N $K Ls 18 ;~ 4V $G $" $k!# $3 $N $& $A >o 29 $G$N %] %s%T %s %0$K 4 ;~ 4V!"Cb AG M=Nd $K 8 ;~ 4V!" 1UBN %X %j%& %‘ Nd5Q 5Z $S%X %j %&%‘ 8: 05$K 4 ;~ 4V!"CG G. >C <’ $K 2 ;~ 4V $H $J$C$F $$ $k!# 6K Dc29 It $X $N3F It IJ $N F3F~ J} K! $K Bg$- $J Ld Bj $O$J $/!" CG G.>C <’ Kh $G Nd5Q 8zN($,Bg$-$/JQ$o$k$3$H$O$J$$ ( ?^ 4.7 !"?^ 4.8 ;2>H ) !# :#$N $H $3$m E5 7?E* $JCM $H $7$F!" >C <’3+ ;O 29EY 3 K !":G Bg <’>l 3 T $G!"E~ C# 29EY 6-70 mK $r C# @.$7 $F $$ $k!# CGG. >C <’ $N :] $N8z N( $r I= $9!" <’ @-BN Cf $N 6I :_ %9%T %s F1 ;N $N Aj8_ :n MQ $N Bg $- $5$G $" $k %Q %i %a!< %? | Fb It <’ >l $O!" K\ ADR $N saltpill $G $O 600-650Gauss $H B, Dj $5 $l $? ( Bh 2 >O $N <0 2.6 $J $I!" $^ $? ?^ 4.9 � ?^ 4.11 $J$I ) !#$3 $l$h$j>C<’3+;O29EY 2.7 K !":GBg<’>l 3.5 T $N;~$NCGG.>C<’$r9T$J $($PE~ C#29EY 46-50 mK $,4|BT$G$-$k ( ?^ 4.12) !# 6KDc29ItN.F~G.$HHfG.7W;;!"J];};~4V$N8+@Q$b$j %R!< %?!< 2T F/ ;~ $H 2T F/ $7 $F $$ $J $$ ;~ $N 29 EY JQ 2= $r B, Dj $7!" Nd G^ $N Hf G. $H N. F~ G. $r 8+ @Q $b$C $?!# $= $N 7k 2L!" N. F~ G. $O 0.6 � 0.8 � W !" Hf G. $O � 1 J/K $H B, Dj $5 $l $? ( I= 6.2 $J $I ) !# @_ 7W $+ $i 8+ @Q $b $i $l $k M} O@ CM $, 0.6 � 0.8 � W !" $^ $? 4| BT $5 $l $k Hf G. $, � 1 J/K $J $N $G!" $3 $N E@ $+ $i $b CG G. >C <’ $N 8z N( $O $[ $\ Ld Bj $J $/ F0 :n $7 $F $$ $k $3 $H $, $o $+$C $?!# $3 $N ;~!" N. F~ G. $N $_ $N >l 9g $G $O 60mK $r 3.9-5.2 ;~ 4V!" 100 mK $r 26-34.6 ;~4VJ];}$G$-$k$H4|BT$G$-$k ( ?^ 6.12 !"I= 6.14 $J$I ) !# 29EY@)8f$K$h$k29EY0BDj@- PID mo del $r ;H MQ $7 $F %G %8 %? %k <0 $N 29 EY @) 8f %W %m %0 %i %‘ $r 9= C[ $7 $?!# $3 $l $O PC >e $G Lab Win- do ws $r ;H$C $F 29 EY %b %K %?!<!" D6 EA F3 %^ %0 %M%C %H $N EE N. @) 8f $r <+ F0 $G 9T $J $& %7 %9 %F %‘ $G!" 8= :_ 29 EY MI 123

Bh 8 >O ADR $N8=>u$H2]Bj 124 $i $. $O rms=8.14 � K@70mK ( ?^ 8.1) !" 2 ;~ 4V $N 29 EY @) 8f $G rms=13.6 � K@80mK $r C# @. $7 $F $$ $k ( ?^ 5.6) !#L\I8$O 1 � K $@$,!":#$N$H$3$m29EY%b%K%?!<>e$N%N%$%:$,8B3&$H$J$C$F$$$k ( Bh 5.3.2 >O ) !# ?^ 8.1: 03/01/20 $K 9T $J$C $? 29 EY @) 8f 7k 2L!# rms=8.14 � K !# ?^ 8.2: TES 7? %^ %$ %/ %m %+ %m %j %a!< %? F3 F~ ?^!# :8 $O Nb shield $K JQ $o$C $F F3 F~ $7 $? Pb shield !# <+:n$N saltpill 2 9f5! %+%m %j%a!<%? 3+H/ $K$O $=$N F0:n29 EY$K $"$o $;$F NdG^$r <+M3 $KJQ $($i $l$k$N $,K> $^$7 $$!#$= $3$GK\ O@ J8 $G $O 8& 5f << FH <+ $G saltpill 2 9f 5! $r @_ 7W!" AH $_ N) $F!" 5Z $S Nd 5Q ;n 83 $r 9T $J$C $?!# F AA 7? $N saltpill 2 9f 5! $O @= :n $, $H $F $b Fq $7 $/!" BQ 6/ ;@ @-!" BQ 9b ?? 6u @-!" BQ 6K Dc 29 @-!" G. EA F3 @- $N $I $l $+ $R $H $D $G $b 7g $1 $l $P Nd G^ $H $7 $F 5! G= $7 $J $$!# saltpill 2 9f 5! $G $O BQ 6K Dc 29 @- $K Ld Bj $, $"$C $?!# AH $_ N) $F >e!" 30 E{ $H N>B&$U$?$O%(%]%-%7$G@\Ce$9$kJ}K!$r$H$C$?$,!"Nd5Q;n83$G$O$3$3$+$i7k>=$N@O=P$,5/$-$F$7$^$C$?!# 8=:_$3$l$N%7!<%kJ}K!$r8!F$Cf$G$"$k ( Bh 4.6 >O ) !# SQUID system $N8=>u %+%m%j%a!< %?$N?.9fFI $_$@$77O $H$7$F!" 1.7 K $N He tank DlIt$K 200 Serial SQUID Arra y Amp $rF3F~$7$?!#$^$?!"<’5$<WJC$N$?$a$N SQUID shield $r<+:n$7!"Nd5Q;n83$r$*$3$J$C$?$H$3$m SQUID $,F0:n$9$k$3$H$r3NG’$7$?!# $7 $+ $7 SQUID K\ Mh $N @- G= $r 0z $- =P $9 $K E~$C $F $* $i $:!" ADR $K F3 F~ $7 $? 200 Serial SQUID Ar- ra y $O!"6nF0AuCV$N@-G=$h$j � -V FC@-$, � 1V 4|BT$G$-$k$,!"8=:_ � -V $O 130mV $H 10% DxEY$G$"$k!# $^$? SQUID $NEEN.J,2rG=$+$i8+9~$^$l$k%N%$%:$O 0.5 � V/ p Hz $J$N$KBP$7!"B,Dj$5$l$?%N%$%:$O � 3 � V/ p Hz DxEY $H factor 6 $[ $IBg $-$/ $J$C$F$$ $k!#G[ @~7O $+$i $N%N %$%: $N4s M?$b 9M$( $i$l $k$,!" <’5$ %H%i%C %W$K $h$C $F!" � -V FC @- $, $^ $@ >. $5 $$ $3 $H $K $h $k 1F 6A $N J} $, Bg $- $$ $H ;W $o $l $k ( ?^ 7.16 $J $I ) !# <+ :n shield $N<’5$<WJC$N3NN)$,2]Bj$G$"$k!#

Bh 8 >O ADR $N8=>u$H2]Bj 125 ?^ 8.3: TES %^%$%/%m%+%m%j%a!<%?$rF0:n$5$;$k$?$a$N2sO)?^ TES 7?%^%$%/%m%+%m%j%a!<%?F3F~;n83 K\O@ Cf $K$O <B83 7k 2L$r <( $;$J $+$C $?$,!" 8=:_ TES 7? %^%$ %/ %m%+ %m %j%a!< %?$r F3 F~$7 $? X @~8! =P ;n 83 $r 9T $J$C $F $$ $k!# TES $O SI I( %; %$ %3!< %$ %s %9 %D %k %a %s %D ) $, @= :n $7 $? SI I-32CDb (Ti=50 nm !" Au=120 nm $N 2 AX Gv Kl!# 4u <a Nd E‘ 5! $K $F E> 0\ 29 EY 138 mK $H B, Dj ) $r F3 F~ $7 $?!# 2s O) ?^ $r ?^ 8.3 $K <( $9!# TES $K N. $l $k bias $r Hy D4 @0 $G $- $k $h $& bias Dq 93 10 k $, F~ $j!" $^ $? TES $N bias $r 5? ;w E* $K Dj EE 05 $K $9 $k $? $a!" TES $K JB Ns $K %7%c %s %H Dq 93 � 10 m $, F~$C $F $$ $k!# $3 $N >l 9g!" TES $K N. $l $k bias $O!" TES $NDq93$r R !"%7%c%s%HDq93$r R s $HCV$/$H!" I TES = R R + R s V 10k $^$?!" SQUID shield $N@-G=$rI>2A$9$k$?$a!" Nb shield $NBe$j$K Pb shield $r?7$?$KF3F~$7$?!# 2003/01/19 $N Nd5Q;n 83$G$O!" 2 2s$NCG G.>C<’$G $$$:$l$b 60 mK DxEY $^$GE~ C#$7!" TES $N E>0\29 EY 0J 2< $^ $G @5 >o $K Nd 5Q $G $- $?!# $7 $+ $7 TES $N G[ @~ $K Bg $- $J ;D N1 Dq 93 $, ;D$C $F $7 $^ $$!" ;D G0 $J $, $i X @~ 8! =P $O $G $- $J $+$C $?!# $^ $? SQUID input $K Bg $- $J %N %$ %: $, @8 $8 $F $$ $? $? $a!" $3 $N 86 0x $r 8+ $D $1 =| 5n$9$kI,MW$,$"$k!#

IUO? A 29EY@)8f$N%W%m%0%i%‘ K\O@ J8$G;H MQ$7 $? KEITHLEY2400 Source Meter $N29EY @)8f MQ%W%m %0%i%‘ $N<gMW ItJ, $r<($9!# $3$l $O k2400.Comm.c Cf$N!"=PNOEEN.@)8f$r9T$J$C$F$$$kItJ,$G$"$k!# double constA, constB, constC; /* Scaling Factor $rDj5A */ double constT, constdI, constdT; /* 3FJ?6QCM */ double p_settemp; /* @_Dj29EY */ double current; /* =PNOEEN. */ double averageT, averageI, averagedI, averagedT; /* Jd@58e$N3FJ?6QCM */ char command[80]; int ii, aa; /* 3F%Q%i%a!<%?$NJ?6QCM$r;;=P!# HISTORY_SIZE IC?tJ,$rJ?6Q */ for (ii = 1; ii + 1 < HISTORY_SIZE; ii++) { averageT = averageT + temp_history[HISTORY_SIZE - ii]; averageI = averageI + source_history[HISTORY_SIZE - ii]; source_history[HISTORY_SIZE - ii] = source_history[HISTORY_SIZE - ii - 1]; temp_history[HISTORY_SIZE - ii] = temp_history[HISTORY_SIZE - ii - 1]; } for (aa = 1; aa + 1 < HISTORY_data; aa++) { /* HISTORY_SIZE IC?tJ,$rJ?6Q */ dt_history[HISTORY_data - aa] = dt_history[HISTORY_data - aa - 1]; } current = k2400data.source * 1.0e3; while (current > 0){ /* current $, 0~A 0J>e$GF/$/ */ averageT = 1.0e3 * averageT / (HISTORY_SIZE - 2); /* 3FJ?6QCM$rJd@5 */ averagedI =1.0e3 * (averageI / (HISTORY_SIZE - 2) - k2400data.source) 126

IUO? A 29EY@)8f$N%W%m%0%i%‘ 127 * 2 / (HISTORY_SIZE); averagedT =1.0e3 * (temp_history[0] - temp_history[HISTORY_data -1]) / HISTORY_data; GetCtrlVal (pK2400, P_K2400_CONST_A, &constA);/*~Scaling Factor $r panel Cf $+$iFI$_9~$‘ ~*/ GetCtrlVal (pK2400, P_K2400_CONST_B, &constB); GetCtrlVal (pK2400, P_K2400_CONST_C, &constC); GetCtrlVal (pK2400, P_K2400_SETTEMP, &p_settemp);/* @_Dj29EY$rFI$_9~$‘ */ constT = constA * (1.0e3 * p_settemp - averageT); constdI = - constB * averagedI; constdT = - constC * averagedT; current =k2400data.source * 1.0e3 + constT + constdI + constdT; /* current $O 100mA range !#=PNOEEN.$NCM$r=P$9 */ sprintf(command, ":SOUR:CURR:LEV %f", current * 1.0e-3); /* 1A range */ sendcmd(k2400, command); printf("%f, %f, %f, %f\n", current, 1.0e3 * p_settemp - averageT, averagedI, averagedT); return; } } $^$? k2400.c Cf$N!"=PNOEEN.CM!"29EY$rFI$s$G$$$kItJ,$r2<$K<($9!# double source_history[HISTORY_SIZE]; double temp_history[HISTORY_SIZE]; double dt_history[HISTORY_data]; void K2400_Update_Panel (void) { int i; for (i = 1; i < HISTORY_SIZE; i++) { source_history[HISTORY_SIZE - i] = source_history[HISTORY_SIZE - i - 1]; temp_history[HISTORY_SIZE - i] = temp_history[HISTORY_SIZE - i - 1]; } source_history[0] = k2400data.source; temp_history[0] = ltc.sens[0].temp; dt_history[0] = ltc.sens[0].temp;

IUO? A 29EY@)8f$N%W%m%0%i%‘ 128 SetCtrlVal (pK2400, P_K2400_CURRENT, k2400data.source*1000.0); SetCtrlVal (pK2400, P_K2400_VOLTAGE, k2400data.measure*1000.0); SetCtrlVal (pK2400, P_K2400_TEMP, ltc.sens[0].temp); } i $N 8B 3& CM $r <( $9 HISTOR Y SIZE $O!" k2400.h Cf $G Dj 5A $9 $k!# $^ $? dT $N J? 6Q CM $r ;; =P $9 $k $H $- $NJ?6Q;~4V HISTOR Y data $b k2400.h Cf$GDj5A$9$k!#

IUO? B %G%e%o!<Fb$NG.N.F~7W;;CM ADR %G%e%o!<$NN.F~G.$r?^ B.1 $K<($9!# %A%c!<%H <0$K =q$$ $F$$$k $N$G!" %G%e%o!< $N$I $NIt J,$+ $i$N N.F~ G.$, $I$N DxEY $"$k$+ $,$R $HL\ $GJ, $+ $k!# CM $O 2003 G/ 02 7n 04 F| 8= :_ $N $b $N $G!" O@ J8 Fb $N CM $H $O >/ $7 0[ $J $k It J, $b $" $k!# $^ $? %G%e %o!< $K $O 2~ NI$N M> CO $" $kIt IJ $, B? ?tB8 :_ $9 $k $N$G!" 7W ;; CM $N 6qBN E* $J F3 =PJ} K! $r O@ J8Fb $+ $i ;2 9M$K $7 $J $, $i $_$F$$$?$@$-$?$$!# 129

IUO? B %G%e%o!<Fb$NG.N.F~7W;;CM 130 ?^ B.1: ADR %G%e%o!<$NN.F~G.7W;;CM

IUO? C <U<- K\ 8& 5f$G $O $5 $^ $6 $^$J 8& 5f 5! 4X $N$? $/ $5 $s $NJ}!9 $K Bg JQ $* @$OC $K $J $j!" $^ $?Bg JQ 8f LB OG $r$* $+ $1 $^ $7 $?!#$3$3$G>/$7$J$,$i46<U$N5$;}$A$r1d$Y$?$$$H;W$$$^$9!# K\8& 5f<<$N Bg66 @h@8 $K$O 3XIt ;~$NB4 6H8& 5f$+ $iLL E]$r $_$F$$ $?$@ $-!"KM $NBt ;3$N $o$,$^ $^!"?t!9 $N <: GT $r$= $N B? Bg $J $kJq MF NO $H 29 $+$$ L\ $G ;Y $($F $$ $? $@ $- $^$7 $?!# ?M $+ $i $N%" %I %P %$ %9 $KL\ $b $/ $l $:!" 0l ?M $b $/$b $/ $H Au CV $r $$ $8$/ $k KM $O @h @8 $NL\ $K $O $I $& <L$C $? ;v$G $7$g $&!# $3 $3 $G $*OM $S $7 $^ $9!# @P ED @h @8 $K$O 8& 5f $K BP $9$k G. 0U!" 3X Ld $N$J $s $G $" $k$+ $r $? $/ $5 $s3X $P $; $F $$ $?$@ $- $^ $7 $?!# 8&5f $7 $F $$ $k $b$N!" X @~E7J8$, $J$s$G$" $k$+!"$I$s$J ;Q@*$G8&5f $r9T$&$Y$- $+!"@PED@h @8$[$IG.0U $r$b$C$F?40U 5$ $r 2r$$ $F $/ $l$? J} $O$$ $^ $; $s$G $7 $? ( $* <r $N @J$G $@$C $?$j $7 $^ $9$,!"!"!" ) !# $^ $?3X ?6 $N ?=@A $J $I$G $O E7 J8 3X$N CN <1 $N K3 $7$$ KM $K BP $7 $F;~ $K $O 87 $7$/!" $^ $? <j $H $jB- $H $j 65 $( $F$$ $? $@ $- $^ $7$?!# $5 $i $K 8& 5f :‘ NA$J $I $K $D $$ $F$O!" $* K; $7 $$ CfFM A3 $N <A Ld$K $b B? $/ $N =u8@ $r $$ $? $@ $-$^ $7 $?!# Bg JQ 46<U $7 $F $$ $^ $9!# ;3:j@h @8$K $O$I $s$J <ALd$K $b6C $/$h $&$JI} 9-$$ CN<1 $G$d$5 $7$/ 65$( $F$$ $?$@$- $^$7 $?!#KM $N$"$^ $j $N CN <1 $N $J $5 $K $" $- $l $k ;v $J $/ ( $" $- $l $F $$ $? $G $7$g $& $, $= $l $r I= $K $@ $9 $3 $H $J $/ ) $R $H $D $R $H $D Cz G+ $K65 $( $F$$ $? $@$- $^ $7$?!# %< %_$G $N !V � $G$3 $3 $G%( %$%C $H$d $k $s$@ $h!W $H$$ $& @bL@ $, $J$D $+ $7$$ $G $9!# 1’ Ch 8&$G $N 8f 7r 9/ $H $^ $9$^ $9 $N 8f H/ E8 $r$* 5’ $j $7 $F $* $j $^$9!# $= $7 $F @P :j @h@8!" K\ 8& 5f $G L5 Cc!" 2# K= $H $b$$ $( $? $N $G $O$J $$ $+ $H $$ $& KM$N <B 83 $K K\ Ev$K $? $/ $5 $s $N%U%) %m!< $r D: $- $^ $7$?!# KM $, $J $K $+ ?7 $7 $$ %"%$ %G %" $r 9M $($? ;~!" <B 83 7k 2L $N9M ;! $N Kv $K $$$- $E $^$C $? ;~!" :G=i $K Aj CL $7 $F =u8@ $r D: $/ $N $O I, $: @P :j@h @8 $G $7 $?!# @P :j @h@8 $N =u NO $J $7 $K$O!" $? $@ $G $b CY $+$C $?8& 5f $, $5 $i $K $5$_ $7 $$ 7k 2L $K $J$C $F$$$?;v$G$7$g$&!#?<$/46<U$7$F$$$^$9!# Hk=q $N@n>e $5$s!" 9bEh $5$s $K$ON9 Hq$d 8&5f :‘NA 9XF~$N 7o$G BgJQ $*@$ OC$K$J $j$^ $7$?!# 6bA, E*$J$3 $H $K?@7P$NK3$7$$KM$r1F$+$i;Y$($F$$$?$@$$$?$3$H$K?<$/46<U$7$^$9!# KM$N =$;NO@ J8$H $J$C$? %F!<%^ $O!"M} 2=3X 8&5f =j1’ ChJ|<M @~8& 5f<< $N;0 86$5 $s$, @_7W!" @=:n$7 $?Nd E‘ 5! $,%a %$ %s$H $J $j $^$7 $? ( @h@8 $H $$ $&$Y $- $@$m $& $+!"!"!" ) !#KM $, NdE‘ 5! $N @0Hw $r $7=P $7 $?$N $O B48& ;~ $N 12 7n $G!" $A$g $& $I 2 G/ 4V $N 8& 5f $K $J $j $^ $9!# $= $N 4V ;0 86 $5 $s $K $O K\ Nd E‘ 5! $N @0 Hw $K $" $?$C $F $3 $N >e $J $$ 5; =Q$H CN <1 $r D: $- $^ $7 $?!#D6 EA F3 %^ %0 %M%C %H $r 8N>c $5 $; $F $7 $^$C $? ;~ $N!"$^$C $? $/ @d K> E* $J >u 67 $r J$ $7$? $= $N =8 Cf NO$H 5; =Q $K $O ?@!9 $7$5 $5 $( KM $K $O46 $8 $i $l $^ $7$?!# $^ $? B? K; $J 8&5f $N $5 $J $+!" FM A3 Mh =j$9 $k KM $K BP $75. =E $J ;~ 4V $r3d $$ $F 2? EY$b 8& 5f 5D O@ $r$7 $F $$ $? $@ $-$^ $7 $?!# $H $F $b3Z $7 $$!" $d $j $, $$ $" $k <B83 %F!< %^ $r M? $( $F 2< $5$C$? ;v $K Bg JQ 46 <U $7 $F$$ $^ $9!# $= $7 $F D9 4| $K$o $?$C $F $7 $^$C $? Nd E‘ 5!$N@0Hw$K!"KM$N$"$^$j$NNO$N$J$5$K?4$+$i$*OM$S$$$?$7$^$9!# 131

IUO? C <U<- 132 M}2= 3X8&5f =j$N %9%?%C %U$H 3X@8$N 3’MM $K$O!" BG$A 9g$;$K $b%< %_$K $b=P @J$7$J $$KM $r$$ $D$b 29$+$/ 7^ $( $F $$ $?$@ $- $^ $7 $?!# $^$? @l Lg 30 $N <B 83$N <A Ld $K $b B?$/ $N =u 8@!" =u NO$r D: $- $^ $7 $?!# @.2L $, =P <! Bh $9 $0$K$G$b3’MM$NA0$GJs9p2q$r3+$-$?$+$C$?$N$G$9$,!"KM$NNOITB-$r$*OM$SCW$7$^$9!# 1’ Ch 2J 3X 8& 5f =j $N X @~ E7 J8 %0 %k!< %W $K $O E7 J8 3X $N %H%C %W $r $$ $/ 8& 5f 5! 4X $H $O $J $s $G $" $k $+ $r 65 $o $j $^ $7 $?!#K~ ED @h @8!" F# K\@h @8 $K $O KM $N $?$/ $5 $s $N $o $,$^ $^ $G Bg JQ 8fLB OG $r $* $+ $1 $7$^ $7 $?!# $^ $? C] 0f 7/ $K$O <B 83 $K $*$$ $F B? $/ $N%" %I %P %$ %9$r D: $-!" $^ $? FMA3 $N Mh =j $K$b 4X $o $i $:Bt ;3 $N =u NO$r $$ $? $@ $- $^$7$?!#F15i@8$K$b$+$+$o$i$:$=$N9b$$8&5f%l%Y%k$O6C$+$5$l$k$P$+$j$G$7$?!# K\ 8& 5f << $N %a %s %P!< $K $O $H $F $b 7C $^ $l $? 2 G/ $G $7 $?!# 5W ;V Ln $5 $s $K $O $$ $D $b 87 $7 $$ 8f 0U 8+ $r $$ $? $@ $- 8&5f $N L\ ;X $9 J}8~ $r 2r $$ $F D:$- $^ $7 $?!# $^$? 8& 5f 0J 30 $N>l $G $b!" $= $N ?MJA $G 3Z $7 $$ =$;N @8 3h $r Aw $k $3 $H$, $G $- $^ $7 $?!#@P @n $5 $s $H $O2? EY 8& 5f $K$D $$ $F Bg 7c O@$K $* $D $- 9g $$$7 $F $$ $? $@ $$$? $3 $H $G $7$g $&!# $^ $?L\ $+ $i %& %m %3$N %" %I %P %$ %9$K $O 2? EY $b=u $1 $i $l $^ $7$?!# 1F 0f $5 $s $N8& 5f << $N ;Q $H=u 8@ $O $H $F $b ?H $N$R $- $7 $^ $k $b$N $G!" $= $N ;Q $OKM $N =$ ;N @83h $N L\ I8 $N 0l$D $G $7 $?!# 9- CS$5 $s $K $O $$ $D$b M% $7 $$ 8} D4 $G KM$N <A Ld $K Ez$( $F D: $- $^$7 $?!# $* $h $=8& 5f @8 $i $7 $+$i $L $= $N MF;Q $b 8& 5f <<$N J7 0O 5$ $rBg $$ $K @9 $j >e$2$?$b$N$G$7$?!# :4F# 7/$H0f >e7/!" 8E2l 7/$K $b8&5f $N$_ $J$i $:Ia CJ$N8& 5f<< @83h $GBg JQ$*@$ OC$K $J$j $^$7 $?!#H?LL 65 ;U $H $^ $G$O $J$C $F $$ $J $$$@ $m $& $J $H $O ;W$$ $^ $9 $,!" $3 $s$J CN <1 $N $J $$@h GZ $G $9 $$ $^ $;$s!# $3 $l $+ $i =$ ;N O@ J8 4hD%$C $F 2< $5 $$!# 8EC+ 7/ $K $O 6& F1 8&5f <T $H $7 $F NdE‘ 5! $N 8& 5f $r0l =o $K $7 $F $b $i$$ $^ $7 $?!# KM $N 65 $( J} $, 2<<j $G $H $^ $I $& $3 $H $,B? $+$C $? $3 $H $G $7$g $&!# $4$a $s $J $5 $$!# <R 2q ?M $K$J$C $F $+ $i $b $4 3h Lv $r4|BT$7$F$$$^$9!# F1 5i @8 $N ?9 ED $5 $s $H Aa @n 7/ $O!" KM $N 8& 5f << @8 3h $G 2? $K $b Be $( $, $? $$ :b ;: $G $9!# $3 $N 2 G/ 4V!" Lk CY $/ $K 3 ?M $G 8l $k;~ 4V $O 8& 5f0J >e $K Bg@Z $J $b $N$K $b 46 $8 $i$l!" =$ ;N @83h $G $H $F$b 5. =E $G $"$j!" 0l HV $N3Z $7 $_ $N 0l $D$K $J$C $F $$ $^ $7 $?!# $^ $?=$ ;N @8 3h $K $" $?$C $F Fs?M $N 8& 5f %9 %? %$ %k $O!"KM $K $H$C $F :G $b ?H 6a $J!"$=$7$F:G$bBg$-$$L\I8$G$"$j!"F|!9$N8&5f$N1IM\:^$G$7$?!#LL$H8~$+$C$F$O7h$7$F8@$($J$$$N$G!" ;fLL$J$,$i?<$/46<UCW$7$^$9!# $=$N B>Bg @*$N J}!9!"$*L> A0$r $"$2 $l$P $-$j $,$" $j$^ $;$s!# =$;N O@J8 $r=q $/$K$" $?$C$F $*@$ OC$K $J$C $? J}!9!" 8f LB OG $r $* $+ $1 $7 $F $7 $^$C $? J}!9 $K BP $7!" ?< $$ 46 <U $H $* OM $S $r ?= $7 $" $2 $? $$ $H ;W $$ $^ $9!# 2 G/4VK\Ev$K$*@$OC$K$J$j$^$7$?!#$"$j$,$H$&$4$6$$$^$7$?!#

;29MJ88% [1] K.D.Irwin, \PHONON-MEDIA TED P AR TICLE DETECTION USING SUPER CON- DUCTING TRANSITION-EDGE SENSORS", Ph.D.thesis, Stanfor d University , (1995) [2] K.D.Irwin, \An application of electrothermal feedbac k for high resolution cry ogenic par- ticle detection", Appl.Phys.L ett. 66 , 1998 (1995) [3] K.D.Irwin, G.C.Hilton, D.A.W ollman, and John M Martinis, \ X-ra y detection using a sup erconducting transition-edge sensor micro calorimeter with electrothermal feedbac k", Appl.Phys.L ett. 69 , 1945 (1996) [4] K.D.Irwin, G.C.Hilton, D.A.W ollman, and John M Martinis, \Thermal-resp onse time of sup erconducting transition-edge micro calorimeters", J.Appl.Phys. 83 , 3978 (1998) [5] A.T.Lee, P .L.Ric hards, S.W.Nam, B.Carera, and K.D.Irwin, \A sup erconducting b olome- ter with strong electrothermal feedbac k", Appl.Phys.L ett. 69 , 1801 (1996) [6] S.H.Moseley and J.C.Mather, \Thermal detectors as x-ra y sp ectrometer", J.Appl.Phys. 56 , 1257 (1984) [7] 1F0f CR9( , Ti-Au GvKl$rMQ$$$?%^%$%/%m%+%m%j%a!<%?$K$h$k X @~8!=P , El5~ETN)Bg3X , (2001) [8] F# K\ 89 , SQUID $r MQ$$ $? X @~ %^ %$%/ %m %+ %m %j %a!< %?$N ?. 9f 8! =P %7 %9%F %‘ $N 3+ H/ , El 5~ ET N) Bg 3X , (2000) [9] BgEg BY , TES X @~%^%$%/%m%+%m%j%a!<%?$H SQUID %"%s%WFI$_=P$77O , El5~Bg3X , (2000) [10] LZ B< 0o O:!& :e 0f 1Q <! Lu (Glenn F. Knoll), !VJ| <M @~ 7W B, %O %s %I %V%C %/!W , F| 4) 9) 6H ?7 J9 <R , (1991) [11] 66K\ V[=’ , !V<’5$NdE‘$H<’@-:‘NA$N1~MQ!W , 9)6HD4::2q , (1987) [12] 9uBtC#H~ , !V4pACJ*M}3XA*=q 9 J*@-O@!W , >X2ZK< , (1970) [13] @P 0f NO!&LZ B< Ci@5 Lu (H.Ibac h, H.L � uth), !V8GBN J* M}3X ?7 @$5* J*<A 2J3X $X$N 4pAC!W , %7%e %W %j%s%,!<!&%U%’%"%i!<%/El5~ , (1998) [14] 91F# IRI’ , !VD6EAF3!&D6N.F0!W , 4dGH=qE9 , (2001) [15] 8"F# LwIW , !VGvKl!W , 6&N)=PHG , (1992) 133

;29MJ88% 134 [16] ED>B @E0l , !VDc29!W , 6&N)=PHG , (1988) [17] 2,B< W/IW , !V2r@O%N%$%:%a%+%K%:%‘!W , CQ =PHG<R , (1987) [18] NkLZ 2m?C , !V?7!&Dc<~GH / 9b<~GH2sO)@_7W%^%K%e%"%k!W , CQ =PHG<R , (1988) [19] NkLZ 2m?C , !VDjK\ %H%i%s%8%9%?2sO)$N@_7W!W , CQ =PHG<R , (1991) [20] NkLZ 2m?C , !VDjK\ B3 %H%i%s%8%9%?2sO)$N@_7W!W , CQ =PHG<R , (1992) [21] >.NS =S0l , !VJ*@-B,Dj$N?JJb I I {SQUID, SOR, EE;RJ,8w { !W , 4]A1 , (1996) [22] 9qN)E7J8Bf JT , !VM}2JG/I=!W , 4]A1 , (2001) [23] SES %G!<%?%;%s%?!< , !V2J3X1R@1 ASTR O-E Cf4VJs9p=q!W , 1’Ch2J3X8&5f=j , (1998) [24] X @~%^%$%/%m%+%m%j%a!<%?3+H/%0%k!<%W$N%Z!<%8 , http://www.astro.isas.ac.jp/ � tes/ [McCammon et al.(2002)] McCammon, D. et al. 2002, ap j, 576, 188 [F riedric h et al.(2001)] F riedric h, S. et al. 2001, Nuclear Instrumen ts and Metho ds in Ph ysics Researc h A, 467, 1117 [W ollman, Irwin, Hilton, & Martinis(1997)] W ollman, D. A., Irwin, K. D., Hilton, G. C., & Martinis, J. M. 1997, American Ph ysical So ciet y , Ann ual Marc h Meeting, Marc h 17-21, 1997, abstract #C20.05, 2005 [25] Astro-E SW G W ashington 2/5/97 - RLK [26] Vilc hes, O. E. & Wheatley , J. C. 1966, Ph ysical Review, v ol. 148, Issue 2, pp. 509-516, 148, 509 [27] Wheatley , J. C. & Gri�ng, D. F. & Estle, T. L. 1956, Rev. Sci. Instrum. v ol. 27, (1956) pp. 1070, [28] Hart Jr, H. R. & Wheatley , J. C. 1958, Bull. Inst. In tern. F roid, Annexe Suppl. 1958-1, 311 (1958) [29] F agaly , R. L. & Bohn, R. G. 1977, Review of Scien ti�c Instrumen ts, V olume 48, Issue 11, No v em b er 1977, pp.1502-1504, 48, 1502 [30] http://lhea www.gsfc.nasa.gov/do cs/xra y/astro e/ae/photos/aeph-fmdew a r.html [31] Moro ok a, T. & T anak a, K. & Chinone, K. 2002, IEEE. trans. appl. sup erconductivit y . v ol 12. no3. sep. 2002 [32] Mendoza, E. Les Ph _ enomenes Cry omagnetiques 27 (Coll _ ege de F rance, P aris, 1948) [33] Kurti,N. & Robinson, F. N. H. & Simon, F. & Sp ohr, D. A. Nature 178 (1956) 450 [34] Anderson, A. C. & Salinger, G. L. & Wheatley , J. C. Rev. Sci. Instrum. 32 (1961) 1110

;29MJ88% 135 [35] Connolly , J. I. & Roac h, W. R. & Sarwinski, R. J. Rev. Sci. Instrum. 36 (1965) 1370 [36] Miedema, A. R. & P otsma, H. & v an der Lugt, N. J. & Steenland, M. J. Ph ysica 25 (1959) 509