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SEVWUDFW

7KHILHOG RIKLJK HQHUJ\ GHQVLW\ +(' SK\VLFVKDVLPS
HUWLDO FRQILQHPHQW IXVLRQ DQG WKH GHYHORSPHQW RI
VSHFWURVFRS\DQG VSHFWURSRODULPHWU\DUHLQWHJUDC
RI[ UD\OLQHHPLVVLRQVSHFWUDWRQRQ ORFDOWKHUPRG)
DQG LQFOXVLRQ RIQRQ WKHUPDO HIITHFWV SURYLGHV LQVL
XQGHUO\LQJDWRPLFSURFHVVHV :HQRQ ;H UDGLDWLRQ K|
UDSK\DSSOLFDWLRQV DQG ;HJDV SXIIVKDYHSURYHQ WR E
TXHQWO\ DQHZO VKHOO ;HQRQ /7(PRGHO ZDV FRQVWUXFW
WLRQV ZLWK WKH )OH[LEOH $WRPLF &RGH )$& DQG LV SUHV
QHZ PRGHO SODVPD SDUDPHWHU VHQVLWLYH VIQWKHWLF |
ZLWK WZR GLIITHUHQW +(' SODVPD H[SHULPHQWY 1RWDEOH
RIHPLVVLRQ OLQHV DULVLQJIURP LRQL]DWLRQ VWDJHV &R
ERWK H[SHULPHQWY WKHILUVW LV D ODVHU LUUDGLDWHG .
LW\ JDV SXIl = SLQFK 7KH GLIIHUHQFH EHWZHHQ VSHFEWUD
HIITHFWV PDQLIHVWLQJLQ WKH = SLQFKDV FKDUDFWHULVWIL
WR SURGXFHEHDPVRIQRQ OD[ZHOOLDQ HOHFWURQV WKDW
HPLVVLRQ ([SDQGLQJXSRQ WKLV ZRUN FRPSUHKHQVLYH \
WKH HIITHFWV RI [ UD\OLQH SRODUL]DWLRQ RQ GLHOHFWUR
OLQH GHJUHH RI SRODUL]DWLRQ DQG SRODUL]DWLRQ GHSH
HOHFWURQ EHDPV ZHUH FDOFXODWHG XVLQJ GLIIHUHQW IR
DWRPLF GDWD ZDV H[SORUHG )XWXUH GHYHORSPHQW RI F.
'H SRODUL]DWLRQ ZRUN ZLOO IRFXV RQ DSSOLFDWLRQV WR
'HDV GRSDQWV RU XQLIRUP WDUJHWYV



LL

7KLV GLVVHUWDWLRQLVY GHGLFDWHG WR P\PXPP\ 0D



LLL

$FNQRZOHGJHPHQWYV

8QOLNH WKH VSKHULFDO FRZLQ D YDFXXP DSSUR[LPDWL!
LQ D YDFXXP ,HQGOHVVO\RZH JUDWLWXGH WR PDQ\ SHRS(
EHIRUHPHLQ67(0DQG SDYHG D SDWK IRURWKHUV WR MRLC
P\DGYLVRU 'U $00D 6DIURQRYD ZKR ZLWK PXFK SDWLHGC
3K ' MRXUQH\ 7KDQN\RX IRUUHFRJQL]JLQJP\SRWHQWLDO |
VL[\HDUV <RXDUHDQLQVSLUDWLRQLQERWKUHVHDUFK D¢
'U 9LFWRU .DQWVV\UHY IRU WKH VXSSRUW DQG DGYLFH \RX
WKH GDWD WKDW LV VR LPSRUWDQW WR P\ DQDO\VLV ,DPJ
DQG'U OHORGL5RGULIJXH WKDQN\RXIRUVKDULQJ\RXUH]
FRPPLWWHH PHPEHUV 'U 7LPXU 7VEKHUEXO DQG 'U ODW\
HIIRUWV LQ UHDGLQJ WKLV GLVVHUWDWLRQ

,KDG WKH KRQRURIEHLQJPHQWRUHG E\PDQ\SHRSOHLQ
'U (PLO3HWNRY 'U $XVWLQ 6WDIIRUG DQG5\DQ &KLOGHU\
NQRZOHGJH 7R9HURQLFD 6KO\DSWVHYDDQG'U .LPEHUO\ ¢
\RXU H[SHULPHQWDO GDWD DQG DQVZHULQJ P\ TXHVWLRQV
%XWFKHU IRU EHLQJ D JUHDW IULHQG WKURXJK FRXUVHZRU
SURYLGHG PXFK QHHGHG IXQ DQG ODXJKWHU

, DP VR JUDWHIXO IRU WKH WUXVW SXW LQ PH E\ WKH GHS
%HUQKDUG %DFK DV WKHKHDG 73 RI XQGHUJUDGXDWH ODEV
PDQ\QHZ 7$VDQG KHOSLQJVKDSH WKH IXWXUHRIWKH ODE\
:LOOLDPV DQG 6RILD :LOOLDPV IRUSURYLGLQJ WKH VXSSR!
WKURXJK WKLY SURJUDP DQG IRUWDNLQJ XV IO\LQJ

8QGHQLDEO\ ,ZRXOG QRW EH KHUH WRGD\ZHUH LW QRW |
P\DFDGHPLF FDUHHU 'U /\QQ &RPLQVN\DQG'U 7KRPDV 7L



LY

WRULQJPHWKURXJKP\XQGHUJUDGXDWH HGXFDWLRQDQG"
ZKDW JUDGXDWH SURJUDP ZDV ULJKW IRUPH , ZRXOG DOVR
LQVWUXPHQWDO LQ P\OHDGHUVKLS GHYHORSPHQW 'U %L
PHIRUPDQ\OHDGHUVKLS UROHV DQG SURYLGLQJPXFK QHt
=HSHGD WKDQN \RX IRU\RXU PHQWRUVKLS WKURXJK P\ Wk
IULHQGVKLS

7R P\ FRQVWDQW IULHQGYV WKURXJK JUDGXDWH VEKRRO
'U 5REHUW GHO &DUOR OLULDP .UHKHU DQG 6HWK .UHKHU
GHUVWDQGLQJWKURXJK WKLV H[SHULHQFH ,DSSUHFLDWH
JRRG WLPHV

7R P\ DEVROXWH FRQVWDQWY P\IDPLO\ 0\ WKDQNV WR \
ZRUGV EXW , ZLOO WU\ 7R P\PXPP\ \RXDUHP\LQVSLUDWL
ZLWK \RXU ORYH DQG EOHVVLQJV 7R P\VWHSGDG $DURQ
RQH DQG\RXUORYHIRUWKLVIDPLO\KDVDOORZHG XV WR U
6DQJHHW ,DPLQDZHRI\RXDVDQDFDGHPLFDQG SHUVRQ
PHLQWLPHV,GLG QRW ZDQWWRFRQWLQXHD3K ' 5DMGHH:
PHHYHQ ZKHQ ,DP VXUH ,DP ULJKW WKDQN\RXIRUGRLQJV
LQ WKDW )LQDOO\ WRP\VZHHW IDUDZD\RQH &RFRQXW

$IWHU OLVWLQJ PDQ\ YLWDO SHRSOH LQGLVSHQVDEOH W
OLNH WR UHFRJQL]H SHUKDSV WKH PRVW LQIOXHQWLDO P\
IRUEHLQJP\SHUVRQ 7KHVH ZRUGV VHHP WRR OLWWOH WR
LQVSLUH ,FDQQRW LPDJLQH JUDGXDWH VFKRRO RU OLIH ZL
LV DERXW WR JHW D ORW PRUH ORXG DQG IXQ

7KLV ZRUN ZDV VXSSRUWHG E\WKH 1DWLRQDO 1XFOHDU 6
'HSDUWPHQW RI (QHUJ\ XQGHU JUDQW '( 1%



&RQWHQWYV

,QWURGXFWLRQ

$WRPLF3URFHVVHVDQG QRQ /RFDO 7KHUPRG\QDPLF (TXL
8QGHUVWDQGLQJ $SWRPLF 3URFHVVHV ZLWK WKH )OH|
SOLFDWLRQV
1RQ /7(0ORGHOLQJZLWK WKH 6 815 &RGH DQG ([DPSOH
:LJQHU MDQG MB6\PEROV

([SHULPHQWDO 'HWDLOV
KDWDUH +LJK (QHUJ\ '"HQVLW\3ODVPDV"
IDVHU SURGXFHG 30DVPD
= SLQFK3URGXFHG 30ODVPD

$WRPLF'DWDEDVHIRU 1D OLNH ;H'LHOHFWURQLF 6DWHO
'‘LHOHFWURQLFS5HFRPELQDWLRQ
(QHUIJ\6WUXFWXUHDQG 5D&GLDWLYH 7UDQVLWLRQ 5D\
$XWRLRQL]DWLRQ 'HFD\5DWHYV
$WRPLF'DWDRI/ VKHOO 1D OLNH ;H7UDQVLWLRQV DC
&RQFOXVLRQVRQ $WRPLF'DWDEDVHIRU 1D OLNH ;H

; UD\/LQH 3RODUL]DWLRQ &DOFXODWLRQV IRU 1D OLNH ;}



YL

7TKHRUHWLFDO '"HWDLOV RI 4DOFXODWLRQV RI'HJUHH
'"HQVLW\ODWUL[)RUPDOLVPIRU &DOFXODWLQJ'F
)$& IRU &DOFXODWLQJ'HJUHH RI3RODUL]DWLRQ
&RPSDULVRQ RI )% &D QPlRX ODW;HGIV :
&DOFXRPWILY/DUIH - YDOXHV LQ WKH 'O $SSURDF|
SRODUL]DWLRQ '"HSHQGHQW / VKHOO ;H6\QWKHWLF 6
&RQFOXVLRQV

$QDO\WLVRIO VKHOO ;HQRQ = SLQFKDQG /DVHU SURGXFHI
%DFNJURXQG DQG ORWLYDWLRQIRUO VKHOO ;H6WXG
BUHVHQW 0 VKHOO ;H 6WXGLHYV
BUHYLRXV O VKHOO ;HB6WXGLHV E\2WKHU *URXSV
IDVHU SURGXFHG 30DVPD 5HVXOWYV
= SLQFK 30DVPD 5HVXOWYV
&RPSDULVRQRI7ZR ([SHULPHQWYV
6XPPDU\RI5HVXOWYV

&RQFOXVLRQV
$ $EEUHYLDWLRQV 6\PEROV DQG &RQVWDQWYV

% &RGH/LVWLQJIRUWKH3HJUHHRI3RODUL]DWLRQ " 3URJL



YLL

ILVW RI 7TDEOHYV

(QHUJ\ OHYNMJORRQ@HJXUDWLRQ DQG HQHUJ\ LQ H9 IR
VLQJO\ H[FLWHG VWDWHV IRU 1D OLNH ;H /HYHO LV W
$XWRLRQL]JLQJVWDWHV RI 1D OLNH ;HDQG WKHLU M N
WLRQVDUH SUHVHQWHG DORQJ Bl WB OKBHOXRIFR@ Q L] L
LIDWLRQ GALFDEUWBWHUDWHY DUH FRPSDUHG WR 1LOVH
8SSHU WR ORZHU OHYHO WUDQVLWLRQV IRU c
OHQJWK DXWRLRQL]DWLRQ SDUWLDODQG WRWDO UD
VLW\IDEFWRUV FRPSDUHG WR 1LOVHQ

8SSHU WR ORZHU OHYHO WUDQVLWLRQV IRU (
OHQJWK DXWRLRQL]DWLRQ SDUWLDODQG WRWDO UD
VLW\IDEFWRUV FRPSDUHG WR 1LOVHQ

8SSHU WR ORZHU OHYHO WUDQVLWLRQV IRU c
OHQJWK DXWRLRQL]DWLRQ SDUWLDODQG WRWDO UD
VLW\IDEWRUV FRPSDUHG WR 1LOVHQ

8SSHU WR ORZHU OHYHO WUDQVLWLRQV IRU c
OHQJWK DXWRLRQL]DWLRQ SDUWLDODQG WRWDO UD
VLW\IDFWRUV FRPSDUHG WR 1LOVHQ



$

YLLL

$ FRPSDULVRQRIWKHWKHRUHWLFDO GHJUHH RI SROL
DQG : LRQV XVLQJ)$& UHVXOWYV )RU HDEK WUDQVLW
SURYLGHG DORQJ DI®EK ZKLFK DUH VKDUHG EHWZHH(

DQG: 3HUFHQW GLIIHEHQFHLVKEMOHEZMH@W DQG WKH V.

Pmax

Py FDOFXODWLRQV XVLQJ (TRRWAIRGAX OD WB G DLNEK

max
(TXDWLRQV D HIRUWKH ;HWUDQVLWLRQV KLJKO

FURVV VHPWHRQWFXODWHG ZLWK )$&
'HJUHH RI SRODUL]DWY{RRPFDHOEXODWLRQV IRU
'6 OLQHLGHQWLILFDWLRQIRUWUDQVLWLRQVLQDVSH

LQ)LJIXUH
'6 OLQH LGHQWLILFDWLRQ IRUWUDQVLWLRQV LQ D V!

VKRZQ LQ)LJIJXUH
'6 OLQHLGHQWLILFDWLRQIRUWUDQVLWLRQVLQDVSH

LQ)LIXUH
'6 OLQH LGHQWLILFDWLRQ IRU WUDQVLWLRQV LQ D V!

VKRZQLQ )LJIXUH

7TDEOHRIFRPPRQO\XVHG DEEUHYLDWLRQV V\PEROV



LI

I[LVW RI)LIXUHYV

*UDSK RI WKH WHPSHUDWXUH DQG GHQVLW\ UDQJHV F
HILVWYV 7KHER[HGUHJLRQ LQGLFDWHY WKH SODVPD\
ZRUN 2ULJLQDO ILIJXUHIURP /$1/ 7KH 3K\VLFDO 5HJLP

/ DQGO VKHOODWRPLFVKHOOV
$WRPLF SURFHVVHV WKH GLUHFW DQG LQYHUVH ZKL
IRUVRPH LREIXUH UHFUHDWHG IURP :LOFR]
JORZFKDUW RI DWRPLF GDWD FROOHFWHG IURP )$& *X
PRGHO IRU6 815 +DQVHQ 2XDUW ZKLFK WKH
SRSXODWLRQV DQG VIQWKHWLF VSHFWUD XQGHU XVH
J)LIXUH DGDSWHG IURP :LOFR]

,RQL]JDWLRQ VWDJHV RI [HQRQ IURP JURXQG WR EDUH
(QJOHU
6\QWKHWLFVSHFWUD EODFNGDVKHG OLQH XVLQJ;H

H9 DIRGLP°cm 2 &RORUIXOVSHFWUDDUHWKHLQGLYLC
IURP HDFK LRQL]DWLRQ VWDJH
'HSHQGHQFH RI HOHF WJURIQWiH P 5EIGE WX UH DW
10006V ,RQL]DWLRQ VWDJHV DUH ODEHOHG
'HSHQGHQFH RI HOHRWU MG DQNWGL W LOPWW R
1Pcm 32 ,RQL]DWLRQ VWDJHV DUH ODEHOHG



'HSHQGHQEB@REBQW R FDOF XODN3EW@\D i =
10°%cm 2 D QG 2 keV

‘LDJUDP RI WKHGLDJQRVWLF WRROV XVHG LQ WKH OD
PHQW ILIJXUH IHRPDEFKXOW]

‘'LDIJUDP RIKRZD SLQFK ZRUNV $ YROWDJHDQG FXU
DQHPSW\VSDFH WKLVJDSLVILOOHGZLWKWKHWDUJI
WKHJDS $ PDIJIQHWLFILHOG LVIRUPHG SHUSHQGLF
WLRQ FRPSUHVVLQJ WKH WDUJHW PDWHULDO $WR
PHGLD &RPPRQV

‘'LDJUDP RIWKH 6+27*81 ,,, = SLQFKGHYLFHDW 1LKRQ
UHJXODU SRODULW\ VHWXSHW.DOUH IURP 6 KO\DSWVHY

3RODUL]DWLRQ GHSHQGHQW VI\QWKHWLF VSHEWUD IR
JLRQ DWHOHFWURQEHDP HQHUJLHV DQG
3RODUL]DWLRQ GHSHQGHQW VI\QWKHWLF VSHFWUD IR
JLRQ DW HOHFWURQ EHDP HQHUJLHV D
3RODUL]DWLRQ GHSHQGHQW VI\QWKHWLF VSHFWUD IR
JLRQ DW HOHFWURQ EHDP HQHUJLHYV

H9

3RODUL]DWLRQ GHSHQGHQW VI\QWKHWLF VSHFWUD IR
JLRQ DW HOHFWURQ EHDP HQHUJLHV DQG

&RPSDULVRQ RI 0 VKHOO HPLVVLRQ IURP = SLQFK ;H J
GDWD IURP WKH6+27*81 ,,, = SLQFKGHYLFHDW 1LKRQ
DQG ODVHU LUUDGLDWHG ;HJDV SXII HISHULPHQWDO
WKH -XSLWHU /DVHU )DFLOLW\DW /DZUHQFH/LYHUPRU



[L

&RPSDULVRQRI= SLQFK ;HJDV SXIIH[SHULPHQWDO G
;HJIDV SXII H[SHULPHQWDO GDWD ZLWK ERWK / VKHOO
QHRXWV GHQRWHG E\ WKH VROLG DQG GDVKHG UHJLR
HPLVVLRQ IURP = SLQFK SODVPD
&RPSDULVRQRI D VIQWKHWLF VSSHF\WODRURP %DV WL
WKHVSHFWUDO UDQJH WR cWR E DHRPELQDWLRC
DQG H®&.HD10%%cm * IURP WKH ;H PRGHO
&RPSDULVRQRI D VIQWKHWLF VSHFWUD FUHDWHG ZL
GLIITHUHQW HOHFWU RE WD HASHUDWXG®UIHDWHG ;HJDV SX
LPHQWDO GDWD IURP WKH 7LWDQ ODVHU DW //1/qV -XS|
/IDVHU LUUDGLDWHG ;HJDV SXIITH[SHULPHQWDO GDWIL
RXWV IRUIRXU GLITHUHQW JDV SXII GHOD\ WLPLQJ
S
&RPSDULVRQRI D VIQWKHWLF VSHFWUD FUHDWHG ZL
GLIITHUHQW HOHFWIVRQ GVHRBSEBXOGMWXIUNHYPDOO IUDFWL
HOHFWURQV E = SLQFK;HJDV SXIIH[SHULPHQWDO C
GHYLFHDW 1LKRQ 8QLYHUVLW\ -DSDQ
/ILQH RXWRIWKHQRQ WKHUPDO/ VKHOO HPLVVLRQ Ul
SXINTH[SHULPHQW 3&ROG " FKDUDFWHULVWLF/ VKHOO
YLGHG WKHVHDUHRQO\IRXQG LQ WKH= SLQFKJDV S
DQG SURYLGH IXUWKHUHYLGHQFH RI KRWHOHFWURQ\



&KDSWHU

L QWURGXFWLRQ

30DVPDV PDNH XS PXFK RI WKHREVHUYDEOH 8QLYHUVH >
EDVHG RQDEXQGDQFH FRPSDUHG WR WKHRWKHU VWDWHYV F
ILUVW VWDWH $V PRVW RI WKH YLVLEOH 8QLYHUVH LV LQD
PRUHJHQHUDOO\SODVPD SK\VLFVLVRIXWPRVWLPSRUWDC
WKHEHJLQQLQJVRIWKH8QLYHUVH DVWURSK\VLFDO REMHI
FRUH DQG (DUWK EDVHG FRQFHSWV OLNHPDJQHWLFIXVLR(
VWHZDUGVKLS RIWKHQXFOHDUVWRFNSLOH 30DVPDLV QR
LRQL]HG SODVPD LV SUHVHQW LQ HYHU\GD\ OLIH OLNH OLJ
VRPH ROGHU IOXRUHVFHQW OLJKW EXOEV WKDW VWLOO FR(
SXOOLQJDSDUWWZR VWDWLF FKDUJHG VRFENV IUHVKIURP \
DWDYDULHW\ R WHPSHUDWXUHV DQG GHQVLWLHV LW LVL
ERG\RIZRUN ZLOO FRQVLGHU )LJXUH VKRZV WKH WHPSI
SK\VLFDOPDWWHU WKHER[HG UHJLRQLQGLFDWHYV WKH UH

IDERUDWRU\ SURGXFHG SODVPDV SURYLGH D ULFK (DUWK
SURFHVV WR VWXG\ SODVPD FKDUDFWHULVWLFV IRUPDWL
RFFXUULQJ ZLWKLQ DQG IOXLG G\QDPLFV DPRQJ PDQ\RW



JLIXUH *UDSKRIWKHWHPSHUDWXUHDQG GHQVLW\UDQJ
7KH ER[HG UHJLRQ LQGLFDWHV WKH SODVPDV FRQVLGHUHC
IURP /$1/ 7KH 3K\VLFDO 5HJLPHV > @

PDQ\GHYLFHV WKDW SURGXFHSODVPDVDWYDULRXV WHPSF
GXFWLRQ PHFKDQLVPV DUH RXWOLQHG EHORZ 7KHQHHG W
ODERUDWRU\ SURGXFHG SODVPDV JDYH ZD\WR D ILHOG R1
LOWHUIHURPHWU\ 7KRPVRQ VFDWWHULQJ )DUDGD\FXS D!
VSHFWURVFRS\ ; UD\VSHFWURVFRS\ SURYLGHV D XQLTXH
SURFHVVHV RI SODVPDV

$ORQJ VRXIJKW DIWHU JRDOLQ ODERUDWRU\ EDVHG SOD
VRXUFHV RI HHWUHPH XOWUDYLROHW (89 > @ > @ DQG VRI\
HUDWRUV 7KLV DOORZVIRUWKHPXFK GHVLUHG KLJK UHSF
DQG WDNHH[SHULPHQWDO GDWD PXOWLSOH WLPHV D GD\ IR



VKRWVY DQG KLJK FRVW SHU VKRW SRVVLEOH RQ ODUJH VED
)DELOLW\ 1,) ZKLFK KDV UHFHQWO\ DFKLHYHG HQHUJ\ JDL
PRUHGDWD IRUOHVV FRVW WLPH DQGHQHUJ\FRQVXPHG I
VEFDOH JHQHUDWRUYV 7KHUHDUHPDQ\SODVPD SURGXFWLR
DQG WDUJHWYV 7DUJHWYV FDQ EH VROLG > @ JDV SXIIV F
RWKHU W\SHV RI WDUJHWV 'HEULV IUHH VRXUFHV DUH LQ S
QR GDPDJHRFFXUULQJLQ WKHFKDPEHU DQG WKHHPLVVLR
IURP PDWHULDOV RWKHU WKDQ WKH LQWHQGHG WDUJHW *|
GHEULV IUHHVRXUFHDQG SURYLGHD VWURQJVRXUFHRI[ U
OLDQLDQG &RPPLVVR > @ RIJDV SXIl= SLQFKHV VKRZ
RI[ UD\WIURP QREOH JDV W DD JW WV IHWVQ A K MWURMDWLIRIRL J K
RQPRGHOLQJHPLVVLRQIURPWKHVHVRXUFHV ZLWK PDJQH)
*LXOLDQLDQG &RPPLVVR DOVR GLVFXVV WKH SRVLWLYH
SXIl YV ZLUHDUUD\V 7R VXPPDUL]H WKH PDLQ WDNHDZD\\
RYHU ZLUH DUUD\V JDV SXIIVKDYHDQ LQLWLDO D[LV\PF
GLVWULEXWLRQ QHHGY WR EH PHDVXUHG ZLWK LQ FKDPEHL
ZLWK ZLUHDUUD\V DQG JDV SXIIVDOORZIRUPXOWLSOH \
WKH FKDPEHU HDFK WLPH WR UHVHW WKH WDUJHW ORDG > ¢

0DQ\ SDVW HIIRUWVY WR XQGHUVWDQG WKH DWRPLF SURF
GHWDLOHG LQ &KDSWHU KDYHIRFXVHGRQ . DQG/ VKHOO
SURGXFLQJ HTXLSPHQW WKLV PDNHV VHQVH VLQFH JDVHV
REWDLQ IRUH[SHULPHQWV DQG WKHUHVXOWLQ GLVWLQFW
VWDJHV 'LVWLQFW LRQL]DWLRQ VWDJHV DQG WKHLU FRUU
WR LGHQWLI\ WKDQ HPLVVLRQ ZLWK DQ RYHUODS RI OLQHYV
KLJK =LRQV FDQ SURYLGH EHWWHU XQGHUVWDQGLQJRI XQ
LV WKH QH[W QREOH JDV DQG D VXLWDEOH QH[W VWHS LQ F



RXWH UHDIOVK DQ RXWHU HOHFWURQ LRQL]DWLRQ SRWHC
JRRG FDQGLGDWH IRU ODERUDWRU\ SURGXFHG SODVPDV O]
DVZHOODV.U> @> @ %RWKS$UDQG .UDUHRILQIVHUHVW
NH9 SKRWRQV 3DVWVSHFWURVFRSLFZRUNRQ$U. VKHOO F
OLQHV +HH QWHUFRPELQDWLRQ DQGVDWHOOLWHOLQHV Ol
SURYLGHV D ZHDOWK RI LRQL]DWLRQ EDODQFH NQRZOHGJ}
PRUH HPLVVLRQ OLQHV WKDQ LQ . VKHOO $U ZLWK WKH PR
OLQHV> @> @> @> @> @ +HDYLHUHOHPHQWY DUH NC
PRUHFKDOOHQJLQJWRPRGHO KRZHYHU LWFRVWVPRUHH
RIDKHDYLHU HOHPHQW VD\;H GRSLQJSURYLGHV D SDWK \
;HDORQJ ZLWK WKH FRVW EHQHILWV RI $U $WRPLFPRGHOL
H[SHULHQFHG D JUHDWHU DPRXQW RI WKHPDVV EHLQJH[FL'
GRSDQW > @

%YHQFKPDUNLQJ WKHRUHWLFDO PRGHOV ZLWK H[SHULPH
WKHVH PRGHOV WR WKH UHDO ZRUOG KRZHYHU PDQ\SURF
PRUHLQYHVWLIJDWLRQ DV WR KRZWKH\HYROYHDQG PDQLI
DQLVRWURSLHV LV RQHVXFK SURFHVV WKDW GHPDQGV DQ |
NQRZQ WKDW HOHFWURQ EHDP LQWHUDFWLRQ ZLWK SODVP
LQ QDWXUH WKLV PHFKDQLVP UHVXOWY LQ SDUWLDOO\ OL!
+DXJ> @> @ ZDVRQHRIWKHILUVW WR FDOFXODWH WKH (
+ DQG+H OLNHLRQVLQ VRODU SODVPDVY $PRUHGHWDLOH
RI+H OLNH)HOLQHV ZDV FRUGKXBPWHG@\ 6 K6 HDBMWOAHY DD\ OL
ODUL]DWLRQRI1IH OLNHORZDVPHDVXUHGIURP (OHFWURQ
DQG; SLQFKHVRQWKH 0$8QLYHUVLW\ VFDOH=HEUD JHQH
WKDW H[SHULHQFH SDUWLDO SRODUL]DWLRQ FDQ EH IXUW|
OLQHV PRUHRQ WKLV WRSLFLQG6HFWLRQ 7TKHUH KDYH E



GHSHQGHQW VSHFWUD RI'6 OLQHV RI. VKHOO )HLRQV > @ :

ORWLYDWLRQ

7TKHUHLVD QHHG WR FRQVLGHU KLJKHU =SODVPDV VLQFF
QRWRQO\VSHFLI\SODVPD SDUDPHWHUV VXFKDV HOHFWUR
IUDFWLRQRIQRQ OD[ZHOOLDQ RUKRWHOHFWURQV EXW DC(
ODS RILRQL]DWLRQ VWDJHV RU WKH UHVXOWDQW VDWHOUC
SOLFDWLRQV RI KLJK = PXOWLFKDUJHG LRQV LQFOXGH VW]
SURGXFWLRQ RIEULJKW [ UD\ VRXUFHV 3DVW ZRUNRQ ;HO
SURGXFHG ;HJDV SXII SODVPDV RQ WKH /DERUDWRLUH SRX
/8/, ODVHU LVOLPLWHG WRWKHZDYHOHQJWK UHJLPH RI
LIDWLRQ VWDJHV 9 OLNHWR 1L OLNH> @ ; UD\VSHFWURYV
HITHFWV RIHOHFWURQEHDPV XSRQSODVPDVDVDQRQ LQWL
KRWHOHFWURQV ZLWKLQ HPLVVLRQ VSHFWUD GHSHQGV RQ
LIl WKHUH LY DUHDVRQ WR VXVSHFW HPLVVLRQ EHLQJDIIHF
EHDP LQWHUDFWLQJ ZLWK WKH SODVPD KRW VSRW ;HJDV I
HIWHQVLYH VSHFWUDO UDKQWHDRI HPVWWRQL#HEAWRRYQU
DQG OX®OWBO > @ H[SORUHG ;HRYHU c

,QDGGLWLRQ WR VWXG\LQJ O VKHOO ;HHPLVVLRQ WKHU
OLQH SRODUL]DWLRQRI/ VKHOO ;HHPLVVLRQIURPDQLVRW
WR[ UD\OLQH SRODUL]DWLRQ 'LHOHFWURQLF UHFRPELQD
DQG %DWHYV > @DQGVWXGLHGLQGHWDLO IRUKLJK WHI
HTXLOLEULXP '5 SURYLGHV D SODVPD WLPH KLVWRU\ *DE!
UHFRPELQDWLRQ VSHFWUDO OLQHV DSSHDU DV VDWHOOLW
UHVRQDQFH OLQHYVY 7KHVH VDWHOOLWH OLQHV DUH VHQVL
WHPSHUDWXUHLV D GLUHFW REVHUWDE O H @& IGHRW RH G ' 56 D DU
FRHIILFLHQWDV D IXQFWLRQ RIHOHFWURQ WHPSHUDWXUH



ULJHG DV IROORZV Xef$*WDQ GHVQ LLRF L\GINQ W H'OLHG W/ HJ R FAN. W
WKHLQFLGHQW HOHFWURQ ZLOO H[FLWHRQHRIWKHERXQG
FLGHQWHOHFWURQLVDOVRFDSWXUHGLQDQH[FLWHG RUE
LRQ IURP KHUH WKHLRQ FDQ HLWKHU XQGHUJR DXWRLRQL]
HOHFWURQ LV HMHFWHG DQG ERWK WKH HOHFWURQ DQG L
XQGHUJR UDGLDWLYH VWDELOL]DWLRQ +DIDVW VSRQWDQ
LRQL]DWLRQ WKUHVKROG HPLWWLQJD SKRWRQ > @ 3UH)
RI'6 OLQHV ZDVIRFXVHG PDLQO\RQ . VKHOO OLQHV > @ >
JURXSRQ/ VKHOO WXQJVWHQ : > @ KDV OHG WR DSSOLFD'
7KHJRDORIWKLY GLVVHUWDWLRQLVWRGLVFEXVVP\UHVF
[ UD\HPLVVLRQ > @> @ RYHUWKHODVW VL[\HDUV 7R WK
FRYHUV WKHRUHWLFDO FRGHV ZKLFK DUH XVHG WR XQGHU"
JOH[LEOH $WRPLF &RGH )$& > @ DQG 6 815> @ > @ ZKLF
IRUEHQFKPDUNLQJDJDLQVW H[SHULPHQWDO GDWD &KDS)
WKH H[SHULPHQWYV DQDO\]HG DQG PRGHOHG LQ &KDSWHU
RIFUHDWLQJDQ DWRPLF GDWDEDVH IRU 1D OLQH ;H GLHOH
&KDSWHU SUHVHQWV WKHRUHWLFDOGHWDLOVRIFDOEXOD
WKH WZR LPSOHPHQWHG PHWKRGV FRYHUHG DUH  WKH GH
ZKLFK LV H[SODLQHG WKURXJK FURVV VHEWLRQV RI1 0 VXEC
RI SRODUL]DWLRQ FDOFXODWLRQV DUH FRPSDUHG WR : UH\
VSHFWUD RYHUD UDQJHRIFRUUHVSRQGLQJEHDP HQHUJLH\
WKHVSHFWURVFRSLF UHVXOWY RIPRGHOLQJH[SHULPHQWI
LQ &KDSWHU &RQFOXGLQJWKRXJKWV DUH SURYLGHG LQ &



&KDSWHU

SWRPLF3URFHVVHVDQG QRC
[KHUPRG\QDPLF (TXLOLEUL X

8QGHUVWDQGLQJ $WRPLF 3URFHVVH)

$SWRPLF &RGHDQG $SSOLFDWLRQV

7TRDQDO\]JHWKHH[SHULPHQWDO GDWD IURP ODERUDWRU\
WKH H[SHULPHQWDO VSHFWUD WR WKHRUHWLFDOO\ SURG?>
FKDUDFWHULVWLFVY OLNH HOHFWURQ WHPSHUDWXUH DQG C

/' RUO VKHOO DUH FRQVLGHUHG LQ WKLV GLVVHUWDW |
RIDWRPLF VKHOOV 7KH NH\WR SURGXFLQJD JRRGILWWLQ
RI WKHDWRPLF SURFHVVHVLQD SODVPD WKLV GHSHQGV X
RUDWRPLF SURFHVVHYVY (PLWWLQJREMHFWY FDQ EH LQ RQ
HTXLOLEULXP /7( RUQRQ ORFDOWKHUPRG\QDPLFHTXLOLI
WKHHOHFWURQLPSDFWLRQL]DWLRQDQG WKUHH ERG\UHF
DUH XVXDOO\ DW KL JHK®ENHFRIUWKRLY IGHQ ¥ L \®@H V@



J)LIXUH ./ DQGO VKHOO DWRPLF VKHOOV

7KHRUHWLFDO PRGHOLQJ SUHVHQWHG LQ WKLV GLVVHUW
HOHFWURQ G HIDStmW \VERfAnz HHY QRQ /7( PHDQLQJ UDWH HT:
FDOFXODWHG UDWKHU WKDQ WKH VWDWLVWLFDO PHFKDQL
DWRPLF SURFHVVHV ZKLFK LQFOXGH FROOLVLRQDO H[FLW
OLVLRQDO LRQL]DWLRQ DQG WKUHH ERG\ UHFRPELQDWLRC
GHFD\ UDGLDWLYH GHFD\DQG UHVRQDQW SKRWR DEVRUS!
UHFRPELQDWLRQ WKHVHDUHLOOXVWUDWHG LQ )LJXUH

5DWHV RI WKHVH DWRPLF SURFHVVHY DUH FDOFXODWHG ;
> @DQGWKHQDUHFRPELQHGLQ WKHDWRPLFPRGHO 6\QW
ORFDOWKHUPRG\QDPLFHTXLOLEULXP QRQ /7( FRGH WKH
7KLV FRGH WDNHV DWRPLFPRGHOVDVLQSXWDQG SURYLGH
SODVPDV FRQGLWLRQV OLN H 6B F\&WRE ¢ GG PISSAWHDWWDIQUM 1 |
WLRQ RI KRW HOMWEWMHURQAKRZY WKH IORZV RI DWRPLF LQIRU!
HOHPHQW RILQWHUHVW IURP )$& WR FUHDWLQJD PRGHO IL(
WR 6 815



JLIXUH $WRPLF SURFHVVHV WKH GLUHFWDQG LQYHUVH
VRPHX,RQLIXUH UHFUHDWHG IURP :LOFR[> @



{1 AdAQOS O9HITITdHSANHAX NHO9OX ANMAHSA ATMHYMO\A90Ad  ADHTMAOXSHYS OHAHO
)10AdCrCOTMAHNAd ® <23$(ddNI O9OHMIdHOOYd AMAD 47ddMAaid mNnad4zydo( HNXC(



6SHFLILFDOO\ WR FUHDWH D PRGHO ZKLFK FDQ EH XVHG
VSHFWUD WR LQWHUSUHW H[SHULPHQWDO SODVPD GDWD
IRUWKHHOHPHQW RILQWHUHVW 7KLV DWRPLF GDWDEDVF
DQG UDGLDWLYH GHFD\ UDWHV DQG FROOLVLRQDO H[FLWI

RI WKH VSHFLILHG HOHPHQW &R D OH \LIQRDHDI B WRNGY RAHHW Y
GLVWULEXWLREMGEFWLRQ (")

nh i=ne () (OFCH

'KHUHV WKH LQFLGHQW(HQNPWURIQHFQBHOW HOHFWURQ YH
q_—
= Z DQG WHKKYXDV QRUPDOL]JHG

1H[WWKHUDWHRIFKDQJH RVPSBEXODWHRQ OHYHO

X h\
— = X«Rg Xi Ry
k=1 k=1

"KHXHLY WKH OHYHO $RE&&CODMW WG HQBE UJ\ OHYHO LQGLFH\
UHSUHVHQWY WKH SR SR D WS QH \BRH@ W N WWHKNKDMPGRK H D W H V
VHFRQG WHUP UHSUHVHQWYV WKHRHSRBKIO B XWR R I SMRR ANV YV
k 6ROXWLRQV WR WKLV GLITHUHQWLDO HTXDWLRQ DUH WKH

OHYHO SRSXODWLRQV DUH NH\ LQ FDRIFXQ®G WR Q W Q M IDWH U
X
Wi = Xzz

z
Ne

rzi
TKHVHHOHFWURQV FDQEHDVVXPHG WRKDYHQRQ UHOD\
ZKHUHH[FKDQJHHIIHFWVDUHQHJOHFWHG 7KHVHDUHDOVI

Nion =

DVWKH\IROORZD OD[ZHOOLPQ GLVWULEXWLRQ
2 m "
F ||-T = — —78
M(1 e) p-l-e TeeT

' KHOHLY WKH HOHFWURQ WHP IR UDWRUEBWH DQG WKH XQLWYV RI
,WZDV VKRZQ WKDW WKH VPDOO IUDFWLR@RI KFFWQQRQ O
VXEVWDQWLDOO\ DITHFW [ UD\ VSHFWUD > @ 3UHVHQFH F



FKDQJH WKH FKDUJH VWDWH EDODQFH DQG DIIHFW OLQH LQ\
0D[ZHOOLDQ DQG KRW HOHFWURQV
F(5 0 Ter 3T )= )Fm (5 Te) + TRa(™ "0
8VXDOO\QRQ 0D[FHOOERQVLGHUHG WR EH D *DX\VAVIWD Q GLV!
WKH YDULPRQFE BR R HHQH U J\
Fe("or )= p—exp O o)

2 22
; UD\VSHFWURVFRS\DQG VSHFWURSRODULPHWU\SURYLGH

WURQ EHDPV XSRQ SODVPDVDVDQRQ LQWUXVLYHREVHUYL
SURYLGH LQIRUPDWLRQ ZKHWKHU UDGLDWLRQ ZLOO EH DIII
WKH SRODULW\RIDJDV SXIl= SLQFK OHDGLQJWR HOHFWU
VSRW
$WRPLFGDWDLVIDWKHUHGIRUHDFKFKDUJHVWDWH XQG
ZLWK WKH QHFHVVDU\ DWRPLF FRQILIJIXUDWLRQV DQG WUDQC
LIDWLRQDQGUDGLDWLYHGHFD\UDWHY DQGFROOLVLRQD(
HDFK WUDQVLWLRQE\)$& 7KHFROOHFWHG GDWD LV FRQYH
LPSOHPHQWDV D PRGHO IRUFDOFXODWLQJOHYHO SRSXOD'

1RQ /7(ORGHOLQJ ZLWK WKH 6 815 &RC

SOHV
$QHZ0 VKHOO ;HPRGHO FDOOHG;H ZDV FUHDWHG WR C
RI0O VKHOO ODERUDWRU\ SURGXFHG [HQRQ SODVPDV IURP \
ZHUH QRW ZHOO LGHQWLILHG E\ WKH SUHYLRXV 0 VKHOO ;H
LQFOXGHV PRUHLRQL]DWLRQ VWDJHYV $U WR=Q OLNHDQG ¢
0O VKHOO ;HSODVPDV WKDWUDGLDWHEHWZHHQ WR c 3Dl
GLIIHUHQWHQHUJ\OHYHOV DGGHG G IWUDQVLWLRQV
FRQILIXUDWLRQV ZKLFK GLG QRW UHVXOWLQ DEXQGDQW D1



G S&R OLNH;HWUDQVLWLRQGLG QRWFRQWULEXWH PXFK
OLPLWLQJKRZPDQ\RWKHU WUDQVLWLRQV FRXOGEHLQFO)>

TKHDWRPLFGDWDIRUDWRPLFSURFHVVHVDUHLQFOXGH
XODWLRQDQGGHSRSXODWLRQRIHQHUJ\OHYHOVIRUDSDU
WUDQVLWLRQVWKDWUDGLDWHEHWZHHQ ¢cDQG <c¢cSURYLG
DQG DUH PRVWO\WKH G |IWUDQVLWLRQV IRU $U OLNH WR
LPSRUWDQW DWRPLF SURFHVVHV EHWZHHQ DQG ZLWKLQ LR
VIOWKHWLF VSHFWUD DV ZHOO DV WKH LQGLYLGXDO FRQWL
RI=Q WR $U OLNH ;HDUHGLVSOD\HGLQ )LJXUH

JLIXUH ,RQL]DWLRQ VWDJHVRI[HQRQIURPJURXQG WR E|
> @



YLIXUH 6\QWKHWLF VSHFWUD EODFN GDVKHG OLQH XV
H9 DRG 10P°cm 3 &RORUIXO VSHFWUD DUH WKH LQGLYLGXE
LRQL]DWLRQ VWDJH



'HSHQGHQFHRIVIQWKHWLF VSHFWTJ DDR)QG HHIDHHPMUFRRD VG HHRSH
JLIXUH LV DVHULHV RI SORWV RIWKH:H PRGHO UDQ R(

WHPSHUDWXUH H9 ZLWK HOHFMUYRO GHROGMLEN\K WE G\
LOOXVWUDWHY KRZGLITHUHQW LRQL]DWLRQ VWDJHV UDGLI
XQGHUFHUWDLQ FRQGLWLRQV )RUH[DPSOH FRQVLGHU &X
FRROHU HOHFWURQ WHPSHUDWXUHYVY PDLQO\ H9 ORUHR
DWXUHV PRUH KLJKO\LRQL]JHG ;HLRQV 0Q OLNHDQG DER®
WHPSHUDWXUHLQFUHDVHYV XS WR H9 WKHVSHFWUXP EHF
DQG6F OLNH;HLRQVZKHUHY9 OLNH;HLVWKHPRVWLQWHQV
LQWHQVH $U OLNH ;HOLQHV ZKLFK KDYH QRW DSSHDUHG DW
LQJO\ RQHFDQDOVRREVHUYHD FOXVWHU RI &D OLNH SHDU
OLQHVWRWKHLPPHGLDWH ULJKW RIWKH $U OLNH ;HOLQHYV
SHUDWXUHFDVHZKHUH WKH&D OLNHSHDNVDW c¢cZRXOGR
WKH HO9 VSHFWUXP WKHQLWPLIKWUHVXOWLQGLIILFXO'



J)LIXUH 'HSHQGHQFH RI HOMH FWOURA WHOTEH UMW XUH DW
1000eV ,RQL]DWLRQ VWDJHV DUH ODEHOHG

J)LIXUH LV D VHW RI V\IQ W R45&WL B WS ¥ B WIUHDGDIRVR R
1?cm ®* ,RQL]DWLRQ VWDJHV &X OLNH WR &U OLNH ;H DUH Z|
GHQVLW\ ZLWK 1L OLNHLVRODWHAWWLQHQHDU c GRPLQD'



JLIXUH '"HSHQGHQFH RITd 354V IDRQEGS 10 WIIRA? trb v
,RQL]DWLRQ VWDJHV DUH ODEHOHG
'HSHQGHQFH RI VIQWKHWLF VSHFWUDXSRQ IUDEFWLRQ RI KR
JLIXUH LV D VLPLODU VHULHV RI SORWV EXWZLMWX WK
03 10 T.=350eV ne=102cm 3 DQG FXWR'b=H@EWURKDQJILQJ
WKHIUDFWLRQ RI KRW HOHFWURQV KDV D VLPLODU HIIHFW V
WKH VIQWKHWLF VSHRBWYBHFRRNURQ RMHW FDQ REVHUYH WKH
LRQL]DWLRQ EDODQFH ZLWK 9 WR &X OLNHLRQV ORYLQJR
VSHFWUXP WKH XVXDOO\EULJKW 1L OLNH SHDNV DUH DOO .
VSHFWUDO VWUXFWXUHY DQGLQ WRWDO LRQL]JDWLRQ VWD



JLIXUH '"HSHQ WHDQRHB@ERWERO FDOF XOTp W BbGel W, =
10°°cm 2 D QG 2 keV

'LJQHU MDQG MGB\PEROV
'LJQHU M V\PEROV RUPRUHVLPSO\ MV\PEROV SURYLGH
PHQWDLQD V\PPHWULFPDQQHU DGGLWLRQDOO\ RUWKRJR
PRUHDSSURDFKDEOH MV\PEROVDUHGHILQHG DV
0 1

j1 J2 s 1) iz ms .
%D g (—B;Th 1M1 j2mMojjs( mMa)i
m; My M3 13




K H b Hnyjomajjs( ms)i DUHWKH &OHEVFK *RUGDQFRHIILFLHQWYV ;

DG ") WKHVHFRHIILFLHQWVDUHRQO\QRQJHURZKHQ WKH

jj1 j2i 3 j1+j2DQG mz=mi+m, $IXOOVXPPDU\RIWKHVHOHI
IRU MV\PEROVIROORZV

mi 2f Ji; ji+1; ji+2;:5)i0 ZKHIBEHA; 2; 3
mi+ my+ m3=0

jin Ja js jitj2 DQG

(j1tj2*+js3) LVDQLQWHJIHU

OXFK OLNH WKH M V\PERO M V\PERO FDQ DOVR EH ZULW

WLPH WKH 5DFDK WE Rt & lisFsl HQW V
8 9

21 iz s
1 2 3 i i ; ; ..
T =0 W (4 o) 5] 4 5] 6)
“Ja )5 e

. At )15 ) j((J1j2)J12;i3)Ji
5DFDK : FRHIILFLHQW@ZQJH,QJ@H_M%BW
M VIPEROV DUH DOVR GHILQHG LQ WHUPV RI M V\PEROV PL
DQG RUWKRJRQDOLW\UHODWLRQV

8 9 0 1
Ji J2 I3 X Pe J1 J2 I3
LGk Mo
LRt ST G
“Ja )5 Je? mi;iime mq mo ms
10 10 1
___%)jl is jeg%}h j2 e g%h is jsg
mq Mg Mg mg Mo Mg mg Ms Mj

&DOFXODWLQJ MDQG HVSHFLDOO\ MV\PEROV E\KDQG LV L
EXLOGD SURJUDP WR FDOFXODWH MDQG MV\PEROV DFFEXL



&KDSWHU

([SHULPHQWDO '"HWDLOV

7TKLVFKDSWHUEHJLQV ZLWK D GLVFXVVLRQ RQ ZKDW KLJFk
DQG ZKDW PHFKDQLVPV FUHDWH +(' SODVPDV 7KHQ LW SUF
WZR H[SHULPHQWV DQDO\|HGDQG GLVFXVVHG LQ & KDSWHU

KDWDUH +LJK (QHUJ\ '"HQVLW\3ODVP
(GZDUG 7THOOHU > @ SXEOLVKHG WKHILUVW DUWLFOH RC
QH[W WHQ \HDUV +(' SODVPD H[SHULPHQWV DQG GLDJQRVW
KDYHHQHUJLHV BOWKHLRUGRUBHVSRQG WR SUHVVXUHV DE
DUH QRW LQ WKHUPDO HTXLOLEULXP DQG HPLWWHG SKRW|
VSHFWUXP 5DWKHU WKH UDGLDWLRQLVLQ WKHIRUPRIOL!
HQHUJ\ GLIIHUHQFHY EHWZHHQ DOORZHG TXDQWXP HQHUJ
PDV FUHDWHG LQ ODERUDWRULHY DUH PRVWO\ QRW LQ ORF
DUHLQ QRQ ORFDO WKHUPRG\QDPLFHTXLOLEULXP QRQ /7
ODVW > @ 7KHUHIRUH +(' SODVPD JHQHUDWHV LQWHQVH O
ZLWKLQ +(' SODVPDV KDYHWKHLURZQ GLVWULEXWLRQ IXQF
RI KRW HOHFWURQV GXH WR WHPSHUDWXUH JUDGLHQWYV DG
RQ WKHHOHFWURQ GLVWULEXWLRQ IXQFWLRQ ZLWK DQG Z1



GHUVWDQG +(' SODVPDUDGLDWLRQ RQHPXVWFRQVLGHU Q
QRQ /7( NLQHWLFV UDGLDWLRQ WUDQVSRUW DQG SODVPD
GLVVHUWDWLRQ DWRPLF SK\VLFVDQGQRQ /7(NLQHWLFV D
DQG DUH VWXGLHG $GGLWLRQDOO\ QRW HYHU\ W\SH RI O]
FUHDWH D +(' SODVPD 7KHIROORZLQJVHFWLRQV KLJKOLJ!
ODVHU LUUDGLDWHG ;HJDV SXIIDQG WKH RWKHU RQ ;HJDV

/IDVHU SURGXFHG 30DVPD
$ ODVHU SURGXFHG SODVPDLVRQHZKHUHDODVHULV XV
WDUJHW FDQ EHVROLG VXFKDV DIRLORUWKHWDUJHW FD(
MHW RUFOXVWHUHG JDV $ ODVHU EHDP LV JHQHUDWHG DQ
ZLWK WKH WDUJHW UHVXOWLQJLQ SODVPD SURGXFWLRQ

/IDVHU LUUDGLDWHG *DV -HWV &OXVWHUV 8VLQJ WKH /HRSD

.DQWVHWHDO > @ SUHVHQWHG H[SHULPHQWDO GDWD IURF
JDVMHWYV FOXVWHUV LUUDGLDWHG E\ODVHU SXOVH IURP W
/IDERUDWRU\ =33/ IRUPHUO\1HYDGD 7HUDZDWW )DFLOLW!
LQWHUDFWLRQ RIODVHUDQG JDV MHWV FOXVWHUV [ UD\\I
$U .U RUSU .UPL[WXUH DQG VXSHUVRQLF OLQHDU MHW Y
SXOVH GXUDWLRQ $GGLWLRQDOO\ WKH\ZHUH LQWHUHVW
SURGXFHG HYHQ E\QDQRWXEH FRDWHG IODW VXUIDFH VRO
JDVMHW RU FOXVWHU DV WKH WDUJHW WR DYRLG WKH PLFUF
WLRQ 7KH GHEULV IUHH DVSHFW ZDV WHVWHG E\ SODFLQJ |
DQG JDV MHW FOXVWHU LQWHUDFWLRQ SRLQW DQG QR KRC
VZLWFKHG WR D VROLG IODW WDUJHW WKHUH DUH KROHV |
&OXVWHU LRQL]DWLRQ HIILFLHQF\DQG [ UD\\LHOG DUH LPS
WR D FDUULHUJDV L H DGGLQJ.UWRSU 7KHLRQL]DWLRQ



DQG H9 UHVSHFWLYHO\

7KHV\IRXQG WKDW WKHFOXVWHUHG VXSHUVRQLF MHWYV UD
JDV GHOD\ SURYLGHG FRQWURO RYHU WKH RYHUDOO HPLVV
IRUDVXEVRQLFJDVMHW ZLWKD ORQJODVHU SXOVHH[SHUL
LQFOXGHG WKUHH R G BDQ\GRYRFHRGYWHQFH RI VHFRQG DQC
FDWHG D VWURQJ HOHFWURQ EHDP LQ WKH SODVPD KRW VS
IURP D VXSHUVRQLFE FOXVWHU JDV MHW Hd WKH @ KIRK WQONDH/U
FRPELQDWLRQ DQG /L OLNH $U OLQHV ZLWXK7B(&S DRYGP D W H
Nne=5 100°cm 3 DORQJ ZLWK D %H OLNH $U YW UXHMWOUSH ID\DREQQ F
.UJDV MHW FOXVWHU H[SHULPHQWDO VSHFWUXP VKRZHG 1
1D OLNH.UVWUXFWXUHV 7KHEHVW PDWFKN\RIWKHWLF VSt
D¢ R1Pcm 3 .DQWWWHVR FRQGXFWHG 'UHODWLYLVWLF
0' PRGHOLQJIRUVKRUW ODVHU SXOVHV ZLWK $UDQG .U VX

Q> @ 6FNXD@W]|SUHVHQW [ UD\ HPLVVLRQ DV D IXQFWLR
GHQVLW\ DQG GH O BI\WFIRBALIQWID WHGXWKMH LU VWXG\RIJDV SXII
LQKRW HOHFWURQ SURGXFWLRQ KLJK KDUPRQLFJHQHUDYV
[ UD\JHQHUDWLRQ 7KHODVHU LUUDGLDWHGJDV MHW H[SH
//1/ 7LWDQLVD QP IVGXUDWLRQODVHUEHDP KRXVF
DW//1/ )RUWKLVVHWRIH[SHULPHQWY WKHODVHUHQHUJL!
WR ODVHU LQW HOWI W)HVSRDWRKH WDUJIJHW B6KRWV ZHUH FR(
SXUH $U .U DQG;H DQGPL[HG JDV SXIIV .U$SUDQG ;H.US$U
DUH GHWDLOHGLQ > @ PRVW UHOHYDQW WR WKLV GLVEXV
)DUDGD\FXS GHWHFWRU ZLWK D ORZHU EXWRII HQHUJ\ RI |

30DVPD FRQGLWLRQV ZHUH GHGXFHG Y HIVTHID M \DE-OFHMWY R
GUDZ SDUDOOHOV WR H[SHULPHQWY RQ WKH /HRSDUG ODVH
FDPHUDV DQG[ UD\GHWHFWRUVEHLQJXVHGLQERWKH[SH!



$UDQG/ VKHOO QRQ /7(PRGHOV ZHUH XVHG IRUGHYHORSL
ILW . / VKHOO DQG QRQ /7(DUHGHVFULEHG LQ &KDSWHU
.UH[SHULPHQWDO GDWD UH V X£-\648 €/ DG B D18t FP HW H U V
WKH UHJLRQ PRGHOHG VSDQQHG IURP c¢WR ¢ .H\OLQH"
' * $ 9% & ' ) DQG *DORQJZLWK WZR 1D OLNH .U SH
PRGHOLQJRI$U.UH[SHULPHQWDO GDWD LGHQWLILHG WKH
SODVPD SDUBFBOMHD@G=4 108cm 3 DQG . VKHOO $U +H. +H
LQWHUFRPELQDWLRQ DQG /L QENID VLIPS E QG SDUDPHW
7KH. VKHOO $U HPLVVLRQ ZDV PXFK OHVV LQWHQVH WKDQ W
$GGLWLRQDOO\ WKHUH LV WKHJDV GHOD\ SDUDPHWHU
LQLWLDO JDV SXIl UHOHDVH WR ZKHQ WKH ODVHU DQG JDV
FRQWURO RYHU WKH JDV SXIl GHQVLW\ DV JDV GHOD\ WLP]I
ORGHOLQJRIJDV GHOD\WLPLQJVSHFWUD LV SUHVHQWHG
'H.U$U PLIWXUH VKRWYV HOHFWURQV ZLWK HQHUJ\! NHO9 Z
EXW GR QRW PDQLIHVW LQ WKH VSHFWUD 7KLV FDQ EH H[SQ
ZLWK HLWKHU JDV SODVPD YDFXXP ERXQGDULHV RUWKH SC
SXUH ;H VKRW DUH IXUWKHU DQDO\]HG LQ &KDSWHU



JLIXUH ‘'LDIJUDP RIWKHGLDIJQRVWLFWRROV XVHG LQ WK
ILIXUH IURMHMNW RROOCW j@

= SLQFK3URGXFHG 30O0DVPD
,QD=SLQFK SODVPDDQ HOHFWULF FXUUHQW JHQHUDWH
SLQFKHV WKH SODVPD )LJXUH LOOXVWUDWHV WKH GLIIF
FXUUHQW LV DSSOLHG DFURVV DQ HPSW\ VSDFH WKLV JDS
FXUUHQW MXPSV WKHJDSDQGDPDJQHWLFILHOGLVIRUPHG
FRPSUHVVLQJWKH WDUJHW PDWHULDO DQG DWRPV IXVH

JLIXUH ‘'LDIJUDP RI KRZ D SLQFK ZRUNYV $ YROWDJH D
DQHPSW\VSDFH WKLV JDSLVILOOHG ZLWK WKH WDUJHW P
$ PDIQHWLF ILHOG LVIRUPHG SHUSHQGLFXODU WR WKH FXl
PDWHULDO $SWRPV IXVH )LIXUHIURP > @



$UDQG .U*DV SXIl= SLQFKHV RQ 6KRWJXQ ,,,

Q> @ 6KOSWIUHNWIWDEOLVKHG WKH LPSRUWDQFH RI1J
VWURQJ[ UD\VRXUFHV EHQHILFLDOIRU[ UD\VSHFWURVFR
HOHFWURQV *DV SXIl = SLQFK H[SHULPHQWY RQ WKH 6KR\
LQ -DSDQ > @ ZHUH FRQGXFWHG ZLWK $U .U DQG ;H RSHU
UHYHUVHG SRODULW)\ 642 7D8MW, F XKPIVFLWRU EDQN ZKLFK F
W R UHJXODU SRODULW\ RU+* UHYHUVHG SRODULW\ N
UD\ HPLVVLRQ GDWD ZDV FROOHFWHG RQ WZR WLPH LQWHJ
IRFXVLQJ FU\WWDO VSHFWURPHWHU DQG D PLFD FU\VWDO \
GHWDLOV DQG GLDJQRVWLFV DUHGHVFULEHGLQ> @ ; UD!
DUHIXUWKHUDQDO\]HG L QHWHSW R U H G5W & HDISIMHWVAHAY R I HOH F
RQWKHUDGLDWLYHFKDUDFWHULVWLEV ILQGLQJWKHUHY!
UHJXODUSRODULW\ 7KHPRVW L@W DQNH HE WHURRPE L Q B W
OLNH $U OLQHV H[LVWHG LQ ERWK SRODULWLHV OO®RMJ ZLW
ZKLFKLVPRUHLQWHQVHLQ WKHUHYHUVHG SRODULW\FDV}
WZR VWURQJ *FR@GV)HZKLFK ZHUH QRW VHHQ LQ WKH UHYHU
ZDV GXH WR WKH HOHFWURQ EHDP KLWWLQJ WKH VWDLQOH)
) OLNH $U VDWHOOLWH OLQHVRQO\LQWKHUHYHUVHG SROD
IRUQRQ OD[ZHOOLDQHOHFWURQEHDPVIRUWKHUHYHUVHG
E\6KO\D SWWHOYWKHU LQGLFDWH WKH H[LVWHQFHRIHOHFWU
ZLWK WKH LQFOXVLRQ RI QRQ UD[ZHB ML DY dRW IH@®EH BW U R C
IUDFWLRQ RIKRWHOHFWURQV 7KHUHVXOWDQW V\QWK
+H OLNHLQWHUFRPELQDWLRQ DQG/L OLNH$UOLQHV ZHOC
+RZHYHU PRGHOLQJGRQHRQWKHUHJXODUSRODULW\HPL)
HOHFWURQV WR DFKLHYH D JRRG ILW 7KH UDW LRHRIVALIW DY K
WR HOHFWURQ GHQVLW\ DV WKH UDWLR LV ODUJHU WKH C



+HLQGLFDWHY WKH HOHFWURQ WHPSHUDWXUH WKH WHPS
6KO\D SMWIBMMPR VKRZPRGHOLQJRIDUHYHUVHG SRODULW\H
WKHEHVWILWLVDFKLHYHG ZLWKWKHLQFOXVLRQRIKRW H(
PRVWLQWHQVHOLQHVPRGHOHGDUH 1H OLNH $ & ' ) D
SHDNYV

2 JUHDW LQWHUHVW EHWZHHQ WKHWZR H[SHULPHQWYV T\
ODVHU LUUDGLDWHG JDV SXII HITSHULPHQW LQ WKH WR
JDV SXIl= SLQFKUDGLDWHY QRQ WKHUPDO / VKHOO UDGLEL
HPLVVLRQOLQH FKDUDFWHUL]DWLRQRIODVHU LUUDGLDWI
SXIl= SLQFKODERUDWRU\ SURGXFHG SODVPDV

J)LIXUH ‘'LDJUDP RIWKHG6+27*81 ,,,= SLOFKGHYLFHDW 1
XODU SRODULW\ VHWXS HWXJAHFIURP 6 KO\DSWVHYD



&KDSWHU

SWRPLF'DWDEDVHIRU 1D OL
'LHOHFWURQLFO6DWHOOLWH

'LHOHFWURQLF5HFRPELOQDWLRQ

$Q DWRPLF SURFHVV RI SDUWLEXODU LQWHUHVW IRU WKL
'5 )J)LUVW LGHQWLILHG E\ ODVVH\DQG %DWHYV > @ DQC
SHUDWXUH GLOXWH SODVPDV LQ LRQL]DWLRQ HTXLOLEULX
GLHOHFWURQLF UHFRPELQDWLRQ VSHFWUDO OLQHV DSSHI
UHJLPH RI WKH UHVRQDQFH OLQHVY 7KHVH VDWHOOLWH OL
WKXV YDU\LQJ WHPSHUDWXUH LV D GLUHFW REVHUYDEOH H
ODWHG DV DTX@HWLRRURI[DP S GHHW6DOUR QR YDLHOHFWULF UF
ELQDWLRQ FDQ EH VXPPDUL]HG DXefR OD®RE D Q L Q FLIBUHIHW H.E
ZLWK HQHQWHUDFW WKHLQFLGHQW HOHFWURQ ZLOO H[FLV
LRQ WR D KLJKHU VWDWH WKHLQFLGHQW HOHFWURQ LV DO
7KLV IRUPV D GRXEO\ H[FLWHG LRQ IURP KHUH WKH LRQ FD
SURFHVV LQ ZKLFK WKH FDSWXUHG HOHFWURQ LV HMHFWH ¢



WKHLU LQLWLDO VWDWHYV + RULWZLOO XQGHUJR UDGLDWL)
GHFD\WRDILQDO VWDWH EHORZLRQL]DWLRQ WKUHVKROG

FHVVLVGHVFULEHG EHORZDORQJZLWK HOHFWURQ FRQILJ
VWDWHYV

Xet (1s%2s%2p°) + e

., Xe*t (1s?22522p°3l, + hv
| Xe’™ (1s22522p°31,3 + 1522512p°3/939)% ( P3lz + )

Xet* (1s?2s22p8) + e

,Q SODVPD VSHFWURVFRS\ WKH HPLWWHG UDGLDWLRQ RU

IHUUHG WR DV GLHOHFWURQLF VDWHOOLWH '6 OLQH $V P

WHPSHUDWXUH EXW QRW LRQL]DWLRQ EDODQFH VHQVLWLY
GHQVLW\ FDQ EH LQIHUUHG IURP WKH UDWLRV Rl FHUWDLQ
1s222D | 1s?2p2P D QI&@p?2P ! 1s22p?P VDWHOOLWHV > @ 7KLV IXUYV
WKH QHHG IRU '6 OLQH LQWHQVLW\FDOFXODWLRQV ,Q WKL
H[F LW H GsR2sR2pP8l, 81 \D Q€32s12p°31931° WR WK H VL QJ O \$33ApBIH G VW D W
OHDGPQ BWRPE 3 WUDQVLWLRQV LQ 1DsQILOH HRERZIKHUH

7KHUHODWLYH DQVRHWQ& DWO® HDFMREHILQHG DV

Qa = g()A(i;])B(i;])

_ p 9M)A(i] )Aa(iio)

g Aaliig) +  Ar(isk)

'KHWHY WKH DXW R Lj RLQ LWIKQHJ EVRAKIDME FW B WUHR X Q G RUIL QLW LD C
LV WKH ILQDO VWD WA RV DWKHRLRULDMMWYR@UDQVLWLRQ UD
VWDWH DQG BRXY @ KWDWWRLRQL]DWLRQ UDY§UH LR/ WHKH D X\
VWDWLVWLEDO ZHLJKW RI WKH DXWRLRQL]LQJ VWDWH



(QHUJ\B6WUXFWXUHDQG5DGLBWLYH 7
7KH HQHUJ\ WDEOH LV FRQVWUXFWHG IRU DOO SRVVLEC(
FRPSOH[HV LQ WKLV FDVH WKH FRPS®HFfHM?’BURY LGHG LC
gl = 1s22s22p°31,319 D @&= 1s?2s!2p°31,319 $GGLWIgR © D£2€32p° LV WK H
1H OLNH JURXQG VWDWH IRU 'S5 VLQFH 1H OLNH ;HLV FORYV
WR WKH B, VWKDHWIHUIRXQG VWDWH DQG VLQJO\ H[FLWHG VWDV
LQ 7DEOH /HYHOV Dy I RAKHLERXIQLGE \HW X DI @R vV
DUHWKHLQLWLDODQGILQDO VWDWHV RI WKHDXWRLRQL]D
'H IRUERWHK DURDIKG\DXWRLRQL]JLQJOHYHOV WKHFRPSOl
OHYHOV LV SURYLGHGLQ WDEOH ZKLFK LV GHVFULEHGL
7DEOH (QHUJ\QHFRQILQBWDPWLRQ DQG HQHUJ\ LQH9 IR
HIFLWHG VWDWHV IRU 1D OLNH;H /HYHO LV WKH1H OLNH;

N; | &RQILJIX|UDWHLRQ
> 1 3@
> 1 Bp@
> 1 B
> 1 Bdg)
> 1 Bdg,

>1H@




7TDEOH $XWRLRQL]JLQJVWDWHVRI1ID OLNH;HDQG WKHLU

SUHVHQWHG DORQJ ZLWK WE DQQEGCRLUORWR LRV L REMH QUG M F T
UDWHV DUH FRPSDUHG WR > @

SUHVHQW :RUN > @

N; &RQILIXUDWERQHOY| Aa(s Y) || Aa(s b)

20312 3812 138112 4,
20312 3812 ,3P12 4
20312 3812, 3P12 )
203123812 1 3P1i2 o
203123812 1 3P1i2 4,
203123812, 3P3z 4,
203123812 1 3P3iz o,
20312 3812 ,3P3z )
20312 3812 1 3P3z 4
20312 3812 1 3Paz )
20312 3p12 1 3Pz 4,
2032 3512 5 3P32 4,

2P312 38112 5 3P3i2 4

2312 3py2 1 3P32 o
2032 3p12 5, 3P3i2 4,
2032 3P112 5, 3P3i2 4,
2032 3p12 1 3P3i2 4,
2P32 3p12 5, 3P3z
2312 3812 53032 4,
2p32 3512 , 332 4,
2p32 3812 4 3d32 4,
2p312 3512 , 3032 ),
2p32 3812, 3032 .,

2032 3812 ;3032 ),

(
(
(
(
(
(
(
(
(
(
(
(
(
2p32 3p12 4 3P32 4, (
(
(
(
(
(
(
(
(
(
(
(
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232 3812 13032 o,



3UHVHQW :RUN

N;

&RQILIXUDW

ERQH9

232 3812 ,3ds2 ),
2P32 3812 1 3ds2 ),
20312 3p12 5, 3032 4,
2p32 3812 ,3ds2 -,
2P32 3812 1 3ds2 -,
2p32 3512 1 3ds12 ),
2p12 3812 (38112 4,
2032 3812 4 3ds2 ),
2p3i2 35112, 3ds2 312
%Dslz 3s1/2 23d5|/2 12

2ps2 33
A ez P, .

i
2ps2 33
A ez P,

i
2 3p3
ez P, .
2032 3p12 4 32 ),
%pslz 3p12 13d3|/2 3R

2032 3p3, 0 32

20372 312,32 4,
%pslz 3p12 13d3|/2 5/2

2Pz 3p3, 2 3

2P32 3p12 5,332 4,
2P32 3p12 5,332 ),
2P32 3p12 5,332 4,
2P12 3812 3Pz 4
2D312 3p12 4 352 ),
2032 3p12 ,3ds2 o,
2032 3p12 4 3ds2 ),
20372 3p12 4 3dsp2 4,

2052 3P12 5, 3P1i2 4
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N;

&RQILIXUDW
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Aa(s b

2032 3p12 ,3ds2 ),
2P32 3p12 5,352 ),
2P312 3p12 5,352 ),
2P312 3p12 5,352 4,
2P12 3812 1 3Pz 4
2D312 3Pz 5 3s2 4,
2032 3p3z 4 332 4,
2032 P32 532 ),
20372 3parz 532 4,
2P32 3Pz 4 332 ),
2P312 3Pz 4 332 4,
2P312 3Pz 5332 ),
2P32 332 5352 0,
2P32 3Pz 5 3ds2 ),
20312 3Pz ,3a2 4,
20372 3p3z , 332 4,
20372 3p3rz , 32 ),
2032 3p3rz 532 ),
2P12 3812 3Parz 4
2P32 3Pz 4 3ds2 ),
2P312 3Pz , 3052 ),
2p12 3812 ,3P3z )
2P32 3Pz ,3ds12 4,
2032 3p3rz ,3ds2 4,
2032 P32 ,3ds2 ),
20372 3p3rz 5 3ds2 o,
20372 3p3rz 5 3ds2 ),

2P12 3812 1 3P3z 4

2P312 3p32 5 3ds2 ),
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(
(
(
(
(
(
(
(
(
(
(
(
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SUHVHQW :RUN

N; &RQILIXUDWERQHSY| As(s ) || Aa(s V)
20112 3812 1 3P3i2 o, ( (
20572 3parz ,3ds2 4, ( (
20572 3parz 4 3dar2 o, (
2P32 P32 ,3ds2 ), ( (
%ps/z 3psr2 33d5|/2 a2 ( (
2p12 3pip L 1 ( (
2P312 3p32 5 3ds2 4, ( (
%p3/2 3ps12 03d5|/2 5 ( (
2p3, 32, ) 1o ( (
r21p1/2 3Pz 3I03|/2 2 ( (
2p3p 3d3, s 3o ( (
2p1/2 3Pz 13032 4, ( (
f21pl/2 3pw2 4 3p3|/2 52 ( (
h2p3/2 3d3, 2. 50 ( (
2p3,  3d3, - ( (
2052 332 4 3ds2 ), ( (
2p32 3dzp 5 3ds2 ), (

%p3/2 3ds2 3d5|/2 12 ( (
2p3p  3d3, o a0 ( (
2p312 3dzp 4 3ds2 ), ( (
2p32 3dsz 5 3ds2 (

2p3/2 3d32 ; 3ds2 ), ( (
2012 3812 43032 o, ( (
2p3)2 3d32 5 3ds2 ), ( (
2p12 3Pz 4 3Pa2 4 (

2012 3812 ;3032 o, ( (
2Pz 3dz2 ,3ds2 ), ( (
2p32 3d32 , 3ds2 ), ( (
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N; &RQILIXUDWERQHSY| As(s ) || Aa(s V)

2p32 3dzz ,3ds2 ), (

2p32 3d32 5 3ds2 ), ( (
€p3/2 3ds2 3d|5/2 a2 ( (
2py2 3, 4 1112 (

2012 3812 13032 4, ( (
ﬁpl/z 3s12 4 3d3|/2 3 ( (
2p, 32, ) o ( (
2p12 3512 4352 ), ( (
ﬁpl/Z 3812 4 3d5|/2 212 ( (
hZDs/z 3dZ,, s on (

2p3, 3d2, - ( (
2p32 3d3z 5 3ds2 ), ( (
%ps/z 3ds2 3d5|/2 5 ( (
2py; 32, ) 1o (

3812 40 ( (
2012 3812 1 3ds2 ), ( (
2012 3812 1 3ds2 ), ( (
%p3/2 3ds2 | 3d5|/2 v ( (
h2I03/2 3dZ), - ( (
h2p3/2 3d3, 2 2 ( (
ths/z 3dZ, 52 ( (
h2p3/2 3d2,, 0. 32 ( (
h2p1/2 3p3, 2 302 ( (
h2p1/2 3p3, 2. 51 ( (
2p12 3p3, o 1o ( (
2p12 3p12 4 32 ), (

20123812 1 3P12 4 ( (




3UHVHQW :RUN

N;

&RQILIXUDW

ERQH9

Aa(s b

20123812 1 3P1i2 4,
2P1/2 3P1s2 13d3/2 32
2P12 3p12 4 3ds2 4,
2P12 3p12 4 352 ),
2P12 3p12 4 352 ),
2P12 3p12 4 32 ),
28123812 43Pz 4
2012 3p12 4 3ds2 4,
2012 3p12 (3ds2 ),
2p1/2 3P12 23d3/2 52
2P12 3812 1 3P3z )
2P12 3Pz 4 332 4,
2P12 3Pz 4 332 4,
2P12 3Pz , 332 ),
2P12 3p32 4 3ds2 ),
2P1/2 3P312 23d5/2 9/2
2512 3S1)2 13p3/2 32
2012 3p3z ,3ds2 4,
2P1/2 3Pz 13d5/2 5/2
2P12 3Pz ,3ds2 ),
2P12 3p32 5,332 4,
2P12 3p32 , 32 4,
28123812 4 3Pz 4,
2S172 3P1s2 13p3/2 1/2
2012 3p32 4 3ds2 ),
2012 3p3z ,3ds2 4,
2512 3812 (3Par2 o,

2P1/2 3Pz 23d5/2 172

2P12 3p32 4 3ds2 4,

(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
(
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N;

&RQILIXUDW

ERQH9

2512 312 1 3P3z o
2512 3p12 (3P3iz 4
2512 3p12 1 3Paz 4
%31/2 3p12 3p3|/2 112

2pi2 3d5, 2 52

28172 3812 | 3d3p2 112

2812 3512 4 3d3p2 32

251/2 351/2 13d3l2 5/2

r2101/2 3dz2 3d5|/2 712

2p1z 33, 2 3

2p1/2 3dzpn 23d5/2 5/2
%Sl/z 3s12 3d5|/2 712

2pi2 30, 0 12

2p1/2 3d3/2 23d5/2 9/2
2p12 3d32 ,3ds2 ),
2p12 3d32 ,3ds2 ),

%51/2 3s1/2 03d3|/2 3

2 3d2
P12 52 4 55

2p12 3d32 4 3ds2 ),
ﬁsl/z 3s12 3d5|/2 52

2 3d2
P12 52 4 o

2py2 3d3;z | 3dsp2 312
2p12 3d3 ; 3dsp2 ),
ﬁpl/z 3s12 4 3d5|/2 3

2 302
A P12 52 5 o

[
2 32
P12 52 5 o

ﬁpl/z 3s12 3d5|/2 5/2

2 302
P12 52 4 1




3UHVHQW :RUN

N;

ERQH9

Aa(s b

251, 3p3,
h

251, 3p3,
h

251, 3p3,

&RQILIXUDW

2i 5/2

2i 312

0 1/2

2312 3p1s2 o3d3/2 3/2

2512 3p12 4 3d3z ),

2512 3p12 4 3d3z ),

251/ 3p1s2 13d3/2 32

251/ 3p1s2 03d5/2 5/2

25112 3p1s2 13d5/2 712

2512 3p1z 1 3ds2 ),

2812 3p12 4 3ds2 312

2812 3paz 1 332 o,

23170 P32 23d3/2 5/2

2512 3Pz ,3d32 ),

2512 3Pz , 3032 .,

2512 3p32 ,3d32

2512 3p3z ,3ds2

2s1/2 3p3)2 13d3/2 5/2

2512 3p3z 1 3d3z ),

2812 3paz , 3052 ),

2312 3p3p2 13d5/2 712

2512 3Pz 4 3ds2 ),

2512 3P ,3ds2 .,

2512 3Pz 1 3ds2 ¢,

2512 3p3z ,3ds2

%51/2 3pzs2 23d5|/2 1/2

2sy, 3d%,
h
2sy, 3d3,

2i 3/2

2 52

(
(
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3UHVHQW :RUN > @

N; &RQILIXUDWERQH9| Aas(s V) || Aa(s b
%51/2 3ds2 3d5|/2 712 (
2sy, 3d3, (

0 172

251/ 3d2 | 3ds2 ),

2512 3d3, ,3ds2 o,

2512 3d3, | 3ds2

251/, 3dgpp 2 3ds/2

25,/ 3d3/2 2 3ds/2 312

%Sl/z 3dz2 , 3d5|/2 712

(
(
(
5/2 (
(
(
(

2sy, 3d2
112 52 4 o

%Sl/z 3d3, 23d5|/2 112 ( (
2s1, 3d2

A 112 512 2, 512 ( (
2s 3d2

A 1/2 52 472 (

2s 3d2

A 1/2 512 2 312 ( (
2sy, 3d%, ( (

0 172

3RVVLEOH WUDQVLWLRQV EHWZHHQ WKH HVWDEOLVKHG
LQJVHOHFWLRQ UXOHV 7UDQVLWLRQVDUHOLPLWHG WR W
GLSROHDQG TXDGUXSROH P UHVSHFWLYHO\ )$&
LOQGHRDQ@GRZHU OHYHQ LOWGBERMQW IERIQOH MU PXOWLSROH PI
HOHPHQWV O DQG WKHURGLGWLRH WDBIQ8RWYRBOIHDWBD Q\
UHODWHG WR WKH ZHLJEWHGHR XBWOLCRBON RU VW UHQJWK

gf =(2L+1) M (! )* M
" KHUH.V WKH ILQH VW UXEWWHH MRIDQVEQYNE @ HOMUHEH DWR
XQLWY =Dj@iGLV WKH PXOWLSROH UDQN @bhDRVIUVHOPDWHG WR !
ZHLIKWHG UDGLDWLYHWUDQVLWLRQUDWH LQDWRPLF XQl
gA=2 2 3gf



$XWRLRQL]DWLR&'HFD\5DWHYV
'LHOHFWURQLF FDSWXUH '& LV WKH ILUVW VWHS RI WKH
WRLRQL]DWLRQ UDWHV DUH FDOFXODWHG XVLQJILUVW RUG

VWUHQIJWKLQHTXDWLRQ LQDWRPLF XQLWV
_ 9 °
DC ng E|f a

"KHgHV WKHVWDWLVWLFDO ZHLJKW B I WKMKEHXWWARD W Q V. W.IQRID
RI WKH WDEBJHW WWBWHVRQDQFA{ HQ WKH DXYRORQL]DWLRC
UHVRQDQFH VWUHQJWK LV WKHFURVV VHFWLRQLQWHJUDW

7KH EUDQF KBL[RIUUWMKMIL\R'S SURFHVV LV GHILQHG LQ W |
HITHFW RIUDGLDWLYH GHFD\WR DXWRLRQL]JLQJOHYHOV LV

GHFD\ 5
A (k)

PO= PURGID Y AGK

B(i) UHSUHVHQWYV WKHUDWLREHWZHHQ W KE‘W ZIR?ZE2MBK3IH U R F
1s22s12p°319319) L Q UDGLDWLYH GHED\WR VWDWHVY EHORZ W
DXWRLRQL]JHWR WKH RULJLQDO S33 '&Y WBDiWHURIRH '5 VW

WKLV WKH'S UDWBFRHIILFLHQW LV
- h® X g

* (D Gmie? | 2

'KHOTH.V WKH HOHFW UR Q. W WK S HLDHFXNHR QPORNA VY FRQV WD

AT )B(i)e For

ke LV %ROW]PDQQYfV FRQVWDQW

$SWRPLF 'DWD RI/ VKHOO 1D OLNH ;H

7TKHLU $FFXUDF\
$Q LOQOWHQVLYH OLVW RI  WUDQVLWLRRK TDRP® I X WK RR\D
ILYH ORZHN GHWDAWHG LQ 7DEOH DUH SUHVHQWHG LQ 71



6SHFELILFDOO\ 7DEOH FRYHUV WKH WUDQVLWLRQVLQD YV
DVSHFWUDO UDQJH c 7TDEOH LQDVSHFWUDO UDQ.
VSHFWUDO UDQJH ¢c 7TKHOLVWRIWUDQVLWLRQV IURF
OHYHOVDQG- YDOXHV WUDQVLWLR®ED VUDGH Q YW K HDAXWRQ
UDAWEBHU WUDQVLWLRQI B Q Gl VFRWIDRIAHYY MHYWHROU D(@G K YDULED
LV FRPSDUHG WR GDWD IURP )$& ZKHQ D FRPSDULVRQ LV D"
LGHQWLILHG XVLQJ)$& GDWD IURP SUHVHQW ZRUN 7R FUHD
ZHUH DGDSWHG WR WKH )$& HQHUJ\ OHYHO LQGH[ QXPEHUL
M MERXSOLQJFRQILIXUDWLRQV WR LQVXUH WKH DQJXODU
VXEOBYHEE WKHQ WUDQVLWLRQV ZH N;HDREDGNGW EOBE HW K H X
LQGLFHV 7KLV FRPSDULVRQ SURYLGHV DQ RSSRUWXQLW\ V
WR WKH SUHYLRXV ZRUN E\DQRWKHU JURXS

7TDEOH 8SSHU WR ORZHU OHYHO WUDQVLWLRQV IRU
DXWRLRQL]DWLRQ SDUWLDODQG WRWDOUDGLDWLYH WUD

> @
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FDOFXODWLRQV ROQDPIKROG INNSHWBRIHVHQW )BEZZRUN JRHV XS



&KDSWHU

, UD\/LQH 3RODUL]DWLRQ &LC
1D OLNH ;H'6 /JLQHYV

OHDVXULQJ WKH GHJUHH RI SRODUL]DWLRQ RI[ UD\OLQH
DQLVRWURSLHV LQ KRW SODVPDVY 5HFHQW ZRUN RQ 1D OLN
SHQGHQFH XSRQ HOHFWURQ EHDP HQHUJ\ IRU WKH SRODUL
GLHOHFWURQLFVDWHOOLWH '6 OLQHV > @ODLQWDNHDZ
LQ WKH SRODUL]DWLRQ UDQJH ZLWK WKH HITHFWV R
WKHPRVWLQWHQVHOLQHV KRZHYHU WKH ODUJHVW YD
FKDSWHU FRYHUV FDOFXODWLRQV RIGHJUHH RI SRODUL]DV
FRPSDUPYROIROFXODWHG YLD )$&REUIRW; N BRWLRDYVOURWH C
DWHVWRIWKHWUHQG WRZDUGV D PD[LPXP QHJDWLYH SRO
WKH SRODUL]DWLRQ GHSHQGHQW VSHFWUD RI1D OLNH ;H Z

HUJLHYV



([ KHRUHWLFDO '"HWDLOV RI &DOFXODW

LIDWLRQ
'"HIJUHH RI SRODUL]DWLRQRI[ UD\OLQHHPLVVLRQFDOFX(
VLW\PDWUL[IRUPDOLVP 6HFWLRQ DQG YLD FURVYV VHEF

'"HQVLW\ ODWUL[ )RUPDOLVP IRU &DOFXODWL!

WLRQ
TRFDOFXODWHWKHGHJUHHRISRODUL]DWLRQ WKHVLPS
IRUZDUG URXWH 6WDUWLQJ ZLWK WKH SKRWRQ GHQVLW\ PI

> @ 1

0
P . jon Jpn L
BB " KDY (FRY

ph _

= 1
A -

0
P .. BJph Jpn L
2 LBL(I;J)%)ph Pn XPL(FR)‘/
1 1 0

'KHUH 1LV WKH KJH OYRMKHSKRWRQIV DGIXOHD@EPHQWXP
LQWHJHUW L Q@GLFHY WKH DQJOH EHWZHHQ WKH HOHFWURQ E|
RI REVH WD W REH URW D R LRQWIOHPHWH QG UH BRIOYQRPLDO

LVWKHSRODUL]DWLRQ PRPHQW RIWKHLRQ
0 18 98 9
3

. =2 g 2
BL(i)=( b si(2|_+1)(8@' LlgSL L L==3 Ly,

00073 S 377

>
ph Jj Jpn
"KHGH., D@QQ®UHWKHVSLQ RUELWDO DQGWRWDODQJXODU

WKHDXWRLRQLJLYWKW DVOHD O WRWDODQJXODUPRPHQWXP R
Ny ILVWKHRUELWDODQJXODUPRPHQWXPRIWKHLQFLGHQW



N, DUH SRSXODWHG RQO\E\HOHFWURQ FDSWXUX IIYJRP JURX
> @ ,QERWK (TXDWLRQV DQQG::) DOBKMHUR VB RZ L OQ MWH W
DQG MV\PEROV UHVSHFWLYHO\ WKHVHDUH GLVFXVVHG LQ
FDQEHUHSUHVHQWHG LQWHUPV%WE\AWH[WSDN@HMW
WKBW DORQJ ZLWK WKH,IHFW & WKWV FDVH WKH GHJUHH RI
VLPEG\ ;=2 SOXJILQJLQ (TXDWLRQ SURYLGHV WKH Gl
DQ\GHJUHHDQG DQ\WYDQVLWLRQ

P . jon Jpn L
BB " KDY (FRYV

P@;j)= 0 1

P i i L
BLGHE™ ™ TR Po(FRY
1 1 0

$SSO\LQJ WKH IROORZLQJ DSSUR[LPDVRQ RIXYGjpn =PID[LPXP G|
DOORZLQIJHOHFWULF GLSROHWUDQVLWLRQV RQO\ 7KHPD

3
Prax (5]) = Pesgorr
0 (i )
21 B;H) 1

$GGLWLRQDOO\WRFDOFXODWHWKHSDUDOOHODQG SHU:

DUDWHO\ WKHGHJUHH RI OLQHDU SRODUL]DWLRQLQ WHUP
P
PR

JURP (TXDWLRQ WKHHTXDWLRQV IRUSDUDOOHO RU SH L

WKHLQWHQVLW\ FDQ FPH,GHU@YHG LQ WHUPV R
1+ Pmax(';]) Eb Eaéut (i) ?

I = KleUJ)é__E__YFTS D
max ’
.1 Prax(i;j)  Ep Eau® 2
I, = K ] ) z——————~e E E
? 1Qd(J)3 Prva (1)

'KHKHLY GHSHQGHQW XSRQ FRQVWDQWYV ZKLFEXDW\ ZLWK
WKHDXWRLRQL]DWLRQ HQHWJERLWWHK B X\® R ERQIR Q EHDW Bi\q
ZKLFK WKH *DXVVLDQ GLVWULEXWLRQEXQFWLRQLV FHQWH!



)$& IRU &DOFXODWLQJ ' HJUHH RI 3RODUL]DWL

)$& GHJUHH Rl SRODUL]DWLRQ FDOFXODWLRQV ZLWK UD
VHFWI,RQWOVR NQRZQ DV WKH IUDFWLRQDO SiR;SXDHHVLRQ R
WRWDO SRSXODWLRQ IRUHDFK DXWRLROL]AQJKIHHYH@HDAQ |

SRODUIPKDWFLIRI—QDLV\I/DLRQ OLQHV LVGHILQHG DV
2 L AGPPI (FRY
k=2;4;
P()= = 5
1+ AvakP 7 (FR)V
k=2 :4;
WKLY GHSHQGV XSRAQ WHEBHDFPAOHWKRE D@QW WKH VREFDOOHG \

ok A( iJi; 1) DAGA(idi; 1) > @> @ ,QWKHGLSROHDSSURIJLF

2
flgEl) _ _gl((El)
3 r 8
EY I TS =
— ( 1)1+Ji+Jf 3(2J| + 1) 1 1 2
k;2 —2 > >
SN TN TR I

— f
- 2

ZKHUH.V WKH DQLVRWURS\ SRY D PHILIFK | X KMKHKRZNG XFHV
30XJJLQJ LQ (TXDWLRQ WR (TXDWIRQ VLQPIBMVUVPXPL

SRODUL]DWLRQ RFFXUV SHUSHQGLFXODU WR WKHLQFLGHQ
pei 2 2
2 A,
'KLFK EHFRPHV
"o A, e
_ 2
IRU'S WUDQVLWLRQ3, UHODWLQJEDFN WR
it — I2A|rf — gA'rf _ ff
? (Al Al ?
DVWKHUHEVRQQQRI®HRU WKHVH 1D OLNH ;H'5WUDQVLWLRC

A, FDQEHH[SUHVVHGLQ WHUPV RIWHQVRURSHUDWRUYV

B hT (J;) %
Ay(Jdi) = m



ZKHWWE)L D Qi(Ji)eei DUH WHQVRU R Sk Q DV2 RUIDVIR WHDDNH F

WLYHO\ ,QJHQHUDO 0 1
X
hT(J)KQi_ ( 1) m'p2K +1Egb Xiﬂmj{%\]fmf
m; m; m; = m
YRKI =2 DQG0 0 1
X _R Ji Ji 2
Taki = (p* mPERT TR,
mi m; m; O

DQGKHRUO DQ@QG0
1
HT (Ji)) ool = P——
(Ji)oo pﬂ

1H[W DUH GHUR!YDIWLRIQY¥ tRUDPE, Ji=35! J;=3 IRULOOXV
WUDWLRQ



=1

'HULYDWERQ®R}! Jj=1

IURP (TXDWLRGHSHQGV XSRQ ER\

WKHLQLWLDODQGILQDQNWDW?WRE@KBWMWKM%WWRQ

s
3.1 w31 32 §+1)21 1 £
AETEE Vo R
2 >3 3 1>
2 2 2
32 1rf
3 [ — —
1 2 2 6
_ 1
=5
+RZHYHGBHSHQGV RQ RQO\WKHLQLWLDO VWDWH
TR
*7 T (3)ool
ZKHUH WKH GHQRPLQDWRU LV
3 1 1 1
T E :qizig__:E
00 2 3+1 4
DQGWKHQXPHUDWRU LV 0 1
* +
3 Y X p_.ps 2 2
T E = (1)% m 5%2 ? g mi
20 m= 3; 143 m mi 0
’ 0 1 0 1
_ 3 3 2 3 3 9
=5 (pt bR PR v (pPepB? 2K,
3 3 o 11 9 z
2 2 2 2
0 1 0 1
3 3 9 3 3 9 #
L (IR 7 K, o+ (DEEIR 7 K
i1 19 ° 3 3 o °
2 2 2 2
" r | r | r | r ! #
P_ 1 1 1 1 1 1 1 1
= P 3 + - = 1 P 1+ - = 3
2 5 2 2 5 2 2 5 2 2 5 2
S
= % 53 §1

NI

SOXJJILQJ

Nl

LQWKHQXPHUDWRU

DQG GHQRPLQDWRU



3 _ W)
A, > = Ll _ 5
R TEW L
3.1
30XJILQIWKH XQGHW@EQHG VRGE W LR QBKRR JLYHV
pre 3.1 _ 3 2 1 a2 3 _ | 3(w2 )
me 2’2 2 2w w3 12 32 t+2

'"HULYDWERQ®RE! Jj=5 | LV PXFK RELNHE 31 J; = 1
KRZHYHU=DY % 1435 DQG=m,; WKHUH ZLOOMHUWYK UB M KH

2'2'2' 2
ILQDO VROXWLRQ 8 9
S > >
32 o q)ritd 32 3+ -1 1 =&
2 2 >5 5 57
2 2 2
' 6 4r§!
16 _ _
A
r_
_Pg 4 2
r_15 7
4 2
5 7
A, IRM= 5 LV
_ HT(2)%l
27 T (D)ool
"KHUH WKHGHQRPLQDWRU LV
r_
5 1 1 1
T E :q::p_—: é
00 2 g+l 6

DQG WKHQXPHUDWRU LV



* + X 5 5
y R 5 2
T g = (i mPERz 2 m,
200 m= 55 LIS mi om0
. 0 1 0 1
_ 5 3 2 5 3 92
=5 (i pB PR o4 (piepB? 2K
550 530
0 { 0 1
5 5 9 5 5 9
(OB 2%k L (iR 7 K.
119 2 1 1 °
2 2 2 2
0 1 0 1,
5 5 9 S 5 9
F(DEIEE 7 R s o+ (1RRER 2K S
2
) 5 30 3 30
ro_! r_ ! r_ |
_Pz 1 5 L, 11 5 1
B 2 21 3 2 105 > 105 2
ro_ ! r ! r | #
+ o 1 11 L 11
105 2 2 5 3 2 5 3
o' ¢ ' 7
= 5 il 4
21 3 105 > 105 2
r
1
= Z_ 4%+ % 5%
SOXJJLQJLQ WKHQXPHUDWRU DQG GHQRPLQDWRU
. p__
5 _ HT (2)%0l _ 14 44 5
2 2 hT ( %)ooi 7 1/2 3/2 5/2
JLUVW UNGXF LI3J
p__ r_
5 5.5 14 4 2
A, 5 3% = — 4 1+ 32 5sp 7
8

= — 4+ 5
35 1/2 3/2 5/2

WKHQ SOXJJILQJ WKH XQGHUOEQHG VROWW LR QIRVHV

8 35
prc 5.5 _ 3 x4t 32 Do F
max o'~ = 8 35
22 2 4t 32 Ssp 5

12 4 10+ 32 5 sp
35+4 4 90+ 32 Ssp




8VLEJ HTXDWLRQV GHULYHG DERYHDORQJZLWK WKUHHF

3 1 3( 12 32)
P, Ji=2! J=> = D
maxc T2 b2 172 32 t2

3 5 3( 12 32)
pre 3=21 3 =2 = E
max. Tt T2 b2 172 32 +10

3(4 + 5

prc g = §! 3 = 3 _ 4 12+ a2 52) F

2 2 4 15+ 32 5s2+10

3 3 12( 12 312)
prc 3=21 3 =2 G
max T2 b2 10+4( 12 32)

5 5 12(4 12+ 32 5 s2)
pre 3=21 3 =2 = H
max Tto2 o2 35+4(4 12+ a2 5 s2)

(TXDWLRQV DE DQGHZHUH GHULYHG LQ > @ EDVHG

DOVR XVH )$& WR FDOFXODWH GHJUHH RI SRODUL]DWLRQ IR
HFDQ EH UM G UAHMXOY'RY ZLWKRXW UDGLBWINEGEDVFDC(
32 s52=0 ([DPSOHV RI PRO FXFOPDWKIGV PHWKRG FRPSDUHG YH

H[SHPWH®RP 7DEOHYV DIQIGJ, WE D GNDIAK LR Q
Powc 3= 51 3= = 12 Y0 = g0 =043 :
Prax Ji = g! Jj = g ) 411,22 10" 4 13:5(1:510 -0 "
Prax  Ji = g’! 3, =g = 1%)2:"12 —= 1%)2+f:50:5: 0.75 G
Powc 31251 9= = 333 160 354?: 1?5:50:5: 0:889 i

&RPSDULVRQ RI)$&RED ORMRDWHGH YV :
WLV XVHIXOPMNRIFARESPHWZHHQ HOHPHQWY 7DEOH VKE
SDULVRQ EHWZHHQ 1D OLNH;HDQG 1D OLNH: 7KHKLJKOLJI
FDVHWKHODUJHVWDQG VPDOOHVWHIIHFWV RIUDGLDWLYF



7DEOH $ FRPSDULVRQ RIWKH WKHRUHWLFDO GHJUHH R1 !
' LRQV XVLQJ)$& UHVXOWYV )RU HDRKLW SRRV HEQ DWRE J
J N, J D®G ZKLFKDUH VKDUHG EHWZHHQ ;HDQG : 3HUFHQ
P RIHDFK HOHPHQWRQG WKH VKDUHG

H ' H
s HNG | 0 N Ji | Nj | J Prmax Pmax Phax




; HN;

Pmax

PI‘C

max

rc
Pmax




7DEOHS, FDOFXODWLRQV XVLQJ (Fx%DRDLORFQ\D D W HEG A IDVIG ( T X
D HIRUWKH ;HWUDQVLWLRQV KLJK O L JKBMUHHGED@D FDXEXDHV |
ZLWK )$&

Ni | Ji | Nj | J 12 5/2 P max Prmax

w
*
N

AN AN AN AN A AN S A
e e R R N R R N N

SHVXOWV IRUWUDQVLWLRQV ! DQG! DUHIRXQG
WR KDYHD VWURQJLQIOXHQFH RIUDGLDWLYH FDVFDGHV D

OLQHVY 'HSRODUL]DWLRQIDFWRULV GHILQHG DV
F)I’C

CIrc - max Pmax

Pmax

7KHGHSRODUL]DWLRQIDFWRUVRIWKHPRI#WI DIIHEFWHG WUD
dae 1 dae 1 dae 1 DQE ! 7KH
FURVV VHFDWUHRQRUPDOL]JHG WR KREHYHLRUH WKH WRWDO
FRQVLGHUHG LV 7KLV UH VX0 W5/ DQ:[ SHFWIRE ZBE RH V
WKHUHLV QRUDGLDWLYHFDVFDGHV &RQYLEKRORYHAWDEOH
WKHUH LV WKH OHDVW LQIOXHQFH RI UDGLDWLYH FDVEDGH
ZKH® GLIIHUV IURP WKH H[SHFWHG YDOXH WKHLQIOXHQFH
H[DPSOH WUDQVKWWYBROQ:34DQG WKH GHSRODUL]DWLRQ IDFW

DQG WUDQVLWEKR{® =05DQG WKHUHLV QR GHSRODUL]DWL
FDVF D BH\E PV,

&EDOFXPRMRQIJDUJH - YDOXHV LQ WKH '0 $SSU
,Q RUGHU WPR,HEFPDEERODWLRQV WR LQFOXGH K4xJK 5\GEH
PXFKKLIJKHU - YDOXHV ZLOO EH SUHVHQW,RQ 6 BIRY®\KKD O



WR WKH FDOFXODWLRQ RI MDQG M V\PEROV $ SURJUDP V
ZULWWHQ LQ S\ WKRQ WKLV SURJUDP ILUVW FDBFBRUDWHG \
LQ (TXDWLRQ DOG WKHQ LQSXW WKLV LQIRILP DVPLRQ WF
RUGHU WR FDOFXODWH WKH M DQG M V\PEROV IURP (TXDW
S\ QM > @ &UHDWHGE\'U .HLVXNH)XMLL WKLV OLEUDU\L
JRUWUDQ OLEUDU\ 6/%37(& &RPPRQ ODWKHPDWLFDO /LEUDU\
M MVI\PEROV DQG&OHEVFK *RUGDQFRHIILFLHQWY 0XOW
RIS\ QMWRKDQGOHODUJH- YDOXHV ZKLFKLWGLGZHOO ZL
LQ $SSHQGL[ % DORQJ ZLWK H[SODQDWLRQ RI WKH FRGH
7TDEOH '"HIJUHH RlSRODULgDWERhQ FZZE)OFXODWLRQV
Ji = Ji Pmax Ji = Ji Pmax

2l SDUWLFXODU LQWH URjyY WRWY AKHEHHFDOWKOBWRRQIRWLRQ
LQD QHIJDWLYHRUSHUSHQGLFXODUFRPSRQHQW RISRODUL
WKH ODUJHVW YDOXHV RI SRODUL]DWLRQ 3UHVHQW ZRUN k



- YDOXHS/Z)%QS WR7DE®GH« DSSURDFKHY EXW GRHV QRW H[FHH

3RODUL]DWLRQ 'HSHQGHQW / VKHOO ;
7TKHIROORZLQJ SRODUL]DWLRQ GHSHQGHQW VSHFWUD RI
ZHUH FDOFXODWH&EX%0L&YIDP& ZIRWKOHFWURQ EHDP HQH!
900 2100H9 7KH VSHFWUDRI W3 LRV DABFc 255 258c DQG
2465 248¢c WKHVHIRXUUHJLRQV SURYLGHWKHPRVWLQWHUH
HDFKVSHFWUDDWDFHUWDLQ HOHFWURQ EHDP HQHUJ\ WK}
SDUDOOHO SRODUL]DWLRQ FRPSRQHQW DQG WKH RUDQJH V
FRPSRQHQW FDOFXODWHG XVLQJ (TXDWLRQV DDQG



YLIXUH 3RODUL]DWLRQ GHSHQGHQW VIQWKHWLF VSHFW
DWHOHFWURQEHDP HQHUJLHV DQG H9



7DEOH '6 OLQH LGHQWLILFDWLRQ IRUWUDQVLWLRQV LQ
YJLIXUH

'6 | Ni | Ji [Nj|J Qq Pmax | Pmax
/LQH c (s )

D

E

F

G

H

r X «



JLIXUH SRODUL]DWLRQ GHSHQGHQW VIQWKHWLF VSHFW
DWHOHFWURQEHDP HQHUJLHYV DQG H9



7TDEOH '6 OLQHLGHQWLILFDWLRQ IRUWUDQVLWLRQV LQ
LQ)LIXUH

'6 | Ny | 3 [Ny Qq Pmax | Pmax
/ILQH c (s H

E

F

G

H

O YV o Z2 =z r X <«






	Introduction
	Atomic Processes and non-Local Thermodynamic Equilibrium Modeling
	Understanding Atomic Processes with the Flexible Atomic Code and Applications
	Non-LTE Modeling with the S-UNR Code and Examples
	Wigner 3j and 6j Symbols

	Experimental Details
	What are High-Energy-Density Plasmas?
	Laser-produced Plasma
	Z-pinch Produced Plasma

	Atomic Database for Na-like Xe Dielectronic Satellite Lines
	Dielectronic Recombination
	Energy Structure and Radiative Transition Rates Ar
	Autoionization Decay Rates Aa
	Atomic Data of L-shell Na-like Xe Transitions and Their Accuracy
	Conclusions on Atomic Database for Na-like Xe

	X-ray Line Polarization Calculations for Na-like Xe DS Lines
	Theoretical Details of Calculations of Degree of Polarization
	Density Matrix Formalism for Calculating Degree of Polarization
	FAC for Calculating Degree of Polarization
	Comparison of FAC Calculated Prcmax and Pmax for Xe vs W
	Calculating Pmax for Large J-values in the DM Approach

	Polarization-Dependent L-shell Xe Synthetic Spectra
	Conclusions

	Analysis of M-shell Xenon Z-pinch and Laser-produced Experiments
	Background and Motivation for M-shell Xe Studies
	Present M-shell Xe Studies
	Previous M-shell Xe Studies by Other Groups

	Laser-produced Plasma Results
	Z-pinch Plasma Results
	Comparison of Two Experiments
	Summary of Results

	Conclusions
	Abbreviations, Symbols, and Constants
	Code Listing for the ``Degree of Polarization" Program

