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TOElClSO .,""c~

~\1114i1n Un7P17 a11/.;J n ilJJ to-JJ7J"irl1.y{ to-,;I tJ71J a\1i1n un7'iJOJ::nn 'PI ~tJ1J., .,.., OJ

J;j7 f/ 114 fa, U f/JJ ,#al uiJ to-n1W 11/7U1 B\1 f/7,;1.;J a t1.IUn.ii,{l t;/\1 n 1'ii17
..,

1\]1rl~'j1'tJ'j~t;)Url11~~\] 640 n1~L~~'j~ln.:l4'tJ1~n (;111L'Vir:J~"
(;11\].rJ!1fJ Gravity Probe B jj'AJ~Fil 700 ~1'tJ(;1fJ~~li~m3

L,j'tJ1rl'j\]m~'1~jjfJn'tJ'j::vr:ll\]fJ\]Fim'j NASA nu~li'V1r:Jl~r:J

~u.~'tJ'\-JfJi(;1L~fJV1"lm'j!1l'j1~1(;1tflfJPlCj\11'tJ~\]'Vi1~Lrlr:JV1"ln'tJ~1

fifJ'tJ RfJm'jr:J(;1:iu1utJfJ\]fJ1ml'1-m~ (space-time) Li1fJ\]~l~ln
0' d..l ~ ~

m'j(;11'j\]fJfJu.~~m'jLrl~fJ'tJ'V1tJfJ\](;111tln'(;u.~~(;111W'j~Lrl'jl~~

L~fJL,j'tJm'j~~~~ General Theory of Relativity 'Vi1fJ~~1~~

1".1{\]~'j'jrl11 LdfJU W.I'1. 2459

fll'tYJ11P1'fJ71t7'fJtJt7i111L'Y'It:1JJ (;ravity I Probe B

~-Q';I.1~ln"JflF1fl!:Jn'l.l~ln-jl 4:0 iJ 1'1.1~~(;1 Ljjfll'1.1~ 20.
LW1!:J'I.I 2547 ~"J1(;1 Boeing Delta:~ m6tV1t!:Jl'1.1ij'l.l~lnSl'1.1'f1~

fllmP1LL1'1.1L~'I.ILUfl1n 1'1.1iSLLF1~~fl'iLil!:J ~~iSflL~1m flf:lll.1

~1!:J1.11~ 1l1"Jtn~~-Q';nRflm"J'Ill(;111L'Vi!:J~~i1n 2 1?i"I.I1UUl1Jfl!:J~

1F1'~nl,dr:ll~t1fl1PiilLtJu1F1,~nl,'YjLrilLLri.vj~{;1
q

1 ..1 .,.1..1 .,
F1'~nl'Vlu~tJfl~ NASA L'l1UVlU~fll~L'Vi'1::~fl~'flF1flY:J

LVI F11U1~E.vj LVI~l::~~ L'Vi'1::,,:;'11~ ~lRt1j LtJu1~ 1,~ 1F1u'Yjii

F111~LL"JUf:ilflf:Jl~~~ 4 1?i'1 ii rotor LtJu~nLLri1F11fl;~tJU1{;1"

Lvil~nnfl~~ 4 ~n.vjiiF111~n~~~~\!,cl.vj~{;1Lvil'YjLF1Y:JvilnU~1

(t71tJfJlfJluiivt./lfjJL'YilT'iJn F1Jl'JJUPlnr;ilI.1Vfll.1"i::PiuiJJ~::

U"i::'JJ1W 183 Lf/t./ilL'JJPI"iLVt./fltJll.1'JJln) VI~u1u~t1jt1jlmF1Pi1Y:J

LL'~Y:Jn~ln~Ul~1~~11U~1l1'ViflruVlll~ 1.8 K Pi1Y:Jfl~'lLi1170
q "

'flUlJIfllUl'Vi 1{;1Y:JiiLLnUVlUu.vjiiL~t1Y:J'1l1'Vi&l~~{;1
q '4J q

1~~l]m,.tJ'LfieJ1Jtln ~1J L~n1Jl LL~1~~1f:J ~ljl] I]1JU~~1Jlru
OJ

1J1UU~1f:J1u1Jlnnil 130 ~lU~eJ~~11 LL1J11u.vj~~n1J~~~..
r.J~~lL;~ o;(UL1~1111i'-j11JQ~eJl] "1 P11?l1~~~ LL~I]U1J'I;(P1~~~r:i!JeJl]

1eJ't.!~ 11?l't.!" ~luiiD'AJRLtiD"Rn!JeJ" Gravity Probe B 1A1u

QU1J~.vjflD~~U "L'if)"~~UU'~~lQU1J" omjl 5 .,J

rFl'jIJ mf1IJ lurYvflIJ VIlJ Lnf:J:J LUUt1IJP'1 Lflfl1 (delwar) L .J1iflfn~1Iu

"1V1f:JflVll~r'jmrFltJJfIJ 4 ui1'Yi1IJ1U#t}tl.I'llJIJ'fi -27~j36. C "~flVlL1~1

11) Li/flU uuul1iu'ltJ I
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L~'iJl7 LJPlUU--a::'tij,QUU

D~1J1 n'i1tJ1]&q*Rl~J?1tJeJ\11eJu~ 1~u-Yi bFlY:lrJl~,~U 1'UU'V1 Fll1~tJeJ\111"j~1"j
'IJ

T1!J""CJn~1f1!J1f11AP141'U~'!"1Y:1b~n., 'tJ\1Fl\1eJr:J1'UFll1~'V1"j\1:;il
'IJ

tJeJ\1f.J~~'Uti\11'Ud 1eJu~ 1~'U1I?i'n~111i11 "IFJ?nP/l.1J.iifLvlliV

LV.1Jm?t/fJ\JV1WL..j'lfJ~1\Jr;ieJ\JLLniVm'Ufr'UFJ'Jl.1J1fNnLLLV!.I1.l?::U'§l1{;1'IJ

fJ~l\Ju~nLtJt:J\JI3Jw!.l" Fl\1ijb~nb~11fJ'Uf.J~~&:jlY:1Fl'U-Yib~fJrJl'U

U'V1Fll1~dbb~1~\1 iY:l11 "fl11iJiinLbi~'UtI~::'j.1R1P1" i'i1eJu~ 1~u
'IJ

n~11ti\1'!"1'UbU'UeJr:Jl\11 "j LJieJ~l b~eJ 1I~ biY:l'UflCJ~.D'iiJ.;(flflIl1""

';'11t1 (General Relativity-GR: fI.P!. 1916) ri~\1'Vil1~bnJ?1

Fll1~ ~\1 iY:l b~~tJ'U1ufln11 "~~ij1'~"jin~Fl'U-Yi b;jl1~~~nl"j

1eJu~1~ufJr:Jl\1r;ieJ\1bb\'f" Rl11 "Lii1'~~"1'U-Yid eJl~1"J~"j\1nu-Yi

1eJu~1~'U1ii bbLJi~~bU'UFll1~~~lY:1I,~Y:llnu-Yi Feynman 1ii

~ fJ'U-Yi btJln ~1111 "I3Ji1lFJ?Lvl1 iVn'§l Pf1LV p/1FJ'JfJ!.It1/.1J(Quantum

Mechanics-QM)" eJl~1"j~f.J~bFlY:lUfJn111ol1bbu&:jn-Yi QM bU'U

'V1tl"~w~n~~Fl1~"J'¥i1,,JiJ1Fl"jb;jl1~"jln.,1'U (foundation) tJeJ\1

'V1tl"~eJr:Jl\1 bb\'f~i\1 bbLJiri bU'U'V1tl"~;~U"j~~U Fll1~ ~1 b i~ 1'Ubb\i

..J ..I., ~ nl"j'V1J?1&:jeJ\1~ln'V1~J?1 'lj\1tllFlJ?1~J?1'l"jln.,l'UtJeJ\1 GR nY:l\1~

;jfJ1ol1~\1iY:lfJr:J~&:jlY:1U"j~nl"j fln~\11"J1~~1'Unl"j'V1J?1&:jfJ\1
'IJ

~"jl~~eJUeJr:Jl\11tJn 1tJ'Ubv11 QM ~1'~tYl 11n'U111fJu~ 1~UbeJ\1

m"J l'ieJY:lY:lfl~-jU'V1tl"~FllfJ'Ul?i'~ bv111,"j iju'Uiiin11 btJl~Y:llY:11~

~lnl"j'V1J?1&:jeJ\1('V11\1 Fll1~ RJ?1 ) LJil \1" ~Jl ~"jl~~flU"jln.,l'U'V1tl"~

FlleJ'Ul?i'~eJr:J b~~fl bbLJim"J'1i11 b U'Ub~f)\1U\1 bEit1j~ifltln~l ~fj~ 1 i
'IJ 'IJ 'IJ

1~n1~flP1Rfl\1-v1A1iJ1~t191~1~Afl'U~'1n.!1'UtJfl\1 GR 1~flf:i1\1

I ., .o,~...1 -~..:
t1\1Rnt1\1f1'UflA~ LLR::t1n9l£J\1L~'U!J11~A~Lfl1f1LfI!JW1 tln"jb"j~

'IJ

1J?1Y:1 ~ bbLJi\1~,;i1) mflQM-Yi bu'U-Yi~~n bb&:j~:Y:lfl~-jun'Uflr:Jl\1 bb~';/~&:jlY:1

il"UFieJ Leonard Schiff P!1~~"jl~1"j:~,;inw~n~bbvl\1~~li'V1Y:11~Y:I

~bb~'UorjeJ1J?1

~'JJVI Boeing Delta 2

Y/:;'f:)lutTumnDI.7Wl"
LiJD7U'Y/ 20 L'JJ~lf:)U 2004

~'V15~~tJtJ~LL1~1ii1Jr;il~.vjU11nD1\.1spaCe~11J~~ .vj~i~fitJm1

~ntJpjl~~~1~tJtJ~1~tJ{{\.I1\.1 spacetime ~~~.vjijI?11JOi~~11J

m1n1~~1 f:J illtJtJ~1Jl ~ ~11 bb~ ~~ ~~~1\.11 \.I'Ui b lru{{\.1

rJI\]1f'l.lLb1\]1ii~ti1\]1'1.1 GR 1~11?ii1Fl11~~~lf:1~1\]nl.JLb1\]

fj11~19l1 ~1~n~P11 tQ ~1tJeJ\]iJ1 rJI'I.I1?i1f:1tJl bb 1\] 1ii~ti1\] 1 'I.I'V1tl~D

m~otr'V1fj1l1",'i.f(11 'tJeJl'OJ~eJ\]il b U'I.Im1tJ f:ll f:ln1JiieJ-rI~utJeJ\]il1i'l.l

1'1.1tQl~:i3~~b11~'I.Ibr1f:111J1t1nl.J spacetime m:i3~~U19l11Oi'\]

m'5n'q~~tJf)~~11b'ri~SJ GPB Af) ~'51'q1~m'5ij~tfj'~

tJf)~ spacetime '5f)U t~n.flbtl\.l1Pl'\.Iri1 bU~tJf)~bb'5~ t,jSJrl1~i1

ij'q~~f) Uj bb~:; m f) ~fI R f)~num'5 Pi 1\.11\.1 Pl1SJ'VI~ij A~'VI fill1'W

.fI11'lJSJ1n,jf)~b~~~ 1~

~11L'VitJ~ Gravity Probe B (GPB) Lu1.,!1Fl"'jl.1nl~

1b~~1~f:JLTJlb~fl 40 nllurifl1.,! 1~f:J..iJ11'lJf.J~TJfll.1 GR 11.,!"'j~uu

~1f:J~bU1.,!~I.1-v1~l.1bn1?lb~1.,!111i'f:J1n~ln bbifbb~f.J~TJfll.1 GR -vi
q

btl ~~ln~1 ~-vl1 ~t1i-vl ~ ~ 11.,!"'j~uu ~1f:I~R fl"1\3iJ1~"fi LiJ\3 nt-J1.1

~~~'fl~~lnnl'1?I"'j1~~flU~lbniJU~iJl.1~flf:JU ~1.,!n,~..iJ1.111.,!U
q

Fl.P1. 1845 Jean Joseph Leveille ~I.1R1.,!~Unl'~~1.,!Fl11.1

(precession) TJfll.1 ~11~fj-vl f:j ~~lnnl,ril1.,!1ru1?ll~'V1tl'!;1j bb'l.1

1'1!~ti1I.1TJflI.1Q1r;i'1.,!bWf:Jl.1b~n'l!flf:J

VJmf1~~fJ~LdfJ\1V1~\1 GPB LL~~'VJI:l~.oi~vr'VJfjf11'Vi

~1~11t1~fJ\11~~1f1nlJfj£)-rI,...nUTJfJ\1-nli1'1,! fl11SJRSJSJ'PI'iTJfJ\1

space iifJ L u'l,!~11~ ~11Oi't1J~vi,1 ~~ L~'I,!iI~TJfJ\11111t;jf1\1~ I1Il~n1J

,jfJ~VI-rt\1 L~11~ti'1'VJf1~j;11'1,! Space UiLltU~ll11t1Lf1mfJ'I,!~r-J,'I,!, , ,
SJf111~ m~~11111L vll L 'Yir:J~f('I,!'VJf11J1~m1 ti~~ ~SJm'iL1Jmr:J'I,!LL 1J ~\1,
m1Lf1mfJ'I,!~~1f1i11TJfJ\11111t1 LfJ\1 L'Vi11~1111t11"Jm'~11t1 "1", , "
VlifJ "LLr:Jf1LLr:J~" 1~ilm1L1J~r:J'I,!LL1J~\1f111~~L~~fJ'I,!'Yi1V1'1,! l"JSJ

~j;11j;1~~ LP1~f1il~j;1~'I,!"~'!'1'1,!Lf1r:J Lf1mfJ'I,!~r-Jl'1,!~l l"JSJ~j;1~fJ\1 L~~, ,I ,
L1J~r:J'I,!LL1J~\1m1Lf1mfJ'I,!~ 'tt'l,!~fJ WW'l,!iSJ~ijm'iL1JitJ'I,!LL1JRu

..
PlR£)~ space 'VI RSJSJ' PI'i

LL~11b'1n.vji11.J1b'1\"1flt:Jn-jlJ;11\]fll'Vi1?1f:i'lJ1::1.Jlru 3 ~lUL'V11

~b'ltJfll] GR .vjLfjJ;1ijU"OJ::l?i'fll]\"1flt:JtJU1~1~ LL~nL;j\U111fj"OJ.vj GPB

I?i'flI]1J;11~~

1'IJ GR lfl\1~1~\11.Jfl\]ilL~'IJ'V11\]~1~tlLf1~fl'IJ111f:J11?i,

*,jcu~~1J~t1Jt1J11V1V1111~1U Cosmology ~1nJl1r1'jtJ1yjmn~ rlCU;:'jV1~1P11~~1 ,wl~\1n"jcl~\-Il'jV1~lf{~
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V1lJLnf:J~ Gravity Probe B

m'Jfitj U/ l} LPI ~ FltJ'iif L VtJ LNtJ /Jl"ilJ "1JJn/JfJFllJiJ7 J?itJ Fl1~~::

LvtJLW"i1::I3J1~::Lif:J7U/"ilJlml I

~ Lfij;1~lnm"jLmf:J1J L'Vif:J1J"j~il\]n"jf)1JfJl\]fl\]1J'lJj;11d L'Vif:J1J LL~::
"'- ,.t'.-

n"jf)1Jf)1\]f)\]~ln"'1Jj;11d~'IJ"'~\]"

~lnm,filU1t1ltJDU Schiff LLRt George PugeLut/1U

tJ PI.PI.1960 m"VI~Ufl1\]tJfJ\] 1~1,~ 1f1'lJL-dfJ\]~lnm'LfI~Du-t1,
1'lJl911~L~U~1fJL[;1~fl mfJ-t1L;Y:Jfl11 geodetic effect Ln[;1t!'u

iifJY:J~lfl -t1Ln[;1t!"lJ1u[;111LViY:J~-t1ij'::v1U1\]1f1~"j'~\] 640 n1~L~l91"j'"
~lfl~'lJ~'lJ jjTJ'lJl[;1TJfJ\]m"j"VI~'lJfl1\]Ln[;1t!"lJ 6.6 arcsecond,
IPiDU ( 6.6/3600 DIJP11IPiDiJ )

1 'lJ'V1tl'li~ ~1J'W'V15JllW ~ ~\] Lfl ~m"jclvieJ~1 'lJfl"jeJ'lJ L~eJ fJ

LL~zn"jeJ'lJviril-i(\] ~neJrJl\]fJ ~"jzJllfJ1ur ~'lJl1J LL "j\] 1 i;(1Jtl1\] \41 ~n ~

1'lJn"jeJ'lJ~z1"jLu~fJ'lJLLU~\]I?l~eJ(j1n-"jLFlmeJ'lJ~ L"jl~l1Jl"jtlR(j1

~- .-.,.. , ¥,
I?ll1J LL 'lJ'lJ'V11 LFl"jlz,..,n1jtJeJ\]'lJ11?l'lJ f~eJ1JeJ\]1ln"jeJ'lJ'V1\] ~eJ\] LL'lJ'lJ

ril-i(\]LFlmeJ'lJ'Vi1tJ't'lJ'lJ1L1tUtJeJ\] space"time ~jjGi ~ijFl1l1J~1J1Jll?l"j

1"jijij(j11(j1wLP1'1inllij(j1~'lJ L "jlLifJn L~'lJ'V1l\]LL";\]Fl1l1J~1J1Jll?l"j..
1'lJ spacetime till Li'lJ~DL"Rn (~~eodesic)

1J11Juffn L1Jnt]'/11j cf'JJwn5f111f'/ RfJm"iF111J'JtJ.ImtV'JJm'

I"iLFliiJfJ1J-yf'!JfJlJjVlQVl1'JJL~1J~rfJLj;1I.vn I I

t'tJ~llL'VifJiJ GPB L"jl~'OJl"jt1Jl'ViP1tJfl~LlnL~fl1nl"j~iJ'tJ .
~;fl~iJ'tJtJfl~ 1'OJ 1 "j~ 1RU LjjfliJfl~'OJlnrl"jfllJ.vj LR~fl'tJ~ ~~ 1u't'j~fliJ

nlJ~ll L'VifJiJ t'tJn"jfllJJ;i~n~lltifl L;~'tJn"jfllJiil~fl~.yjnl ~~ ~n

flY:Jl~fl~"jt1)lfJ tl?i'LL "j~ 1iiiJtil~ 1~n 1iJ 1~'tJl?i'iJ L'fJ~iJiJtJfl~ 1'OJ 1"j~ 1RU.
~1~1~'tJn"j~'OJtl?i'fl~R~~~fl~L1Gll ~Fifl~fl~1'OJ1"j~1Ru

I?i'fl~vil~iJR~~nl.JL~'tJ'VIl~L~'tJ~flL~~nt'tJ spacetime ~11~ ~~fl~
., "

L~'tJ'VIl~nl"jLR§fl'tJ'Vi c.'-,~,-

fll"Vf~1.JFl1~tJtJ~1~1,~1F1U~J;111L'Yif;J~ GPB ~1~1't1.
lJ;11~1i1J?i~1~lfl geodetic effect L'Wf;J~tJY:Jl~L~f;J1 t-"f~LnJ;1~lfl

U'lflDfll,cl~Fl11~1J?il1fll"j'Vf~1.JtJtJ~1~fl~::~lflLtJlfl'tJ'UL~tJf;J

-vir:JY:J,tJ'U 1i1"Vf~1.J11.JJ;ll~ L'Vf~r:J1.Jn'U 1'U"rTJ;1TJr:J~LFI~r:J~iffltJl~'Vil1i1'" .
iil1J;1f;J'r:J'U'Vf~1.JJ;ll~ !1" W. Lense LLRt H. Thirring 1~""11.Jlf;J

11Li:!i}U fI.PI. 1918 LjjtJVj1flLtJ1Vjf;Jlf;Jl~1~fll"Vf~1.JtJr:J~~1~.
~~11.J'VItl13ij~~"rT'VIB.nlVj 11.Jfl'tUtJr:J~J;111L'Yif;J~ L'lRl1.J1ru1J?il1

~iJ1.JTJr:J~1~1,~1F1U~::~1f;Jiir:Jf;J~lfl" L'Wf;J~ 0.5 milliarcsecond

';i}iJ (0.5 / 3,600,000 iJIJ19";iJiJ) LLif~::iir:Jf;J~lflLLIJi GPB n

lJ;11J?i

fjnI"iu7uu~\J~7n.yf[i/lJL'Yit:J'JJ GPB o'1l7L!!j~117'jrl~rUm'j

LnutifJ'JJ'i/f1\JrlULJ'i/7I"iLrlU 2 t/'l"fu~7nff L'j7n~:;f17~'i/m'j
OJ OJ

"'[i/'i/fJ\J~7n GPB 'ti7L'j7Lti7rni!ifj[i/iii7n[i/tlfJ\J"'t]~Tjff'JJw"'6117W

~JltJ'JJ7niifJt:JL'iit:J\Jr[i/

~D~~P11~-rjl1PiD1u!~

l'U'Y11~rlruf111'11~f11~Fif) nl"J parallel transport ~u'U

T.JrJ~ 1~ 1"J~ lrlu1uf111~ L~'U~lf)LJ;l~n l'\.!mii~ fjl'1T.JrJ~~u'U-virl~-vi

l'Un"Jf)ueJl~fl~.vj L~rJ'Uf111~ L~'U~lrJ LJ;l ~n 1~-«jl LU'Ut1if)~rl~.vj L11f)

~f)~~lnn"Jf)uei'l~fl~~'U LtJ'U L11f)~f)~~u'UT.Jf)~ 1~ 1~~ LrlU~ln

n"Jf)uei'1~fl~iii\-1fJJ;lQ~L'¥ifJUnUJ;l11~\~f] l'UnlLL~rl~ (fixed star).
L"Jl~::L~'U~U'UT.Jf)~ 1~ 1"J~ LrlU LU~fJ'ULLU~~ ijnl"J~lfJT.Jf)~~U'U

(precession) LnJ;l£'U J;l11L'¥ifJ~ GPB ~1~1"Jtl\-11nl"J~lfJT.Jf)~

~u'UrJI~n~111~J;lfJlfJnfJf)~1'Y1"J"l1I'1,.jI,;~1'lJ-vlnR~~11 HR 8703.
(1M Pegasi) u.R::.y~1trMnRlI~Un1\1n~~"11&PlRlI"L1R1

~P1'VI1\]tJrJ~n fJrJ~~:: lfJ Lu'U1iI1 LmfJU L'Vi~JU'Vi1nl~'Urll~ 1~ 1~~ lrlU.

(l?Jt1eJ'.\j~L~1.JL~1.JLftmriulffi~n1'J 

GPB ll;i.vj http://einstein.stanford

edu/ content/ education/EducatorsGuide/Pagell.html)
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1VPJ &~~tyilj'lJ'"j*
RI£JB'UIf:J-aUWN£Jf:J'Uuun"iil

OJ

-au'ifll WffJDf:JfiDl1L~f:J (Songia) #tJnLr-JILLg!J? (nDUtJnOJ OJ "

Lr-J7iJmJ7TJ7VU L£if:J?). U~~UUiJ17 Fl7 i1 Pi Dng:1'111 wg:

V1g:'JJ7ru'/l/tJuni7'fJ7n

jU'ifl2 WwDf:Julill1Inf:J'/I/~Dn'fJ'iii'JJI;vf:J7'JJ (lUI1IW7Ii1WWDf:J

'JTm~f:Jnf(ui7 WWDf:J'liDI1) nDugmr-Jl

-au'ifl3 WwDf:J'liDl1#tJnLr-J1ug!J? t77t91'JJ11tJn1T'l:iiJmLLIiIl1" "
, .:' .:' ~

'JJ7nm7U 17F17WWDf:J~g:~l1'fJUDn'JJln"

'i'/J# 4 L11I7L~7LLVVrr7f1'/11l1lPi'2J LL~::rr7f1eJeJnfjLOJu riy,11L~7'/11~71:ly,11v .
..I., ..: ., A A-"

LWeJl1IeJl1mjLW2JFl172JjeJULj10J::L'/IIU2JneJeJ1:l2J7n2J71:l
V

L Wj7::lPi'eJl1!rJJ7j::V71:lFl172JfeJU !Uy,11 L~7 rlf11:l

-;J~'VI~~ L "~-;J\1~11;'1~jj ~ ~ ~ ~ ~ ertlJ~ruLL~~ LR~eJ\1U1~1;i"U

~ln-;J\1~11;'1~-d\1tJ eJ\1U1~ L'VI P1 (Jun R1!J\1?JeJ\1itn L ~f:J~;;j1~1~~ln"
U1~neJ'UeJ1tj't"!.fi LtJ~ L~f:J1~1~ LLLJi\1([n~)'t"!~eJf:J L~l't"!~eJf:J tleJ

tJ1f:J't"!~eJf:J vi1L~eJ\1't"!~eJf:J "1~"1 ~'f:J'\I1~1f:JU~lLL~1itnL~~f:J1n~~

,;{n~~ 1{j1~~f:J 1;'1 L~11-eJ1'Vi 1?1f:J1u'eJ~m tP1~'t"! ~eJf:J 1?11~ L ~eJ\1't"!~eJf:J,
oJ 0" 4 oJ- oJ., .,
'VI L?J1~f:J 1;'1 'VI 1 LL~1~1eJ 1?11~'VI1;'I~'VI L~1'~eJ\1eJ~f1111?11;'11f:J 1?1~ LLn1\1, ,o~

, -4 ...CO CO

1eJ~'t"!~eJf:J 'U1L lruL~~eJ\1't"!~eJf:J~n~:~L~~~\1~~eJeJ\1 L~n~ ?JeJ\1

'VIeJ\1r11eJr:J;~~lfi111Pi'1f:J LRf:Jjj (J'eJ1J'VIeJ\1r111u?J1f:J LLLJiU~~U~" " ,
L~n1uLL~1 L't"!11~jjU;~lrui1eJf:J~ln 1'Uf:JR{r~-;J1;'IL"~f:JR'VIeJ\1tJeJ\1, ,
(JU1~neJ'UeJ1tj't"!vi1't"!~eJf:JFieJ't"!~eJf:JWlujju;~lru~~1P11~1"JFieJf:J"
jj1R1R1;'I11't"! ~eJf:J~~~~ 1;'11 ~L 1 ~111-ifju ~1f:J LL ,jjeJr:J'U;L lru"

...~ ,- 0
LtJ1't"!~eJf:J LL~l~ LtJ111 'U1\1n~~~ LL~~I?l\1 LL1?1'U1L lrueJ1 UleJ~~tJ1~

1U5\1-;J\1~11;'11?1111;'1 L~f:JLii11U1~U1~L'VIP1n~'t"!tJ1 UeJ't"!~eJf:J~jj"
fleJL~f:J\1LtJ~ ueJ1, ~~eJ\1'UeJ~ ~11\1Fi ~1~1~tlJ ~n't"!1~

UeJLlru LLfi~1u1Pi'1f:JitnLL~1\11tJRit'ULL!~~~ R~ vi11~11f:J11Pi'?JeJ\1

U1~tJ1tJ~ 1 ~-;J\1~11;'1-;J~'VI'U~LL~ ~ 1?11'l 1;'11 ~?Jru~{r~-;J1;'I11 ~~ln,
LLLJiLJieJ~111?1(1W1'U1~u1~L'VIP1L~~eJi1eJf:J~\1 ~~~eJ\1ijn11'1l1Lii1,
't"! ~eJf:J~l~1 ~tlJ~~'Il1 Lii1~ln'VI1U LLEI~in111;'1f:J LQ't"!1~U1~L 'VIP1

~11;'11n~n11 LL~~LL'VI~"?J1Li'1f:J (ffli'iJV Songia i!lJrJi1"iJ&ivlJ

!Ullli1"ffli'iJVUI9I9VUd) ~1'1iU1~L'VIP1't"!"J1 P1~pY\1n1 Lif:J1;'I~1~.
ri ~ 1;'I;;j1~1~~\11 UU1\11?11~ Rl1~ ~eJ\1rI11 1 ~~ ~11;'1

1'l1l1J~ L ~eJ\1"t-1 W eJY:I-£J (;l L u'IJ1Jiiut1jt1jl-ii eJ\1~\.ITJ eJ\1-£J\1'V11 (;l

LtJ\.IL~Y:llnUfll"J'Vil~l\.1~W 1'J1 LLW~Y:ll\1wl"Jll\.1Y:1I'l~"t-I WeJY:l1\1 L1eJ\1, ,
L~flil' fl L 1Y:1\.1~~ Wl eJ eJfl~lfll "J\1 L 1Y:1\.1 brJeJ eJl'tj'fJ\1i1eJ Y:I (1"j eJY:llfl

L1Y:1\.1!.JieJ) ~l\.1V1-tl\1 eJ eJfl1JlU"J~fl flU eJl;J"t-I-rU;ij'l\1 L ~ Y:I"J~ 1 \.I"t-I W eJ Y:I

L "t-I"Jl~ 1,j L 1 wlNfll"j\.ll\.l Ul\1I'l"JeJUI'l-rl~1jSl\.l~~n'!!fl~~ 1 ~~ lJI"J

'VIWl\.lTJeJ\1lJ1\.1FllTJlY:l"t-lWeJY:I L~fl" EllY:li1eJY:I~lY:llJll~flil~'VI~I. 'U

L~11~~1~11tl~rJ\:J L~'U~L'J'Vi'U1'U~L'JrJf:J 11?iT1(;1L'OJ'U ~L'J'Vi'UL'VI~lri

~1~11tl~rJ\:J L ~ L(;1f:J 1m ~Qlf:J ~ rJ\:J r.Jl'U~ L'JrJ f:J LL~1(;11?i1f:J LL l'UTJf:Jlf:J"
U1~~lt1.1 10 L vll 'OJ~ L ~'U-fin~t1.I~LJil\:J~ LJ11~ fJt1.I~~U~TJrJ\:J LL ';i

~rJf:i1l1f:J 1 'U~ L'JrJf:Jyj\:J\.JrJ F111"J;~n~ rJ LL ';i LLLJi LTJ1'OJ~..rl-fin~t1.I~" "
TJrJ\:J~L'J'Vi'U.j'ULLL'J~ L1f:Jn -fin~t1.I~.j'U~ 1 i L u'U~ Ltil1'OJn'U1 'Un~~

\.JrJF11~L'JrJf:JLrJ\:J L13'U 1~, 'VI"Jl, L'VI~rJU LLL'J~1r.J LU'U!Pi'U 'Y11\:JltJl

flt1J~ruf'11 ~ LJ1~'OJ~ L 1f:Jn L u'U~rJTJrJ\:J LL ';itJQ(;1.j'U~ 'VI1rJ fJt1.I~~~'Y11\:J

nlf:J1l1~ L13'U L~'UL.lj~ Rutile, Finger Print, Negative Crystal,

Feather, Boehmite Needles, Repeated Twinning LU'U!Pi'U

~ L'J'Vi'UL 'VI~lriUl\:JtJQ(;1'OJ~ LA (;1UQmf:Jl LFliJ Li1rJ~l~ L'JrJf:J~l L~1'Vil1~

~TJrJ\:J~L'JrJf:JiJFlt1.I1l1~~ti'U'VIirJLL'J1L'J\:Jyj\:JiJ~L'JLJirJ11F11~L'JrJf:J..

Ul\:J FI.f\:JijFl11~..r1 LU'U!PirJ\:J rJ( (;1~L'JrJf:J L~ (;11 'VI~~ rJrJn LU'UL~(;1 L~n

.rl'jfJ~n~ t'jIjLi~utJ~lji'tJ~liiL'I;n fJ.tJ~1j 'IUYl'Ui 22110" , "

j'



b~eJ'I-1~n bmfJl:I~ w'l'i1..l.vj11J rfleJl:lm,11..1vl WeJfJ b~'1~ti1~1'11'!WeJfJ~1

bf.J1.tJ1:I b~!?I'II'! WeJfJ~ ~'Viu U~I:I (W'iJIO11' ~1Jn11WR'iJ1JnR11J 'VUUu)

1U~Fl u'Jn"l 'tJ\] 11Jijm'JU11.JU1\]FJru.fll'1'-1'1'-1L'J'fJt:Jr:Jlt:Jm'J

Lf.Jl L~1f(uilLfi(;11...J1~,,'JU1U~'fJFil'1'-1L'Ji~t:JU1Llt1.!i?1L'Jl(;1Jl'1'-1 -!{U'VIlJ~..
U'J~~lruU '1'-1.1'1. 2510 'I'-IL'J'fJt:JFlt1.!Jll'1'-1 ~1.vj Lnl.J 1L:Juu 1inG;{uij.
m ~l t:J\]l~'Jl Fll LL 'I'-I\]tJU~G;{\]~ln Ljji~tln 1...J1~,,'J nl'JLf.Jl'1'-1L'J'fJt:J'"

~\]Luu.vjiJt:J~1UL1L'Jll?1'fJ~1 .pj\]~1~1';jtluu\]i5m'JLf.Jl1r:J 2 Ul.JU

R'fJ (1u.vj~~'fJn~11fl\]'I'-IL'J'fJt:J1Ui?1'J~QL'JFl'fJ1U~~ R'fJ ~U~~UL'J~

olf...J1...J1)

'itl'iit 5 LlPI77WW7LLU1Jn7firru~17t1lu'\i'\JmlPl'\i'Uf/1J~ LfiLLri\JF/173JflJUOJ ,

Kanthal Super flt1JUlJiJt'J\J£?lPItl'i:,'3J7t1J 1,750 LfJ"'LBfJiV

n. 16 Gas Diffusion 11?lf:JfJlr1f:JUDfi~f:Jl Oxidation-

Reduction btJ~ 15b~1.Jm~lbi5~ nLti'iilTJ CO bfJl reduce Fe a
2 3

15b~1.Jmb""~fJlj nLti'nlTJ a bfJl Oxidize FeD UDfi~f:JltJbfil?l~
2

~ru""1JiJ111'l1,300-1.6000 bTJL'\Ib'r1f:Jc3 1.JL'\I'¥J~~bU~b..,,~n 1~~L'\IfJf:J

tln bU~f:J~r11fJfJn'B bl?l'f!~ 'Vil1iifm1~'I'!L'\IfJf:J bU~f:J~1uT1Ij~11.Jl1tl"
fJfi'Ulf:J1~1?lf:J'VJtl~1j Charge Transfer Color ~1~mbbI?l1j1~L'\IfJf:J

fJfiUlf:J1~1?lf:J'VJtl~D Ligand Field JEffect ~bfil?l~ln Cr+3

L W11::'tJ\]ijW ~fJY:Jo;;jl'L.11'L.1~ln.yj Ll9Il L~1I.LUu.yj1(jri'L.I1'L.1'11'GJ'GJU'L.I1,;J.
~11Jl1{Jvil1\:'fij~t1.I1l1W~nl1.yj LU'L.IfJr:! ~\] 1~{j'V1'L.1'V1.1fW~~1'L.1rJ(1

.'lJ'

WY:J1Y:Jl~o,:(OOJ'L.IlfJ'1Jn1ruL'Vi~1.Ji'tJ'L.ILfJ\] eJ'L.I11?i'LLrl.
1. m'11(j'R~flJ\1jjlJ Gaseous Implanter '11""nu

m'11fi?5 Gas Diffusion #UEJ'JJnulJti~,Ill

2. m'lllf7om'l Ion Implantation nPl££ni.lm'lllf

10m'l£N'7££1J1J Bulk Diffusion

tJ.;6 Bulk Diffusion i~nl~\]i1fJ~ 1Unl'JL1J~f:JUm

WWPJf:J 1~LUUm L~~PJ\] 1uu~~uuRPJ1E Be-treated r.J~ Liil1~11m.
.vjLfil11ijU~1~1'JtlPJfiUlf:J1~111f:J'VJt;]~~ Color iCenter tt\]Lfil11~ln

hole pairs tJPJ\] Be flU Fe tt\]jjPJ~l?1e)~PJ~1n;~flU (fJru1J~~~n.iJ

"- ---" ---
f)UfI ~~~ry f)l~l~fJ'W Lflti~ltJlf)ry~rufll ~ "-a~ln~~11'VJ fJl ~ fJ

u~'Wl1P1f)fiulfJfium~1.g-"'~f)fJ.ftij Al 0 -rI'U~~'VISLN1P11fJ..2 3 .

;6 Be-treated ~~1sjLn"RL~~f)U) 1Jn~wWPJf:J1J'J~Lf1'VJ

Padparadscha tt\]~lf:Jln 1UD'J'J~tJl pqn Lr.Jl1Pi'1f:J1B-rl1111f:J 1.g WPJf:J

Pink Sapphire Lr.JlflU BeO n~~11Pi':~ Sunset. m Lotus LUUI?1U

WWPJf:J.vjLr.Jlu.~1tiljjmm~ti\]mm~1Ju\l11?11wn"l~L1f:Jn11 -amnu

...rPI'W~"~1 tilmm1.J1hJtJ1JWnL1f:Jn fi~mA ...rPI'W~"PI!!1 nl'JLr.Jl
'lJ

-"'~f)fJmL!ifJ1Rf)U\Jlun~~~ti1fJ1Bd ~~\]m'JLr.Jln~~jjmL~~PJ\]

i1~~UU'J1F11WWPJf:J Lr.Jl1Pi'1f:J 1B Be-trE~ated 'Jlf11~~tlnn11wWPJf:J...
.vjLr.Jl~ln1Bu.'Jn~ln tt\]jj1Bm'J~\11f:J~ 11Lr.Jl1Pi'1f:J1B1l11Ll11f:J

~~nm'Jr.J ~~ m'VJ1\] u.~\]~ln'VJtl~~ vll]nWl1 u.w~j u.~W\]nl L'Ul11

WPJf:Jtt\]~~'Yil1~'VJ'J1U L'VJUm~\] L~~tJ PJ\] WPJf:JflPJULr.Jl

LI?11 L~l'\Aj~flf:J I.LUUL9ll\]"l rl'\Ajf:Jlf:Jl)Jo;(OOJ't.Jl1~fl~riU

'V1tl~B)Jlfl~~1?1 ~{jri't.Jl't.Ji!~~u't.JtijjLI?11I.Luultiifl~'t.J~L"l!~ I.LUU

ltiril"l!~\]~)J LLUU lti1~~l'lJ'U1?1 LLv1\]FI11)J1flU Kanthal Super

~\] 11?i1URdl)J'Uf:J)J)Jlfl~~1?11't.JTJrut-d ~Tr~

m"J1(jbF1~rJ\1ijrJ Gaseous Implanter 1'IJn"JrubL"Jnij{jrJ

1IJ1bmfJ1JFirJ~~\1\11'IJ~~'I1fJrJ\1nlYJb;Jlvilu:ofiifJln1J~~rJfJ~\1n11

i51tJF111~1jrJ'IJ~lnb~lbr.JlbL1J1J~'IJ"l TrJm~bfilVlu:ofiifJln1JbL-'i

1'IJ~~flfJ~~~n~lnt'IJbL~~"J1lVl bfi1n11 u:ofiifJl Oxidation-

Reduction ~\1~~1J"Jclbb~~iJu"J~m'V15m~~\1t'IJ bL~~UrJ\1n'IJ
'U 'U

1"J1iifnlYJ~'lJb;Jlvilu:ofiifJln1J~~rJfJ11J1~t'IJb~"J1~~~rJfJ

\jml\1rJt!1'IJ chamber ~t1jt1jlmF1 u~~'I1'IJr.J~nl~\1vllVlbbU~\1

bF1~rJ\1ijrJil1 iifiJu"J~ m'V15111~ ~ij'IJ b~rJ111 'lJrJ'lJl F1 ~ bF1~fl\1ijfl

Gaseous Implanter ~~iJu"J~m'V15111~~n11b~lbr.Jl~~flfJ~(jn'IJ

rJt:J~11u r.J~~1jl\1 RF Generator F111~ft 27 b~n~b~~1YJ ~ln
'U

Vf~fllVl ~\1i'V1fJ bifl~'lJR1-B\1~1~1"JtlVl1trJ 11J1~ln1Ji';;'V1~ illVl bifl.
~'lJRl brllfJlfJ b U'lJbF1"b Vf~n~~l1J ~1~ lVl b U'lJVf~rJ lVl ~t1jt1jlmF1

tJ'lJllVl1Vf~ ~1~1"Jtl1iifnl~\1~\1bU'lJfiT~1~L?i borj'IJ Vf~rJlVlb1JrJ1813.

4-400 bU'lJI?i'IJ ~1'IJ"J~1J1J~t1jt1jlmF1V11tfl11J1~ln1j1'IJtJlfJfJfl\1brll

n'U'IJ~rllbl1flUl'IJU\1 tJ~1Ji chamber ~bbj;l'IJb~~bL~~~1'IJD&j ..

u"J~nfl1J~l~l"JtltrJ 11J1~ln~11J j;l1~ lVl borj'IJn'IJb~"Jl~1JiL 1rurAbU'IJ.
bfJ~rJj;l~lVfn"J"J~ vil1iifl?i'IJ'V1'IJm"JU"J~nrJ1JbF1~fl\1iJrJrAiJ"J1F11..

f.J~ ~'tJl~.vj~~ lif L"t'IR 1 'tJ1~f:j.vj ~1\]t1'tJL~fJo;.(OOJ'tJl LJ?11 Lf.JlliifiJ
qJ

tJ'j~ ~"t'I5111'\'j ~;j"tJ 1tJfln 1 iif Ln'tJfi 1?1 R1~1~ ~l~l'jtltJfJ\] LJ?11 Lf.Jl.1/{11 tJ
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~Jj:ma":l.?}

l!~k~ ?1"'igq1"'iwNng;fl:~:~ \If tl"'~RUn7"'fU,l§nA
f(~f:llf:l~ -wqP1~mf:l~ 2547

'ju# 6 Gaseous Implanter #iLfifJugqflt7tfULtlt7

ln~bRf:J~nUb~lbC.Jl~L'Jflf:Ju.uulm~vh'Vi1'linuluu'OJ'OJuut1~uRRL'J..
yj~Ul'OJ~1~1'jC1u'j::nflutful'libfl~11;i'

1I1i'fjmL~~f)\:J1~L'f1~-"'f) 1I1i'L~r:I\:JmL~~f)\:J~1\:J~ Ul\:J'Vi~f)\:JLr.Jlti\:J 3

f'l{\:Jti\:J~~1t;imL~~f)\:J~1r:1\:Jl~Lorj'\.! -"'~f)r:lmLfjr:l1~f)\:JU1\:Jn~~~

LLl1ltll LU'\.!-'" ~ f)r:I~lnVl1U LLf)~1m Lr.Jl L'W r:I\:J f'l{\:J L~ r:l1n1ti1t;i L~ r:I

m"J1iiLVlf'lUf'l Pre-Deposition Ion Implantation ~\:JL~~l~nu

m"JLr.Jl LL UU Be-treated ~lnn11 L -""'Jl~~l~l"Jt1 ~ );1Ut1J~l

i\:Jn~11111i'~

t<J1unl1Fi~1{jL'VIF1-nF1 Ion Implantation 'VI~LL'VIUn11

L~1'\'j~eJY:JJ?i1Y:Jlfi Bulk Diffusion ttl]'QY:J~1ui1~~uu{[u LUUL'\'j11~.
ifi Bulk Diffusion {[ul;ieJI]1fJF111~~~eJU~I]U1~~lru 1.800-1,900.,
LfI~ L~Y:J~ 1Unl1V1"l Be-treated fil1fJ-tll1JU",ieJnlf1Luu.JI11-(if

F111~ieJU ti LmY:JFll1fJ;;jlY:J~l]meJfil1,j L~11orj~1 LLvil]F111~ieJuti~~.,
jjeJl~nl11fJl]lu-lU~1] L '\'j11 ~ 1fJ Ln\.I!i~OJ"ln ~tJeJl] LL viI] F111~ieJU

Kanthal Super nl1L~11fi-d1fJL1~'1U1~~lru 60 tt11~1] LLvil]
.,., .01 -~ ,.j

F111~1eJu~n~~tJl ~n ~11] L~ eJ ~ ~ eJru,"'ll~ ~I] Ull] F111]'\'j ~ eJ Y:J'VI L~l
..,

~tJ.;t 7 LU/1LM1WbV'iJf:)'1::uUmntntln1P1 Ll1LWW1VU11iI 6 fiTbV7U/t1/ iJ\JviLfjf:)Ulj;j'wu~~lFl2./1
OJ ,"11"11 OJ

9

c.J~Lt1fll1L'VIfl1u1~ii""~lR~1~inR~::j:j1J'VJ1J1'VJ~ln

~1",1'1Jm'Lc.J1~ ~ fl f:J 1 Ufl\.ll F1 ~ L ""'1 ::r:!\]j:jat1j~t1l", ~lf:J'fJU~~

r:!\] Lc.J11"Ju'::~1J c.J ~ ~1 L ~~ Liifl1ti' L~l Lc.J1~ ~ flf:J LL1J1J 1ti' F111~;fl\.l



~anlWO/-=1I/~{~ 11"R1"winRI'Y/l.f
'~';' 1JDt.t.~3JtliJtJFlU

nutJ7tJu -wt]P1~mtJu 2547

1;i'\]{[\Jnl1Pin1;1'V11\]1'V1fJl P11~ ~1tJfl\]1J1:: b 'VIP11 'VIfJ 1 \J

i1~~U\J~\] 1"J1.l1~~::fji1f11V11{(\] l\Jb~fl\]tJfl\]'VI\J~u'U ~\J\Jnl1Pin1;1.°tj ..

{(\] 1 \J1::1;i"U1J1tlJtlJl ~1 bbL'J ::uru~ ~ Pin1;l bbL'J:: 1flnl ~tJfl\] nl1fj

\]1\J'Yil1 \Jfl\Jl F1 [;1 LLpjUfl!~1-Y1 LL ";~~Uri~~~1\J1\JfI\J-YI~\J 1~-YI~::

L~~\J'rI1U1'V1~1f11~Pl4L~~~1nni1 :&\]i1~~u\J:ijTJ fl1J L'JtJfl\] ~1J1F11J."
1 'VI f:Jl P11 ~ [;11 bb \-i\]1J"j:: b'VI P11'V1 f:J 1 \J~1::'U11J"jltJ1Jti'1JIi~u\]t11

"
iin L ~~\J-YI ~\J 1 ~ Lii1 L ;~\J~1tJ11!111'r1~1f11 ~ Pl4f.\J!1\Jij LL \J1 t u~

RPiRU \Jfln~ln{[\Jun b1f:J\J~ bTJ1Pin1;11\JF1ru::1'V1f:J1P11 ~ [;11

~1\JVI-ct\]1"J~13Jl1tl?i(;1U'U'U1'V1fJ1P11~~1 fjfl111J1j1'V1f:J1P11~~1"
l"J~~fl UL'J::fjun b;fJ\J-..jl\J1\J1Jln~WFiflf:J 11?i:iJ1eJn1 ~'Yil1J5'U~nl"j

'VIl\]1'V1fJ1P11~[;1"j1\J1::1;i"U'!"ifjfJ1JPin1;1 ~\]'Yil1~un b;fJ\J1"J bTJ11~

l\Jb -d'eJVll1!11~ b1fJ\J UL'J::'Yil1 ~iin L;fJ\J1"J!leJ'U UL'J:: 1"J ~\J 1~~

~::b1fJ\J1!111'V1f:J1P11~[;111(;1fJL~~1::eJt:Jl\]~\]rl'U1tJl~mn~~

un L;fJ\J 1"J ~l1Jl"jtl1J eJ\] L ~ti\]nl1 L 1J ~fJ\Ju1J L'J\] bbL'J::1.J11n!)nl"jru

~1\]' ~Ln(;1ij\J11?ii{(;1b~\JLVlfjfl\Jrl'U1tJlfj11'V1fJ1UL'J::1!11Lflfj

UL'J::F1"jbeJ\]ti1"J~l1Jl"jtleJfi'UlfJVI;eJ bb~(;1\] l~un L;fJ\JL~\J11?i ~\]"

b U\JL VI~ 1 ~un LifJ\JLn (;1 F1111J L;j eJVl1.l1f:J bLL'J:: l"JeJfJln L; f:J\J1'PJ 1.
~mn ~EinL91eJ 11J L~11::L1fJ\J11J U~1ti1"J LTJ11~ 1?i1fJ bVl~-d'~3Jlfl1J.
1'V1fJl P11 ~ [;11 U \-i\]1J1:: L'VI P11 'VIfJ 1 \J~"j::'U11J11tJ1Jti'3JIi ~tl1U\J"
~\] L~11Jnl1~eJ\J1'V1fJl P11 ~ [;11 UL'J:: L 'VIfl1\J 1L'Jfj UL'J::n13J~1'!"itlJRn1;1

:&\] L U\JVI'Il1 fJ\]l\J-l\]rl (;1n1::'\IJ"j1\] Pin1;l finl111?i ~"j::Vliinfi\]i1tlJm-d'

~\] 11?i"i11Jfj eJrl'U1JVll1'V1 fJl ~ fJ./(11J1:: L 'VI P1~fjnl1~eJ\J1'V1fJl P11 ~ ~1

.ifI\J31\JI;i'\]n~11 -;;(;11~~fI~um1~1J~~fl3-Y1~~\J~ZI;11J~fi~~

An~1"~\J1JR1~~1!111!111'r1~1f11~Pl4 fliilPlfll~Pl4 fI~~-

'"1 LPI£l4LLRZ~U LL 1" R~3J ~1V11"U fl~-l\]rl (;1n11J ~l'!"itlJ Pi n1;l bbL'J::

F1"j-l\]rl(;1~liin\]1\Jflru::n"j"j1Jnl"jnl1Pin1;lLeJn!l\J~~£I\J1\J"

tJ"j~L'VJP11'VJf:J~Fl"j~nl"j,.:{00J'tJ-lfil ~~Fl'tJl?i'l'tJ1'VJf:JlP1lm j;11

!JeJ~tJ"j~ L'VJP11J;)f:Jm"j~iin L1f:J'tJ"j~J;i'uii6f:J~ PTn~lj;1eJ'tJtJb'Jlf:J'iii.ij Nb'J

nl"j L 1f:J'tJ~ LLb'J~m'tJ L ~ 1?i'l'tJ1'VIf:Jl P1l m j;1; L,jl PTn'l;lL 'tJFlru~1'VIf:JlP1l m j;11

!JeJ~ mtll'\MLLb'J~1'VIf:Jl ~f:J L'tJ-l~n J;) LLb'J::: L 'tJfilffi1V1ul~~1'VIf:Jl ~f:J

'VJnLL~~.tJltJ"j~L'VJP1~l'tJl'tJiJb'J~ 350 'V1'tJ IJ;)~~'Vi11?i'1u'VJ'tJil~~11?i', 'I '" ,

1uFilLfJ-ojlf:J~1'tJl?i'lL~eJ'tJb'J~ 4,000.- Ul'VJ'VI1eJiJb'J~ 48,000.- Ul'VJ

j;1b'JeJJ;)'VI~n~j;1"j 4 iJ Fil'VIii~~eJLLb'J~l1ll"jlL'VI~l-ojl~iJb'J~ 5,000.-

Ul'VJ ~1eJ~{(~L\1'tJeJJ;)'VI'tJ'tJnl"j1~~'iii-ojl~L{If"j~'VIll~PTn'l;liJ'iii 4, ,
L'VI~l-ojlf:J 5,000.- Ul'VJ ~1'tJFil6"j"j~L'I1f:J~nl"jPTn'l;l Filb'J~'VJ~LUf:J'tJ

LLb'J~Filul"j~nl"jPTn'l;l{['tJ IFl"j~nl"j"1 ~~:-ojlf:JL\1\Jt~n'IJ~V!l1'VJ~l~f:J,

'iii.ijiinL1f:J'tJ'VJ'tJj;1l~'iii~'VIl1'VJf:Jl~f:JL1f:JnLnU IJ;)f:J1"J.ij,jeJNni{J;)LJ;)e1, '" I

t;ieJ~1U~'tJ LLJPitJ"jln!)ilt'tJtJnl~An'ttl 2546 i:ii{nL~f:J'tJNl'tJ

m~tQDu,r PI Li Dn LL~ g:i:i'tJJ'tJL,jl An~1 t 'tJ 1fl~Um~v1RJ'tJlrl1 RU

fl'tJ;;1'tJ1'V1f:Jlfl1tQPI~!JDU'lJ~g:L'VIflLcW:~U 230 flU ij~RJ;)LU'tJ

tJ"j~~lru 2/3 'VI1eJ 60 % !JeJ~~l'tJl'tJ'VJ'tJ'iii.ijfJr:J{(~'VI~J;)L'Vil{['tJ, '"
IJ;)f:JLneJLLf:Jnj;1l~llfjlllFlLL~1~uilLU'tJn~~~'VIl1'VJf:Jl~f:J'" ,
lllFlnb'Jl~ 81 Fl'tJ n~~~'VIl1'VJf:Jl~f:JlllFlL'VI-neJ 43 Fl'tJ n~~, ,
~'VIl1'VJf:Jl~f:JlllFlL[;j' 52 Fl'tJ LLb'J~n~~~..1l1'VJf:Jl~f:JlllFlj;1~1'tJeJeJn

LQf:J~L'VI-neJ 42 Fl'tJ LLb'J~LdeJLtJ1f:J1JL'Vif:JU~l'tJl'tJiinL1f:J'tJ'iii

LieJnL1f:J'tJL'tJn~~1'VJf:JlP1lmj;1;~'tJ~l'tJ ReJLFl.ij 1311'VJf:Jl ~~n~

LLb'J~Flruj;1P1l mj;11LL~1 ~ulliin L1f:J'tJm'tJ.t~ LmeJn L1f:J'tJLFl.ij~ln'iiimJ;) ,
LLb'J~LiDn L~f:JUW§n L4UDf:J-vI tQ" ij'dnl"j'iii~tJ"j~tJ~ FlruU ~..
1'VJf:JlP1lm j;11LL~~tJ"j~L'VJP11'VJf:J L{lfL'VIj;1Nb'Jllnl"j'iiiiinL1f:J'tJ'iii.ijNb'J.
nl"jL1f:J'tJ~ LLt;i m'tJL~~~~1U'VJ'tJj;1l~ IFl"j\]nl"jrJuVf:Jnll LUl'VI~lf:J.
eJl~ L-deJ~~l~ln Ln"j~ll LiJeJ ~l L 1~nl"jf~n'l;l LL~l~~ 1"J.ij 191"l LLV!'..i~

~l'tJ"jeJ~1U 'VI1eJ 1"J.ij'VJ'tJmiium'tJ'tJt;ieJ L-di:J~ L{lfPTn~lt;ieJ"j~J;i'um~ L'tJ,. '"
t;il~tJ"j~ L 'VJP1{['tJn1"J LU'tJFlll~~1~ LLt;ieJf:il~ LJ;) {(~.JiL~"jl~U~~U'tJ ,
1~Ul b'J 11?i';iJ'J;) m"j"jL\1'tJLLri'VJU1~~'VIl11'lf:Jl~f:J L~eJ LfJ LU'tJ~'tJ L'tJ

nl"j,.:{ OOJ'tJl eJl~l"jr:i!J eJ~ mtllU'tJeJ J;)~ PTj'l~lLlli tJ PTn~l t;i eJ"j~ J;i'u,
tJ1t1jt1jl LeJn L'tJt;il~'lJ"j~L 'VJP1~nml!Jl1tJl IJ;)f:J~J;) m"j"jL\1'tJ'tJeJn

~UtJ"j~~lruiJ b'J~~l'tJl'tJ 1,000.- ~l'tJUl'VJ L {If~l'tJl'tJ 4 iJ rfI~ LL~

iJ ~.P1. 2546 Lu'tJ[;j"tJ1tJ RJ;)LU'tJL\1'tJ"jl:.J{(~bi'tJ 4,000.- ~l'tJUl'VJ

'tJ eJ n~ln{['tJ~ Nl'tJ~l~'tJ n"j~.tJ ~U ~ ~U'tJ1'3Ul b'J n ~~.ij~'tJ nl"jPTn~ 1

tJ1t1jt1jl LeJnnlt1j~'tJl1i L ~n ~'tJ,.:{ OOJ'tJl'l,! Fl b'Jln"j!J eJ~~'VIl1'VJ f:Jl ~f:J

'VJ'tJn"j~"jl~1'VJf:JlP1lmj;11 L'VJFll'tJlb'JfjLLb'J~::~~LL1J;)ifleJ~ LLb'J~'tJ n.~., ,
., , -.,

I1Il~Fll1~j;1eJ~nl"j!JeJ~n"j~'VJ"jl~ 'VJU11:1 n"j~j;11~~ eJnJ;)lf:J
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~an"Uma=?j~J~ 11"6'V1"W~nmnt:J
~.;~

nUY:J1Y:JU -Wl]Ff~mY:Ju 2547
~

'lJ "iJ 1.1. ~ 'JJ 1PJ J t:1 PI U

T'I]L1fJ'I.I~fl~1'1.11Jij1l1F1l1ilI]BJ 1~I?i,unl'flU'1JF1111J~'VJ11]

1'VJfJl~1~~{t'l.l~1~11~1l1ilI]BJ ~~1J~11'VJfJl~fJ~l]fl~1'1.11Jij1l1F1

~I]LLLP1 ~.~. 2542 LU'l.lf'1'1.11J1LU'l.lU'~'n'VJnu 1'1.1 ~.~. 2546 tfl].
LU'I.Inl'~1?1m'flU'1JF1.fI]~ 5 fJLtjfJ'I.IijTflm~111J1..;f m'flU'1J.,

F1'~1~11~1~ ~n ~ ~11J TF1'l]nl'~'l]n ~11~1l1 F11~1~ ~n ~.,

F1ru~l'VJfJl~l~ ~1 1J~11'VJfJl~fJ Lti!~1] 1~~ '~~111]1'1.1~ 21

L1J1.;lfJ'I.IE;1] 2 ~tl1.;1l1F11J 2546

~lntJfl~ ~TJ fl\] N btJlflU'j~~u~il N~jjU'j~ ~unl'jru1 'lJnl'j"" "
~fl'lJ~ii\]~fll'lJtJ'"J\]'j~fj~ b '"J ~l'lJl'lJ{['I,,~~bU'lJR'jyj~fl'lJ L'j\] b1fj'lJ"
-l\] n ~ n'j~ ~1,;{t1! PI' n~l~::,rtJ..v't1wr" ~jjU'j~ ~U nl'jru1'lJ m'j ~ fl'lJ

b~~l~b ~fl\] bb~~ b~~l:-ff'lJL 1fj'lJbU'lJ'j~f:. ~ b '"J~l'lJl'lJ L W'n:: T'111 L ~f:lU

ff 11 f( PJ n'1:1 m 1:1 fJJ I3T n1+ 1'1:: r;11J;;7I1U1' PJ£:oj1U'JU F1'1 m flU L VU I1J "1:1"
Lnwi#n'1::YJ'1'Jl1ri 1m.tPJ I-:r ~\] L U'lJ R~ jj R'"Jl~'f11'lJlt1! L~~l ~ L ~fl\]

~~l~l'jtl ~fl'lJiin Lifj'lJl"'jjR'"Jl~ LtJl1'1 bb~~~n!1'\] l'lJL~fl\]{['lJ'lll;i

LU'lJflt:.ll\] ~ L-J'"J'lJRJL 'j\] Lifj'lJ-l\]n~n'j1J ~l,;{t1!PI'n~lU'j~;;Jl'1::,rtJ

D1f,/1iJbb~~ L 'j\] b 1fj'lJ-l\]n ~n'j~ ~1,;{t1! Pln~lU'j~;;Jl~::,rtJ"'1tJmf'lJ

jju'j~~um'jru~fl'lJiiflfjIJ11~b'J"1t;lU bb~~L-dfl\]~lnR'j~fl'lJitll"
VJ~n b:t1TJfl\] L 'j\] L1fj'lJ-l\]n~n'j~ ~l,;{t1!PI'n~lU'j~;;Jl'j~t;lUrll bllfl

bb~ru'j~;;Jl'j~t;lUlJ1"lU~ L~~l;Ijj;;Jl'lJ'"J'l.,iiflfj vI11J LU'lJ1UIJ11~ Lnru-M

TJfl\]n'j~'VJ'j'"J\] Pl'n~15m'j Vl"11 "'R'j L ~~l;i'l?i'fl\]VI"l~l~ ~ fl'lJ'VJn,r'lJ" .
L1fj'lJbb~~n.;R:'"J L ~fl\] l'lJ~'#in~ 1J1'j ~VI"11 '.111J ~1~1'jtljjR'"Jl~'f11'lJlt1!

L~~1~L~fl\]~~1~1'jtlfl5Ulfj l",iin L~ifj'lJLtJl1~\ilfj 11;i flt:.ll\] 1'j

n 1J11~~lnm'j~1'j'"J~tJfl~ ~~Ul1 R'j.yj L'ifl-rUm'jflU'j~'VJn R'lJ11Jl1"" .
~~ L U'lJRJ~ ~fl'lJ L 'j\] L1fj'lJ-l\]n~n'j~ ~l,;{t1!PI'n~lU'j~;;Jl'j~t;lU

;;j'\]~1~ ~1flU'j~;;Jl'j~t;lU rll b1lfl~iflU'~~;;Jl'j~t;lU 1J1"1U ~ LJ11\]n I?i' fl\]

i:im'j~\]1'lJ~fl'lJitllVJ~n~'lJ,r'lJL1fj'lJDh\]'lu'j~~1t1J 25-30 R1U

,j""J L~\]~fl'lJLJ1fl-lU~l~.yji:iti""J L~\]VI"l\]l'.J 35 ,j""J L~\] L-J'"J'lJ,j""J L~\].yj

b ~~ fl ~1 n nl'j ~ fl'lJitllVJ ~ n b:t1{['lJ fI'1iJ ~ n b:t1~:: I?i' fl\] ~ fl'lJ1t11
u

flfliJ'W1 LPlfl'; 'W~::An~l L 'lJPI'1'lJl~LL£I::\]l'lJO'1m'1TJfl\] L'1\] L ~fJ'lJ.
-vi LflfJ1tJfl\]n1Jm'11tiflfliJ'W1 LPlD';Dn ~1fJ t;l\]{['lJ 1 'lJ'VJ1\]u!iuf! RJ

~~fl'lJitllVJ~nb:t1bbLJ1~~R'lJ~\]jjm'j~'VIiJ.,~.yjl?i'fl\]U!iUf!b~~L'"J~lRfl

35 R1U,j""J L~\]t1\] L U1..!111'j~\]1'lJL~~ b~1 ~1~ RJ~liJl'jtlU!iU~\]l'lJ

1~ 'lJ~i1\] -lu ~1~ ~\]'Vil1 "'fI'1~fl'lJilRn ~ 'lJL '1\] L~fJ'lJ 1~ij L 1~1"
~l~i'um'1 LPI~fJiJ LfI~fl\]ij fl L ~D lti ~l1fiPl LL~::'VJ ~ ~ D\]U'1::n fl1J

m'1L~fJ'lJ1t11i1Rn b:t1TJfl\]i1n L~fJ'lJ

~1'IJf1"J~~lLiiJn1"JP1'n"11'IJ~ltJ11t11'¥i1"jLfiPJlnuW~n~f?lPJt)1"J\]OJ

.:t'IJijUt1Jm L ~"J1 ~ 1"j ~1~1"Jtlfl5u1PJ L\Ai~ LUi~'lJfln L vrUfliJ1n-Vin ~11

1-n'IJvrJ\]~fl L1PJ'IJ 'lJflniJ1n.:t'IJrJ\] 1"j~1~1"Jtl LTJ11iJ 1'IJf111~~~lPJ

-Vi L;jPJ'lJ1'IJ~it\]~fl L1f:J'lJfln rlI1PJ Lsjfl ~fl'IJ1t11W~n ~ ,;,'itn L1f:J'IJ

~\]~11,;,'itn L1PJ'lJ1"j LTJ11iJ u.~~ LAf?lf111~ L ~ fl~'l.i1PJ u.~~ 1"j ~'IJ 1iJ 1'IJ

n1"JL1PJ'lJlt11W ~n ~ l'IJ~l'IJtJfl\] Lf1~fl\]jjfl'YI f?l ~fl\].:t'IJU"J1nDi1

1"J\]L1PJ'IJ~1'IJ~ln1"jijLf1~fl\]jjfl'YIf?l~fl\]'YI1\]W~n~ 1f?lPJLQ~1~

flr:i1\]~\] 1 "J\] Lif:J'IJ~\]n f?ln"J~ ~1'!Jt1J P1'n'M1U"J~0J"1fl1 L1l fl u.~~"J~0J"1

I1i 1U~ ~11,;,'mW~lJmrn'1f?l~fl\]~15t)1 u.~~ 1m"in L 1r:Mi1n1"J'YJf?l~fl\] /
OJ

unuUin1"JL~fl1,;,'itn L1PJ'lJijf111~ LTJ11iJ 1'IJ'YIt"]'MDtJfl\]1t11W ~n~

l,;,'~nT1'\] 1rl1 ~1'IJ1 "J\] L1f:J'IJ~1'IJ'iiflf:JTt\] Lu'lJ1 "J\] L1PJ'lJU"J~0J"1-J[\]~1f?l

-Viij Lf1~fl\]jjfl LL~~tJ f?l'YI f?l ~fl\]'¥i1rl12fUiJ1n ~tl1U'IJ~\] L~;~n1"J~fl'IJ.
1'Y1PJ1Pf1~t)11u.~~L'YIf11'IJ1~~ (~~1'YJ.) LL~riijOJ"l'IJ1'IJ1"jf1"Ju~f?lu.~~

1"j L ~ PJ\]~flnUOJ"l'IJ1'IJitn L iPJ'IJ-Viij fl r:i 'lJflniJ1n.:t'IJ Lf1~fl\]jjfl-Viij fl r:i
OJ OJ

m"j1rl1~1t)1"J"1'IJ ~11,;,'n1"J'YIf?l~fl\]1"j1rl1~~u.~~1"j~flf?lf1'fJfl\]nU

'YIt"]'M,Q LL~ u.~'iifl f:J g,,1 u'YJ1"uDtJ~R'l1 uum'iEJUU1 ~fJ1 (oJ ~ N"jU

.i:fR7'J~::r;;~1nm'J'YJf?J~fJ".i:f~fjEJur11u'II/'lJ"ifJ~'iEJUJJ1fJBtJ1EJ

~~~::aW(oJ~rmRnY1'Y/"~fJ" ~ 11 m"in L 1PJ'IJ'Wm1uii\]n"J::'U~n1"J.
LL~~u"J1nDn1"Jru-ViLAf?lr;'lJiJ;\] 1'IJn1"J'YIf?l~fl\] ~11m"j'YI"J1u~~-Vi

LL VliJ;\]~\]~11,;,' LA f?lf111~ L~eJ~'l.i1PJ 1'IJn1"JL1f:J'lJltJ1W~n~~ln~\]
~

ij'IJ

utJn~1n'!uU\1w'U-j1'U1\11 'i\1 ~~UU 1~i'U ~f1~tJ\1ijtJ ~~~:

tJ'lJn'iclm'i~~uu m'i~tJu-viijf1f\.1111W~ ~tiu1~ If1'ifltJ~.w1 ~lP1tJ4..
~~~:1~1f1'i~If1'IJtlu~ 3 1P11 ~f1~tJ\1ijtJlPi\1n~11~UUtl~-vi~~'U'icl

.OJ

~~~: f1f\.1111W~\1 'i1f11 ~~ W\11 'i\1 ~ ~uu 1~iu~nn'i:'V1'i1\1An'l;1fin1'i
.OJ

9f\1~~Pi W.A. 2540 ~~Pi'IJ'i1n!J-j11~~f1uijm'i1ii\11U~~U~Un'i:"'\1

fi\1u~~UU .{(\1d~W'i1: 1 'i\1 ~~uuJ;j'\1n~111utJ~IP1-vir.j1U~11~ij.
1\.J.w11ii ~~~: ~~\1iJ1\.J.w11ii ~dtJ 3-4 ~~tJU-vir.j1U~1 ~ vi1'!U~tJ\1

fi\1 ~~iJ1 'i\1 ~~uuJ;j'\1n ~11~:tJ yJ~1\1~1n~"'11'V1 U1 RU ~!iU\11,.,~
OJ

~~U\1 20 fjl~~~IP1'i~vi1'!u tJyJ1\11'iriIP11~fi\1~~~~ij'[tJn1~

1~ii ~f1~tJ\1ijtJ ~~~:tJ'lJn'icl1'V1U1A1 ~ 1P14r;l'\1n ~111 Um'i'V1"1\11U.
OJ""q d., 0 d ..

~~~:m'i~tJu"'U\1~tJ fI'in~1l1'i:\11U'V1lP1tJ\1f1tJUU1~fI'itJ\1~tJ
OJ

~~~:tJ'lJn'icl~ "'~1dtJtJn~1nn ~tJ\1 ~ ~tJ ~ ~~~utJ\1nU 1~1 ~:fJU'i1
.OJ

u~~UUfi\1 ~~sj-j11 'i\1 ~~uud~:iJ1 \.J.w11ii ~dtJ'IJ'i:~1ru 4 ~PitJu.
-vi r.j1U~1 ~~Pi'IJ'i1n!J-j1 ~f1~tJ\11~ If1'ifltJ~.w1 ~lP1tJ4'Yi1~i'U ~dtJ

W.A. 2540 ri~1~,.jU~~~1fi\1~~sj-j1~:ij~1l1W1l1UUtJn"'11'IJ~~
OJ

~~~:~ ~UUtJtJ\11,.,~riIP11~ ~tiunu'U1\11 'i\1 ~~uuri1~i'U ~fl~tJ\1ijtJ
OJ

tJ'lJn'iclm'i'V1~ ~tJ\1'i1fl1 ~~ W\1-viijflf\.l111W~ ~fjUfl11~'-i1 t tlu ~tiu..
1~iu~fl~tJ\11~ijblP1tJ~'i1~~~'U'Ui1t~tJ (Digital Multimeter) -vi

~lnnl"J~l"J1~fi\]i1~tJeJ\] 1'j\] L ~f:JuVijjm"JL ~f:J'lJnl"J~ rnJ

ltJlw ~n ~{f'IJ'V'4Uilnl"J L~f:J'lJnl"J~ eJ'lJlll R'VJtl1;D{f'IJR';~ ~l L 1~

nl"JPtn1;l~Lfif:J1tJeJ\]riuw~n~I?lf:J~"J1]11JFieJf:Jjji1t1j"'lL'V'4"Jl~~eJ'IJ

~l~"Jl f:J ~~ Lflf:J I?ltJeJ\]",ii\] ~eJ LL~~~ll~l"Jtl eJ6Ul f:J L ~~ Lt1i~ 11?i'
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Q1~1"t1ti1Ufi11tii~~L~fJ~LiJUPi1L~f.J'H~~"'flUfJ~fi~ 8 r;j1LL~~

.v;.,~,ru t.,~ L~fJU'iIfifJ~~u1,.jijfl11~~'1 L iJu.v;~~tii£J~ti1ufi1 LL~ ~

1iifi1L~£Jm"A1u1ru.v;ijfl11~~~L~fJ~fi~f.JU1fl~U i~pj1~"

L ~~1dFl ~i1f1~ Ln~tu 1 u t.,~ L~fJU~n~~1 fJ LL ~~ 1 U11iJll1 fI pj1~"
OJ

~~Q~~£Jufi~15n1"~~Q""~UU"~~11Uf.J£J~n"~""'1~A~1fin1"

-vI1,.jijU.,~~..,fill1'W LLpj£Jfj1~ 1~

eJr:.Jl\]§nt1'\] 1J?i'

4. tiln"jeJUnl"jeJU"j1.J'tJ\]jjo;;(1TJeJ1.Jln LtJ'IJ.Q'F11"j1Jf:Jlf:J"j~f:J ~ L 1 ~1

m"jeJU"j1.J1..:ff:Jl1t1"IJ (eJl'OJLU'IJ 20 -30 1'IJ U'VJ'IJ.vj'OJ~LU'IJ 10 1'IJ

Lti'IJi1'OJ~U'IJ)
5. ~1?l1..:fjjnl"jeJU"j1.J\-1ffn\1~"j 3 (nl"ji~f:J) lJieJLileJ\]'OJln\-1ffn\1~"j

1 U~~ 2 tt\]LU'lJL~eJ\]1JeJ\]L.Q'eJmitJ1Lvll{['IJ \-1ffn~~"j 3 .Q'"
eJl'OJLU'lJL~eJ\]1JeJ\]nl"j~il\]tJl?l'VJl?l~eJ\]eJr:.Jl\]l.ilf:J.vj~11.Jl"jtl1tJ.
'IJ"j~neJunl"j~eJ'lJitJ1VJ~n~"j~t;i'u,:(fjf:J1.J'IJ~1f:J1J?i'

11i'\]{r1.At1.Am"J19ilL'iJ1.A\]l1.AL~eJt.:fU"J"J~llJ1tlU"J~m\]F1tJeJ\]..
nl"J~r;,eJU"J1.J R"Ji'VJ f:J1 I'll m 1J11LL~~RrulJl f!11 m 1J11 L~ltJeJ\] LR"J\]n1"J'"
ReJ RIJ1f1IJ1'V1fJ1A1RPl4LL ,.IjUU~:: L 'VIA 1 'VIfJ t 1.A'W~::U"JIJ'j1tJ,Jf(1J1i

'"

Rtl1U1.ANU LR~lJn1~m1D1.A1'V1fJ1f11m~4LL~:: L 'VIfl11.A1~ii LLPI::n~1J

R1~t1!An~1 n~::'VI~'"J\]An~1En1~~::9ieJUij LLr.l1.A\]1UPieJ L odDU

d 0 d .,
(Follow-up programme) L~eJml1.A\]11.AlJleJ~lnn1"JeJU"J1.J'VJ LL~1

Lm;OJ LU1.AR"J1l"l ..rr\];1'L ~eJ t .:fR~LL~~lf:J\]l1.A.vj Lnf:J1TJeJ\]i:jfiOJn"J"J1.J

0- do d oJ OJ ..,
LL~~n1"Jr;,lL1.A1.An1"J'VJlJleJL1.AeJ\] 'VJml1.J1"Jtl~00J1.A1eJ\]RR111.J"JLL~~'"
19i1"J\] 1-n1.AL~eJ\]tJeJ\] LR~eJTJ1f:J.vj ml1.J1"Jtl mi1um1.A1.An1~ OOJ1.A1R111.J1

.'"

tJeJ\]R~LL~~L"J\]L~f:J1.A11?i' ~eJ 1Ut1.AeJ1.A1RIJI ~

iitJ L~UtJ LL U:: L ~tJm~'lJi1J'lJ';i~m~tJ1J~~fI~iI~n ~ ~I;i'.."
'lJ'j~ If:Jtj'l1bb~~~~tl'VI6f.J ~ ~l~i~'J'lJ'j::~l.'Ifi-vi1lI.'111

1. WltJl.'IlJ.f:Jnnl'jfJ1J'j~f1'j-vi~l b;~nl'~F!n~l'VIll.'lfJ~nb'f(J;1f:J~'j1.'l"
1J.~~1~"[J;1f:J~'jl.'ltJfJn~lnnU .tJl.'ltJb'~'jl~.fJU3lUf11l~~ f11l~

WI tJl.'lnl'j bb~ ~i ~tl'lJ'j~ ~I.'I f11 unl'j b:1f:JU.1J bb~n I?1l 1.'1 nu, "

2. WlfJl.'IlJ.f:Jnnl'jfJ1J'j~flJ-vi511I?Dnl'jP1'n~l'j~r;i'u'lJ1t1Jt1Jl~11J.~~

'j~r;i'1J'lJ1t1Jt1Jll 'VI fJfJn~lnnUbtJufruI;i'1f:J b ~L9J f.J ~ btJUb~ f:J1nU

tJ'fJlJ.'jn

3. tilWlfJl.'lnl'jl'1iif1'j-vibiiliunl'jfJu'j~51f11l~.1JfJr:1ll.'l~ntl.'l-vi" "
~l~l'jtl ~fJU~itl.'l mtJ l'1iiitn L1f:JULiil1~ 11;i'{fu nl'jfJ1J'j~ WltJl.'I51

nl'jb~l~LtJfJ~llulJ.u1~n LL~~L~l'\Ajl~L~fJl.'llu'j~f:J~L 1~l-vi

nlvn.lJ;1 LtJUtJ -vi L UUfJr:1tJru::.rJ-J1 L~EII.'I-vi WlfJl.'liunl'jfJ1J'j~51~ln"
LLI?1'j~f:J~L 1~lnl'jfJu'j~.bfu 'Vill~l"J~l~l'jtlF!n~ll'1iiLiill~

W.f1. 2548 : Dwana/an (IUPAP) t1SDD wanaalna (UN)

WoJ../d Year Physics 2005

Year of Physics 2005

Albert Einstein (W.F/2422-2498)

iJ 'IAj.P1. 2548 ~::L,j'l,l111::.vjf11U1fJU 1 P1l?1111'\;LLvf\] "t/~-MfI~'j'jvtJlI,,1l1,jA1P1,j" L'lAj11::~fJ'I,In~u1ut'l,liJ 'IAj.P1. 24481'1,1

iJL~f:J1n'l,l{['I,I 1fJ,j~1l?1,j~~1J~~W\]1'1,1~i'!if:J 3 L~fJ\] .vj~1'1,1jjf1111J~1fi'CJJlJln FifJ Photoelectric Effect, Brownian Motion LLR::

Special Theory of Relativity tt\j..rULL~{[1..!lJl1wnfi1;'fil1b,jl~~f1 "VJmn~~f11~~ (Modern Physics)" fJtJl\]L~lJ~'lJLLUU

International Union of P'ure and Applied Physics (IUPAP) n1""'I.!i?11mi,..,ii1bU'I.! '~~nm1Rn (World Year

Physics 2005)" bb~~o.i(1iifJ,..,-srntJfJ~f11'JbQ~1.JQRfJ~FifJ "Einstein in the 21st Century"

fJ\]Rnl"j~VlU"j~tJltJlWi (UN ) rilVl'U);1L~f:Jnll "U:yJNnm~lnR (International Year of Physics)" LL~~'li/:d,jfJVI~ntJfJ\]

nl"jLQ~~Q~fJ\]~fJ "Physics Enlightens the World"

~~lf1~iJNnm1'V1f:J~~oj' ~fi~n,;j"j1j L;Jl111jl\] 1 ~'IJ ~1:i 1?l1t:J ~\]"jlt:J ~~Lflt:J ~~~ 11?l LL~\] 1 ~tJl1'i'J~nml'V1t:J'V1"jl'IJ 1'IJ 1eJnlL\119leJ 113
'U
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~~u1D,,~1;j
~\9 I.B"~ "J1"i6V1"iWanR1nl/
~:'~~7~.; 'lJ8££U::'I17

nU1:J11:JU -wt7P1~m1:Ju 2547

nlA:Jf.jl'vVana AfU::JnEllA18ClS

UfUD1

"'aM , ' " P11"iJrJll7Jtluuun'5::uiQ"IwwlI"iJ"iJ"iJu'5"iJU'7 '51n'YJ1U~::jU n'5::uiQ"Iwwl

Lr71d'51n.;{U~L1ru1J"'1f:J'51nU"'::"iJ"iJniJln'51nTuu~L1rudU'7--

uu"Jf:11if:1B"JwmnA 1t1,..,~r,m1LL~::L'Y1F1'ilF1m~fJ~n~

L ~tJm Fil ~tJU L~f:J1nUn ~ 1n""1tJ~Cl Win11~TJtJ~1::UU ~~ijt11 ~~

~1.JtJ~ ~ tJU IJI tJ ~~n1:: r1IWll f:J'UtJn!t~OJ::i~~ e.J ~ IJI tJn1::U11.Jm11l1f:J 11.J.
11.J"j'lJLLUU~1~11?i ""1tJ~F111~~1f:J11?i .nlF11tJlfJ~n~ ~ml'Y1f:J1L-l'f:J"
~~TJ~11.JF1;1.J'Y11LiJ~~tJ1.J1!11t11Wifl i(-.if LU1.JltJ 1 L~tJn 11.J1::I;i'U

Uit1Jt1Jl~11?f~ LL~U 2528 LL~::LiJ~1'JiinRn1;lU;t1Jt1Jl1'Y11?f~ LLIJI

U 2537 LL~::11.JU 2547 L~~1UiinRn1;lU;t1Jt1J1LtJn ~l1.Jl'!if:J

11.J~lTJ1'i1'LLU~tJtJnLU1.J 4 LL1.J1'Y11~""~ln 1;i'~'i1'

1. m"j1~~t;1'1'Un"j::bb~1...J~lti1111~1

\]lui oj' tJ.fJU~lU I?ilU n"'J~ LL~'[ ~~ltjl1l1'V'4 L UU nl"'JPf n1;l

L ~fl1.;,1,Liil1~ti\] fll1~ ~~-vru5"'J~il\]f1"'J~ LL~ 1 ~~1~ bn (;1~ln~tlntJ

m"'JL~;f.lJL6itJ1~ 1(;1tJ1(j~::tJtJbLtJ~i\3tw'nJ (vibrating probe)

1(;1n"'J~LL~1~~1'IJ;~1t"U1!fltJ~ln (~j!\./cm11u~1"'J~~L'J1tJ~~fl~

"'JfltJ"'J~tJtJ~P1'n1;l 1um"'Jl(;11'V'4"'JtJ~~t1nLmflu1'IJ~ I:Jil LLVlU\] LJ11\]"]
OJ

"JflU"J~UU tULLL'1~~LJil LL~'lJ1] 1~"Ju~-tunwu 1UnWU1.Jl LUU"J~f:J~

'YJ11]-lUB] (20-30 11.JR"JflU) iJ~1~R111.JL'11\]P1'nf:J1'rJ~1"J~~--jll]~~

~fll]iJ ~ ~Wl]iJln,fu~1] Rlu1run"J~ LL~ 1 'rJ~liJln R111.J L'111] P1'n r:j.
1'rJ~1 m"J1~ 1~f:JiOOiJ~1,.jvil t~Ln~m"Jul~ L~u~;fl"JUmu"J~u

~nl ~I] pfn~l ~1flfJll]m"JPln~1~ r.J1U1.Jl Lt1U n"J~ LL~ 1 'rJ~1.yj Ln ~

iJlnLfl1.JuilfltJflI]Ul~1.J~1,;rULL~~tJfl\]"Jln'VI1U~~1U ~U--jl

"Jt! LLuutJfll]n"J~LL~ 1~11flflflWR111.J ~1.JWufitium"J LiJit1j LGiU 1~.,
..tuFirJn"J~LL~ 1'rJ~liJ~11..,P1 LTJl tUUiL 1ru~11nl"JLiJit1j L@iu 1~

urJniJln~~1]1~pfn~1~~tJrJ\]~1"JW~Ull]flfJll]~Rl~--jliJ~rirJt~

Ln~ut1j~ltium"JL&iul~tJfl\]wtJ LL~~Ltf~~~l~-;ilf:J Characean

tJru::.n'VI11]\-1\.i1 f:Ji~f:J"1 nlWI] t;il L iAum"J Lfif:J1tiu"J~u'Yi1mrJ rJrJU

tj L~n'Vi'rJfl L~n 1'V1"J~ L~rJioQiJQf:J Lfif:J1tiUtJ~~tJrJl] 1rJrJrJu~vil t~Ln~

n"J~LL~1w~lL~~ld

u ""n n1"i!/ fJl1"i::UU r l' U"iYlI1 r W"iU /11"i1 fiI~ ::'Yi1! U lV1"iCJ:: CJ1 fJ'iif

.:9'fJ'JJ"ifJU"i::Uu'iif.Pfn7Y1 r W"iU~:: 'F/ ~'fJu'iifn ""U r tln ""U'JJ 1"i::U11 11

lVfJl1~fiI (1 UCJ:: 2) ,'i'ifJ1V1F/11'JJ11i111I31'nfJLWW1 11 V "i::U1111

"i::fJ::'Y/111 L\r F/11'JJmJ1uu'Un"i::ulV J lV1'JJ1"iC7Fi1U1Wrclf~1nlV'JJm"i

J;/I1UlVfill1!Ujtl ,DfJ P FifJlVI11W;r1U~11U!/fJl1lV1"iCJ::CJ1fJ
m'i-J Vln'i::UbV IWW1'iiJU'7 'ilnv11f:J'i::UU 17 LU'if1IJ Tww

"fJlJ~l~P1'l~l,r:1 (~,.) u.~:: .~ti1~~1~P1~1~1'U (PI'.) ll1P1'jtJ1Y1~n~ PlCU::'jVl~lP11~P1; 1Jm'jVl~lQ1~~lJtJ~lUPli'llVl;
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~IW.RUOfa":l.,j

~~tl ?1"R1"W~nR"1f1fJ~ Of 'lJD/'/' U::U '7
nUFJ1FJU -Wl]F1~mFJU 2547

1uWJiifJ~ULilum'i'lJ~ru1m~tJfJUfl1~Pl4"'~1fJ~1tJ1 LriU W~n~..~ -.~- -
LF1~ ~f]L\jL~f]1 ?:J11'VJr:J1 f]J;1~1V!n11~f]lV!11 LLL\j~1P11n11~.
~\] LL 1 ~ ~ f]~ L~ f]n1f]\]~'YilijU~TJUl ~11~I;l'UU11 U L~ J;11-..

1~ 1F11L~ J;11 ~\]~m1PtIl~loj{ ~Ul L'VJF1'UF1 L~1~1L~~ L'U1UL mI?i'TJU1~..
J;11~l1rf]\]m1 TJru~ii u~";'VI Liquid Purification Engineer-

ing International Co. Ltd. t1uLiluUMtJfJUf1U1'V1fJ I?t\]f]~

'!i\]V!1~'lJ'VJ~Bli'l1~~ulJ,riiinPtn~11~1;l'U'lJ~t"Ut"Ul1'VJ L~f]'Yil1'!ir:J

1?i'1U L~f]n~f]\] 'IJ'U17 LU1J'lJ?t:}Jri7 &!f\J 1., "&'9:: L u1Jm'l&V'IJ'U &V1i1J\J71J

7~ ~'lJv\J'lJn7n~7 ~7 &V ~'lL n~ LU1Jv~7\J B\J

4. m'i1.q'~{)"\l1'UIDI~'lJ\lL'lJD4

1u If) LtI'lJLtlf)iL,j'IJf)Un"jru~TJ1~[;Ifj111lw LtJ'IJ Lf)'lJ1t1~, ,
mf) LtI~~ ';i'1~f(u'VI"jl'IJ~W11Ltlf)i-YiLVI~l~~~L~f)1PI"j1~Vllu1~lru

~l"jl'IJ~l"j~~~lr:Jil1f)r:Jl\] LTJiJ n~If1~l'IJw~l~~l r:JL1r:Jl'IJf!1~" "
tlIf1"j~l'IJ.JlfJf)r:J~[;I Vl1.I1r:J1-;Jr:J"1 11?i'W~'lJl1uIf)LtI'lJLtlf)i.yj"
u"j~r:Jn 1PI1tJ1'IJ\]l'IJl?il'IJ~l\]" 'VI"jl'IJ~ W11 Ltlf)i~TJijVl~lr:JU"j~L11'V1,
LTJ'IJ f)f)ntiL~'IJ~L~nI'VI"j[;l L'VIf)ifj~L1PIf)i fjL1PIf)i1[;1~l1lW\.il

1W~l "1~"1 tJru~il'1I?iL~~Ptn~lnl"jlTJ1~[;It1111lw.yj~~-;Juf(u~l"j,
.yj~f)\]nmLf1"jl~1'IJ~~ru~f)\] affinity bindillg Lth.! nl"JWfi\J

tJf)\]LLf)'IJ~L~'lJLL~~LLf)'IJ~Uf)~ w~f)~f(unl"jlTJ'VI"jl'IJ~W11Ltlf)i

"j~uulV1"J., .yj'Vill"'~l~l"jtl1[;1nl"jLu~r:J'lJLLu~\].yjLfi[;l~ln

affinity binding 1~[;Ir:J1PI"j\] "j1~{(\]Ptn~lnl"jliiLfI'lJlr:J\.ilLL~\]

1[;1nl"jLu~r:J'lJLLU~\]'VIl\] LL~\].yj Lfi [;It1"lJl'IJul \]Ul1fi1r:Jl I[;Ir:J\]l'IJ

L 'VI~l-dL'ii'IJnl"ju"j~r:Jn 1PI1TJ1 Lf1"jl~Vl1'IJl?il'IJnl"jLL W'VIf:i LL~~nl"jVll,
~l"ju'IJL;jf)'lJ1'IJf)lVll"jLL~~1'IJ~\]LL1[;1~f)~ ~

2. m"j1~ulPilun~f11NP14b!j~1'toJWl (Electro-mechanics) !JtI~.
b'ZJ~~bb!J1U~tlU

m1P'in~1-d'bfif:J1nUm1b~ul\l1 b'ZJ~ ~ b~f:J11U~Ul~ 1~~1

n1::bb~ ~ ~uf:J1UR1l~flR~U1'VJ~ Wtl iIn11~tJf)\] btl~ ~1U~Ul~ 1~~1

l?i'\]n~11~1~1I?iFif) nl1bR~f)U~b!j\]b~\J nl1bR~f)U~b!j\]~~ IJ.~::.
nl1E ~tJf)\] b~f) b tI ~ ~ b \-1~l-d'\ll1'lJ bflf)3.ITf:J\]nUnl1P'in~l b!j\]'VJtl~.o

b ~f)f)5ulf:J FJru~~u~ bfj\] 1~~ltJf)\] btl~ ~1U~[)l1::~l\]1 nl1P'in~l

b \-1~l-nll?iiJnl1'WOO.Jul~'lJ lJ.uutJf)\]{f11 ~~llJ.~::1::UU~tl.!tl.!lru

1~~l T~f:Jl(jbtl~~b11~biGf)~bb~\] TW1T'VJ'~~l~I?i~'lJ bb~::IJ.W~\]ril'lf)U

~tJJlbri~ b,juJi(1f)f:Jl\]P'in~l tJru::-d'nl~\]P'in~l Model ~

b\-1~l::~~b~f)f)fiUlf:J~[)lW\ll1~~l i~[)lWf:Jf)~'VJl\]1~~l IJ.~::

R1l~'OJ 1 ~~ltJf)\] b~f)';;'~ btl ~ ~ l'Il~1'lJ'tl1\]tJf)\] btl ~ ~{[U1
...,

3. m"j1~U;;lUb~tI';;'1Jb'ZJ~~ (Cell mlembrane) bb~::bi1t1n"jtl~.
(Filtration membrane)

\1l'IJi-iil:J Lfil:J1nUm1 LFI ~eJ'lJii!?J eJ\11eJeJeJ'IJ~l'IJL~eJ'lii1J LTJ ~ ~,
LlPll:JeJll'1'l:J 1eJ LTJ L'VIUn1J,;{'IJ l'11'\1m ii! ~l'IJ1Jl1f1Pfn~l ~ ~n1~'VIUtJeJ\1

~'lJl1J1'V.J~ln1~1J,~~~ul1ieJnl1lPllPl~~5ll'1'V.JeJ~L'V.Jl'1 L-neJ\1OJln'lJ ,
'V.JeJ~'V.JeJ1'~ (P) LU'IJ5ll?JeJlVll1~lRt1jl1ionl1L~1J-..J"l'IJ1'IJLTJ~~ m1'IJ

nl1~~l'1 L~eJn1eJ\11~ii1~lPl LTJ1liJn ~eJ~L1JeJ1 LL~~1~lPl~~1J, ,
~eJ~L1JeJ1/weJ~L1JeJ1 Vl1eJ LTJ1l~jn/WeJ~L1JeJ1 'VIlPl~eJU

FIn! ~n1.;cn!~tJ eJ\1 L1J1J L u1'IJfl1l:J L'VI FI'U Fll?"il\1"l L ~ eJU1~l:Jn l'11 'lJfll'IJ, ,
nl1vll1ll1 'Iii'lJ1~'VI51J,~ ~nl11J,l:JntJeJ\1 L Vli~eJ.fI\1 L~eJ\1ln ~u1JlltJ1 VI"j,
LlPll:J LuWl~TJeJ\1 L VI~eJ.fI\1OJln L 1\1\1l'IJeJ l'1 ~lVln111JeJlVll1'V1~L~ j:j,
\1l'IJLl'11l:J1J L~eJ~eJ~ L1JeJ1ii!OJlPl-..J"l L1JL~fl~ LUlVl1Jll:J L~eJvll LU'lJL1J,
1J LU1'IJLTJ'lJLTJeJ1~lmU l'111OJ-iiU ~l1LL U ,~nu~eJ1J l'IJ1ll ~1J Ul'IJ1-4'fJ

THE F L I N T S 1 0 I~ E S

II'."'1
)

And sihcel dOh.tut1derst£lnd muCh,
4 have a. very Ih~regtjJ:1q life-. .."', '. ' .c- ,.

,
" 13-'

1- ~

~1n URW. Bangkok Post
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t,::Jt:./Ut,t"iiuwRnw

--Q,I

&n1J""nU'R'lI1JNJJ'l/IEJ

ml m~ F1;U F1f)-&r~\1L~r:J'lJL~'IJ~ ~n~i1Uut1~~ LU'lJLt1f)Vil

~f)L{jf)\]~lni1uu"'LLf41..,~~t?t\]I~'V!~ '--r".;'"iIlRn" Lf)l1i ~~TJf)

f)'lJflll~m"jUF11l~ LWI~~ln~f)'IJ'" LL~11l L"jl11;i' LLUU;;jl~f)\]'V!l\]q.11 q

F1ru~ Pll m ~1TJf)\]nl"jf)f)n LL uul (;1;Pljj'[~n rJI\],\Jcvi 1 LL~~;PljjTJ f)\]

'f .1 " R h sin ~ 'f
l.~nml~l"jt1F1l'IJ1'IJ1.(;1~lnm~nl'j = I~ 1.(;1r:J

~ = i-a U~~lrl.l..,r;if)\]f)f)nLLuum"j'V!(;1~f)\]l(;1Fif) ~~ e LL'lJl

fi(;1Vi-&rnTJf)\]~~t1tiFif) til L "jl L~~ r;i'IJlI~r:Jnl"j~'IJ~"j\]~f)\]f)f)n 1u1 'IJ
q

LL'lJl"j~rJlU (t1\]vll11;i'r:JlnF1;U) ~r:Jl~r:Jl~U\]rlu(;11\]~ll~f)~i1\]

LLf41ri~Vliil L~niif)r:J L~f) 1~~f)\] L~'lJTJi~U~l11;i'i{(;1 L~'IJ ~~.., L"jllPlf)\]
q

ri~ViiilTJrI.I~'" L "jl~f)\] 1ur:J\] L~'lJTJf)U1Nlti Fif)~~t1,r'IJLf)\] LL~ LL'lJl
q

fi (;1t1tivll11?i'r:Jln 1~'V!~ ~lrlt:1J Rf)nl"jLu~r:J'lJLL'lJl fi(;1iJ1~ LU'IJ

"jUfi"j"j~~ln;J'IJ jjnl"jl(;1 LL~~ml~l"jt1 LtiU;jf)~~ Lfj\][;]l L~TJ 11?i'" "
L{jf)\]~ln "-r"-r,,iIlRn" LU'lJn~n'j"j~..,~~t?t\] l~l~iin L~r:J'lJ11?i'

'V!(;1~f)\]~~\] 'l rJI\]{r'IJL~f)'lJ1TJu"j~nl'j~lrlt:1J~\]f)~"'nl"ju"j~~nl?i

1{jLF1~f)\]~f)Vi~f)-qun"jrl.l1(;1 'l"'Vil11?i"]lr:JLL~~"jlF1l1"JLL~\] (N~tJD

L ii\A'IJ::fI;uiln~n"~d,,Ju LL \A1API:~lnnilfil-v11 (;111?i'). TU# 1 "UU~INB~nl~Rdj~~lm~1nl~f~f~iffNn
OJ

1~r;1U.Jl.tf1] ~eJl] 1 ~~1J'i{ ~~;eJ1J6J n'IJL ~eJ'OJ~ueJn 1T?iilif'IJo1\un'IJ

~eJ~ LL~l L:jjeJL1'l~f:Jlf:Jl1J1JeJl]1'~r;1u.Jlln~~l fll~TJeJI]1~r;1U.Jl

l'IJ~lf:Jf:Jll] I?ll'IJ'V11n ~eJeJn 11Jn'OJ~ LU ~eJ L:jjeJ L 1l L~I]1JeJl] 11J~ ~lf:Jf:Jll]

~n~eJeJn 11J ~ll] ~l L 1l'OJ~1J1U~ll1Jf:Jll T-rjn~ lml?lfll~ 1n ~~'i{~

LLl?ifll~1~r;1u.Jll'IJ~lf:Jf:Jll] ln~ ~ln'OJ~LU ~eJ Eini1t1!~l~~unReJ

Ll1'W~l1Jl1~1JeJI]L~1~r;1u,Jll'IJ~lf:Jf:JlI];ii1n~eJeJn11Jnil14 L1J~1'

f.J~tilJf)1~11r:i~~pYn~tJ1r:Jil'IJFilPl...L111{jL1~11unil 2

tt11~\]-v1tJlr:J'\IIllPllOi\]n1~LlJ'lJtilJ 1f)LU~r:J1UUlJlJm1'Y1J;1~eJ\] 2-3
.OJ

UlJlJ...U~~ 1 'IJ-v1 ~J;1n ~\] 1?i'1-v1m1'Y1J;1 ~fl\] I?l eJ 1 uti.
b~1JI?iU b~lI?iEll:lm~~;ll:1b~U1?1~1:I DE f;l:IbUUb~UYi

~I:IQlnrlUb~u.!fF1j:itJElI:IT~n b~11{j~~nm~111f:1" tJElI:I~lf:1f:111:1

U~lf:1biJ[;1~ElI:I~lUYi1~ifl~ElU~~1Jlru 5~~1JtJ1WitJElI:IR111JJ;i'u

U~~f:llm F1tJlf:1vil1';';~~J;i'uifl.tf1:l ~ElI:II~lUEI r:J ~1:I~ln~~J;i'uifl'V\~ b~
'U'U

b v11rlU J;i'1:I{fUb~Ub~El1J~~J;i'uiflYiU ~nf:l.tfl:l ~ElI:I!Jll:1tJElI:I ~lf:1f:111:1

fiElb~U1?1~1:I DE

~11?i"Ul)jf)luRf)nl'J~1§1\]Lb?f1J1?1'J\] AB L~f)'OJ~VI1~~fi~.
e L~f)1~L~11'OJ~lU~UN~~f)1~~U~ 2 u'J~nf)'Unl'Jf)6'U1UR1'U..
L11f) L 'J1U1U ~lU ~lUU1\]~\] ~f)\] 1?i'1U!~nn'Ul1i'ul{J ~f)\] l1i'u (lum"i

nPltQFJ\J~7\JrJiuI:I7£VFJ\JrJiuu'1\Jf(u 14.ciO L'JJfI/"i) LL~~1'ii1?l1\]1?11~f)\]

~'J~I?i"U\'ill?i'lU~-d\] ~f)\] 1 u~n~ru~vrt~ L i1U'J~I?i"U\'il~\] ~f)\]1?i'1'I.J

oji'Un'I.J~f)~ L 'Jl'OJ~i\] Ln1?1~'U-jl "Lb?f'~~f)'U~l'OJ~f)t:J~ln-jl'J~I?i"U..
\'il1u~lUU1\]" ~\]-dL~'Jl~ L 'Jlnl~'\]~f)\] lU1?11~ Lb?f'I.J1?1'J\] DE

'I1'I.JLf)\]

, .-
U11fJlfJ1J1L;flfJ ~ til)~t;1'il~L\-1ijfl'l.l'OJ~\ilfJFl~U LLlP1Lfll

L~l'OJ;I)~ n~u~'IJ~11Fl ~'I.IL,j'l.lFl1~I1JfJlnflY:ill)§I)~'OJ~1JflI)L~'I.I 'iu-rlf 2 n7'i;;Jl?/fJUn'icJ.iU&V::m'iL~\J;rJ1J~71J/P/7OJ .
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11?iT'f~ L~'I.J L'lJ:jrJU~l1m'j~rJlrJl~~r:JI11':;'L~'l.JtJr:JU L"";rJt1jUl'V1~

'j::rJ ::[;)l1n ~11 ~~ 1J.~::r:Jl~l'j~ ~~frn ~ L~r:Jn~~:: "1J'1'1&n1"

Ut1j""l L~r:Jl1m'j~r:Jl1'j::[;)U,Jl~'lJ ~11:J ~lrJrJll1l?il'I.J1n ~ T~rJm'j

fjI1LfJr:Jn'V.Jll1T1l1~fl11~""'l.Jl'lJ'j::~1t1J, 0.5-1 LTi'I.JIVIL~~'j 1':;'~11

11?i'j::[;)unU~'I.J T~n (lfflV7t:Jt:J7l1 ~iftJ~l~t:JJf(tJ?iJt:J) 1J.~::r:J~'j::[;)U

L~rJ1nu'j::[;)u,Jl1 'I.J~lrJrJll1l?il'I.J 1n ~ (l:ilrJf UlV/PIl1 TtJJu-YI 2)

LfJ r:Jn'V.Jll1dtJ1rJnl""'I.J~'j::[;)U,Jll?il'I.J 1n ~ 11?iT'f ~ L~'l.Jij'I.J

"',-..,,-_.

w.ff3
OJ

OJ ., OJ, OJ OJ" ,.,; -..
L 11nb';j'U1.J1V111.J1.Jn1.Jn1.l~fJR"J L11Y:Jl]f:J1.IfJY:J'V1 L~1.J1.JfJl] LVI'\,!

.'U

1~IPl'UJ1{(1] ~fJl]fJf:J1~1Pl'U L~Y:J1n1.l t1\.!~fJ 1U1iifb';j~~1Y:J~11u L~I]
'U

.vj1~IPl'UJ11n b';j ~1 LL'V11.1 L 11U1 fJl]nl'J1.J fJl] 1 iif1~IPl'UJll?il1.11n b';j

~1Y:J ~lfJY:J11.1LL1.I1 L~Y:J1n'U L~1.ItJfJ'U~11:iifL~1] 1U.vj1~IPl'UJ11PlI]n~11
'U

LL~l f'i fJY:JeI b';jn£1.It1'1e1 L~ fJU1'U R1'l1.J ~l]tJfJl] ~11] ~11 iif~I]£1.II. I 'U 'U

OJ1.In1~.fI1]~11]~1 L~1~IPl'UJll?il1.11ni~ (U7fJ'i:fIP11J'fJfJIJLiifJnW1IJ

lun'irun7ff LiifJnW1IJr/7fJm'i:JfJIJ) LLb';j~ L~1.ItJfJ'U~1 ~fJn1.lLU1.lLL 1.11

L~1.I~11] L~Y:J1n1.l IPlI] LL~~1]1?i1Y:JL~1.IU1~ L11fJ'Ill1~Y:J~.vj~11]~1 L11

UlfJl]1.JfJl]~I]£1.I (y) V!111?i1Y:J1~Y:J~"f41~11~VlilI]Ub';jlY:J~1Y:JY:Jll] (x)

L11tiOJ~11?if'ilU1~1.Jlt1.1tJfJl]1.J1.J e.

Fll1I'1ii1~n~L,j'I.J~f:JeJ1J1Un'I.J1'I.Ju~~U'I.JFieJU1'~1J1t1l.
6300 n1~ L1J ~1' t1'\]FleJ'I.J;Jl\]1JlneJf:1t1'n",'IleJf:J L~eJ L'¥if:JUnUFll~"
ril'I.Jlt1.! 1F. LLl?iti\]n1'~{r'I.JFl11I'1ii~ ril'I.Jlt1.! 1~ 'l.J1'~J;i'U'PJ'l.Jl J;1'PJeJ\]

"wuflT'R'u",," ritieJ 1F.l1 L,j'I.Jm1'L~1J 1?i'I.J~~f'l1U~lmUnl1'

lJ;11I'1ii1~n.vj1{jL~f:J\]T.JeJ\]~11J~\] 1F.l.I.rl ~lf:Jf:Jl\] 1"jL1J~1' I.I.~~

L'ijeJn-,-Jl\]

fi1{11~.vj N~tlfJ1nN1n 1-MNej1U'li1fJ~~ ~1"",u1~lrl1.J
'II

flDR~Ub~fJUb~U~~ru~~U1.J,.,u1 Y1"~::btlUPlDU~1.J'fJt)" '~j~fRii

fNn" nAD11 b'31'l1'3::R1.JUty"'111n~n'3'3~UDnR{11'J.vjIPi~n~11

b '311~ij bfl~D"~~ bR'fJ b '31~ ::R1~1'3{1fi1U1tUfi1if1ij1Rn 1~

Dr:j1,,1'31P1fJ1~;'D,,1iibfl~D"~PlbR'fJb~Dfi1U1tUfi1.w"nti'u

sin~ ~u1.J",u1ijfi1P1D1.Jfli1.J ~

11.ln~n11~~~\]1 L1111;i'VJI?1~eJ\]1.:;.'t1nL;f:J1.l 3-4 F11.lmlOll

y W'Ul1~::11;iIOll-vilJ.~nLJil\]n1.lWfl~~FI1111.l,j1\] 2-3 LtJ1.lI1iL~~1

L~fl1iilOllF111~~\]TJfl\]1?11\]~1~ln1::l;iu,Jl'VJ::L~ (h) tf\] L111"J11;i

11?1IJ.LJiu1::~lruI;i1f:J~1f:J~111flf:11::'Vf-;il\] 3 fi\] 5 L~~1 nw'Ul1"
i'f'1ijTJfl\] 1~n'Vi1I;iijlOllflf:J11.l,j1\]U1::~lrn 1500 fi\] 5500 nl~ L~~1"
'Vf;flfll~ 1?111;i~lnn11~'Vi1I;ivilm1w ~ fl ~1l1f:J'Vf-sr\]n~n11~ L~;~ ~1.l"
LL~1LU1.lI;i'\]~U.fi 3"
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n7tjI1l7"a"7w§n,.,f'

I. tJS::JDl/a::A~tluc:flA'h:I .-Q-'.
'lI1run~ RUQ'iJ1Jw

'~~n{fu" b~Wl'll~bb"Jn (Dirac delta "function") bUU

'~~n{fu" bb'lJwn'lJ"J~Wl~tJ'L1~~~.vj.1j~nriu~UltJlw~n~ .vj~i~
'lJ

1~11Jw~riti'u u.l?ijJ'P1n~tlJ::F1~lr:lW~1iti'u 1UU'V1F111~i1'~~b;jr:lU

fJr:l1U"J'lJbF1~fJ~V!~lr:lf'il~~ U'V1F111~Ji1"lJ"J::nfJuI?i1r:1 3 l'lfJU ~fJ
'lJ 'lJ 'lJ

I. tl,,::-m"R::1917JJR7Rty. II. n1WU7EJ'l '&R::unU7nm"

lifu7u. &&R:: III. ?HUEJ7JJ'iJEi7UI~191u19{"&&R::PI17JJUJJ7EJ

~::'V1r:1fJr:lW~l'll~w"lI?i'U iiU~lnQUui1'buu 3 QUU

'lJ'~1Pi.yjN1fit1!

Paul A. M Dirac (1902-1984)

11..!U 1885 K. Weierstrass imRru~P11m~'TJllb!:leJ1,:{1..!

'Lllbm1..!eJbb1..!lRl1~FiJ;lbfi!:llnU "wuriti'u" dRlj\]i,L1n LJ;l!:leJ!:I11..!"
{f1..!~eJ1..!'VIrt\]tJeJ\]n11W ~~'!!'VJtl~[jU1IJtJ1::~lru 11i,L!:I,m'VJ11 m ~

(Weierstrass approximation theorem) (Byron and Fuller.

1992: 'VIUl 228-232) tt\] b U1..!'VJtl'~[ju'VJ.yj ~ll'i't1j~ln 11..!lTJl

-.., ~ .
Rru~P11 m ~1J;l11..!m11 bR11::'VI bTJ\] Rr~~P11 m ~1 (mathematical

analysis) bb~::'VJtl~[j~\]ritt1..! (theof)' of function) 'VJtl~[jU'VJd

bfi!:llffiJR11~bU1..!1tJ1~~::btj!:l1..! (represent) ~\]ritt1..!t;leJbi1eJ\]1J;l1J;l

11..!TJ1\]iJJ;l'VIrt\]~ I;il!:1~\]ritt1..!'IIoj\11..!l~ ori\]RfJl!:lnu'VJtl1;[ju'VJ

b'VJ~b~eJ'i,Lt;l~11tJnil

lJif)~l U 1926 LL~~ 1930 P.A.M. Dirac iinVJmnb:-1

!j11fl\]ntl~ e'J LU'L,l~tl1'lJiJnF1'L,1~lRn 1~~l11F1'L,1~\]TJf)\]n ~f'11~ 1?1;'U .&1 ,
" " " .OJ. --OJ" OJ OJ_, OJ .

F11f)'L,I1?1~ 'L,I1 L~'L,If)TJ'L,IeJnF1'j\]'\Aj'jf)~'VI\1 LLF1~F1 ~~'VI'L,I1f)f'1~'j'j~TJf)\]
'U

"oWuriti'u" -Ii (Dirac, 1958: VlUl 58 -61, 70, 90) L~r:JLUULR~r:Jl.1

ijr:JRru~F11~~1~1f'i'tlJ'Vi1{j~;ll.1 (formulate) n~F11~~1R1r:Jul?i'~

""11u (u.U1J'I..Il~fj1~) (L51'V::n£\i7Jff\JlUlJ~ II. fJiJ\T/JnF/J7~

t71.1 LU'I..I1U LLUUn ~F11 ~ ~1R1r:J'I..II?i'~~11~n~ F11~ ~1L~'VJ1ntinu"
n ~F11~ ~1R ~'I..IL;jl11i1f:1n'l..l LL~~ 1~{j ~tlJ 91n'!;ru Lu'I..Iffn,!;1n1n il

0' (x) (delta) LU'I..I~~I?lU1~L~'I..Ivll1.:if 'o.wuriti'u" -liLU'I..I~~~nu.~~

tln'll11uU1~f:ln ~1{jr:Jr:Jll.1nill.1tJ111.1" .
LjjfJii'\]U 1948-1951 L. Schwartz 'ifnFlru~P1l~~1tJl1

~{\] LP1~ (u.~::L,j'U'ifn LFlmfJ'U1'\111'V1l\]~\]Fl~1Pi'1r:J) \Xl L~'UfJi5iJr:Jl~

".w~nttu" deJf:Jl~ LFl';i~Fl'~ Ltj~Flru~P1l~~1 (mathematical

rigorous) 11Pi'b-flL1"'J 1~r:J~fJ\]Lu'U~\]ntt'U'if~Ltj\]L~'U (linear

functional) TJiJ~'\II-ct\]u'U1J~1Jfj~~ntt'U (function space) (Gel'
" -.l:

fand and Shiloy, 1964: '\II'Ul 1-5, 413) LL~::tJr:Jlr:Ju.'U1Fl1l~Fl~'U

11J~nl'JiJr:Jl~ "oW~nttu" ~'U1rJ ~jj~~'I1~LfJn~l'U (singular) LL~::

nl"jl;ilLiJ'Unl"jrlu'ii'U (LtJ'U ~tJFlru~, fJ~"li'U5, Ei'U'ViLn"j~)

1.:.if;S~ L"'J'U1~'U'Vil'UfJ\] L~r:J1rl'U 1~r:J LtJl ~\]~fJ Lir:Jno/(111Jll

distribution 'UfJn"'Jlnd'tJ\]jjfln~fJVi-d\]~iJr:J~Lir:JnRfJ ~\]ntt'U

ll\]'ifr:J0/(111J (generalized function) u.~::11Pi"'liOOJ'U1LLFl~fJW~

0/(111J (eJ'U"li'U5, Ei'U'ViLn"j~, ~~nl"jLtj\]fJ'U"li'U5, "1~"1) tJfJ\]..
.,OJ l:,

distribution fJr:Jl\] LFl"j\] Fl"j~ LTJ\]FlW~ P1l ~ ~"jtJ'UFltJ'Ul'U LL~ ::tJr:Jlr:J
'lJ" ..

~'U"'Jlnu.Fl~FlWmtJfJ\]~\]n;S'U5"j"j~~1
'lJ

---
,.,.0

'10.,--
~
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~
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~
N

e
+

~ I -
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~
N
+

~ INN -
-0-0

~

Karl T. W. Weierstrass (1815-189/)
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l.11P17""i7Wan sf

f111~~1f1t1!

~~;I] til1{jF1ruI?11'11~1?11eJr:JlI]LF1-:i1]F11[;l f.J~LQ~fJtJeJl]

~~fll1Lfjl]eJ'I..!'W'I..!6r:JeJfJ 1'l..!ltJ1W~fl~ojl'1..!1'1..!~lfl L U'I..! distribution.
LTJ'I..! LL{J LLL9itoi(1L~eJl]{f'l..!/i'l..!"1'1..!~lfl1 eJr:Jll] 1v4w1Aii"fi fl1JtJeJl]

Lfll~ (1'l..!1ueJ'I..!'W'I..!6) ~lm'IJ~'I..!1~1w~1~iJu1::~ l1i'eJl]-QfJl~" ..
LU'I..!~~fll1tJeJl] distribution ~1]~::~1~11tll'ilif.J~ LQ~fJ~LU'I..!

distribution ReJiJ ~fl'!;ru::LeJfl"1'1..!eJeJfl~1119i'

~
'-

1~
I

1~
' "

~
~
I
II

~'-
1~"
1~
' "
0

N
~

t>
Laurent Schwartz (1915-2002)

1'1.1Fl11~ L ~'I.If.J~ LL31il'IJ~~ltU'VI1\1Vj~n Rtlfl LLw J;]\]
'lJ

(represent) 11?i'1?i'1r:J"J"1'1.11'1.1flt:.l1\]\ilr:J"] ~t1'1.1TJ;]r:J 1fJwnJ;] LLlPln1.JW~nR

fJ\] LU'l.lfl1JLflruo;j~wl~1'Jtl1o:iiU1~1ru'V11\]VJ~flL-:1flflfl~111?i' 11J LL~

i1'GJ::LU'I.IL~fl\]'fJfl\]"J"1'1.11'1.1flt:.ll\] Li;ir:J1 LLIPl L'Jlnl~\]~r:Jlr:J1~WOOJ'I.I1

Flrul?l I'll w 1?l1~ wl~1'Jtl1fJ LU'I.IrJ(1 LL'V1'1.1V11fl LU'IJ1l1~11Jfl\]fl1JVJ~flL-:1

TJ;]r:Jfll'JWOOJ'I.I1~'I.I'GJlflW~U~~11U1Jfl\]"J"1'1.11'1.11?l1~'V1q~~"J"1'1.11'1.1

flt:.ll\]w~1J'Jru (ij\] f.J~ 1I?i'VI~1r:J'J1~fi\] fl1JVJ~fllt'l.l~UFlruI?l1'11 w 1?l1

LLUU'l.l1~fj'J'J~~Wl~1'JtlLLwJ;]\]11?i'1?i'1r:J"J"1'1.11'1.1LL-l!J1) Lt1'1.1 L'J1

'GJ::w1Jl\] concept 1Jfl\] '~\1ritf'l.l" LJ;]~1?l1~LL'JflU'I.IFlruI?l1'11wI?l1

~.ij'J1flS1'1.1'GJlfl'V1q~~"J"1'1.11'1.1flt:.l1\]1'J?

l.JieJ~lt1.JU 1955 G. Temple il'nVJ~n~btJ\:IFlrut)1f'11mt)11

'lJ11fl\:lnq'li 11?i'\J1'lJ'\J1\:11B'l1r:11~ bWflfl b 1eJ1ti'1.J~\:I~ b'fJl t~l.ilr:lij1.J

(Lighthill, 1970) cfjlJL'i7~::ng;j77fflJrUlPlfJU# III. 'tlfJlJU11F/77:Jd)

I?1Fl113.Jib;j'eJ\:Il?i1.Jbfir:l1nuilr:ll~ "w~lnti'1.J" bl?1 b':j t)11~ I.!."jn bbb':j~" "
distribution ~1.J"111?i11.J Byron I.!.b':j~ Fuller (1992). Lighthill

(1970)

bf)nml~pjl~E~

Byron, F.W., and Fuller, F.W. (1992). Mathematics of clas-

sical and quantum physics. Dover.

Cortizo, S.F. (1995). "On Dirac's delta calculus." fund-anI

9510004. http://xxx.lanl.gov/

Dirac, P.A.M. (1958). The principle of quantum mechan-

ics. Oxford.

Gel' fand, I.M., and Shilov, G.E. (1964). Generalized func-

tions. Vol. I Academic.

eJf:111]1"j'ti~ .ij~l~l"j'rum"j"Uf:I1'-J "~I]nrtu" LlP1~l'11u.~~"

u.~ ~ ~ W~TJeJl],;[U 1 uu. 'U'U distributi,on ReJ l'11'-J u. Ul'V11I]TJ eJl]"

Schwartz ~'-JeJI]LUU~l]rirtu1!~Lfjl] L~'~'UUtJ;lliJ~l]rittu 11tJ'U1P1"

~~11'-J~lL1~tJeJl]~11'-JL~':iI]~'fJlP1Lfjl]~rul'11'11~l'1-1TJeJl] .~~.. 'Ii

l'11'-J'VItl1-"D'liLUUL~f:JI]~lfJlf1M (myth) ['-Jlf:Jl~~: 1'1..!~'liN'-J'VI'-J1f:J

fil] ~1P1;jeJ'I..!u.;j1]'VI11]l'1"j"'j'n~~~n " wn1ri " 1'1..!nl"j'rJll]'VItl1-"D

'l!1]~ntJeJ'I..!11~lnn1"j'~~1"j'rul LW"j'-I~D'VI5'WR~ln~11'-J1]1'-J,"

~11'-J~1]b-:l1] LL~~~'-J'U"j'ru1'1..!l'1"j"'j'n~riu;SeJ'-J~ 1'1..!b-:ll'1..!~'I..!" TJeJl]" " "I

'VItl1-"D{f'l..!beJl]'UlP1UI]n1"j"fJ'UiltJ ~~11'-J?i1P1'Vil'1..!eJl]-d1'1..!tJ'fJtJ(),jl

~l1!n 1~"j'1] ~;ll]'Uf:J'-J u.~~'VIWI] ~,;[f:J 1~:IJ'l!1] bU'I..!tJ'fJ1j(),jl~11'-J~~

,;[n1tJ1'1..!~lTJ1-sr1]~'-J1'11~l'11 btJ'I..! tJf:J'fJl'1'1I (2545, 'VIiil 95, 98, 202);

?;]J1(n~ (2546, ~iil 176, 177)] 'l'I..!eJl~nw'U1tJ~~11'-J~;1]

~b'VI~eJu.ri "m'iL~~;l]mfJtUtJtI"MbL'n" eJf:111]1:IJ~1'-J1"j'~~;ll]

~rul'11'11~l'11"j'eJl]'fJ'U? u.lPi'l..!eJn~ln{f'l..!r:r\j.ij'VI1I]b~eJn~'I..!"1 ~Ul~'I..!1~

~nl"j'l~l"j'rub'VI~l'1ibb~~;SeJb~'I..!eJ~'I..! btJ'I..!1'1..! Cortizo (1995)

(u!1i PJ'JJrllJ RU I.1J L~fJilm'i'j~l'in1eJpJllJ Tu Cortizo n'i::'YJufllJm'i

ufUU1lJIP71'JJLLU7t1fJlJ G. Temple rJf~7f:1'1/f~fJI.1J?)

Lighthill, M.J. (1970). Introduction to Fourier analysis and

generalised Junctions. Cambridge.

tTf:Ji'IPl11 L~it:JJmu1eJW1"j (2545). I'ty7f/tJ1, TFI"J\Jmf1\JutJ'JJ, ug.f\J

TFI"J\Jmf1\JutJ'JJ num"JJ3rn1111'jF11m/P/7. im~l.

~l'1'n~ fI'V1"j~~1rutjpj (2546). Lfj\JfJ"J"JmlPJJutf"J"J'JJ. 1J~tju.
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L1~1...u1U (xlO-9 1Ul~)

2.5~

2.0

1.5

.0 '

0.5,

1~n1'IJu'OJ'OJU'IJL~iJfJ'IJ",-dl.1il'OJ~L~n~I.1L~fJr:I "l L'ilfJl.1'OJln.
nl~.;(00J'lJl'V111.1I?il'IJL'VIF11'IJ1~~ ~l~~~'lJL 'VI f!1 'ill fJ rJll.1 LtJ'IJ L ~1

~1~1~tl"'IJ"'lfJfJ~~'OJln~n1~n~n~ln",-d1.11~'lJL1~1111fii'IJ1'Vi
'U

I?ilr:1a'IJL~fJ1LU~ L~l~l~l~tl-Kl.1fJl"'l~ -K1.1:fJfJ~'IJ"l ~",i11.1
'U

~1.1 L'I'.j~1.11u'OJ'lJtiI.11fJ'lJLi:i'IJ~~",ilI.15'U1F11~ 11?i1~r:l111l?ifJl.1~n 1u.
'OJln",iil'OJfJF1fJ~~l L~fJ1 LL[;] ~1.1-vin ~11~lfJll.1l?i'IJi:1"OJ~ 111 ~l~l~tl

LU'IJ'OJ~1.111?i L~r:I"'lnU~1f!1'OJlnF1fJ~~lL~fJ1 11i'1.1{['IJ~l.1iJnl~fj~"'IJ

LL~~.;(OOJ'lJl L~~U~~~'VIB1l1'1'.jtJfJl.1F1fJ~~~1 L~fJ1fJrJll.1 [;]fJ L'ilfJl.1 L~fJ

-vi'OJ~1I?irll'IJlr:1F111~~~~ln~Ulr:11~nu~'IJ~~~ln~I.1~'IJ 'illfJrJll.1.
",-dI.1-vi L i1'IJ 11?iT'f~FifJnl~.;(00J'lJl L ~~F111~ L ;11 'lJnl~U~~~l ~ ~ ~

('VilI.11'IJ)TJ fJ 1.1 F1 fJ~~l L ~ fJf( 'IJ nl~ ~ fJ1J ~'lJfJl.1 [;] fJ Fil-Kl.1tJfJl.1~'It~~

~
0.01 ~

O. 0.5 1.0 1.5 2.0 2.5 3.0

1JU1~1J'i::':1ft'Y'Y1tU

,1'/Jfi 1 rilLJfJluUJIJV'iJIJ~Juil[i/IPi'iJL£1'iJ'J.Irf:1lJrru'/J'j:;'UJfft;I.Jt;l.J1CUV'iJ1J

MOSFET LU l'iJ~ LUUWIJrfr7UV'iJIJVUl [i/'/J'j:;'UJ fft;I.Jt;l.J1CUF!11~ L ;111..1m1'VilI]11..1!Jf)l] 19f)~~1 L~f)11~r:J'VI-fin'OJ~;11..1

nlJF!11~ L;111..1nl1'ii~nl1nlJril~I]'fJe:11] L'VI~1'\11111..1'Fi~ L~f)~1l1r:J 11..1

1eJti (IC : Integrated Circuit) tilLl1b'i1~11tlr.J~~'\II'rnJ'Fi~L~f)~iJ

'fJ1..Il~L~n~I]11..1!J1..Il~1f)fj~LvllL~~'OJ~~1~11tl1J11'OJ'\II111..1'Fi~L~f)~.
11?i~ln;11..1tfl]'OJ~'Vil1 iif1f)fj'Vi1 I] 11..1 11?if~111 ~ ~~lntJ1..I'VI;f) L ;1;11..1

,j'1..ILf)l] 11..1L 1~1~ Lvl1 L~~ 11..1tJ11] ~f)l]'\IIP1'J1~~ N11..1~11I?iiJn1,o,;( ~1..I1

~~'fJ1..I1~'\II111..1'Fi~L~f)~'OJ1n 11\JIF!1L~~1~1]1'IJ'OJ1..Itil] 90 1..I1I1..1L~i?11

T11] ~1~11tl L~~ F!11~fi(F!11~ L ;1:111..1n11'Vi11]11..1!Jf)l] 1~ IF!1

1'IJ1Lt!~Lt!f)~'OJ1n 66 L~nn~Lfl1r}1,fl'IJ'OJ1..Itil] 4 ~n~Lfl1~t1

1..If)n'OJ1n~n11~~!J1..I1~'\II111..1'Fi~L~f)~'OJ~'Vi11iif~1~11tl111]

'\II 111..1'Fi ~ Li?1 e:J~ LTJ11n ~n1..l~lntJ1..I~!I]'OJ~ ~ ~1~r:J~'\II11] 11..1n11

~1]~tl,jtl,j1ru1~'VI11I]tl~::'Jityty1ru (gate) 'fJf)l]'\II111..1'Fi~Li?1e:J~

tfl]'OJ~'Vi11 iif'\ll111..1'Fi ~ L~f)~~ f) ~11n1..l 11~ L ;ltJ1..I~n 1?i1r:J

'OJln 1'1.1'itJv12 ij\] LL~£9l\]n~~TJf)\]'VJ'Jl'l.l!j~Li?lf)11'1.1ffn~ru::LU'l.lLLtl1...,

L1f:J\]n'l.lTJf)\] L~'I.I~1£9l 1~",::(ri7m77jifLuuIPiJIP77U'YI7U R) LL~::Q'I.I1'1.1

1lPlfjL~n'VJ~n'J::"'ll\]L~'I.I~1£9l(ri7m77jifLuuIPiJLn'IJ1.l7::~ C) nl'J

ojlLL'I.In'lJ'J::~'VJfilll'V'lTJf)\]nl'J~£9lI?if)L~f)~lf:J\]~l~l'Jtl'W'OJl'Jrul

1F.'OJln~~F1ruTJf)\]F11l~r1fl'l.l'VJl'l.lTJf)\]L~'I.I~1£9l1~"'::LL~::F11l~'OJ
'U .,

'lJ'J::'OJTJf)\]1£9lfjL~n'VJ~n ~~F1ru.rJL1f:Jnll L1~l",\l1\]f)l;ti (RC., 'U

delay) ij",\l1f:JLU'I.IL1~l LL~::ij~~ 1£9lf:Ji?l'J\]nu~tlJtlJlru1£9l"1 ~

tI!\]r.jl'l.ltl!1'1.1~lPll?if)L~f)~ If:J\].rJ 1£9lf:J..jJ11'lJnl'J~lPlTJ'I.Il£9l.fl'l.l~",iill?i'£9l

TJf)\]L~'I.I~1lPl'OJ::LU'I.Inl'JL~~F11l~r1fl'l.l'VJl'l.l R (LQl"'1UL~'I.I~1£9l R

= PL/ A Ljjf) p. L .LL~:: A Fif) ~lll'V'lr1fl'l.l'VJl'l.l.F11l~f:Jl1LL~::

.3:..;., , .,.,
'V'I'I.I'VJ""I.Ili?l£9lTJf)\] L~'I.I~1£9li?ll~~l£9lU) LL~::nl'Ju'J'J~ L~'I.I~1£9l LTJl

1n~n'l.l~lnij'l.l'OJ::L~~FilF11l~'OJ'lJ'J::'OJ C TJf)\]Q'I.I1'1.11£9lfjL~n'VJ~n
., .,

flr:Jl~ 11ntPll~ W1I?lmJlr:JF111~ilnl1~I;1Wll;1'V111W~ LtPlfl1

'OJ~yjl1 mflT1yjl~l1.! 11?i' L 11ij1.!L~~ fl1u Li1fl~'OJln§~'VI111.!~ ~ LtPlfl1

ii'fJ1.!l 1;1 L~nm-a~PlpjDLBD~ tfJU (iIlterconnection) 1~~il~

'VI111.!~~LtPlfl1ti'OJ~§~t11L~11~ilLl~'l~'I11~ (delay titne) ~;fl

L 1~1~'VI11'IJ~ ~ LtPlfl1l?i'fl~ 1t111.!nl1~i I;1lJlfl L~fl~ 1r:J~ijr11~lnij1.!

11;1r:J L';)'~l~flr:Jl~§~ LjjflU1~~ ~t1Jl:Ylruii'fJ'lJll;1 L~nnil 0.8

1~1F11L~tPl111;1r:JU1~~lru (-atJii 1) Ll~1~'I11~'OJln~11.!WIl;1lJlfl..
L~fl~1r:J~'OJ~iiN~flr:Jl~~ln~fln11F11UF1~F111~L11tJfl~.-.
F1fl~~lLtPlfl1

~1'1.1W1I?1L91flL~fl1J 1f:J\1111f:J 1'1.11flti1l?1W] t{jl1Jl't1~~1'rnl1(;;' 'iU.;t 2 (n) nlF1I11IP1f1?1IJflfJlJh"J'?1.IillPI,jfJLtffJ'JJlf/IJL1.IYwU'i::nfJuCP?'?f/..
LH1.ICJ? IPI ICJu::I11?Ul t!1IJ l11?fJf/11.1£Vl'iid1.l?1.I YIPID L~nn7n..*Vl~11t:i ([;11.) U1:;~lmf1"jtjl~~n~ f1tU::'j'l'l~1f11~~i ~m"j'l'l~l~~LB~lJt~~
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~

i1~fll'l'j1[;l~L~n'VJ~nl?tl (LLnu#~:;'L{jUriVU:;' Al LLiV:;'bV1"ilcPlflLNn

n~n SiD 1P1l7#Uf:f3JTrjffuTu11~~'I1U)2 .

J {~Lfl~~

~

c iUL~\-I~g'i'l~

'i7.l.rf 2 (tJ) n7'J-oi1C/tll1£V?UillPllPitlLttfJ3JTf:Jl1'4J1n'J7.l.;:t 2 TIPlf:J.;:t P Fitl
OJ OJ

'J::f:J::?1l1L£VuTC/u:: UC/:: :r Fitl FI?13JU1.I11.ltll1L£VuTC/u::

1~nl1~(;1F111~l?il~'VJ1~ f)l~lti1~"'~'VJf)I]LL(;11] (Cu)

LL'VJ~f)~iJLiJY:J~ (AI) fjl]~~tJ1Y:J~(;1F111~l?il~'VJ1~~1]1IPifil] 36%

f)r:JlI]11n[;11~LLiJllr;i'1Ul.yj~.yj~(;1Fif)1~"'~Li5~ (Ag) LLt;iLi5~jj

FilF111~ I?il~'VJ1~'I!f)Y:Jnl1'VJf)l] LL (;1 I] L~Y:JI] LLFi 6% 1~11F11.yj

LL~l]nl1~ln t;i'1]{[~'VJf)l] LL(;1I]~I]F11] LU~r;i'1 L~f)n.yj~.yj~(;1~l"'1'U.
f)[;1~1",n11~1f)tJ1~tJru~;j ~1",1'unl1~(;1FilF111~~ C ~1~11{l..
'V111~(;1Y:Jnl1~(;1FilF1I]'Vi1(;1flL~n'VJ~n K (TU'/J7\JntiffffJJffn~n1 cr)

1(;1Y:J.{(11utll1 ~ (;11(;1u1~nf)U 1Pi1Y:J ~1~jj{f1'VJ11] 1 ~~1"'1f).yj L1Y:Jnl1.
jj1(;11~~1~~1 (LtJ~ ~11.yjjjw~B~LF1jjLLUUjj{f1) ~~jjFilF1l].yj

1(;1flL~n'VJ~n~1] L~11~11Lsjf)jj~~1~1~~1.nlY:J~f)n 1(;11~~~~L1Y:J1]"
r;i'1[;11~~~~~1~ 1~~1.nlY:J~f)n ~I] ~~~~1~ 1~~111~ 1~r;i'1n~11]

1(;1flL~n'VJ~njjtJ~1(;1L~~ij~ t;i'1]{[~L11~1~11{l~(;1Fil K 1~(;1Y:J~(;1

F111~ LL11]tJf)I] 1(;11~~"'1f)~(;1;;jl~1~1(;11~~ 1~~111(;1flL~n'VJ~n

~111] eJ f:J"J~Vlill] b~'IJ~l ~ (d7m'V t?i7 Ln'V'lJ"it'"1 U 'V'V LLt:JuFifJU7U
'U \' .'U

C = C KA/d LiffJ C d K UfJt d FlfJ 6Qm'WlJfJ~fJfJlJ6Qt:lJt:lJ7mP1,0 .
Fi7 FllJ'YiIV1§ Lilnn:t;n UfJt"itlJtv!7lJ"i:,"J/f77lJ LLt:JU 1P/7~ b'ii71P1'V) ~ ~~

1?111.J1.Jl ~ eJ b 1 ~lVl'Llll] 1eJTi~~ij Fll b '}'Aj:ut1"IJ bi1 eJ~'lJn"Jru('VI"Jl'IJii b'J-

bl?1eJ1)ij!J'lJl~b~n~I]u.~~~I]~~1~nl"JWI~l1ieJbt1eJ1.J1f:1l]"J~Vlill]

'VI"Jl'IJiib'J bl?1eJ"J1ii b 1 ~l1.Jlnt1"lJmeJ 1eJi3vill]1'IJiil ~1]il"lJbeJl]

lunl1~1?1F11l~ bb 1\]TJeJ\] 11?11'r'! ~~l~l1tlvll1~1?1fJnl1bmeJn

lii~l111?1§b~nmn~iJoj{ufj~{fl'V1l\]bF1iJiieJfJn1l SiD (ti\]iJoj{Ufj~
2

Si-O) btJU lii~l1~iJoj{Ufj~ Si-F ,..,;eJ Si-C bb'V1Uti\]iJF11l~bb1\]

!JeJ\]oj{Ufj~{fliieJfJn1l Si-O ueJn~lndeJl~ lii~l1~ bb'V11J~~ 1"JiJ
" .~ ~ ,--~ -0 -.

'r'!Ufj~TJlb~fJ btJU ~l'j'VJ~'r'!Ufj~ C-C ,..,1eJ C-H ~l'r'!ln'r'!eJ~b~eJ1

~U'V1:;~ (LLlPiil(ffJ LmfJ Pi fJilVtyU1 L(flnUfJln n11&V 17ffIJ 1P71'l11 Tu

n7::111Um7PJ§l1ITuUd1JfJIJL&Vff!J7111wLfjIJnfJUfJ::LfjIJF/11~ffJU)

~l,..,'ftjnl1~ 1?1"J" lU11..I11?11 'r'! ~ ~l~l1tlvll1~1?1fJnl1~ 1?1 F11l1M'lJl bb 'I1u

TJeJ\]~l111?1~b~n'V11n bt1U b~~~1l\]~\]1U1U1F11\]~'fil\]1~1?i'1J

~~l1lF1TJeJ\]~l1 (b~~F11l~'V-i1U) luU1~ltU~ b""~l~~~

1 'lJuloiVJ ~n~ L 1 ~lmlll]fJl1t1 L U'IJU1~lru-Vi ~l RtlJ-Vi~lU~~

~ll~ L ;11 'lJnl'j~~~~(V!~fJ~lfJ)U'j::~tJfJl] I?ll Ltiuu'j~~fil]~~ 1 U..
~lU~~ ~ll~ L ;lfJll 'lJnl'jL~~( ~ J;1 )Rll~ LPill] P1'nr:il?ilfJ 1?l1fJf:.1ll]

~~nl'jtJfJl]nl'jL~~~ll~LPill]P1'nr:i V U'lJl?llLtiUU'j~~ fifJ

v = lIoe-ti'Rc

tl?1~~ v LU1..lR113.Jl9il\]P1'nf:i~\]~I?1~if"JLnu'lJ"j~~'W'\]~1t;ibL~~ t LU1..I
0 " q q

t;i'~{r'l.lL~f)1~m1WOOJ'I.I1F1111JL~ltJf)~F1f)1J~lLI11f)1~U

1?if)11J11;i~~I?if)~IOi'l.l'VI11J,~~~1j1~1~L9J"'~r11 K ~1(~W'I.I6~ffllJ,~~

F1111J'VI'I.I11J, 1l'l.l~1 )1Jl1t11 'I.In1~Ul'1.1nl1f.J ~ 1111f)t1T1~'i1u L U'l.lL~f)~'"

OJ 4 d 4 ., .., d4' ~.,
'V11'V11f:J1Jln ~lL'VII11F1f)L1Jf)L'V1f:JUnU 510 1~[;1'V11JF11 K 11111Jn~~.2 .
1~lJ,tj~1J,1~LtJ~n~ 1~~L~lif:J1f11~LtJ~F1111Jif)'I.I LtJln'l.lf:JlnnU

1~L9J~'I.I.,~m1~[;1ifu~11LF1~«t~'I.Im1f.J~1111fJt1 "1~"1 ~~"'~lF\t;1J

fJY:il~~~1'1.1m1L~fJm~[;1"'~r11 K ~11Jl1t11'1.1m1f.J~1111fJt1 RfJ.
~~l?ifJ~1~[;1[;1ifu't!1 (J1!iPi1 K R"2J1ntl'i::2J1n1 80 &f1fJl1~1n" Of

WutJ::rf7 O-H) ~F1111JF1~'V1'1.1LLtj~1J,1~ (R12J1'innUn1U";fJR"J12J

&RU~1nm'i1JV1v';"J &VI1R"J12JifJU &&R ::m'in'i:: && nn I Uf1'i::'U"JU

m'iNNPf) ~F1111J L~lif:J1Lfj~F1111J1jfJ'I.I (IJiRR1v';"Jltl nI fJnlunD
.Of

1JfJ"m'iNNPflfJfi"tl'i::2J1n1 400-4500C) ~F1111JL~lif:J1Lfj\:l

mf:Jf11~ LL~~ LF1~f11f:J 1I?in1~Ul'1.1m1f.J ~ 111 (Rl1nU';fJm'inPfn'i"

RC = 2pKEo (4L21 p2 +L2IT2)

11?lr:J-Vi L AD f'l11~r:Jl1tJDI]L~UL'jlI?l1GI,.,~tJDI]~lUi1I?lI?1DL~D~1r:J1]

!?i'1]{[ULi1fJ 1 ''In i?ll~-ViVl"J1UoH~ Li?lD1i1T.IU11?l L~n~uvll1'1iiL 1 L'jl,.,'I111]

fJl1!1i1lDil~l]nl1 L lL'jl~11]~ln1J"J~Pl~f11f111t"UtJfJI]VI"J1UoH~ Li?lfJ1" 'J °tj°tj

(1U-r! 1) L"Jl~~1~~1~1"JtlL~~f'l11~I~ltJfJI]1fJ!111?lr:Jm"JL'jl?ltJU11?l
OJ

VI"J1UoH~ Li?lfJl1lPiiSnl?1fJ 1u lBL~r:Jli~T.Jlr:J-KOOJU11fJ!1l?1fJ 1u1lPiAfJ

~~ !?ifJl] L'j I?l f'l11~ !?ilUVllU LLL'j~f'l11~~'U"J~~tJ fJI]1 ~ 1?l-Vi'lll~lvll LUU,. .
VI"J1UoH ~ Li?lfJ1 nL-il1AfJ lt11L'j,.,~-Vii1 ~m~ !?ilUVllUUfJr:J LLL'j~~l"J-Vi

20

L1Wl ~~L~'l.J11?i'11V11fl RC (mrJLlwlV1'll1\]rJl1~) .i1ril~\]

'V111'I.Jti ~ Li?lrJ1~~lPirJ\] lii L 1 Wl'I.Jl'I.J 1 'l.Jm1L ~~F111~ 1911\]I'Yflf:J"11ii L ~f:J\]

~rJ.vj~~1Ufl1~1Pi'I.J'V111'I.Jti~Li?lrJ1rj(1.vj~rJtlIPl1u11iivil\]1'I.J IIPlf:Jfl11
.'U

U1~~lruer'I.JI?i"IJ LL 1fl fll1 L~rJ~ If:J\] ~1Pll9lrJ it1Jt1Jlru1~Vll1\]

L'
'V111'I.Jfj~Li?lrJ1~~~L1W1V1'I.J1\]rJ11fjlPl\]~~fl11
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wan -A'lJ 'iJ \.11" R IPJ'
Q 'lJ7r'lJ~7'"'i::

..

..-~.,". d "... ~
~'!J"rJrJ

'cc 1"' , .,

".c -~. c F'(' ..cO' -..
~L'J'VI~jf!l\JLL~~"rJ~~E'!J Ato1fi1c ForceMl.ctoscOpe)VI~EL~f:Jn
':, ," v ,-~ ._~ ~...J-,c'O'!!.~ ,. ~c.",.I, ..~~ ~

, ..

/~~~." -"'~-. ,,~~. d 11 fJ~~~ljt\J~t)1\J~VE~IJ;V~Vlj"rJ..

,IJ;~nj~'VI~~E~LVI L'J~'VI~11\Jl~LL'Jn-
~, ""' ~--

1i?1 N. ..
.

.
..c + c

c" .' cc c v ccccc

r1l\J11\Jlf;j~.1. (cantilever) L'Jln~jE~LL n\JN1\JLVliif)fj\JW1.lJ frjjm\:1" ' dc c~ c ~.,c.. ;+:

c ccc c c

.}c c ..

!.I.L'JgJ:1)1~tilfJLL~f;j\1Lr1~f)~ij"rJ"'j:~~1\J,1J~ 2 1)l~tlLU'l.,!/ll~"lJrugJ:c c ..c

:Vi~LfjfJ\Jtili~~l5~mjiilfJl11~i?11.f:J AFM ru..tf}~um'
'U c-

flUr:1\J11\J1'V1f:Jl f,tR::\J.,t\J~ 'VIf}t\JtRii'fJEUf}{1Jt1'V1 f:J1 fill ~ PI;"
~~11'V1f:J1Rf:JL!if:Jljt,.,~

"~::m'5"lJ::R1l7) IJ.~~bfJln'IJ1I?inu1~~~'IJ "1 bti'IJ 11J'FJf:Jlf:Jl9i'1~ln

R111.J1~ln"J1.lVil1~R11] rnl]1~(;'flJ~ ~1f'l?JeJI]1 ~!?l fu~!?l'j1j bb~~
..'U

biiln'IJ 1l?inu ~11.vj'YilVliil.vj bU'lJ1J. 'lJ1'FJ11l]rt'IJn111J. '\'j1'FJ eJI]VleJI] IJ.!?ll]

1'lJr:rl]~11 1!?lfl b~nmn (L'iJeJIJOJ7nYleJIJ U/PIIJr/IJ ,VUP17u1OJ::I1l5l/PI

FlflJN'JJuil I/PI fj LttJ nYl5n'fJfJl1idU7U I W~'7r/IJOJ::vl7 T un"i~ UN.?}'7 LL5I ~.
5I/PIFl77'JJl9i7IJFfnrJwIJYl5I7fJ) IJ.~~S!?l ~ I;')~nu bb'IJ1'FJ111]rt'IJn11bb '\'j1

'FJeJI]VleJI] IJ.!?l I] (11J bti'IJ{£'lJ1J. 'lJ1'FJ111]rt'IJ~:~~eJn",~ !?l1'lJ b .rjeJI]~lnR111.J

bR'lJbtJI]n~.vjbn);1~lnnl1'if);1tl"'~eJR111.J1eJ'lJ1'IJn1~U1'IJn11~~I91)'U
, , ,v,- -.~, -~, .,-

IJ.~~1f:J~);1ReJ1.JR11WlbtJeJtleJ n~11rleJ U.JeJ1~!?lRl K 1911b"'~1'1,1..
tln ~'IJ'Jn b U'lJ11]~1~ ~ I?i' eJI] ~11.Jl1tl.1fn1~1 Rru~1.JU~'FJ eJI] 191'IJ beJI]eJt:i
'U .'U

11?i1l1f:J 11?i' ~1l11~nl1 1fJI]1'IJbU'lJb 1 ~l'\,n'IJ

b'Q1U Rfll'1.!nl1'W00J'I.!lF1113.JL~lFlfl3.J~lL~fl11Pi'1fJn11b'J~.
tJ'I.!1~~1'l.!~~L:;iflLtifl3.J1fJ~ 1IPi'nli~nl13.Jlfi~'VJ1~1?i"I.! LLL:;ilPi'lfJnl1

b'J~ L lb'Jl\-1,.jl~ 1flti~lnnl1b'J~Flll3.JI~1'1.!'VJ1'1.!LLb'J::b'J~FilF1113.J~.
U1::~ 1~fJnl11{j1b'Q~.yjijFil K tPtl~13.J15.yjnb:;il13.Jlfll~~::'Vil1.:.fnl1..
'WOOJ'I.!lF1fl3.J~l L~fl1~u L;jfl~L:;ifl1u11Pi' flf:Jl~ 11ti~13.J 1'1.!nl1~~~

u.b'J::U1::fJn~1b'Q~.yjijFlrub'Q3.JtT~L\-1b:;iltr (R &&N:; C (iDE/") b'J~1'1.!

...,.

1~~113.J 1F11fl L~n'VJ1flun~'t1~FI~ LU~,L~fl~.yjf:J~fJln LLb'J::-.'Il'VJlfJ.
1'1.!u.I.iFlll3.J1"JLfJlf1'1.!flU~1'l.!~'I.! "1 1'\,!~un1cl.yj1if~1'1.!u.b'J::l'1.!u.1.i

tJfl~Flll3.JLb'Qt1fJ11l1't'1 (,.jlL~flt1fl) J;1~;~nb:;il13.JlfJl~I?i'l.! 1Pi'1fJL\-1~-d'.
Fll 13.J1JFI 113.J LfJl1~ LLb'J ::nl1'W00J'I.!1 L'r') Fl1'1.! 1b'Jfj1b'Q ~'t1~ FI~ LU'I.!.yj., .
rJffl~nl1fln3.Jln

;I;.,.~..~.. .~
,

!'JUrJ1!'Jfl~l11IP1'i.1
."" ;;t"',.~:1_r"':1""'"

~ -c d ""~ .~ , .,"" d .

.

O~elaser'U'i'itU1Un'i~. Split ph~lod' I

~ 8.~r
--~ ;;.;-~

pezoeJectric
tube KanMr

1. D. Shamiryan, T. Abell, F. lacopi. and K Maex, "Low-K

dielectric materials", Materials Today, Pages 34-39, Janu-

ary 2004.

2. W. W. Lee and P. S. Ho, "Low-dielectric-constant Ma-

terials for ULSI Interlayer-Dielectric Applications",

MRS Bulletin, Volume 22, Pag;es 19-23, October 1997.

3. V. H. Nguyen, H. van Kranenburg and P. H. Woerlee.

"Copper for advanced interconnect", Proceedings of

the Third International Workshop on Materials Science

(IWOMS'99), Hanoi, NovembE~r 2-4, 1999.

'1ufi 1
OJ

UelWl1.W U6IJ~t1ulfrnn.1"Jn1.t11.U'lJfJt1AF M

~

21

";lU~ ~ \?] LL~l~ ~ L ~'I.! 1"11~lnP111~'I"4U1Ul~~11 ~ \?]~ij..
Fll R LL~~ K ~1~1v11m,ii!iuLL~~'WOOJ'I.!lt'l.!1~1P1,EiL~n'Y1'eJ'\1n~

L ,j'l.!r;11eJY:il\]~ ~~ LL~ \?]\]ti\] P111~11~'U eJ'~"'11\]1 ~ \?] P11 ~ l?I;nu.
" "-.-, -., ., -.,
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L~f) rO Fif)1~r:J~b'\j1.J~~!Jf)I:Jf)~lP1f)1.J (equilibrium distance) u.~~

£ ril'\.1j~1:J1:J11..1~J;lL1f1ilr:J1 (binding energy) '\.Ij~1:J1:J11..1I61'nr:i1~'VI111:J

f)~lP1f)1.Jr;ll:Jn~11.QL,j1..lb'\j1.Jm11J;lr:J'lJ1~b'\j1Jm1ru (empirical) ttl:J

:i:iF1111.J~1.J'W1..I5r;l1:J.Q

~)l2

6

-2l~
u(r) =

(1)

Ltjf:J'lJ1'IJL'VI'fJ~tJ'fJ\]LL'j\]'j~~11\]'fJ~LPI'fJ~

du(r)
dr

F(r) =-
(2)

""~eJ
j7.l# 2 n.v-DIJ~CJrI""PlUU"IJD:;-I1ID3J (.4.FM) #FltJJ:;-'jrlfJ1P11mI1l1

3JU1'jrlfJ1L"JfJL£ffJIJLUJi F(r) = ~[(~ l'
(~)'] (3)

" " "
.;(1]~rJl]tJi1);1il~lU1Uifu~uu "jlf:JI]"Ul1n~rJl]"JL'J'V1"j"jf'1\1.;(1]

q

~rJI]LLUUbUUbF1~rJl]11~1J11I]ni1,jrJ~~lb~1~,jrJl;irJf:JtJrJl]f(ULLL'J::f(U

~lnnl1~"J::~1 bUURLLTJI]f(U vll]{[U~1] l Uub~rJl]~ifnl'V1f:Jlf'11 ~ 1?11
'U

-OJ -OJ "" , .:

'ItY"jrJUm"Jf:JF11"j"j1JrJ~L'Jb'ItYL'J1U
'U 'U

t,..,~~m"""lU1U

iJmnm'lJD" AFM

1(;1r:1'lJ"jn~LLWlm"jtllr:11l1'14jl?ilr:1 AFM .;{nLLUl]lJIl3Jnl"j

vlll]l\J'il'ilnLU\J 3 1'l-13J(;1?1'il u'U'Uff:Jt:J~ (contact mode) U'U'U

ft\Jff:Jt:J~ (tapping mode U7fJ intermittent mode) LL~~LLUU

1~'&r3Je;r~ (non-contact mode) I?i'I]LL~(;1l]l\J~.rj 4 oBl]~'il'W'OJ1"jrul

1J113J"j~r:I~vill]?J'il1] 1'l4j "jU 1(;1 LLWl nl"jtllr:11l1'14j LLUU 1'l-13J (;1 '&r3J e;r~

'OJ~'ilrJl\JtJlI]LL"jI]e.J~n ~1\JLLuu1~'&r3Je;r~'ilrJl\JtJlI]LL"jI](;1(;11\J
OJ OJ OJ

?Jru~~ LL uufll] '&r3J e;r~jj LL "j1]'ilrJl \J'PJ11] F11U Lfir:ll ?1'iljj.fl1] LL "jl] (;1 (;1
OJ OJ

LL~~LL"jI]e.J~n ~jj?J\Jl(;1?J'ilI]LL"jI]'lJ"j~3Jlru\Jl1\Jfil]'WTF1'UlrJ1\J oBI]

tJ\J'il~nUR1LL"jI]I?l'il"j~r:I~nl"jL.rjr:lI]LU\J (spring constant; k)

?J'il1]F11\JiiI'(ti

bb'a~f)::Plf)JJ 1U~d"'1.Jlf:Jfl\1 bb'a~bb1Ubg)f)411~N (Van

del Waals force) ~bnL91iju"J~il\1f)~[~eJ1.J~UtJ1TJeJ\1fJuil1eJr:Jl\1

bb~~eJ~1?1f)1.J~eJr:J'U~b1ru1J~1f:J 1"""J'U1L91 -B\1 bb "J\1deJl~bUUbb"J\1L91L91" "
(- )",ieJ bb"J\1 ~GYn (+)tiltii ijueJ~n'U"J~f:J:::'l..il\1 (r) "J~",il\1eJ~1?1fl1.J

tJfl\111?1~{(\1~eJ\1 R1l1.J~1.JvrU5"J~",il\1'J~f:J~'l..il\1 r bb~~,...GY\1\11U.
RnY:i u(r) ",ieJbb"J\1 F(r) d~11.Jl"d~flfi'Ulf:Jtii1f:J Lennard-

Jones potential r;i'\1bb~L91\11U'31Jvi 3

+

0

I?ilr:J L VI~ ~ b'JmrJfJrJ...jlnr;,Ul~rJt:Jl~ 1J,b'J~ L~rJ 1ml?i ~t1!t1!1t1A

m'}'j AFM ~fJf1t1.!.fll'}'j~ Vl1rJfJ signal to noise ratio b'Q~{t'\.l
q 'IJ

m1r;11r:Jll1'}'j.ft~ lJ,uurt~ ~~ ~b'Q 1J,b'J~IJ,UU 1"J~~ ~b'Q...jl LU'\.ll1i'rJ~rJ1P1r:J

nl1f11Uf1~1~'}'j1U1r;,1J,b'J~f11'\.l-i'\.ll?ilr:Jf111~~b'Q~FirJ-i'\.l~'lJ1~~1t1A
q 'IJ

r11f111~~-i'\.l~rJ~ (resonant frequency) tJrJ~f11'\.l l'\.ltJt1A~.vj

nl1r;11r:Jll1'}'j LLUU~~~b'Q 1"J...jl LU'\.ll1i'rJ~fJnl1-i'\.lI?i~n~11 1?i~{t'\.l1J,1~

~'}'jW1r;,n1~yjlLJirJ:fJ'\.lrJIlrJt:J1~~~fJr11Lir:J~n'\.l~ln~ln1'IJVI1iirJr:J

~lnIJ,UU~~~b'Q LLUUrt~~~~b'QIJ,b'J~lJ,uu1"J~~~b'Qi?11~b'J"1I?iu Vl1rJ

LL'U'UrtlJ~)JNN \Luul),j~~e:J~LLlJlJ~~~~
'11./;/3 F/11'JJ&"f'JJWU5IJ:;-u-i1IJW&"3'1J1J1UFt1rJ UIJIJIJ:;-u-illJtJ::l11tJ'JJUG:J::..

IJ::1:l::U1IJ

22



~11Jl1tln ~1111?i11tJ'lJl);1 bL 11:1 bb U1 ~n UUn1J1tr:J~11:1 bQ~r:J1~111:1

T~11Jl);1bL~tTJ'lJrJ(leJt:Jll:1 r;i'1:I{['lJnl1r;ilr:J1l1~TJ'lJrJ(leJt:J11:1~

bU~lt1Jll:1"";eJrJeJ'IJ\l1J~l:Ivil11?ir:Jln bLi~teJl~tlnvil~lr:J~'IJ~f11 b~r:J, ",,'~
~U11I:1&rt1!~1'IJb~1J t'1'lmnii bL 1I:1n1~:vil~ln T ~11Jl);11Jln bn'IJ 1 U

r;i'l:IbL~);11:11'IJ"j\J.fI5"

1 'IlYJl~n ~mt:i ~f-J ~~nt1tMifll 'I.roru~ijn~mWl'"M

t;l1f-J AFM ijm'jF11uF13Jl~u.'j~n'j~1~llVifln1..liiflf-J~~{r1..l tiijN~.
'Yil1~nlP'i~TJf-Jlf-J~~~~TJfl~m'jtilf-Jll1~~~~~t;l1f-J 1?i'~{r1..l1l1~OJ .
AFM .vjnlP'i~TJf-Jlf-J~~~1..IL~fl~~fl3J11;i{r1..l /i1..l~1TJfl~ti'1..IrJl1flY:Jl~

OJ

~~i(nL,j1..l1~I;J.yjFifl1..lifl~u..u~Lni~ (rigid) LtJ1..I T~'Vi~ LtJ'jlijn~

u.~~ lti1 'Vi3J~m'jr;ilf-J1l1~ LL UU 'l3J ~~

'it/';; 6 Fl11.1JL-R'fJUtlfJIJ111W AFM .y;Ln/?/~lntlUl/?/tlfJlJrW'jtJj/?/rViv

, -J-
ml'jlfJSl::LfJfJ/?/tJUWUPJ1

m'3~i1\1111""

L~fJ 1 W1'Ul f?l u.~:;-t'l..!~lfJtJl\] ~ln Nl'1..!tt\]ri'l..!LL~:;-ri'l..!11l1~

'I-1-srnm1vll\]1'1..!tJfJ\] AFM {['I..! ~:;-ijm1~11\]1l1W~1~fjIYlIPi1f:J

F11 ~1 L~tJ'I-1~fJF11fll1~~\] 1'1..!u.~ ~:;-~n L'li~.vj L~f:J\] ~fJri'l..!LU'l..!fJ:;-L 1~

~fJ\]fj IYI m1~11\]1l1W.Q~1~11tl Ltif:J1.Au. 'VI'I..!11Pi1Pi1f:Jm1 lfJ LU L 1'ff'l..!

u.'U'U1f?lL~'ff'l..! (Dilation; ffi)11Pit;i'\].Q

l(x,y) = S(x,y)ffit(j,k:) (4)

~~fl

I(r,y) = max{ S(r- j,y- k)+ t(j,k)/(r- j),(y- k)e D$}

(5)

Li1'fJ I(x,y) R'fJ Wl:lritt'l,!~'I,!~ltJ'fJI:I[I1~ AFM -v1rilr:JVf;'fJl[;11rJ1

S(x,y) Fi'fJ Wl:lritt'l,!~'I,!~ltJ'fJI:I'B'I,!1?11'fJr:Jll:I

t(j,k) Fi'fJ Wl:lritt'l,!~'I,!~ltJ'fJI:I'[~'j'Ul[;1

Rl1~"'~1Y:Jt'IJL'Bl]nlY:Jf11wtJfll]~~nl"J~ 5 d'ifI]Uflnan

1?i'1Y:Jl1 Rl1~t1n"fll] u.11'IJrJltJfll]f11W AFM 'Vi1I?i'tJ'lJflr:JnutJ'lJ1J;1
'U 'U

tJfll] IW"JU1J;11?i'1Y:J Ttl] t'IJ'V111]'V1f;l1;D LL~1~l]nti"lJfJ'lJfJltJfll]f11W'Vi11?i'

~:; L ",:jjfl'IJnU~l]nti"lJfJ'lJfJltJfll]ti"lJl)(lflr:Jll] IJ;1Y:J 111 fJ J;1 LfJY:J'lJn IJS1fl Lnfl

~l]nti"lJfJ'lJfJltJfll]lw"Ju1J;1LU'IJ~J;1 "'~fl:jjtJ'lJ1J;1fJ'lJfJ1Lvilnu
q

",.rjl]~n Ltj~ n~11Rfl LU'IJ'in1;ru:;tJfll] Iw"Ju1J;1 t'IJflJ;1~R ~~ij LLFI
q

",.rjl]fl:;i?1fl~ (single atom tip) u.i?11'IJ'V111]1J{ju~lw"JU1J;1ijtJ'lJ1J;1

oJlnJ;1F11",.rj1] vil t~f11W AFM 'Vi1I?i'fll~ L~Y:J'IJ"'~fltJY:J1Y:Jflfln i?11~

LL'lJll?i'l'IJtill] (broadening effect) LnflL'ViY:JunU:i1J'J'll]~il]tJfll]

ti"lJl)(lflr:Jll] 1;11] LL~J;11] t'IJ-atJ-rI 6 TtI]Rl1~ L~Y:J'lJl;1l]n~11d~:;~ln
'U

"'~fliiflY:JLvil1"J,f'IJ :fJ'lJflr:JnUtJ'lJ1J;1'l~W'V1BtJfll] Iw"JU1J;1lJS1fltJ'lJ1J;1
'U

tJfll]"J1Y:J~:;LaY:JJ;1U'lJfJlti"lJl)(lflr:J11] Ttl]lw"Ju1J;1~~,f'IJ~:;"fll]ij

~~IR'IJ~1J~1Y:J~1u.~:;ij1~ij~1J~1Y:JiiflY:J 1;11]u.~J;1l]t'IJ~~-rl7
q 'U

b deJm 1 UlJ)fJur;ifJ 11J'iQ::n~11fi"m~'i::fJnlOi bb~::1Pi'1fJf.i1"..,- ---
111 AFM 'iQ1n"1U1'iQfJ7JfJ"Nb7JfJUbb~::'iQ1n'i1fJ"1UN~m'i1'iQfJ

'II

-vi\l1 w 1 'iQ P11~11'iA1'ir;i1" WJ 1~ fJ b~m::UVJ f111~itl1m~'i:: ~n IOi

lii AFM m"Pi~IU11uAbn~\'JmnA 1'V1fJ1f11A~N1 (surface

science) 1A~U11u""fJRb~fJ4bb~::1A~'VJ1"m'ibb""'VJti (biomate-

rials) btlUPi~ ...,J,.

-=-

~

~}~~ JJ ,'-

( J"

~
"'.c", ~.f~ --'

~ <"'~lc -: ."-
~~~;,...

~~~
'f:\

"".

.s.:- A\ ,,'
J ,/ ,A .'. /:-~ .--

.,A' ,. -::"'1:
Jl~i

~~ .;!:..~~::~
T-"

~~~-:-'::"'-..~.
Q\~

G

"tiff 7 fllW SEM VfJIJFl11.1iif1Ucv::,rJ2Jiif1VfJlJ AFM Vi]/PIf!J.vFlfJ1.I.,'5'11# 5 m1J;11JtJ6Ulf:Jfu2J!ilnl-:ryjlI.711JiI.7Nl2JtltJl.7 AFM
v v
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~~uIBan:l.1;j~Jf:1!fl 71"£Q1,,i4IindlnfJ nUf:Jlf:JU -'Wt]F1~mf:JU 2547
'~..,-;I;IQr ."fi T -~~ t'-q1iJr.-.if ~ £ 'il n 'lJ "J}'Y gq n N

~ Q/"
RIJ'tI"ilPJUa'JJPI"1

,~'

-",

Li]fJ 11Pin~1111 '~Nnt4LtI\J~~j£l\3tJ£I\3fi'5'5~tl1~" fJl'OJ'Vil

lY.F1~LJifJ1IPil1 "j~1\]'fj1iv1f:Jl LW Ltl~~\]1l1f:Jl~fJ\]Fi1J"jtnfJ1J ~'\O\..~~

~ln~1f:J"j1~fi\]f11UJL~n~?J\Jl~1~nl

(rnacromolecule) ~~1f:J'Pj'iJ~ ' "

.." 600
LtJ\J LU"j~\JLJi1\]11.L~t DNA (.tJff\Ju,.,j'~::iJLi~cJ1P/~yJntVl\JLWf:J\J '" 400!

., ~
2 ~lr~L3J~'iLLr;if:Jl']Ir;1Lnf}'U 2 L3J~'i) 'J"jtwqUJI?11~n1J'Y11\]yj~n~ [s uuflTfJ1TuIDqD t 200

LtJ\JL~f:J1n'U"jt'U'U~1f:Jt'!Jn"jl1~I.L~tEltl?1fJ~~ifJ 1"J ;j\]nrl\]!?ifJ\] (~
.-100

I?1fJ'Ul1 "Wi1ii£lfJn~1\J" I.LLJi{(\]i!i1iifJl.Ll?1nLJi1\].vjb\f1~t1j11 "jt'U'U f1U18~ -400

'Y11\]f111'Y1f:Jl{f~1"JfJ1'OJ'OJtfJfiu1f:JfJY:J1\] ~"j\] 1u 1?1"j\]~11Pi1f:J L~f:J\] LLLJi

U1Wq UJn"j"j~?JfJ\] I.LLJi ~tfJ\] Fiu"jtn eJ'UtI1~'OJ1"jrul"j1~1 n~L W"j1t

L U~"jt'U'U.vji1f111?1~\]i:i rl11~'if'U'iieJ~n 11 1 ~?Jrut L~f:J1n~rll1~

r:J~un UJ?JeJ\] I.L~ rlLrl"j L~ L~n ~ 1.L'!1 L~f:J\] 1J11 L~f:J1n ~1~1"jtl'Vi11 Y..
"jt'U'U'Vi1\]1~r:J ~W ~1 ~ 11Pi I;i'\] LtJ~ 1 \An"jru?JfJ\] L "jrl Multiple

Sclerosis (MS) ;j\]LU~L"jrl?JeJ\]~~eJ\]l.L~tL~\JU"jt~l'Y1 ~\]i1rl11~

'"J"lLU~eJY:J1\]~mnL~f:J\]1"J11Pi.vj'OJt!?ieJ\]~f1~leJ\]Fiu"jtneJ'ULI!1~Y:JeJf:J

?JeJ\]"jt'U'U lY.LT111'OJ

100 200 300

1::t/::i1f1 (nm)

400

wn' 1
tJ

{;11. Matthias Rief iin~~n~oiii1Jmi'Vlf:Jl-crf:J~{;11n~-.
LL~n-BrlL~f:JU~ L~fll]rll'\1F1 U1::L'Vlfl1Lf:Jfl1'!!U'il ~f:Jlf:Jl1J~::L,jlL~

n~1n-dl?ilf:Jm1P1"n"1~ln11JL~n~ifl~1~ dextran ttI]L,ju11JL~n~..
L~Uf:Jl1'¥i~n f.J~~ 1{;1f:J LLUF1'Vi L ;f:JU11]t1'U{;1 LmW L'Vif:JUnU~tliJin111J

1 ., .¥o
tJfll] 1JL~f1~ cellulose LL~:: amylose n~fll]AFM LflflfllUlf:J

L~~11Jl1t1'Vilm1'Vl{;1~fll]nu11JL~n~-v1LL~uLU11::UlI]L~~1'i111?i.
~R:: LRu 1{;1f:J Lffi6S{;1U~1f:Jl?ilU~l]tJfll] L~UUJ L~f1 ~ 1 i'nu.,lu1fll]

iJi{;1'lJ~1f:Jl?ilu-v1L~~fl1i'nuLori1J~ltJfll]n~fll] AFM (L~U~l

fJur:in~1I]U1::1Jlru 0.2 nm) LL~1F1flf:J~ LF1~flUU~lf:JLori1Jnu.,lu

1fll]flfln'Vill]~lnnU 1{;1.f1I]LL11]-v1l?iflI]Lti1um1fJ{;1 [1{;1~ln~111~

m111'i'1]I]fltJfll] cantilever ~;flF11U~1ttl]i1F1111Jf:Jl1LUL;flU

100,000 nm 1?i1f:JF1111JLL"JUt11LU1::vlU 10 '}Aj1F1'U1U1U (pN) ~ifl

lOx10-12 '\11U1U] LL~::1::f:J::fJ{;1flflntJflI]11JL~f1~ (.11i1if 1) 11?i~Ul1

m1fJ{;1tJflI]11JL~n~ dextran 1"JL~~flunum1fJ{;1tJfll]~U1I]oiiii1.
~ru~1JUiJiLfjI]L~U (linear) flt:JlI]L~f:Jl LL~'11JL~f1~dextran i1tJ11]

-v1F1~1f:Jn1::l?ill] (stiffening) £Ul?ilf:J .fI1]-dL~11::m1fJ{;1tJfll]

11J L~n ~ Lft f:Jl.;(unum1U {;1tJ fll].;(U D::1::~111] F111u flUfl:: ~ fl1J-v1.
111Jflf:J'LU11] LL ~luifl ~1 ~ LL~::m1~U~l]tJfll] 1F111]~1flI]11] LL~1U"
ifl~l~ LL~11JL~f1~ cellulose LL~:: amylose LL~{;1l]fllm1n1::l?ill]

flt:Jll]loJiflL-nfll]~I]LLIoJiI?iU nl1'Vl{;1~fll]-d'VilL~Ln{;1LLUU~1~fll]

~~fI11~~1 tJflI]LL~F11F1111JL~f1~-v1~1J\J1cltu

1 \J"'1\] L 1 L'jl-v1 r.jl\J1Jl 'I1nyj mn ~rlJ;i'tJ1f:1vil1 '" Ln r;I Lrl~rJ\]3jrJ

1~~"l ~L'jlf:1tJ'iJr;I-vlLiJr;l1rJnlLQ1"'\]1\J'Vll\]ti11'Vlf:llLQ11Jl't1Liilti\]

rJ\1R'lJ'::nrJu-vlL~n~\]1'lJ'Vln'Yi"l1J;i' LtJ\J n~rJ\1OJ~'Vl"P1\l
q q

fjL~n~'rJ\l, Lrl~rJ\] NMR (mrJ :MRI). I.I.LQ\]t!\J1rl'~'rJ\J. 'lJln~u

L~L'rjrJ1 (laser tweezer) ~~rJ'lJlr~UI.I.~L~~n (magnetic

tweezer) "jL'j"j I.I.IJ1 L~rJ l"'LQrJr;li'unuFlrJ'&r1J\l "U,1\JA"::" 1\J

.,.,J -='- ,- " .
QUU'VI 2 \J OJ\]OJ::tJrJLL'j1t1\]U'VIU1'V1tJi~\]nL'jrJ\]0J~'Vl"P1\J AFM

q

(Atomic Force Microscope ~~rJU1\]v11\JnL~f:lnil SFM =

Scanning Force Microscope) IJ1rJl:l\J'VI1\]ti11'Vlf:ll ""\11\J1.I.\1

m,ci'f:l1l1~ (imaging) tt\]LtI\Jrl1'1,J~\] lOJI.I. 'ntJrJ\]~'lJ'::~~S

1.I.~::1\J1.I.\1 micromanipulation tt\]L;~\Jr.JL'j~L'jrJf:l1J;i'-vl1JllOl\J~U

l\J~rJ\J~'&r\]

m'~n~lmll1""U~'\.1fj\ltJD~ LL~fl1f1-i[~ LAnA..

-..; OJ -
~m," 1.1. ~~fJ" I. ,",UfJ1!J 2J~,"Ufi:: I.fI~

I.Lfl1..l~'Ufl~'Ul~tJiJ~~::~fl~I"1~1~ Ln ~~11.L~::!i~flfln

~ ., 1. I" .I r 1 -~
L1Jfl~::LtJll.u~"j'Uu"j'U1Jfln'U~l~::tJfltILtJfl "jFl ~"jfl DNA Y!~

'lJn ~~::W1..lflY:J"jfl'U 1.Lv1~ 1'lJ"j~1..ItJ1..Il~ Lm1.le.Jlf'11..1t;jn~1~'lJ"j::1JltU 10" "
1..Il11..1L1JlP1"j ( 10 nm = 10x10-9 L1JlP1"j) -v\L1~nil histones

FlGll~Pil~~fl~W1..Ili"jfl'U~~fl~Pil~L~ rJufl~n1..lnl"jY:J~ L~fj~ 1.LlP1.
, ~ "' ~.. -.,.. "'

~fl~:: I.L'U~ lP11n1Jnl"jFl ~1~ lP11flfln L1Jfll,~"j~m"j::n~ 1.L~1n~::n ~'U

1'lJw1..IflY:J"jfl'U histones I;1'~L~1J ~m~fjl;)~Y:J1..ItJfl~I.L~Fl1Fl"j11JL~n~" .'

~~LU1..lI'JtU~1JuUi-v\ijFl111J~1F1'Y

-, ---" ,... ---
~fJ~""~1f:Jfl1ru'V1fJf:Jlfl~!JfJ'.IqJ~11\-11..1B::f:Jt;1LmJf:J1'V11\]LF1~

ij\-l-Gl\]~lfl L~f:J\] 1t;1 iifJ~ ~.Q'ij1J1:: 1f:J'PJUL'fJ1..IlJIfJl\]fll1f:Jl L\-I11::"~ , ...,-'
fJl1..1fil\-1!JfJ\]f:Jl~::!J1..IfJf:JflU\-l~\]!JfJ\]\-I1..IB::1::""11\]~~fl1..lt;1."
(ligand) 11..1f:Jlri'u11J1~1..I11i'1'U (receptor)
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Avidin-desthiobiotin

Avidin-biotin

Antibiotin-biotin

Streptavidin-biotin

(ACTG) -(CAGT),

16.5

14.3

13.5

21.5

varies

18.3

28

varies

32.0

102.7

"i'l.1Yi 2.,

90:tlO

160 :t 20

240 :t 20

260 :t 20

1500 :t 20

DC LLSj~ DR fitJf'il""~l]l]l'IJ~USjV1UL;itJf:JLLSj~LtJ'IJ.;(SjUtJtJl]nl'LiiV1

":;'lJ5~ ~l~LiilJ;i'1J

1J".;(V1~V1~lf:JtJtJl]~l'll]fitJ ":;'lJ5~,~ill]~1f:J~I]~tJl]tJtJl] DNA,
1?1'j. Herman Gaub ~ln'~fl"1;;r:JL~r:J1nu 1?1'j. Rief

11?l'\'ilm'jPTn~lL1fl"dt~L,j~Fl.f"LL'jfl1~iJ ~.1'1. 253711?1r:JPTn~1

LL 'j"ii"1?1 L~-tir:J1TJfl"'W~fi~'j~~il" 1~ LL'JnL'JTJfl"1i?11i3~U.vj~fl biotin.
nu1u'j~~ .vj~flil streptavidin 1?l1r:Jnl'jLFl~flU«1Ltj~~1

TJfl"n~fl"~L'J'V\'j'jI'1'11 AFM tf~LL'jnl~1r:J biotin LL~1LFl~flUvru.
1?l1r:J streptavidin ~1~~1~'jfl,,'\'ilf~1~\'il1~L,j~~~ L~n"l LL~1

LFl~flUI?l1r:J biotin ('jti-ii/2) 11?1r:J~~I';fl,,1{ju~~1t).1 biotin LLL'J~

streptavidin 1~\'iflr:J.vj~1?1 L..-qfl.vjm'jl,fil?1'W~fi~'j~~il"UL'Jlr:JLtj~

nUU~~~L,j~L~r:J"I'1L~r:J1~iflflrJl"~lnm"JLfi~ 2-3 1'1 LL'j"ii"1?1." "
L ~-tir:J1~~tlnlI?11 ~TJt).I~.vj«1 Ltj~nU'iil~'jfl"l'1flr:J" tln LFl ~fl~" ,oi I "

flfln\..il"~lnn~~~n'j~.J("'W~fitTJ11~ ~~{{~ m'j1;;r:J-nll?l'\'il1~

'V\'jlU,jfl~L'Jil'W~fi~dSJTJ~lI?1U'j~~ltU 200 PN (VlVfJ.1JilLfi.1JLi'i.1J" " .,
TUfl/7'i7\.1-ii/l)

djj RNAmv~l"J (mRNA) LU'l.!l?i'ln~1\1'1l1fJv1J~"OJln DNA 1u"
~\1r:r\1 L"J\1\11'l.!f.J~~ LU"J~'l.! (1"JLl.J Lt11J) -viv~'l.!vn'il1 LfI~f:J~ Lf?1f:Jjj

Lv'l.!1t1~ RNA polymerase (RNAP) 'l1\1jjtJ'l.!lf?1U"J~1Jlru 10-

20 nm 'II11Vliil-viLU'l.!r:Jlf:JeJl'l.!"J~~o;('l.!ijn"J"J1J-vivt:.ll.J'l.!~1f:JLn~f:J1."
, .,., .-.

FJtJv\1 DNA f?11f:Jn~v\1~~'V1"J"JfI1'l.! AFM tJ'l.!f?1 tappmg mode

f?1"J. Martin Guthold iJ'n~~n~-vi1J'VI11'V1f:J1~f:JLvL"JnV'l.!1'l.!~VI13

vL1J~nlLL~~flru~ ~11Jl"JtlL~'l.!1~f?1f:J~"J\111 RNAP 'l1\11,j

'I"I~\1\11'l.!Lfljjifl.JrJI'l.! jjnl"JLfI~v'l.!'Vi1ul.J'l.! DNA L~f:J\1 1 L~'l.!

vt:.ll\11"J nl"JLfI~v'l.!-vijj.fl\1 L;l LL~~,jl f.J~1Jn'l.!L\l~f:J LL~ljjei~"J1L;1

10 'il1f1~Lv1'V1~/1'l.!1'Vi ('l13JJ11wtJUlP11L:IfJl7i1'1IfJif http://

alice.berkeley.edu/ -cjblab/transcription. html) nl"J"OJ~LfJl1"OJ

n~nlnl"JLL~f?1\1vvntJv\1fj'l.!1J?i' rJ'Iv\1LfJ11"OJriv'l.!11n~1ntJv\1

n"J~1.J1'l.!nl"Jtlvf?1fJvfl111J (transcription) -vi RNAP i\1LfI"Jl~~

'il1f1mv1'V1~L~1JL~1J1~~1f:J mRNA i1Jo;('l.!5nl.Jnl"JLfI~v'l.!~1f:J

IJilLL'VI'Il\1tJv\1 RNAP1Ul.J'l.!L~'l.! DNA vt:.ll\11"J fJv1J~L'VI~ld"
11Jvl"OJ"OJ::'VI11J11J?i'"OJlnnl"J'V1f?1~V\1m\1tj1 Lfljj LLl.Jl.J~\1 L~1J 'l.!vn"OJln

{r'l.! nl"J1,jn~v\1 AFM nLU'l.!lfim"J-vi~~vlf?111J;;jlLU'l.!rJ'Iv\11,j~1"J

Lfljj-vijjei'l.!~"Jlf:J vt:.ll\1 LtJ'l.! ~l"Jn1J'i1'l.!~1'\1~

ifin l"julrJJ\] n'lll1'tJ L~r:J'lJu.U'U ttJ1'IJn"jruP1'n,!;l~'IJ~ LtJ'IJ

tV]"j. Hans Joachim Guntherodt ~lllflitJlWmn~tJeJ~1.Imi'V1r:Jl~r:J

UlL!I~ t'IJ'tJ"j~L'V1F1~i~ LfJeJ1u.~'lJ1?l LL!~~Rru~1rJJ'Vilnl"jP1'n,!;l~~~

tJeJ~i('lJfj~"j~""1l~ f'i u.eJ'lJl)iueJ~nu u.e)'lJ1)i L'OJ'IJ""~lr:JtJiJtV]"";eJ LL "j~
'U

fJ tV] L ..".nr:Jl"j~""1l~ proteoglycan tt~ L;J'IJ 11.1 L~~ ~~ijU'V1Ul'V1 ~l Flt1J

t'IJnl"jfJtV]l)itV]n'IJtJeJ~ LfJ~~1tV]r:J LQ~l~ t1..1n"j~tV]neJeJ'IJ ~U1l"j~1l~
'U

proteoglycan 1 ~ ijLL"j~~~~tV]~~tJ'IJ'ltV] 400 pN ,j"lJFieJ~l1.ll"jtl

-juJl.."ifnLfJ~~1rJJti~ 1,000 rill "";eJNi~r:JUl~n~1.Iti1rJJ'tJ"j~r:Jnl?i'U ..
1'tJtiiP1'n,!;l~ ~~tJeJ~i('lJfj~ 1R L 1 L~'IJ'Yi (covalent) tt~ LiJ'lJi('lJfj~LRij

~ u.tj~ LL "j~~~tV] ijnl"j~U1l u. "j~~~:{f'IJi('lJfj~"j~""1l~!I~neJ'IJ.
, -

nURl"jUeJ'lJ1.IRltl~ 2,000 -3,000 pN

~nL;il11Jlb,j'l.lb~f:J\]1Pi'1fJt:Jl\]fl'l.lUfJf:J'iJl11tJfJ\]nl11J1~f:Jnl1i.
1tJn~fJ\]~W'V111f'11.l AFM 1'1.11\]nl1f31i'V1f:Jl AFM 1f1 biJl111fJnl~.
1,i1;~11Jl1{l biil11JFTn~1f3111J bwnw'¥iw~1Pi'1~ 1f1 bL~1 oft\] 1'1.1bti\].
Rru111~ bbW ~1J;1Jlru bbW ~fJt:Jl\]~ii R111J bL"j '1.1 rJl ~\]~\]~1fJ'tJ\]."
~1f:J1,i1;~11Jl1{lFTn~111JbWnw1'1.1Ul\]~{l1'1.1~~~fJ'I.I1Jn~~~~11\]fJt:J."
b,j'l.lb~f:J\]tJ1\] b 1Wlli'l.l~ bvll{f'l.l1f1 fl'l.l~~;\]'tJ\]tifJ 1f111n ~fJ\]

~W'V111f'11.l AFM b~\]{lnb~1JI;i'l.l\Il1Jl1ti1'1.11\]nl1f31i'V1f:JlbLW~."
f111bL~'V1t:ifl1f:JtYl bbL9iitu~lf1ill1J '~mnmtJ£I~m"" ~~iif3i~f311

ti'l.lflnbf:JfJ~ ~

m'5fin~1n R 1n-Y1 Li'i ~1n\Jm'5-l~ LfI"n ::'\.11 U'5Piu

LtI~~~tji LJle.J~ LJl1U1~'I.J~1\]"1 ~lnn1I?leJ~jJ1'I.JLJll~'U\]n11

tJeJ\]1~~,.:('l.JBn'j1~.yjtlnu'I.J~n1i1'I.J DNA .yj~1'I.JeJt:J1'I.Ji:l1LF1~t:J~
.OJ OJ

.yj~tJ'l.Jl~U1~~ltU 10,000 nm ~~eJ 10 1~F11eJ'I.J n'j~'U1'I.Jm1
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~~,,~,;~~!~ d1"56'V1"5wNnil~'1J
~~~ti!' .-/-.,;u,.-';' Piu W, &'JRI 1?11'J

nU1:111:1U -wt]P1tJm1:1U 2547

~1~~Fi~vll'IJNeJl'IJ11~~1,;i "'Yi-"'U" 'V1nvll'IJ &l$lm'U'U .
~ .:fa ~'O "-

Q'U'U'lJn~ ~~1 r;Jn'IJ ~ fJl1 L ~1~ ~m,,'71 £FI'11::,.,UiJn'1::UUR'11J::'U .
1J;ifJf:il\11~

nl11Oi'l,l~11'l11 bF111 ~~'I,IeJn1~UU ~1r:J ~ bU'I,Ib ~eJ\:J~oifl'VJl r:J.
eJt:Jl\:J3Jln b'JeJ\:J'Unti\:J1'l11 bF111~~~i~ t:Jvil\:J 1n b'JeJeJn 1u1'1,1beJnl1W"

1~iju.~\:J~il\:J1'1,1rJ{lbeJ\:J u.~1~~ "b~~J" 1IPieJt:Jl\:J11 u.1J'I,IeJ'I,IFi~il

b113JeJ\:JW "b~" u.l'i~13Jl1{l1Uinl1:aeJt:JtJeJ\:J,:('I,I11Pi~lnF1ru~3JU~"" .
d ..
eJ'I,ItJeJ\:J1'l11bF111~~

J't71tlVlJU 1lJUN 1"u 'L1'IJRrJ nl"J,j(;1 Ldf:JltJrJl]rJlmFl-nl b'J L -drJl]~ln

~1b'J 1;11]{{'IJ (;111LF1"jl~~.rjl]ij~1b'Jr:jrJ~vil1i1'rJlnlF1-nlb'JLn(;1nl"j

U(;1 Ldf:Jl L~rJ(;111 LF1"jl~Vl1F1~"jNl'IJVliil(;111tln';r:jrJ~~~vi11i1'

'I'l11] LWl'IJtJrJl] LL~I]~~l~ln (;111tln14~rJ~ IPil'IJVI~1] Ln (;1nl"J,j(;1 Ldf:Jl 1'tJ

L~jJrJ'lJnU LL~I] LWl'IJ'I'lll] Nl'IJLb'J'IJ~'tJ"jl~n'IJ~~ (;11'VJn~ vil1i1'.
(;111tln';~~ill]~ln:tJ'lJLLb'J~l?llLLmll]'tJ"jlnl]tJrJl](;111tln14L'tJ~f:J'lJ1'tJ

Vl1rJ~L1f:Jnil Gravitational Microlensing itn(;11"jlF11~lJ111(j

i5nl"jL~f:Jln'IJil1'IJnl"jVl11lJ1tJ~'IJ'l'Vi11J ~l~l"j(1~rJl] L~'IJ LtJ'IJ

Vlb'J~~11IPiL,j'IJn'IJ.

rJr:ill]~'V1"Jl'IJn'IJ~rJr:iu.~1i11'IJ"J~'IJL'V1vr1~{] LLI?1b'J~1~{]'U "

'OJ~ LFl ~rJ'IJ.yj'(Fl'OJ"J"JrJ'IJ'OJ !?1f!1'IJr:in b'Jll]~1~ r;i'1]{f'IJ 1"Jil!?111 LFl"Jl~~, 'U

'OJ~~~1 b'J~lnvr1rJiirJr:J L~r:J1] 1!?1rir:irJ~~I~L:lJI] r-J ~n"J~'V1'IJ I?1rJm"JLFl'OJ"J

TJrJl]!?111tln~"JrJ'IJ'OJ!?1f!1'IJr:in~11]~1b'J 1;i'1]{f'IJ LnrJL"Jl'll] Ln~m"Jcl, 'U

m"JLFl ~rJ'IJ~TJrJl]!?111tln";~~!?111 LFI"Jl~~~1~rJr:i1'IJ"J~'IJ'IJ u.~~
'U

1!?1 nl"J L 'IJ ~ r:J'IJ LL 'IJ ~I]TJrJl] Fl11~ L ;1TJrJl] !?111tl n~~ Ln !?1'OJln

t/"1nom"rJ"Dt/&t/RD"'" ri'OJ~~1~1"J{]Rl'IJ1ruvrl~1~TJrJl]

!?111LFl"Jl~vr1" L!?1r:J~lnu.~1 !?111LFI"Jl~~~IOi"IJ~'IJ"1r:Ji5m"J-d'

'OJ~ LU'IJ!?111 LFl"Jl~~~1~~ln vr~rJj~~1b'J'IJ"J~~lru!?111~tl'iir~

L~"Jl~!?111LFl"Jl~~~~~1~~lnr:irJ~L:lJI]r-J~l?1rJm"JLFl~rJ'IJ~tJrJl]

!?111tln";~ln 'Vil1~~1~1"J{]'l1] Ln ~ LVI'IJ'IJ"Jln!)m"Jcl!?1rJ'IJ L'IJ~rJ1

1"tY!?1L'OJ'IJ

'tJf)n~lnnl~~~ Ln I?lnl~L~f)1..ltJf)~ ~ L un 1?l1~~ln ~11qn';

LL~1 L ~1t-J~ ~l~l~tl~~ Ln I?lnl~LU ~f:J'tJ1?I"1 LLVI~~ Lfj~~~tJf)~.
~11qn';L ~f)~~lnnl~ l~~~~f)U, (;1~'tJr:in ~1~~1 ~ 111lan 11l1 f:J

nl~LU~f:J'tJLLU~~tJjjI'11iif)f:J~ln LL~~1;jL1~1'tJl'tJ LLLV111l1f:J15nl~

tJ L ~1~::~1~1~tlR'tJVI1~11 L~~l::~'~~tJ'tJl~ L~n L'Vil1~n Vl1f)

L'Vil~11f:JL~i1~111l"

1 ~U~~~i[R1~nl~~ lnl1~~vn ~11 LR11 ~~n1~U,
~~Y:I~Lfi~t1~-';1~1~a.Jln .x~1R1~nl11J~1~L~n LLW~1R1~nl1,
1J~1~1V!t1JT1~~~L~1~~a.J\J1t111l1Y:11~Y:I~L1Wl 15 iJfJl~V!iil LtJ~

1R1~nl1 Keck Interferometer .vj~~vn~11LR11~V!1~Y:I~1'riY:l

fJ~a.Jw~lnn~~~1'V11'V111F1'111J~1~1V!ni-';1~1~a.Jln~~vnn~a.JLa.J~'lJ D!j,

1eJU~11t:]n';T1~~1~rieJIil1 LU~~11 LR11~V!11?l meJ 1R1~nl1

Terrestrial Planet Finder 1R1~nl1.Q'~~11I11~~eJU~11LR11~~

~eJn1~UU~~Y:I~.vjjj 'Giin~ru~R~lY:11wn'Vi11?l~~fjU LL~1 L~eJP1'n~l,
R11a.J Lu~1'lJ11?l.vj~~jj~~jjt11l'1~1'riY:leJf:i 1?l1Y:1nl11 LR11~~eJruV!l1iJ'lJ , 'lJ

1JeJ~~11LLW~eJ~~'lJ1~neJu1~~~U11Y:11nlF11~tJ1~R~~~~~11L1~
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