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_GbmKG 2M 6 MT Bb

&HWWH WKaVH GH GRFWRUDW SRUWH VXU PD UHFKHUFKH GRFW
ODLUHVXUGHV VXUIDFHVGHPDW«ULDX[FDUERQ«V &HVWUDYD
WX«V VRXV IRUPH GM«WXGHY GH VSHFWURVFRSLH QHXWURQLT.
WK«RULTXHY RQW «W« G«YHORSS«V SRXU OMDQDO\VH HW OML
S«ULPHQWDOHVY 'DQV XQH SUHPL2UH SDUWLH ODP«WKRGH GH |
FRXFKHGHJUDSK2QH VXU XQHVXUIDFH GMXQFULVWDO GH Q
GHV « WXGHV GHVSHFWURVFRSLH ¢ «xFKRGHVSLQ GMK«OLXP GF
GHGLIIXVLRQGMHDXHWGHEHQ]2QHVXUODVXUIDFHGHJUDSK?
IMREMHFWLIHVW GHG«FULUH SU«FLV«PHQW OD VWUXFWXUH GH
ODLUH VXU OD VXUIDFH 'DQV XQH GHX[L2PH SDUWLH GHV «WXC
GMK\GURJ2QH PRO«FXODLUH DGVRUE« GDQV XQ D«URJHO GH FI
SRUHX[ HW GDQV XQ JUDSKLWH H[IROL« VRQW SU«VHQW«V /HV
VSHFWURVFRSLHHQWHPSY GH YROQHXWURQLTXHQRXV SHUPE
WUH OD PRELOLW« GHV PRO«FXOHV GMK\GURJ2QH HW OHV SURS
DX[GH FDUERQH

#bi W +i

7KLV WKHVLVY SUHVHQWY P\ 3K'ZRUN DERXW PROHFXODU GLIIX\
PDWHULDOV 7KHPDLQUHVHDUFKKDVEHHQXQGHUWDNHQLQW
VSHFWURVFRS\VWXGLHVDQG WKHRUHWLFDO PRGHOV KDYH EH
WDWLRQ RIH[SHULPHQWDO GDWD ,Q WKH “UVW SDUW WKH JUI
JUDSKHQH OD\HU RQ WKH VXUIDFH RID QLFNHO FU\VWDO LV
WLRQ DQG GLIIXVLRQRIZDWHUDQG RIEHQ]JHQH RQ WKH JUDSKH
5HVXOWV IURP KHOLXP VSLQ HFKR VSHFWURVFRS\ VWXGLHV DU
WLRQ WR REWDLQ D GHWDLOHG TXDOLWDWLYHDQG TXDQWLWD
WKHDGVRUEDWHDQG WKHPROHFXODUGLIIXVLRQRQ WKH VXUI
WKH GLIIXVLRQ RIPROHFXODU K\GURJHQ DGVRUEHG LQ FDUERC
FDUERQ' DQGLQ H[IROLDWHG JUDSKLWH LV GLVFXVVHG EI
WURQ WLPH RI tLJKWVSHFWURVFRS\ 7TKHDLPLVD GHWDLOHG X
WLRQ EHWZHHQ SRURVLW\ VXUIDFHFKHPLVWU\ DQG WKH PROF
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, ZRXOG OLNH WR DGGUHVV D IHZ ZRUGV RI DFNQRZOHGJHPHOQ\
KHOSHGDQG VXSSRUWHG PHWKURXJKRXW P\WKUHH\HDUV RI 3

JLUVW , ZRXOG OLNH WR WKDQN P\ VXSHUYLVRU 3HWHU )RXTXH
LQ“QLWH SDWLHQFH WR IRUPXODWH P\LGHDV DQG WR NHHS WK]|
RFFDVLRQV ZKHQ WKH PDWWHU ZDV FRQIXVLQJ ,DOVR ZDQW WF
VXSHUYLVRU DQG %LOO $OOLVRQ IRUWKHOHQJWK\GLVFXVVL
ZLWK WKH FRPSOH[PDWWHU 0\JUDWLWXGH JRHV WR P\WHDP P
$QWRQ 7DPW_,JO ZKRKDVKHOSHGPHZLWKHQGOHVV FRPPLWPH
UDQ H[SHULPHQWYV GD\DQG QLJKW WR KLV H[WHQVLYH FRUUHF
DOVR JUDWHIXO WR 'DYLG :DUG -LDQGLQJ =KX 3HWHU 7RZQVH(
WKHLU ZDUP ZHOFRPH LQ WKH JURXS

,ZDQW WR WKDQN HVSHFLDOO\ ,UHQH &DOYR $OPD]DQ IRU HQG
RIWKHGHYHORSPHQWRIRXUPRGHODQG OLNHDQHQF\FORSD}
DVVLVWLQJPH ZLWK KHU NQRZOHGJH DQG H[SHUWLVH 0\JUDW
UDWRUV IRUWKH IUXLWIXO VFLHQWL*F FRRSHUDWLRQ HVSHFL
JEV]Ou IRUWKH FUHDWLRQ RI WKH FDUERQ DHURJHO DQG WKH V:
JHLG\ +R\RV IRU WKH FUHDWLRQ RI WKH SRURXV FDUERQ DQG WK

, DP DOVRLQGHEWHG WR WKHLQVWUXPHQW VFLHQWLVWY DQG
'"HPPHODQGODUN.LEEOHIURP 26,5,6 ORKDPHG=ELULDQGODUH
'"LPLWUL 5HQ]J\IURP ,1 IRUWKHLU HIWHQVLYH KHOS ZLWK WKH
$QQHODUWHO IRUWKH VSRQWDQHRXV DOORFDWLRQ RI6%16 EH
6WHZDUW &ODUNHIRUWKHLUDGYLFHRQVWUXFWXUDOUH"QHPI
ZDUH 'DYLG :HDWKHUXS IRU KLV DGYLFHRQ WKHJUDSKHQH JU
+HVV IRU KLV KHOS ZLWK WKH XVH Rl WKH FKHPLVWU\ ODEV DQC
IRUKLVFRQVWDQWKHOSRQVRPDQ\RFFDVLRQV

, DOVRZDQW WR H[SUHVV P\JUDWLWXGH WRZDUGVY WKH MXU\ PH
-XGLWK 3HWHUV )UDQ]JLVND 7UDHJHUDQG 'DQLHO )DU DV IRU W

LI



&RQWHQWYV

ORQJ GLVWDQFHV WKDW VRPH KDG WR WUDYHO IRU WKHLU DWWHC
WKHWKHVLV PDQXVFULSW DQG IRUWKH IUXLWIXO GLVFXVVLRQ DQ
0O\GHDU IULHQGV -HQQLIHU 3DWULFNDQG OD[LPH WKDQN\RX VR P X

)LQDOO\DQG PRVW RI DOO ,ZDQW WR WKDQN WKRVH ZKR JLYH PH
HYHU\ GD\ (ULND :ROI OD[ ODULD DQG -XVWLQH :LWKRXW\RX , ZI
WKHSRZHU WR “QLVK WKLV ZRUN



Sm#HB+ iBQMb 2H i2/iQ i?Bb h?2

%DKQ ( +HGJHODQG + -DUGLQH $ +HQU\ 3 +DQVHQ
7KH VWUXFWXUH RI GHXWHUDWHG EHQ]HQH “OPV DGVRUEH
EDVDO SODQH ZKDW KDSSHQV EHORZDQG DERYH WKH PRQR
FDO &KHPLVWU\ &KHPLFIDSO 3K\VULFV

%DKQ ( &]DNNHO 2 1DJ\ % /£V]Op . 'HPPHO ) 7HOOLQ
3 '"\QDPLFV RIPROHFXODU K\GURJHQ LQ FDWERQ DHURJHO

&DOYR $OPDJ£Q , %DKQ ( .R]JD 0 =ELUL 0 ODFFDULQL
$UW«V 6 DQG)RXTXHW 3 %HQJHQHGLIIXVLRQRQ JUDSKLYV
KDUG GLVN PRGHO S®UERQ

7DPW . JO $ %DKQ ( =KX - )RXTXHW 3 (OOLV - DQG $0O0
1L (OHFWURQLF &RUUXJDWLRQ DQG "\QDPLFV IURP +HO|
- 3K\V &KHP &SS J
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R AMi'Q/m+iBQM 2M 6 M+ Bb

IMDGVRUSWLRQ SK\VLTXH GHV PRO«FXOHV GH FDUERQH MRXH >
GLIl«=UHQWYV GRPDLQHVY WHFKQRORJLTXHV SDU H[HPSOH OH G
FRPEXVWLEOH OH VWRFNDJH GM«QHUJLH HW OH GRSDJH PRO«
SRLQW GH YXH SOXVIRQGDPHQWDO OM«WXGH GH GLIIXVLRQ PF
FDUERQHHVW SULPRUGLDOHSRXUOD FRPSU«KHQVLRQ G«WDLC
HWGH OD OXEUL“FDAVLRQ >

IMDGVRUSWLRQ GMK\GURJ2QHGDQV GHV PDW«ULDX[SRUHX[HQ
JUDQG LQW«U-W GXUDQW OD GHUQL2UH G«FHQQLH SXLVTXH C
SOXV FRPPH XQ PDW«ULDX SURPHWWHXU SRXU OH VWRFNDJH G
¢ ERUG GH Y«KLFXO®YVY (MxSIRVVIEELOLW« GH FU«HU GHV VWUXF\
SRURVLW« HW GH VXUIDFH VS«FL*TXH WU2V «OHY«H FRPELQ«H
FL*TXH DPHQ« ¢ OD FU«DWLRQ GMXQJUDQG QRPEUH GH PDW«U
GRQWOHEXWHVWGMDGVRUEHU GHVJUDQGHY TRFOQWMRW kW& M
GHV «WXGHV H[S«ULPHQWDOHV VXUFHV VI\VW2PHV RQW SRXU RE
LW«V GMDGVRUSWLRQ %LHQ TXHOMDGVRUSWLRQHW OHV SUR:
PHOWUHOL«HV DX WDX[GHGLIIXVLRQ LOH[LVWHUHODWLYHPF
GMK\GURJ2QH DGVRUE«

/H JUDSK2QH D DWWLU« XQ JUDQG LQW«U-W GXUDQW OHV GHU
GMDSSOLFDWLRQV SRWHQWLHOOHV VRQW HQ GLVFXVVLRQ 6Xl
DQQ«HYV GHV SURJU2V VLIJQL“FDWLIV RQW «W« U«DOLV«V SF
QLH HQ FH TXL FRQFHUQH OMLVRODWLRQ H@ OB GEBDVMIMFH G
JUDSK2QH DYHF GHV PRO«FXOHV DGVRUE«HV D « W« PRQWU« HW
SRXU GHV DSSOLFDWLRQV ®RVEBD WRISDAEHIREY LQWHQWLRQQH{
GMHDX DGVRUE«HDPHQ« ¢ OD SUH @LHEWHGRISWHYYOMHREW D « W «
VXU GLII«UHQWHY PRO«FX®HDPGQGWRBFRQWH[WH ODGLIIXVLRQ F
VXU OD VXUIDFH GH JUDSK2QH GHYLHQW WU2V LQW«UHVVDQWH
SRVVLELOLW« GH G«WHUPLQHU DYHF XQH WU2V ERQQH SU«FLYV
SDUWLU GHV WDX[G®& GLIIXVLRQ >



 QWURGXFWLRQHQ )UDQFDLV

IMREMHFWLI GH FHWWH UHFKHUFKH GRFWRUDOH HVW OMLQYHVWLJ
WLRQ GH VWUXFWXUH HW GH G\QDPLTXH GMXQH V«ULH GH PRO«F;
VXUIDFHV GH PDW«ULDX[FDUERQ«V /HVPRO«FXOHV « WXGL«HV VR(
ODLUH OMHDX HW OHEHQJ]2QH /HVVXEVWUDWY GHFDUERQH VRQW
VXU OD VXUIDFH GH QLFNHO XQ JUDSKLWH H[IROL« XQ D«URJ
FDUERQH SRWGIXFH EXW XQH V«ULH GMH[S«ULHQFHV GH VSHFWUR
LTXHHW GMK«OLXP D «W« HITHFWX«HHW GHV PRG20OHV WK«RULTXH\
GMH[SOLTXHU OHV GRQQ«HV H[S«kULPHQWDOHV DYHF OH SOXV GH G

SHM/mK Mmb+ Bi

'DQV OH FKDSQWOMFWHXU HVW LQWURGXLW DX[ FRQFHSWV J«Q«U|
QHXWURQLTXHHW GMK«OLXP 8Q U«VXP« GHVWK«RULHV UHVSHFWL
HWOHV P«WKRGHV GHVSHFWURVFRSLHHQWHPSV GH YRO QHXWUR
«FKRGHVSLQ QHXWURQLTXH 16( HWGHVSHFWURVFRSLH ¢ «FKR G
VRQW H[SOLTX«HV /HEXWHVW GH SU«VHQWHU OH FDGUH WK«RUL-
Q«FHVVDLUH SRXUDSSU«FLHU OMDQDO\VH GH GRQQ«HV DLQVL TX
TXLVRQWDSSOLTX«VY GDQV OHV FKDSLWUHV VXLYDQWYV

'DQV OH FKDSOWWFHWRLVVDQFH GMXQH FRXFKH GH JUDSK2QH «SLWLE
IDFH GMXQ FULVWDO GH QLFNHO SDU G«STW FKLPLTXHHQ SKDV|
/HFKDSLWUH G«YHORSSH HQVXLWH GHV « WXGHV VWUXFWXUDOHYV C
OHVTXHOOHV FRQ“UPHQW XQH FRQFRUGDQFH HQWUH OH U«VHDX K
OHU«VHDXIFFGHQLFENHO 8QHKDXWHU«tHFWLYLW«HW XQHLQHUW
DLQVL TXMXQH WU2V IDLEOH RQGXODWLRQ GH GHQVLW« « OHFWUR(
WUHV GH SKRQRQV GDQV OHU«JLPHGHEDVVH «QHUJLH REWHQXV S
VRQW SU«VHQW«V ,0VPRQWUHQW OHV P-PHV PRGHV TXM¢ OD VXU
WDPPHQW OHPRGH 5D\OHLJK HW OD U«VRQDQFH ORQJLWXGLQDOH

/IHFKDSLWBRXU VXMHW OMDGVRUSWLRQ GMHDX ¢ OD VXUIDFH GH Jl
«WXGHV +$6 GMDGVRUSWLRQ HW GH G«VRUSWLRQ VRQW SU«VHQW «
IRUPDWLRQGM°ORWYVY GRPLQHOMDGVRUSWLRQ¢ EDVVHWHPS«UDW
WLRQVH SURGXLW ¢ KDXWHWHPS«UDWXUH ¢ SDUWLUGHV VXUIDFHV
SRXUODVHFWLRQHI“FDFH GH GLIIXVLRQ GMK«OLXP GHOD PRO«FX(
GH G«VRUSWLRQ VRQW G«ULY«HV /HV U«kVXOWDWY GMXQH «WXGH
OMH[LVWHQFH GHJODFH DPRUSKH ¢ EDVVH WHPS«UDWXUH DLQVL



VXUIDFHGH JUDSK2QH VRXV U«FKDXIIHPHQW /D SDUWLH SULQF
LV«H VXU OD GLIIXVLRQ GH¥WPED ¥FUOBNHGEHJUDSK2QH $ SDU\
U«VXOWDWY GMH[S«ULHQFHV +H6( QRXV SURSRVRQV XQ SURF=2
WUH GHV VLWHY GMDGVRUSWLRQ VLWX«V DX GHVVXV GX FHQW
'HV YDOHXUV SRXU OH WDX[HW OD EDUUL2UH GH SRWHQWLHO S
SDUWLU GHVGRQQ«HV H[S«ULPHQWDOHYV 'HVSKRQRQV5D\OHL.
VRQW «JDOHPHQW REVHUY«V DLQVL TXMXQ SURFHVVXV UDSLGH
GLIIXVLRQ URWDWLRQHOOH GHV PRO«FXOHV ¢ OD VXUIDFH GX J

'DQV OH FKD SAHMWUHW XGHV VWUXFWXUDOHY GX EHQJ]2QH DGVRUE«

GHJUDSKLWHVRQW SU«VHQW«HV LQFOXDQW GHV PHVXUHV
VXU XQ VXEVWUDW GH JUDSKLWH H[IROL« 'DQV OH U«JLPH VRX
GMXQH VWUXFWXUH §6RD§R5JWHR/@/QFFRQOHP«H '"HV PHVXUHV ¢ F
YHUWXUH SOXV JUDQGH U«Y2OHQW OD IRUPDWLRQ GM°ORWV 'D
/JHV °ORWV PXOWLFRXFKHV SU«VHQWHQW OD VWUXFWXUH GX EH

'DQV OH FKDSGEMAWHQYHVWLIDWLRQV VWUXFWXUDOHYV HW G\QD|
VRUE« ¢ OD VXUIDFH GH JUDSK2QH 1L VRQW SU«VHQW«HV 'D
GHV « WXGHV GMDGVRUSWLRQ VRQW LOOXVWU«HVY OHVTXHOOH
MXVTXM¢ OD FRXYHUWXUH FRPSO2WH SDU XQH PRQRFRXFKH '
WKHUPLTXH HW LVRWKHUPLTXH PRQWUHQW OD G«VRUSWLRQ
SHUPHW GH G«GXLUH XQH YDOHXU SRXU OM«QHUJLH GH G«VRU
SDUWLH GHV U«VXOWDWY GHV PHVXUHV +$6 VWUXFWXUDOHV \
OMH[LVWHQFH GMXQH VWUX%W?(?JIH SURB BDWWROGEUQLQRLSDOH
FKDSLWUH SU«VHQWH HQVXLWH GHV U«VXOWDWY GMXQH V«UL
PRQWUHQW OD FRH[LVWHQFH GMXQH GLIIXVLRQ OHQWH HW G M X
UDSLGH HVW FRQVWLWX«H HQ SDUWLH GMXQH GLIIXVLRQ GH W
GLIIXVLRQ EDOLVWLTXH /D GHUQL2UH PRQWUH XQH DV\P«WUL
WULEXH ¢ OD J«RP«WULH GH OD VXUIDFH GM«QHUJLH SRWHQWL
VLIQDWXUH GMXQH GLIIXVLRQ SDUVDXWV VRQRULJLQH UHVW|

'DQV OH FKDSDWVH «VXOWDWYVY GHV PHVXUHV GH VSHFWURVFR
WHPSV GH YRO 72) GMK\GURJ2QH PRO«FXODLUH DGVRUE« GEC
' HW GDQV GX JUDSKLWH H[IROL« VRQW SU«VHQW«V 8QH FL
HVW GRQQ«H ¢ SDUWLU GM«WXGHY GMDGVRUSWLRQ LVRWKHU
DQJOHV 'HV « WXGHV VWUXFWXUDOHV GH GLIIXVLRQ QHXWURQ
VRQW HQVXLWHH[SRV«HV /D SDUWLH SULQFLSDOHGXFKDSLW!
GH GLIIXVLRQ QHXWURQLTXH TXDVL «ODVWLTXH 4(16 R» OD F



 QWURGXFWLRQHQ )UDQFDLV

GH GLIIXVLRQ D «W« REVHUY«H XQH GLIIXVLRQ SDU VDXWV HW XQ
IMDSSOLFDWLRQ GMXQ PRG20OH GH GLVTXHV GXUV UXJXHX[ 5+' S
FROWULEXWLRQV GH IURWWHPHQW FLQ«WLTXH HW GH IURWWHPH
OHV U«VXOWDWY VRQW FRPSDU«V DYHF FHX[ GHV «WXGHV SU«DC
FDUERQH

'DQV OH FKD SQRMMSU«VHQWRQV GHV « WXGHV GMK\GURJ2QH PRO«F
GDQV XQ D«URJHO GH FDUERQH 'DQV XQH SUHPL2UH SDUWLH XQ
PDW«ULHO HVW GRQQ«H ¢ SDUWLU GHPHVXUHVY GMDGVRUSWLRQ L\
DX[ SHWLWV DQJOHV 'DQV OD SDUWLH SULQFLSDOH QRXV GLVEXV
HW OHV U«VXOWDWY GMXQH PHVXUH QHXWURQLTXH 72) 1RXV DYR(
GH FDUERQH HVW XQ FDWDO\VHXU IRUW GH FRQYHUVLRQ GM«WDW
GMK\GURJ2QH 1RXV SURSRVRQV XQ OLHQ HQWUH OD FRQYHUVLRQ
“QHPHQW URWDWLRQQHO GHV PRO«FXOHV GDQV GHV XOWUD PLFU
SU«<VHQWRQV GHV U«VXOWDWY GM«WXGHV 4(16 DYHF OHVTXHOV
VLRQ DFWLY«H GHV PRO«FXOHVY GMK\GURJ2QH SXLV QRXV FRPSDU
GHV « WXGHV SU«DODEOHV VXU GMDXWUHV V\VW2PHV GH FDUERQH



K AMi Q/m+iBQM

7KH SYK\WLFDODGVRUSWLRQRIPROHFXOHVRQFDUERQVXUIDF
YHU\ GLIIHUHQW DVSHFWV RI RXUHYHU\GD\ OLIH )URP IXHO FH
QRORJLHV RYHU PROHFXODU GRSLQJRIJUDSKHQH WR D EDVL
IULFWLRQDQGOXEULFDWLRQ XQGHUVWDQGLQJWKHZD\KRZD
RQDFDUERQ VXUIDFHLVRIIXQGDPHQWDO LQWHUHVW >

+\GURJHQ DGVRUSWLRQLQ SRURXVFDUERQ PDWHULDOV KDV Et
HVW GXULQJ WKH ODVW GHFDGH VLQFH FDUERQ LV LQFUHDVLQ.
GDWH IRU K\GURJHQ VWRUDJH HVSHFLDGQ®D\ RCH  BRNV G ELLQIKWA Y
FUHDWH KLJKO\ SRURXV VWUXFWXUHV ZLWK YHU\ ODUJH VSHFL
DORZVSHFL*F ZHLJKW KDV OHG WR WKH FUHDWLRQ RI D ODUJI
FDUERQ PDWHULDOV ZKHUH WKH KRSHLV WR DGVRUE KLJK TXD
YHUVLEOH SURFK®VVKKH PDMRULW\ RI HITSHULPHQWDO VWXGLHYV
DLPVDWGH'QLQJDGVRUSWLRQFDSDFLWLHYVY HYHQ WKRXJK DG
HUWLHVDUHGHHSO\FRQQHFWHG ZLWK VXUIDFH GLIIXVLRQ UDYV
VWXGLHV RQ WKH GLIIXVLRQRIDGVRUEHG K\GURJHQ H[LVW

*UDSKHQH D SXUH FDUERQ PDWHULDO WKDW FRQVLVWV RI D VL
ERQ KDV UHFHLYHG DQ HQRUPRXV DWWHQWLRQ LQ WKH ODVW |
SOLFDWLRQV EHLQJGLVFXVVHG :KLOHLW KDV EHHQ VWXGLHG
ODUJH SURJUHVV LQ LWV SURGXFWLRQE\LVRODWLRQ RU JURZW
GHFDG®& >RSLQJRIJUDSKHQHE\VLQJOH PROHFXOHV KDV EHHQ
RSHQV SHUVSHFEFWLYHV IRU SRWH@W L, /& DI$\E\W LIRFEDWHILR/@WVE R Q 2
LOQWHQWLRQDO ZKHQDFFLGHQWDO GRSLQJZDV FDX@HG E\ DG\
DQGVLQFHWKHQ WKHHIIHFWKDVEHHQVKRZQRQGLIITHUHQW JI
> @ ,QWKLVFRQWH[W WKHGLIIXVLRQRIZDWHUDQG EHQ]HC
EHFRPHV KLJKO\LQWHUHVWLQJ HVSHFLDOO\EHFDXVHRIWKH I
LOQWHUDFWLRQ VWUHQJWKY @RP GLIIXVLRQ UDWHYV >



,QWURGXFWLRQ

7TKHIJRDORIWKLV3K'ZRUNLVWRLQYHVWLIDWHWKHDGVRUSWLYH
SURSHUWLHV DW DQ DWRPLF OHQJWK VFDOH RI ZDWHU EHQ]JHQH D
IDFHRIFDUERQ PDWHULDOV VXFKDV HSLWD[LDOO\JURZQ JUDSKH:
H[IROLDWHG JUDSKLWH D QRYHO KLJKO\ SRURXV FIRUERQ ' DQG
WKDW SXUSRVH D VHULHV RIQHXWURQDQG KHOLXP VSHFWURVFRSE
XQGHUWDNHQDQG WKHRUHWLFDO PRGHOV KDYHEHHQ GHYHORSHG
H[SHULPHQWDO GDWD WR WKHJUHDWHVW SRVVLEOH H[WHQG

PmiHBM2 Q7 i?2 K Mmb+"BTi

,QFKDSWHKIHUHDGHULVLQWURGXFHGWRWKHJIHQHUDOFRQFHSWYV
VFDWWHULQJ $Q RXWOLQH RI WKH UHVSHFWLYH VFDWWHULQJ WK
LPHQWDO PHWKRGWRP K HRX WIUWRKgS HRWURYHRBAURQ VSLQ HFKR
16(VSHFWURVFRBEODXQRGVSLQ HFKSHFWBRVFRS\DUH H[SODLQHG ZL
DIRFXVRQWKHUHOHYDQFH WR WKLV 3K'ZRUN 7KHJRDO LV WR VX
WKHRUHWLFDODQGFRQFHSWXDOIUDPHZRUN ZKLFKLVQHFHVVDU\
DQDO\WLVDQG WKHYDOLGLW\RI WKHWKHRUHWLFDO PRGHOV WKD
FKDSWHUYV

,Q FKDSWWMKH JURZWK RIDQHSLWD[LDOJUDSKHQH OD\HURQD 1LFN
FKHPLFDOYDSRXUGHSRVLWLRQ LVIGHVIPAURLEW 8 P QEDAMWWIEK B WXIU B ©6
VWXGLHV DUH GLVFXVVHG ZKLFKFRQ“UP D PDWFKLQJRIWKH KHI[D.
ZLWK WKH 1LFNHO IFF ODWWLFH $ KLJKUHtHFWLYLW\DQG LQHUWC
DYHU\VPDOO HOHFWURQ GHQVLW\FRUUXJDWLRQ )LQDOO\ SKRQF
UHILRQ REWBHOQVM®EGLHV DUH SUHVHQWHG ZKLFKVKRZ WKH VDPH
WKHSULVWLQH 1LVXUIDFH QDPHO\WKH5D\OHLJKPRGHDQG WKH O

,QFKDSWAHHUGLVFXVV WKH VWUXFWXUDODQG G\QDPLFDO SURSHUW
RQWKHJUDSKHQH 1L +$6DBVROFSWLRQ DQG GHVRUSWLRQ VWXGLH
VHQWHG ZKHUHLWLVVKRZQWKDWLVODQGIRUPDWLRQJRYHUQVO
ZKLOHGHVRUSWLRQ DW KLIKHU WHPSHUDWXUHY KDSSHQV IURP LF
IRUWKH KHOLXP VFDWWHULQ}FBROVNXOGWDRG RRWKHKH GHVRUSW
HOQHUJ\DUHGHULYHG 7KH UHVX®6V W MXIRPMKWW VXRE XMKIHOH [LVWHQF
RIDPRUSKRXVLFHDWORZWHPSHUDWXUHZLWKDGH ZHWWLQJRI W
KHDWLQJ 7KHPDLQ SDUW RIWKH FKDSWH U PRPIRXO/NHXYARH/WIQH GLII1X"
WKHJUDSKHQH VXU | Db PAHDWEKE RBHQWY ZH VXJIJHVW D MXPS GLII.



SURFHVV EHWZHHQ DGVRUSWLRQ VLWHV WKDW DUH ORFDWHG L
KHIDJIRQRDQG GHULYHYDOXHVIRUWKHUDWHVDQG WKH S SRWHQ\
RQG IDVW GLIIXVLRQ LV REVHUYHG ZKLFKZHDWWULEXWH WR
RIVLQJOHZDWHU PROHFXOHVRQWKHJUDSKHQH VXUIDFH )XUYV
WKHJIJUDSKHQH SKRQRQ PRGHV LV GLVFXVVHG

,Q FKDSWHWUXFWXUDO VWXGLHV RI EHQJHQH DGVRUEHG RQ WK
JUDSKLWHDUHSUHVHQWHG EDVHGRQQHXWURQGLIIUDFWLRQ
RIH[IROLDWHG JUDSKLWH ,Q WKHVXE PRQROD\HUUHJLPH WK
UD\?Vﬂ[p? 5 rRYHU VWUXFWXUHLVY FRQ*UPHG DQGD PHOWLQJDYV
REVHUYHG OHDVXUHPHQWYV DWKLIJKHUFRYHUDJHUHYHDO IRUI
RIDVHFRQG OD\HU ZKLFKH[KLELW WKH VWUXFWXUHRIVROLG

,Q FKDSWHWUXFWXUH DQG G\QDPLFV LQYHVWLJIJDWLRQV RI EHC
VXUIDFH RI JUDSKHQH 1L DUH SUHVHQWHG ,Q D “UVW SDU\V
GLVFXVVHG WKDW UHYHDO D OD\HU IRUPDWLRQ XS WR WKH PRC
PDO GHVRUSWLRQ VWXGLHV HIKLELW D VLQJOH SHDN WKDW HQ
WKHGHVRUSWLRQHQHUJ\ ,QD VHFRQG SH3HBRMH BWHIHHPHQONWY R |
WKDW FRQ“UP WKHH[LVWHQFHTR[ O AFRPRMBYVXMIWWDWH WXUH DUH
VHQWHG 7KHPDLQ SDUWRIWKHFKDSWHHMWKIIHDYZSUHFHQWYV D V
ZKLFKUHYHDO WKH FRH[LVWHQFH RIDIDVWDQG VORZ GLIIXVLF
SDUWO\RI %URZQLDQ W\SH GLIIXVLRQDQG SDUWO\RIEDOOLV\
PDGH WKDW WKH EDOOLVWLF PRWLRQ RFFXUV DORQJD SUHIHU
WR WKH VWU X BWMHQR WVDIOHH Q HU I\WKHUW DRE GI6IXVLRQ H[KLELW
VLIQDWXUHRIDFWLYDWHG MXPS GLIIXVLRQ WKHH[DFW QDWXL
XS WR WKLV SRLQW

,Q FKDSWRMHXWL2RQWXGLHVY RI PROHFXODU K\GURJHQ DGVRUEH
JUDSKLWH DQG LQ D QRYHO KLJKO\ SRURXV FDUERQ DUH SUHYV
RI' EDVHG RQ LVRWKHUPDO DGVRUSWLRQ PHDVXUHPHQWYV
QHXWURQ VFDWWHULQJLQYHVWLIJIDWLRQV RQ ERWKPDWHULDC
WKHFKDSWHU IRKRRVVHVODYWLF QHXWURQW X G WHWHRU IDQIV R ULEBH C
K\GURJHQ LQ WKH WZR PDWHULDOV ZKHUH D FRH[LVWHQFH RIV
EHHQ REVHUYHG MXPS GLIIXVLRQ DQG %YURZQLDQRWYKH GLIIX)\
KDUG GLVNPBGHO DOORZHG XVWRFDOFXODWHWKHFRQWULEXMW
I[IURP VXUIDFH IULFWLRQ UHVSHFWLYHO\ )LQDOO\ WKH UHVX
RWKHU FDUERQ V\VWHPYV



,QWURGXFWLRQ

,QFKDSWAHUSUHVHQW VWXGLHV RIPROHFXODU K\GURJHQ DGVRUEH
JHO ,QD“UVWSDUW D FKDUDFWHULVDWLRQ RIWKHFDUERQ DHUR
LVRWKHUPDGVRUSWLRQ PHDVXUHPHQWYVY DQG WKHLULPSOLFDWLR
GLVWULEXWLRQ DUH GLVFXVVHG ,Q D VHFRQG SDUW ODUJH VFDC(
VFDOH VWUXFWXUHY RI WKH FDUERQ DHURJHO DUH SUHVHQWHG
WKHDQDO\WLY DQG UHVXOWV RI HISHULPHQWDO GDWD REWDLQHG
LQJPHDVXUHPHQW ,Q WKH “UVW SDUW RI WKHDQDO\VLV RI WKH Qt
IRFXVRQ WKHFRQYHUVLRQ RIWKHVSLQ VWDWHYV LQ WKH K\GURJHC
VHUYDWLRQV RIWKHFDUERQDHURJHO EHLQJD VWURQJFRQYHUVL
VXIJIHVWLRQ WKDWDQLQFRPSOHWHQHVV RIWKHFRQYHUVLRQLVUC
PHOQWRIPROHFXOHVLQ XOWUD PLFURSRUHV4{)L\DWXOG LAH/SUHVHQ\V
ZKHUH ZH VKRZ WKDW D WZR GLPHQVLRQDO MXPS GLIIXVLRQ SURF!
JHQ G\QDPLFVDQGZHFRPSDUHWKHREVHUYHGDFWLYDWLRQ HQHU

GLIIXVLRQ FRQVWDQW WR HI[LVWLQJUHVXOWY RQRWKHUFDUERQ V



i J2i?2Q/b

i XR /bQ TiBQM M/ .2bQ TiBQM

7TKHDLP RIWKLYVHFWLRQLVWRJLYHD EULHIRYHUYLHZRYHUYV
WLRQ RQ VXUIDFHV $GVRUSWLRQ LV WKHDVVRFLDWLRQ RI DQ
IDFH 7KHVXUIDFHLVKHUHUHIHUUHGWRDVWKHDGVRUEHQW .
JLYHQ WKHQDPHDGVRUEDWHRUDGSDUWLFOH RU GHSHQGLQ.
RUDGPROHFXOH $GVRUSWLRQ FDQ LV FRPPRQO\ FODVVL"“HG
FKHPLVRUSWLRQ DQG SK\WHNRINSRUSRIBLARIYY D FRYDOHQW ERQ
IRUPHG EHWZHHQ WKHDGVRUEHQWDQG WKHVXUIDFH JLYLQJU
LQWKH RUGHWUHFIWDQR Q¥FR\ WV RY RWYMWRKH RWKHU KDQG UHIHUV W

YLIXUH ,OOXVWUDWLRQ RI WKH SRVVLEOH DGVRUSWLRQ SL
JUDSKHQH VXUIDFH D &KHPLVRUSWLRQ RID K\GURJHQ
E\FKHPLFDO ERQGLQJ 7KH ODUJHLQWHUDFWLRQ HQHL
VWUXFWXUH E 3K\WLVRUSWLRQRIDK\GURJHQ PROHFX
GHU :DDOV LQWHUDFWLRQ

FHVV ZKHUH WKHDGVRUEDWH IY\D DROHLG: B DWW EBHIDINFWLRQ ZLW
DGVRUSWLRQHQHUJLHVLQWKHUDPUIAGLWIOGHFWR RE& Y\B 0 MWGF IR
LQWHUDFWLRQUHVXOWVIURP SHUPDQHQW VSRQWDQHRXV RU
WLSROHV ,Q WKH FDVHRIWZR PROHFXOHV WKHHOHFWULF GL:
VEDOHV'ZLWKHUHIRUH WKH VWG HQIWHURIFWKR Q'Y FDOM YV ZLWK



OHWKRGV

SRWHQWLDO HQHUJ\ RI WKH VIVWHP LV RIWHQ GHVFULEHG E\ WKH /
ZKLFK FRQVEVAWHIMIRU WKH VWURQJ UHSXOVLYHLQWHUDFWLRQ \
RUWKRJRQDOLW\ RI WKH HOHFW U'RQNZDUYRH | RAQ W\K H FDGWMDUDG I/ L Y H
LQWHUDFWLRQ ,Q WKH FDVH RI SK\VLVR'®S3XIHRW R WWKKLH/ G\DHUIM V F D ¢
WZR GLPHQVLRQDO H[WHQVLRQ RIWKH VXUIDFH )LJ

2 T T I

1.5F .

0

o
o

Potential V/V
o

o
o

Distance z/zo

J)LIXUH ,OOXVWUDWLRQ RI WKH /HQQDUG -RQHV SRWHQWLDO IR
\WLVRUSWLRQSGUHRERWWY WKH SRW H 2 & HI)®R WIHM W X P
GLVWDQFH RI WKHDGVRUEDWH WR WKH VXUIDFH DW PLQLP)
WLDO

jXRXR EBM2iB+b Q7 S?BbvbQ TiBQM QM am’ 7 +2

7TKHVXUIDFH HERWGHIBHG DV WKH LPSLQJLQJtX[RIDGVRUEDWH PR
WKHVXUIDFHLQWHIJUDWHG RYHU WKH WLPHRIH[SRVXUH ,WV XQLW
/ WRUVY PEDYW 7KH/DQJPXLUPRGHODOORZV XVWRUHODWH
FRYHUDIOIHWK WKH H[SRVXUH WKURXJK WKH N@QHWLF WKHRU\RIJDV

R
_ E o pdt
- VM - ¥ ’
2 kaTgas 2 kaTgas




$GVRUSWLRQDQG 'HVRUSW

ZLWK WKH JDV W HRsS MKIHWKRIGIW | P D kg AMRIQH IDVQOMWR | WKH DGSDL
WLRMOBQG WKH SPHYNXWHDWKHU VLPSOH PRGHO GRHV QRW WD
GHVRUSWLRQ RUPXOWLOD\HUDGVRUSWLRQDQG DVVXPHV D VYV

,QDPRUHGHWDLOHG SLFWXUH WKHDGVRUEDWHFDQ XQGHUJR
VRUSWLRQ RQ WKH VXUIDFH VXFK DV VXEVHTXHQW GHVRUSW|
LVODQGY RURUGHULQJ GXH WR ORQJUDQJH UHSXOVLYH LQW!
(VSHFLDOO\LQ WKH SK\VLVRUSWLRQ UHJLPH DGSDUWLFOHV D
RQWKHLQWHU SDUWLFOHDQG WKHDGSDUWLFOH VXUIDFH LQ\
WKUHH GLPHQVLRQDO LVODQGV RUJUDGXDOO\FRYHU WKH VXL
DGVRUEDWH ZHWYV WKH VXUIDFH

AbQi?2 K H .2bQ TiBQM

7KH UHYHUVH SURFHVV RI WKH DGVRUSWLRQ LY GHVRUSWLRQ
WKHVXUIDFH 7KLVLVJHQHUDOO\DQDFWLYDWHG SKRFHVV ZK
IROORZVDQ $UUKHQLXV W\SH ODZ

Eq
= |
kg = Aexp ! keT

ZKHBHYV D SUH HISRQHQWEDIOVID/KWRFEIHD QB SW L R QaH QHKUHI\ >
GHVRUSWLR@Q=UWDWHILYHQ E\

d
rzaz!kd m

ZKHBHWKHRUGHU RIGHVRUSWLRQ $GLUHFW GHVRUSWLRQ RI)
VXUIDFH ZRX0OG FRUUHVSRQG WR D “UVWNRUG H¥ IGHYVBHBRR R Q ¢
ELOQODWLYH GHVRUSWLRQRIHJ WZR DWRPV LQWR D GLPHU \LH
m= 7KHFDVH ZKHUH WKH GHVRUSWLRQ UDWHLV OLPLWHG H
FRYHUDJH LQGHSHQGHQW JHURWK RUGHU GHRRBUSRWRE UR RE \
GHVRUSWLRQ L H DWFRQVWDQW WHPSHUDWXUH DQG LQ WK
WKHVXUIDFHFRYHUDJH GHFD\VH[SRQHQWLDOO\ZLWKWLPH D
%\PHDVXULQJWKHGHFD\UDWHDW GLITHUHQW WHPSHUDWXUH\
RUSVEL ROD V\VWHP FDQ EHHVWDEOLVKHG VHHH J 6HF



OHWKRGV
h?2 K H .2bQ TiBQM aT2+i"Qb+QTv

$ FRPPRQ WHFKQLTXH WR HVWDEO LV KVEKLHUGPLDY Gl IQWRIU BMAL RQ W B HF

WURVFRS\+HBHE\ WKH DGVRUEDWH FRYHUHG VXUIDFH LV KHDWHG
ZKLOH WKH tX[ RI GHVRUEHG DGSDUWLFOHV LV PRQLWRUHG YLD W

WURPHWHU RULQGLUHFWO\ E\ REVHUYLQJ WKH VSHFXODU KHOLXF

7KH GHVRUSWGRIGHQ®WWRD E\IL = | kirm g RPELQLQJ WKLV ZLWK (T
\LHOGYV

— = méexp(! Eq=ksT)

7KH WHP SHT}D WKHIWH WKH PD[LPXP RI WKH GHVRUSWLRQ SHDN LV VI
ODWHEES WR

A
= —exp( Eq=kgT
TKH5HGKHDGHTXDWLRQPDNHVWKHDVVXPSWLRQWKDWWKHDFWL
H[SRQHQWLDO IDFWRU DUH FRYHUDJH LQGHSHQGHQW DQG JLYHV [
> @

@:@nlnﬂiiam.

7TKH5HGKHDG HTXDWLRQ LV FRPPRQO\DSSOLHG IRU “UVW RUGHU N
FDQDOVREHXVHGIRUIUDFWLRQDO RUJHUR RUGHU NLQHWLFV LI W
7" WUDFHVDUHDQDO\WHG FRUUHVSRQGVY WRARQH FRPSOHWH PRQR(

Xk L2mi"QM a+ ii2 ' BM;

IHXWURQ VFDWWHULQJKDV EHHQ KLIKO\VXFFHVVIXOLQFRQGHQV!
GXHWRWKHIDFW WKDW QHXWURQV SHQHWUDWH PDWWHUDQG VFD
LQJLQIRUPDWLRQ DERXW WKH LQQHU VWUXFWXUH DQG G\QDPLFYV
QHXWURQLVRQHRIWKHIXQGDPHQWDO EXLOGLQJEORFNV RIPDWYV
WURQV IXO“O WZR LPSRUWDQW FULWHULD DW RQFH WKDW LV WKH
UHVSRQG WR W\SLFDO LQWHU DWRPLF GLVWDQFHV DQG YLEUDWLR



IHXWURQ 6FDWWHULC

6RXUFH (QHUJ\>PH9@ 7HPSHUDWXUH> @ :DYHOHQJWK >1

FROG J J J J
WKHUPDO J J J J
KRW J J J J

7DEOH $SSUR[LPDWH HQHUJ\ WHPSHUDWXUH DQG ZDYHOHQ
PDLQ NLQGV RI QHXWURQV SURGXFHG LQ WUHVHDUFK UH

RUGHU WR SURGXFHD QHXWURQ EHDP ZLWK VXI“FLHQW tX[ IRU D
HISHULPHQW HLWKHUD QXFOHDUUHDFWRURUDVSDOODWLRQ
QHXWURQ VFDWWHULQJ H[SHULPHQWY WKDW KDYH FRQWULEXYV
ULHGRXWLQ ERWKW\SHVRIVRXUFHY ‘HKDYHSHUIRUPHG D QX
WKHUHVHDUFQWUWDWWWUDXH /DQIUNQREOH )UDQFH ZKRVH UH
LVGHVLIQHG LQ D ZD\WKDW DLPV DW PD[LPLVLQJ WKH SURGXF\
IXHO HOHPHQW RI KLIKO\HQULFKHG XUDQLXP SURGXFHV D KLJ!
DUHPRGHUDWHG E\D VXUURXQGLQJ SRRORIKHDY\ZDWHUDQG
XLGK\GURJHQ 1HXWURQJXLGHV HYDFXDWHGWXEHV ZLWK ZDO
WKDW UHtHFW QHXWURQV SRLQWRXWIURPWKHFHQWUHRIWKF
VLWXDWHG VRPHWHQV RIPHWHUV DZD\IURP WKHUHDFWRU SRR
LQ'LGFRW 8. QHXWURQVDUHFUHDWHG E\VSDOODWLRQ +HUH
SURWRQEHDP WR N:DQGRUGHUV WKH SURWRQVLQWR VPDOO
GOHVY FROOLGH ZLWK D WXQJVWHQ WDUJHW WKDW LV URWDWLC
KHDW %HFDXVHRIWKHKLIJKHQHUJ\LPSDFW WKHWXQJVWHQ ¢
HPLW KLIJIKHQHUJ\ QHXWURQV $VLQ D UHVHDUFK UHDFWRU Qt
WDUJHW WR LQVWUXPHQWY LQ D QHDUE\ H[SHULPHQWDO KDOO
LQIJWKHRQHVY WKDW ZH XVHG IRUWKH PHDVXUHPHQWY SUHVHQ
QHXWURQVDUHQHHGHG 7KLV UHTXLUHV D VXEVWDQWLDO VOR
ZKLFK LV DFKLHYHG LQ D UHDFWRU E\ PRGHUDWLRQ LQ WKH KHI
LQ WKHFDVHRIDVSDOODWLRQ VRXUFH DQG IRU WKH SURGXFYV
HUDO E\IXUWKHU FROOLVLRQDO FRROLQJLQDEDWKRIOLTXLC
7TDE JLYHVDFRPSDULVRQRIW\SLFDO QHXWURQHQHUJLHV DQCG
WHPSHUDWXUHYV

6LWXDWHG DW WKH HQG RI WKH QHXWURQ JXLGHY DUH D UDQJF
PHQWY 7R VWXG\ FRQGHQVHG PDWWHU WKH H[LVWLQJ LQVWI
LQWR WZR PDLQ JWGRXISIND FINKRIP S OVRHWUY QHXWURQ GLITUDFWLRQ S
WKDW RFFXULQ WKHHODVWLFVFDWWHULQJ SURFHVV RID QHX'
(ODVWLF FRKHUHQW VFDWWHULQJIURP UHSHDWLQJ VWUXFW X



OHWKRGV

UHWXUQV VWUXFWXUDO LQIRUPDWLRQ RI D VDPSOH ,Q WKLV WKH
KLIK LQWHQVLW\ WZR D[LV GLIIUDFWRBHWHLQ JOMHQGHIX)\W B RMKWFD YV
WHULQJ 6%1BUDFWRPHWHU ' ERWKMLWEBDWHGFXWVHG 1HXWURC
VSHFWURHRAMRBORULW WKHHQHUJ\WUDQVIHU RID QHXWURQ ZLWK WKH
RILQHODVWLFQHXWURQVFDWWHULQIJWRJIDLQLQIRUPDWLRQDER?>
LFV HZLOO GLVFXVV LQ WKLV WKHVLV UHRYXOSHMFWWRPPHHWHULPHQ'
, 1 DW/ ITURPWKMKNWURQEDFNVFDSH¥FMURPHWE U 26,5,6 DW ,6,6 DQG IU
WK (VSHFWURPHWHU ,1 DW

JXkKXR L2mi QM a+ ii2 ' BM; h?2Q " v

,QWKLV VHFWLRQ ZHZLOOJLYHDEULHILQWURGXFWLRQLQWR WK!
RU\ WKDW LV QHFHVVDU\ WR XQGHUVWDQG WKH LQWHUSUHWDWLR
7KHVHFWLRQ IROORZV FORVHO\ + 6FKREHDQE WRW BR & XGHHW B HHD U W
WKHLQWURGXFWRU\ ERRN@BD\QG EATOX I%4@H>Q RXU H[SHULPHQW YV
QHXWURQV KDYH EHHQ VFDWWHUHG IURP FRQGHQVHG PDWWHU LQ
DERXW WKH VI\VWHP RI LQWHUHVW E\DQDO\VLQJ WKHHQHUJ\DQG G
WKH VEDWWHUHG QHXWURQV ,Q WKH HQHUJ\ UDQJH XVHG LQ WKH\
WURQVPRYHQRQ UHODWLYLVWLFDOO\DQG WKHLURQO\LQWHUQD
7KH QHXWURQ LV XQFKDUJHG DQG WKH VFDWWHULQJ SURFHVV ZLW
FOHDU IRUFHV 4XDQWXP PHFKDQLFDOO\ WKH QHXWURQ ZDYH IXC
E\LWV ZDY Hk YBIG W RWY VSjk@S 7KH QHXWURQ LV BOHSWRQ L H

> @ )RUD QHXWUR® ZD\GK PDRWIKM GH % URJOLH UHODWLRQ VWDW
LWV PRP HQWXPHODWHG WR LWYLDD MH=Y-K PWRBUL WYV DQJXODU IUH
TXHQFWR LWV BQHDRE ZKHYHV WKH UHGXFHG 30DQFN FRQVWDQW
DOVR UHOMRMWHRH QHXWURQ ZDYHOHQJWK

~2k2 h2

m
E:fzzizi
2 " 2m  2m 2

ZKHUHY WKH 30DQFN FRQVWDQW $TQANY DRY RVER SHIUQ WX BH
FDXVH RI WKH IDFW WKH QHXWURQ EHDP IROORZV D OD[ZHOOJ%RO\
WLRQ ZLWK WKH %ROMJPIEQQ FRQVWDQW

3

E= —ksgT.
5KB



IHXWURQ 6FDWWHULC

h?2 L2mi"QM a+ ii2 'BM; * Qbb a2+iBQM

7TKHVFDWWHULQJRID SDUWLFOHLV GHVFULEHG E\WKHWUDQVL
LOWR LWV *QDO VWDWH %HIRUHDQGDIWHU WKHVFDWWHULQJ
I[UHH WKH WUDQVLWLRQ LV GHVFULEHG PDWKHPDWLFDOO\ E\IL
LQLWLDODQG “QDO VWDWH RI WKH SDUWLFOHRQWR WKH WUDQ'
SUREDEL@LW\ >

Si= ke, Sjuet +1,t 11 ) jki, Si.

,QDPHDVXUHPHQW GHWHFWRUVY DUH SODFHG DW D FHUWDLQ
VROLG DQJOH 7KH QXPEHU RI QHXWURQV FRXQWHG LQ WKHVH
GHWHFWRU VLIHDQG LWV GLVWDQFHWR WKHVDPSOH DV ZHOO
,QRUGHU WR FRUUHFW IRU WKHVH HIWHUQDO SDUDPHWHUV RC
RIWKHGLITHUHQWLDO VFDWWHULQJFURVV VHFWLRQ

tX[ VFDWWHUHG LQWR VRO DQYOH

d = LOFRPLQJ tX[ MO

ZLWK WKH VFDWW HQLEDIQIEQW® H\G £ V WKIHQEDIY H | XIQF)WALHR Q
VFULEHV D QHXWURQ ZL-WE\W B BRWQMWMRQV DVVXPH WKDW LW VF
IURP D VWDWLKN@RWHKOQLLMOKDY WR REH\ WKH VWDWLRQDU\ 6F
WLRQ

2
b om TV ud(r) = E(K)ui(r).

7TKHIJHQHUDO VROXWLRQ LQ WKHIDVIPSWRWQFEUMWKHBLQHDU F
ELODWLRQRID SODQHZDYHDQG D UDGLDO ZDYH FRUUHVSRQG
WKHVFDWWHUHG ZDYH UHVSHFWLYHO\

eik.r

1 _
u() " p— T+ f(, ) Cor'1
Vg r




OHWKRGV

ZLWK WKH VFDWW HfJL,QJIDPE O IQMRXIEIBD OLVDW LR Q EK D WREDW P H
WHULQJ FURVV VHFWLRQ WKHQ UHDGV

Rl rzd Jf(rl ) lt)

d s G ik

ZLWKWKHtX[RILQFRRBI(PDQBXNWKHRRAV ,t) RIQHXWURQV VFDWWHUHG

LOWR WKHUDGLDO,F DRUDG MQPW HV

S 'iBHgqgp21tT MbBQM M/ i?2 a+ ii2 BM; G2M;i?

7KHVFDWWHULQJDPSOLWXGHH[SUHVVHVY WKHDQJXODUGHSHQGH
DELOLW\ )RUDQLVRWURSLFDQG VWDWLF SRWHQWLDO LWFDQEH

1 P 2, 0
ﬁlzo 4 20+1)(e” ' 1)Y°(),

f( )=

ZLWKWKHVSKHULFHO B D GMRSKIFWHRY MK M/SDUWLWE® RDGH R |

6LQFH D WKHUPDO QHXWURQ KDV D ZDYHOHQJWK L®RVKH RUGHU R !
DQG VFDWWHUV IURPD QXFOHXY RI\WKHNMNFRPVDERKWQJ EDVLFDOO\RF
LQ IRUFN RIDYH VFDWWHEK®HDQV WKIDW RGOPWRIQWULEXWHV 7KH
OLRLWRf( LVNQRZQDVWKHVFDWWHULQJOHQJWK

edol 1 . o(k)
=1
k ' kl!'mo k

b= leofk( )= Ilimo

h?2 "Q'M TT QtBK iBQM

,Q RUGHU WR “QG D JHQHUDO VROXWLRQ WR WKLD6F KWHE QMM U HT X
IXQFWLRQ D SHUWXUEDWLRQ WUHDWPHQW \LHOGV VHYHUDO LPSF
SOLVKHG E\DQ LQWHJUDO UHSUHVHQWDWLRQ RI WKH 6FKU _GLQJHL

Z
u(r) = ug(n+  d*rGo(r, rV (rhux(r9



IHXWURQ 6FDWWHULC

ZLWKWKH*UHHQMV IXQFWLRQ

1 2mZ dSrOexp(ik irt r9
~ jrtor9 '

5HSOD&I® E\ WKH XQSHUW XWEHGCQZWKH LQWHJUD GHRUBD OO HG
DSSUR[LPDWLRIPDQV WKDW RQO\ WKH OLQHDU WHUP LQ WKH %R

z
K jr!
Ue(r) = ud(r) ! %%L;‘ d3reXp(j'r!”r('] rq)V(rO)uE(r%.

h?2 62" KB Sh2m/Q@SQi2MiB H

6LQFH QXFOHDU VFDWWHULQJLV H[WUHPHO\VKRUW UDQJH WK
D SRLQW SRW HIQWALD®V M¥GIR SRWHQWLDO

2 2y (r).

v(n= =

7KHIRUP IDFWRULV WKH)RXULHU WUDQVIRUPHG SRWHQWLDO
Z - 5 2
V(Q)= drV(r)e 'Q'r:?b.

,WLVDFRQVWDQW WKDW IOWSURS3$ RVW RR PHOWOPWRY JROGHQ UXO!|
IHUHQWLDO FURVV VHFWLRQ FDQ EHH[SUHVVHG LQ D GRXEOH G

ZLWK WKH LI)Q &/ L@EIDYH YKPWRWDYHO RQWMKK QHXWURQ DQG L
PDVWV %\LQVHUWLQJWKHSVHXGR SRWHQWLDOLQWR WKHDERY!]
EHFRPHV D SURMHFWLRQ RIWKHLQLWLDO RQWR WKH “QDO VWD

Z
bJ bJO dt m! iQ.RjO(O) eiQ.Rj(t)i e! il t7
jii%=1

k1
d dE k2 ~




OHWKRGV

ZKHUH WKH VXP LVPDGHRYHU DOO FRPHLY B RV REDYBRQEFDWWHUH U\
R(t) DQG WRPIHQW XP WQDKJ \k{ KDV EHHQ GH*QHG (QHUJ\FRQVHUYDW
LV H[SUHVVHG E\ DQ LQW H JUE! R YUK KNEGKMWLP\HV WDV IH U

E! E

a+ ii2’BM; 6mM+iBQMb M/ *Q "2H iBQMb

7KHGLIITHUHQWLDO VFDWWHULQJFURVV VHFWLRQ FDQ EHH[SUHVYV

[
1 - |
d dE i S(Q.1)

ZKHUH @AKQHD PLF VWU X FW X S| D)FRDR/LE HBHQ GH*QHG

Z
S(Q1) = 1 X bboe i he IQRAO)GQR M) ol it
' - 27_‘_ | JO .
%=1

6LQFHVFDWWHULQJLQDQH[SHULPHQW LV DVWDWLVWLFDO SURFH
RIVEFDWWHULQJHYHQWY HQVHPEOHDYHUDJLQJRIDOO VFDWWHU
UHVXOWV LQ WKH GLVWLQFWLRQ RI WZR GLIIHUHW@WHN\S®W RI VFDW
VEFDWWBKDYH LQIRUPDWLRQ RIWKH QHXWURQ ZDYH IXQFWLRQ LV P
VFDWWHULQJ HYHQWQ E @ K\HUHHRDNV W IRD W SDMHMUQIRUPDWLRQ LV OR\

4
LW | I
SCOh(Q1! ) — ﬁ bj bJO dt rE! IQ.Rjo(O)eIQ.R](t)I e! it
j.i%=1
1)@7722 1 iO.Ri (0) ~iO.Ri(t): I il
Snc(Q.1)= 5— (B! b7) dihe! FROIRLi
j=1
ZKHUH WKH FFBRHVHKGHWHUPLQHG E\DYHUDJLQJ RYHR WKH VFDWWH
ZKLOH WKH LQBRKRUHRBWSRQGY WR WKH VWDWLVWLFDO YDULDQFFH
OHQJWKYV



IHXWURQ 6FDWWHULC

*Q''2H iBQM 6mM+iBQMb BM Lm+H2 ~ a+ ii2 " BM,;

7KH6) IRUPV D )RXULHU SDLU ZLWK WZR IXQFWLRQV $ )RXULHU"
EHWZHHQ WLPHDQG HQHUJ\L\QSDHFBUPHBOQBWMWYXHDWWHULQJ IXQF

X
I(Q,t):% hexif! iQ.Rjo(0)gexi iQ.Rjo(t)gi .
ji°

$IXUWKHU)RXULHU W UD Q5JE R WRZBI\W QRIIRIONDKHG PRPHQWXP VSDF
WKIDQ +RYH FRUUHODWLRQ IXQFWLRQ 9&)

X
G(r,t) = % hexd! iQ.Rjo(0)gexdiQ.Rjo(t)gi .
ji®

W H[SUHVVHV WLPH GHSHQGHQW SDLU FRUUHODWLRQV EHWZ
WLRQV DUH GHSLFWH@GRQDORJI\'HRWKHVH IXQFWLRQV DUH DOV
VWLWXWHG E\ D FRKHUHQW DQG DQ LQFRKHUHQW SDUW /RRNI
WLRQV DQG DW WKH GH)QUWLRQ RIWEKHMFRPHY HYLGHQW WKDW «
FDO QHXWURQ VFDWWHULQJ PHDVXUHV WKH )RXULHU WUDQVIR
FRUUHODWLRQV RULQ WKHFDVHRILQFRKHUHQW VFDWWHULQ
7KLV UHODWLRQ EHWZHHQ WKHVFDWWHULQJFURVV VHFWLRQD
WLPHLV RI SDUDPRXQW LPSRUWDQFH IRUVWXG\LQJPROHFXOD

G(R,t) kxk=7*31(Q,t)

J)LIXUH 'LDJUDP WKDW LOOXVWUDWHYV WH! ) RRI)HU UHODW
DQI®X,t) 'RXEOHDUURZV VWDQG IRU )RXULHU WUDQVIRUF
WR WKHQRWHG YHFWRU VSDFH



OHWKRGV

a+ ii2° BM; G2M:i? M/ Lm+H2 > aTBM a+ ii2"BM;

$V ZHKDYH VHHQ LQ WIKH IRUP IDFWRU LQ QHXWURQ VFDWWHULQJ L
WKH VFDWWHD LIKLEKQIWIQ GHSHGRABDWHRY KLIJKO\GHSHQGHQW
RIWKHLVRWRSH IURP ZKLFK WKH QHXWURQ VFDWWHUV 7KLV JLYH
LQJIURP D PDWHULDO WKDW FRQVLVWV RI GLITHUHQW LVRWRSHYV
LVRWRSLF FRPSRVLWLRQ DFRKHUHQW DQG LQFRKX® WHQXW VFDWWH
EH GH*QHG 7DDEH VWV WKH H[SHULPHQWDO YDOXHV IRUWKH FRKHUF
VFDWWHULQJ FURVV VHFWLRQ IRUWKHFDVHRIK\GURJHQ + GHXW
WRJHWKHU ZLWK WKH DEVRUSWLRQ FURVV VHFWLRQ (YLGHQWO\ +
HQW VFDWWHULQJ FURVV VHFWLRQ ZKLOH VFDWWHULQJ IURP 'DQC

= coh >EDUQ@>EDUQ@>EDUQ@
T+
|2+
&

7DEOH /ILVW Rl WKH QHXWURQ VEDWWHULQJ FURVV VHFWLRQV |
DQG WKH K\GURJHQ LVRWRSHV + DQG ¢, FRXMRPLF QXPEH
HQW FURVV Vi FMARRXKHUHQW FURY VDBRVARWISRMLRQ FURV YV
VHFWLRQ EBPWd

7KHH[LVWHQFHRILQFRKHUHQW VFDWWHULQJIURPDVLQJOHLVRW
LQJ 6LQFH WKH QHXVSIDRIQVIL¥F DN SERULQJ VFDWWHULQJ IURP D QXFC
| WKH LQWHUDFWLQJ V\VWHP KDY YRRV B WQAHGSWERRHVVHV KDYH G LI
IHUHQW VFDWW H UZIQUFXHIQ YW KW LVH WR FRKHUHQW DQG LQFRKHUH
HYHQ IRUD VLQJOH LVRWRSH 7KH SUREDELOLW\ZLWK ZKLFK D QH X
FRPELQHG VSLQ VWDWH FDQ EH FDOFXODWHG E\ FRPSDULQJ WKH W
VRFLDWHG ZLWK WKDW VSLQ VWDWH )RUVFDWWHULQJIURP D VLQ.
| WKHUH DUH WZR FRPELQHG VWDWHV 7KHGXREHU RI VWDWHYV ZLW

1
2(1 + 5)+1=2|+2,
DQG WKH VWDWHYV DVVRF%.DWHG ZLWK VSLQ

1
200 )+1=21.
()



IHXWURQ 6FDWWHULC

,VRWRSH &RPELQHGVSLQ E>IP@

T+
1+
7DEOH 6 FDW W Hi LRQU ORIREIVDKAG VSLQ VWDWHY RI D QHXWURQ

LVRWRSHV @RP >

7KH UHODWLYH IUHTXHQFLHV IRU WKHVH VWDWHYV WR RFFXU C
WKURXJK WKH WRWDO QXPEBWYWRI SRVVLEOH VWDWHYV

_2+2  1+1
TTA+2 7 2+1
-

T a2 T 2a+1

7KH FRKHUHQW DQG LQFRKHUHQW QHXWURQ VFDWWHULQJ FUR
WKH PHDQ VTXDUH DQG WKH VWDWLVWLFDO YR ULQ@®FH RI WKH
UHVSHFWLYHO\

X
coh=4 b2=4 [ fibl?=4 [fib. +f b ]2

1=+, |
|

2 X 2 X 2
inc=4 b2l b* =4 fibf ! [ fibi]

i=+, | i=+, |

7KH K\GURJHQ DWRP H[KLELWV D ODUJH HIRDJDL ¥R F/EIDMWHGH U L
VSLQ RI |JHUR 7DEKLV JLYHV ULVH WR DQ HIWUHPHO\ KLJK LQFR
FURVV VHFWLRQ DV OLHWWE URXMERQ WKH RWKHU KDQG H[KLE
FRKHUHQW VFDWWHULQJ FURVV VHFWLRQ 'HXWHUDWLRQ RI V
WHFKQLTXHLQ VLWXDWLRQV ZKHUHWKHODUJHLQFRKHUHQW F
SRVHD SUREOHP

JXkXk 1H biB+ L2mi QM a+ ii2'BM; .Bz +iBQM

,QOQHXWURQGLINTUDFWLRQ WKHDQJXODUGLVWULEXWLRQRIQF
LV PHDVXUHG ,Q D SHULRGLF VWUXFWXUH FRKHUHQW GLIIUD



OHWKRGV

FRQGLWLRQ
n = 2dsin ,

ZKHUHV DQ LOQWHJIHWIQXWEHBLVWDQFH EHWZHHQ UHSHDWLQJ HOH
VWUXFWXUWN WIQEVFDWWHULQJ DQJOH )URP WKH DQJXODU GLVWU
LQJVLIQDO LQIRUPWWX RERVMMHHP FDQ WKXV EH UHWULHYHG 7Kl
ODZ LV HTXDO WR WKH FRQGLWLRQ @ EBW Z\HHHD YLHOFLWR D IOD D QIGU @V
QHXWURQ PRPHQWXP HT XDIOIW FRAFQHRAUNY WZR ODWWLFH HOHPHQ
URFDO WOSDKAHK’= > @ ,Q D W\SLFDO QHXWURQ VFDWWHULQJ H[SH!
DGHWHFWRUEDQN FRXQWYVY VFDWWHUHG QHXWURQV RYHU D UDQJF
WXUH ZLOO WKXV VFDWWHU QHXWURQV RQO\LQWR FHUWDLQ DQJO
RXWJRLQJVFDWWHULQJ YHFWRU 7KH VFDWWHULQJDQJOH LV WKH
RFFXUUHQFHRID SHULRGLFVWUXFWXUH DQGDGHWHUPLQDWLRQ |
SHUPLWVHJ WKHUHFRQVWUXFWLRQ RI WKH SRVLWLRQV RI DWRF
FU\WWWDO %UDJJ GLIIUDFWLRQ FUHDWHY VFDWWHULQJ SHDNV LQ F
JOHV ,WKDSSHQV WKDW WKH VDPSOH FRQVLVWV RID SRZGHU RI V
FU\WWWDO ODWWLFHV ,Q WKLV FDVK OLKN RXQWIKRH @ E DO WIGF W R U
6FKHUUHU2RRDHWWKH LQIRUPDWLRQ DERXW RX® BHE M R X DVAHAHDEO X H
LQ WKLV FDVH

h?2 L2mi"QM .Bz" +iQK2i2" .ky

,Q WKLV WKHVLVY , SUHVHQW WKHDQDO\VLVRIGDWD REWDLQHG IUF
WURPHWHU// )DW VKRZV DQ LOOXVWUDWLRQ RI WKHLQVWUXPHQ
EHDP “UVW SDVVHV D FROOLPDWRU WKDW VWULSV RIITGLYHUJLQJSEO
PDWLVDWLRQLVWKHQDFKLHYHG E\ KLMKOVRUBHHAWLKR\Q RKRWD F
JUDSKLWH R2®»*&X FU\VWDO $IWHUDVHFRQG FROOLPDWLRQ VWDJI
IURP WKHVDPSOHLQWRD GHWHFWRUEDQNFRQVLVWLQJRI GHWH
LQJ FHOOV (DFK FHOO VSDQV r WwWKH HQWLUH GHWHFWRU VSD
r

7KH VDPSOH DQ H[IROLDWHG JUDSKLWH QDPHG 3DS\H[ H[KLELWYV !
JUDSKLWH FU\VWDO SODQHV LQ WZR GLPHQVLRQV DQG D “QLWH DC
GLPHQVLRQ 7KHREWDLQHGDQJXODUVSHFWUD FRUUHVSRQG KLJK
VSHFWUXP 7KHH[SHULPHQWDQG WKHUHVXOWYV DUH GLVFXVVHG L



IHXWURQ 6FDWWHULC

%

Collimator
Monochromators

Slits

Beam sfop

PsD

{Posiion Sensiive Detector]

YLIXUH ,OOXVWUDWLRQRIWKH QHXWUBRFG®IIUDFWRPHW

jXkXj AM2H biB+ L2mi QM a+ ii2' BM; @ hBK2@Q7@6HB;?i a’

7LPH Rl )ORJKWBHFWURPHWHUV PHDVXUH YHORFLW\ FKDQJHV X
DVDPSOHRID SXOVHG PRQRFKURPDWLF QHXWURQ EHDP ORQ
HVVDU\ LQ RUGHU WR NQRZ WKH LQ KR PIQIVPNWKVRIQRRI WHKHREHL B/
ZKLFK LV DFKLHYHG HLWKHU E\D SXOVHG QHXWURQ VRXUFH RL
FDOFXODWLRQ RI WKH RXWJRLIQ RO MXVHWRIQPHHI RLUNLY DO DW W
WRU )URP WKLV WKH 'HR & GJRRPHIQWX IR QVR IDVQ K HHQUH X WURQ FD Q
EHFDOFXO@WPG QRUPDOL]LQJ WKH VLI QDG &LWW DIQEXGWLVRIQXL Q
PHQWDO UHVROXWLRQ IXQFWLRQ XVXDOO\REWDLQHG IURP D F
VEFDWWHUHSQNKADQ EH UHWULHYHG +HUH ZH ZLOIQ)EULHt\ LQ)
VSHFWURPHWHUV DW ZKLFK ZHKDYH SHUIRUPHG PHDVXUHPHQ
WKHVLV

h?2 L2mi QM hBK2@Q7@6HB;?i aT2+i QK2i2" AlLe

,1 LVIR)VSHFWURPHMWHK DWW SHUDWHY ZLWK D FRQWLQXRXV ZKL
QHXWURQV ORQRFKURPDWLVDWLRQLVDFKLHYHG E\WKUHH FR
PDWRUV WKDW VHOHFW RQO\QHXWURQV RIDGH*"QHG ZDYHOHQ.
%UDJJ GLIITUDBWEGR®WYDBLOV LQ B8KHA EHDP LV WKHQ FXW LQWR SXO



OHWKRGV

FKRSSHUDQG FROOLPDWHG EHIRUH VFDWWHULQJIURP WKHVDPSO
WRUV LV SODFHG LQ DQ DUUD\ WKDW VSDQV DERXW r HQDEOLQJ
PRPHQWXP WUDQVIHUUDQJHDWRQFH 7KLV NLQGRILQVWUXPHQW
JHRPHWU\VSHFWURPHWHU VLQFHPRQRFKURPDWLVDWLRQDQG FK
WKHEHDP VFDWWHUV IURP WAKHRY D DO QXY WUDWLRQ RIWKHLQVW

Triple monachromator Anti-overlap chopper
Fermi chopper & collimator

[Monitor 1 Monitor 2 Manitor 3

-

Neutron Guide  Collimator|  Defector

JLIXUH 6FKHPDWLF GUDZLQJ RIWKHLQVWUXPHQW ,1 DW ,//

h?2 L2mi QM " +Fb+ ii2'BM; aT2+i QK2i2 PaA_Aa

26,5,6 LVD EDFNVFDWWHULQJVSHFWURPHWH2)BWLE@FAWEBEBW PDNH
6LOQFHLW LY RSHUDWHG DW D SXOVHG VRXUFHRIFROG QHXWURQYV
EHDP FKRSSLQJ 7KHUHLV KRZHYHU DVHWRIFKRSSHUVIRUVHOHF
GRZ ORQRFKURPDWLVDWLRQLVY DFKLHYHG E\ %UDJJUHtHFWLRQ IU
EDQNWKDW VSDQV rr 7KHVHOHFWHG ZDYHOHQJWK LV UHtHFWHG |
DVVHPEO\ WKDW LV VLWXDWHG EHQHDWK WKH VDPSOH 6LQFH WKH
DIWHUVFDWWHULQJIURP WKHVDPSOH 26,5,6 LVFODVVL*HG DV DQ
WURPHWHU 7KHODUJHDQDO\WVHUEDQNDOORZV VFDWWHULQJRYH
6HF )L VKRZVDQLOOXVWUDWLRQRI26,5,6 TKHHQHUJ\UHVRC
ZLWK 26,5,6 LVWZLFHDV KLIJIKDV WKHKLJKHVWUHVROXWLRQRI,1



IHXWURQ 6FDWWHULC

Sample Position
Wacuum Vessel \

(< 5% 10° mbar ) S —
super-mirror
guide section

oo ’ 3
Pyralytic graphite
analyser bank
Radial
collimator
Diffraction detector
assembly
{ 960 ZnS tubes )
Spectroscopy detector
assembly

{ 42 ‘He tubes )

JLIXUH 6FKHPDWLF GUDZLQJRIWKHLQVWUXPHQW 26,5,6

iXkX9 L2mi"QM aTBM@1+?Q aT2+i ' Qb+QTv

7KH GUDZEDFN RIWKHDERYH GHVF)MEHRXBRP X HQ W\ /GBI X JH C
LQ QHXWURQV GXH WR WKH FKRSSHUV DQG PRQRFKURPDWLVHU
HVVDU\ FRPSURPLVH EHWZHHQ tX[DQG HQHUJ\RUPRPHQWXP Ut
IURP WKH HTXDO GLVWULEXWLRQ Rl WKH QHXWURQV LQ WKHLU
GLFWHG E\ WKH IXQGDPHQWDO /LRXYLOOH WKHRUHP $ FORVH
VSDFHIL®)B[SHULPHQW UHYHDOV WKDW LW VSUHDGV RYHU WKH
GHSHQGHQWO\ PHDV XUMN@E DRZHEGIWVRQO\ IRXU YDULDEOHV
DQG WKH WKUHH FRP SRIHEHL QR XVHG WR LQWHUSUHW WKH DFT
H[KLELWYV WKH UHDVRQ IRU WKH KLJK ORVV LQ QHXWURQV DV !
VSDFHKDYH WR EHPFXWRXWP DQG LW DOVR OHWV WKH TXHVWL
VXUHPHQW WHFKQLTXH DULVH 6LQFH QR WHFKQLTXH LV NQRZ
PDQQHU GLUHFWO\ WKH Y QUL@E @ HVGRIPLIQMGHW KVWFRQGLWLR Q
VDWLV*HG DW OHDVW ORFDOO\ L H ZHDUH ORRNLQJIRUD PHD
WLRQ BQIG



OHWKRGV

ZKHUHD QGDUH FRQ\QMDAGAMW H FR Q Q HF WEaWG YWD

~Q = m(vt ! v)
= DR,

WKHUHIRUHWKHPHDVXUHPHQW ZRX0OG QHHG WR GHWHUPLQH WKH "
FKDQJHLQ QHXWURQ YHORFLW\LQGHSHQGHQWO\RIWKH YHORFLW!

$OORZLQJIRUD YHORFLW\VSUHDG PHDQV WKDWHYHQLIDQLQLWLE
QHXWURQV ZRXOG EH FRQWLQXRXVO\GHWHFWHG $FKDQJH LQ YHC
PHDVXUHG XVLQJDQ LQWHUQDO PFORFNP RI WKH QHXWURQ ,Q WK
KHUH WKH RQO\LQWHUQDO GHJUHH RI I[UHHGRP RI WKH QHXWURQ
ZD\IRULW WR HYROYH ZLWK WLPH LV E\ /DUPRU SUHFHVVLRQ LQ D |
IRUD YHORFLW\ FKDQJH RI WKH QHXWURQ ZKLOH VFDWWHULQJ DW
E\/DUPRU SUHFHVVLRQ PDJQHWLF “HOGV KDYH WR DFW RQ WKH QF
VFDWWHULQJLQ VXFK D ZD\ W.KDWWD WTXDMGE RTKH VWUDLJKWIRUZDUC
WR LGH@VIWKH /DUPRU SUHFHVVLRQ DQJOH LW ZLOO ODWHU EHFR
MXVWL“HG ,W IROOR ZK\D® MKH @ORKMAKDVRQ RI WLPH LW LV UHIHUUFL
VSLQ HFKWL®H RU )RXWLHU WLPH

/IDUPRU SUHFHVVLRQ GHVFULEHV WKH SUHFHVVLRQRIWKH PDJQHW
DQH[WHUQDO PDJQHWLF “HOG 7K H FOHDUILHFEPHOWIS WR YA KW REDW D
SHUSHQGLFXODUO\RQ WHKB®06 BZHMDLESRBOGLVHG QHXWURQ L H Z
DPHDVXUHG VSLQ WUDYHOV WKURXHK D BRIYVQNVEED'®I O GHFHV V
E\DQ DQJOH

ZLWK WKH QHXWWRQGOGWIOHRFIWR\ PDIJQHWLF UDWINR 71

SBRODULVDWLRQ DQDO\WVLY VHOHFWY RQO\RQH FRPSRQHQW RI WKH
UHVSHFW WR WKH DLQ WKLLD/OVE OUHHFRWLWHRH FRPSRQHQW

z
Pxy=hos i = f(v) cos(THI)dv,

ZKHUH WKHDYHUDJH KDV EHHQ WDNHQ RY AUWKKGE LML E R Y YRI@ R



IHXWURQ 6FDWWHULC

f(v) 7KLV LV HIITHFWLYHO\ WKH )RXULHU WUDQVIRUP RI WKH GLV
YHUVH YHOREIEN = f(v)v2dl=f(3)% :Lwk L LWEHFRPHVHYLGHQW
WKDW WKLV LV WKH ZDY H Q@1 QKXW IQ WK QIHXWFRQ EHDP WUDYHC
WKH “HOG E\ DQ LQFUIHH B RIUGIDOHIRBRRKH SRODULVDWLRQ LV ORVV
ZDYHOHQJWK GLVWULEXWLRQ $WR % LQ )LJ

h?2 aTBM@1+?Q ST BM+BTH?2

,Q RUGHU WR UHFRYHU WKH LQIRUPDWLRQ WKDW VHHPV WR EH
ZDYH WKH SUHFHVVLRQ SURFHVV KDV WR EH LQYHUVHG E\ SD
WKURXJK D VHFRQG P BJ QKWW L'HBG6 SR D LWHUWMWFDWWHULQJ 7
HITHFWLYH SUHFHVVLRQDQJOH WVWKHIXQLYHQ YHORFLW\

[

=" a! "Bc= (Holo! Hil1)=v,

ZKHUH WKH GAB/IWQEE DPHUH LQGLFDWHG LQ UHIHHKHQ FHKW R HIOIG
LQWHJUDOV DUH H[DFWO\ RI RSSRV LM#DHI G WKXDSIUWWW K YA QLI RWX
LVHIDFWO\UHYHUVHG LQGHSHQGHQWO\RI WKH GHGRBNVWQ X6 W
LVWKHUHIRUHUHYHUVHG DQG D VSLQ HFKR LV REWDLQHG ,Q W
HFKR SRLQWP SRODULVDWLRQ LY SDUWO\UHFRYHUHG WKLV L
$V SRLQWHG RXWEHIRUH LWLV WKH)RXULHUWUDQVIRUP RI WK
7TKHDYHUDJHWE8BRFHWWKH RVFLOODWLRQ IUHTXHQW¥\ ZKLOH V
GLVWULEXWLRQ GHWHUPLQHYVY KRZ IDVW WKH VSLQ HFKR JUR X!
IURP WKHVSLQ HFKR SRLQW

2XUDLP LVWRPHDVXUHLQWHUDFWLRQ RI WKHQHXWURQ EHDP
VRQDEOH FRQ“JXUDWLRQ ZRXOG EHWR OHW WKH EHDP VFDWWH
WZR SUHFHVVLRQ “HOGV SRIQHO BHMWLHEYFDWWHULQJ FKDQJHYV
YHORFLW\WRRPHVXOWLQJLQD SUHFHVVLRQ DQJOH

loHo I l1H

Vo w1

$V SRLQWHG RXW EHIRUH WKH JRDO LV WR “QG D PHDVXUHPHQV
RQ WKH YHORFLW\ FKDQJH QRW RQ WKH DEVROXWH YHORFLWL
QHXWURQ W,HIORGFDWLYHQ HQH WId WWKIHQVYHUDJH RXWJRLQJ QH X



OHWKRGV

<y

JLIXUH %DVLF LOOXVWUDWLRQ RI GHSKDVLQJ RI WKH QHXWURQ
FHVVLRQ DQG VSLQ HFKRSURF BV \Hg EGIWHAHGH Q $ DQG
% FDXVHV GHSKDVLQJ $IWHU SDVVLQJWKURXJKDQLQYHUV
VLRQ tHOBVSLQ HFKR LV REWDLQHG DURXQG SRLQW &

YHORELW\GH*“QHG E\HTXDWIHRWQWHTXLUH HTXDWIRREH I XO“OOHG
ORFDOO\ L H

=t 1),

ZLWIK '"{ovi) DQG W EHLQJD FRQVWDQW 6PDOO YDULDWLRQV LQ W|
FDXVHD YDULDWLRQLQ

v v = loHo . [1H1 v
v 2 v 2 ’
0 1

ZLWK YDULDWLR@V=I\Q YVHORBLWKRH HQHUJ\ FKDQJH WKLV VPDOO YD
\LHOGV

Ill—m Im
...o—ﬂ/lvl. ﬁ/oVo



IHXWURQ 6FDWWHULC

&RPELQLQIJWKHVHWZR HTXDWLRQV \,H@E»V LQGHSHQGHQWO\

H; m
li— = t—vj.

7KLV JLYHV WKH QHFHVVD WU, RDWRHMUIA RHMOG ®VPHDVXUHPHQW D
JRXULHUW WLPH

,WLVLPSRUWDQW WR QRWH WKDW WKHVSLQ HFKRFRQGLWLRQ
HQHUJ\ FKIQQQRW MXVW IRU WKH HODVWLF FDVH 5HTXLUHG LV
WXQLQJRIWKHPDIQHWLF “HOG

&RPELQLQJHTXDWLR®HTXDWLRIGHOGYV

RS(Q,}Q)cos[t(! I 1o)d!
T S(Q,!)d! ’

PNSE = PS mOS( [ )I = PS

ZKHUHWKHLQWHJUDO LV QRX WHDGLRY MRYBHYE &R FHEM\ R U H

WKH SUREDELOLW\ WKDW D @HODWVER(F RBM D MHIDRFILRQ RI WKH H
WUDQ@W)HUN GHVFULEHV WKH SUREDEQ OR WHWWDW QIR EDAMWHUH Y .
DQ HQHUJ\ FKD,@JHV WKXV QRWKLQJ HOVH EXWSAM@KH RsFDWWH UL
DFFRXQWV IRUVFDWWHULQJHYHQWY WKDW FKDQJH WKH QHXW
PDJQHWLFVFDWWHULQJ )RU WRgH P RPKHIHQWSZ 9 DAVAKRREL I QD O

LV WKXV WKH FRVLQH )RXULHU WUDQVIRUP RI WKH VEDWWHULQ
RI WKS<I(Q,t) 7KLV LGHQWLW\ KROGY RQO\IRUD UHVWULFWHG L
FRQGLWLRQRIVPDOO YHORFLW\FKDQJHV UHTXLUHV D FHUWDVL(
FRPLQJQHXWURQEHDP ,Q JHQHUDO Bv¥HORENWWXGLALMQME X W |
IRUPRVW VSHFWURFBQWHUV WKHERXEOH )RXULHU WUDQVIRUP
WLFOH FRUUHO BRLIRDQBQFRH. FRXULHU WUDQVIRUP LQ WLPH RI
SRODULIYDMsERWKH )RXULHU WLPH FDQ EHLGHQWL*“HG DV UHDO

h?2 aTBM@1+?Q aT2+i QK2i2" ALRR

+HUH ZH ZLOO GHVFULEH WKH WHFKQLFDO DSSOLFDWLRQ RI WK
16(VSHFWURPHWHUDY DQQWM[DPSOH 7KHLQVWUXPHQWDO OD\R?>
LQ)LJ 7KHQXPEHUV FRUUHVSRQG WR WKH GLITHUHQW SDUWYV |
SOD\DUROHIRUWKHPHDVXUHPHQW



OHWKRGV

JLIXUH 6FKHPDWLF GUDZLQJ RI WKH LQVWUXPHQW ,1 DW ,// 7k
GHSLFWHG E\D UHG DUURZ 7KH QXPEHUV KLJKOLJKW SDUW
WKDW DUH H[SODLQHG LQ@KH WH[W )URP >

SRODULVOMUHRQ/LRQV IURP VXSHUPLUURUY SRODULVH WKH QHX
OHOWRDPDIQHWLF JXLGH “"HOG ZLWK HI“FLHQF\ $ JXLGH “H
WKURXJK WKH ZKROH WUDMHFWRU\ RI WKH QHXWURQ WR PVKLE
WXUEDWLRQV OLNH WKH (DUWKMV PDIJQHWLF “HOG WKDW ZRXOC
ODULVDWLRQDQG WKXV GHVWUR\WKHLQIRUPDWLRQ WKDW LV |

=2)0OLS $WKLQ tDWFRLO SODFHG SHUSHQGLFXODU WR WKH EHI
SUHFHVVER®RRI GHJUHHV WXUQLQJWKHQHXWURQVSLQ SHU
WKHJXLGH “HOG 7KLVPVZLWFKHV RQP WKH/DUPRU SUHFHVVLF

I DUPRU BUHFHV¥LRWW PDLQ VROHQRLG FUHDWHV D WXQDEOH P
H $ QHXWURQ WUDYHOOLQJ WKURXJK WEHO® 8 HHRLGIDIFWMK D Y |
D SUHFHVVLRQ WKURXJKIBQ OD®&HOH LWL D/OLWHOIRHU WI\R UH
HQFRGHG LQ WKH SRODULVDWLRQ SKDVH

BFDWWHULQJ)URP WKH GBERYQRQ VFDWWHUV IURP WKH VDPSOH
PHQWXP WUOOMEHUNY DQG HQHUJ\ WU D\ W) 7KH

VDPSOH LV XVXDOO\ HPEHGGHG LQ D VDPSOH HQYLURQPHQW L
./l FU\RVWDW RU FU\R IXUQDFH WKDW DOORZV FRQWUROOHG FF
VDP SO D>

JOLSLPLODU-WRLWEHU WKLV VPDOO tDW FRLO FDXWHV D SUHFH"
GHIJUHHV RIWKHVSLQLQD GLUHFWLRQ SHUSHQGLFXODU WR
7KLV DGGV D SKWRIRRO\ RQH FRPSRQHQW RI WKH SUHFHVVLRQ
HITHFW WKDW WKH SEXDQN B QWG &

/JDUPRU 3UHFHVWLRBFRQG PDLQ VROHQRLG ZLWK D FRPSDUDE
VWUHQJIWK FDXVHV D SIUMFHH WKIHRIQD LW LDO SKB¥HEWHIGRQ DQJOH



IHXWURQ 6FDWWHULC

LOQYHUWHG BELSWHJ WKH WRWDO SUHFHVVLRQ DQJOH DIWF
FRQVLVWV RI WKHGLIITHUHQFH

vi! v HI

v2 mv3

I 0= Hl=y! Hl=zv HI I = t!,

ZKHUH XVH KDV EHHQ PDGH RIWKHGH*“QLWIRQ RI WKH )RXUL

=2)0OLS $VHFRQRELSSHUWXUQVDFRPSRQHQWRIWKHSRODU
WR WKHJXLGH *HOG WKH SUHFHVVLRQLV VWRSSHG

3RODULVDWLR @ SRDOWILWDWLRQ DQDO\VHH DQCSGIWMLLU UR U
SURMHFWY WKHVSLQ RQ WKH SDUDOOHO D[LV

'"HWHFW,IQRRQ DUBPM GHWHFWRUV DUH GLVWULEXWHG RYHU
7KLV DUUD\DOORZV WR FROOHFW GDW® VLPXOWDQHRXVO\ I

,Q SUDFWLFH WRDFFRXQWIRULQVWUXPHQWDO HITHFWV WKH \
IRUPLQJD PHDVXUHPHQW RQ D VDPSOH WKDW SURGXFHV RQO\ t
LVRWRSH LQFRKHUHQW VFDWWHULQJ $Q\GHYLDWLRQV LQ WK
SRODULVDWLRQ HI“FLHQF\DQG GHSKDVLQJ HIITHFWV LQ WKH PD
DOOIXQFWLRQLYVY WKHSURGXFW RIWKLV UH\WRGRW VRO $OQFWL
KDVWR GLYLGH WKHPHDVXUHG SRODULVDWLRQ E\ WKLV UHVRC
WKH UHVSRQVH WR WKH SK\VLFV LQ WKH V\VWHP

jXkX8 L2mi QM a+ ii2'BM; aB;M im 2b Q7 .BzmbBQM

4(16VSHFWURVFRS\ LV D SRZHUIXO WRRO IRUWKH LQYHVWLJD\
FRQWUDVW WR LQHODVWLF VFDWWHULQJIURP H[FLWDWLRQV V
VEFDWWHUV IURP D GLIIXVLQJ PROHFXOHOLWR/ PDBD PHO WRHLRIU G
LQDWLQJ IURP W\SLFDO WLPH VFDOHV RI GLIIXVLRQ LQ WKH RU:
WURVFRS\H[SHULPHQW WKLV FDXVHV D TXDVL HODW@WLF EURD
ODQ\ GLIIHUHQW PRGHOV H[LVW IRUWKH YDULRXV NLQGV RI GLI
LQEULHI DVXPPDU\RIWKRVHGLIIXVLRQPRGHOV ZKLFKDUH U
RIWKHVH GLIIXVLRQ PR GHIMV H[ISIR¥VISQKHLFOH LQ FRQWUDVW
LFDO WUDQVSRUW GLIIXVLRQ ZKLFK DVVXPHV D FRQFHQWUDW
EHWZHHQ WKHPRWLRQRIDGLIIXVLQJ SDUWLFOHDQG WKH QHX
9DQ +RRYH VHOI FRU U HZDRM)L R QV KOFWHMRVHY RQ WKH RQH KD QG



OHWKRGV

FODVVLFDO DSSUR[LPDWLRQ WKH SUREDEL®IGWVBO'MFH®ED SDUW|
r JLYHQLW LV DW WKH DUBLWQDMWKHRWKHQ BWQG LW LV FRQQHFW
JRXULHU WUDQV IR URIARKRQMPYWKHLQJ FURVV VHMMIRQ VHH )LJ
(T JRU FRPSDBRKXRQUWRDWWHULQJ LV FRQQHFWHG LQ WKH VDP
WKH FURVV FRUUHGRNRIUR ZKLFKWH[BQHVVHY WKH SUREDELOLW\ RI
D SDUWLFOH DMDIVS/RIVE Y IHROPWQSIW WLFOH LV IRXQG DW WKH RULJLQ
t= ,WH[SUHVVHV WKXVDUHOD[DWLRQ RI WKHVWU®BFWXUDO FRQ*J

"*QrMB M JQiBQM M/ MQK HQmb .BzmbBQM

$FRPPRQW\SHRIPROHFXODUGLIIXVLRQRQVXUIDFHV LV WKH (LQV\
%WURZQLDQ PRWIGRQQ@ WKLV PRGHO SRLQW OLNH SDUWLFOHYV SHUIF
RQWKHVXUIDFHE\PRYLQJIUHHO\DORQJVWUDLJKWOLQHV EHWZH|
V\VWHP LV GHVFULEHG E\D VHFRQG RUGHU GLITHUHQWLDO HTXDWL

@s(r.t) _ H2()

@ 5" 2Gs(r, ).

I VXEVHTXHQW VWHSVY DUH XQFRUUHODWHGLRPWHPRU\PSWKHQ (T
VROXWLRQ WKHGLIDXVLRQ FRQVWDQW

ZKHOIHLV WKH SDUWKFDHWRBWROW]PDQQ ARQVKWDIOMVDBIYEF IULF
WLRQ 7KHIDFWRU KROGVIRUWZR GLPHQVLRQDO GLIIXVLRQ DQ

LQWKH 'FDVH 7KH ODWWHU HTXDWLRQ LV UHIHUUHG WR DV (LQ
VLRQ

ORGHUQ PLFURVFRSLFDODQG VSHFWURVFRS\WHFKQLTXHV KDYH P
DGSDUWLFOH GLIIXVLRQ DW LWV SURSHU OHQJWK VFDOH L H WKH
WXP WURQW MKH FRQMXJDWH YD U IRDEEIOMKR B/IKHSODFWRHEQW RI DQ
DGSDUWLFOH DQG WKXV D QHXWURQ VF® RRUHUH\MBIRHIAS R @ WHBIW D
REVHUYDWLRQ RI D FHUWDLQ FRRQ'M3HDGH QHRQWKWADBWHP WKH
PRPHQWXP WQ BQVEHWPDOOHU RUELJIJHU WKDQ WKH YDOXH WKDW
WKH PHDQ | UHRI DDGVMKIXVLQJ DGSDUWLF @QHVKQ W K R WD\ $IRRI G V

WR GLVWDQFHV WKDW DUH ODUJHU WKDQ WKH PHDQ IUHH SDWK RI I



IHXWURQ 6FDWWHULC

PDFURVFRSLF REVHUYDWWRRDWIBTFRQVWDQW KRG60OY EH
VROYHG DQG D )RXULHUWUDQWRUPDWLRQ\LHOGV WKH

1(Q,t) = exp(! DQ?jtj).

JRUKLIJKHU YO OPRD/ORIVLRQ IUHH PRWLRQ RIWKHDGSDUWLFOH 1
LQ WKLY OHQIJWK VFDOH LV LQ JHQHUDO GHVFULEHG E\ VXSHU
IDVWHU WKDQ OLQHDULQFUHDVH RIWKHPHDQ VTXDUH GLVSOD
FDVHRIDIUHHtLIJKWJLYHVULVHWRDTXDGUDWLF WLPH GHSH(
EDOOLVWLFGRIIXVLRQ >

. ke T

HZ — 2

! 2m
ZKHbWHY WKHPDVV R RIWKHGLIIXVLQIJSDUWLFOH 1HXWURQVFDW
IXVLQJSDUWLFOHWJLSHYRLEHWMRD WKDW IROORZV D *DXVVLD

> @
1(Q,t) = expl[! %QZZk%TtZ].

,IWKHFKDUDFWHURIWKHGLIIXVLYHPRWLRQLVQRWDGKRFNQTF
LVWV WKDW FRQWDLQV (JQ)/:KF[))@QS:[}U»)PH@HUKH PHDQ VTXDUH

YHORWLWY GHWHUPLQHG E\WKH V\VWHP WHPSHUDWXUH YLD OD]|
WLFV 'HSHQGLQJRQ WKH I Ul FWHK IR Q CSRJIOPYHENHMW V LWV VKD SH
FRQWLQXRXVO\EHWZHHQD/RUHQW]LDQ VKDSHLQ WKH FDVH RI
D*DXVVLDQ VKDSH LQ WKH FDVH RI D OLGHDO 'JDVP RIIUHHO\
LVDFKLHYHG E\GHYHORSL@®) WK B VRIRRKNWRIQRUHQW]LDQ GLVW

> @

[ 2AQN" I+ Q)
I+ 2QPE+ ()7

3
SQ1)=e @

n=0

7KHM(16EURDGHQLQJJLYHYVY GHSHQGLQJRQ D GLPHWKRHIDRQOHVV
ZLGWK DW KDOI PD[LRAP /RUBQW]LDQ GEVWRILEXWWRR) D *DXV
VLDQ GLVWUHEXWLRQ

L(@=- 1 AQ+A! ) 221 (Q)
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h?2 Qm:? > '/ .Bb+ JQ/2H

,W KDV EHHQ VKRZQ WKDW IRU WKH FDVH RI D QRQ QHJOLJLEOH HI
PHQWXP EHWZHHQ WZR PROHFXOHY GXULQJ FROOLVLRQ WKLV H[I
LOWRDFFRXQW EHFDXVH WKHNLQHWLFIULFWLRQLV LQ WKLV FDVI
OHG WR WKH GHYHORSPHQW RI D PRGHO RI FROOLGLQJ URXJK KDU
> @ %DVHG RQ WKLVPRGHO ZHGHYHORSHGD FRUUHVSRQGL¢
PRGHO RIFROOLGLSIBRENOV@GWVKKLY PRGHO\LHOGV D FROOLVLRQD¢
SDUDPHWHU

S
3 +2dg(dH) P keT
2 +2 A !

con( ,T)=

ZKHUH2I=d? LVD GLPHQVLRQOHVV LQGLFDWLRQ IRUWKH GLVWULEX
OLGLQJVSKHUH ZLWKY WKH FROOLGLQJ GLVN GLDPHWHU LW FRUUI
GLVWDQFH EHWBERQMQ@WWRHPDWRY WVMRROFROOLGLQJ GLVNV DW WKH PR
RILPSDFW@QPERUUHVSRQGV WR WKHUDGLDO GLVWULEXWLRQ IXQF
7TKLVDFFRXQWVIRUWKHDSSDUHQW QXPEHU GHQVLW\IURP WKH GL!
FROOLVLRQ SAJRRDEBEHUBWQGYV WR WKH VXUIDFHDUHD WKDW LV RFF)
DGSDUWLFOHDW PRQRODWMWWUWRN HHDDWLRYB VXUIDFH FRYHUDJH L(
GHULYDWLRQ RLYVTGHYHORSHG LQ WKH@®@SSHQGL[RI >

+iBp i2/ CmKT .BzmbBQM

JRUWKHFDVHWKDW WKHDGSDUWLFOHPRWLRQLVJRYHUQHG E\ WK
ZLWKDVWURQJO\FRUUXJDWHG VXUIDFH LWV PRWXBQHDQ EH ZHOC
(OOLRWWHWGHO RIMXPS GLIIN@/LROQDVVXPHY WKDWD SDUWLFOHUHVW
IRUDWDPHDQ DGVRUSWLRQ VLWH EHIRUHLWPRYHVLQVWDQWDQH|
WLRQ VLWH ,Q WKHPRVWVLPSOHFDVH PRWLRQKDSSHQV RQD %L
FDQ WKHQEH GHVFULEHG E\DUDWHHTXDWLRQ

SP(r.1)= nlxl P+ 101 PG,

ZLWK WKH SURED RIOQWLQJ DQ DGSDUW L FrOMWD IV B IFRE LW L R Q
WKH SUREMIELQOVRI “QGLQY W DWHMHY WKH MXPS YHFWRU ZKLFK



IHXWURQ 6FDWWHULC

FRQQHFWYV WKH LQLWLDO ZLWK WKHr, 1 Q DO ISRNQWLRDR@RWER MXXRHS
FRUUHODWLRRAXQF ULRQ7KH GLITHUHQWLDO UDWHHTXDWLRQ
E\)RXULHU WUDQVIRUPDWLRQ ZKHUGMWKHLDR X G HQUWW UDE XL R/

WKH LQFR KHME@QAW

1 X .
= line(Q )€ 'l 1)

@((-?Iinc(Q! t) =

7KHVROXWLRQLVWKHQJLYHQE\DQGHBISRQHQWLDOO\GHFD\LQ.
linc(Q,t) = linc(Q,0)e" ' (@,

ZKHUH WKHH[SRQHQWL D KGHFEMHBRQVEH “QHG DV

[11 € Q)= Ini[n! 2 cos@.)] = ni Si”z(QTIII)’

li i>0 i>0

1 X
| =
Q=
ZKHUH XVH KDV EHHQ PDGH RI WKH IDFW WKDW IRUZDUG DQG ELC
DOHQW 7KLV UHVXOW UHODWHYVY WKH GLIITXVLRQ WR WKH QHXW
DQH[SHULPHQW ,QDVSLQ HFKR H[®&HV PPIDYWU HAIGHWLHD WHKKHH EH L
SRODULVDWLRQ DVLQJOHH[SRQHQW2LMHPSFHAMPHYWEWKH PHG

VXUHPHQW LQ HQHUJ\ VSDFH \LHOGV LW8) R KXY HEW RRIDHIA DR U F
JRUHQWI]LDQ IXQFWLRQ

'(Q)

1
SQ1)= =g

, QWKHFDVHWKDWKRSSLQIJRFFXUVRQDQRQ %UDYDLY ODWWL
WR WDNH LQWR DFFRXQW HQHUJHWLFDO DQG JHR@HWQLFDO VI
LOOXVWUDWLRQ RIWKHSRVVLEOHMXPSVRQWKHJUDSKHQH 1L
FDQEHVHHQLQ-)XBSV EHWKROGQRIVHY RQ JUD SKXRELM/BIY R Q

1L DUHJHRPHWULFDOO\LGHQWLFDO DQG IRUP WREDYDLYV C
VLWHV RQ JUD KKRHOOQOVRIIWVHGY RQ 1L IRUPWZR %UDYDLV VXE ODYV
EHHQHUJHWLFDOO\QRQ GHIHQHUDWH JLYLQJULVHWRWZR G

,/ WKHVFDWWHUHG VDPSOH LV QRWD VLQJOH FU\VWDO LVRWU
SHUIRUPHG VLQFH WKH VFDWWHUHG QHXWURQ VLIQDO OVHHYV
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J)LIXUH ,OOXVWUDWLRQ RI SRVVLEOH MXPSV EHWZHHQ DGVRUS
EDVDO SODQH RI JUDSKHQHKRQ IO AGWZE SV RQ WKH
JUDSKHQH VXUIDWRWBMXIDSY RQ 1L 'DUN 2UDQJH DQG
3XUSOH 7ZR SRVWRWRMWPEPBY RQ JUDSKHQH /LIJKW 2UDQJH
DQG 3XUSOH 7ZR SRXRIOEKBAOWNRKINFRM RQ 1L

DOO SRVVLEOH GLUHFWLRQV $ FRPPRQ DSSURDFK WR WKLV DYHU
DYHUDJLQJRI(T,QWKHFDVHRI "LVRWURS\ WKLVL@QWHIJUDWLRQ \I

z

1(Q) = 4i dsin d }[1! g! iQlsin sin IE E[l! sinQl

or 1= T 3@

ZKHUB(QI) LV WKH JHURWK RUGHU VSKHULFDO %HVVHO IXQFWLRQ RI
FDVHRI 'LVRWURS\ LQWHBHOBWLRQ RYHU

z
1(Q) = zi d 1[1! g 1Qlsin sin = 1[1! Jo(Ql'sin )],

ZKHOQIsin ) LVWKH]HURWK RUGHU F\OLQGULFDO %HVVHOIXQFWLRQ
HDUO\SXEOLFDWLRQV LW KDV EHHQ SRLQWHG RXW WKDW WKLV DSS
VHQVH WKDW LQVHUWLQQ)WRWRBYHUDYNGPHV DVLQJOH /RUHQW]LD
EURDGHQLQJ ZKLOH WKH OFRUUHFWP ZD\ WRRY B Y HDLODO) B G LAV W O\
UHVXOWV LQ JHQHUDO L&Q(D6ER® DREHHQAE JTRIQV FDOFXODWLRQ KDV W
EH SHUIRUPHG QXPHULFDOO\ VXFKD FDOFXODWLRQLV GLVEXVVHC



+HOLXP $WRP 6FDWWHUL

iXj >2HBmMK iQK a+ ii2 " BM;

JXJXR h?2 K H>2HBmK iQK a+ ii2"'BM; h?2Q v

+HOLXP DWRPV ZLWK WKHUPDO NLOHWLF HQHUJLHV DUH ZHOO V
VHYHUDO UHDVRQVIRHB ARRPSDULVRQ RI WKH VSHFWUDO UDQJF
IDFHVFLHQFHWHFKQLTXHYVY 7KHUPDOHQHUJ\KHOLXP DWRPYV K
UHVSRQGY URXJKO\WR WKHQRUPDO LQWHU DWRPLF VSDFLQJ
PLWV D KLIKO\QRQ GHVWUXFWLYH REVHUYDWLRQDQG DOORZ\
ZKLFK SHUPLWV VWXG\LQJ YHU\VORZ SURFHVVHV 7KHKHOLXP
DQG XQFKDUJHGDQGWKHUHIRUHLQWHUDFW ZLWK WKHVXUIDF}
9DQGHU :DDOVLQWHUDFWLRQV 7KLVPDNHV WKHKHOLXP DWRF
SDUWLFOH

>2@am’7 +2 AMi2® +iBQM SQi2MiB H

7TKHLQWHUDFWLRQ RI D KHOLXP DWRP ZLWK WKH VXEVWUDWH |
GXHWRGLSROH GLSROHLQWHUDFWLRQV /RQGRQ GLVSHUVLR(
WDQFHIURPWKBWXWBHRHLJ $WVKRUWGLVWDQFHYV RYHUODS
KHOLXP HOHFWURQ FORXG ZLWK WKHVXEVWUDWHYDOHQFH RL
VWURQJ VKRUW UDQJHIG YHEXDVLEBQXVWUDWHY WKH GLITHUHC
WLHV IRUWKHLQWHUDFWLRQ RI D KHOLXP DWRP ZLWK WKH VXU
WLFDOO\ LQHODVWLFDOO\ XQGHUJR D VHOHFWLYH DGVF
WUDSSHG DW WKH VXUIDFH 7KH ODWWHU WZR SURFHVVHV G
DQGDUHRQO\PHQWLRQHG IRUFRPSOHWHQHVYV 7KHUHSXOVLY
WHQWR)DFD Q EH DSSUR[LPDWHG E\ WK R)FEW WKH\DQ® DW H >

V(R)/ (R).

,QRUGHUWR GHVFULEHLQDVLPSOL“HG ZD\WKH UHIUDFWLYHH
WLDO RQ VFDWWHULQJ G\QDPLFV D ODWHUDOO\DYH®DJHG VX
7KH HIITHFW RIDQ DWWUDFWLYH VXU I'D RQSRKHIQQVILIEH R WZH QDU
EDQG LQFLGHQW RRRAMKMXPHOLXP DWRP LV H[SUB\\LMGKE\ UHSC
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= Molecules Mesoscale

.
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Atoms  Atomic Terraces Macroscale

Mass Transport

Time Scale (s)

10° '1'
PEEM can be extended to
the sub femtosecond range by
10° W isitccnesiioe (DR
o QENS g,
" QHAS 2¢
-12 ';\ E
10 g" &
10" 10® 10® 107 10° 10° 10" 10
Length Scale (m)
JLIXUH &RPSDUDWLYHLOOXVWUDWLRQRIDVHOHFWLRQ RI GLII

VXULQJ VXUIDFH G\QDPLFV ZLWK UHJDUG WR OHQJWK DQG
G\QDPLF VIVWHP PLFURVFRSLF WHFKQLTXHV DUH VFDQQL
FURVFRS\ 670 “HOGHPLVVLRQPLFURVFRS\ )(0 *“HOG LR
),0 DQG SKRWRHPLVVLRQ HOHFWURQ PLFURVFRS\ 3((0

WHFKQLTXHY DUH ODVHU LQGXFHG WKHUPDO GHVRUSWLRC
tXRUHVFHQFH FRUUHODWLRQ VSHEWURVFRS\ )&6 OLQHD
/2' DQG VHFRQG KDUPRQLF GLIIUDFWLRQ 6+' VFDWWHU
QLTXHV DUH 4XDVL HODVWLF KHOLXP DWRP VFDWWHULQJ
VFDWWHULQJ 4(16 )L@XUHIURP >

E’C=E+V > @ WKLVLVWKHVR FDOOHG %YHHE\FRUUHFWLRQ 7KLV LF
GLFXODUFRPSRQHQW RIWKH LIQFRPLQJPRPHQWXP

q —
k% = k2, +2mV=-,

ZKHBIHV WKH PDVV RI WKH KHOLXW OMRPIDQFN FRQVWDQW 7KH FRU!L
SHUSHQGLFXODU PRP HQWXP, WkPD @QREHUHDG YV

“r r #

V V
k 9=k co® i+ —+ co ;+ —
? | i Ei f Ei ,
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ZLWK WKH LQFRPLQJ DQG RXVQIR LUHVBGIFOWHWHO\ UHODWLYH W
IDFH QRUPDO 7R DGRSW WKH FRPPRQ QRWDWLRQ IRUKHOLXP \
WUDQVIHU ZLOO EkH GO /RWHG&ESWHUV WKDW GLVFXVV KHOLXP V
HYHQ LI WKH SK\VLFDO PHDQLQJQV@®HX\WBR Q@ V RMIKDWHULQJ

Q. 1

_+113D

3 \I\P‘: /—cl)/an
’\)1‘ <('\-’ :: ?/8 o]
>--<((( -A A
‘oI E !
Do _
E \._-
JLIXUH ,OOXVWUDWLRQRIDKHOLXPDWRPVFDWWHULQJIUF

VLEOH VFDWWHULQJ SURFHVVHYV HODVWLF VFDWWH |

VHOHFWLYH DGVRUSWLRQ @W EDSGQRYW)WURPLRQ R
HTXLSRWHQWLDO OLQHV RI WKH KHOLXP VXUIDFH LQW
ZHOO GIHBWR IXQFWLRQ RI WWR QIKWHWDQABFH DW WZR S
WLRQV $DQG %@URP >

$VVXPLQJDULIJLGVXUIDFH VFDWWHULQJLV SXUHO\HODVWLFD
FROQGLWLRQ UHVXOWLQJLQ GLVWLQFW GLITIUDFWLRQ SHDNV

I[URP WK RUGHU GLIITUDFWLRQ RUEWSHFRDOBYHIHIHNORRQH DW |
“QLWH WHPSHUDWXUH LV QHYHU IXOO\ULJLG DWRP YLEUDWLR
VFDWWHULQJ RI WKH +H DWRP 7KLV EHKDYLRXU LV LQ PDQ\FD
'"HE\H :DOOHU@D¥UHGXFWLRQ RIWKHHODVW ILPAVWN HQXO WL R G |
LWV REVHUYDWLRQ LVDFRPPRQDSSURDFKWRVWXG\H J WKH I

>2@ /bQ # i2 AMi2° +iBQM SQi2MiB H

$QLVRODWHGDGSDUWLFOHFDXVHV D ODUJHJHRPHWULFDO SHI
tDW LQWHUDFWLRQ SRWHQWLDO RI WKH JUDSKHQH VXEVWUDMW
WKLV VWXG\ $WWUDFWLYH GLVSHUVLRQ IRUFH EHWZHHQ WKH
IHOW HYHQ DW UHODWLYHO\ ODUJH GLVWDQFHV JLYLQJULVH
DUHD@ LOOXVWUDWHG/KQWYIDIJUHD LV UHIHDQW & WMRAMDWHULQJ FU
VHFWLR/QV XVXDOO\ GBRRMWHBONYGSDUWLFOH LV QRW D tDW REI



OHWKRGV

DWD “QLWHDQJOHLQFUHDVHV WKH]JRQHRILQtXHQFH HYHQ IXUWK
DSSDUHQW VFDWWHULQJFURVVVHFWLRQ )RUVWIXWWMBEHOWDW DQ
WR WKH VXUIDFH QRUPDO WKH DSSDUH&WWVRNYW® HQ LDQUEXRVYV VH
DSSUR[LPDWL®RQ E\ >

0= =cos(;).

,QRXUVWXGLHY ZHXVHGDQLQFRPLQJDQJOH RI rfRUZKLFK WK
WLRQLV ODUJHO\VXI“FLHQW

Substrate

) Long range attraction
Short range repulsion g rang :

J)LIXUH ,OOXVWUDWLRQRIWKHJLDQW KHOLXP VFDWWHULQJFU
UDQJH DWWUDFWLYH@RUFHV )URP >

JOQMBiIQ'BM; /bQ TiBQM rBi? aT2+mH ° _2~2+iBQM

7TKHKLIKVHQVLWLYLW\WRVXUIDFHSHUWXUEDWLRQVPDNHVHODV!
IHFWLYHSUREHIRUWKHDGVRUSWLRQRIDGSDUWLFOHV |1 LQD “U\
WKHDGSDUWLFOHV DV SHUIHFW GLIIXVLYHVFDWWHUHUV WKDW DU
VXUIDFH LQ FRQWUDVW WR DWWUDFWLYH RUUHSXOVLYH UHDUUDC(
RI'WKHVSHFXODU UHtWFREN/® W NGHED>0O

ZKHUHY WKH UHODWLYH VWY MWMKHRKRMHIUDXIHVFDWWHULQJ FURVYV VE
WKHDGSDUW_EQ MW KKHO\GXUIDFH DUHD WKDW DQ DGSDUWLFOH RFFXS
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FRYHUDJH 7KHH[SRQHQWLDO ODZVWHPVIURP WKHIDFW WKD\
LQJDGSDUWLFOH WR HQFRXQWHU DQ DOUHDG\ RFFXSLHG SDUW
WR WKH VXUIDFHFRYHUDJH

JRUDGVRUSWLRQ WKDW KDSSHQV H[FOXVLYHO\RQ ODWWLFH VL
LVREVHUYHG LQVWHDG >

I=lo=(1! M-

,Q WKH FDVH Rl VWURQJ UHSXOVLRQ EHWZHHQ WKH DGSDUWLF
FURVV VHFWLRQV LV PLQLPLVHG 6SHFXODU DWWHQXDWLRQ W
UDWH IRU LQFUHDVLQJ FRYHUDJH VLQFH HDFK DGSDUWLFOH FR
$ IDVWHU WKDQ H[SRQHIQWRBDWOHBIFIE RIQ WKH FDVH Rl VWURAQ.
EHWZHHQ DGSDUWLFOHYV VFDWWHULQJ FURVV VHFWLRQ RYHU!
H[SRQHQWLD® QREMIRUJIH HQR X JKDISBWRQE K H V AV\K K W )
DGSDUWLFOH RFEXSLHV ZLWKLQ WKH LVODQG

Zm bB@1H biB+ >2HBmK a+ ii2 " BM;

6LQFH WKH KHOLXP LOQWHUDFWLRQ SRWHQWLDO LV UDWKHU F|
SVHXGR SRWHQWLDODSSOLHG LQ QHXWURQ VFDWWHULQJ HVW
GLIITHUHQWLDO VFDWWHULQJFURVV VHFWLRQDQG SDUWLFOHF
SURSRUWLRQDOLW\ 7KHRMMKDWWHIEH®@ G ¥ W BBV M\) DV

ZHOO DV RQ WKH RF&U,P)IDFFWNSRIHVHQWY WKH )RXULHU WUDQVIRUI
GHQVLW\RIDQDGSDUWLFOH DV VHHQ E\WKH KHOKLXP DWRP 7K
LVLQIJHQHUDO TXLWH FRPSOH[ KRZHYHU LQ WKH FDVH RI VFD\
RIDGSDUWLFOHV RI D VLQJOH W\SH WKH NLQHPDWLF DSSURJL
VHSDUDWHYV WKH IRUP IDFWRUDQ®&WKH VWUXFWXUHIDFWRU >

T(k ,1)=jF(k ,1)j® S(k ,!).

iXjXk h?2 * p2fMyBRTBM@1+?2Q aT2+i QK2i2"

'"HWDLOHG GHVFULSWBRQWWUMXWKHQW KDYH EHHQ SXEOLVKHG
TXHW@ DQG $ 3 -DUB LKLY VXEVHFWLRQ ZLOO RQO\JLYH D EUL
WKHEDVLFIXQFWLRQLQIJRIWKHLQVWUXPHQW
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(D) Wavepacke!
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JLIXUH 6FKHPDWLF GUDZLAMVRU WKHQW DW WKH &DYHQGLVK/DER

([SODQDWLRQV RI WKH GLITHUHQW SDUWV@UH JLYHQ LQ WK

"2 K S'Q/m+iBQM M/ .2i2+iBQM

7KH KHOLXP EHDP LV FUHDWHG XVLQJ D KLJK SUHVVXUH J EDU |
LO\ WR WKH/ RHVOIKPWURPHWHWVRWHRSH LV XVHG VLQFH LWV KDOI |
QXFOHDU VSLQ LV QHFHVVDU\IRU EHDP SRODULVDWLRQ ,Q RUGHL
FROOLPDWLRQ DQG WKXV LQWHQVLW\ DQG KLJK PRQRFKURPDWLI
VRQLFDOO\ WKWPRAIKHD&EDPEULGJH W\SH QR]JJOHLQWR D ORZ SUHV V)
FKDPEHU 7KH QR]JJOHLVY FRROHG WR ORZ WHPSHUDWXUHLQ RUGH.L
EHDP QRUPDOO\ .IRUDQ PH9 EHDP 7KHEHDP LV FROOLPDWHG
ZLGH VNLPPHU SRLQW $ LQNKMUHQWLDO SXPSLQJ VWDJHV WKURXJ}
HQWLUH H[SHULPHQWDO VHWXS UHGXFH WKH EDFNJURXQG SUHVYV X
DIHRHHDQG WKHUHVXOWLQJKLJK SULFHPDNHD KHUPHWLFDOO\ V}
QHFHVVDU\ WK D W+HHDIN\RHPVWWKKIHS XPSLQJ VWDJHVY WR D FOHDQLQJ V\
UH FRPSUHVVHV WKH UHF\FOHG

6ZLWFKLQJWR WKHIDUHQG R3I-+MIKHMRPMHQWHQ W FWKWRP EXLOW G|
WRU ZKHUHWKH\EHFRPHLRQLVHG WKURXJKVROHQRLGDO PDJQH
ERPEDUGPH@WDLPLQJDW KLJK GHWHFWLRQ HI“FLHQF\DQG ORZ PX
SRLQW ) LQ)LJ
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s
Ko7
$

JLIXUH 6FDWWHULQJ JHRAHMEWURWHKWHU IRU VSHFXODU V
D DQGRII VSHFXODU VFDWWHULQJ E 7KHWRWDO VF
rDQG PRPHQWXP WUDQVIHULVDFKLHYHGE\WLOWLQ

JURP >@

a+ ii2°"BM; :2QK2i v

7TKHFHQWUDO SDUWRIWKHLQVWUXPHQW FRQVLVWV RID URWD'
RIXOWUD KLIKYDRPRKRCPPBHY ZKHUH VFDWWHULQJIURP D VDPSO
TKHLQFRPLQIJDQG RXWJRLQJEHDP DUH “[HGDWDQDQJOH RI
wWuDQwWIHUYk LV DFKLHYHG E\ URWDWLQJ WKH VDPSORWBODQH \
HODVWLFVFDWWHULQJ WKH SDUDOOHO DQGKSHUBKEHQGLFXODU
FDQEHFDOFXODWHG IURP VLPSOHWULJRQRPHWU\

K « = jkijsin jjkejsin ¢ = jkijsin ijkej sin( total i)
kK » = jkijcos jjkijcos ¢ = jkijcos ijkij COS( total i)-

)XUWKHUPRUH WKH VDPSOHFDQEHURWDWHG LQ WKH VXUIDFH
PRPHQWXP WUDQVIHU WRZDUGV GLITHUHQW FU\VWDO GLUHFWL
PRPHQWXP WUDQVIHU LV FRPRR QQ\FRURWE/GBXRVURQ VFDWWH
LQJ )XUWKHUPRUH ZK 2W R USEDHII BFOREMOU LEXWLRQ RI WKH PRP H
WUDQVIHU RQO\ VLQFH ZH DUH VWXG\LQJ VWUXFWXUH DQG G\C(
IDFK = ky $OVR WKH SHUSHQG L F XO0,DUVFIR®D R ERQWWRIQEPHQV
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VHWXS YHU\ KLJK EXW DOPRVW FRQVWDQW $VVXPLQJD PH9 DW!
EHDP HQHUJ\RI PH9 LQ WKHDFFHVVLEOH D@ RXIODIHFXQIHJRI DER?>
VFDWWHULQJ WKH SHUSHQGLFXODU PRPHRWXPfWUDQVIHU LV OLPI

aTBM@1+?Q *'2 iBQM

7KH KHOLXP EHDP SDVVHV D 7 KH[DSROH PDJQHW ZLWK D OLQHD!
IRFXVVHVRQHVSLQ FRPSRQHQW RIWKHEHDPDQG GHIRFXVVHV WK
)LJ 7K%HH DWRPV Rl WKH GHIRFXVVHG EHDP DUH SXPSHG DZD\
UHPDLQV LV D KLJKO\ IRFXVVHG ¥SDP SROIDUSVHBEHVVLRQ LV WKH
DFKLHYHG E\ WZR SUHFHVVLRQ VROHQRLGV RI POHQJWK HDFK |
RXWJRLQJEHDP WKDW FUHDWH D PD[LPXP “HOG RI 7DWDPD[LP
UHQWRI $ SRLOQW & DQGQDQO\ WKHEHDP SDVVHV D KH[DSROHDQD
XVHV WKH VDPH IXQFWLRQLQJDV WKH SRODULVHU SRLQW (LQ

>2HBmMK aTBM@1+?Q aT2+i Qb+QTv

7KHVSLQ HFKR SULQFLSOH IRUKHOLXP VFDWWHULQJ ZRUNV LQ DQ
QHXWURQ VFDWWHULQH[$HHEWHRU WKH GLVFXVVHG GLITHUHQFHV L
WHULQJ SURFHVYV

7KH PHDVXUHG SRODULVDWLRQ DPSOLWXGH DW WKH VSLQ HFKR SR
IRUWKH PRPHQW WKH IRUP IDFWRU WR WKH6¥)HXO,1$DUW RI WKH QF
%\ LQWURGXFLQJ DQ DGGLW&tR QDIOHSIKIEDIH. @RIURVE R LAD Q

EH PHDVXUHG DV ZHOO 7KH WZR FRQWULEXWLRQV FRUUHVSRQG
DQWL VI\PPHWULFDO FRRBYWIEXWHRNWFIMDLYHO\ KLOH VXUIDFH Gl
VLRQ SURFHVVHV DUH HQW LIVGI\DR ¥ EDPMMVULLEFUMW LR QDO PRGHV RU V
SKRQRQV PD\LQWURGXFH DV\PPHWULS(KR!QW D REEHVULRBR/Q 7KH IXO
VWUXFWHG E\)RXULHU WUDQVIRUP®WLRQ IURP ERWK SDUWV >

iXiXj .2 :2MM2b L "QrBM: BM >2HBmMK aTBM@1+?Q

'"H*HQQHV DIWHU ZKRPWKHHIIHFW ZDV QDPHG ZDV WKH*UVW WR JlI
DQDSSDUHQW QDU VYRSBIEYRDIGHKCH. QB RI(QYKHZKLFK PLUURUHG
S(Q) %\ FDOFXODWLQJKLIJKHUSRUGQHKHPRIRPRIDMWGVWRKDW LQ WKH FDVH F
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GLIIUDFWLRQ YHORFLW\FRUUHODWLRQV RIQHLJKERXULQJDW
WLRQLQ GLIIXVLRQ DQG VBIQXY DRUDVKMHREDYHRI FRKHUHQW VFD
> @ 3XVH\IRXQG D VLPLODUUHVXOW LQ G\QDPLF OLJKW VEDW!
FDOO\PHDVX8JHNNKI® +HVWDWHG WKDW IRU%URZQLDQ W\SH
WKB)LV JLYH@.E\= 1(Q,0)expl DQ?%) ZLWK WKH GLIIXVDRRERQVWDQW
IHFWLYH GLIIXV DR Q FREX\M D PMG=ZDANE, 0)

6LQFH WKHUPDO KHOLXP DWRP V,\6 FDHDW M U HF &-KERBHIOMXOH D Q
PHQW LV VXEMHFW WR GH *HQQHYV QDUURZLQJ :LWK UHJDUG Wi
FRPSOLFDWHY GDWD DQDO\VLVY VLQFH PRVW GLIIXVLRQ PRGHC
LQJ ,I WKH VWUXKWXUW NODREZRUDQ LQFRKHUHQW GLIIXVLRQ F
UHFWHG E\ WKH VWUXFWXUDO HIIHFWV IURP GH *HQQHV QDUUT
VLPSOH PXOWLSOSIKFDWRRAYZHWHK Q KHOLXP VFDWWHULQJ WKH I
DQLPSRUWDQWHIIHFWRQ WKH VFDWWHULQJDPSOLWXGH ZKLF
RS(K )

:KDW ZH ZLOO GLVFXVV LQ WKH IROORZLQJLV D SUHOLPLQDU\
ZH KDYH QRW \HW XQGHUVWRRG LQ GHWDLO EXW ZKLFK VHHPV
LQFRKHUHQW H[SRQHQ WD PRIHDFDXUMFH GLIIXVLRQ SURFHVV
FRKHUHQW FRX@W HASIFKW.Y REWDLQHG E\PHDVXUHPHQWYV

,Q WKH6PHDVXUHPHQWY WKDW DUH GLVFXVVHG LQ WKLV WKHV
RIGLIIXVLQJEHQ]HQHPROHFXOHV RQ JU DRICHIQHWIKH V\VE8KIPSR |
GLIIXVLDRROHFXOHVRQJUDSKHQH 1DQQF BRHRMWHKH GHFRUUH
ODWLRQkUDAVDNW REVHUYHG WKDW LV SURSRUWGBRQD@WR WKH TX
DEHKDYLRXU ZKLFK VHHPV DW “UVW JODQFH WR EH WKH LQYHU\
D QDUUREHG ZRX0OG FRUUHVSRBGHIXIB) :H KDYH WKH LGHD
WKDW WKLY DSSDUHQW LQYHUVLRQ RIWKH GH *HQQHV HIIHFW V
,6)

/JHW XV DVVXPH D VIVWHP WKDW FRQVLVWYV RI GLIIXVLQJPROHF;
GLIIXVLRQ FDXVHV DQ H[SR Q HEQZAN. MDKODGHHFSIHIQRG MKW FRKHUH QW C
FD\ UDM(MH ) WKHQ B)KHLQ JHQHUDO JLYHQ E\

T( K ,t) = qu( K )EXp[ coh( k ) t] + Tel,ad( K )+ Tel,su( K )1

ZKHYHk ) LVWKHTXDVL HODVWLFDPSOLWXGHWKDWVWHPV IUR
PROHFXOHYaq(XxQA&V WKH HODVWLF DPSOLWXGH WKDW VWHPYV IL
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LPPRELOH DGVRUEDW.H,PROHFWEKHMVHODVWLF DPSOLWXGH IURP VFI
RI WKH VXEVWUDWH 7KH GHFD\UDWH LV VXEMHFW WR GH *HQQHV
WKH LQFRKHUHQW WR WKH FRKK U H QiW(®& BESR(\KUD WHW K W K H
VWUXFW X BHWXFHWREW RUEDWH

Sad( K )= Sge(k )+ Serad(k ),

ZKHUH ZHDVVX& K YEKRWK ,!)j? Sge(k ) D QiGada( k )= jFaa(k ,!)j?
Setad(k ) ZLWK WKH IRUP IDFWRURJWHK ) BTGVRUEDWH

,Q BH6PHDVXUHPHQW WKH SRODULVDWG&RXBRUWHYBERGOLWR G Q
EV(k ,t)=T(k ,t)=f(k ,0)

I(k 1) = lge(k )exp[ e (k) t]+ lelad(k )+ leisu(k ).

ZLWK WKH QRUPDOLVJ& DRSQKWRGEBY,(k ) )XUWKHU ZH QRWH
WKDW

(k)= Tk ) Sue( K )iFag(k )i
T 3k, 0) T Sk L O)Faalk DT+ Su(K L OFsu(K L1

ZLWK WKH VXEVWUBMK |RUPRD FWKRIUF R K H U H Q \%,GkH)F DAHJ D W H
DUUDQJLQJWKHDERYHHTXDWLRQLPSOLHVIRUWKHGH*HQQHV QD

Sge(k )

(K ) o Seisu(k )

inc(K )= con(k )

ZLWK WKH UDWLR EHWZHH© RMKKH, | RRER(KDEWRKYV UHVXOW FRXOG
H[SODLQ RXUREVHUYDWLRQV LQUHJLRQV ZKHUH ZHDVVXPH WKH
VW UERWHR ) WR EH QHJOLJLEOH L H HYHU\ZKHUH H[FHSW IRU VPDO
GLIIUDFWLRQ SHDNV WKHH[SRQHQWLDO GHFD\LVDOWHUHGE\D ID
WKH QRUPDOLVHG TXDVL HODVWLF DPSOLWXGHDQG LWV VWUXFW X
OXWH DGVRUEDWH SKDVH WKDW XQGHUJRHV WKH VLPSOHVW IRUF
%URZQLDQ W\SH GLIIXVLRQ EDOOLVWLF GLIIXVLRQ RU MXPS GLI|
See(k ) ZRXOG EH LQGHSKQGBAQWKRVH RONN¥DQ EH FDOFXODWHG
E\GLYLGQ@JI) E\WKHPHDVXUHG DPSOLWXGH RI Wg(H HI[SRQHQWLDO
DQG VXEVHTXHQW Udi(\k DI IDQRRRA VW D Q W MK IE K2W K W )
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LQ UHJLRQV ZKHUH QR VWUXFWXUDO FRQWULEXWLRQ LV H[SHF
QRWDSSO\LQWKH YLFLQLW\RIVXEVWUDWHGLIIUDFWLRQ SHDN
E\ri2 Seisu(k ) ZRXOG EH QHFHVVDU\

7R REWDLQ D URXJK DSSUR[LPDWLRQ RI WKH IRUP IDFWRUV R
PROHFXPHVQ:G EHQ]JHQH ZH KDYH WKH JUDXQKRIHU VEDWWHU
KDUG KHPLVSKHUH DSSUR[LPDWLRY R¥XGOLIQFWLRQ IROORZV
PDWH®\'BDGHSHQGHQFH 7KH FDOFXODWLRQ IRO@RZKMIKH GHV|
ZHKDYHDVVEZREGLY WDQFH DW WKH WXUQ RYA2WRRELQ WHR | $IF
IRUEHQ]JHQH 7KH IRUP IDFWRU RI WKH VXEVWUDWH D JUDSKH
VHHQLQDGLIIUDFWLRQ VFDQ LQ )LJ

Intensity [arb. un.]

Benzene

0 05 1 15 2 25 3 385 4 45
AK[AT]
JLIXUH &DOFXODWHG J)UDXQKRIHQ MXWMHK@WLGVK B PIIUWSKH UH |

SUR[LPDWLR®RIEHQ]HQH *UH\GBVKBSSAURIHPD
WLRQ






9 1TBi tB H :> T?2M2 :°Qri? QM i?2
am 7 +2 Q7 LB+F2H * vbi H

9XR AMi'Q/m+iBQM

*UDSKHQH DV D WUXO\WZR GLPHQVLRQDO PDWHULDO H[KLELW"
DWWUDFWHG ODUJH DWWHQWLRQ LQ WKH ODVW GHFDGH ,W LV
DUUDQJH LQ D KH[DJRQDO KRQH\FRPE ODWWLFH VWUXFEWXUH Z

f ,QWKLV SODQH RQK, RDRIGWDION ISSEULGL]H WRQBWYP VWUR
EHWZHHQ & DWRPRUEKMW 30 IRD@® WKDW LV KDOI“O0OHG ZKHUH W
WLRQ EDQG DQG WKH YDOHQFH EDQG P@& HWKD W RDNH)NH WUPI SOKHHYCH
D]HUR JDS VHPLFRQGXFWRU

vii Vi) VINE)  VINEB) |
25 26 27 28 29

Mn| Fe | Co | Ni | Cu

42° .. (43 44 45 46
'Tc.| Ru | Rh | Pd | Ag

74 75 . . |16 77 78

Re | Os{ Ir | Pt | Au

J)LIXUH 9LHZ RI WKH SHULRGLF WDEOHRIWUDQVLWLRQ PHWL
HQHJURZWK 2UDQJHDQG JUHHQ KLIJKOLJKWHG SDQHO\
O\LQWHUDFWLQJ JUDSKHQH UHVSHFWLYHO\ %OXH DQ
ODWWLFHPDWFKHGDQG ODWWLFHPLVPDWFK@&@G V\VWHF

*UDSKHQH FDQ EH JURZQ HSLWD[LDOO\ RQ VHYHUDO PHWDO VX
GHSRVLWLRQ ZKHUH WKH PHWDO VXUIDFH DFWV DV D FDWDO\V
ZKLFK OHDYH FDUERQ EHKLQGaDWSWWHD MO DEB SKHQH JURZWK



(SLWD[LDO *UDSKHQH *URZWK RQ WKH 6 XUIDFHRIDI1ILFNHO &L

1L VXUIDFH KDV EHHQ UHSRUWHG D& H®UWIXRAHDWKHQ@ HSLWD[LDC
JUDSKHQH JURZWK E\ FKHPLFDO YDSRXU GHSRVLWLRQ KDV EHHQ V
RI WUDQVLWLRQ PHWDO VXUIDFHV 7KH\GLIIHU LQ JHQHUDO LQ Wz
VI\VWHP FDQ EH FODVVL“HG 7KH JUDSKHQH DQG PHWDO V\VWHP FI
VWURQJO\ ZKLFKIRUD VWURQJO\LQWHUDFWLQJV\VWHP UHVXOWYV
WKH DSSHDUDQFHRIDEDQG JDS ZKLOHIRUD ZHDNO\LQWHUDFWLC
RITUHHVWDQGLQJJUDSKHQH DUH20 D JH QHIDHDV MKHHTXD OLW\ R W
JUDSKHQH OD\HUV LV YHU\KLJK ZLWKD YHU\@DUKH VMRRF® XUDO F
FODVVL*FDWLRQLVVWUXFWXUDO 7KHJUDSKHQHOD\HUPD\HLWKH
ZLWK UHVSHFW WR WKHPHWDO VXUIDFH GHSHQGLQJRQWKH XQLW |
DQG WKH LQWHUDFWLRQWWRZN@I AP SDULVRQ RI WKH NQRZQ WUDC
PHWDO JJUDSKHQH VI\VWHPV 6LQFH JUDSKHQH 1L LV D VWUR
DQG WKH ODWWLFH FRQVWDQWYV RI IlUHH VWDQGLQJ JUDSKHQH DQ
RQO\ E\ WKH JUDSKHQH OD\HU PDWFKHV & KHHRHWWD®/ WXBHDFH -
FRQVWDQWVY RIWKH KH[DJR QD OXMQ@JFHO OtDUHWSHFWLYHO\

7KH VWURQJLQWHUDFWLRQ DOVR FDXVHV WKH JUDSKHQH OD\HU W
WR WKH 1L VXUIDFH ZLWK D VHSDUDWLRQRI t FRPSDUHG WR
LQ JUDSKLWH

)LJ LOOXVWUDWHVWKHJIJHRPHWU\RIWKHJUDSKHQH 1L VXUID
FHOO LV LQGLFDWH®E\ayHG DYURERM UHFLSURFDO VSDFH XQLW YHF
b, DQW DUH GUDZQ L@lsmp—&o:ﬁéa 7KH %ULOORXLQ ]JRQH %= LV URW
E\ rZLWKUHVSHFW WR WKH RULHQWDWLRQ RI WKH UHDO VSDFH JU
SULQFLSDO DJLPXWKDO GLUHFWLRQV LQ ¥ DRBORKQQ HR@H DUH GHC
LQJWEBRLQW Z MDQEKRHERLQWY UHVSHFWLYHO\ ,Q WHUPV RIGLUHF
ZKLFK KHOLXP VFDWWH UIMBRYSHWIRQBNGVR VFD\WMWHULQJ DORQJ
GLUHFWLRQLQ UHEGRSDAMSRQGEIWOMER WHKFHWLRQ 6LQFH WKH JHRP
HWU\ REWEKHQVWUXPHQW LV “[HG WR rDQG WKH VDPSOH LV WLOV
PHDVXUHPHQWY DW PH9 EHDP KQHYWRDEBRRMHVLQFFHVVL

EOH ,Q WKLV UDQJH ZHFDQDFFHVVRQO\RQHGLIIUDFWLRQ FRQGL
GLIIUDFWLRQ VBI®IGLIQ WKH QH[W VHFWLRQ 7KH RUDQJH OLQHV
LOOXVWUDWH WKH VFDWWHULQJ SODQHV WKDW FRUUHVSRQG WR W

6LQFH WKH LQWHUDFWLRQ EHWZHHQ DQ RUJDQLF PROHFXOH DQG
ZHDN FRQYHQWLRQDO WHFKQLTXHV VXFK DV ; UD\ VFDWWHULQJTC
GLIITUDFWLRQ FDQ RIWHQ EHFRPH GHVWUXFWLYH 'XH WR WKH OR:
QHXWUDO +H DWRPVDUH SHUIHFWO\VXLWHG WR SUREH WKHVH V\V\
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JLIXUH ,OOXVWUDWLRQ RI UHDO VSDFH DQG UHFLSURFDO V
HQH 1L VXUIDFH 'DUN UHG XQLW FHOOLQ UHDO VS
LQ UHFLSURFDO VSDFH %= “UVW %ULOORXLQ JRQH 7K
WKH SULQFLSDO GLUHFWILE @WVGBRUBQG VEMHFLSURFDC
VSDFM DQI&X 7KH RUDQJH OLQHV LQGLFDWH WKH VFDW)
WKH“UVW RUGHU GLIITUDFWLRQ SHDN W & D WHPAMWLLRNDXIW H

i!l

QRQ GHVWUXFWLYHPD@QHU >

,Q WKLV FKDSWHU ZH ZLOO GLVFXVV RXU JURZWK SURFHGXUH
WKH VXUIDFHRID 1L FU\VWDO :HZLOO WKHQ SUHVHQW VWL
GLITUDFWLRQ )LQDOO\ ZH ZLOO GLVFXVV WKH VSHFWUD RI WZ
LQ WKH YHU\ ORZ HQHUJ\ UHJLPH QDPHO\ WKH ORQJLWXGLQDC
5D\OHLJK PRGH 7KHVH PRGHV KROG LPSRUWDQW LQIRUPDWLR
GXFWLYLW\RIJUDSKHQH ZKLFK LY GRPLQDWHG E\ FRQWULEXW
QHDU URRP WHPSHUDWXUH ,W DOVR VKRZV WKH LPSRUWDQFH
LQWHUDFWLRQ ZKLFK FDQHDVLO\PRGLI\WKHFRUUHVSRQGLQJ

9Xk 1tT2 BK2Mi H .2i BHb

7TKH 1L VLQJOH FU\VWDO XVHG LQ WKHVWXG\ZDV D GLVF ZLW
DWKLFNQHVV RI PWKRZVN WKHVLQJOH FU\VWDO VDPSOH PRXQW
KROGHU VHH )/XH VDPSOH KROGHU FDQ EH KHDWHG XVLQJ D U



(SLWD[LDO *UDSKHQH *URZWK RQ WKH 6 XUIDFHRIDI1ILFNHO &L

IURP D “ODPHQW RQ WKH EDFNVLGH RI WKH FU\VWDO )RUFRROLQJ
WKHVDPSOHYLDD VDSSKLUHFU\VWDODQGDVXEVHTXHQW VWDEFN I
DUHVHUYRLURIOLTXLGQLWURIJHQRUOLTXLGKHOLXP ZKLFKDOOF
UHVSHFWLYHO\ 6DSSKLUH H[KLELWV D YHU\JRRG KHDW FRQGXFW
DQG D tH[LEOH KHDW FRQGXFWRU LV QHFHVVDU\ WR URWDWH WKH
SOHWHPSHUDWXUH ZDV PHDVXUHG XVLQJ D FKURPHO DOXPHO WKF

D Heating Filament

)LJ XU 7TKH 1L VLQJOH FU\VWDO PRXQWHG RQDVDPSOH KROGH!
FU\VWDO VXUIDFH UHtHFWV WKHOHQV RIWKHFDPHUD E VL

PHDVXUHPHQWY WKH VXUIDFH YBXWO/HDQBG EQEUUDQQHDOLQJ WR
$ PRQROD\HU RI JUDSKLWH RQ 1L ZDV WKHQ 24 RZKLBDHGRVLQJ HW
KHDWLQJ WKH 1L FU\WWDO . RYBH UTKHY IBURG KRWK UIVYHV ULVH WR
HSLWD[LDO JUDSKHQH OD\HU ZKLFK LV QRW URWDWHG ZLWK UHVSH
PDWLRQRIDVLQJOHGRPDLQ RI WKH JUDSKLWLF ODWWLFH FDXVHV
H[KLELWY WKH VDPH VI\PPHWU\ DV WKH KH[DJRQDO 1L VXUIDEH

9Xj aim+im 2 Q7 :" T?2M2fLBURRRYV

‘HKDYH SHUIRUPHG KHOLXP GLITUDFWLRQ VWXGLHY RQ WKH SUHSI
VXUIDFH )WMMKRZV D WKUHH GLPHQVLRQDO SRODU SORW RI WKH VF
+HUH WKHUDGLDO FRRUGLQDWH FRUUHWSRRQ\E K WRROOH LDYRILGEH Q V
FRUUHVSRQGV WR WKHD]JLPXWKDO RULHQWDWLRQ RIWKHFU\VWDC
WHUHG LQWHQVLW\ZKLFKLY SORWWHGRQDORJDULWKPLF VFDOH



6WUXFWXUHRI*UDSKHQH 1L

SHDNV ZKLFK DUH FRQWDLQHG LQ WKH VFDQQHG D]LPXWKDO UD
DUHORFDWHG DW WKH VDPH SRVLWLRQ DV WKH SHDNV RI WKH 1
[ VWUXFWXUHRQ WKH XQGHUO\LQJ 1L VXUIDFH

-:<0>*37

;*230>*37

J)LIXUH D 7TRSDQG VLGH YLHZRIWKHJUDSKHQH 1L VXUILC
LQIWR> E 7KUHH GLPHQVLRQDO SRODU SORW RIWKHYV
IRUJUDSKHQH 1L ZKHUH WKH ] D[LV FRUUHVSRQGV V
WHQVLW\RQD ORJDULWKPLFVFDOH 7KHVFDQ ZDV WDN|
HQHUJK RI PH9IDQG WKH VXUIDFH DW . TKHWZR GLIIUD
ZKLFK DUH FRQWDLQHG LQ WKH VFDQQHG D]JLPXWKDO Ul
7TKH VSHFXODU SHDN LV QRW VKRZQ LQ WKH SORW GXH W
SDUHG WR WKH GLITUDFWLRQ SHDNV

BHYHUDO SRVVLEOH FRQ“JXUDWLRQV H[LVW IRU WKH SRVLWLR
JUDSKHQH OD\HU UHODWLYH WR WKH 1L VXEVWUDWH 5HF
RU\ ')7 FDOFXODWLRQV KDYH VKRZQ WKDW WKH HQHUJHWLEL
HQH 1L FRQ*JXUDWLRQ LV WKH WRS |FR RQRIZNG HE)MWKH WR ¢
KES VWUXFWXUK®> 7KH HQHUJ\ GLIIHUHQFH EHWZHHQ WKHVH W:
EHHQ UHSRUWHG WR EH TXLWH VPDOO DQG GRPDLQV ZLWK ERW
REVHUYHG LQ H[SHUL®@®H@QVRUWXQDWHO\ ZH FDQQRW GLVWLC
FRQ“JXUDWLRQV IURP GLIIUDFWLRQ +RZHYHU EDVHG RQ DER
WKH JUDSKHQH FRYHUHG VXUIDFHDQG WKH VPDOO ZLGWK RI Wi
WR KDYH SUHGRPLQDQWO\RQH FRQ“JXUDWLRQ VLQFH WKH QXP
ERXQGDULHV PXVWEHVPDOOLQ RUGHU WR DFKLHY® WKH KLJK

1RWHLQ SDUWLFXODU WKDW WKH VSHFXODU UHtHFWLYLW\ IRU
WKHJUDSKHQH 5X VI\VWHP ZKHUH D UHtHFWLYLW\ RI XS WR

@ 1RWRQO\H[KLELWV JUDSKHQH 1L DKLIK+HUHtHFWLYL
> @ LWV UHtHFWLYLW\ UHPDLQV,DH$RQFKDQBEO W IRWB U 2



(SLWD[LDO *UDSKHQH *URZWK RQ WKH 6 XUIDFHRIDI1ILFNHO &L
PLQXWHYV VLPLODU WR WKHJUDSKHKIQH 5X VA\VWHP >

,Q)LJ WKH VFDWWHUHG L® WHQYQRW WHHIBVIRW ERWK JUDSKHQH 1L
DQG 1L DORQGWKHFWLRQ 2Q WKHJUDSKHQH FRYHUHG VXUIDFF
RI WKH GLITUDFWLRQ SHDN LV LQFUHDVHG E\ WZR RUGHUV RI PDJQL
FRUUXJDWLRQ RI WKH VXUIDFH HOHFWURQ GHQVLW\ FRPSDUHG WR
$FFRUGLQJ WR WKH SHDN DUHD WKH LQWHQVLW\ RI WKH “UVW RUC

RIWKHVSHFXODU LQWHQVLW)\ IRU 1L DQG IRUJUDSKHQH
WLYHO\

6, [deg]
20 25 30 35 40 45 50 55

o,
3

o,
r

Graphene/Ni(111)

Scattered Intensity [A]

. Ni(11‘|1')

L L e,
0 0.5 1

2 25 3

15
Ak [AT]

J)LIXUH &RPSDULVRQ RI WKHVFDWWHUHG LQWHQVLWLHV IRU JULI
1L YHWVX%RWKVFDQV ZHUH WDNGHLQBERQRQY RHWK WKH
FU\VWDODWURRPWHPSHUDWXUHDQGDEHDPHQHUJ\RI PH
WKH GLITUDFWLRQ SHDNLVLQFUHDVHG RQWKHJUDSKHQHF
LOGLFDWHY DODUJHU FRUUXJDWLRQ RI WKHVXUIDFH HOHF
WR WKH SULVWLQH 1L VXUIDFH

‘H XVHG SXUHO\ HODVWLF FORVH FRXSOLQJ FDOFXODWLRQV WR G
RI WKH VXUIDFH HOHFWURQ GHQVLW\ TXDQWLWDWLYHO\ ,Q WKH F
VXUIDFH LV FRQVLGHUHG WR EH VWDWLFDOO\ FRUUXJDWHG DQG S
DUH YLHZHG DV VWU®FWXKUHHOXWNDFPH SRWHQWLDO ZDV DSSURJ[LPIL
FRUUXJDWHG ORUVH SRWHQWLDO ZKLFK LV D FRPPRQ DSSURDFK
FORVH FRXSOLQJFDOFXODWLRQV :LWK WKLV DSSURDFK WKH HO
FDOFXODWHG E\ VROYLQJ WKH 6FKU GLQJHU HTXDWLRQ ZLWK WKH
WLDO LWHUDWLYHO\ WR PDWFK WKH H[SHULPHRQWB W&KMUDFWLRC
IRXQG WKDW WKH SHDN WR SHDN KHLJKW RI WKH VXUIDFH HOHFWU
JUDSKHQH 1L LV RI WKH 1L VXUIDFH ODWWLFH FRQVWDQW C
WKH SULVWLQH 1L VXUIDFH UHVSHFWLYHO\ :KLOH WKH VXUIDFH H
IRUJUDSKHQH 1L LVFRQVLGHUDEO\ ODUJHU WKDQ RQ FOHDQ 11



SKRQRQ 6SHFWUD IRU*UDSKHQH 1

SHDN WR SHDN KHLJKW RI ¥ 7TKLVLVVWLOO FRPSDUDEOH WR
VXUIDFH W LV DOVR VPDOOHU WKDQ WKH BR ELERPHDVIHRCQWRR) J |
JUDSKHQH 5X @ IDQG IJUDSKHQH 5K @ WKKEWLV WKH VPDO

HVW VXUIDFHHOHFWURQ GHQVLW\FRUUXJDWLRQ WKDW KDV EH
VI\VWHPV VR IDU

‘H XVHG WKH IDFW WKDW WKH JUDSKHQH FRYHUHG VXUIDFH KD
FRUUXJDWLRQWKDQWKH 1L VXUIDFHWR PRQLWRRZAVKH JUD S
WKHLQWHQVLW\RIWKH*“UVWRUGHU GLIITUDFWLRQ SHDN GXULQ
“UVW GURSV XSRQ IRUPDWLRQ RI QLFEH® $RPQ ER®Y BBPDRQ V. @
JUDSKHQH WKH LQWHQVLW\ LQFUHDVHV DJDLQ DQG “QDOO\ UHE
LOQWHQVLW\ZKHQ WKH JUDSKHQH OD\HU LV FRPSOHWHG GXH W

10 -1 |

10 -12 |

Scattered intensity (A)

10—13 . n { { N
0 1 2 3 4
Time (h)

JLIXUH 7KH JURZWK RI JUDSKHQH RQ 1L FDQ EH IROORZH(
“UVW RUGHU GLIITUDFWLRQ SHDN 2K L OH{ GR WIQH \W WKHH Q
t= RQWKHDEVFLVVD FRUUHVSRQGY WR VWDUWLQJ WKF
QLFNHO FDUELGH IRUPVDQG WKHLQWHQVLW\GURSV $\
JUDSKHQH WKHLQWHQVLW\LQFUHDVHV VLQFH JUDSKHQ

JDWLRQ WKDQ 1L 7TKHZKROHJURZWK SURFHVV FRQW
KRXUYV

9X9 S?QMQM aT2+i" 7Q : T?2M2fLBURRRYV

,Q WKH6LQVWUXPHQW WKH WZR SUHFHVVLRQ FRLOV IRU WKH L
LQJEHDPFDQEHVWHHUHGE\WZRLQGHSHQGHQW SRZHU VXSSC
WKH\ FDQ WKXV EH VHHQ DV HQHUJ\ DQDO\VHUV WKDW DOORZ >



(SLWD[LDO *UDSKHQH *URZWK RQ WKH 6 XUIDFHRIDI1ILFNHO &L

RI WKH LQFRPLQJ DAEGHRXWRRVYQDGHSHQG E@QWO\GMWIDEOV  :H

KDYH PHDVXUHG VHYHUDO HQHUJ\ DQDO\VHGW LW WHWLRQ VSHFW
)L VKRZVWKH 'ZDYHOHQJWKLQWHQVLW\PDSIRUJUDSKHQH 1L
DQJQH r 7KHRQO\ QRWLFHDEOH IHDWXUH H[FHSW, IRU WKH HOD)\
LV WKH 5D\OHLJK PRGHRI 1L RQWKHSKRQRQ FKHDWXLRQ VLGH D
JHVWV WKDW WKHUH LV QR VLJQL“FDQW GLIITHUHQFHLQ WKH VXUIDF
IRU 1L DQG WKH JUDSKHQH FRYHUHG VXUIDFH ZLWKLQ WKH HQF

ZLWKD PH9 EHDP
0.20 >0.12
0.10
0.08
0.06

0.04

J)LIXUH "ZDYHOHQJIJWKLQWHQVLW\PDWULMRWFBRDSKEQH 1L
DW= r DEHDP HQHUJ\ RI PH9 DQG D VDPSOH WHPSHUD\
. TKHSORWVKRZVWKHPHDVXUHG SUREDELOLW\IRUGHW
+H DWRP ZLWK ZDYNEBHYIWKVKH LOQFRPLQJ ZIKYHHOHQJWK
RQO\WZR YLVLEOHIHDWXUHYV BB H WKQPGWRNMWDLFOSHDOK DW
PRGHRQ WKHFUHDWLRQ@ VLGH DWODUJHU

$W “UVW JODQFH RQH PLIJKW H[SHFW WR GHWHFW SKRQRQ PRGHYV
JUDSKLWH@ RUIUHH VWDQGLQJIWRQKHOQOBKHQH 1L 7TKHWKUHH
DFRXVWLF PRGHV =% 7$DQG/$ VKRXOG EHDWDGHWHFWDEOH HQ
LW\ RI'WKRLQW +RZHYHU SUHYLRXV PHDVXUHPHQWYV RI WKH JUDSH
FRYHUHG SKRQRQHYHQWV DWHQHUJLHV JUHI®WHU WKDQ PH9 >

7KHH[SHULPHQWY SUHVHQWHG LQ WKLV ZRUNKDYHEHHQ SHUIRUP}
DORQJWHWHLPXWK RI WKH FU\WWDO ,Q WKLV FDVH WKH VFDWWHUL
WKH LQFRPLQJDQG VFDWWHUHG +H EHDP FRLQFLGHV ZLWK D PLUL
+HQFH WKH 7$ PRGH FDQQRW EH H[FLWHG VLQFH LW LV DQWL V\PPH
VFDWWHULQJ S@DRWHWKRZQ E\GH - X @O B U\PPHWU\LV QRW EURNF
E\ERQGLQJRIWKH JUDSKHQH OD\HU WR WKH VXEVWUDWH LQ WKH F
WKH ERQGLQJWR D SHUIHFWO\ FRPPHQVXUDWH WULDQJXODU VXEV
RIWKH=$ PR@HKLFKEULQJV WKH=$PRGHRXWRIWKHGHWHFWDEC



SKRQRQ 6SHFWUD IRU*UDSKHQH 1

RIRXULQVWUXPHQW

+HQFH WKH /$ PRGH LV WKH RQO\ SKRQRQ PRGH SUHVHQW LQ J
ZRXOGEHH[SHULPHQWDOO\DFFHVVLEOHZLWKLQWKHIUDPHZR
KDV WKH ODUJHVW VORSH RI WKH DFRXVWLF SKRQRQ PRGHV DQ
FORVHWROHLQWKHFXUUHQWVSHFWUDWKHUHDUHQRLQGLFD
UHTXLUHD PRUH WKRURXJKLQYHVWLIJDWLRQ DW VSHFL“F VFDW
VRXQG FRQFOXVLRQV UHJDUGLQJ WKLV ,Q SDUWLFXODU VLQF
WHPV ORZ HQHUJ\ SKRQRQ PRGHV KDYH®HHQ IRXQG >

1IHYHUWKHOHVY DQLPSRUWDQW UHVXOW RIWKLYV VWXG\LV WKI
JLWXGLQDO UHVRQDQFHRIWKH 1@ D U HVREWNMUNDEB® B RQ WKH JUL
FRYHUHG VXUIDFH HYHQ WKRXJKWKH 1LDWRPVDUHVFUHHQHG
$QH[HPSODU\SKRQRQ VSHFWUXPWRYKWEBWQYWK DVSHFWUXP
RQ 1L XQGHU WKH VDPH H[SHULPHQWDO FRQGLWLRQV

Lo r —Ni(112)
—— Graphene/Ni(111)

o o
o e
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YLIXUH &RPSDULVRQ RI WKH SKRQRQ VSHFWUD IRU JUDSKHC
7KH VSHFWUXP ZDV WDRW @ RERQYXK WKHDQ LQFLGHQW LC
i = rE= PH9DQGWKHVDPSOHZDVFRROHGGRZQWR
WKH GLIIXVH HODVWLF SHDN DW HQHUJ\WUDQVIHU ERW
PH9DQG WKHORQJLWXGLQDO UHVRQDQFH DW PH9
7KH LQWHQVLW\ RI WKH 5D\OHLJK PRGH LV VPDOOHU RQ
VXUIDFH

%YRWKVSHFWUD KDYHEHHQ QRUPDOLVHG VR WKDW WKHLQWHQ\
QHQWDW JHURHQHUJ\WUDQVIHU FRUUHVSRQGV WR RQH 'HVSL
QHQW WKH5D\OHLIJKPRGHDQG WKHORQJLWXGLQDO UHVRQDQF



(SLWD[LDO *UDSKHQH *URZWK RQ WKH 6 XUIDFHRIDI1ILFNHO &L

VLGH 7KHLQWHQVLW\ RI WKH 5D\OHLJK PRGH LV FOHDUO\ UHGXFF
HUHG VXUIDFH ZLWK UHVSHFW WR WKH LQWHQVLW\ RQ 1L 7KLY
HITHFW ZKHQ FRPSDULQJLQWHQVLWLHV RI YN\ GHUBGWBR@WUD WKU

6LQFH WKH LQHODV W & A DRMDRPW FKBXHQW RISKRQRQV LQYROYHV VFDW
SKRQRQ LQGXFHG FKDUJH GHQVLW\ RVFLOODWLRQV LW KDV EHH(
SKRQRQ PRGHV DUH DFRRBIBE X HEOR WKWH HOHFWURQ SKRQRQ FRXSOL
HOHFWURQ SKRQRQ FRXSOLQJSDUDPHWHUV IRXQG IRU JUDSKLWH
WHPV KDYHEHHQ UHSRUWHG @ R EHFKORMWH. WIRO DU WR WKH YDOXH Ul
IRURWKHU VA\VWHPV ZKHUH VXEVXUIDFH SKRQRQ RBGHYV FRXOG EF

> @

ORUHRYHU WKH REVHUYDWLRQ RI WKH 5D\OHLJK PRGH IURP WKH \
ZLWK PHDVXUHPHQWY RI JUDSKHQH 5X ZKHUH D VWURQJ LQWH
PRGHIURP WKH 5X VXEVWUDBWHRBNDRXKRRGCGR DW HO GHPRQVW
WKDW VXUIDFHFKDUJHGHQVLW\RVFLOODWLRQVDUHWKHPDLQ FR(
RQJUDSKHQH 5X DOWKRXJKWKHJUDSKHQHOD\HUDOVRRVFLOOD)
VXUIDFH GXHWR WKHVWURQJERQ®@QJWR WKHVXEVWUDWH >

'KHQ SHUIRUMB6@PHDVXUHPBYWW ORZ )RXULHU WLPHV DERXW SV
FOXGHFRQWULEXWLRQVIURP ORZHQHUJ\VXUIDFH SKRQRQV 7KLV
WDLO LQ FKIXKSWHWQ WKHVDPH )RXULHUWLPHUDQJH DGHFD\RIWK
DQGDIDVWGLIIXVLRQ SURFHVV DUHREVHUYHG

9X8 amKK ‘v M/ *QM+HmMbBQM

,Q WKLV FKDSWHU ZH KDYH GLVFXVVHG WKH SUHSDUDWLRQ RI D JU
FKHPLFDOYDSRXUGHSRVLWLRQ %\FRPSDULQJVSHFXODUDQGGLI
ZHIRXQG WKDW WKHHSLWD[LDO JUDSKHQH OD\HU HIKLELWV DQ HO
ZLWK D SHDN WR SHDN KHLJKW RI 3% M IRQY K PDEMWI A HIQQUURN\ R |
PH9 7KLV FRUUXJDWLRQLVVPDOOHU WKDQ WKHYDOXHVY UHSRUW
7TKHJUDSKHQH 1L VXUIDFHVKRZV D VLPLODU UHtHFWLYLW\ RI

OHDVXUHPHQWY RI WKH VXUIDFH SKRQRQV PRGHV LQ WKH ORZ HQ
VKRZWKHVDPHPRGHVDVRQWKHSULVWLQHI1ILVXUIDFH :KLOH RI\
PRGHVDUHQRWDFFHVVLEOHLQRXUVHWXS WKHREVHUYDWLRQ RI
LV DVFULEHG WR W&BWRE GBIWWHFRY VXEVXUIDFH SKRQRQ PRGHV GX|



6XPPDU\DQG &RQFOXVLRC

HOHFWURQ SKRQRQ FRXSOLQJ 7KHLQWHQVLW\RIWKHS5D\OHL
RQWKHJUDSKHQH FRDWHG VXUIDFHFRPSDUHG WR WKH 1L VXUI
“QGLQJV ZLWK DWRP VFDWWHULQJ UH@X®NWM HERRDJI FRYKH B VB
WKHRU\ WKDW VWURQJO\LQWHUDFWLQJJUDSKHQH PHWDO V\V

+HUHtHFWLYLW\
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+2 DGVRUEHG RQ JUDSKHQHDQG JUDSKLWH VXUIDFHV FDQ EH U
WDO VI\VWHP IRUVWXG\LQJSK\VLVRUSWLRQ 7KHV\VWHP VKRZV
DQG K\GURJHQ ERQGLQJLQWHUDFWLRQV LQ D FRPSOH[ ZD\ DQ¢
K\GURJHQ ERQGYV PDNHV LW DQ LQWHUHVWLQJ DGVRUEDWH WF
WKH JUDSKHQH V@& U,J® BHQHUDOHFSHFWHG WR EHKDYH PXFK GLII
RQ WKH VWURQJO\K\GURSKRELF JUDSKHQFRREDNENRQ WR LW V
KDYLRXULQEXONOLTXLG ZDWHU RULFH 7KHDGVRUSWLRQ SUF
KDYH DWWUDFWHG PXFK DWWHQWLRQ VLQFH UHVLVWLYLW\ PHI
WHQFHRIDWXQDEOHEDQG JDSRI  HYXE YWD E\RIQITROLLAN |
RI'WKH VXUIDFH W R@ XPLHG H JD\FW VW U X FW X U H2RA MI K M/ E@®\DR U E H C
DQLPSRUWDQW UROH IRUWKHLQtXHQFH RI WKHDGVRUEDWH R
JUDSKHQH DV ')7 FDOFXODWLRQV VXJJHVW >

,QRUGHU WR VLPSOLI\WKH GLVFXVVLRQRIZDWHU DGVRUSWLR
RPHWU\ LWLV KHOSIXOWRLQWURGXFHDEEUHYLDWIRRSQV SRV)\
RID&DWRP 7 EBDRB®YWHWH EHWZHHQ WZR & DWRPVKRODQG DEF
OREHQWUH RI WKH JUDSKHQH KH[DJRQ + )XUWKHUPRUH WKH
EHRULHQWHG LQ GLITHUHQW ZD\V ERWK K DWRPV SRLQWLQJ V
GRZQZDUG G O\LQJtDW SDUDOOHO WR WKH VXUIDFH I RUZL
VXUIDFHDQG WKHVHFRQG SRLQWLQJ GRZQZDUG Y

1tT2 BK2Mi H BMp2biB; iBQMDb

7TKHH[SHULPHQWDO LQYHVWLJDWLRQV VR IDUKDYHEHHQ OLPL
YHVWLIDWLRQV VXFKDV FDORULPHWULFDQG WKHUPDO GHVRL



+2 $GVRUEHG RQ *UDSKHQH 1L

SDULVRQ ZHDOVR LQFOXGRQUWK KWV IIDNRPRIIJUDSKLWH DV ZHOO |
+»2 RQJIJUDSKHQH ZLWK GLITHUHQW PHWDO VXEVWUDWHYV

7KH RQO\ H[SHULPHQWDO YDOXH IR U, K\HREL QGRL §K LHADH U XURD FH
VWHPV IURP PLFUR FDORULPHWULF PHDVXUHPHQWY ZKHUH D GLII
WLRQRI PH9DW WKH]JHUR FRYHUDJH@ L ®H WHALDORIENIXEWHIGDY H
FRQGXFWHPGIDVXUHPHQWYV RI ZDWHU RQ WKH EDVDO SODQH RI .
VLVWHQWO\ DVLQJOH GHVRUSWLRQ SHDN ZDV REVHUYHG WKDW F|
HQHUJ\LQ WKH UDQJH RI WR H9 &KDNDBYRY H& BO

EULFKW HW D@ %R®EQD HW DO H9>@ 7KLV YDOXH LV FORVH WF
WKH VXEOLPDWLRQ HQWKDOS\ R®L KK DWHQHUJHEDYV REVHUYHG QR
WR FKDQJH ZLWK FRYHUDJH LQGLFDWLQJGH ZHV@WLDRURI WKH JUL
WKHUPRUH VXE PRQROD\HU GHVRUSWLRQ VHHPV WR EH RI DSSUR]
WKH VWLFNLQJ FRHI*FLHQW VHHPV WR EH FRY HRIWBRYBGHIBHQ GH Q'
DSSURDFKLQJWKH PRQROD\HU VW RUGHU GHVRUSQ/ WK KDV EHH (
VXUIDFHV RIJUDSKHQH 1L DQG RI'BUBHRKWQI UWHYHDO SVHXGR
JHURWK RUGHU GHVRUSW LHRVORVSW)IRD HQHUJLRWRLQ WKH

“UVW FDVH DQGPH9LQ WKH ODWWHU FDVH UHVSHFWLYHO\ ZHUH II

JLIXUH 7KHUPDO GHVRUSWLRQ DENRWERGARSG WKIHVXUIDFHV RI
JUDSKHQH 1L DQG RIJUDSKHQHR/L JURP >

JURP /(('"DQG UDUH JDVDGVRUSWLRQ GHVRUSWLRQ PHDVXUHPHQW
ELOD\HURQJUDSKHQH 3W KDVEHHQ UHSRUWHG DW . WKDW G
LFHLVODQGYVY XSRQ KHDWI@ZQJ WR . >

+5((/6 VWXGLRWRRI#+23* UHYHDOHG WKHIRUPDWLRQ RI K\GURJHQ ER
WHUV WKDW H[KLELW WKH VDPH YLEUDWLRQDO VSHFWUD DV EXON



,(QWURGXFWLRQDQG 6WDWHRI &XUU

PRQROD\HU URQJRIZRQ WKH VXUIDFH RIJUDSKHQH 3W DQ D¢
WLFDO VSHFWUXP ZDV IRXQG ZLWKDQDGGLWLRQDO VKDUS 2J+
ZKLFKLVVHHQDVHYLGHQFHIRUQRQ + ERQGHG ZDWHU PROHFX
LOQWHUI@FH >

2Q JUDSKHQH 5X LOWHUFDODWLRQ RI ZDWHU KDV EHHQ R/
VXUHPHQ®@YV >H KDYH REVHUYHG QR FRPSDUDEOH SKHQRPHQD

QRWHG WKDW JUDSKHQH LV PRUH VWURQJO\ ERXQG WR WKH 1
5X VXUIDFH

7KHIRUPDWLRQRIDDPRUSKRXVLFHOD\HUVRQVXUIDFHV FRPI
VROLG ZDWHU $6: KDV EHHQ REVHUY G VQQWKHWKHD N VWD W H

.$6: XQGHUJRHV DJODVV WUDQVLWLRQ WR D YLVFRXV OLTX
RI DPRUSKRXV DQG FXELF FU\WWDOOLQH UHJIGRQQ KV RMWEHHQ F
PDO GHVRUSWLRQ P H DMXRIp P BDM RI WKH JODVV WUDQVLWLRC
REVHUYHG E\ D FKDQJH LQ GHVRUSWLRQ UDWH DQG D JURZWK F
WKDQ D ZHWWLQJ RI WKH JUD S KQMWEHPHOMPBEHPHQWY RYHU D OD
UDQJHRIVXUIDFH FRYRQ2BHVRYHDOHG WKHH[LVWHQFH RI IRX!
WLRQ SHDNV FRUUHVSRQGLQJWR GHVRUSWLRQIURP 'DQG 'LV
LFH VWUXFW DQKVS R WHH Q W LIDOPD QFE-H,VHHQ LQ )LJ

J)LIXUH7'6 VSHFWUD RI ZDWHU RQ @236 SHRRPUWD IROORZLQJ H[SR
$ IURP J/ % IURP J / & IURP J |/ 3HDN$ GHVR
IURP 'LVODQGV RUWKHHGJHV RI 'LVODQGV 3HDN % G
VXUIDFH RI 'LVODQGV 3HDN & DQG ' GBIYRUBWLRQ IUR
VSHFWLYHO\DIWHU SKDVH WUDQVLWLRQ

+$6PHDVXUHPHQWYV R2BD WHYHDPHG WKHIRUPDWLRQ RIDQLFH
VXUIDFHLQ D WHPSHUDWXUH UDQJH RU J .DQG WKHIRUPDV



+2 $GVRUEHG RQ *UDSKHQH 1L

WKHUDQJH J . )RUKLIJKHU WHPSHUDWXUHYV DQRQVHWRI PREI
FRUUHVSRQGLQJ WR WKH IRUPDWLRQ RI D TXD@&L T@DWKLG ZDWHU O
HODVWLF KHOLXP DWRP \PRHIDVWHHEBHE QWY R4 D h FWKWMWRNQFH

JURZQ RQ D 3W VXUIDFH D 5D\OHLJK VXUIDFH PRGH ZDV REVHL
GLVSHUVLRQ OHVV SKRQRQPHYDRBDKIKFKMZDY DWWULEXWHG WR IUXV'
WUDQVODWLRQDO YLEUDWLRQV RI L&@RODWHG ZDWHU PROHFXOHYV :

$QJOH UHVROYHG SKRWRHOHFWURQ VSHFWURVFRS\ RI *5 1L Ul
RILQWHUIDFH VWDWHY RULJLQDWLQJIURP WKH VWOQRQJ K\EULGL]
VSLQ SRODUL]HG 1L G YDOH Q@ HEDVRIBSWDRGHR IR Q OV KH

*5 1L VXUIDFH UHVXOWHG LQ S GRSLQJ DOWKRXJK WKH HOHFV
JUDSKH®@HG 1L G VWDWHYV UHPDLQHG LQ WKLV FDVH PRVWO\ LQW
FKDQJH FRXOG EH LQWHUSUHWHG LQ WHUPV RI D SUHIHUHQWLDO D
RUEULGJHDGVRUSWLRQ VLWHYV

JQH2+mH "~ /vM KB+b M/ /2MbBiv 7mM+iBQM H i?2Q v + H+mH il

$ ODUJH QXPEHU RIFDOFXODWLRQV KDYH  EHHQ SHUIRUPHG LQ WKF
PLOQOHWRVXI“FLHQW SUHFLVLRQWKHDGVRUSWLRQORFDWLRQDQG |
+»2 PROHFXOHVRQJUDSKHQHDQG JUDSKLWH VXUIDFHY DV ZHOO D\
OPLQLDWXUH JUDSKHQHP

ORVW FDOFXODWLRQV KDYH KHUHE\ EHHQ GRQH XVLQJ WKH ')7 DS
KDV EHHQ SRLQWHG RXW WKDW ')7 RIWHQ IDLOV WR GHVFULEH SK\V
FRQWUDU\WR WKH ORFDO FKHPLFDO LQWHUDFWLRQ WKH GLVSHUV
ORQJ UDQJH HOHFWURQ FRUUHODWLRQ HIIHFWV DQG WKH\ DUH QR
‘Y7 DSSURDFK EHFDXVH RI WKH ORFDO FKDUDFWHU RIGFRPPRQO\ XV
BHYHUDO FDOFXODWLRQV XVHG DQ H[FKDQJH FRUUHODWLRQ IXQF
:DDOV GHQVLW\ IXQFWLRQDO YG: ') GHY H3D REHRBUBHURQRHMWP DO >
SURYH DFFXUDF\

aBM;H2 KQH2+mH2 /bQ TiBQM

OROHFXODU G\QDPLFV FDOFXODWLRQV LQGLFDWH WKDW WKH ELQCGC
VLQJOHJUDSKHQH OD\HU DUH FRPSDUDEOH WR WKRYH RI ZDWHU E



L, QWURGXFWLRQDQG 6WDWHRI &XUU

JXUWKHUPRUH WKHVLPLODULW\RIZDWHUDGVRUEHGRQJUDS
ELF VXUIDFHV VXJJHVWYVY WKDW WKH K\GURSKRELFLW\ SOD\V D F
GHWDLOHG VWUXFWXUH@GRI WKH VXUIDFH >

7KH GHQVLW\ IXQFWLRQDO DSSURDFK KDV EHHQ DSSOLHG D QX
VWURQJ K\GURSKRELFLW\RI WKH J@DSKHQ® OXP\RIFH-RQ WKH HC
WURQLF VWUXFWXUH Rl WKH JUDSKHQH LV UDWKHU VPDOO DQC
FDQ OHDG WR WKH GRSLQJRIQUDISHKHQRDOFXODWLRQV JHQHUD
WKDW WKH SRWHQWLDO HQHUJ\ VXUIDFH LV UDWKHU tDW DQG W
PRUHRQ WKHRULHQWDWLRQ WKDQ RQ WKH SRVL®LRQ RI WKH D

$ VXPPDU\RI WKH UHVXOWYV IURP ')7 FDOFXODWLRQV E\ YDULRX

7KHWDEOHVKRZVWKHSUHIHUHEROD®BRBWRUBWKRQ ZLWHK
WKHPRVWIDYRXUDEOHRULHQWDWLRQ G + ERWKDWRPV SRLQ\
SDUDOOHO WR WKH VXUIDFH DQG WKH VHFRQG RQH SRLQWLQJ
SUHGLFW D SUHIHUHQWLDO + DGVRUSWLRQ ZLWK CEGLRULHQWD\
WKH UDQJH RIDERXW PHO9 LV FDOFXODWHG EXW UHVXOWYV YL
DJUHHPHQWRQ DQ DGVRUSWLRQ GLVWDQFH RIDERXW fFDQ I

6LWH RULHWPWLEO i@ S5HIHUHQFH
> @

AARY:

>
>

9DOXHV IRUJUDSKHQH 1L

@

+ + N+ + + + +
OO0 OOO o<
[}
.
Vv
@ 9000®

7DEOH 6XPPDU\ RI ')7 FDOFXODWLR Q ,2HVRK@MAX ORIURI \DL Q J
JUDSKHQH VB UDIBRAHR USW L RQHGMRUISWLRQ GLVWDQFH

*Hmbi2 > /bQ TiBQM

7KH VWU XFW2XRAHXRIWHUY DGVRUEHG RQJUDSKLWH KDV EHHQ FD
JURXSY 7KHUHVXOWVDJUHHLQ *"QGLQJWKDWDOPRVWQRVWU
FOXVWHU JUDSKLWH V\VWHP LQ FRPSDULVRQ WR WKHIUHH FOX
WKHFOXVWHU LVLQ WKHUDQJH RI J PH9 ZKLOH WKHELQGL



+2 $GVRUEHG RQ *UDSKHQH 1L

WR WKHJUDSKHQH VXUIDFH LV PXFK ORZHU DQG DOVR ORZHU WKZELC

PH9 > @ PH9® ,WZDVIXUWKHU SUHGLFWHG WKDW VLQJOH PR
XSWR PROHFXOHVDQG D ViEGQGROHRWOEBDY WVH IGRRSLQJ RI WKH JUDSKH
> @ +RZHYHU ELOD\HUV DQG FIRAUNOGDARBIXVHD IEFHQ,G JD S
WXQLQ®» 7TKHGLITHUHQFHLV FDXVHG E\WKHAROHARQOHVWMLRWYKHR I W K
LFH FOXVWHUV 0'VLPXODWLRQV RIDODUJHQXPEHURIPROHFXOH'
DW URRP WHPSHUDWXUH VXJJHVW WKH GLVWLQFW H[LVWHQFH RI D
URXJKO\ f GLVW@QFKHLQWHUDFWLRQ EHWZHHQ DQ LFH ELOD\HU
VXSSRUWHG JUDSKHQH OD\HU KDV EHHQ FDOFXODWHG ZLWK ")7 E\
VPDOO EDQGJDS RSHRHRDWRXQG WKH )HURL OHYHO >

.vM KB+b

7KHGLIIXVLRQRIZDWHURQJUDSKHQH KDWVRIOH® XWIX\GGMHEBDEP PHD Q"
LEFV OVLPXODWLRQV' $B IREMLLIRW DO SUHGLFW D VXEVWDQWLDOO\
VFRSLFIULFWLRQ FRHI“FLHQW LQ FRPSDULVRQ WRDGVRUSWLRQ R(
VXUIDFH@ $ IDVW GLIIXVLRQ ZLWKDGLII®VERQWRRVIMYQW G DW
URRP WHPSHUDWXUH E\ FDOFXODWLRQV IURP 3DUN HW DO 7KLV IC
WR EH FRQQHFWHG ZLWK SUHIHUHQWLDO RUG H WIVDUXRAWXUHHP ROH F
ZKHUH “UVW OD\HU PROHFXOHV DUH VLWXDWHG DE&RYH WKH KROOR.
VLPXODWLRQVDW .E\ODHWDO SUHBLFWDS\MINKHRRY FRQVWDC
WKRUV IXUWKHU VWDWHG WKDW, R PRIDHFXWHRQZRKGGI BXVYBUWGLI*
FXOWWRDFKLHYH DV GXH WR W K2 PROKMAXID HDVZAR & DIGXAVHURQMD SL G C
DJJORPHUDWH LQWRFOXVWHUYV >

PmiHBM2 Q7 i?Bb +? Ti2"

,Q WKH SUHVHQW FKDSWHU 2ZHH 8 U WXIEQWWRY XMKWMWRIU X FW XUDO D(
QDPLFDO SURSHUWLHV RI ZDWHU DGVRUEHG RQ WKH VXUIDFH RI JU

7KHUHVXOWVY IURP DGVRUSWLRQ DQG GLIIUDFWLRQ VWXGLHV VKR.
WHPSHUDWXUH . bDVDPRUSKRXVLFH ZKLOH XSRQ KHDWLQJ LW
WHUV GH ZHWWLQJWKHJUDSKHQHVXUIDFH $ERYHDERXW . GH"
PDODQGLVRWKHUPDOVWXGLHVDOORZHG XVWRGHWHUPLQHD GHYV
ZKLFK VXJIJHVWV WKDW ZH DUH REVHUYLQJ GHVRUSWLRQ IURP WKH



$GVRUSWLRQDQG 'HVRUSW

6SLQ HFKRPHDVXUHPHQWYV UHYHD QB 8 ROHFOGLV BHM RIDHRQ K R
ORZDGVRUSWLRQVLWHV RYBJU D GLIIKN2RQVEDD KRISISLQIDWH R

'2gM DW . )XUWKHUPRUH WKHH[LVWHQFH RI 5D\
PRGHV IURP WKH JUDSKHQH 1L VXUIDFH DV ZHOO DV IURP
VHUYHG

8Xk /bQ TiBQM M/ .2bQ ' TiBQM

8XkXR AbQi?2'K H /bQ TiBQM

‘H KDYH FDUULHG RXW LVRWKHUPDO DGVRY RWLRQUDHIKV XUHP
HQH 1L VXUIDFH SUHSDUDW LR Q ZLHWKAMKEH-SG EQV & IRP S W H U
E\PRQLWRULQJWKH VSHFXODU UHtHFWH G,RHILXR WIKHWDXOUZ K L
IDFH WKURXBIGRVLQJDUP ZLWK OHQJWK DWD PP GLVWDQEH IL
WR WKH VXUIDFH 3DUWLDO SUHVVXUH DW WKH VXUIDFH KDV EF
FRUUHFWLRQ IDFWRU IURP D SUHYLRXV FDOLEUDWLRQ PHDVXU
VRUSWLRQ PHDVXUHPHQWY REWDLQHG ZKLOH XVLQJ WKH GRVL
WKH VDPH PHDVXUHPHQWY ZKLOH GRVLQJ E\ EDFN “@OLQJ WKF
7DNLQJ LQWR DFFRXQW D FKDQJH LQ WKH GLVWDQFH RI WKH G
RI DQ DOLJQPHQW VHIJPHQW ZH FRXOG LQWHUSRODWH D PXOV
IURP WKH PHDVXUHG EDFNJURXQG SUHVVXUH WR WKH DFWXDO
GLVWDQFH 7KLV FDOFXODWLRQ ULVNV WKH LQWURGXFWLRQ F
RQO\ HVYWLPDWH WR DERXW ,Q DGGLWLRQ WKH PRQLWRUF
WKH LRQLVDWLRQ JDXJH QHHG WR EH FRUUHFWHG E\ D IDFWR L
LRQL]DWLRQHI“FLE ©RORIAXIO®+>$ SUHFLVH SUHVVXUH FRQWURC
REWDLQHG ZLWK WKH XVH RI D OHDN YDOYH WKDW LV DWWDFKH
7KH OHDN YDOYH LWVHOI ZDV XVXDOO\ UHJXODWHG E\ D IHHGE
WR PDLQWDLQ D FRQVWDQW SUHVVXUH $GVRUSWLRQ KDV EHH
DQG .DWDGRVLQJSUHVVXUHDW WK#HPEDOM DFHKHRZ D\E R KW

VDPSOH XVHG IRU WKH H[SHULPHQWY ZDV FUHDWHG LQ KRXVH
GLVWLOODWLRQDQG GH LRQL]JDWLRQ F\FOHV HQVXULQJD YHU
VHULHV RI DGVRUSWLROHGRHLDFWHRHQ WY WKH ZDWHU FRQW |
JODVV VDPSOHVXSSRUW ZDV SXUL“HG E\VHYHUDO IUHH]H WKD:
XODULQWHUYDOVDPDVVVSHFWURPHWHU VLJQDO ZDV PRQLWR
RIWKH ZDWHU VDPSOH



+2 $GVRUEHG RQ *UDSKHQH 1L

6LQFH ZH H[SHFW ZDWHU QRW WR ZHW WKH JUDSKHQH VXUIDFH ZHF
RIDPRQROD\HU +RZHYHU LQ OLWHUDWXUH D PRQROD\HU HTXLY
LQ VHYHUDO FDVHV IRU ZDWHU RQ JUDSKLWH DQG JUDSKHQH ZKH

PROHFXDHV $PROHFXOHV XF XF JUDSKHQH XQLW FHOO ZKL|
DOHQW WR WKH GHQVRWHWRODQHIUF@ , :LWK WKH WKHRU\ RI NLQHW
JDVHV (T ZH FDQ UHODWH WKH H[SRVXUH WR WKH H[SHFWHG VX
PDNLQJ XVH Rl WKH JDVWHPSHUWWKEBBYVYV RI WKH ZDWHU PROHF X
m = J PRO DQG WKHB UWQVNPSIRW XUH RlI / FRUUHVSRQGV WKHUH
WR D VXUIDFH FRYHUDJH HTX'2Y-DOHQW RIVVXPtQJ D VWLFNLQJ
FRHI“FLHQW RI XQLW\

/IbQ TiBQM BM i?2 > M:;2 Q7 Ryy E RKy E

D E
J)LIXUH 1RUPDOL]HG VSHFXODWHKIWXVXHP[SRYQXDE JRU WKH DGVRU
WLRQ2RIRKQWR WKH *5 1L VXUIDFH DW WKUHH WHPSHUDYV
DQG .0oLVVKRZQRQ D ORJDULWKPLFVFDOH 'DVKHGUC

FDWH WKH LQLWLDO VLIQDO DWWHQXDWLRQ ZLWK WKH FRU
LQJFURVV VHFRWR/® G OLQHV VKRZ DQ H[SRQHQWLDO “W WR
VLIQDO DW KLJKHU FRYHUDJH ZKHUHD ORZHU KHOLXP VEDV
,LVIRXQG

$W . WKHVSHFXODUVLJQDO GURSV H[SRQHQWLDOO\ XS WR DQ H
ZKHUH D VHFRQG VORZHU H[SRQHQWLDO GHFD\VHWV LQ 7KH VLJQ
DWLRQ DQG GRHV QRW UHFRYHU ZKHQ WKH GRVLQJ SUHVVXUH LV G
FRUGDQFH ZLWK WKHJURZWK RIDQDPRUSKRXV OD\HU $W .DQG
GHFD\V DUH REVHUYHG EXW WKH VLJQDO GRHV QRW IXOO\ DWWHQ >
XODU LQWHQVLW\DV D IXQFWLRQ RI FRYHUDJH IRU PHDVXUHPHQW:!
VKRZQ LQ )LD



$GVRUSWLRQDQG 'HVRUSW

7KH UDSLG LQLWLDO GHFD\ RI WKH VSHFXODU VLJQDO ZKLFK K
HUDJH UHJLPH LV FKDUDFWHULVWLFRIWKHDGVRUSWLRQRID
“WWHG DQ H[SRQ¥,GWApD O D Z cosf)) (T DV H[SHFWHG IRU
UDQGRP DGVRUSWLRQ D& (!SRZHYODEZT DV IRU WKH
FDVH RI ODWWLFH DGVRUSWLRQ WR WKH GDWD %RWK PRGHO\
GXFHG WKH VDPH UHVXOWYVY ZLWKLQ WKH VWDWLVWLFDO XQFHL
ZKLFK GHVFULSWLRQ LV PRUH DIS\6 WKSIULHDOVHEK P HRHWWHU L QJ F
WLR® 2 LVWKHVXUIDFH DRHPROKBDXOMHRFFXSLHY DW K\SRW !
PRQROD\HU FRYHUD JHcoB¢®)GFRK HMFWMIRU WKH LQFUHDVH RI WK
VFDWWHULQJFURVVVHFWLRQVLQFHVFDWWHULQILWBEISHQV DV
VSHFWWRWKHVXUIDFHQRUPDO %\DVVXPLQJWKHUHODWLRQ |
FRYHUDJHHTXLYDOHQWGHVFULEHGDERYHDQGDVVXPLQJDVW
FDQ GHWHUPLQH WKHKHOLXP VFDWWHULQJFURVV VHFWLRQ E\
WR WKH GDWD :HUHSHDWHG WKH SURFHGXUHIRUWKHKLJK FR)
RQG H[SRQHQWLDO GHFD\ LV REVHUYHG 7KH UHVXDKMV DUH VX

7THPSHUDWXUH >%4@ > >4@ “QApO
14
J 12
7TDEOH +HOLXP VFDWWHULQJ FURVV VHFWLRQVDQG VWLFNL

WKHVORSHRIVSHFXODU KHOLXWWIKSMWDRNMHWWHYHYJI FURYV
WLRQ RI WKH LQLWLDO DGVRUSWLRQ SURFHVV WKH YDO
LQEUDFNHWV VLQFH WKH\DUHDSSDUHQW FURVV VHFWL|
FRHI“FLHQWWKH VFDWWHULQJ FURVV VHFWLRQ DWWULE
VRUSWLRQ SURFHVYV DW O RGHHY MRKYHHIIDVBID SR WHG Y DC
WKH“QDO VSHFXODU VLJQDO

VEDWWHULQJ FURMVKDHFEHHR@MREVHUYHG QRW WR FKDQJH ZLWK
> @DQG WKLV DVVXPSWLRQ ZRXOG VHHP XQUHDVRQDEOH 7KH
VHFWLRQ FRXOG UDWKHU H[SUHVV HLWKHU D FKDQJH LQ VWLEN!
RUSWLRQ RUDQRQVHWRILVODQG IRUPDWLRQ ,QWKHOLWHUL
RI2#2 KDV EHHQ PHDVXUHG WRRBHQ FHIUWDLQW\ Z@V ZKYHKQ LY

ORZHU WKDQ WKIHREWDLQHG KHUH EXW VWLOO LQ UHDVRQDEC
HVWLPDWHG XQFHUWDLQW\ RI WKH GRVLQJSUHVVXUH DW W
FRXQW :H WKXV DVVXPH WKH LQLWLDO VWLFNLQJ FRHI*FLHQW
7KH GUDPDWLF FKDQJH LQ WKH DSSDUHQW VFDWWHULQJ FURVV
XQOLNHO\WR EH GXH WR D FKDQJH LQ WKH LQLWLDO VWLFNLQ.
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YHU\VORZDW .DQG . :HWKXV H[SHFW WKH DSSDUHQW FURVYV
DQRQVHWRILVODQG IRUPDWLRQ WKDW ZH KDYHREVHUYHG WR VW |
DFFHOHUDWH ZLWK KLJKHU WHPSHUDWXUH GXHB/ R KRZWHU VXUIDF
WKH VSHFXODU VLJQDODW .DQG .LQFRPSDULVRQWR .DIW}
VXUIDFH FRYHUDJH WR DFFRXQW IRU WKH FKDQJH LQ WKH DSSDUH
WLRQ

$W .DQG . DGLVWLQFWNLQNLVREVHUYHGLQWKHVSHFXODUYV
DERXW / ZKLFKFRUUHVSRQGV WR DERXW 0/ VXUIDFHFRYHUDJH
WHULQJFURVVVHFWLRQVGURSE\DIDFWRURI DQG DW .DQG
KLIKHU FRYHUDJHY DQDUULYLQJPROHFXOH ZRXOG VWDWLVWLFD
WR DGVRUE LQ WKH GLUHFW QHLIJKERXUKRRG RI DW OHDVW RQH RV
FURVV VHFWLRQVY RYHUODS WKH HIIHFWLYH FURVYVY VHFWLRQ LV U
VHFWLRQ?ROW £ . LV FORVH WR WKH VXUIDFHDUHD FRYHUHG E\ D VL

¥ 7KLVLQGLFDWHV WKHIRUPDWLRQRILVODQGV $W . WKH F
E\DIDFWRU RI WKUHH 'LITUDFWLRQ PHDVXUHPHQWYV VXJIJHVW WKLELC
DPRUSKRXV LFH OD\HU JURZV RQ WKH VXUIDFH DV ZLOO EH GLVFXV
7KLVPHDQV WKDW LQVWHDG RILVODQG IRUPDWLRQ DIRUPDWLRQ
DEOH

/IbQ TiBQM #Qp2 Rky E

J)LIXUH 1RUPDOL]HG VSHFXQDWIKHORKIPOMLI QBDWV,X,UH YHUV XV PH
VXUHPHQWDWLPH 7KHORZHU EOXH FXUWKHXGSHDWHYV , |
UHG FXUYH WKH GRVLQJ SUHVVXUH

$SW .DQG . WKHVSHFXODUVLIQDO DOVR GURSVY ZLWK LQFUHDYV
LOGLFDWLQIJ DGVRUSWLRQ +RZHYHU LQ FRQWUDVW WR VDPSOH \
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ZKHQ UHGXFLQJSUHVVXUH WKHVLJQDOUHFRYHUVDWD YHU\IL
DQDGVRUSWLRQ GHVRUSWLR@ KR XV DIEHW[IDFPS QHIIRU WKH UHV S
RI'VSHFXODU UHtHFWLYLW\ WR D FKDQJH LQ SUHVVXUH $W
REVHUYHG HYHQ ZKHQ GRV'PEDIIWR

8XkXk h?2"K H M/ AbQi?2 K H .2bQ TiBQM

J)LIXUH ODVV VSHFWURPHWHU VLIQDO DQG GHULYDWLYH RI
di=dT YHUVXV WHPB® HAUOWRUMWKHUPDO GHVRUSWLRQ RI Z
JUDSKHQH 1L GRVHG DW . TKHDSSOLHG KHDWLQJ

J .ZDV = .V 2UDQJHVROLG OLQH PDVV VSHFWU
QDO %OXH VROLG OLQH GHULYIDWILYHUR! BBNKXGDU VL
OLQH VSHFXODUVLJQDO

7TKHUPDO GHVRUSWLRQ VSHFWURVFRS\ KDV EHHQ SHUIRUPH
m=z = SHDNRQDPDVVVSHFWURPHWHUDQG VLPXOWDQHRXVO\ |
UHtHFWHG VLIJQD/XR)AZV D W\SLFDO GHVRUSWLRQ PHDVXUHPHQV
DUH WZR GLVWLQFW PDVV VSHFWURPHWHU SHDNV ZLWK PD[LPI
FRLQFLGH ZLWK D UDSLG UHFRYHU\ RI WKH VSHFXODU VLJQDO
WHPSHUDWXUHYVY PXVW VWHP IURP GHVRUSWLRQ IURP RWKHU V|
KROGHU VLQFH QR FKDQJHLQ VSHFXODU VLJQDO LVREVHUYHG

+HDWLQJ UDWhk». T@y2 Eq1i >PHOE, >PHO@

7TDEOH '"HVRUSWLRQ HQHUJLHVY FDOFXODWHG IURP WKH PDJI
ODULQWHQVLW\IURP WKHUPDO GHVRUSWLRQ VSHFWUD
7TKHPHDVXUHPHQW XQFHUWDLQW\LVY EDVHG RQ WKH SHD



+2 $GVRUEHG RQ *UDSKHQH 1L

,Q RUGHU WR HVWLPDWH WKHKH GHVRHCGWHRRHYKHBHNVWLPDWLRQ IUF
EULFKWH® DR WKHSUH H[SREGHQWAWW'O $BBEWRWDIWKHS5HGKHDG
HTXDWLRQWR WKH WHPSHUDWXUHV DW WKH WZR SHDN PD[LPD RI Wk
JUDGLHQW\LHOGV HVWLPDWHVIRUGHVRUSWLRQHQHUJLHV DURXC
VSHFWLYHO\ 7KHH[DFW YDOXHV FDRHEBREXNQGB QB UDESHDN ZRXOG
XQOLNHO\VWHPIURP GHVRUSWLRQ IURPWKHJUDSKHQH VXUIDFH \
DPXFKORZHU GHVRUSWLRQ EDUULHU RI DERXW PH9 ORUH OLNH
RUSWLRQ IURP WKHHGJHDQG IURP WKH FHQWUH RILVODQGV UHVE
VHFRQG GHVRUSWLRQ SHDN

D E
J)LIXUH ,VRWKHUPDO GHVRUSWLRQRIZDWHUIURPJUDSKHQH 1L
DIJHYHUVXV WLPHDW . $IWHU V WKHGRVLQJYDOYHZD

GDVKHG OLQH ([SRQHQWLDO “W WR WKHFRYHUDJH E /RJD
RUSWLRQ UDWH YHUVXV LQYHUVH WHPSHUDWXUHLQDQ $UL
OLQH /LQHDU*“WLQWKHUDQJH J . TKHVORSHLQGLFDYV
EDUULHU RI PHO

JRUWKHLVRWKHUPDO GHVRUSWLRQPHDVXUHPH'FWEDHUH[SRVHG Wk
»2RYHUSUHVVXUHDQGZDLWHG XQWLO WKHV\VWHP ZDVLQHTXLOL
WKH H[SRVXUHDQG PRQLWRUHG WKH VSHFXODU VLJQDO UHFRYHU\
WKH FRUUHVSRQGLQJ VXUIDFH FRYHUDJH DV D IXQFWLRQ RI WLPH
LQ)LJ D WKH VXUIDFH FRYHUDJH “UVW ULVHV GXULQJ H[SRVXUH
HISRQHQWLDOO\ DIWHU H[SRVXUH KDV EHHQ VWRSSHG DIWHU DER
ZH KDYH RQO\ PHDVXUHG WKLY GHVRUSWLRQ UDWH DW . DQG D\
GHVRUSWLRQ ZDV REVHUYHG DQG DW . DVXEVWDQWLDO GURS L
QRWEHREVHUYHG LQ WKH WHFKQLFDOO\DYDLODEOH SUHVVXUH U
UDWH ZKLFKLVLGHQWLFDO WR WKHH[SRQHQWLDO GHFD\UDWH H
DWXUH GHSHQGHQFH DW .DQE&EDWKRZV)RQ $SUUKHQLXV SORW RI W
GHVRUSWLRQUDWH 7KHVORSHRIWKHS$UUKHQLXV ODZFRUUHVSR
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J)LIXUH +HOLXP GLIITUDFWLRQ SDWWHUQV RI ZDWHU DGVRUE
VXUIDFH D :KHQ GRVH&ZDRUPV. DPRUSKRXV LFH RQ W|
JUDSKHQH VXUIDFH DOO GLIITUDFWLRQ VLIJQDO LV ORVW
WKHRULIJLQDOJUDSKHQHGLIIUDFWLRQ SDWWHUQ LV UH
PHDVXUHG DW . VKRZLQJ RQO\ WKH “UVW RUGHU
DQG LWV HTXLYDOHQWYV LQ WKHKH[DJRQDO V\PPHWU\

RIGHVRUSWLRQ RH9 6LQFH WKLV DQDO\VLVY UHOLHV RQ RQO\ W
SRLQWY WKHUHVXOWQHHGV WR EHYLHZHG ZLWK D FULWLFDO
HUJ\zZzDV HVWDEOLVKHG EDVHG RQ WKH XQFHUWDLQWLHV RI WK
DQGLVFHUWDLQO\XQGHUHVWLPDWHG

7KH UHVXOWY IURP ERWK GHVRUSWLRQ VWXGLRH¥DYIUHKLIKHU
YLRXVO\ PHDVXOBR®@ BMKH JUDSKHQH 1L VXUIDFH ZKHUH RQ
GHVRUSWLRQ SHDN ZDW®WR¥MHUYHG7KH\ DUH UDWKHU LQ WKH U
RI WKH UHSRUWHG U6 FNKDWXYUKRRPQWY RQ JUDSRHWH@

PH9 >@ PH9 >@

8Xj) /bQ # i2 ai m+im 2

‘HKDYHSHUIRUPHG KHOLXP GLITUDFWLRQPHDVXUHPHQWY RQW
SOH ZLWK DSSUR[LPDWHO\ 0/ RI ZDWHU DGVRUEHG DW GLIIHUF
VKRZVD FRPSDULVRQEHWZHHQWKHGLIITUDFWLRQ SDWWHUQ RI
DWwW . ZKHUH WKH UDGLDO FRRUGLQDWH FRUUHVSRQGV WR D
SODQH DZD\ IURP VSHFXODU JHRPHWU\ DQG WKH DQJXODU FRF
WKH DJLPXWKDO DQJOH RI WKH VXUIDRH SODRQVWWVUIDNVERK $1W
VRUSWLROR + . WKHGLIITUDFWLRQ VFDQ H[KLELWV QR GLIIUDF
VSHFXODU UHtHFWLRQ ‘HLQWHUSUHW WKLV DV EHLQJ GXH WR
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VROLG ZDWHU $6: DWWKHVXUIDFH $IWHU KHDWLQJWKHVXUIDFH
UHYHDO SHDNVY DW WKH VDPH SRVLWLRQ DV WKH VW RUGHU GLIIU]
VXEVHTXHQW WKHUPDO GHVRUSWLRQ PHDVXUHPHQWY ZH FDQ FR
WLRQ RFFXUV DW WKLV WHPSHUDWXUH 7KHGLIIUDFWLRQ SDWWHU
SHUIHFW 2 R¥HU VWUXFWXUH RUIURP GH ZHWWLQJRIWKHJUDSK
PHOWLQJ ZKLFKZRXOG H[SRVHIUHH JUDSKHQH WR WKH KHOLXP DV
WKH VWUXFWXDE® RFEKHEFK ZRXOG EH WKH RQO\UHDVRQDEOH DVYV
KHUH VKRZV WKDWDVWUXFWXUH \API@EPQ/@LIV\CIG)LRWN\AUS([FMWFK[D@D
QRW EH DVVXPHG ‘HWKXV FRQFOXGH LQDFFRUGDQFH ZLWK WKH \
RIJUDSKHQHDQG JUDSKLWH WKDW GH ZHWWLQJRFFXUV DW . D
TXHQWPRQLWRULQJRIWKHGLIITIUDFWLRQ SHDN GXULQJVORZKHDYV

8X9 /bQ # 12 .vM KB+b

‘HPHDVXUHG LQWHUPHGLDWH VFDWWHULQJIXQFWLRQV IRUD UDQ.
k DWDWHPSHUDWXUHRI .DORQJWKHWZRSULQFLSDOD[HV RIWK
VXUIDEWQI®A ,Q ERWK GLUHFWLRQV PHDVXUHPHQWY KDYH EHHQ S
DPRPHQWXP WUDQVIHU UDQJHSUBRPWWRULKHY RI PHDVXUHPHQWYV Z
REWDLQHG XVLQJD SRZHU VXSSO\WKDW GHOLYHUV D FXUUHQW RI
DFFHVV D )RXULHU WLPHUDQJH IURP W R SV OHDVXUHPHQWYV Z
XQGHU WKHVDPHFRQGLWLRQV ZLWK D GLITHUHQW SRZHU VXSSO\W
DW KLJKHU SUHFLVLRQ DOORZLQJXV WRIRFXVRQVPDOOHU )RXUL
'2WR SV

‘HPRQLWRUHG WKH VSHFXODU VLIQDO EHIRUH HDFK PHDVXUHPHQ
VXUIDFH FRYH2IRGPWKH JUDSKHQH VXUIDFH 7KH VXUIDFH FRYHUD.
WUROOHG WKURXJKRXW WKHPHDVXUHPA2QRW WY BSDHYYWQOH D7KRIQ VW
VSHFXODU DWWHQXDWLRQV DQG FRUUHVSRQGLQJ FDOFXODWHG \
VSLQ HFKR PHDVXUHPHQWY KDYH EHHQ SHUIRUPHGH@UH VKRZQ L(
HUDOO\ REVHUYHG WKH H[LVWHQFH RI WZR HISRQHQWLDO GHFD\V
UDWHV LQ WKH RUGH'UDRIG/BH YORZEB BRQH ZLWK GHFD\UDWHV LQ WK
S\
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7TDEOH SHODWLYH VSHAAOCDQUYCUHRHPWVYSRWGHYJ VXUIDFH FR®
DW ZKHHFKPHDVXUHPHQWY KDYH EHHQ SHUIRUPHG

YLIXUH 1RUPDOL]HG SRODUL]DWLBR®W ¥HUVXVDRWGILHU WLPH
UHFWLRQ %OXWKB)RURVWHY2 RQ WKH JUDSKHQH VXUIDFH
5HGOLQH VLQJOHH[SRQHQWLDO GHFD\“WWHG WRV

2UDQJH FURVVHV 5HVLGXDOV *UH\GDVKHG OLQH ORZI

8X9XR am'7 +2 .BzmbBQM

'H KDYH DQDO\GHEHWKKUHPHQWY E\ 0$7/$% XVLQJ WKH EXLOW
OHDVW VTXDUHV WUXVW UHJLRQ DOJRULWKP “WWLQJD VLQJC(
SDUW R,I6W K H

I(k . t) = lge(k ) expl  (k )t]+ lei(k ),

ZLWKWKHHODVWLFDQG TXDVL HODMWLMSRDD Y LYBWERR DP SO
WLYHO\ DQGDQH[SRQHQWLBQ BB U WRH D PHLDAKKURZR)

LQ)LJ GHSLFWLQJWKHPHDVXUHPHQW SRLQWYV DV FURVVHV W
WKDW UHSUHVHQWY WKH “WWHG P R GIDIDIXH\F DAV DR AHRPWTL P HV W
FHUWDLQ WKUHVKROG KDYH QRW EHHQ WDNHQ LQWR DFFRXQW
RIDVHFRQG UDSLG GHFD\ 7KH WKUHVKROG KDV EHBY GHFLGH
E\DQDO\VLQJWKH GLVWULEXWLRQ RI WKHUHVLGXDOV ,W OLH"

SV
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JLIXUH 4XDVL HODVWLF DQG HODVWLFFIRYSIQIDN K8 BWR | GLITHUH
YHUXXVD DQGF UHODWLYHDQGDEVROXWHHODVWLF SROD
la(k ) DQIG(k ) UHVSHFWLYHO\ E DQG G UHODWLYH DQG DE\
HODVWLF SRODUL]DIWKR® RDBSOLWKEEMFWLYHO\

7KHUHVXOWLQJTXDVL HODVW L FeDkQ)GDHIGDR/ W IUFHY B &6 WML X 8 8 V

DUH UHODWLYH FRQWULEXWLRQV G XH, &R XWXW LSGRUF D &IL\RMWALRNXK F
T(k ,t =0) \LHOGV WKH DEVROXWH DPSOLWXGHV IRRGKIDHH VKRZQ L
HQW VXUIDFH FRYHUDJHVY DQG DORQJ WK WZRVSGHOEEWBG GLUHF
LQ)LI D LWH[KLELWY VKDUS SHDNV DW WKH SRVLWLRQV RIVSHF)
RUGHU GLIIUDFWLRQ IURP JUDSKHQH DV ZHO'O DY WMRIDGHU SHDNV
GLUHFWLRQ'DQQGWK#ELUHFWLRQ /RRNLQJDW WKHDEVROXWH HOD)
LQF OHDGV WR WKHVXVSLFLRQ WKDW LQVWHDG RIVHSDUDWH SHD
DURXKQG LV VHHQ KHUH 7KHUHDVRQ IRUWKHRFFXUUHQFH RI WKL
FXVVHG DJDLQ DW D ODWHU SRLQW LQ WKLV VHFWLRQ

)LJ E VKRg&LW ) ZKLFK H[KLELWYV DV\PPHWULFDO SHDNV WKDW VH
VLWLRQHG RQ WKH HGJHV RI WKH PHQWLRQHG GLITUDFWLRQ SHDN
OLQHDU GHSHQGHQFH RI WKHDPSOLWXGHV RQ WK YXUIDFH FRYH!
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LV KLJKHU WKDQ DW 0/ EXW ORZHU WKDQ DW 0/ FRYHUD
KDYLRXU LV IRkQG TRH DEVROXWH DPSOLWXGH VKRZQLQ G PDN
WKLV VWUDQJHVKDSHVWHPVIURPWKHQRUPDOL]DWLRQRIEUR
“UVW RUGHU GLIITUDFWLRQ LQ WKHUHODWLYHDPSOLWXGH WK
RXWP JLYLQJULVH WR WKLV SHFXOLDU VKDSH 7KHEURDG SHD
FDQEHLQWHUSUHWHG DV Wki2 PRROPHIDXOWR DR IDBISKHR[LPDWHO\
LQ)LJ

7KH H[SRQHQWLDO(G B ENM\MKRZIY LQ )IDJ H[FHSW IRU 0/ WKH
GHFD\UDWHV H[KLELWD VWHHS LQLWLDO ULVH ZKLFKZHH[SHF\
URZLQJ $VGLVFXVVHEZHFOHFWHQWDWLYHO\FDOFXODWH WKH I
UDWi K ) 6LQF& Kk ) FRQWDLQV RQO\LQIRUPDWLRQ DERXW WKH
IXQFWLRQ RI D GLIIXVLQJ PROHFXOH WKLV VLPSOL“HV D FRPS
GLIIXVLRQ PRGHOV FRQVLGHUDE@(k)KRGOREXQDWLHRQ R
JOHFWLQJ HIIHFWV RI VXEVWUDWH GLIITUDEFWLRQ ZKLFK SOD\V
GLIIUDFWLRQ SHDN( )ZENG(KYLBBG VXEVHTXHQWO\ QHHG WR P>
E\ WKH TXDVL HODVW L BMW Y X FWKD¥HH RMRSHULPHQWDO PHD\
PHQW RI WKH SXUH VWUXFWXUH IDFWRU KRZHYHU ZH H[SHF\
GLIITUDFWLRQ IURP VXEVWUDWH RURUGHUHG RYHU VWUXFWXU
LQFRKHUHQW GHFD\UDWHYV DUH D$B YR[ LRV HORW KHK VDR H
IROORZV WKDW L Q IW(KHEHSY(HIL RIRRNLQJ DIDLQ DBV )ZH
REVHUY He{kKDW tDW H[FHSW IRU WKH UHJLRQV DURXQG GLIIUDF
XVHG D FRQVWDQW YDOXH GHULYHG |URPIR(¥H UDR IUG WAOHOHD W |
(k )lge(k ) :HUHIHU WR WKH,W0KYXHOWYHRW | LW LV QRW DQ LQFRKH !
FD\UDWH ,WVWLOO FRQWRLRY [EKRQRW DBXIIORQWHENDGVRUEDV
ZLWKRXW VLIJQL“FDQW VWUXFWXUROKRU GKHK UGY XOWDSSH R G MKK
WREHLQWHUSUHWHG ZLWK FDUH

7KHLQFRKHUHQW,GHFDLMUDKMREZQ LQ )EJ ,W H[KLELWV D VLQXVR
k GHSHQGHQFH WKDW LV FKDUDFWHULVWLE RI MXPS GLIIXVLF

$1LOM GLUHFWLRQ VXJJHVWV D MXPS GLVWDQFH WKDW FRU
WKH JUDSKHQH XQLW FHO® ,ODWKH PHIDV BHIFG\ UDWH LV LQ WK

SM DW . 7KLV WHPSHUDWXUH FRUUHVSRQGY WR D PHDQ N
RUGHURI PH9 $VGLVFXVVHGLQ WKHLQWURGXFWA2RQ WKH D¢
PROHFXOHLQDQLFHFOXVWHULYV SUHGLFWHG W REBKIQOWMKH R U
IRUWKHDGVRUSWLRQ HQHUJ\RI D PROHFXOH RQ WKH JUDSKHQ
GHURI PH9KDYHEHHQFDOFXODWHEBKXMH[SBIEW WR REVHUY H
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YLIXUH ([SRQHQWLDO SHEQVUUDWKHIH DW k. YWHOXXKV
DQG UHG 0/ FRYHUDJH JUHHQ 0/ FRYHUDJH \HOOR?Z

FRYHUDJH D 2EVHUYHG GHFD\UDWHEKHDWWWWM\VDHE (T
DW 0/ FRYHUDJH DIWHU FRUUHFWLRQ DYWHVFULEHG LQ
GDVKHG OLQH XQFRUUHFWHG GHFD\UDWHIRU FRPSDULVR

GLIIXVLRORQUYUDSKHQH UDWKHU WKDQ RQ WKHVXUIDFHRIDQLFH

yLJ VKRZWK ) LQ FRPSDULVRQ WR WKH GHFD\ UDWH RI KRSSLQJ F
RQDO %UDYDLVaODWWILRRIZEMIK GLVWDQFH )LWWLQJ D VXP RI MX
QHDUHVW QH[W QHDUHVW DQG QH[W QH[W QHDUHVW QHLJKERXU\
“W ZLWK D KRSSI!@J UDWH '2SM DQG D UHODWLYH FRQWULEXWLF
Pn = Pnn = D Qpann = IRUQHDUHVW QH[W QHDUHVW LC
QH[W QH[W QHDUHVW QHLJKERXU MXPSV UHVSHFWLYHO\ )RUDQ
MXPSV VHH)LJRUHDFK GLVWDQFH MXPSV WRVL[SRVLWLRQV DUH
FDWHG E\WKH FRORXUHG GRWV $0OVR VLJQL“FQ®MSIHQWEKIDPRFFXUU
R I VAW '3sV 'HLQWHUSUHW WKLV DV DPRWLRQRIWKH PR
WKH] GLUHFWLRQVLQFH WKH IS DWIDOLOKE ¥R S\RCHHNVBMRKODU UHtHF
FRQGLWLRQ +RZHYHU LW KDV WREHNHSWLQPLQG WKDW WKH FF
DSSOLHG WR WKHH[SRQHQWLDO GHFD\UDWHV LVQRW YDOLGLQ Ul
GLIIUDFWLRQ SHDNV #! BQBW W i1t

‘"HDVVXPH WKDW KRSSLQJRFFXUV EHWZHHQ KROORZDGVRUSWLRQ
VXUIDFH +RZHYHU WRFRBMPHOO (EWILEGWHRULGDDEVRUS

WLRQ VLWHVDUHDOVRLPSRUWDQWRSWLRQVWRFRQVLGHU VLQFH
WXUH /RRNLQJDW WKW RBG WRRADBWHL RUKKWMLWHY DUHLQ JHQHUDO QR\
DWHEHFDXVHRIWKH1L VXUIDFH WKDW OLHV EHORZ WKH JUDSK
LQVWHDG WKH JHRPHWU\ FDQ EH GHVFULEHG E\ WZR KH[DJRQDO %!
IHUHQW DGVRUSWLRQ HQHUJLHV $JHQHUDOL]J]HG MXPS GLIIXVLRQ
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YLIXUH &RUUHFWHG H[SRQHQWRDAUGBSRMQBVDMRI + YHUV X\

k %OXHDQGUHG 0/FRYHUDJH JUHHQ 0/ FRYHU

0/ FRYHUDJH D %ODRNRNRO®WG DLWK SRVVLEOH MXP S

WKHWKUHH FORVHVW VLW H&( PRGIHQ BIDVKM & DIDWR R Q

QHLJKERXULQJ VLWHV E &RPSDULVRQ RI GHFD\ UDWH
FRYHUDJHV

DGVRUSWLRQ VLWHV KDVEHHQ HVWDEO 1@ KH& R XTXGROQKHD[P H
SHFWD VPDOO QRQ GHJHQHUDF\EHWZHHQ WKH VLWHV VLQFH K
WKH SXUH 1L OD\HUVKRZ DOPRVW ®HUQIGRAM GHK € HYDHFE W W
DGGLWLRQDOKLJKO\V\PPHWULFJUDSKHQHOD\HU QRW WR LQF!
WU\ EHWZHHQ VLWHV )RU WKH GHJHQHUDWH FDVH WKH REVHU
WZR ODUJHU DO B QU MAWL R Q W KIDMQ ®IORHFIWLRI )RU QRQ GHJIHQ
VLWHV DVHFRQG IDVWHU GHFD\DSSHDUV ZLWKDQDPSOLWXC
#1 DQG WKHQ ULVHV VWHHSO\ VHMH )LHVGR RA® REVHUYH VXF
DFRQWULEXWLRQ KRZHYHU WKHH[LVWHQFHRIVXUIDFEH SKRQF
VLRQPDNHD MXGJHP%QWMIRIU'EGMKP SV EHDU D VLPL@MRSIHRPHW
MXPSV %\WKHVDPH UHDVRQLQJ ZHGR QRW H[SHFW WKLV WR E
FDVH RI YHU\ VPDOO QRQ GHJHQH U DK LG FFRAH. & B FLDA WIDIVQ H “IFQ
KLIJKHU +RZHYHU IXUWKHULQYHVWLJDWLRQ DUH QHHGHG WR
REVHUYHG SURFHVV FRUUHV SR QROWRIVXVSY EHWZHHQ

+H6PHDVXUHPHQWY DW GLIITHUHQW WHPSHUDWXUHY UHYHDOH
GHSHQGHQEFH)RNHH )LJ 7R HQVXUH D FRQVWDQW VXUIDFH FI

0/ DW DOO WHPSHUDWXUHY DQ RYHU SUHVVXUH ZDV DSSOL
ZKLFK FRUUHVSR8QGHG/WRFXODU UHtHFWHG VLJQDO 7KH REVH
WLRQ HQHUJ\ ZKLFK LV JLYHQ E\ WKH VORSH RI WKH ORJDULW
WXUH VHHPV WR GLIIHU EHWZHHQ W K HkW ZDRAWP RPLHFXWP XD WXIIDH) V
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JLIXUH ,OOXVWUDWLRQRIQHDUHVW Q QH[W QHDUHVW QQ D¢
ERXU MXPSV EMRZ®IEY RUSWLRQ VLWHV RQ WKH JUDSKHQH
ODWWLFH

PHQWY KDYH EHHQ SHUIRUPHG 7KLV PLJKW EH OLQNHG WR D FKDQ
WULEXWLRQV RI HODVWLF DQG TXDVL HODVWLFRBRPEOLWXGHV ZKL
WKH GH *HQQHVY QDUURZLQJ GLVFXVVHG DERYH ,W KDV WR EH QR
Rlijn(k) DVDSSOLHG EHIRUHRYHU D PRPHQWXP WUDQVIHU UDQJH
SOLHG KHUH DV PHDVXUHBRQWW\DB/RMZRW FRQWDLQ VXI“FLHQW V)
LQIRUPDWLRQ ,QWKHODFNRIPHDQVIRUIXUWKHULQYHVWLJDWLR
Ea= PHODVDQDSSUR[LPDWLYHUHVXOWIRUWKHDFWLYDWLRCQC
VLRQ ,QWKHFDVHRIWKHH[SHFW H GKNR>XOROERGN. HI'X WL R QVEIHRYZIHVHDQV L R
HQHUJ\ZRXOG FRUUHVSRQG WR WKH SRWHQW KRO® @BRHA3 I\ GLITHUHC
DEULGDEVRUSWLRQ VLWH ZKLFK ZRXO0OG QHHG WR EH RYHUFRPH G
YDOXHLV TXLWHKLIJKLQ FRPSDULVRQWR ZKDW LV H[SHFWHG IURP"
FXVVHG LQ WKHLQWURGXFWLRQ RI WKLY FKDSWHU DGVRUSWLRQ |
LQ WKH UDQJH RI PH9 VHHKHOEDOFXODWHG GLIITHUHQFHYV RI DGV
HQHUJLHYV EKRC@RXEULGIIHWHY DUHLQ PRVW VWXGLHV LQ WKH RUG
IHZ PH9 H J PH® > PH9>@ PH9 @

8X9Xk am’ 7 +2 S?QMQM .2+ v M/ Qi iBQM H .BzmbBQM

‘HKDYHUHSHDMREDMXIHUHPHQWY DW 0/ VXUIDFH FRYHUDJH DW
DW . ZLWK WKH XVHRID GLITHUHQW SRZHU VXSSO\IRU WKH SUHF
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YLIXUH SUUKHQLXV) YRIRWXM LQYHUVH VXUIDFH WHPSHUDW X
+2 RQ JUDSKHIQEHE DW ! DQ®& = 1 7KH VWUDLJKW
VROLG OLQHV LQGLFDWH “WV WRDQ $UUKHQLXV W\SHP

OLYHUVD ORZHU FXUUHQW DW D KLJKHU SUHFLVLRQ ZKLFK HQEC
RI)RXULHU WLPHV WRP SV ,Q WKLVWLPHUDQJH WKHIDVW GHF
LIDWLRQLVZHOO UHVROYHG

‘HKDYH FDOFX®DWRE BDFRHDVXUHPHQW DW GLITHUHQW RII VS
JOH¥\)RXULHUWUDQVIRUPDWLRQ 7KLVFDQEMXDBE®R FUHD)
DQG DORQBLQFH6PHDVXUHPHQWY KDG EHHQ XQGHUWDNHQ X\
QHQWLDO VSDFLQJ EHWZHHQ WKH )RXULHU W|L@PBWBRWWR LQV
JRXULHU WUDQVIRUPDWLRQ ZDV QHFHVVDU\ 7KLV SURFHGXUH
QRQ SK\VLFDO DUWHIDFWV :H YDULHG WKH VDPSOLQJUDWH R
WKHSRVVLEOHDSSHDUDQFHRIVXFKDUWHIDFWY EXW QRQH ZH
UDQJH WKDW ZH DUH LQWHUHVWHG LQ 7KH “QDO UHWXOWV ZHU
OLQHDUO\VSDFHG TXHU\SRLQWYV )XUWKHUPR@H IVHOWHBZLQG
IRUWKH)RXULHU WUDQVIRUPDWLRQ ZKLFK ZDNDNDW)RIXHUGE RM W E
WUDQVIRUPOJRULWKP

)L J VKRZVSYKH ) PDS WKDW ZDV H{IWUDFWHG IURP WKH PHDV X
5D\OHLJK PRGHDQG WKH ORQJLWXGLQDO UHVRQDQFH ZKLFK Z
RQWKHEDUHJUDSKHQHVXUIDFHDUHFOHDUO\YLVLEOH 5RXJK
DUH VKRZQ LQ )EJIRU WKH 5D\OHLJK PRGH \HOORZ GDVKHG OL
ORQJLWXGLQDO UHVRQDQFH JUH\GRWWHG OLQH

7KHLQHODVWLF SHDNER I RSB B RRIBMDIYK HPLQ WKH IRUP RI
RVFLOODWLRQV RIH[SRQHQWLDOO\ GHFD\+ &J OPKSIOH[WRGH ZL W
QHQWLDO GHFD\UDWH LV OLQNHG WR WKH SK\WLFDO GHFD\UDW
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)LIXUH &RORXE SPDRWNV RI10/ 22 RQ *5 DW . DIKRIQ G

'M +HLJKWV DQG FRORXUV DUHVFDOHG ORJDULWKPLFDOO
VPRRWKLQJKDVEHHQDSSOLHGIRUD EHWWHU HOXFLGDWL
WR HPSKDVL]H WKH H[LVWHQFH RI WKH VSHFXODU UHtHFW!|I
SKRQRQ EUDQFKHY E 7KHVDPH SORWLQ '"YLHZ 7KH EUL.
OLQH FRUUHVSRQGY WR HODVWLF VFDWWHULQJ <HOORZG
RIWKHJUDSKHQH 1L 5D\OHLJK PRGH *UH\GRWWHG OLC
RIWKHLFH5D\OHLJK PRGH

EXWGHSHQGV RQ WKHVORSHRIWKHSKRQRQ GLVSHUVLRQ OLQH Ul
WKH PHDVXUHPHQW LSOWRH 7KLV ZRXOG WKHRUHWLFDOO\DOORZ
DQRRVFLOODWLQIJWHUPLQWKHPRGHOIXQFWLRQIRUWKH“WWLQJS
RVFLOODWLRQIUHTXHQF\DQGWKHIDFWWKDWFRQWULEXWLRQV IU
RFFXU PDNHV WKLY SURFHVV WRR XQVWDEOH WR EH VXFFHVVIXO
REVHUYHG WKH FRH[LVWHQFH RIDIDVW H[SRQHQWLDO GHFD\ DQG
IURP WKH VXUIDFH SKRQRQV ‘HKDYH QRW VXFFHHGHG LQ VHSDUD
DQDSSUR[LPDWLYHDSSURDFK WXUQHG RXW WR ZRUN ZKLFKLQFO
WZR H[SRQHQWLDO GHFD\VWRJHWKHU ZLWK D FRQVWDQW WHUP DV

I(k ,t) = lra(k ) expl fa(k )t]+ lge(k ) expl qe(k )t]+ lei(k ),

ZKHUW4k ) DQIG(k ) DUH WKHDPSOLWXGHV RIWKHIDVWDQGRIWKHVO
GHFD\ UHVSHEWLYWHKH HODVWLF,OPSIOLWKBIBHFD\ UDWH RI WKH
IDVW H[SRQHQW L Dy( 16 HEY) WIKHGG HF D\ UDWH RI1 WKH VORZ TXDVL HO|
SRQHQW ZKLFK VWHPV IURP WKH MXPS GLIIXVLRQ WKDW ZH KDYH D
ORQJ)RXULHU WLPH PHDVXUHPHQWYVY ,Q WKLV DSSURDFK WKH “U\
QHQWLDO IXQFWLRQ QHHGVY WR EH VHHQ DVDQ DSSUR[LPDWLRQ WK
QDWXUH RIWKH IDVW ®HFRR2YDQ H[HFP)ROWKH FOHDQ JUDSKHQH
VXUIDFHLQ FRPSDUL¥RQ ZLWKsRRYHUDJH DW WKH KBPH
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JLIXUH ([DPS@®WVIRW2+FRYHUHG DQG FOHDQ JUDSKHQH D
L]JHG SRODUL]DWLRQ YHW VXV )R X KHOUOWREZAPHP V\PEROV
&OHDQJUDSKHQHDW . %OXHP PDQG GLDRRQG V\PEF
RQ JUDSKHQHDW . E QRUPDOL]JHG SRODUL]DWLRQ Y
IRU 02 RQ JUDSKHQH DXW . 1 /LQHV VKRZ “W

SDUDPHWHUV IURP “WWHQORZ GDVKHG OLQH HODVWLF
WLRQ JUHHQ GRWWHG OLQH 60ORZ GHFD\ SOXV HODVYV
VROLG OLQH (QWLUH “WWHG IXQFWLRQ LQFOXGLQJID

,6)RI WKHFOHDQ JUDSKHQH VXUIDFHGHFD\VUDSLGO\WR D ORZ
WR VXUIDFH SKRQR @ VV KIRZ VDRI 0/ #2 FRYHUDJH DW D VLPLOL
k WRJHWKHU ZLWK WKH UHVXOWMMURR PWRUWWD QW WR QRWLFI
WLPHVFDOHLY SORWWHG ORJDULWKPLFDOO\LQ ERWK “JXUHV
ZKLFK DUH VHSDUDWHG E\WZR RUGHUV RI PDJQLWXGH LQ WHUP
DOVR WKH UHDVRQ ZK\ DQ H[SRQHQWLDO )RXULHU WLPH VSDFL
VXUHPHQWY LQ RUGHU WR EH DEOH WR PHDVXUH RYHU D YHU\ C
KLJK UHVROXWLRQ LQ WLPH EXW VWLOO DW UHDVRQDEOH GDW
FRPSRQHQWV RIDV D UHVXOW RI WKH “WWLQJDUH VKRZQ VHSDL
7KH RVFLOODWLRQV DUH FOHDUO\ YLVLEOH ZLWKD VHHPLQJO\
ORJDULWKPLF WLPH VFDOH

7TKHIDVW GHRERKkUDWNKRZQ LQ )LIW ERWK WHPSHUDWXUHV DQG
FU\WWWDO GLUHFWLRQV LW H[KLELWV D VW HAKHUH B/ GR YW L@ AW
NLQN LV YLVLEOH ®SWRUWRUVLQXVRLGDO VKDSHIROORZV $F
S(k ,E) )LJ VKRZV WKDW LW LV DW WKH PRPHQWXP WUDQVIH
IRXQG WKDW WKH JUDSKHQH 5D\OHLJK PRGH UHDFKHV DQ HQH
DWLRQVLGH JLYHQE\WKHHQHUJ\RIWKHLQFRPLQJKHOLXPDW
WLPH VSDFLQJ RI WKHPHDVXUHPHQW ZKLFK GHWHUPLQHYV WKF
HUJ\E\ WKH )RXULHUUHODWLRQ EHWZHHQ WLPHDQG HQHUJ\ VS



+2 $GVRUEHG RQ *UDSKHQH 1L

J)LIXUH )DVW GHEBYBRDWHO/ 22 RQ JUDSKHQHKY HI®XW
DQGJUHHQ WHPSHUDWXUH . \HOORZ WHPSHUDWXUH

yLJ D VKRZV WKH UHODWL(¥H BPRBHNRGEW GHFD\ ,W ULVHV VWH
XS WR DERXW ZKHUH LW GURSV XS WR DERXWHUSUHW WKLV DV WKF
FRQWULEXWLRQ IURP WKH VXUIDFH SKRQRQV{HKWK}MRWDPH UHDVRC
k DERYH'!fWKHDPSOLWXGHULVHVDJDLQDQG GURSV VKDUSO\DW
“UVW RUGHU GLITUDFWLRQ SHDN :H WHQWDWLYHO\DWWULEXWH W
IURP URWDWLRQDO Gyl2 IPKRIQREXFIHVKHRU XQL D[LDO URWDWLRQDO
WKH VXUIDFH SODQH MKN UQFR® H@ HQW

3
inc,rot( Kk ,t) = j|2( K R) eXp[! IZDRt],
1=0

ZKHYHY WKH F\AOLQGULFDO %HVVHO IKREFWKRQRIGWKHY RU VW WD QE R
DQDr LV D URWDWLRQDO GLDRXME R QFRHSMIDEIHDYW EXW WKH UHOD\
FRQWULEXWLRQV RI WKH %HVVHO IXQFWLRQ®V )@RVKEH VXPPDWLRQ
KDYHFKRVHQ WKH GLVWDQFH RI WK H, R \FSRIGRH FXQOIHWRR Y/ W § RHK@IW-U H
RIPDRY¥ + 7KLVZRXOGEHH[DFWO\FRUUHFW IRUWKHFDVHRIQH
EXWFDQRQO\VHUYHDVDQDSSUR[LPDWLRQ KHUH VLQFHWKHKHOI
YDOHQFHHOHFWURQFORXG RI WKH B0 RFDIRHL : 7:K HLDRFFS O LW X G H V
(T DUHDOVR SORWWEG LORRIWKH SORWV LW FDQ EH VHHQ WKDYV
“UVW IRXUWHUPV LQ WKH VXP P DW URQ FR @\ D WEZHMHIHOWWKGG \L QJ  )F
WKH FDVH RI LVRWURSLF UDWKHU WKDW XQL D[LDWIBR@GWLRQ D O
EXW ZLWK VSKHULFDO %HVVHO IXQFWLRQ V@K . K D IQHPKWMR D JUH H
F\OLQGULFDO RQHV VHH JUH\ GDVKHG RIQHARQWULEXWLRQ RI
LVRWURSLF URWDWLRQV +HUH ZHPDGH WKH FRPSDULVRQ EHW?



$GVRUEDWH '\QDPLFV

D E
J)LIXUH )DVW GHFD\ DPSOLYXREHIRID SKO/QGHKY HJO XM DQG
JUHHQ WHPSHUDWXUH . \HOORZ WHPSHUDWXUH

WXIEHk ) E DEVROXWH RPISP LBROGIE OLQHY H[SHFWHG I
WULEXWLRQV IURP URWDWLRQDO GLIIXVLRQ DV H[SOD
OLQH SXUSOH®HOLEOXH 0£QHEDUN UHIG=0LQUHH\

GDVKHG OLQH “UVW RUGHUVSKHULFDO %HVVHO IXQFW

DQG WHIHD DBHFMH DPSOLWXGH 7KLV KDV WR EH YLHZHG ZLWK VX
WLYHFRQWULEXWLRQVIURPWKHVORZH[SRQHQWLDO GHED\ DQ
LQWHUIHUH +RZKYHDQUE WKHQWHUHV'W WKH REVHUYHG VORZ
GHFD\DPSOLWXGH DQG WKH HODVWLF DPSIOLWIXIGH BUH UDWKH
VKRZV WKH DEVROXWH DPSOLWXGH RI WKH IDVW GHFD\ ,W LV Y
HODVWLFDQG WKHVORZGHFD\DPSOLWXGHV EXW WKHIRUP IDF
URWDWLRQDO GLIIXVLRQ LPSRVVLEOH $ VWUDLJKWIRUZDUG S
WDWLRQDO GLIIXVLRQ ZRXWRB WHWRHBWXUKGY LGHD VKRXOG EF
WHVWHG DV D QH[W VWHS LQ IXWXUH UHVHDUFK

5RWDWLRQDO GLIIXVLRQDOVRJLYHVULVHWRDQ HODVWLF FR
WKH WHUPRI (T

lelrot (K )= Jg( k R).

)LJ VKRZV WKH MXIP )RDQKg(k ) TURP WKH PHDVXUHPHQWYV DW
JRXULHU WLPHV WRJIJHWKHU ZLWXFIRESRWDRNI(DQJ DQ RIIVHW RI

SUR[LPDWHO\ PDWFK WKH GDWD UHODWLYH WR WKH VKRUW WL
VORZ GHFD\QHHGV DOVR WR EHWUHDWHG DVHODVWLF :KLOH
GDWD LWPD\VHUYHDVDQH[SODQDWLRQRIWKHREAMKHWYHG EUI
LQWHUSUHWDWLRQPLJKWDW “UVW VHHP FRQWUDGLFWRU\WR'V



+2 $GVRUEHG RQ *UDSKHQH 1L

J)LIXUH 6XP RI VORZ TXDVL HRDWVWWDR ® HSOMWKGEFHDPSOLWXGH
lei(k ) YHUWXV %OXH DQG UHG 0/ FRYHUDJH JUHHQ (
FRYHUDJH \HOORZ 0/ FRYHUDJH *UH\DQG\HOORZOLQ
GHU %HVVHGQAXQRWALIRMK DQ DUELWUDU\DPSOLWXGH SOXV |
R WR PDWFK WKH H[SHULPHQWDO GDWD

LQWKHEHQ]HQH JUDSKHQH GDWD BAVEZVDHY WXKOKD YLQFH WKH E
JHQH PROHFXOH H[KLELWVEHDQK®G ORADDW]IHR® YV PLIKW QRW EH YLVLE
KHOLXP DWRR2 PRODHFXOH RQ WKH RWKHU KDQG H[KLELWV D VLJC
PRPHQWDQGD VFDWWHUHG KHOLXP DWRP ZRXOG WKXV EH VHQVLW

8X8 *QM+HmMbBQMb

‘HKDYHVWXGLHG WKHDGVRUSWLRQ VWUXFWXURDETBG G\QDPLFV R
VRUEHG RQDJUDSKHQH 1L VXUIDFH

6SHFXOBWHtHFWLRQ PHDVXUHPHQW YV RI2WRKHVDIGH RWIBSWKLHRMHR | +
VXUIDFH UHYHDOHG DQ LQLWLDO DGVRUSWLRQ ZLWK ORZ LQWHUD
DOORZHG XVWR GHWHUPLQHD KHOLXP VFDWWHULQJFURVV VHFWLI
= £ 1IRIRUPDWLRQ@RRMEROD\HU ZDV REVHUYHG LQGLFDWLC
WKH2+GRHYV QRW ZHW WKH JUDSKHQH VXUIDFH ,QVWHDG D GHFUH
KHOLXP VFDWWHULQJ FURVV VHFWLRQ ZDV REVHUYHG DW KLJK VXE
GLFDWLQJWKHIRUPDWLRQRILVODQGYV

,VRWKHUPDO GHVRUSWLRQ PHDVXUHPHQWYV RIVXE PRQROD\HU FR"
QHQWLDOO\GHFD\LQJ VXUIDFHFRYHUDJH 7KHLQLWLDO GHVRUSW
WHPSHUDWXUH GHSHQGHQFH ZLWK DQ DFWLYDWLRP@SHQHUJI\RI GH\
76 PHDVXUHPHQWY UHYHDOHG WKH H[LVWHQFH RIWZR GHVRUSWLF



&RQFOXVLRQV

GHSHQGHQFH RIGHVRUSWLRQ WHPSHUDWXUH ZLWK KHDWLQJ L
\LHOGV DFWLYDWLRQ HQHUJLHV RI GHVRUSWLRQ RI DERXW |
WZR GHVRUSWLRQ SHDNV :H WHQWDWLYHO\DWWULEXWH WKH
DQG WKH VXUIDFHRIDQLVODQG

‘HKDYH SHUIRUPHG KHOLXP GLITUDFWLRQ PHDNXOMPHQWY RIDI

DQG DW .$wW . QR GLIIUDFWLRQ ZDV REVHUYHG DQG WKH
SHDN ZDV FRPSOHWHO\ VXSSUHVVHG ‘HDWWULEXWH WKLV WR
LFH $W . DUHFRYHU\ RI WKH JUDSKHQH GLIIUDFWLRQ SHDN

DGGLWLRQDO GLIIUDFWLRQ 7KLV KDV EHHQ LQWHUSUHWHG D!
VXUIDFH XSRQ KHDWLQJ UHVXOWLQJLQLVODQGIRUPDWLRQ

+H6(PHDVXUHPHQWYV DW . LQ WKH FRYHUDJH UDQJH J 0
HILVWHQFH RI D VORZ DFWLYDWHG GLIIXVLRQ ZLWK DQ DFWL
E. = PH9 $SSO\LQJ D WHQWDWLYH FDOFXQ®OMEIHRQ RI WK
FD\ UDWH UHYHDOHG MXPS GLIIXVLRQ EHWZHHQ KROORZ DGVR
IRXQG D KRSSLQ'J>=UDWH '2SM DQG D UHODWLYH FRQWULEX
Pn = Pnn = D Qann = IRUQHDUHVW QH[W QHDUHYV

QH[W QH[W QHDUHVW QHLJKERXU MXPSV UHVSHFWLYHO\

$W VKRUW )RXULHU WLPHV DIDVW GHFD\ ZDV REVHUYHG ZKLFI
XQL D[LDOURWDWLRQRPBCGHFXVHR®QRIWKH JIJUDSKHQH VXUIDFH
RVFLOODWLRQV DUH YLVLEOH ZKLFK VWHP IURP WKH 5D\OHLJK
ORQIJLWXGLQDO UHVRQDQFH RIWKHJUDSKHQH VXUIDFH






e h?2aim+im 2 Q7 .2mi2 12/ "2Mx
IbQ #2/ QM i?2 :" T?Bi2 UyyyRV '
SH M2

eXR AMi"Q/m+iBQM

7KH SXUSRVH RI WKLV FKDSWHU LV WR GLVFXVV WKH VWUXFW XL
JUDSKLWH SODQH DW FRYHUDJHY EHORZ DQG DERYH WKH PRQR
DUH VWXGLHG LQ WKLY FKDSWHU WKH LPSOLFDWLRQV RI WKH
GLIIXVLRQDUHTXLWHLPSRUWDQW ,QWKHAHRQORINIHF &D B A}
VXUIDFH GLIIXVLRQRIEHQ]JHQHRQ WKHJUDSKHQH 1L OD\HL

TKHQHXWURQGDWD RQZKLFKWKLVY FKDSWHULVEDVHG KDYHE
ODQG $ 3 -DUGLQHDQG 3 )RXTXHW VRPH\HDUV DJR 7KH\ KDYt
GRFWRUDOWKHVLVRI+ +HGIJHODQGWRJIHWKHUZLWKDEDVLFYV
GDWD® 7KLV FKDSWHULVEDVHGRQ WKHVDPHGDWD EXW P\D
WXUDO GLVFXVVLRQWRDVLIQL“FDQWO\PRUHGHWDLOHG OHY'}
XQGLVFRYHUHG :HKDYHDOVR SXEOLVKHG WKH Z@UN RI WKLV F

7KH VWUXFWXUH RI DGVRUEHG EHQ]J]HQH KDV EHHQ VWXGLHG IR
FRQWLQXHVWREHRIDFWLEH )QRVAHL HVQNMGDPHQWDO SRLQW RIY
JHQHLVRIJUHDW LPSRUWDQFHDV LW UHSUHVHQWY WKH VPDOC
KHI[DJRQDO FDUERQ V\VWHP DQG LQ VSLWH RILWYV KLJK V\PPHW
VWUXFWXUHV DQG G\QDPLFYV > @

$ GHWDLOHG XQGHUVWDQGLQJRIEHQ]JHQH SK\WLVRUSWLRQ LV
RSPHQW DQG LPSURYHPHQW RI “OWHULQJ VAIVWHPV %HQ]HQH
FLQRJHQLFDURPDWLFFDUERK\GUDWH WKDW RFFXUV QDWXUDO
DQG LWV VDIH UHPRYDO LV WKXV RI JUHDW FRQ R} U)Q OPW SN W U F
EHQ]JHQH RQ FDUERQ VXUIDFHV KDV EHHQ FRQVLGHUHG DV DQ



7TKH6WUXFWXUHRI'HXWHUDWHG %HQ]JHQH $GVRUEHGRQ WKH*UD

VWXG\LQJ HOHPHQWDU\ G\QDPLF SURFHVVHVDQG IULFWLRQ LQ YLI
QDQRPHWUH VL]H PRWRUL]DWIGRQ V\VWHPYV >

7TKHVWUXFWXUH RI EXON FU\VWDOOLQHEHQ]J]HQH KDV EHHQ VWXGL
> @ 7KHEHQ]JHQHMV PXOWLSROHPRPHQWY FDXVH D SHUSFH
RULHQWDWLRQ RI DGMDFHQW PROHFXOHV WKH VI\PPHWU\ RI WKH
FKDUJHDQG GLSROHPRPHQW S5HFHQWO\ WKHVWUXFWXUHRIOLT:
LQYHVWLIJDWHG @Q GHWDLO >

7TKHVXE PRQROD\HUVWUXFWXUHRIEHQ]JHQHDGVRUEHGRQJUDSKL
RIPXFKGHEDWH KLOVWRRKOYKRUY XYQRWLF UHBVRQD@FH 105
DQ&(16PHDVXUHPHQ@WVYX*JJHVWHG WKDW WKHPROHFXOHV VWRRG X
JUDSKLWH VXUIDFH QHXWURQ GLIITUDFWLRQ VWXGLHYV VXJIJHVWHC
FRPPHQVXpUﬁIeV?HS rPRQROD\HU VWUFWXUBHDW DGVRUSWLRQ JH
RPHWU\ ZDV FRQ“UPHG VHYHORZ \HOHVIO BPIWHBWURQ GLIITUDFWLRQ
> @ ; UD\GLIITUDBWLR® P10 BWKHHDWV XUHPHQWV@ 7KHVH
KHWHURJHQRXVY UHVXOWY ZHUH DOVR UHtHFWHG LQ WKH WKHRUH
JUDSKLWKH' MIURMWODWLRQV SURGXFHG D VWUXFWXUH WKDW FRQVL\
LQJ PROHFXOHV EXW FRQWDLQHG DOVR D QRQ QHJOLJLEOH IUDF\
> @

$ UHFHQW *UDQG &DQRQLFDO ORQWH &DUOR *&0& VLPXODWLRQLQ

SURGXFHG D PRQROD\HU FRQVLVWLQJ RI PRV@& O\WOW O\LQJ PF
ZRUWK QRWLQJWKDW LQ WKH ODWWHU SXEOLFDWLRQ WKHLPSRUW
LQWHUDFWLRQLQ WKHFDOFXODWLRQLV GLVFXVVHG 7KLV LV WRE
QDWLQJ VWUXFWXUH RIWKH EHQ]JHQH FU\WWDO WKDW LV PDLQO\ G
LQWHUDFW@RQ@KHK H[LVWHQFH RI D VHFRQG VXUIDFH OD\HU KDV EH
VHYHUDO RFFDVLRQV :KLOVW WR RXUNQRZOHGJH QR H[SHULPH
VWXG\ LW VHYHUDO VLPXODWLRQV RQ WKLV TXHVWLRQ KDYH EHHC

@ 7KHUHVXOWY GLIIHU EXW VXJJHVW LQ WKHLU PDMRULW\
GHUHG OLTXLG OLNH VHFRQG@ODLMWO®O\ WKHUH KDYH EHHQ VWU>
VWXGLHV XCH@WILDV\ | XQFW LR Q DB WKRIRFKD>)7KH ODWWHU GR QRW
FRQVLGHU KRZHYHU ODWHUDO LQWHUDFWLRQV

+HUH ZH UHSRUWRQ QHXWURQ GLIITUDFWLRQ PHDVXUHPHQWY RQ I
&'s DGVRUEHG RQ WKHEDVDO SODQH VXUIDFH RIH[IROLDWHG J
VXUHPHQWY FRYHU IRUWKH“UVWWLPHUHODWLYHVXUIDFHFRYHU!



([SHULPHQWDO

LQD FRKHUHQW H[SHULPHQW 7KLV UHSUHVHQWV D IXOO RYHU
ODWHG PROHFXOHV WR D GHQVHGRXEOH OD\HU 2XUGDWDLQG
GLPHQVLRQDO OLTXLGDWFRYHUDJHV RIPRUHWKDQ 0/ 7KH VW
ORZWHPSHUDWXUHDFURVV WKHPHOWLQJWUDQVLWLRQ XS WR

7KLVFKDSWHULVRUJDQLVHGDVIROORZV $IWHU WKLV JHQHUD
VDPSOH SUHSDUDWLRQ SURFHGXUH DQG WKH LQVWUXPHQW SELC
VXUHPHQWY ,Q WKHVXEVHTXHQW VHFWLRQ ZH SUHVHQW WKH
DQDO\VLV ‘H*“QLVKWKHFKDSWHU ZLWK D GLVFXVVLRQ RI WKH |
DQG IXWXUH UHVHDUFK

eXk 1tT2 ' BK2Mi H

eXkXR a KTH2 S 2T " iBQM

$VH[SODLQHG LQ WKHLQWURGXFWLRQ WKHVDPSOH SUHSDUD\
FHGXUH KDYH QRW EHHQ XQGHUWDNHQ E\ PH EXW E\ + +HGJHC
3 )RXTXHW )RU FRPSOHWHQHVV , ZLOO QHYHUWKHOHVV LQFC
VXE VHFWLRQ

1HXWURQDQG [ UD\GLIIUDFWLRQ H[SHULPHQWV RI K\GURFDUE
JUDSKLWH UHTXLUH WKH XVH RI KLJK VXUIDFH GHQVLW\ VXEVV
IDFHVLJQDO +HUH FKHPLFDOO\H[IROLDWHG JUDSKLWH KDV E
XVHG KLJK VXUIDFHGHQVLW\PDWHULDO WKDW W\SLFDOO\ KDV
P2J1DQG UHWDLQV D VXI“FLHQWO\ORZ@H|BMVGEGHWVR®\H[IR
OLDWHG JUDSKLWH VDPSOHV VKRZ D SUHIHUHQWLDO RULHQWD
7KLV ZDV H[SORLWHG E\RULHQWLQJ WKH EDVDO SODQHV SDUD
WKH QHXWURQV JRI 3DS\H[ H[IROLDWHG JUDSKLWH RI JUDGH
ERQH/RUUDLQH *HQQHYLOOLHUV )UDQFH ZDV SUHSDUHGLQW
GLVNVRI FPGLDPHWHU WKDW ZHUH KHDWHG WR . XQGHU YDF
VHTXHQWO\WUDQVIHUUHG WR D F\OLQGULFDO DOXPLQLXP VDP
PRVSKHUH 7KHVDPSOHKROGHU ZDV VHDOHG E\D OLG ZLWK D\
QHFWHG WR DJDV VRUSWLRQ VI\VWHP YLD D KHDWHG VWHHO FD
WKHVDPSOH ZDV P VEWAXHGY DXHU (PPHWWQIAMARHY QUM(GVRUS
WLRQ LVRWKHUPV WKDW ZHUH REWDLQHG XVLQJ D KLJK SUHFL\
%DUDWURQ $ 0.6 ,QVWUXPHQWYV $ VSHBI"EDWKLRROB DUHD



7TKH6WUXFWXUHRI'HXWHUDWHG %HQ]JHQH $GVRUEHGRQ WKH*UD

)XOO\ GHXWHUDWHG EHQ]HQH ' &($6DFOD\ ZDV XVHG LQ WKLV
KDQFH FRKHUHQW VFDWWHULQJ +HUH WKHWGKTHMIGYEN WKHDFH F |
UDWLR RI WKH PROHF)%Q P UGHX\LWK H Gﬁm})ﬁws\ R IMMWKUHK F

WX U = $2 > @ = =y, 7TKHGHQVEDY JLYHQ E\WKH FKDQJH

LQ SUHVVXUH RIWKHEHQ]JHQH GXULQJDGVRUSWLRQ H[SORLWLQJ
RIEHQ]JHQH DW URRP WHPSHUDWXUH DQG E\WKH NQRZQ VXUIDFH D

eXkXk .Bz +iBQM J2 bm 2K2Mi

1IHXWURQ GLIIUDFWLRQ PHDVXUHPHQWY ZHUH FDUULHG RXW XVLQJ
GLIIUDFWRPHWHWHHDAMF XVLQJD ZDYHOHQJWK R@

'DWD ZHUH WDNHQ LQ D UDQJH RI®R kH QWDURW U D @RI H UtV
ZKHWKHD QK DUH WKH QHXWURQ ZDYH YHFWRUV EHIRUH DQG DIWHU \
VDPSOH UHVSHFWLYHO\ OHDVXUHPHQWY ZHUH SHUIRUPHG DW UH
RI 0/ 0/ 0/ DQG 0/ UHVSHFWLYHO\ DQGDWWHPSHUDWXU
IURP WR . 7KH WHPSHUDWXUH ZDV FRQWUROOHG XVLQJ D VWL
FU\RVWDW MRUDQJKEM FIBEVWDRQ DO GLIITUDFWLRQ PHDVXUHPHQW
JUDSKLWH VDPSOH ZHUH SHUIRUPHG DW DOO WHPSHUDWXUHV 7K|
LWV RULHQWDWLRQ UHPDLQHG WKH VDPH WKURXJKRXW DOO PHDV X
FOHDQ JUDSKLWH GDWD ZHUH VXEWUDFWHG IURP WKH GLITUDFWLR
WHPV DW HTXDO WHPSHUDWXYH UWHIH RIQV LQ WKH GDWD VKRZ YHU\"
VLIQDO IURP WKH JUDSKLWHVXEVWUDWH WKDW PDVNV WKH VLJQDC
DQG PDNHV D PHDQLQJIXO LQWHUSUHWDWLRQ RI WKHEHQ]HQH VLJ
JLRQV DV ZHOO DV WKH ORZ 4 UHJLRQ DUH PDUNH®B\® JUH\ VKDG!|
H[FOXGHG LQ RXU IXUWKHU GDWD DQDO\VLV

eXkXj L2mi'QM aTBM@1+?2Q J2 bm 2K2Mi

6XSSOHPH@WBOVXUHPHQWY ZHUH SHUIRUPHG RQ WKH QHXWURQ V.
WURPHWHU, [AXVRWJI WKH KLJK VLIQDO GHJUHH GHW@® FWRU VHW X
+HUH ZHXVHG D ZDYHOHQ@IMKMRI[LPXP VLIQDO 7KHVSHFWUD ZHUH
PDOL]JHG XVLQJD VWDQGDUG SURFHGXUH $00 GDWD ZHUH GLYLGH
DW WKH FU\RVWDW EDVH WHPSHUDWXUH RI . ZKHUH WKH V\VWHP
WR EH VWDWLF LQ WKH G\QDPLF ZLQGRZRIWKH VSHFWURPHWHU 7]
UDQJH RIPRPHQWXP Q& DQWRHUWRI



SHVXOWV DQG 'LVFXVVLI

T T
0.5 ML benzene/graphite, 110K

benzene + graphite

clean graphite

Intensity [a.u.]

substracted signal

excluded range

| | | |
0 1 2 3 4 5

Momentum Transfer [A-1]

J)LIXUH 'LITUDFWLRQGDWD DW . IRUWKHHPSW\JUDSKLWH V
O/DUHVKRZQWRJIJHWKHU ZLWK WKH VXEWUDFWHG GDW
JUDSKLWH VLIQDO DUHLQGLFDWHG E\D JUH\ SDWWHUQ

WHG LQWKHDQDO\VLV LQ WKLV SDSHU

eXj] 2bmHib M/ .Bb+mbbBQM

)LJ GLVSOD\VDQ RYHUYLHZ RI WKHFRYHUDJH GHSHQGHQFH
WHUQV RI EHQ]JHQH JUDSKLWH DW D WHPSHUDWXUH RI . 7TKH
VWUXFWXUDO GLITHUHQFHVEHWZHHQ WKHVXE PRQROD\HUDQZC
SHDNV DSSHDU DERYH 0/ +HQFH IRU WKH VDNH RI FODULW\ RI
GHVFULEH WKHGDWD IURP WKHVHWZR UHJLPHVLQ VHSDUDWH \

eXjXR .Bz" +iBQM . i M/ aim+im > H _2}M2K2Mi @ am#@ JQN

7KH GLIIUDFWLRQ SDWWHUQ RI WKH PRQROD\HU RI EHQ]JHQH .
WXUH KDV EHHQ VWXGLHG PDQ\ WLPHV EHIRUH DQG WKHUH H
RQ 87[p7 5 r SDWWHUQ ZLWK UHVSHFW WR WKH JUDSKLWH

> @ +RZHYHU WKH FDSDELOLWLHV RI QHXWURQ SR:
DQG WKHFRUUHVSRQGLQJGDWD WUHDWPHQW PHWKRGV KDYH C
WKH ODVW GDWD ZKHUH SXEOLVKHG DQG ZH FDQ QRZ VWXG\ WK
KHDWLQJ XS WR WKH PRQROD\HU GHVRUSW L® Q ,\§ HDRGSGHLUDIWRYQU H



7TKH6WUXFWXUHRI'HXWHUDWHG %HQ]JHQH $GVRUEHGRQ WKH*UD

WKHVWURQJVLIQDO RIWKH' GLIIUDFWRPHWHUDOORZV XVWRVW
FRYHUDJHV

‘H VWDUW RXU DQDO\VLV ZLWK WKH ORZHVW PHDVXUHG FRYHUDJH
$W 0/ QR GLIIUDFWLRQ SHDNV DUH REVHUYHG ZKLFK VLJQL“HV
RUGHU DULVHV 7KH JUDSKV Rl WKH WZR KLJKHU VXE PRQROD\HU |

0/VKRZIRXUVWURQJSHDNVRXWVLGHRIWKHUHJLRQVWKDW DUH
SHDNV 7KHVH SHDNV UHPDLQ DW WKH VDPH SRVLWLRQ XS WR 0/ FI
DV\PPHWULFDO VKDSH WKDW LV W\SLFDO IRUGLIIUDFWLRQ SDWWH
FU\WWDOOLQH V\VWHPV WKDW VKRZUDQGRP GRPDLQ RULHQWDWLR
QRUPDO > @
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Momentum Transfer Q [+ _l]

J)LIXUH 'LITUDFWLRQ SDWWHUQV IRU YDU\LQJ FRYHUDJHV DW
JUDSKLWH VLIJQDO DUH RPLWWHG LQ WKH JUDSK $W D FRY
VWUXFWXUDO SHDNV DUH VHHQ $W D FRYHUDJH RI PRUH W
SHDNV DSSHDU ZKLFKFDQQRWEHH[SODLQHGLQWKHIUDPF
JHQH VWUXFWXUH

JRUDPRUHGHWDLOHGDQDO\VLVRIWKHVXE PRQROD\HUDQG PRQR
VLPXODWHG QHXWURQ GLIIUDFWLRQ SDWWHUQV RI D tDW O\LQJ PR
SDFNDIJFSDWWHKUBK DOORZHG XV WR DGMXVW D QXPEHU RI SDUDPH
> @ 7KHUHVXOWV RIVXFKDPDQXDO VWUXFWXUDO UH“QHPHQW I
7KH SRVLWLRQV Rl WKH DWRPV LQ WKH GHXWHUDWHG EHQ]HQH PR
EDVHG RQ UHVXOWV IURP QHXW U BQ\NGRLDIFFDRFVLVR QRGEDMKH>-E R QG O H Q
GLIIHUHQFH EHWZHHQ K\GURJHQDWHG DQG GHXWHUDWHG EHQJHQ
WKHQ DGMXVWHG WKH ODWWLFH SDUDPHWHUV DQG IRXQG FOHDU F
DPRQROD\HURIGHQVHO\SDFNHG tDW O\LQJEHQ]HQH PROHFXOHYV
VLPXODWHG UHVXOWV IRURXW Rl SODQHWLOWLQJRIPROHFXOHV I



SHVXOWV DQG 'LVFXVVLI

HI[FOXGHD URWDWLRQ JUHDWHU WKDQ GHJUHHDQG D WLOW JL
WKHVXEVHTXHQW PLVPDWFK RIWKHFDOFXODWHG DQG WKH PH

)XUWKHULQIRUPDWLRQ FRXOGEHGUDZQIURPWKHOLQH VKDSF
IURP DtDW WZR GLPHQVLRQDO OD\HURIRUGHUHGLVODQGV WK
GXFHV GLIIUDFWLRQ SHDNV WKDW GURS VKDUSO\IRU ORZHU DC
GHFD\IRUKLJKHU @Q JOH® EHWWHU UHVXOWYV ZHUHREWDLQHG L
DVTXDUHG /RUHQW]LDQ SHDN VKDSH WKDW KDV EHHQ WKHRUHW
WLRQ RI UDQGRP OD\HU ODWWLFHV WKW Y& 8 HBWIRN VAL G IVKQRH |
WKH VLPXODWHG GLIITUDFWLRQ SDWWHUQV GHSHQGV RQ WKH V|
GDWD ZH REWDLQHG DQ DYHUDJH LV O D:Q BGKGLDPIHSKH W RIOD\H U V
WKH FRPSUHVVHG H[IROLDWHG JUDSKLWH H[KLELW D SUHIHUUH
D PRVDLF VSUHDG RI WKH VXUIDFH QRUPDO RI J GHJUHHV IX
):+0 > @ 7KLV DOVR LQtXHQFHYV WKH SHDN VKDSH DQG K
DFFRXQW LQ WKH VLPXODWLRQGRKWKK G WWIHUFQ L7RKGISHDNV LV
GHWHUPLQHG E\WKH FRUUHODWLRQ OHQJWK ZKLFKLVJLYHQ E
VL]H DIWHU WKH LQVWUXPHQW UHVROXWLRQ HITHFWV IURP WK1
FRUUHFWHG IRUZLWK WKHLQVWUXPHQWDO UHVROXWLRQ IXQF)
WRU JL DM@ E exp[! Q?hu?i=3] hu?i LV WKH PHDQ VTXDUH GLVSODFHPH
DWRPV KDV DVLJQL“FDQW LQtXHQFHRQ WKH UHODWLYHDPSOL
VHH)L) WKHLQWHQVLW\RIWKHGLIIUDFWLRQ SHDNV GURSYV Z|
WUDQVIHU

Intensity [a.u.]

-1
Momentum Transfer Q [ ]

J)LIXUH 'LITUDFWLRQ SDWWHUQV IRU X)[zup\iLQJ WHPSHUDWXUH
FDOFXODWHG GLIIUDFWLRQ SDWWHURQS RWPRERPPHQV XL
OD\HU LV VKRZQ E\WKH GRWWHG OLQH

7TKHGLITUDFWLRQJUDSKUHVXOWLQJIURPWKHVWUXFWXUDO UH



7TKH6WUXFWXUHRI'HXWHUDWHG %HQ]JHQH $GVRUEHGRQ WKH*UD

,QGH[ OHDVXUHG 3RVLWLRQ 6LPXODWHG 3RVLWLRQ

KLGGHQ
KLGGHQ
KLGGHQ
KLGGHQ

KLGGHQ

7TDEOH OHDVXUHG DQG FDOFXODWHG SRVLWLRQV RI WKH GLIIUEL
PRQROD\HU VWUXFWXUHDWDFRYHUDJHRI '/ $0O0 YDOXH\

LV VKRZQ LQ )LOKH DJUHHPHQW ZLWK WKH PHDVXUHG GLIITUDFWLRC
WKH IRUPDWIZHQ7RI O VWUXFWXUH XS WR D WHPSHUDWXUH RI . $E
WHPSHUDWXUH GHVRUSWLRQ VHWV LQ 7KH PHDVXUHG GLIIUDFWL
VLPXODWHG SHDN SRVUDNQRIQ R ILRXWKIDWD DUH FRPSBHHG LQ 7DE
IRXU DYDLODEOH SHDNV DUH UHSURGXFHG ZHOO ZLWKLQ WKH H[S
p?f?S rVWUXFWXUH LV GHSLFWUWIG ZG)SURSRVH WZR SRVVLEOH YI
DQWYV 7KH VWUXFWRUBMMVXPHY WKH SRVLWLRQV Rl WKH EHQ]HQH
DWRPV RQ WRS RI WKH XQGHUO\LQJ FDUERQ DWRPV 7KLV VWUXFV
UHFHQWO\ E\ RWKH @D X® WRKBWW U X F WK UMKRI KL URJHQ DWRPYV
DUHWXUQHG WR WDNH D PD[LPXP GLVWDQFH IURP WKH WRS OD\HU |
VEFDWWHULQJ SODQH LV FRQFRPLWDQW ZLWK WKH VXUIDFH SODQH
GLVWLQJXLVK EHWZHHQ WKH WZR RULHQWDWLRQV EXW RULHQWD\
VLPXODWLBQYKHUH WKH RULHQWDWLRQ Rl WKH EHQ]JHQH ULQJV Z
FDUERQ VWUXFWXUHLVIRXQG WREHWXUQHG E\DERXW rZLWK UH
OD\HU $Q, 9DQDO\VLV RIORZLQWHQVLW\ /((' PHDVXUHPHQWYV PL.
EXW LW KDV WR EH NHSW LQ PLQG WKDW WKH EHQ]JHQH LVODQGYV UH
DWWHPSHUDWXUHV RI .DVVKRZQE\UHF@®QW VSHFWURVFRS\ GDW

eXjXk *QKT "BbQM iQ L2mi'QM aTBM@1+2Q . |

16(VSHFWURVFRS\PHDVXUHV WKH GHFD\RIVWURFWSHHFDO FRUUHOT
WUD IRUWHPSHUDWXUHY EHWZHHQ DQG 7K.HBU\HSHERZDL Q )L J

VKRZ D GHFD\ WKDW FDQ EH H[SUHVVHG E\ D VLPSOH H[SRQHQWLD
D SODWHDX PIWOXBUJH WLPH ZKRVH YDOXH VWURQJO\ GHSHQGV R



SHVXOWV DQG 'LVFXVVLI

D E

J)LIXUH ,OOXVWUDWLRQV F?I?WFI@HSFRIVIWI—UQ(\FXAUQNHHD 7KH K\GU
JHQ DWRPV DUH SRVLWLRQHG RQ WRS RI “UVW OD\HU FD!
GURJHQ DWRPVDUHWXUQHGDZD\IURP WKHFDUERQ DW
HQWDWLRQ DIJUHHV ZLWK RXUUHF@BQW O0' FDOFXODWLRQ

1(Q,1)=1(Q,0) = (1! A exp] t=(Q]+ A ZKHUEB) LV WKH GHFD\ WLPH RI WK
VWUXFWXUDO FRUUHODWLRQ IXQFWLRQ 7KH SODWHDX UHSUH\
IUDFWLRQ RI WKHVDPSOH L H IURPWKHJUDSKLWH VXEVWUD)
RIEHQ]JHQH 7KH FKDQJH RI WKH OHYHO RIUVDIGRBEODM/BD RLQGL
WKH OD\HU ZKLFK VKRXOG DOVR LQtXHQFH WKH GLIITUDFWLRQ"
ZH REVHUYH D FKDQJH RI WKH SHDN LQWHQVLWLHV ZLWK WHPS
QRXQFHGIRUWKHKLJKHU GLIIUDFWLRQRUGHUV DQG ZHVHHW
VKLIW ZLWK WHPSHUDWNKWFRP,®D)UBH WKH DUHD Rl WKH DQG
DYHUDJHG WR GHFUHDVH WKH VL]H RI WKHH[SHULPHQWDO HUL
H[WUDFWHG IURR 6 \GMDIMDD DMK 1D PRPHQWXP WD QURPUR X U
GLIIUDFWLRQGDWD ZH FDQ WKXV GHGXFH WKDW LVODQGV DU}
0/ FRYHUDJHV EHORZ . WKDW DlJDI—'?Fg@GSHUHBQ_RQOVDKHHU
VWUXFWXUHDQG WKDW LQFUHDVHLQ VL]H ZLWK GHFUHDVLQJ W

eXjXj .Bz> +iBQM _2bmHib M/ ai'm+im  H _2}M2K2Mi @ *Qp:
R JG

'LITUDFWLRQ GDWD IRUD FRYHUDJH R 8 EDVURHD/ WRIP@HQ DMIX U t
R .DGGLWLRQDO SHDNVDUHFOHDUO\YLVLEOHDQG WKH SHD
PRQROD\HU VWUXFWXUH UHPDLQ :HKDYH SHUIRUPHG VWUXFV



7TKH6WUXFWXUHRI'HXWHUDWHG %HQ]JHQH $GVRUEHGRQ WKH*UD
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J)LIXUH D IHXWURQ VSLQ HFKR VSHFWUD RI DQ 0/ EHQJHQH OL
JUDSKLWHPHDVXUHGDWWHPSHUDWXUHY EHWZHHQ DQG
WXP WUD@¥IHUIRI 7KH VROLG OLQHV DUH H[SRQHQWLDO IX(
WR WKH GDWD E &RPSDULVRQ RIWKH WRWDO DUHD RI WKH
WLRQ SHDNV EOXH FLUFOHV WR WKBPHWHAEFRJRPDWWHULC
VSHFWURVFRS\ DW D PRPYO W XiP' VEODEWIMUXDUHV  7KH
VLIQDO IURP WKHWZR GLIITUDFWLRQ SHDNV KDV EHHQ LQWH
H[SHULPHQWDO HUURU EDU

LQJHLWKHU tDW GRXEOH OD\HUV RUFRPSUHVVHG OD\HUV ZLWK DC
PROHFXOHV LQ YDULRXVJHRPHWULHY 1RQHRIWKHVHPRGHOV UH:
DGGLWLRQDO OLQHV IRU WKH 0/ FRYHUDJH )XUWKHUPRUH ZHR
WLRQDO SHDNV WKDW DSSHDU DERYH OGERDBESBDH DWW YRIXQG
.DQG WKXVDWDWHPSHUDWXUH WKDW LY .DERYHWKHPRQROL
SHUDWXUH ‘HFRQFOXGH WKDWDVHFRQG OD\HUIRUPDWLRQLV QF
SURSRVH WKH IRUPDWLRQ RI EXON FU\VWDOOLQHEHQ]JHQH ZKHQ W
, Q)L ZHDOVR FRPSDUHRXUGDWD ZLWK QHXWURQGLIIUDFWLRQ G|
E\&UDYHHWMPODVXUHG DW WKH LQVW/UBXRMHQMHMIDPLODULW\ WR WKF
EXONGDWD SURYLGHVY FOHDUHYLGHQFH WKDW WKHDGGLWLRQDO
FRYHUDJHLVEXONFU\WVWDOOLQHEHQ]JHQH 7KHFUHDWLRQRIWKH
ZLWKD UHODWLYHO\PRGHVW H[FHVV RYHU 0/LVDWRGGV ZLWK W
RIVWUXFWXUH FUHDWLRQLQ WKH®RZFRYHUDJH UHJLPH >

eX9 *QM+HmMbBQMb

,Q WKLV FKDSWHU WKH DQDO\VLV RI QHXWURQ GLIITUDFWLRQ VWX
PXOWLOD\HUVRQH[IROLDWHG JUDSKLWH ZDV SUHVHQWHG )RUDO
RUGHUHG VWUXFWXUH ZDV REVHUYHG )RUFRYHUDJHV EHWZHHQ



&RQFOXVLRQV

YLIXUH 'LIIUDFWLRQ SDWWHUQV IRU YDU\LQJ WHPSHUDWXU
HUDJHRI 0/ 'XHWR WKHVXEWUDFWLRQRIYHU\LQWH:
KDV LQFUHDVHG VXEVWDQWLDOO\ 7KH EODFN OLQH VK
SDWWHUQIURPEXONEHQ]JHQHDW .WKDWKDVEHHQ LC
DQG KDV RULJLQDOO)\ ERHQ RIEQ B W@EHB E\

WHQFH RIij[FI)ZﬁWS rv WuUXxXrFWXUH KDV EHHQ REVHUYHG WKDW FDC

FDXVHG E\RUGHUHG LVODQGV RI DW OHDVW + GLDPHWHU 7K
SUHVV ZLWKLQ WKH H[SHULPHQWDO HUURU EDU XSRQ LQFUHEL
HUDJHRI 0/ DEXONFU\WWDOOLQHEHQ]JHQH VWUXFWXUH DS
OD\HU 7KLV VWUXFWXUHGLIIHUVVWURQJO\IURPDFRPSUHVVH
UHFHQWG@\ >






d "2Mx2M2 /bQ #2/ QM :> T?2M2fL

dXR AMi"Q/m+iBQM

7TKHLQWHUDFWLRQ RIDURPDWLF FDUERK\GUDWHY ZLWK WKH J!
GLVSOD\V D PRGHO V\VWHP IRUWKH IXQGDPHQWDO UHVHDUFK

@ *UDSKLWH KDV VLQFH ORQJEHHQ NQRZQ DV DQ H[FHOOH:¢
VXSHU OXEULFLW\ L H QHJOLJLEOHIULFWLRQ RIJUDSKHQH V
EHHQ GLVFRYHUHG E\ VFDQQLQJ IRUF@ PLTHERYRAERBUEFDO LQWF
LQWKH“HOG RIQDQR URERWLFV H[LVWV LQ WKH VHDUFK RI ORZ

@

7KH DGVRUSWLRQ RI EHQ]JHQH RQ WKH JUDSKLWH VXUIDFH KDV
GHWDLOLQ WKHSUHFHGLQJFKDSWHU %HQ]JHQHDGVRUSWLRQ
LQDVHUDH¥ROFXODWLRQVLQ UHFHQW \HDUV>@ ,Q JHQ

HUDO DQ HQHUJHWLF SUHIHUH QFWHIRRD GMFRIDSMLIRRY L HWWK H F H
RIWKHEHQ]JHQH PROHFXOH DWRS RI D & DWRP KDV EHHQ SUHGL
FRQ*JXUDWLRQDERYH D KROORZ FHQWUH EHLQJ WKH OHDVW IC
HUJ\GLIIHUHQFHV EHWZHHQ WKH WZR FRQ*“JXUDBVLRRQMWDUH UR:
> @ DQG PH®> 7KH GLVWDQFH RI WKH PROHFX®WRNWKH V)
FRQ*JXUDWLRQ ZDV FDOFXODW®HG WR@H 1t$+® DQG T

> @ 2QO0\D YHU\VPDOO FKDUJH WUDQVIHU KDV EHHQ FDOFXOI
LQWDFW JUDSKHQH EDQG VWUXFWXUH ZLWK D@L QWDW¥FKH]HUR
RWKHU KDQG FRQVLGHUDEOH LQtXHQFH RI DGVRUEHG EHQ]HQ
WXUH RI JUDSKHQH KDV EHHQ REVHUYHG E\@DPDI® VEHFDWGR VF|
VLPXODWLRQV RQ D JUDSKLWH VXUIDFH KDYH EHHQ FRQGXFWH
HQHUJ\VXUIDFHDQG GLIIXVLRQDO G\QDPLFVRIVLQJOHDQG PX
$ YHU\ORZ SRWHQWLDO EDUULHURIRQO\DIHZPH9 KDV EHHQ IR
HYDOXDWLRQ RIGLIIXVLRQ FDOFXODWLRQV EHDU D SRWHQWLD
DJHRIRQO\ PH9DQG SUHGLFW %URZQLDQ W\SH GLIIXVLRQ UL

> @



%HQ]JHQH $GVRUEHG RQ *UDSKHQH 1L

JURRHG6DQG6(VWXGLHV RI EHQJHABH WCEDMYUDWH XQGHU FRPSDUD
EOHFRQGLWLRQV WR WKHRQHY SUHVHQWHG KHUH D %URZQLDQ W
SRUWHG ZKHUH WKHIULFWLRQ FRQVLVWV RIER&@K VWDWLFDQGN

7KHNLQHWLFADVYFWYWQHODWHG WR W KHLGLW K M L R Q \F\R B V@V D I GVD
WLRQRIGLII®VEZRQFPK LV D tXFWXDWLRQ GLVVLSDWLRQ UHODWLRQ
WKHtXFWXDWLRQ GLVVLSDWLR@ WKHRUHP E\ .XER >

ZKHKHLY WKH % ROW]P DD @ KR QWHPISHIW E'WAKKUHH FDDQ/S/ RI WKH SDU
WLFOH 7KH REVHUYHG IULFWLRQ FDQ EH HLWKHU FRRVHG E\ WKH
=2 d=m ZKHWHMV WKH GLDPHWHU RI DQ DWR®P ZRHDIOLFWLRQ
FRXOG RQWKHRWKHUKDQG EHFDXVHGE\HQHUJ\GLVVLSDWLRQ Y
IDFHIULFWLR Q2 )DHXGH (PRHDVXUHPHQWYV DW GLITHUHQW VXUIDFH FR"
EHQJHQHRQ H[IROLDWHG JUDSKLWHKDYH VKRZQ D ODUJH SDUW R1"
EHVXFFHVVIXOO\GHYFRREHG AKHUH FRXSOLQJRIWUDQVODWLRQI
WLRQDO PRPHQWXP DUH GHVFULEHG E\D VIVWHP RIFROOLGLQJ GL)
SDUW RIWKHIULFWLRQ LV FDXVHG E\VXUIDFHIULFWLRQ

,Q WKLV FKDSWH U ZHVSNHY/HHOWR | ORZ FRYHUDJHV RIDGVRUEHG EH!
WKH VXUIDFH RI JUDSKHQH 1LGLVFEMVFWVYR@HFXODU UHtHFWLYLW
LHVRIWKHDGVRUSWLRQDQG GHVRUSWLRQ RI WKHDGVRUEDWH ZI
RIWKHJUDSKHQH VXUIDFH ZLWK D SRVVLEOH VLPXOWDQHRXV DGV
OD\HU 7KHUPDODQGLVRWKHUPDO GHVRUSWLRQVWXGLHV OHW XV
WKHGHVRUSWLRQEDUUEZHLWGLQRAVAPWIHR@L XP GLITUDFWLRQ VWXGLH
“‘UP WKH H[LVWII3-|:Q[ ARIDRYHU VWUXFWXUH DV SUHYLRXVO\REVHU
EDVDO SODQH RIJUDSKE&WHiV I8 § MWW LHR RGWQWXEHHY ZKLFK DOORZ XV
WRLGHQWLI\WZR GLVWLQFW GLIIXVLRQDO SURFHVVHV VHSDUDWF
LQGLIIXVLRQUDWH $IDVW %URZQLDQ EDOOLVWLF GLIIXVLRQ LV II
WLDO VXUIDFHIULFWLRQ 7KH H[DFW QDWXUH RI WKH VORZ MXPS C
ZHFDQGHULYHFKDUDFWHULVWLFGLPHQVLRQVRIWKHSURFHVYV DC
PHFKDQLVPYV



$GVRUSWLRQDQG 'HVRUSW

dXk /bQ'TiBQM M/ .2bQ TiBQM

dXkXR AbQi?2 'K H /bQ TiBQM

‘HKDYHFDUULHG RXWLVRWKHUPDO DGV R USMELIRSHFMDNRPU HP HC(
HWHU DV DOUHDG\ GHVFULEH G JRUQNKKDZ®VARKURSM LIR QRRJ UH F
WLRQ IDFWRU RI IRUWKHLRQL]DWLRQ HI“FLHQF\ DV KDV EHl
LQVWUXPHQWa> EXW WKLV IDFWRULQWURGXFHVDQRWKHU SRW
WKHFDOFXODWLRQ RIWKH VXUIDFHH[SRVXUH

%HQ]JHQHZHWV WKHJUDSKHQH VXUIDFH [?(jq;plﬁ?mprwmvruFmEPHva
WXUHLQ WKH VXE PRQROD\HU UHJLPH DV RXUDGVRUSWLRQ DC
FRQ“UP :HFDQ WKHUHIRUHUHODWH WKHPRQROD\HU FRYHUDJI
0/ PROHFXOHV XF PROXF XJUHD\EKEHQH XQLW FHOO 7KL
XVWR UHODWH WKH V XW RDW K H R fEHRAMOURK JK NLOQHWLF WKHRU\ RI

> @

R
_ . E _ P
- V= " VW 5=
2 kaTgaS 2 kaTgas

ZLWK WKHJDV WHRSHUDWWHKH %ROW]PD Qe AR WIDVMR I WKH

EHQ]JHQH PR@®KHFXOH PRO 126 NJ DQG WKH $UHAMLYUH
PHDQV WKDW DQ H[SRVXUH RI / FRUUHVSRQGY WKHRUHWLFDO
/ 2 g2 0/ LIZHDVVXPHD VWLFNLQJFRHI*FLHQW RI X

‘HKDYH SHUIRUPHG D VHULHV RILVRWKHUPDODGVRUSWLRQ PH
DWXUHUDQJH J .ZKLOH PRQLWRULQJWKHVSHFXODU UHtHF

/IbQ TiBQM BM i?2 > M:2 Ryy RKyE

7TKHVSHFXODUVLIQDO FXUYHV DWWHPSHUDWXUHY EHORZ . L
WXUH RI EHQJ]HQH DGVRUSKRROQWKIHHREVHUYHG LQWHQVLWLHYV
VLVW DOO RI “YH UH$URHYKIQDPBGG LQLWLDO GHFD\ RI WKH VSFt
VHH®LY FKDUDFWHULVWLFIRUWKHDGVRUSWLRQRIDQRQ LQ\
LQ WKH YHU\ ORZ FRYHUDJH UHJLPH I WKH GHFD\ H[KLELWYV D
I=lp = exp(! n =cosf) DV H[SHFWHG IRUUDQGRP DGVRUSWLRQ R
I=lp=(@! ) "=s*) DVIRUWKHFDVHRIODWWLFHDGVRUSWLRQ FDC



%HQ]JHQH $GVRUEHG RQ *UDSKHQH 1L

YLIXUH 6SHFXODU UHtHFWHG VLJQDO YHUVXV H[SRVXUH GXULQJ
RI EHQJHQH DW . . DQG . ,QVHW FORVH YLHZ RI VP|
RIWKH .FXUYHDIWHUVXEWUDFWLRQRIOLQHDUEDVHOLC
( $SGVRUSWLRQ UHJLPHV 'DUNJUHHQ GDVK GRWWHG OLQH
DGVRUSWLRQ /LJKW JUHHQ DQG UHG GDVKHG OLQHV LQW
UHtHFWLYH DGVRUEDWHYV

LQ WKLV FDVH ERWK PRGHOV ZRUN ¥ TWWHOION @ HXOPV FBIWWHULQJ FU
VHFWLW®&H VXUIDFH DUHD WKDW LV RFFXSLHG E\D VLQJOH PROHFX
HUDJH DQG Wdé)WHRIPUHFWYV IRUDQ DSSDUHQW FKDQJH RI WKH VFL
VHFWLRQ VLQFH VFDWWHULQJ KBS SHQ Y DWKDWQHLVBLHF MD\G D @ K®IH/ X U
IDFH QRUPDO $W WKLV SRLQW ZHFDQ QRW \HW HVWDEOLVK YDOXF
ZH ODFN D FDOLEUDWLRQ RI WKH VXUIDFH FRYHUDJH ZLWK H[SRV XU
ORZHG E\D VXEVWDQWLDO VORZLQJ Rl \W K I & H E/S\UBHDWWM KLLQ/ |W & HE H
DVLIJQRILVODQG IRUPDWLRQ LQ ZKLFKFDVHDQDGGLWLRQDO DG\
DFFRPPRGDWH D VXUIDFH DUHD WKDW FRUUHVSRQGY WR LWV ODUJ
EXWUDWKHURQHWKDW FRUUHVSRQGV WR LWV PROHFXODU VL]H 7}
GHFD\RIWKH VSHFXOD &V DQRIMWHQ@WRQHO\ FOHDU WR XV 7KH PRVW
FDVH LV WKDW DW KLJK VXUIDFH FRYHUDJH D VXEVWDQWLDO SDU
DGVRUEV RQ WRS Rl WKH “UVW OD\HU ZKLFK LV LWVHOI UHtHFWLY
DQ DWWHQXDWLRQ RI WKH PRQROD\HU UHtHFWLRQV WKDW FRUUH\
DIUHH JDV 7KH VHFRQG SRVVLELOLW\ZRXOG EH WKDW XSRQ JUR?Z
DFHUWDLQ VL]H VLQFH WKH FRQVWDQW DVVRFLDWLRQ UDWH RI P]
GHSHQGV RQ WKH tX[ RI LQFRPLQJ PROHFXOHV LV PDWFKHG E\ DQ
UDWH RIPROHFXOHV IURP WKHLVODQG ZKLFKVFDOHV ZLWK WKH L
VDWXUDWHG LVODQGYV ZRXOG WKHQ “QG WKHPVHOYHV LQ HTXLOLE
JDV ZKLFK FDXVHV DJDLQ D ODUJH VLJQDO GHFD\UDWH ,QGHSHQC
WLRQ WKH ORFDO P D'[LFFDXP EDHM. RULHWE UHWHG DV WKH FRPSOHWLRC



$GVRUSWLRQDQG 'HVRUSW

OD\HU )RUWKH PHDVXUHPHQW DW . WKHPD[LPXP LV WLQ\ L
)L DIWHUVXEWUDFWLRQRIDEDVHOLQH WR HQKDQFH YLVLEI
PDWLRQ WR FDOLEUDWH WKH VXUIDFH FRYHUDJH IURP H[SRV XL
ZDV FRQVWDQW DQG DOO PROHFXOHV DGVRUEHG LQ WKH “UVW
ZRXOG VFDOH OLQHDUO\ IURP ARRHYHDWVIRIFHZH H[SHFW D V\
GHFUHDVHLQWKHDGVRUSWLRQ UDWHWR WKH “UVW OD\HU DW K
FRUUHVSRQGV WR 0/ LVORZHU $VDORZHUHVWLPDWH IRU Wt
WKH .EHW®%BB®& 7KH DERYH GHVFULEHG SURFRINVVG SUB JRQH
VXPDEO\RQO\KDSSHQ DW YHU\KLJK VXUIDFHFRYHUDJH $VDQ
HTXLYDOHQW RI 0/ ZHBGWKXV SURSRVHZLWK WKH FHQ& UH RI]RQ
DVWKH SURSRVHG YDOXH DQG LWV ZLGWK DV DQ XQFHUWDLQW
WKH VEDWWHULQJ FURVV VHFWLRQ RI WKH EHQ]JHQH PROHFXOF
FRHI“FLHQW FORVH WR XQLW\ DV DOVR @R @HKENCLDFK DL\ \ W/LL
FURVVVHFWLRQ RIWKH EHQ}HQH PROHEXOHREWDLQHG DW
7KLVLVDUHPDUNDEO\ODUJHVFDWWHULQJFURVVVHFWLRQ WK
E\WKH YHU\ ODUJH SRODULVDELOLW\RIWKHEHQ]JHQH PROHFXC
FRPSDULVRQ ZLWK H J@&2 >

‘HKDYH UHSURGXFHG WKH KLIJK FRYHUDJH GHYHORSPHQW RI W
JRRG PDWFK E\DSSO\LQJ D PRGHO GHYHOR@HGEWKRY VR G M/OD C
UHtHFWLYHVFDWWHULQJIURP ERWKWKHVXEVWUDWHDQG WKH
DV ZHOO DV LQWHUIHUHQFH EHWZHHQ WKH WZRIODXEKHYVY GXH W
WRWDO VFDWWHULQJDPSOLWXGH LV WKH A% RART WKHNW DR FRQW
SKDVH GLI'HDRGAMHKH VXEVWUDWH DQG DGVRUEBWIB YEDWWHUIL
An UHVSHFWLYHO\ 7KH VSHFXODU UHtHFWHG VLJQDO LV WKH V
DPSOLWXGH

| A 2
A =[AZ+2AsApcos + AZ]=A3,

ZKHUH WKHLQWHUIHUHQFH WHUP LQ W K+H2 PN 885G O ALIWKGW KHH U P L
DQIJQORI WKHLQFRPLQJKHOLXP EHDP DQG W K HHKH\OMXPHD Y H O H
GLIITHUHQWH[SW{HDVYAGRERURBKWVYSRQGLQIJWRQRDGSDUWLFOHLQ
LPXP DWWUDFWLRQDQG PD[LPXP UHSXOVLRQ 7KHH[SHULPHQYV



%HQ]JHQH $GVRUEHG RQ *UDSKHQH 1L

VRQDEO\UHSURGXFHG XQGHU WKHDVVXPSWLRQ RIODWWLFHJDVEL

ZLWKWKHVFDWWHULQDRURVRWBGEWGEGRQUWLFOHDQGD YDFDQF\ UL
WLYHO\ 7KHUHVXOWLQJFXUYHV REWDLQHG E\ *"WWLQJWKHGHVFL
WKH EULJKW JUHHQ DQG UHG GD VKKK DVDHVSWILRQ@ RI D ODWWLFH |
VRUSWLRQLY QRW UHDVRQDEOH LQ WKLV KLJKFRYHUDJH UDQJH F
VHUYDWLRQRILVODQG IRUPDWLRQ )XUWKHUPRUH ZHPDGHDQLP
LVQRWVWUDLIJKWIRUZDUG WR MXVWLI\ QGHBEHPGKROLOWMWKBYARUIDF
RQ WKHH[SRVXUH WLV WKXVLPSRUWDQW WR QRWH WKDW WKH RE
WHUSUHWHG ZLWK FDUH DVWKHLURQO\MXVWL“FDWLRQ OLHV LQ W
VKDSH 7KH SDUDPHWHUV WKDW ZHUH REWDLQHG IUBRWWKH “WWLQ.

7>.@ int >%@ As > @ Ap > @ A >iI@ v >%@ h>t@
J J J J J

7TDEOH 8SWDNHLVRWKHUPV RIEHQJ]HQHRQ *5DW GLIITHUHQW

ERWK WHPSHUDWXUHVY WKH VSHFXODU UHtHFANLLYLDVERXWKH EHQ]J!
RIWKHJUDSKHQH UHtHFWLYLW\ ZKLFKLWVHOIZHKDYH GHWHU
SDUHQW KHOLXP VFDWWHULQJ FURV VaVH¥WLKRM R IWLPH B & P R 0 DIHW
WKDQ WKHQGLFDWLQJD VWURQJRYHUODS RI FURVV VHFWLRQV 7
FURVV VHFWLRQ R{ DIWDFBQWFORZ VLQFH LW UHtHFWV WKH DGGLWL
LV IUHHG IRU VSHFXODU VEFDWWHULQJ XSRQ UHPRYDO RI D EHQJHQ
GLIIHUHQFRHQWULEXWHVIMDR(BHULRGLF PDQQHU SURGXFLQJWKH V
VXOWV ZLWK D SHULRGLFLW\ RI + 'HWKXV KDG “UVW WR PDNH W]
KHLJKW GLIIHUHQFH FRUUHVSRQGY UDWKHU FORVHO\WR WKH DG V|
PROHFXOH DQG VHFRQG UHO\RQ ')7 UHVXOWV RQ WKH DGVRUSWL
PROHFXOH ZKLFK SUHGLFW YDOXHV [@RP7KHWRE WDILQH G 1
DUH LQ JRRG FRQVLVWHQF\ ZLWK FDOFXO D Wi RRRVDKHGQAHEW I THUH Q
SRVVLEOH VROXWLRQ OHW WKLV YDOXH VHHP WR EH WKH PRVW UHD



$GVRUSWLRQDQG 'HVRUSW

/IbQ TiBQM #Qp2 Rky E

$W WHPSHUDWXUHY DERYH DQ HTXLOLEULXP EHWZHHQ DGVRL
TXLFNO\UHDFKHG .ZDV WKH KLIKHVW WHPSHUDWXUH DW Z
LQ UHtHFWLYLW\ ZDV EDUHO\ REVHUYHG'D WEDIUW W K DPKSIWHIVE X U

XSSHU OLPLW IRUSUHVVXUH WKDW F D83 B\H\ V IV IHHFOR L W& RIVLHQG/ RVQ) )
PHQW

dXkXk h?2 K H M/ AbQi?2 K H .2bQ TiBQM

D E

J)LIXUH D ([SRQHQWLDO GHFD\RIVXUIDFHFRYHUDJH DW
VXUH LV VWRSSHG EWSUUKHQLXY SORW RIH[SRQHQWLD«
HUURUEDUV DUH EDUHO\ YLVLEOH 7TKH SRLQW DW .
WKHDFWLYDWHG EHKDYLRXUDQG KDV EHHQH[FOXGHG |

JRUWKHLVRWKHUPDO GHVRUSWLRQ PHDVXUHPHQWY ZH H[SRV

'9PEDUEHQ]HQHRYHUSUHVVXUHDQG ZDLWHG XQWLO WKH V
‘"HWKHQ WXUQHG RIl WKHH[SRVXUHDQG PRQLWRUHG WKH VSHF
WKLV ZH FDOFXODWHG WKH FRUUHVSRQGLQJ VXUIDFH FRYHUD
H[DPSOH LV VKRZQ DQ MIBEH VXUIDFH FRYHUDJH “UVW ULVHV G X
DQG WKHQ GHFD\V H[SRQHQWLDOO\DIWHU H[SRVXUH KDV EHHQ
UHSHDWHG WKLV SURFHVV IRUVHYHUDO WHPSHUDWXUHV LQ W
GHVRUSWLRQ UDWH ZKLFK LV LGHQWLFDO WR H[SRQHQWLDO G
WHPSHUDWXUH GHSHQGHQFH XS WHE DERRKEIW DQ SUUKHQLXV SO
RI WKH GHVRUSWLRQ UDWH 7KH VORSH RI WKH $UUKHQLXV OD
WLRQ HQHUJ\RI GHVRUSWIHOQRILV LV VOLIJKWO\ORZHU WKDQ W
WDLQHG E\=DFKDULDHW DO RQJUDSKLWH HPSOR\LQJWKHUPI
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PH9 > @

J)LIXUH 7TKHUPDO GHVRUSWLRQ DW GLITHUHQW KHDWLQJ UDWHYV
RI' VSHFXODU VLIJQDO GXULQJ WKHUPDO GHVRUSWLRQ DW F
'DVKHG OLQH 6SHFXODU VLIJQDO GXULQJ GHVRUSWLRQ DW
IRUFRPSDULVRQ

‘HPRQLWRUHG WKH VSHFXODU VLJQDO ZKLOH KHDWLQJD EHQ]JHQH
OD\HUUDQJH DW D FRQ VIW D IQRMVVKSHAX DQUUMDWERD O H[KLELWHG D VKD
DFHUWDLQ WHPSHUDWXUH 7KHGHULYDWLYHRIWKHVSHFXODU VL,
WXUHH[KLELWVDVKDUS SHDNZLWKLWV PD[LPXPDWWKHWHPSHUD
UDWH LQ DQDORJ\WR WKH FRPPRQO\PHDVXUH®B ®DMY VSHFWURPF}
DSSOLHG WKH 5HGKHD&@ (RUPXWO® PDOFXODWH WKH DFWLYDWLRQ H
GHVRUSWLRQ XVLQJDQ HVWL= DWWG BOWHEPB WM HBHVXOW IRU D
VXUIDFHIULFWLRQ WKDWHHREWOGLRAV DIWRIPOO EHGLVFXVVHG ODW
FKDSWHU =DFKDULD HW DO KDYHGHWHUPLGHG B°PMXFK ODUJHU DW
IURPLVRWKHUPDO GV KRIWYRQ >WKLV KLJK YDOXH FRQWUDGLFW\
RQLVRWKHUPDO GHVRUSWLRQ DQG RQ VXUIDFHIULFWLRQ 7KH UH
ZKHUH WKH XQFHUWDLQW\ RI WKH PD[LP XPn& HVREDSWHICRRQVHP SHU |
WKH SHDN ZLGWK 7KH UHVXOWV VKRZ ODUJH GLVFUHSDQFLHV DQG
LQJUDWH 7KLVOHWYV XVGRXEWLIWKHS5HGKHDGIRUPXODLVDMXV
WKHDFWLYDWLRQ HQHUJ\RIGHVRUSWLRQ IURP RXU PHDVXUHPHQ\



$GVRUEDWH 6WUXFWX

r>. V®nax >.@E; >PHO @

7TDEOH $FWLYDWLRQHQHUJ\RIGHVRUSWLRQ FDOFXODWHGE
IHUHQW KDWLQJ UDWHYV

dXj) /bQ # i2 ai m+im 2

‘HKDYH SHUIRUPHG GLIITUDFWLRQ VFDQV DD®® WW K D LIQFRON QDO
DQJORI D PRQROD\HU FRYHUDJH RI EHQJHQH RQ WKH JUDSKHQ
‘HREVHUYHG D ODUJH QXPEHU RI ZHOO GH*QHG GLIIUDFWLRQ S|
GLIIUDFWLRQ SHDNV VHHP WR FRQ*“TP W K Hr HF[R. R RVHHIQ/HU B MDH
RYHUOD\HU DV REVHUYHG RQ WKH EDV D OVKRZY WKIHIG DI K DW H
WLRQ GDWD WRJHWKHU ZLWK WKH XQLW FHOO YHFWRUV Rl WKH
LV FRQVLVWHQW ZLWK /((' UHVXOW®@ RERNHDLL@GHGVEN WIDWIGR.Q> V K R
KRZWKHVHHPLQJO\FRPSOH[GLIIUDFWLRQLVDFWXDOO\PDGH
LQJ VWUXFWXUHV WKDW DUH URWDWHG E\ rDQG r UHVSHF
JUDSKHQH VXUIDFH 7KLV FRH[LVWHQFH RI WZR GLIITUDFWLRQ ¢
WKDW WKH VDFRWWDWLRQ LV SRVVLEOH rRUMIKFWXUH DQG ERW
W\SHV FRH[LVW 7KH UDGLDO FRPSRQHQW FRUUHWSRQGV WR D
WKH UDQJH Rl WRIDERRPWDWLVRQ RI WKH SHDN SRVLWLRQ ZLW
SRZGHU GLIIUDFWLRQ UHVXOWVIGRYVFIRRBM®UQRRHKPQW FRPSE
ZLWK )LJ 7KH SHDN RUGHUV DUH QXPEHUHG LQ ERWK SORWV LC
VLPSOLI\LGHQWL“FDWLRQ

dX9 .BzmbBQM Q7 "2Mx2M2 QM :> T?2M2fLB+F2HU

dX9XR aHQr CmKT .BzmbBQM

‘HKDYH SHUIRUBWPGEDVXUHPHQWY RQ WKUHH GLITHUHQW VXUID
EHQJHQH RQ WKH JUDSKHQH VXUIDFH DW . $ORQJ WKH WZR
KH[DJRQDO JUDSKHIXHDVMIDFFHHDVXUHPHQWY KDYH EHHQ SHUI!
RYHUD PRPHQWXP WUDQVIHU UBQ$HMUVRP/ HMRHV RI PHDVXUHPI
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YLIXUH 3RODUFRORXU SORWRIKHOLXP GLIIUDFWLRQVLJQDO IU
WKHVXUIDFHRIJUDSKHQH 1k DOCRMJWEHWRGLDO FRRUGL
QDWHDQG WKHD]LPXWKDODQJOHDORQJWKHDQJXODU FRR
DUURZV 8QLW FHOOYHFWRUVFI?I\X}gKH UHFLSURFDO JUDSKH

=

SXUSOHDUURZV 8QLWFHOOY RUS/ REWRHHWHFLSURFDO

RYHUVWUXFWXUH ZLWK VHOHFWHG UHSHWLWLRQV LQGLFD

ZDV REWDLQHG ZLWK WKH XVHRID SRZHU VXSSO\WKDW GHOLYHUYV
LQJ XV WR DFFHVV D )RXULHU WLPH UDQJHIURP WR SV OHDVXI
UHSHDWHG XQGHU WKH VDPH FRQGLWLRQV ZLWK D GLIIHUHQW SRZ
WR $FXUUHQW EXW DW KLJKHU SUHFLVLRQ DOORZLQJXV WR IRFX
LQ WKH UDQJH IBRMR SV 7KH FRYHUDJHV DW ZKLFK PHDVXUHPHC
EHHQ XQGHUWDNHQ FDQ EH VHHQ LQ 7DE

I=lg >0/@

7TDEOH SHODWLYH VSHAXDQ@GE ERWHMMIRMIGIMQI VXUIDFH FRYHUD
DW ZKtHEPHDVXUHPHQWYVY KDYHEHHQ SHUIRUPHG

)LJ VKRZV DQ HIDPBQ M KH IRUP Rl WKH UHDO SRODUL]DWLRQ DP ¢
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IXQFWLRQRWWKH 7KH VROLG UHG OLQH VKRZV WKH UHVXOWYV |
DQH[SRQHQWLDO GHFD\DQG D FRQVWDQW WHUP WR WKH SROD!|

I(k 1) = lge(k ) expl (k )t]+ lei(k ),

ZLWKWKHHODVWLFDQGTXDVL HODMWLMRSKRDODYLJBEWERBD DPSO|
WLYHO\ DQG WKH H[SRQH® W L,mIORWEHDIN WBWIHFOXGH WKH LQtXH
VHFRQG IDVWHU H[SRQHQWLDO GHFD\ GDWD EHORZ D WKUHVEK
ZHUH H[FOXGHG IURP WKH “WWLQJVLQFHVLPXOWDQHRXYV “WW L
FD\VWKDVWXUQHG RXWWREHWRRXQVWDEOH 7KHH[DFW SRVLW
GHFLGHG IRUHDFK PHDVXUHPHQW EDVHG RQ WKH GLVWULEXW!
VWDWLVWLFDOO\VSUHDG DURXQG JHURRQO\LIWKHLQtXHQFH I

D E

YLIXUH ,6)DW . DQ6G 0/ k = 1 $VHFRQG IDVW H[SRQHC
WLDO GHFD\ PDGH LW QHFHVVDU\ WR H[FOXGH GDWD DW
UHG VROLG OLQHV VKRZV D OHDVWHKH RDDIYV MW RR YV HV
VKRZ WKH “WWLQJ UHVLGXDOV ,Il WKH ORZHU WKUHVKR
IDVW GHFD\LQtXHQFHV WKH “WWLQJ $OWKRXJK KDUG W
FDQ EHREVHUYHG E\REVHUYLQJVWDWLVWLFDO GLVWU
7KH WKUHVKROG KDV EHHQ FKRVHQ WRR ORZ SV  WKH
DV\PPHWULFDO EHKDYLRXU E ,I D WKUHVKROG LV VHW
RIWKHIDVW GHFD\EHFRPHVY QHJOLJLEOH WKH UHVLGXI
VSUHDG DURXQG JHUR

&RPSDULQJWKHH[SRQHQWLEO GHFDQU®WH DW! DW IRXU

GLIIHUHQW WHPSHUDWXUHV LQ WKH UDQJH J .UHYHDOV DQ
WKH GHFD\UDWH RQ WHP SHKDIWVXMH$ YPWKHQLXYV SORW RI WKH G
$OLQHDU “WWR WKHORJDULWKP RIWKHGHFD\UDWH YHUVXV W
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YLIXUH $UUKHQLXVY SORW Rl WKH GHFD\ UDWH DV D IXQFWLRQ R
'"HSLFWHGLQEOXHDUHGIODWD PHDVEHUHBGAMMHG LQ JUHHQ
DUH GDWD PHIKVXUHG!DW

DQDFWLYDWLRQHQHUJ\DWERWKPRPHQWRHA 6DQNHHNUHR/ID ER XW
UHVXOWYVY VWHP I[IURP FRKHUHQW VFDWWHULQJ EXW PRGHOV RIDF'
JHQHUDO EDVHG RQWKHDVVXPSWLRQRILQFRKHUHQW VFDWWHU L(
HILVWLQ WKLVUHVXOW GXHWRDSRVVLEOH VWUXFWXUDO FKDQJ}

)LJ D VKRZV WKH UHVXOWLQJ UHODW(K'H HHEDWLEB ERDWILRE X W
ZLWK WKH DEVROXWH V F D(W \\ H 0L QLUHIDRSWWWHN GEVROXWH HODVWLF
WULERKWLRQLJ F ,Q DGGLWLRQ WR WKH VSHFXODU UHtHFWLRQ
GLIIUDFWLRQ SHDNV LW DOVR FRQWDLQV DGGLWLRQDO ZLGHVSU
DW DERXW TIMERWIGLUHFWLRQ 7KLV PLJKW LQGLFDWH DQ RL
WKH EHQ]JHQH PROHFXOHV ZLWK ®Q DYHUWBJH GLVWIDWQEW
TXLWH FORVH WR WKH LQWHU PROHFXODU ﬂPWDBQFH LQ WKH FR
RYHU VWUXFWXUH T I$VVXPLQJRUGHULQJGXHWRUHSXOVLYH LC
VFDOHV WKH LQWHU PROHFXODU GLVWDQFH ZLWK WKH LQYHUVH F
FRYHUDJH 7KLV ZRXOG UH¥ XOWiLMW GLYMFIRQHHW DJIH ,1 WKHVH
DGGLWLRQDO IHDWXUHV VWHP IURP VXUIDFH RUGHULQJ LW LV WK
WKH\ DUH UHODWHG WR DQ DWWUDFWLYH LQWHUDFWLRQ DQG UH'
ZLGWK RI WKHVH SHDNV FDQ EH HVWLPDWHG IURP WKH UHODWLYH
! ZKLFKZRXOG FRUUHVSRQGWRDQLVODQG GLDPHWHU LQ WKH
EHQJHQH PROHFXOHV

)LJ E DQGG VKRZWKHUHODWLYHDQGDEVROXWHTXDVL HODVWI
WLYHO\ $VIRU WRHRBRDWHBKHQH 1L WKH UHODWLYHDPSOLWX(
DV\PPHWULF SHDNV DW WKH VKRXOGHUV RI WKH VSHFXODU DQG “U
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D E

F G

JLIXUH 4XDVL HODVWLF DQG HODVWLF DPSOLWXGHV RI GLI
EHQJHQHDW . D DQGF 1RUPDOL]JHG DQG DEVROXW'

WLRQ DPSOMNWXBGB®E k) UHVSHFWLYHO\E DQG G 1RUPI
DQG DEVROXWH TXDVL HODVWLFIGRO)DQEIM)LRQ DPSOL
UHVSHFWLYHO\

ZKLOHWKHDEVROXWHDPSOLWXGH H[KLELWV VLPSO\EURDGHC
VHUYHG SHDNV LQ WKH UHODWLYH DPSOLWXGH DUH WKXV PHU
WZHHQ EURDG TXDVL HODVWLFDQG WKHQDUURZHODVWLF SHD

7KH REVHUYHG H[SRQHQWLDO GHFD\ UDWH YV DKH VKRIZEL WQD) L J
VWHHS LQLWLDO ULVH $V GLVAXVXMSHFW6BIPLQN EHWZHHQ W
VHUYHG HQKDQFHPHQW RI WKH GHFD\UDWHDQG GH *HQQHV QD!
SURFHGXUH GHVFULEH@H QVHHOPsV DWLYHO\ FDOFXODWHG WKH L
UDWikitk ) E\ GLYLVIR® EDQG VXEVHTXHQW UHVFDIOL®QJ VXFK WK
inc(k ) LQ UHJLRQV ZKHUH QR GLIIUDFWLRQ LV H[SHFWHG 7KH L
DUH VKRZQ LQBLJWKH\ H[KLELW D VLQXVRLGDO EHKDYLRXU DV
GLIIXVLRQ

7TKH UHVXOWYV I URR(PRWBH@QIALWHK SRVVLEOH MXPSV WR QHDUHYV
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D E

JLIXUH '"HFD\ UDWKHR IYGIUVEKWHQW EHQ]JHQH VXUIDFH FRYHUDJHYV
D &RKHUHQW GKHED\EIDWHARKHUHQW GHED\ DA H
VROLG&(PRGEHO RI MXPS GLIIXVLRQ

DQG QH[W QH[W QHDUHVW QHLJKERXUV B UH,\& WVHWFOMMHRS WK )L J
SURGXFH ZHOO WKH GDWD DW PRVW PRPHQWXP WUDQVIHUV H[F
DURXQ®G! $7KH SDUDPHWHUV WKDW ZHUH REWDLQHG E\ WKH “WWL

UDWH '35M  WKH REVHW '35M  WKH SURED
ELOLWLHV IRU MXPSLQJ WR QHDUHVW QH[W QHDUHVW DQG QHI[V
Pn Prn D Q ®nnn UHVSHEFWLYHO\ DQG WKH MXP.
GLVWDQFH 1

7K (PRGHORQO\DSSOLHVWRMXPSGLIIXVLRQRQD %UDYDLV ODWW
WKH FDVH IRUMXPRBR EO/RZEMNQQ WKH JUDSKHQH 1L VXUIDFH %
PROHFXOHVDUHLQJHQHUDOH[SHFWHGWRDGVRUELQDVWDFNHG
HDUOLHU L H RQWRSRID&DWRP :HZRXOG WKHUHIRUH H[SHFW N\
EHWZHHQ WRS VLWHV D SURFHVV ZKLFK ZRXO GOE HDQRIGLIITHUHQV
GHJHQHUDF\ EHWZHHQ WKH WZR GLITHUHQW DGVRUSWLRQ VLWHV L
LQWURGXFH D VHFRQG IDVWHU H[SRQHQWLDO GHFD\ 7KH VHDUF
FRPSOLFDWHG E\ WKH IDFW WKDW LQ DGGLWLRQ ZH REVHUYHD Y
IURP %URZQLDQ W\SH GLIIXVLRQ DV ZLOO EH GLVFXVVHG ODWHU L
ZHZRXOG H[SHFW D UDWKHU ZHDN GHJHQHUDF\EHWZHHQ WKH WZR
K\GURJHQ DWRPV RQ WKH 1L VXUIDFH KDYH H[KLE@VNHG D YHU\ C
DQG VLQFH WKH DGGLWLRQDO V\PPHWULF JUDSKHQH OD\HU LV QRYV
QRQ GHJHQHUDF\EHWZHHQ VLWHYV

y,WVHHPY UHDVRQDEOH WR DVVXPH WKDW WKHREVHUYHG MXPS GL
EHWZMWHRBLWHY EXW D PRUH GHWDLOHG DQDO\VLV LV QHFHVVDU\ \
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FRQFOXVLRQ ,WPLJKWWKXVEHRILQWHUHVW WRLQYHVWLJD)
SODLQWKHDERYHGLVFXVVHG GDWD 2QHRSWLRQZRXOGEHD \
DPROHFXOHWXUQVLQ GLVFUHWH VWHSV RI rLQDVXGGHQ PR!
MXPS GLIIXVLRQ 7KH IDFW WKDW WKH GLVWDQFH EHWZHHQ WZ
EHQJHQH PROHFXOHLY $DVZHOODV WKHIDFW WKDW )RXTXH
HQHUJ\EDUULHU IRUURWDWLRQRIDPROHFXOHDW WKH HGJH |
PLQHV WKLV DVVX@SWRRIYHU URWDWLRQDO GLIIXVLRQ ZRXOCG
HODVWLF DPSOLWXGHKH WKOWKLVIQRIMIKKDOW ZH REVHUYH $OVR
H[SHFWURWDWLRQVRIDEHQ]HQH PHRGBRDRCOMHRVORI E K O i V IREXOAHVE X
RIDFOXVWHU ZRXOG H[KLELW FRQWLQXRXV URWDWLRQV DW PX
VHUYH KHOH$QRWKHU PRGHO ZRXOG EH WKDW RI D GLVFUHWH
RUGLVVRFLDWLRQRIDPROHFXOHWRRUIURPDQLVODQG 7KH\
PLJKWH[SODLQ WKHRFFXUUHQFHRIWKHVORZH[SRQHQWLDO G
WLIJDWLRQV LQ WKH IXWXUH

$VFDQEHHQ VHHQE QWKH LQFRKHUHQW GHFD\UDWH VHHPV QRYV
VXUIDFH FRYH ¥ D JHO/ROUQ G= 0/ FRYHUDJH $W 0/ D FHU

WDLQ GLYHUJHQFHFDQ EHREVHUYHG KRZHYHU LWLV GLI*FXO
WR D FKDQJHLQ WKH GLIIXVLRQ UDWH

dX9Xk 6 bi ""QrMB M@hvT2 .BzmbBQM

)XUWKHU PHDVXUHPHQWD/QIBA O/ FRYHUDJHDW .KDYHEHHQ
XQGHUWDNHQ IRFXVVLQJRQVPDOOHU )RYRUWRU B\ P,WLIQLW K H
UDQJH ERWK H[SRQHQWLDO GHFD\V DUH ZHOO UHVROYHG :H KI
'6)S( ,E ) DORQJWKH RII VSHMBQEDW IDHHQH UJXE WEY DRNUHH U
WUDQVIRUPPWDR/Q@GRIITHUHQW DY@ ANQGRZ IXQ@VWDRQXYHG
IRUWKH)RXULHU WUDQVIRUPDWLRQ ZKLFK ZDV FDUULHG RXW
$ FRORXU PDS6RILWRHRZQ LQ )ZR LQFUHDVH YLVLELOLW\ RIIDLC
WKH FRORXU VFDOLQJLV ORJDULWKPLFDQG WKHHODVWLF OLQ
LQWHQVLW\ 7KH5D\OHLJK SKRQRQ PRGH LV IDLQWO\YLVLEOH
GDVKHG OLQHLGRLUQWHQVH T TXDVL HODVWLFEURDGHQLQJLVY
WKH REVHUYHG IDVW H[SRQHQWLDO GHFD\ VWHPV IURP D VXUILC
WKDQ IURP SKRQRQ GHFD\

‘H*WWHG D PRGHO IXQFWLRQ WR WKHGDWD WKDW FRQVLVWYV R
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)LIXUH &RORX3( PO p RW 0/ FRYHUDJHDQG . FRORXULQJRQ
ORJDULWKPLFVFDOH *UH\GDVKHG OLQH ,QLWLDO VORSHFF
PRGH

GHFD\LQJ TXDVL HODVWLF FRQWULEXWLRQV DVZHOODV DQHODV!

I(k 1) = lrge(k ) expl ¢(k )itj]+ Isqe(k ) expl s(k )jtjl+ le(k ),

ZKHUYJg(k ) DQG(k ) DUH WKH DPSOLWXGHDQG WKHH[SRQHQWLDO GH
IDVW FRQWULEXWLRQ Idgtkv )5 Bl @ GW(LKY)HDW HDVQIGH DPSOLWXGH DQG WKt
H[SRQHQWLDO GHFD\UDWH RI WKH VORZFRQWULEXWLRQ UHVSHFV
RI WKH )RXULHKWDWHEHHQ XVHG VLQFH WKH PHDVXUHPHQWYV KDYH
WDNHQ IRU SRVLWLYH DQG QHJDWLYH )RXULHU WLPHV 6XUIDFH G
VIPPHWULF EHKDYLRXUtZZWKQHMHVSHMFWBKRQRQV DQG DGVRUEDW
WLRQV ZRXOGLQWURGXFHDV\PPHWULFD®WR QRNWUKEX WILWKQ W K$H) H [
GLIIHUHQW FRQWULEXWLRQV IURP WKH “WWLQJSURFHGXUHFDQ EF

7TKHUHODWLYHDPSOLWXGHYV RIWKHHODVWLF DQGEMW)KH VORZTXDYV
DQKkye(k ) DUH VKRZQ LQ )DIDQG E UHVSHFWLYHO\ 7KH\ DUH SOR\
FRORXUHG SRLOQWV ZLWK HUURU EDUV WKHFRUUHVSRQGLQJUHVX
VXUHPHQW RYHU ODUJH )RXULHU WLPHV DUH GUDZQ DV JUH\OLQHYV
FRLQFLGHY ZHOO EHWZHHQ WKH WZR PHDVXUHPHQWY WKH TXDVL
KLELWVEURDGHUDQGPRUHLQWHQVHDV\PPHWULFDO SHDNV DW W k
DQG “UVW RUGHU GLIITUDFWLRQ SHDN LQ WKH VHFRQG PHDVXUHPHC
HLWKHU VWHP IURP D FKDQJH LQ VXUIDFHFRYHUDJHEHWZHHQ WKH
IURPD VHFRQG GHFD\DV IRUWKHFDVHRIQRQ GHIJIHQHUDWH MXPS

7KH UHODWLYH DQG DEVROXWH DPSOLWXGHMRK WBREAGDVW H[SRQF



'LIIXVLRQ Rl1 %HQ]JHQH RQ *UDSKHQH 1LF

JLIXUH ,6)DW . DQ6 0/ k = 1 GLUHFWLRIQH PHD
VXUHG GDWD DUHLQGLFDWHG E\EOXH FURVVHV <HOOH
WLRQ JUHHQ OLQH VXPRIHODVWLFFRQWULEXWLRQD
WULEXWLRQ 3XUSOHOLQH VXPRIHODVWLFDQGIDVW
UHG OLQH VXPRIDOOWKUHHFRQWULEXWLRQV

Tiqe(k ) DUH GHSLFWHG IDQ PIQIG E UHVSHFWLYHO\ $ YHU\EURDG ¥
LV VHHQ ZLWK D PXFK EURDGHQHG VSHFXODU SHDN DQG D VXS

7KHFRKHUHQW GHFPRUWWHIDVW TXDVL HODVWLF FRQWULEXWI
D &DOFXODWLQJWKH LQFRiKkEUH QW GHFDX W\DMGEHLQ 6HF

DQG HDUOLHU LQ WKLV VHFWLRQ \LHOG\WEW DHTXBDGXIDW\. M KRIZ (
SHQGHQFH RIMV WKH FDVH IRU %URZQLDQ W\SH GLIIXVLRQ LV FC
i(k)=D (k )’LQWKHUDQJH LIQ ERWK FU\VWDO GLUHFWLRQV JLY
DGLIIXVLRQPBPRQVWDQW SV ZKHUHDQ XQFHUWDLQW\RIDERXW
WKH FDOFXODWLRQ RI WKH LQFRKHUHQW GHFD\ UDWH KDV EHH
w L RQkel = S’ 7KHIDFW WKDW WKH VDPH GLIIXVLRQ UD!
DW 0/ VXUIDFHFRYHUDJHLQGLFDWHY WKDW DW WKHVH ORZ
IURP VXUIDFH IULFWLRQ L H HQHUJ\GLVVLSBWIPR@GWIOD VXUID
SUHGLFWV D FROOL¥LR@NVOODWLFWAREFG SV DW 0/
6XFKDQLQFUHDVHLQIULFWLRQ ZLWK FRYHUDJH VKRXOG WKXV
HQFH LV QRW IDUDERYH WKH H[SHULPHQWDO XQFHUWDLQW\ :K
WKHREVHUYHG IULFWLRQ LV VLIJQL“FDQWO\ORZHP3WKDQ ZKDW
ZKHUH D VXUIDFHIULFWER®RY EHHQ REW®D LEXWG\WOLIKWO\ KLJIK
WKDQ UHVXOWV IRXQG RQ HHROLDVBNGJI@DSKLWH

,Q WKHGLUHFWLRQ D FOHDU GHYLDWLRQ IURP WKH SDUDEROLF
LQVWHDG D OLQHDU ULVH LQ WKH GHFD\UDWH FDQEBWREVHUYH



%HQ]JHQH $GVRUEHG RQ *UDSKHQH 1L

D E

JLIXUH &RPSDULVRQ RI UHODWLYH TXDVL HODVWLF DQG HODV\
EHWZHHQ PHDVXUHPHQWY %OXHDQG JUMH@G 0/FRYHUL
TK GLUHFWLRQ UHVSHFWLYHO\ D (ODVWLFFRQWULEXWLF
VXUHPHQWY LQ FRORXUV JUH\GDVKHG OLQH HODVWLF FR
WLPH PHDVXUHPHQW E 4XDVL HODVWLF FRQWULEXWLRQ |
VXUHPHQWYV LQ FRORXUV JUH\GDVKHG OLQH HODVWLF FR
WLPH PHDVXUHPHQW

LQGLFDWHG E\DQ RUDQJH VWUDLJKW OLQH ‘HLQWHUSUHW WKLV I
VLRQ LQ ZKLFK D PROHFXOH IROORZV D VWUDLJKW OLQH DW D OHC
DELOLW\ RIHQFRXQWHULQJ DQRWKHU PROHFXOH LV QHJOLJLEOH
WKHURRWRIWKHPHDQ VTXDUHYHORFLW\RIWKHEDOOLVWLFDOO\
REVHUYHG GDWD ZH REWDLQ DIVORBHPRINLQJ XVH RI WKH %ROW]PDC(

ODzZ ZH REWDLQ DqURRW PHDQ VIXDUMWYHDBELWMHABRWB L'WBAW WKH

REVHUYHG VORSH Y2Ip22el =  + V>@ 7KHUHVXOWYV DUH MXVW LQ D.

PHQW ZLWKLQ WKH XQFHUWDLQW\ ,W KB W®R W K LPVHQMQIRHQKDEY\W K D \
EHHQ “WWHG E\D VLQJOH H[SRQHQWLDO GHFD\ ZKLOH LQ WKH FDV
*DXVVLDQ WLPH GHSHQGHQFH LV H[SHFWHG $GGLWLRQDO “WV LQ
VXFK D WLPH GHSHQGHQFH LQ WKLV UHJLRQ EXW GXH WR ZKDW PL
WLRQV IURP VXUIDFH SKRQRQV DW YHU\ VKRUW WLPHV VXFKD GHW
VKDSHRIWKH GHFD\LV UDWKHULQYROYHG DQG ZRXOG H[WHQG EH)\

7KHWZREOXHDUURZLQGLFDWHWKHPRPHQWXPWUDQVIHUV WKDW
dEHWZHHQWZRDGMDFHQW%N%%EXO%MWQQM%MDWHRYHUVWUXF
WXUH SURMHFWHGLQ WKHWEZRFEU\VIMEQGLUHEW,MRONUYHV

DVDQLQGLFDWRUIRUWKHPHDQIUHH SDWKRIDPROHFXOHLQDQ L
WXP WUDQVIHUV L H VKRUWHU GLVWDQFHV D PROHFXOH ZLOO V!
RWKHU PROHFXOH DQG IROORZ D VWUDLJKW tLJKW SDWK 7KH SXUS



&RQFOXVLRQV

D E

J)LIXUH $PSOLWXGHV RI WKH IDVW TXDVL HODVWLF FRQWUI
DPSOLWX&H JUH\ GDVKHG OLQH UHODWLYH HODVWLF
0/ E $EVROXWH KRBO)LWXGH

RIWKHXQLW FHOO RIJUWBSKHRHLIWKLQ WKLV UDQJH DPROHFXO
WR RYHUFRPH WKH3ZBOQWRHBKIHFWLRQ DEDOOLVWLF tLIKW \
RFFXU :HLQWHUSUHW WKLV DVDQLQGLFDWLRQ WKDW VXUIDF
TXHWHW DO IRXQG IORK)RPXPOH'MDRBQV WKDW D GLIIXVLQJEHQ]
H[SHULHQFHV BMWEKMNDMRYLQIJDOKRGLWHKFWLRQ ZKLOH SRWHQ\
HUJ\EDUULHUV LQ WKH RUGHU RI VHYHUDO PH9 KDYH WR EH RY+
WKM GLUHFWL®Q)+QDOO\ WZR GDWD SRLQWY FORVH WR WKH
SHDN VKRZ D GUDPDWLFDOO\GHFUHDVHG GHFD\UDWH +RZHYH
FRKHUHQW GHFD\UDWHLV QRWFRUUHFWLQ WKHFORVHYLFLQL
DQG WKXVWKHVHGDWD SRLQWYV DVKHONRRXK®RY R WHEWB\\W O R ME
LQWR DFFRXQW 7KH SXUSOH DUURZLQGLFDWHY WKH PRPHQW
WR WKH VL]H Rl WKH JUDSKHQH XQLW FHOO L H WKH GLVWDQF
DGVRUSWLRQ VLWHYVY 7KHDEUXSW HQGLQJRIWKHEDOOLVWLF
LGHD WKDW WKH SRWHQWLDO EDUULHUV HYHQLIYHU\VPDOO F
VFDOHV EHORZ WKH XQLW FHOO VL]H

dX8 *QM+HmMbBQMb

‘HKDYHVWXGLHG WKHDGVRUSWLRQ VWUXFWXUHDQG G\QDPLF
DGVRUEHG RQDJUDSKHQH 1L VXUIDFH

6SHFX@BWHtHFWLRQ PHDVXUHPHQWY RI WKHDGVRUSWLRQ RIE
HQH VXUIDFHUHYHDOHG DQ LQLWLDO DGVRUSWLRQ ZLWK ORZ



%HQ]JHQH $GVRUEHG RQ *UDSKHQH 1L

D F
JLIXUH YDVW GHFD\kUDWH YHUWWONXH DQG JUHHQ 0/ FRYHUDJH
LOM DQIK GLUHFWLRQ UHVSHFWLYHO\ <HOI&RZ 0/ FRY}

GLUHFWLRQ D )DVW FRKHWHQ@QV RERDLOMHEHIURP WKH
PHDVXUHPHQWY E )DVW LQF RKk(lHQ WUGH FR\OWBW H
OLQH %URZQLDQ W\SHGLIIXVLRQ 2UDQIXH®LQH EDOOLV
UHFWLRQ LQ WKH UD'QJHOXH DUURZY PRPHQWXP WUDQV I

WEJDWPFRUUHVSRQG WR WKH GLVWDQFH EHWZHHQ WZR DG
WKH[ 75 rRYHU VWUXFWXUH SURMHFWHGLQWKHWZRFU

3XUSOH DUURZ PRPHQWXP WUDQVIHU WKDW FRUUHVSRQCGC
JUDSKHQH XQLW FHOO

WKDW DOORZHG XV WR GHWHUPLQH D KHOLXP VFDWWHULQJ FUR\
= > 7KH LQLWLDO DGVRUSWLRQ LV WKHQ IROORZHG E\ D
PROHFXOHV LQWR '"LVODQGV XS WR PRQROD\HU FRPSOHWLRQ 7
PROHFXOHV H[KLELW D UHtHFWLYLW\ RI RI WKH UHtHFWLYLW\ R
DQG D KHLJKW GLITHUHQFH EHWZHHQ WKH DGVRUEHG OD\HU DQG W
¥ 1IRVHFRQG OD\HUIRUPDWLRQLV REVHUYHG ZH H[SHFW
'"LVODQGV DERYH WKHPRQROD\HU

,VRWKHUPDO GHVRUSWLRQ PHDVXUHPHQWYV RIVXE PRQROD\HU FR"

QHQWLDOO\GHFD\LQJ VXUIDFHFRYHUDJH 7KHLQLWLDO GHVRUSW

WHPSHUDWXUHGHSHQGHQFHZLWKDQDFWLYDWLRHAQHUJ\RIGHYV

76 PHDVXUHPHQWY UHYHDOHG WKH H[LVWHQFH RI D VLQJOH GHVR

RI WKH GHSHQGHQFH RI GHVRUSWLRQ WHPSHUDWXUH ZLWK KHDW

IRUPXOD \LHOG LQFRQVLVWHQW DFWLYDWLRQ HQHUJLHV RI GHV
PHO

‘H KDYH SHUIRUPHG KHOLXP GLIIUDFVgLRQ PHDVXUHPHQWY RI D EH
. WKDWFRQ“UPHG WKH H[LVWHQFpI—fIRﬁDFRrFRP{I-I-QJV(&DDI—WJH 7KH



&RQFOXVLRQV

YLVLEOH GLIIUDFWLRQ SHDNV FRXOG EH UGH @WIG*'QE XEWRRRS D U
VFDWWHULQJ GDWD

+H6PHDVXUHPHQWY DW . DQG DW WKUHH GLITHUHQW FRYHUTL

0/ UHYHDOHG WKH FRH[LVWHQFH RI WKUHH GLIITHUHQW W\S
$ VORZ DFWLYDWHG GLIIXVLRQ ZDV REVHUYHG ZKRVH QDWXU
JRRG DJUHHPHQW ZLWK D WUDQVODWLRQDO MXPS GLIIXVLRQ
= '3SSMMDW . EXWURWDWLRQDO MXPS GLIIXVLRQ RU
“JXUDWLRQDOFKDQJHRILVODQGV PLJKWEHSRVVLEOHH[SODQ
ZKLFK FRQVLVWYV RI UHJLPHV Rl %YURZQLDQ W\SH GLIIXVLRQ DC
EHHQIRXQG 7KHEDOOLVWLFSDUWVHHPVWRH[KLELWDQDV\PF
EHOLQNHGWMR WKPURZQLDQ W\SH GLIIXVLRQ LV JRYHUQHG E\\
LQWHUDFWLRQ ZLWK WKH VXEVWUDWH WKHPEBVXUHG IULFWL






3 > QM 1t7QHB i2/:° T?Bi2 M/ QM
SQ ' Qmb * “#QM

3XR AMi'Q/m+iBQM

7KH UROH Rl K\GURJHQ DV D SRWHQWLDO HQHUJ\ FDUULHU LV
RJQL]JHG KRZHYHU LWV VWRUDJH VWLOO VXIIHUV GLI*FXOWLH
VHDUFK IRUD OLJKWZHLJKW PRELOH VWRUDJH PHGLXP RQ ERDL
YHU\ODUJH VSHFL“FVXUIDFHDUHDDQG ORZVSHFL“FZHLJKW S
QDQR VWUXFWXUHV DUH EHLQJ FRQVLGHUHG DV VHULRXV FDQ
DQG D ODUJH QXPEHU RILQYHVWLJDWLRQV KDV EHHQ FRQGXFW
FHQW \HDUV > @ 9DULRXV VSHFL“F FDUERQ V\VWHPV KDYH E|
SHULPHQWDOO\ VXFKD@QORAREWXNEHY > @ QDQRKR@QV >
SRURXV FDUERQIVQG FDUERQ D MU RRKHOD/EELOLW\RI D PDWHULDO \
JDVHV GHSHQGV RQ LWV WRWDO SRUH YROXPHDQG RQ LWV VSH|
WKH SRUH VL]JH GLVWULEXWLRQ L H WKHGLIIHUHQWLDO SRUH
GLDPHWHU ,WLVFRPPRQO\PHDVXUHG E\LVRWKHUPDO DGVRU
WKH JDV SUHVVXUH LV JUDGXDOO\ LQFUHDVHG DW FRQVWDQW
WKH DGVRUEHG YROXPH XQWLO VDWXUDWLRQ

7KH VWUXFWXUH RI DQ DGVRUEHG OD\HU RI PROHFXODU K\GUR
JUDSKLWH H[KLELWYV DW WHPSHUDWXUH\B?E[IR@FBZr VWWPFRAFPPHQV)
WXUH IRU FRYHUDJHV XS WR D IXOO PRQROD\HU DQG DQ LQFRP
KLJKHU FRYHUDJHV DVHYLGHQFHG E\HDUO\ GLIIT@RAWURQ PHD
WKHU QHXWURQ VFDWWHULQJ VWXGLHV VKRZHG D PRUH FRPSO
LQWHUPHGLDWH VWUXFW/ZED>O SKDVH@IRU +

'LIIXVLRQ RI K\GURJHQ LQ FDUERQ PDWHULDOV KDV EHHQ VWXC
TXDVL HODVWLF QHXWURQ VFDWWHULQJ LQ UHFHQW \HDUV 7}
KDYH EHHQ YDULHG LQFOX@LYLQUOBKIDMHFDUERQ QDQRWXE



+> RQ ([IROLDWHG *UDSKLWHDQG RQ +LJKO\3RURXV &DUERQ

> @ FDUERQ QDQR&RSRURXV FDUERQV ® SRWDVVLXP LQWHUFD

ODWHG JUDSKLW@HDBDQG SODWLQXP FRQWDLQL@J SBX\WRMY FDUERQ >
DREVHUYHG GLIITHUHQW G L ID)XQ\G R QY ORE MWHIRIHUDW X UHV LQ D FD U
PROHFXODUVLHY® &06 >

7ZR GLIIXVLRQPRGHOVZHUHDVVXPHGLQWKHLQWHUSUHWDWLRQ |

MXPS GLIIXVLRQPRGHOVRIDGLVFU&E WD ) GHRAPHSWULIBXVLRQ PRGHOV

RYHUD FRQWLQXRXV GLVWULEXWLRQ RIMXPS GLVWDQFHYVY DV IRU
@

7R RXU NQRZOHGJH %URZQLDQ W\SH GLIIXVLRQ RI DGVRUEHG PRC
QRW EHHQ REVHUYHG \HW E\ QHXWURQ VFDWWHULQJ DW ODUJH PR
PRPHQWXP WUDQVIHUV DOO W\SHVRIWUDQVODWLRQDO GLIIXVLRC
IXVLRQ

7TKHIJRDORIWKHZRUN SUHVHQWHG LQ WKLVFKDSWHUZDVWRVWXG
WLRQDQG WKHGLIIXVLRQDO G\QDPLFV RIPROHFXODU K\GURJHQ D
RI'DQRYHO KLIJKO\ SRURXV FDUERQ ITURPQRZRQ UHIHUUHG WR DV
DWHGJUDSKLWH3D®H[FFKDYHREVHUYHGD FRPELQDWLRQRI%URZ(
DQRG MXPS GLIIXVLRQRYHUD ODUJHWHPSHUDWXUHDQG PRPHQWXF
VA\VWHPYV

7KLV FKDSWHU LV RUJDQLVHG DVZRGORHEW EQIMHRNIHRIYLHZ R1 WKF
VIQWKHVLV RI " DQG ZH GHVFULEH WKH H[SHULPHQWDO PHWKR
GLIIUDFWLRQ DQG VSHFWURVFRS\ PHDAMXSHRWO@W D,QC/E EWLDRW/
WKH H[SHULPHQWDO UHVXOWYV :H “UVW VKRZ UHVXOWYV IURP DGVR
' VHF ‘HWKHQ GLVFXVV QHXWURQ DQG ; UD\VFDWWHULQJ |
LPSOLFDWLRQV RQ WKH VWUXFW XU H Rl Qi B D SUHUMDQ@W\RXU “Q G
LQJV RQ WKH GLIIXVLRQ UDWHV DQG DFWLYDWLRQ HQHUJLHV DQG
DQG NLQHWLF IULFWLRQ RI K\GURJHQ LQ ERWK PDWHULDOV DQG FR
RWKHU FDUERQ PDWHULDOV



([SHULPHQWDO

3Xk 1tT2 BK2Mi H

3XkXR a KTH2 *? ° +i2 ' Bx iBQM

7KH VIQWKHVLY DQG FKDUDFWHULVDWLRQ RI KDYH EHHQ |
+R\RV DQG ZLOO EH SXEOLVKHG LQ WKH IXWXUH %HFDXVH RI W
SUHWDWLRQRIWKHH[SHULPHQWDO GDWD WKH\DUHQHYHUWKH

KDV EHHQ VIQWKHVLVHG YLD GLUHFW URXWH DVVHPEO\ XV
IDFWDQW DQG ZLWK WHWUDHWK\O RUWKRVLOLFDWH 7(26 DQ
W H[KLELWV D PLFUR DQG PHVRSRURXV VWUXFWXUHDQG D YH!
'XH WR WKH FDUERQL]DWLRQ WHPSHUDWXUH DQG WKH VRXUFH
FRQWDLQVERWKVKRUWUDQJHRUGHUHG JUDSKLWLFUHJLRQV L
FDUERQ

, QLWLDOO\ D UHDFWLRQ PLIWXUH ZzDV SUHSDUHG E\ GLVVROYL
6LIPD VROXWLRQ 7KHQ PRO 7(26 ZHUH DGGHG DQG WKH ¢
ZLWK 0+&0 7KH FOHDU VROXWLRQ ZDV KHDWHG WR r& IRU

FDUERQL]JHGLQLQHUWDWPRVIXWHUHr& PROHPIQPD PDWHULDO ZLC

LQFRQWDFW ZLWK +) WR GLVVROYH WKHVLOLFDDQG REWDL(

I1LWURJHQ DGVRUSWLRQ GHVRUSWLRQ LVRWKHUPV RI" ZH
PHULWLFV $6%$3 LOVWUXPHQWDW . 3ULRUWR WKH PHDVXU
EHHQDFWLYDWHG XQGHU YDFXXP DW r& IRU K 7KHSHUFHQW
LQ" ZDVGHWHUPLQHG XVLQJHOHPHQWDO DQDO\VLV &+1 /(¢

7TKH2IVRUSWLRQ LVRWKHUP R LWVKRZHIRUMH Y L]H GLVWUL
WLRQKDVEHHQFDOFXODWHGE\XVLQJWKHVRIWZDUHRIWKH L
ODVWHU9 7TKHPLFURSRURXV PHVRSRURXVDQGWRWDODUF
WKHW SORW FKGRBW O ¥ HODWL YoH BURPVV XWR 3 BMKHHWW -R\QHU

+DOHQGDPRGHO @ DW BURP WR DQ@EMKGHO @ DW 3 3

IURP WR UHVSHFWLYHO\

$ FRQFDYH LVRWKHUP FXUYH LV REWDLQHG IRU ' 7TKH SUHYV
KLJK UHODWLYH SUHVVXUH KDV EHHQ DVVRFLDWHG ZLWK D W\S
VORSHDWKLIJKSUHVVXUHVLQGLFDWHVDPXOWLOD\HU SRUH “0O
IRUPHVRSRURXVY PDWHULDOV DQG IRUD VWURQJLQWHUDFWLR
WKH SRUH ZDOOV 7KH SUHVHQFH RID W\SH + K\VWHUHVLV ORR
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J)LIXUH D 1LWURJHQ DGVRUSWLRQ GHVRUSWLRQ LVRWKHUPYV |
,QFUHDVLQJ SUHVVXUHLVLQGLFDWHG E\EOXHWULDQJC
VXUH E\JUHHQ VTXDUHV E 3RUHVL]HGLVWULEXWLRQRI"
WKH 2DGVRUSWLRQPHDVXUHPHQWYV

PLFUR DQG PHVRSRUHV ZLWK D VOLW VKDSH SRUH PRUSKRORJ\ 7K
SRURXV DQGWRWDO SRUHYROXPHDQGVL]HZHUHGHWHUPLQHG XV
+. PRGHO@ WKH %-+ PR@HDQPOMWRRGHO ® UHVSHFWLYHO\ 7KH
UHVXOWLQJ SRUH VL]H GLVWULEXWLRQDLY MKRZYDLUDRHIWHUV GH
GXFHG IURP WKH DGVRUSWLRQ GHVRUSWLRQ PHDVXUHPHQWY DUH
' KDVDKLJKVSHFL“FDUHD \2XUIDGB BRUHFROXPHRI FP

ZLWK SULPDU\ FRQWULEXWLRQ RI WKH PHVRSRUH YROXPH DQG ZLV

RURVLW\
W SORW +. % (7 % - +

9micro ' micro 9meso meso @ET Qotal E:BJH

SFPI@A® | >FPI@A® 2p@ >FPJ@ >P@

1
Vmicro PLFURSRURXYV SRD4 Y ROPXFPHRSRURXYV ¥R4H VL]H
PHVRSRURXVY SRUBWYER PHMHRSRURXYV S&H WISHFL"F
VXUIDFH DUHD IURP W ¥la% (WRWOBGRUSEYROSARAL“F
VXUIDFHDUHD IURP WKH %-+ PRGHO

7TDEOH &KDUDFWHULVWLF SDUDPHWHUV RIDGVRUSWLRQDQG PF
1, &2 DQG¥DSRXUDGVRUSWLRQ PHDVXUHPHQWYV

3BDS\H[ LV DQ H[IROLDWHG DQG UH FRPSUHVVHG JUDSKLWH WKDW F
EDVDOJUDSKLWH SODQHV ZLWKDQDYHUDJHV ZJKHHRVH/SGBQBE® KXQC
DUH SDUWLDOO\ RULHQWHG ZLWK DERXW HIKLELWLQJ RULHQWD
+:+0RILWV PRVDLFVSUHDGRI r DQGDERXW EHLQJFRPSOHWHC(
HOQWHG WKHEDVDO SODQHV DUH VWDPSKHKGWER DERXW DEBXW



([SHULPHQWDO

DV JUDSKLWH >@ % (7 DQDO\VLV UHYHDOV D 7\SH ,, VRUSWLRQ
LQJWKDW 3DS\H[ FRQWDLQV D QHJOLJLEOH DPRXQW RIPLFURS]
DUHD RI DERXW 6%16 H[SHULPHQWY HPSOR\LQJ FRQWUDVW YDL
WKH YRLGV LQ 3DS\H[DUH FRQQHBWHG DQG “OODEOH >

3XkXk L2mi QM aK HH@ M;H2 a+ ii2 ' BM; J2 bm 2K2Mib

7R H[DPLQH WKH VWUXFWXUH RI6BXEPHDSAMUNPRQWN KDYH EHH
SHUIRUPHG RQ WKH ' GLIIUDF\@RPMIHHBRWURQ ZDYHOHQJWK
DQG DW GHWHFWRU GLVWDQFHV PDQG P ZLWKD UHFWDQJ
RI PDQG P UHVSHFWLYHO\ 7KHVHVHW XSV FRYHU D WR!
Q #1 7KH EHDP VL]H DW VDPSOH SRVEWRRQNADH VPP $OH
WKLFNQHVV ZDV PP OHDVXUHPHQW WLPHDW HDFK VHW XS ZD\
VXUHPHQW DZ2FKBPBRI3DS\H[ZLWKDWKLFNQHVVRI PPKDGEHH
XQGHU YDFXXPDWDWHPSHUDWXUH RI .RYHU KDQG“O0OHG
6$16 VDPSOH KROGHU XQGHU DUJRQ DWPRVSKHUH

7KH VWUXFWXUH RI KDV E5t$H GROWWKGH B €GLIITUDFWRPHWH
//% 6DFOD\ JUDQFHDW WKUHH VHW X SIVQRG G H ¥\WH B RV@ ) D5YLH/ QDAY
= fl= P = fl= P = fl= P &RPELQLQJWKHVH
VHW XSV FRYHUV D WRWDOQ UDQ#¥H BULRU WR WKH PHDVXUHPF
WKH “QH SRZGHU RI " ZDV “OOHG LQWR SRFNHWV RIDOXPLQL:
[ PP2ZLGWKDQG PP WKLENQHVV

3XkXj L2mi'QM hBK2@Q7@6HB;?i J2 bm 2K2Mib

IHXWOR®SHFWURVFRS\PHDVXUHPHQWY ZHUH SHUIRUPHG RQ W
DW ,//® XVLQJD VHW XS RIWKUHH FRPSRVLWH S\URO\WLF JUDS
DQHXWURQ ZDYHOHQ J¥WK VFDWWHULQJ IXQFWLRYSHFRP QHXW
WURVBREB\) FRYHUHG D PRPHQWXP WUDQWHU ubQDa |

DQ HQHUJ\WUDQVIHWUD @PHORTKH GDWD ZHUH JURXSHG LQWR Z
RIQ = +1DQG()= H9 LQ PRPHQWXP WUDQVIHU DQG HQHUJ
UHVSHFWLYHO\ $00 GDWD ZHUH WUHDWHG XVL@J WBKHRB03 VR
WR WKH PHDVXUHPHQW ' ZDV FUXVKHG WR D “QH SRZGHU DQ
F\OLQGULFDODOXPLQLXPVDPSOHKROGHU ZLWKDQDQQXODU Z
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KHDWHG LQ YDFXXP DW r& IRU K WR UHPRYH YRODWLOH FRQWD
IDFH 7KH 3DS\H[VDPSOH ZDVFXWLQWR GLVNVRI PPGLDPHWHU $
WKHQ VWDFNHG tDW O\LQJLQ D F\OLQGULFDO DOXPLQLXP VDPSOH
7KH WHPSHUDWXUH ZDV FRQWUROOHG XVLQJ D VWDQGDUG OLTXLG
FU\RVWD@V >% RWK VDPSOHV ZHUH FRROHG WR .DQG WKH TXDQWL
WR PRQROD\HRI BAGURJHQ JDV ZDV GRVHG WKURXJK D VWDLQOHVV
WKDW ZDV FRQQHFWHG WR D SUHVVXUH FRQWURO PRQLWRU 7KUF
PHQW FRQQHFWLRYUMR/BUYRPU DW URRP WHPSHUDWXUH ZDV PDL
VHFXULW\UHDVRQV ,Q RXUVHW XSDQ\GHVRUEHG K\GURJHQ ULVH
WKHGHVRUEHG TXDQWLW\FDQEHGHGXFHG WKURXJKSUHVVXUH PR
UHODWLYH FRYHUDJHVY REWDLQHG DW VDPSOH WHPSHUDWXUHV EH
7DE JRU WKH QHXWURQ VFDWWHULQJ H[SHULPHQWYV DQ HODVW
PHDVXUHPHQW ZDV SHUIRUPHGDW . 6SHFWUD ZHUH WKHQ PHDV X
EHWZHHQ .DQG

6DPSOH 5 HODWLYHFRYHUDJH 5HODWLYHFRYHUDJ
WHPSHUDWXUH >. @ ' >0/ @ 3DS\H[>0/@

J

7TDEOH 5SHODWLYHFRYHUDJHVLQIUDFWLRQVRIDPRQROD\HU 0/
DWVDPSOHWHPSHUDWXUHVEHWZHHQ DQG . 7TKHYDOXHV |
WKH K\GURJHQ SUHVVXUHLQD VHFXULW\UHVHUYRLU FRQQH
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JLIXUH (QHUJ\ LOQOWHJUDWHG LQWHQVLWLHV 6 4 REWDLQHG
DIWHUK\GURJHQDGVRUSWLRQDW . FURVVHYV . WUu

FOHV 7KHGDWDDUHFRPSDUHGWR6%16 PHDVXUHPHQW
OLQHV DQG WR QHXWURQ GLIIUDFWLRQ PHDVXUHPHQW
E 3DS\H[ 7KH %UDJJ UHtHPWVREQ@QBWUO\¥LVLEOH IRL
3DS\H[ VDPSOH ,QVHWV ORJ ORJSORWRI6%$16 UHVSRQ

2YHU D UDQJH RI DERXW WKH 6%$16 UHVSRQVH RI WKH 3DS\H[ VX
IROORZV D SRZHU ODZ VEDWKQJ 7KLVLVLQWKHUDQUJH I
WKH YDOXH IRXQG E\ *LOEHUVWHWHH),QVHW RBAWKRXJIK WKLV
PLJKWEHLQWHUSUHWHG LQ WHUPV RID JHIQPUDMOEYHG 3SRURG
ZKLFKZRXOG\LHOG D IU®F W D OWGHIPHIQVQRQY HDVLO\MXVWL“HG |
GLVFXVVHG LQ GHWDL@ E\THIDEFHIBW HVSRQVH RI ' IROORZV D
ODZVFDOLQJDV ZHOO RYHUDUDGJIHRUBERKXWQG DQ HESRQHQV
= ,Q WHUPVRILQWHUSUHWDWLRQ RI WKLV H[SRQHQV
WKLV ZRXOG\LHOG DQ XQU#®H VR GMELCH GHYWRW @DO\VLV RI WKF
GDWD LV XQIRUWXQDWHO\EH\RQG WKH VFRSHRIWKLV ZRUN
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1RZORRNLQJDW WKH QU REWOLKIHDE BARHQHUJ\LQWHJIJUDWLRQRI W
WUD IURRWKIHDVXUHPHQWVZHIQG WKDW WKHVLIQDOLVPRVWO\tDW
VXEVWUDWHY 3DS\H[KRZHYHU H[KLELWYV DL\QNEIRRMKIW KB NIDW DER>
DQRGWKH' GDWD ZKLFKVWHPVIURP WKH %UDJJUHtHFWLRQ IU
RIJUDSKLWH 1R%UDJJSHDNRIWKH»DVDO SODQHLVIRXQGIRU WK
WKH 4 UDQJH RI WKH SUHVHQW H[SHULPHQWY 7KLV LVLQWHUSUHW
RIORQJ UDQJHRUGHU )RUERWKVDPSOHV WKH VFDWWHULQJ VLJ(
DWPRVW YDOXHV RI 4 VHHELQWHKWWILYLGXH WR D KLIKHU DPRXQW R
RUWKR K\GURJHQVSLQVWDWHDWKLIJKHZWHAKS\HHUHDW X DHP\K PKHH & K
KLIKHUQHXWURQ VFDWWHULQJ FURVV VHFWLRQ WKDQ WKHSDUD V
WKDW WKLV HITHFW LV VWURQJHU WKDQ WKH FRQFXUULQJ ORVV LQ
RUSWLRQ RI K\GURJHQ ZLWK LQFUHDVLQJWHPSHUDWXUH VHH 7DE

3XjXk L2mi"QM aT2+i"Qb+QTv .vM KB+b

'HZLOO QRZ GLVEXVV WKH G\QDP LB(QF DWW HUK @8 UHOH[WIURDFW H G
IURP WKH ,1 QHXWURQ WLPH RI tLJKW VSHFWUD $Q H[DPSOH RI D
D PRPHQWXP WUPHVIHUY BV VKRZQ LQ )lZR H{WUDFW WKH G\QDPLF
LQIRUPDWLRQ WKH 72) VSHFWUD IRUD JLYHQ PRPHQWXP WUDQVII
IXQFWLRQ XVLQJD OHDVW VTXDUH DOJRULWKP )RUERWK DFWLYD
%URZQLDQ W\SH GLIIXVLRQ ZH JHQHUDOO\ H[SHFW D EURDGHQLQ.
4(16EURDGHQLQJ BURXIIW REH\V D /RUH Q\@] LOHQOWKID SH XVHG
DFRQYROXWLRQ RI WKH UR(QR § X\WKRWY ZOYREMRMLQHG IURP WKH FO
VXEVWUDWHDW . ZLWKD GHOWD IXQFWLRQ HODVWLF VEDWWH
GLVWULEXWLRQ WKDW UHSUHVHQWY WKH TXDVL HODVWLF EURDGH
JURXQG

Q1= lei ()bt ez RQD*C,

ZKHUHV WWKHO RI WKH/RUHQW]LDQ GLVWULEXWLRQ

‘H XVHG WKH UH@WB ®HSUHVHQWDWLRQ RI WKH JRRGQHVV RI “W
LPSURYHPHQW XSRQ DGGLQJ D tDW RUVORSHG EDFNJURXQG $OVR
JRUHQW]LDQ EURDGHQLQJ ZDV IRXQG ZLWKLQ WKH HQHUJ\ UDQJH D
VWUXPHQW )XUWKHUPRUH ZHGLG QRW “QG D GHYLDWLRQ IURP WK
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YLIXUH $ UHSUHVHQWDWLYH VOLFHE! W BMW\DFDRPHIWLOR | X Q
WUDQVQHU Rt DQG D WHPSHUDWXUH RI . RI WKH 3DS\
SOH 7KHJUHHQ OLQH VKRZV WKH GDWD RI WKH K\GURJ}
DW . 7KH GDUN EOXH OLQH VKRZV WKH PHDVXUHG GD\
S\H[ VDPSOH DW D WHPSHUDWXUH RI . UHVROXWLRQ |
VROLG OLQH LV WKH “WWHG PRGHO IXQFWLRQ DQG WKH
WKH/RUHQW]LDQ GLVWULEXWLRQ WKDW ZDV H{WUDFWH
VKRZV WKH UHVLGXDOV RIWKH “W IXQFWLRQ

DV D *DXVVLDQ RUD 9RLIJW VKDSH RI WKH TXDVL HODVWLF EUR
WKH “WV VKRZ QR V\VWHPDWLF HUURUVDQG RQO\DQLQFUHDVH
REVHUYHG LQ FORVHYLFLQLW\RI|I WIKH HODVWLF SHDN DW

7KH “WWLQJ SDYDPIBWHQWHTXDWLERUUHVSRQG WR WKH HODVW
LQHODVWLF VFDWWHULQJ FRQW U L EXMDIDRIRWARK HVKIHI B Q @/ [RU KV K
HPSW\VDPSOH DW D WHPSHUDWXUH RI . 7KH H&PMWLF DQG L
DQ%e(Q) UHVSHFWLYHO\ ZHUH REWDLQIH ® GIGE XOWRSOLFDWLR (
7KH 4 GHSHQG B®HRSGe(Q) LV VKRZQ IRUERWK VXEVWUDWHV L
JRU IXUWKHU DQDO\VLV ZH KDYH RPQWWHGWKE WHIDWRE®EQY
)LJ E\DJUH\GDVKHG OLQH WRDYRLG FRQWULEXWLRQV IURP
HYHQ WKRXJK IRUWKH VDPSOH WKHUH VHHPV WR EH QR VL

Si(Q LVIRUERWK VDPSOHVDOPRVW LGHQWLFDO WR WKH LQWHJ
LQ)LJ 7KLV LV GXHWR WKHIDFW WKDW WKH FDUERQ VDPSOH
QHXWURQ VFDWWHUHU WKDQ WKHUHODWLYHO\VPDOO DPRXQW

Snel(Q) HIKLELWV QR VXEVWDQWLDO 4 GHSHQGHQFHIRUHLWKHU \
Snel(Q) RYKQULQ RUGHU WR DQDO\WVH WKH WHPSHUDWXWHEBEHSHQG
FUHDVHVY ZLWK WHPSHUDWXUH UHtHFWLQJDQ DFWLYDWLRQ EI
JLHVER# PH9 IRUWKH 3DS\H[ VEE¥WUDWH DRHD
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J)LIXUH ,QHODVWLF LQWHQVLW\DV D IXQFWLRQRIWHPS

IRU " )LJ $W WHPSHUDWXUHV EHORZ WKHLQHODVWLF VLJC
ZHDN WR EH GLVWLQJXLVKHG IURP LQVWUXPHQWDO EDFNJURXQG
VLIQDO DV D IUHH]JLQJ RI WKH K\GURJHQ GLIIXVLYH G\QDPLFV LQ
WURQ GLIIUDFWLRQ PHDVXUHPHQWY RI K\GURJHQ RQ JUDSKLWH WK
EHWZHHQ DQ RUGHUHG FRPPHQVXUDWH OD\HU EHORZ . DQG D OLT
WHPSHUDW XU K>

7KHM(16EURDGHQQQIIKLELWY D VWURQJWHPSHUDWXUH GHSHQGHQF
JHQHUDO ZLWK LQFUHDVLIQIRXQGIWH FRQVLVWY RI WKH VXP RI D
SDUDEROLF SDUWDQG D VLQXVRLGDO SDUW

R[1! Jo(Q 1sin )]f( )d

TRy + ~DgrQ?,

'(Q) =~ b
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JLIXUH 7KH TXDVL HODVWILPODJKEHWRDRBO RLPRPHQWXP WUI
Q IRUDUDQJHRIVDPSOHWHPSHUDWXUHV 7KHHUURUE
YLVLEOH IRUPRVW GDWD SRLQWV 7KHFRQWLQXRXV OL
“WWLQJ (TWR WKHEURDGHQLQJ %RWKFRQWULEXWLRQ\
KDYHEHHQVKRZQ VHSDUDWHO\IRUWKH .GDWD WKHG
WKH FRQWULEXWLRQ IURP FROOLVLRQDO GLIIXVLRQ DQ
WKH FRQWULEXWLRQ IURP MXPS GLIIXVLRQ

ZKHUH WKH “UVW SDUW RI WKH ULJKW KDQG VLGH FRUUHVSRQG'
SLQJEHWZHHQ DGVRUSWLRQ VLWHV RQ D %UDYDLV ODWWLFH I
KDQG VLGH FRUUHVSRQGYV WR %URZQ kOXH @RS 8 IWIKKH URIG X FH
30DQFN FRQVIN@@®WH WKH KRSSLQJ UDWH DQG GLVWDQFH UHVS
GLIIXVIbLBOIQRWHY WKH WK RUGHU F\OLQ G L) RDHV % Y IVE/ HH\D WXKPF W
DQJXODU GLVWULEXWLRQ RI SODQHV LQ WKH VXEVIMWDKNH DOR:
UHVSHFW WR WKH QRUPDO RI 4K B NOBWWW WKMGIODQHRQ FRQV
WKH %URZQLDQ SDUW

7KK (PRGHORIMXPS GLIIXVLRQ KDV EHHQ GQRURXKN AB\LI) BHWFZR
GLPHQVLRQDO GLIIXVLRQRQ D VXUIDFHLQD PXOWLIFU\WWDOO
FRQQHFWLQJLQLWLDODQG “QDO DGVRUSWLRQ VLWHRI D MXPS
LEFDOO®@> 7KLV SURGXFHV D JHURWK R G HKH/GH WAL JEOQF MRLQR Q
RILQFOLQDWLRQ®QIMHYQW IRUERWK VIVWHPV :KLOH LV |
LVRWURSLF 3DS\H[ FRQVLVWV RI SODQHV ZLWK DQ LQFOLQDW|
DURX®@G r ZLWK D +:+0 RI DERXVW 7KLV KDV EHHQ WDNHQ LQWR
E\QXPHULFDO LQWHJUDWHKRKQ@RMWR EH QRWHG WKDW WKH LVRW L
LV RQO\DQ DSSUR[LPDWLRQ WKDW RPLWY WKH IDFW WKDW WKF
(T SURGXFHV LQ JHQHUDO DIQIREURDBEWILIQDNQ 7KLV PDWWH
GLVFXVVHG LQ GHWEZK®UB WHKMH FRUUHFW DYHUDJLQJLV DSSOL}
VLWDWHVY D UDWKHULQYROYHG JOREDO “WWLQJRIWKHHQWLUFL
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VROXWLRQ SURGXFHVY YHU\JRRG UHVXOWY DQGZHZLOO WKHUHIR
UHVXOWRI*“WWERQOQEBHVHHQLQ®PLD ERWKFRQWULEXWLRQV RIWKH
WLRQKDYHEHHQ SORWWHG VHSDUDWHO\IRUWKHUHVXOWIURP
WKHFRQWULEXWLRQ IURP MXPS GLIIXVLRQDQG WKHGDVKHG UHG C
%WURZQLDQ W\SHGLIIXVLRQ

7KHVHFRQG WHUP 0> VWHPV IURP FRQWLQXRXV %URZQLDQ PRW
RULJLQ RI ZKLFKLVLQJHQHUDO WZRIROG ,WPD\VWHP RQ WKHRQ
ZLWK WKH VXUIDFH ZKLFK LV H[SUHVyHQG& \WKHXRWIKHHU IKD QW LRW
PD\DOVR VWHP IURP D FROQLVIKRER O ULVHWLURAP FROOLVLRQV EH\
SDUWLFOHYV 7KH GLIDRVILR QHFRDW WG @YW WKH FROOLVLRQDO DQG V>
Y IDRR = W2i=( s+ con) ZKHMWH= %kBT LVWKHWKHUPDOO\DYHUDJHG YHOR
WKHGLIIXVLQIJPROHFXOH 7KHFROOLVLRQDOIULFWLRQ KDV EHHQ
RIEHQ]JHQH PROHFXOHV RQ DJUDSKLWH VXUIDFH ZKHUH ZH VXFFH
FROOLVLRQDO5SIYJIPRGIHRQ EKRY SDUDPHWHU IUHHPRGHO WDNHV LQV
HIFKDQJHEHWZHHQDQJXODUDQGURWDWLRQDOPRPHQWXP EHWZH
DVZHOODVFROOLVLRQSUREDELOLWLHVEDVHGRQWKHGLVWULEX'
> @ 7TKHFROOLVLRQDO IULFWLRQLVFDOFXODWHG E\

s
3+1 dgd(d+)p2— ks T

coll(,T)=

+1 2 Auc ’
ZKHUH m=2 = J PRO LV WKH UHGXFHG PDVV Rl WKH FROOLGLQJ
d= $+ LV WKH FROOLV§R® E&LVWDWQWHKH YDOXH RI WKH UDGLDO GLV!

WLRQ IXQFWLRQ DW WKH GILAWDQFM RWVROQWVRIR[QPXP :H H[WUDF
WKHVH YDOXHV IURP SDWK LQWHJUDO FDOFXODWLRQV IRU OLTXL
LQ)LJ > @ 7KHYDOXH RI WKH FRIOMILWHIRY ZHV/WDIQWK WKH LQWH
PROHFXODUGLVWDQFHDW WKHFRPSOHWLRQ®+DQ BEQFRPPHQVXUI
DV PHDVXUHG E\ QHXWURQVERWWHULQJ bV WKH PRPHQW RI
LQHUWLD RI WKH PROHFXO# QRURKMH.KVWGBJRUVHQ PROHEXOH
VPDOO VLQFH WKH PDVV LV VLWXDWHG YHU\ FORVH WR WKH FHQW
7KLV PHDQV WKDW WKHH[FKDQJHEHWZHHQ DQJXODUDQG URWDWL
FROOLGLQJPROHFXOHV LV QALIGLILEDIVLWQKHKLXYUFADY¥H DUHD WKDW
LVFRYHUHGE\DVLQJOHPROHFXOHDW IXOOPRQROD\HU FRYHUDJF
(pé[pé)s rRYHU VWUXFWXXUHUHODWLYH VX0ADIPWM GR % H QDB YHRLY
WKHVDPSOHWHPSHUDWXUHDQG KDVEHHQFDOFXODWHG IURP WKH
UHVHUYRLU WKHH[DFW YDOXHV FIRQEZMWIRKX®EBQQ® [MEQQ FRQVWDQ
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DQGWKHVDPSOHWHPSHUDWXUH

)LJ XU 5DGLDO GLVWULEKWLRPQTXQEWDRQ K\GURJHQ YHUVXV
r FDOFXODWHG E\ SDWK LOQWHJIJUD@ VOIRPXIOD WILRYV %ODK
DUURZV YDOXHVIRUJ G DQG G RI WKH “UVW PD[LPXP
FDOFXODWH WKH FROOLVLRQDO IULFWLRQ 7KH GDVKHC
WKLV ZRUN

T>0 I >f@ >SV@ DJD>p VC@DBR>p V@ con >3SV@ s >SV@
18 18

J J J J J J J

143 0.2

7DEOH 3DS\H[ VXEVWUDWH GLIIXVLRQ SDUDPHWHUV H[WUTC
WR WKH H[SHU L PH QAX D CDG Bl WMH PIS HVXOPV8 YGLW W D Q F H
MXPS WDBHAWGL I IXVLRQ FRQVWD QW RgaVXKIPI$XGALIRXQVARQ
VWDQW RI %URZQLDQ Mi\SHRILOIXAMIRRID O IUBFWLRQ IURP
PRGH& VXUIDFHIULFWLRQ ,Q WKHUDQJHIURP J . VW
WKH H[SHULPHQWDO GDWD ZDV WRR ODUJH DQG WKH GDW

7KHUHVXOWY IURP WKH5+"PRGHO DUH FRPSDUHG WR WKH “WW
IRU "' DQG LQ 7DRU 3DS\H[ 7KH REWDLQHG MXRBSWXKHQR W K

GHURI T IRU WKH" VXEVWUDWH LQ JRRG DJUHHPHQW ZLWK
WHPV VXFKDVRQFDUERQ DRURMIKHRBISRYRXYV FDUERQ PDWHU
JRU WKH 3DS\H[ VXEVWUDWH WKH GLVWDQFH LV UDWKHU RI WK
SHUDWXUHYV 7KLV FRUUHVSRQGY WR WKH LQWHU PROHFXODU
VXUDWH VW UXFWXXNM DVVXPLQJ UHSXOVLYHLQWHUDFWLRQ W
VFDOHLQYHUVHO\ ZLWK WKH URRW RI WKH WXUIDIFHKRYHUDJH
FDOFXODWHG GLVWDQFH PLIKW EH VOLJKWO\ LQtXHQFHG E\ W



+> RQ ([IROLDWHG *UDSKLWHDQG RQ +LJKO\3RURXV &DUERQ

T >-@ |>¢@ >$V@ DJD >P V@DBR >|Z’ V@coll >$V@ sur >$’V@
18 18

J J J J J J J

7DEOH ' VXEVWUDWH GLIIXVLRQ SDUDPHWHUV H[WUDFWHG
WR WKH H[SHU L PHQAX D ODG Bl WMH PIS HXODPV8 YA W D Q F H
MXPS WDBHAGL I IXVLRQ FRQVWD QW RgaVXIPI$XGALIRQVARQ
VWDQWRI%URZQLDQ MW \FRGOIUXVRRQ 05 IPFR\GLHR® |UR P
,QWKHUDQJHIURP J . VWDWLVWLFDOHUURURIWKHH[SHU
ODUJHDQG WKHGDWD KDYHEHHQ RPLWWHG

HUDJLQJQRIEXW IXUWKHU DQDO\VLVY ZRXOG EH QHFHVVDU\ WR LQYI
JURP WKH MXP$ WDDGMHIXVLRQ FHR ®DWEGWQ FDOFXODWHG E\ WKH UH
WLRRQ = LD% IRUHDFK PHDVXUKHPH®RW ERWK VXEVWUDWHYV WKH GLI
FRQVWDQWY DUH VKRZQ LQ DQ $U U KHE@LYHVDERRBYJ GL[) L J
KLELWYV DQ DFWLYDWHG EHKDYLRRBtk HROOHRGR WS DR ICPLIDMIWO\ D
T GHSHQGHQFH WKH H[SHULPHQWDO GDWD DUH VKRZQ DV UHG G
WKHRUHWLFDO GLIDXRV-L B0 K RV WD QWR WKH H[SHULPHQWDO UHVXO
ZH REWDLQ D YsRt O XRHUI RMUIK H VXEVYWHBWWQRW WR FKDQJH ZLWK
WHPSHUDWXUHDQG ZHWKXVDVVXPHD&KGRQVWDQWIWHUDJIHG YDO X
YRU WKH 3DS\H[ VXEVWUDWH D WHPSHUDWXUH GHSHQGHQFH VHHI
FUHDVLQJ VXUIDFH IULFWLRQ IRUORZHU WHPSHUDWXUHYV 8S WR V
GHUVWRRG WKH UHDVRQ IRU WKLV FKDQJHLQ VXUIDFHIULFWLRQ L
WHPSHUDWXUHY JLYHV SV ZKLFKLV FORVHWR WKH “QGLQJV RQ"
7KH FDOFXODWHG VXUIDFH IULFWLRQ LV LPPHQVH LQ FRPSDULV
SV IRU WKH FDVH RI EHQ]J]HQH RQ JUDSK@W AKIHQWGOIRSIHSRHQH >
LQ WKH $SUUKHQLXV SORW SAKRZXFIHY)IRIU WKH 3DS\H[ VXEVWUDWH D
YDWLRQ HQHUJ\ RI MB,RS GLIIXVIPR® DQG D SUH H[SRQHQWLDO IDFW
Dojp = '7P2 V )RUWKH" VXEVWHEBWH ZH “®Ks9
D Q% jp = '7P2V Q)L ZHFRPSMMUWR UHVXOWV IURP VWXG
LHVY RQ VLPLODU FDUERQ V\VWHPV 2XU “QGLQJIRU WKH 3DS\H[ VXI
WR ZKDW KDV EHHQ IRXQG EHIRUH RQ WKH VDPH VXEV@VUDWH DW OR
RQDKLJKO\SRURXV FRPPHUFLDO FDUERQEQ@® R M. QIOH ZDOOHG
QDQRWXEKV W LV YHU\ VXUSULVLQJ WKDW ' H[KLELWV DQ DFWI



'DWD $QDO\WVLVDQG 5HVXC

Is]
=
o
4
T
|
s ]
h
o
S
I
[ 4
&
.
—e—

2
-

&
/®

N
[S)
I
o
—e
|
[N
S}
o

o

[
o

Diffusion constant D [m
=
o
T
|
N . 2 -1
Diffusion constant D [m

N
S

[N
o
o
5
N
S

. . .

-3
50 100 L 150 200x10 50 100 150 200x10
D Inverse Temperature 1/T [K ] E Inverse Temperature 1/T [K ]

o
o

JLIXUH $UUKHQLXV SORWYV Rl WKH ORJD U LDAVKHPURIXW KHD G L 11X
YHUVH WHPSHUDWXUH %OXH GRWV ([SHULPHQWDO M
EOXHOLQH /LQHDU)LW WR KLJK WHPSHUDWXUH GDWD
WDO %URZQLDQ W\SHGLIIXVLRQ FRQVWDQW RUDQJH Ol
W\V\SH GLIIXVLRQ RI FRPELQHG VXUIDFHDQG FROOLVLRQ|
3DS\H[ VXEVWUDWH E 5HVXOWV IRU" VXEVWUDWH

LV VLIQL“FDQWO\ORZHU WKDQ ZKDW KDV EHHQ IRXQG RQ DOO F
DZDUHRI ,WLVE\DOPRVWDIDFWRU ORZHU WKDQ WKH DFWLY
HYHQ ORZHU WKDQ LQ OLTXLG RNGUWR@HQKH UHVXOWV DUH KRZF
FRUURERUDWHG E\ WKH IDFW WKDW WKH VDPH H[SHULPHQWDO
EHHQ DSSOLHG WR ERWK VI\VWHPV DQG E\ WKH IDFW WKDW WKH
ZLWK SULRU VWXGLHYV E\ %@L H & UDAKHH\ DWH SWKH GLIIXVLRQ FR(

VHHPV WR OHYHO RII DW ORZ WHPSHUDWXUHV 7KLV PLJKW
TXDQWXP WXQQHOLQJ EXW D EHWWHU JHQHUDO XQGHUVWDQC
SURFHVVHV DQG IXUWKHU LQYHVWLJDWLRQV DUH QHFHVVDU\
SRWKHVLV

7KH IDFW WKDW RQO\RQH VLQJOH /RUHQW]LDQ FRQWULEXWLR
KLELWV D EURDGHQLQJWKDW LV WKHVXP RIWKHVHWZR SURFH)
FDWHV WKDW ERWK SURFHVVHV RFFXUWR WKHVDPHPROHFXOH
,IPROHFXOHV ZRXOG H[KLELW HLWKHU RQH SURFHVV RU WKH R
ORFDO VWUXFWXUH DQG K\GURJHQ GHQVLW\ WKHQ D VXP RI W
WLRQV ZRXOG EH B@®WVH UYKIHKE IDEFW WKDW WKH VXP LV IRXQG LQ V
WKH /RUHQW]LDQ EURDGHQ(@U) ¥R QIMMON WKIHMRQYROXWLR (
JRUHQWI]LDQ IXQFWLRQV ZKLFK PHDQV WKDW LWV )RXULHU WU
WKH 9DQ +RRYH FRUUHGBWLRQ FRQFWWILRMXWHG RI WKH SURG XF\
SRQHQWLDO GHFD\V DV LW GRHV DULVHIRUWZR XQFRHJUHODW
VDPRPROHFXOH 7KLV VXJJHVWVY WKDW LQ WKHDFFHVVLEOH WLF
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JLIXUH &RPSDULVRQ RI WKH GLIIXVLRQ FRQVWDQWY REWDLQH

IURP HDUOLHU PHDVXUHPHQWV R QA0 @ & LREQKD GYLDRUILHHDN
RI FDUERQ V\VWHPV @DSMEYDFNHWYVY IRU GLVWLQFWLRQ
ZDOOHG QDQRWXEH® 6/1QJO®H ZDOOHG QDQR®RUQV 6:1+ >
FRPPHUFLDO XOWUD PLFURSRUFRX\5RDVIERQX80® DOFRKR O
GHULYHG DFWLYDWHG FRUERQERQ&E OGDFN ;& & >

@ 3W FRQWDLQLQJPLFURSRUR®Y FDUERQ PRIOKF X
ODU VLHYH &®6 7KH UHVXOWV IURP WKLV ZRUN DUH GHSLFW
' DQG\HOORZ 3DS\H[ GRWYV

LVJIJLYHQ E\ WKH LQVWUXPHQWDO UHVROXWLRQ D PROHFXOH ZRX
SURFHVVHV LQ FRQWUDVW WR WKH SLFWXUH WKDW GHSHQGLQJF
HIKLELWV RQO\RQHRIWKHWZR SURFHVVHV

3X9 *QM+HmMbBQMb

,Q WKLV FKDSWHU ZH KDYH $RHWHQGHHE @HRRQROXODU K\GURJHQ
IXVLRQLQD QRYHO KLJKO\ SRURXV FDUERQ ' DQG RQH[IROLDWH

6WUXFWXUD O6BWWEORIGHYHEXWURQ GLITUDFWLRQ VKRZ WKDW ERWK PLC
DVPDOO DQJOH UHVSRQVH WKDW REH\V D SRZHU ODZ EHKDYLRXU
KLIKHU PRPHQWXP WUDQVIHUV QR GLIITUDFWLRQ ZDV REVHUYHG ||

JUDSKLWH %UDJJSSHBN BWS\Hf 7KHVFDWWHUHGLQWHQVLW\RI
K\GURJHQLVPXFKZHDNHU WKDQ WKHFDUERQVXEVWUDWHDQG UL\
WR FRQYHUVLRQ RI WKH K\GURJHQ VSLQ VWDWHYV

7TKH QHXWURQ VSHFWURVFRS\ PHDVXUHPHQSEURMKGEBEOQW@I/RUHQW



&RQFOXVLRQV

WKDW UHYHDOV WZR GLIIXVLRQ SURFHVVHYV $Q DFWLYDWH
ZLWK MXPS OHQJWKV WKDW DUH Rl WKH RUGHU RI J f KDV EF
DFWLYDWLRQ HQHUH) Rl GLIIXPHRQRU K\GURJHQ RQ ' DQG
Ea = PH9 IRU K\GURJHQ RQ 3DS\H| $ %URZQLDQ W\SH
LV FDXVHG E\ FRQWULEXWLRQV RI FROOLVLRQDO DQG RI VXUID
FROOLVLRQDO IULFWLRQ VWHPV I[URP LQWHU PROHFXODU FRO
E\5+' PRGHO ZKLOHWKHVXUIDFHIULFWLRQ VWHPV IURP LQWH
'HFRXOG GHGXFHDQDYHUDJHG ¥XUIDFH IS¥FRULRQGURJIHQ

RQ D QG = S¥ IRU K\GURJHQ RQ 3DS\H[ )XUWKHUPRL
GLIIXVLRQ SURFHVVHY VHHP WR RFFXU WR WKH VDPH PROHFXC
PDQQHU
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7KHUHDVRQLQJIRUGLIIXVYDRRYWXGEBURREO PDWHULDOV KDV D
ODLG RXW LQ ,&KWRKLY FKDSWHU ZH SUHVHQW D VWXG\ RI WKH D¢
DQG RUWKR SDUD FRQYHUVLRDRWRE RKQ@DUHRIREH @RHY KDY H

KLJK VSHFL“F VXUIDFH DUHD DQG WKHLU WKUHH GLPHQVLRQDC
HUWLHV FDQ EH WXQHG HJ E\DG@LWERRWVH GRS WKWM\EYHVHQ\
VWXG\ VHUYHV XV DV D OVWDQGDUGP DHURJHO ZKLFK ZH DLP V
GLIIHUHQW SRUH JHRPHWULHV DQG VXUIDFH FKHPLVWU\ :H KD
UHVXOWV RI WKLV VWXG\ WRR&DUERQ MRXUQDO >

7KH UROH RI FDUERQ VXEVWUDWHY LQ WKH FRQYHUVLRQ IURP |
EHHQ WKH VXEMHFW RI QXPHURXV VWXGLHV $Q H[KDXVWLYH
RUWKR SDUD FRQYHUVLRQ KDV EHHQ SXEGA VRKIE ENYQHZAR LQ
FXVHG RQ WKH GLIITHUHQW FRQYHUVLRQ FKDQQHOV WKDW KDG
WKHPDLQ RQHVEHLQJSDUDPDJQHWLFDQG IHUURPDJQHWLF LQ
FDOGLVVRFLDWLRQDW D PHWDO VXUIDFH )LUVW PHDVXUHPHQ
IRUPHG LQ @ ,Q WKHVH “UVW H[SHULPHQWY DOUHDG\ DFWL
WR REWDLQ D UDSLG RUWKR SDUD FRQYHUVLRQ $ V\VWHPDWL
RI GLIIHUHQW VXEVWUDWHY ZDV %H WIRWPHGW ZDV WKRZQ WKD!
FRQYHUVLRQ PHFKDQLVP RQ FDUERQ LQ FRQWUDVW WR PHWEL
PROHFXODU LQWHUDFWLRQ 1HXWURQ VEFDWWHULQJ RQ RUWK]|
LQYHVWLIJDWHG WKHR @HDVQE BIPSHUPLPHQWDOO\ >@ 105

PHDVXUHPHQWV RIWKHFRQYHUVLRQKDYHEHHQ SBUWRBPHG RC
LQ WKH FRQ“QHG JHRPHWU\ RI D JHR OLKWHMIBNV\R HEB /AWK &\ DOVR
DFKDQJHLQ FRQYHUVLRQ UDWHV 7KH FRQYHUVLRQ KDV EHHQ
QDQRSRURXV FD@ PRG FDUERQ QD @R WKE®KN Q ERWK FDVHV D U



+, RQ &DUERQ $HURJHO

FRQYHUVLRQ ZDV REVH WYWBE¥RQWH BRQ LQFRPSOHWHQHVV Rl WK
YHUVLRQ WKDW ZDV VXJJHVWHG WR EH GXH WR KLQGHUHG URWDWL
“QHPHQW LQ XOWUD P@®F URKERWDHAWXPSWLRQ ZDV FRUURERUDWHG E
WLRQV RI WKH G\QDPVEQRIH ZDOOHG FDUERQ QD@RWXEHV 6:17 >

7KLVFKDSWHULVRUJDQLVHGDHWIRDHREVLHIRMAUYLHZ RIWKH V\Q\
VLV RIWKLVY FDUERQ DHURJHO DQG ZH GHVFULEH WKBEH[SHULPHQW!I
SUHVHQW DQG GLVFXVV WKH H[SHULPHQWDO UHVXOWV :H*“UVW VK
PHDVXUHPHQWV RQWKHFDUERQ:BIFMURIGIGLVARVV QHXWURQDQG ; L
VEDWWHULQJ UHVXOWV DQG WKHLU LPSOLFDWLRQV RQ WKH VWUXF
'H“QDOO\ SUHVHQW RXU “QGLQJV RQ WKH RUWKR SDUD FRQYHUVLTF
VWDWHV VHFQG RQ WKH GLIIXVLRQ RI K\GURJHQ LQ WKKHH PDWHULDC
FKDSWHU “QLVKHV ZLWK D FRQFOXGLQJ VHFWLRQ WKDW VXPPDULV
VWXG\

NXk 1tT2 BK2Mi H

7TKB*VDPSOH SUHSDUDWLRQDQG FKDUDFWHULVDWLRQ ZDV FRQGX
I1DIJIV\IURPWKH %XGDSHVWS8QLYHUVLW\RI7THFKQRORJ\DQG (FRQRPL
VFULSWLRQ RI WKH SUHSDUDWLRQ RI WKH FDUER®@ DHHUIRUHO KDV EF
DEULHIGHVFULSWLRQ ZLOOEHJLYHQ EHFDXVHRILWV UHOHYDQFF

NXkXR avMi?2bBb Q7 i?2 * "#QM 2 Q;2H

JRU WKH VIQWKH&L\VERYRMKAL QRO 5 IRUPDOGHK\GH ) K\GURJHO
5 FDWDO\VW UDWLR RI ZDV SUHSDUHGLQ D “UVW VWHS $IWHU RQ
ZHUH VXSHUFULWLFDOO\ GULHG DFFRUGLQJ WaR WKH BWWKRG GH YV
DHURJHO URGV ZHUH FRQYHUWHG LQWR FDUERQ DHURJHO E\ KHDW
QLWURJHQ DWPRVSKHUBGH LQ D URWDU\ TXDUW] UHDFWRU DW D V
RI .IRU KLQD PO PLQQLWURJHQtRZ

NXkXk a KTH2 *? ° +i2 ' Bb iBQM

ILWURJHQ DGVRUSWLRQ GHVRUSWLRQ LVRWKHUPY ZHUH PHDVXU
H 4XDQWDFKURPH FRPSXWHU FROQWUROOHG VXUIDFH DUHD DQ



([SHULPHQWDO

7KHDSSDUHQW V3dd4DEBWDEBOF X 0D W G RRGHDOWEK H7 KH W R

WDO SRUH YROXPM GHULYHG IURP WKH DPRXQW RI YDSRXU DG V|
SUHVVXUH DVVXPLQJ WKDW WKH SRUHV DUH WKHQ “O0OHG Z
PLFURSRUH WROXPMHQ G WKH DG VR U SEYd RARHWB@HKBWHWLYHG IURP WK
'XELQLQJ5DGXVKNHY@ FRKHORRWUH VL]H GLVWULEXWLRQLQ WKH F
SRUH UHJLRQV ZDV FDOFXODWHG XVLQJ GB®Q %DW ER® 6 WRRGBHIO
DQG K\GURJHQ DGVRUSWLRQ GHVRUSWLRQ LVRWKHUPV ZHUH
$XWRVRUE VXUIDFH DUHD DQG SRUH VL]H DQDO\VHU DQG DW
ERWK IURP 4XDQWDFKURPH UHVSHFWLYHO\ 7UDQVIRUPDWLF
GDWD ZDV SHUIRUPHG E\ WKH 4XDQWDFKURPH VRIWZDUH $6L4Z|

7KHVXEPLFURVFRSLFVWUXFWXUHRIWKHFDUERQDHURJHO ZD)\
DQJOH; UD\VFDWWHULQJ 6%$;6 :$;6 RQ WKH %0 ' $OEHDPOLQ!
6\QFKURWURQ 5DGLDWLRQ )DFLOLW\ (65) *UHQREOH )UDQFH
VDPSOH ZDV SODFHGLQDJODVV FDSLOODU\WXEHRIGLDPHWHU
VLW\ ZDV FROOHFWHG LQ WKH ZDYH YHFEW R Y W U Q Q\HI® W LWDLGIM
ZHUH QRUPDOLVHG ZLWK UHVSHFW WR D VWDQGDUG VDPSOH O.

7TKHHOHPHQWDODQDO\WHVRI& + 2 1DQG6ZHUHFDUULHG RXW
&+16 PLFURDQDO\VLV DSSDUDWXV ZLWK D /(&2 TUXVSHF OLFUR 2
VLV 7TKHDPRXQWV RI & + 6DQG1ZHUH GHWHUPLQHG IURP WKF
DQRG BURGXFHG LQ WKH FRPEXVWLRQ RID SRUWLRQ RI WKH VI
ZDV XVHG IRUHDFKDVVD\ ZLWKWZR UHSHWLWLRQV 7KH R[\JH
I[URP WKH DPRXQWYV Rl &R ®KIBVE&EZS LQ D S\URO\VLVY DW YHU\ KLJK
LQDGLITHUHQW SRUWLRQ RIVDPSOH

; UD\SKRWRHOHFWURQ VSHFWURVFRS\ ;36 PHDVXUHPHQWYV Z1I
VDPSOH LQ D 63(&6 VSHFWURPHWHU ZLWK D 3KRLERV KHPLV
EDVH SUHVVX BHIARKWKEHHU ZDV DERX®D 7KH ; UD\ UDGLDWLR
VRXUFH GHOLYHUHG QRQ PRQRFKURBDWWF 0J ; UD\ SRZHU
DQG DQ DQRGH YROWDJH RI N9 7KH SKRWR H[FLWHG HOHF'
FRQVWDQW SDVV HQHUJ\ PRGH XVLQJ D SDVV HQHUJ\ RI H9 |
DQG RU H9 IRUWKH KLIJIK UHVROXWLRQ FRUH OHYHO VSHFW
ZHUH UHFRUGHG DW D WDNH RII DQJOHRI r 1RELQGLQJHQHU
EHFDXVH WKH VDPSOH GLG QRW H[KLELW DQ\ FKDUJLQJ HIIHFW
XVHG IRUGDWD SURFHVVLQJ
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NXkXj L2mi QM a+ ii2 BM,;

IHXWURRVSHFWURVFRS\ ZDV SHUIRUPHG RQ WKH EDFNVFDWWHUL
26,5,6 DWWKH ,6,6 QHXWUR® X¥RIXQYFB SSURO\WLF JUDSKLWH DQI
VHW XS 7KH VFDWWHULQJ IXQFRWYRBFWU RS @RS WHIHROH

Q=jk! kj LV WKH PRPHQWXP WUB GV IBULYQEBKH HQHUJ\ WUDQVIHU
FRYHUHG D PRPHQWXP WUDQWHU UDPRDBRIDQ HQHUJ\ WUDQVIHU
UDQJH RI ! PH9 7KH GDWD ZHUH JURXSHG LQWR ZLQGRZV ZLWH
Q = +1DQGE = HO9LQPRPHQWXP WUDQVIHUDQG HQHUJ\WUDQVI
WLYHO\ $0026,5,6 GDWD ZHUH H{WUDFWHG XVLQJ@WRKWDQWLG VR
LQVWUXPHQW UHVROXWLRQ IXQFWLRQ ZDV PHDVXUHG ZLWK D YDQ|
VDPSOH LWVHOIDW WKH EDVH WHPSHUDWXUH RI WKH FU\RVWDW 7
ZDV XVHG IRUWKH GDWD LQWHUSUHWDWLRQ WR H[FOXGH WKH LQW |
FDXVHG E\ PLQRU GLVFUHSDQFLHV EHWZHHQ WKH VFDWWHULQJ JH
DQG WKH VDPSOH :H QRWH DOVR WKDW WKH HODVWLF OLQH RI 26
HQHUJ\DQG FDQQRW EHDSSUR[LPDWHG HDVLO\E\D VPRRWK VWDQ

7KHSRZGHUHG FDUERQDHURJHO ZDV “OOHG LQWR D KROORZ F\OLQ
KROGHU ZLWKDQDQQXODUZLGWKRI PP 3ULRUWRWKHQHXWURQ
WKH VDPSOH ZDV RXW JDVVHG IRU KRXUV LQ YDFXXP DW D WHPSH
PRYHYRODWLOHFRQWDPLQDQWVY IURP WKH VXUIDFH 7KHWHPSHUI
DVWDQGDUG OLTXLG KHOLXP FU\RV V@D W) RURW D) DHIK AUNR @ W B BWSW |
LQJH[SHULPHQWV WKHVDPSOH ZDV“UVW FRROHGWR .LQRUGHU
WHULQJUHVROXWLRQ PHDVXUHPHQW RI WKH FOHDQ FDUERQ VDPSC
ZDV KHDWHG WR .DQG WKH  TXDQWLW\FRUUHVSRQGLQJWR 0/R
GRVHG WKURXJK D VWDLQOHVV VWHHO FDSLOODU\ WKDW ZDV FRQ(
PRQLWRU 7KH K\GURJHQ FRYHUDJH ZDV FDOFXODWHG IURP WKH D
GURJHQ PROHFEXOHV WKH % (7 VSHFL“F VXUIDFHDUHD RI WKH VDPS(
RIDVLQJOHK\GURJHQ PROHFR®OHIRURXIHKRXW WKH HQWLUH H[SHUL
FRQQHFWLRQ WRJBVHBFRLU DW URRP WHPSHUDWXUH ZDV PDLQWD
ULW\UHDVRQV ,Q RXUVHW XSDQ\GHVRUEHG K\GURJHQ ULVHV WR
GHVRUEHG TXDQWLW\ FDQ EH GHGXFHG WKURXJK SUHVVXUH PRQL)
UHODWLYH FRYHUDJHV REWDLQHG DW VDPSOH WHPSHUDWXUHV EH
LQ 7DE 7KH VDPSOH WHPSHUDWXUH ZDV HTXLOLEUDWHG IRU DW OF
QHXWURQ PHDVXUHPHQWYV

7TKIBRODULVDWLRQFEHDDVX\WHRHIBIWYV ZHUH SHUIRIBRMSHRRQ WKH , 1
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6DPSOH WHPSHUDWXUH > @ 5HODWLYHFRYHUDJH >

7TDEOH 5HODWLYHFRYHUDJHVLQIUDFWLRQVRIDPRQROD\HL
DWVDPSOHWHPSHUDWXUHVY EHWZHHQ DQG

WURPHWHU @WXVLQJ SRODULVHG QHXWURQV ZLWK D ZDYHOHQJ

NXj] 2bmHib M/ .Bb+mbbBQM

7KH SRUH VWUXFWXUHDQG WKH VXUIDFHDUHD RI WKH “QDO FDL
WKHLQLWLDO FRQGLWLRQVRIV\QWKHVLV EXWDOVRRQWKHGU
JURP DPRQJ WKH WKUHH NLQGV RI GU\LQJ WHFKQLTXHYV DPELH
DQG VXSHUFULWLFDO GU\LQJ WKHODVW RQH SURYHG WR EH W
ERQV ZLWK KLIJIK VXUIDFHDUHD DQG FRQWUROUGKB SEWH\GW U XF
7(0LPDJHV )LIVKRZ WKH ORRVHLQWHUFRQQHFWHG DQG FRPSC
&* 7TKHKLJKUHVROXWLRQ7(0OLPDJHUHYHDOV WKDW WKHQDQR
WUL[LVPDGHRIGLVRUGHUHG JUDSKHQH OD\HUV RFFDVLRQDOC
DQG RQLRQ OLNHDVVHPEO\ 7KH H[WHQVLRQ RI WKHVH PLFURF
GRHVQRWH[FHHG WHQV RIQDQRPHWHUV

JLIXUH 6(0D DQG7(0E LRPIXNWRGWRMKHH[SHULPHQW
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NXjXR AbQi?2 K H /bQ ' TiBQM J2 bm 2K2Mib

T Sger Spbr Wor pbr Epr Vo.95
P2J PJ FPJ N- PRO 3BP
1
&2 J J
+ J J

T 7HPSHUDWXUH RI WKH DGVRUSW+RQ PHDVXUHPHQW
VSHFL*FVXUI®RHWDUHDFH DUHD IURP WKH 'S PRGHO
Woopr PLFURSRUH YROXPH IURPBARKHD'G PRGHO
VRUSWLRQ HQHUJ\ I[URP Wé¢H SRBRGH® XPH

I[URP WKBIAVRUSWLRQ Lp¥BWKHUP DW

7TDEOH &KDUDFWHULVWLF SDUDPHWHUV RI D@&VRUBRVLRQ DQG PF
1, &2 DQG¥DSRXUDGVRUSWLRQ PHDVXUHPHQWYV

7KH WH[WXUB*RADWVKH[SORUHG E\ DG VR BQWLR® RUHVSHF

WLYHO\ 7KH ORZ WHPSHODDWRUBWLRQ GHVRUSWLRQ LVRWKHUP L
9> @ )LI D 7KH K\WWHUHV LV, GROREDRY MKHDDYV D VOLW VKDSH S
PRUSKRORJ\LQ WKH PHVR SR UZQUDIQH RFRQWUDU\ WKH . K\GURJHQ
VRUSWLRQ GHVRUSWLR QL VIRMWKHDUPV WKH UHYHUVLEOH QDWXUH R
DGVRUSWLRQ XQGHU WKH H[DPLQHG FRQGLWLRQV 7KH % (7 VSHFI
&*LV RIWKHRUGHWR|Q DBRUHHPHQW ZLWK WKH HOHFWURQ PLFURVF
DERYHWKHVDPSOHKDVDZHOO GHYHORSHG SRURVLW\ZLWK D SRU
DW D UHODWL Y3 SUHVVXKH VWHHS XSWD Np#pp ER YDHW KQ \R |

ZLGH PHVRSRUHV J QDUURZ PDFURSRUHV $ UDQJH RI SDUDPHWHU
DGVRUSWLRQ GHVRUSWLRQ PHDVXUHPHQWY DUH VXPPDULVHG LQ "

7KH UHVXOWV Rl FRPSOHPHQWDU\ DGVRUSWLRQ RYRWKKIHUP PHDV X
&* VDPSOHDUH VKRZQ&RPEDULVRQ RI WKH GLIIHUHQW DGVRUSWLR
GHPRQVWUDWHVY WKHUROHRIWKHVL]JHDVZHOODVWKHNLQHWLFH
LQ VRUSWLRQ SURGFHVKHWRPELQDWLRQ RI SRUH VL]H GLVWULEX\
RQ &2DQG, LVRWKHUP PHDVXUHPHQWY UHYHDOV WKH FR H[LVWHQ
DQG XOWUD PLFURSRBRVH §IWKIKBLVWULEXWLRQ IXQFWLRQV ZHUF
TXHQFKHG VROLG GHQVLW)\ IXQFW L D@ W IQHRRUD RIBD)G 'JRULL') 7

IRU &2UHVSHFWLYHO\ ZLWK VOLW F\OLQGHU JHRPHWU\
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NXjXk L2mi" QM M/ s@ v a+ ii2’BM; @ ai m+im-  HAM7Q K il

)LJ GLVSOD\VVWUXFWERYDNE B\WEBDUWRH WEKWDLQH®@)DRBQHXWUFR
16 (VSHFWURVFRS\ DV ZHOO DV IURP ; UD\ VFDWWHULQJ 7KH QF
&*DUH FRPSDUHG WR WKH GDWD IURP WKH K\GURJHQ ORDGHG \
SHUDWXUHV 1HXWURQ DQG : UD\ VFDWWHULQJ VKRZ ERWK D V
WK& D IHDWXUH WKDW LV FRPPRQO\IRXQG IRUPDWHULDOV ZLV
7KH QHXWURQ GDWD GR QRW UHDFK D VXI“FLHQWO\ VPDOO DQ.
DQDO\VLYVY 7KH VXUIDFHDUHD GHULYHG IURP VPDOO DQJOH ; U

P2 J DOVR FRQ“UPV WKH SUHVHQFH RI XOWUD PLFURSRUHYV
DGVRUSWLRQ PHDVXUHPHQWY 7KHUDGLXV RIWKH VSKHULFDO
IRXQGWREH % VLPLODU WR H® UDR BIUD QIGLLVWPHWUDJJ SHDN LV
LQWKHQHXWURQDQG ; UD\WIDQVB RILWKEHEBWKMHQW H[SHULPHQ\
GLFDWHV DQDEVHQFHRIORQJ UDQJHRUGHULQ WKHFDUERQ Q
H[FOXGH JUDSKLWLF VKRUW UDQJH RUGHUDV VHHQ LQ WKH HOH

7TKHVFDWWHULQJVLIJQDO IURP WKH K\GURJHQ “OOHG VDPSOH L
WKHHPSW\VDPSOH DVH[SHFWHG +RZHYHU UDLVLQJWKHWHP
ORVVRIVFDWWHUHG VLJQDO 7KLV ORVVFDQ EHDWWULEXWHG
DGVRUEHG K\GURJHQ ZKLFK LV DOVRLQGLFDWHG E\D ULVH RI
YROXPHOLQNHG WR WKHVDPSOH 7DE

$\WQ > 1 WKH; UD\ VFDWWHULQJ VLIJQDO GHFD\V E\ VHYHUDO
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Cumulative Pore Volume (cm3/g)
o
o

0.015

0.01

0.005

dv(d) (cm®/g)

Pore width (¢)

J)LIXUH D &XPXODWLYHSRUHVL]HGLVWULEXWLRQ WULDQJOHV
DQGE LQFUHPHQWDO SRUHVL]HGLVWULEXWLRQRIWKHFD!
I[URPWKH,; EDXHRSHQV\PEROV DQG URRPWHMSHUDWXUH &
FORVHG VIPEROV DGVRUSWLRQ PHDVXUHPHD@WV GHULYHG
1/')7 &% PRGHOV UHVSHFWLYHO\ ZLWK VOLW F\OLQGHU J|
LOQGLFDWHWKH YRODOIQGRXXPBIF HRDBRDHY ZLWK SRUH ZLGWK

w<71%

ZKHUHDV WKH QHXWURQ VSHFWURPHWHUV REVHUYHD FRQVWDQW \
KHUHQW VFDWWHULQJ 7KHRULJLQRIWKHFRQVWDZDVQHXWURQ VI
YDOLGDW$PGIBVXUHPHQWY RQ WKH QHXWURQ VSLQ H®KR VSHFWUR
IHXWBBR®HDVXUHPHQWY H[SORLW QHXWURQ VSLQ tLSV WR GLIIHUH
SURFHVVHV FRKHUHQW VFDWWHULQJOHDYHV WKH QHXWURQ VSLQ
WHUDFWLRQ ZKHUHDV LQFRKHUHQW VFDWWHULQJ OHDGV WR VSL«
EHDP SRODULVDWLRQRI DQGD rWXUQ$SIDWHISREDUDYDWLRQ
K\GURJ&HQ/DPSOH LV VKRZQ LQ WKH ORZHW SERHED RUHGRPLQDQW

FRKHUHQW VFDWWHULQJLQ WKH VPDOO DQJOH UHJLPH EXW UHYHLE
HQW VFDWWHULQQ LUWDWKH KIKKHYQFRKHUHQW VFDWWHULQJ LV PDL(
VFDWWHULQJIURP WKH K\GURJHQ PROHFXOHV EHFDXVH K\GURJHGC
VFDWWHULQJ FURVV VHFWLRQ FRPSDUHG WR RWKHU HOHPHQWV DC

LQSDUWLF®ODU >
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JLIXUH XSSHU SDQHO (QHUJ\ LOQOWHJUDWHGCG@HRBWURQ VSHI
WDLQHGDW26,&8*EHRBWKK\GURIJHQDGVRUSWLRQDW
DOG IRUWKH K\GUREHQVWRDGHIRVVHV . WULDQJOHYV

FLUFOHV UHVSHFWLYHO\ 7KH GDWD DUH FRPSDUHC
VXUHPHQWY GDVKHG OLQH DQG WKH LQWHJUDWHG LQ
QHXWURQ VSLQ HFKR VSHFWURPHWHU ,1 GRWWHG JUt
QDO GDVK GRWWHG UHG OLQH LQFRKHUHQWVLJQDO 7
WKH FRQVWDQW VLJQDO WKDW VWHPV IURP LQFRKHUH
LQVHW VKRZV D PDJQL“FDWLRQ RI WKH 26,5,6 VLJQDO
WLYHLQFRKHUHQWDQG FRKHUHQW VFDWWHULQJFRQW |
HFKR VLJQDO DV IXQFWLRQ RIRPHQWXP WUDQVIHU

NXjXj Pi?2Q@S ° *QMp2 bBQM

7TKH QHXWURQ VWUXFWXUDO GDWD RI WKH K\GURJHQ “OOHG VDF
ZHUH FROOHFWHG VHYHUDO KRXUV DIWHU SUHSDUDWLRQ RI W
VXUHPHQWY WKH VLJQDO ZDV VWDEOH ,Q WKH SHULRG LPPHGL
JHQ KRZHYHU ZH REVHUYHG D VWURQJ GHFUHDVH RI WKH QHX
)LJ ZKLFK ZH DWWULEXWH WR WKHFRQYHUVLRQ IURP RUWKTF
QRGHVRUSWLRQRIK\GURJHQ ZDVREVHUYHG $WDQHXWURQ ZL
LQ WKH SURYHGWULPHQWY WKH UDWLR EHWZHHQ WKH VFDWYV
RI RUWKR DQG SDUD K\GURJHQ FDQ EH VDIHO\ DVVXPHG WR EF
> @ 7KLV DOORZV XV WR FRQYHUW WKHLQWHJUDWHG VFL
WKH UHODWLYHDEXQGDQFH RIRUWKR DQG SDUD K\GURJHQ :F
GHSHQGHQFH RI WKH UDWLR RI WKHVFDWWHULQJ FURVYV VHFWI
VXOWV VLIQL“FDQWO\ EHFDXVH DOPRVW DOO GHWHFWHG VLJC
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VFDWWHUHU
FURVV VHFWLRQ

VFDWWHULQJ

DEVRUSWLRQ
FURVV VHFWLRQ

>'2p2 pWRP@ ®F> DWRP@

para + <
ortho +
&

7TDEOH TRWDO QHXWURQ VFDWWHULQJ FURVV VHFWLRQV DQG DE

K\GURJHQ DQG FDUERQ DWD QHXWURQ ZDYHOHQJWK RI DER>
K\GURJHQ DQG FDUERQ UHVSHFWLYHO\ 7KH GDWD DUH WDI
@

)XUWKHUPRUH ZH GR QRW H[SHFW DQ\ VLJQL“FDQW FRQYHUVLRQ L
LQJQHXWURQV EHFDXVH WKH VDP SO H % RQGWDRLIHNQRA R\CKHFR OGIN U R |
ZKHUHDV WKH QHXWURQ tX[ LAVR | WKHH LIRUGAHWDRISHUFHQWDJH RI RU

1 \ \
N |- .
- 8
<}
e
° | N |
5 0.5
¢ S,
c%s * o o .
| e i
[ad e ”"*' —
0 | | | |
0 1 2 3 4
Time [h]

J)LIXUH JUDFWLRQ RI RUWKR K\GURJHQ REWDLQHG IURP WKH LQ'

WHULQJLQWHQVLW\RI &ODMAGURBH@XQWLPHDIWHU K\GUR
JHQ GRVLQJ UHG FLUFOHV $GHFD\LQVLIJQDO GXHWR RUW
LVFOHDUO\YLVLEOH 'DVKHGUHGOLQH “WRIDQH[SRQHQV
OLQH DV\PSWRWLFYDOXHRIWKHH[SRQHQWLDO “W JUHHQ
“QDO RUWKR K\GURJHQ IUDFWLRQLQOLTX2G K\GURJHQ DW

K\GURJHQ LQ DJDV DW URRP WHPSHUDWXUH LV
. WKLV SHUFHQWDJHGHFUHDVHV WR OLTXLG K\GURJHQ ZLWK D
UDWH RI SHU K& XWHHUHQW FDWDO\VWV FDQ VSHHG XS WKLV SL
“UVWREVHUYDWLRQRIVXFKDFDWDO\WLFDFWLYDWLRQZDV LQGH
> @ )LIJIVKRZVDYHU\IDVW GQHNDPIROMWAKMWK D KDOI WLPH RI
PLOQXWHV LQ FRPSDULVRQ WR DERXW KRXUVIRUOLTXLG K\GURJH

8SRQ FRROLQJ
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7ZR PDLQ URXWHV DUH FRQVLGHUHG IRUWKH DFFHOHUDWHG FF
WKH“UVW RQH SURFHHGV WKURXJK PROHFXODU GLVVRFLDWLRC
HQW VSLQ V@DWKH>VHFRQG SRVVLELOLW\ LV WKURXJK LQWHUD
QHWLF “HOG JUMG TKOWBDWWHU FRQYHUVLRQ FKDQQHO KDV EHH
IRUDFWLYDWHG FDUERQ VLQFH WKH PRELOLW\DW ORZ WHPSH L
WLYHO\VPDOO ,Q WKLV PRGHO WKHRUWKR SDUD FRQYHUVLR
QHWLVP RI XQSDLUHG HOHFWURQV ZKLFK H[LVW HLWKHU DW W
DW FKHPLVRUEHG R[\JHQ DWRPV WKDW DUH SDUW RI @XUIDFH IX
$V GLVFXVVHG DERYH RXU 6%$:6 :$;6 PHDV XUH P&QDY DQVR VKR
DPRUSKRXV VWUXFWXUH DW DWRP L Z ®IHRKI MKDGPADW KD W) MIKH RY
VWUXFWX&H IRV WHKBYLO\ GLVWRUWHG FRPSDUHG WR H J JUDS
PHDVXUHPHQWYV RIFWKMHEXONG WKH SUHVHQFH RIDERXW ZW F
DOVRVKRZHG WKDW  RIWKH UHPDIRUR FEPUEBRQY RPVFRQ WS QW I
DERXW ZW K\GURJHQ ZHUH GHWHFWHG LQ WKH EXON FDUERC
VKRZLQJWKH KRPRJHQHLW\RI WKH VDPSOH 7KH SUHVHQFH RI |
WKH ODUJH TXDQWLW\RI XQSDLUHG HOHFWURQV DW WKH HGJH"
DFFHOHUDWH WKH RUWKR SDUD FRQYHUVLRQ DV REVHUYHG KH

7KH GDWD LQDUH ZHOO UHSUHVHQWHG E\DQ H[SRQHQWLDO GHI
YHUJLQJDWDQ RUWKR K\GURJHQ DEXQGDQFH RIDERXW UHV
LOQWHQVLW\ 7KLV DV\PSWRWLF YDOXH LV PXFK KLJKHU WKDQ
HTXLOLEULXP YDOXH LQ OLTXL GaK\BGKILFKHIQQEW FD.WHV WKDW WK
VLRQ PHFKDQLVP LV IDVW EXW KLQGHUHG 6XFK D KLQGHUHG
EHIRUH IRURWKHU QDQRSRURXV @D WCHRIF RDWWURROW XJJIJHVW
VWURQJ FRQ“QHPHQW LQ XOWUDPLFURSRUHV FDQ OHDG WR Kl
GURJHQ PROHFXOH LQKLELWLQJ WKH FRQYHUVLRQ Bl WKH VSL
&RQWHVFX HW DO SURSRVHG WKDW WKH SHUFHQWDJH RI XQFR
tHFWV WKH IUDFWLRQ RI K\GURJHQ WK DW¢ LY M®WRKIFEHIE MWKSHR U+
VWXG\ IRXQG QR GLUHFW SURSRUWLRQDOLW\ EHWZHHQ WKH D
K\GURJHQ DQG WKH YROXPH RI XOWUDPLFURSRUHYV 6WXG\LQJ '
ERQV WKH\IRXQG DQG RIUHPDLQLQJQHXWURQVFDWWHU]
DQGDFRUUHVSRQGLQJIUDFWLRQ RI DQG RWSRWHYROXPH
,Q REWV\VWHP WKHD&ER XU DGVRUSWLRQ PHDVXUHPHQW UHYHD
XOWUDPLFURSRUH YROXIRH YROXPH RI BSRUBMVZLWIKER

HTXLYDOHQW WR RIWKH WRW XXSRUBYRBXPNHREVHUYHG D F
KLJKHU UDWLR RIUHPDLQLQJRUWKR K\GURJHQ +RZHYHU LI ZF
WLRQ WDNHV SODFH RQ WKH VXUIDFH LW LV PRUH UHDVRQDEO
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DYDLODEOH VXUIDFHDUHD LQ WKH XOWUDPLFURSRUH UHJLPH UDW
YROXPH $V FDQ EH VHHDR L KIHFXPXODWLYH VXUIDFH DUHD RI Wtk
ZLWK fLVDERXW J ERKLFKUHSUHVHQWYV RI WKH WRWDO DFFH\
IDFH ZKLFKLVLQJRRGDJUHHPHQW ZLWK WKHREVHUYHG UHPDLQL
VFDWWHULQJPHDVXUHPHQWY 7KXV ZHSURSRVHWKDW WKHUHOD
FURSRUHVLVOLQNHG WR WKHKLQGHUHG RUWKR SDUD FRQYHUVLR

NXjX9 L2mi"QM aT2+i'Qb+QTv @ .vM KB+hb

1RZZHZLOO GLVFXVV WKH G\QDPLB(®F P VZWIHK DH UKGHAWUREGWH G
IURP WKH 26,5,6 QHXWURQ 72) VSHFWUD ,Q D “UVW WUHDWPHQW V
PDOLVHGE\DVWDQGDUG YDQDGLXP VDP SQ@ BUDRXSW KHQ JURXSHG L
D VKRIEY!) IRUWKH K\GUR&ZH@DO®OSEB DW . $ FXW RIWKH VFDWWH !
IXQFWLRQ DW D PRPHQWXP WWUDOYWKRZRI LQ )ZKH VSHEWUXP
VKRZV D VWURQJ HODVW£B BHDP® QG ®DXZHDN EXW FOHDUO\ GLVFHU
TXDVL HODVWLF EURDGHQLQJ ZKLFK DSSHDUV DW WKH EDVH RI WK
QDPLFUDQJHZHIRXQGQRDGGLWLRQDOLQHODVWLFIHDWXUHV FD>
VHH)LJD )LJ E GHPRQVWUDWHYV WKDW WKH TXDVL HODVWLF VL
WKHDGVRUEHG K\GURJHQ DQG QRW E\WKHFDUERQ JHO VXEVWUDW
WLDO TXDVL HODVWLF EURDGHQLQJLVREVHUYHG ZLWKRXW DGVRL

7KH G\QDPLF LQIRUPDWIMMSHEYW WIXHRU D JLYHQ PRPHQWXP WUDQVI
HIWUDFWHG E\*"WWLQJWHVWIXQFWLRQV XVLQJD OHDVW VTXDUHD
WKH16EURDGHQLQJ RIWKHHODVWLFOLQHUHVHPEOHG FORVHO\D
WKH FDVH RI DFWLYDWHG MXPS GLIIXVIEGR Q, @ QV B LAURDACH. VWCKIHW W L F
GHSHQGHQFH RIOWRKIWWKH /RUHQW]LD Q ®Y RDVGHWKH IRUP

1 X .
(@= [ ewr ),
j=1
ZKHUHV WKH UHVLGHQFH WLPH Rl WKH K\GURJHQ PROHFXOH EHWZ
LV WKH MXPS DWW M KHEGIXPS YHFWRU $OWKRXJK WKH VDPSOH LV
RUGHUHG WKH 7(0 SLFWWXKRIZ WKDW D VKRUW UDQJH JUDSKLWLF R
H[LVWYV DQG D2VARDRMOULEXWLRQ FDQ EH VHHQ LQ WKH :36 VSHFWUD
VRQDQGVLQFHDWD IDLUO\KLJK GHQVLW\RI 0/DVLQWKHFDVH V

PROHFXOHVRQDVXUIDFHZRXOGDUUDQJHLQDFORVH SDFNHG SDV
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ol v e

D Energyc«'}gnsier (meV) ! E
JLIXUH D '"FRORXU PD)S/BHWWMHD RI WKH K\GURJHQ FRQWDL
SOHDWDWHPSHUDWXUH RI . TKHVSHFWUDO ZLQGRZ V

SHDN ZLWK D TXDVL HODVWLF EURDGHQLQJDQG D VLJQD
PD[LPXP HQHUJ\WUDQVIHU 1RLQHODVWLF IHDWXUHV D
ZLQGRZ E 7HPSHUDWXUHGHSHQGHQFHRIWKHQRUPDO
WLRIQ/') RI WKHHPSW\FDUERQ JHO VDPSOH %OXH GRYV
VDPSOHDW . JUHHQVROLG OLQH FOHDQVDPSOHDW
K\GURJHQ FRQWDLQLQJVDPSOH DW

JHRPHWNXRMXPS YHFWRUV VHHPV WR EHWKHPRVW OLNHO\ VWL
LVRWURSLFDOO\ RULHQWDWHG WKHUHIRUH BKW(@XPVL HODV\
4(16 VLIQL“HV TXDVL HODVWLF QHXWURQ VFDWWHULQJ QHHG
> @

A |
SQENS(Q,!):4i 1!2_'|_(!Q()Q)2d ,

ZKHAH LV WKHLQ“QLWHVLPDO VROLG DQJI®KDLDQYHNKHUGRUPHR®LR
WKLY LQWHIJUDWLRQ QXPHULRBOOYRUMRRALO Q BYWWULEXWLR(
LVRWURSLFDOO\UDQGRPLVHGRULHQWDWLRQV )RUWKH“WWLC
DFRQYROXWLRQ RI WKH UR{®,R)0 X WILRKQZX'Q REWDQ QHG IURP WK H
&* VXEVWUDWH DW . ZLWK(ID GHODWIWVIKRQFMDIEIR@EHQ,LRJ DQG
WKDWUHSUHVHQWY WKHTXDVL HODVWLFEURDGHQLQJ DV ZHO

S(Q,1)=[(L+ leg € :9<v>) (1)

X
R A CAPRRS

n=1
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YLIXUH $ UHSUHVHQWDWLYH VOLFH Rl WKHS)QR!UFDMDVHG VFDWW
PRPHQWXP WURQVIHU'RNQG D WHPSHUDWXUH RI . 7KH RU
DQJHVROLG OLQH VKRZV WKH H[SHULPHQWDO GDWD RI WKH
VDPSOHDW . 7KHEOXHVROLGOLQHVRRYDRMKMGDWD RI W}
DWDWHPSHUDWXUHRI . UHVROXWLRQIXQFWLRQ 7KH Jl
“WWHG IXQFWLRQ DQG WKH JUH\ GRWWHG OLQH LV WKH TXD
WKDW ZDV H[WUDFWHG E\ WKH “W 7KH JUHHQ GDVK GRWW H
HTXLYDOHQW EURDGHQLQJ WKDW ZRXOG EH FUHDWHG XVLC
IXQFWLRQ ZLWKRXW VSDWLDO LQWHJUDWLRQ 7KHORZHU S
RIWKH “W IXQFWLRQ

ZKHU@@), LVWKH +:+0 RIWWKHFHRUHQW]LDQ G LYW ¥ LEXWKLHRRHDIG
VIXDUH DWRP GLVSODFHPHQW LQ WM <HEXH 7R B OW W LRQRF\VER U
UDPHWHUG, LQ HTXDWLRRUUHVSRQG WR WKHHODVWLFDQG LQHOL
LQJFRQWULEXWLRQV R I WHKGIDABWIHUH WD RPDHR | WKH HPSW\VDP SOt
WHPSHUDWXUH RI

JRU HDFK WHPSHUDWXUH DOO VSHFWUD ZHU e (@WHEBGDW RQFH )F
C(Q) DUHGHVFULEHGE\DOLQ®DQSRKWERZBAWQYHUDJIJHG VXPPDWL
RI /RUHQW]LDQ GLVWULEXW LR@E ZNXOVIXQFWRRQ ®IHLIKW GHIJUHH\
IUHHGRP ZHUH “WWHG WR WKH PHDVXUHG GDWD

‘HXVHGWKHUHOXPHMHSUHVHQWDWLRQRIWNKRRRGQRVYY RI “W
SURYHPHQW XSRQDGGLQJDVORSHG EDFNJURXQGLQDGGLWLRQ W
WKHUPRUH QR DGGLWLRQDO /RUHQW]LDQ EURDGHQLQJ ZDV IRXQG
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DQRG UHVROXWLRQ RI WKH 26,5,6 VSHFWURPHWHU :HDOVR WHYV
HODVWLF EURDGHQLQJIURP WKH/RUHQW]LDQ VKDSH VXFK DV I
EXW WKH DOWHUQDWLYH VKDSHVY GLG QRW OHDG WR DQ LPSUR
DOV RI WKH “WV VKRZ QR V\VWHPDWLF HUURUV DQG RQO\DQ LQ
HUURULVREVHUYHGLQ WKH YLFUGLW)IRI WKHHHOFMHVWHFRRBDN D
FOXGHWKDWZHRQO\REVHUYHDVLQJOHGLIIXVLRQ SURFHVYV L(
26,5,6 VSHFWURPHWHU 2QWKHRWKHUKDQG ZHREVHUYHD WH
WKHEDFNJURXQG ZKLFKLQGLFDWHV WKHH[LVWHQFHRIDIDVW
EHUHVROYHG ZLWK WKH 26,5,6 VSHFWURPHWHU

7KB GHSHQGHQFH RI WKH HODVWLF DR G(QQMTER; VM FLL\QWHQ V L\
VKRZQ LQ )L7KHVH KDYH EHHQ REWDLQHG E)\ PYIGWZISWKFDWLR
WKHLQWHJUDWHG VF BW@WRH WLKQH U B WRHXM MR Q PHDVXUHPHQW
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Ql

YLIXUH (ODVWLF DQG LQHODVWLF LQWHQVLWLHWDV D IXQF)\
7KH GDWD ZHUH REWDLQHG IRU D K\GURJHQ FRYHUDJH |
J O0/R®Q* 7DE

7KH LQHODVW ISFb/@WHBRDWOV IDLUO\ FRQVWDQW LQ WKH WHP
IURP WR . EXW H[KLELWV D VXEVWDQWLDO GHFUHDVH DW '
)LJ ‘H DWWULEXWH WKLV VXGGHQ ORVV RI WKH TXDVL HODV
LQJRIWKHK\GURJHQ GLIIXVLYH G\QDPLFV LQFRQVLVWHQFH ZL
VXUHPHQWYVY RIK\GURJHQRQ JUDSKLWHWKDW GLVFRYHUHG D W
FRPPHQVXUDWHOD\HUEHORZ .DQGDOLTXLGVW@®@WMKDERYHW
WKHUPRUH DWDOOWHPSHUDWXUHV WKHLQHODQWLKEH QWHQVI
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ODWWHU “QGLQJPLIKWEHDQLQGLFDWLRQIRUD URWDWLRQDO GLI
QRW EH UHVROYHG LQ WKH SUHVHQW VWXG\DV LW IDOOV RXWVLGH
26,5,6 LQVWUXPHQW ,QDGGLWLRQ WKHFRQVWDQWEDFNJURXQG
DQG ZLWK WHPSHUDWXUH 7KLV KLQWYV VWURQJO\WRZDUGV DIDVW
EURDG DVWRDSSHDULQIRUPRIDFRQVWDQW FRQWULEXWLRQ

7KHHODVWLS L. QVRENWHWGWKH'HE\H :DOOHU ODZ ZKHQ HDFK VSHFW
“WWHG LQGHSHQGHQWO\ ZLWK D VLQJOH /RUHQW]LDQ FRQWULEXW
FHGXUH ZHWKHUHIRUHDVVXPHG D 'HE\H :DOOHU EHKDYLRXU 7KH
“WWLQJDUHVKRZQQQ JDE 7KHPHDQ VTXDUH DWRP GLVSODFHPHQW
WKH RUGHU RDQG#LVHV VOLIJKWO\ ZLWK WHPSHUDWXUH ZKLFK LV
WLRQV RUPROHFXODU YLEUDWLRQV 7KHUHIRUH ZHWHQWDWLYH
FRQ“QHG PRWLRQ RIK\GURJHQ PROHFXOHVLQ WKH XOWUD PLFURS

QENS-broadening ! [peV]

-1
Q[ ]

JLIXUH 4(16 EURDGHIQY®IUWXMRU D UDQJH Rl VDPSOH WHPSHUDW X
7KH VIPEROV VKRZDOWREHVDLQHG IURP “WWLQJ D VLQJOH /RUH
IXQFWLRQ DVLQHODVWLF FRQWULEXWLRQ WR HDFK VSHFW
GDVKHG OLQH VKRZV WKH OHDVW VTXDUHV “W RI DQ LVRV
EURDGHQLQJ 7KH FRQWLQXRXV OLQHV VKRZ DQ DSSURILF
VXOWV IURP D JOREDO SRZGHUDYHUDJHG DSSURDFK ZKH
GLVWULEXWLRQ LV LVRWURSLFDOO\ DYHUDJHG ,Q WKH OI
/JRUHQW]LDQ ZDV “WWHG WR WKH SRZGHU DYHUDJHG GLVWU
DW HRFK7KH JUHHQ OLQHV VKRZ “WV FRUUHVSRQGLQJ WR
LFVRQ QRQ KH[DJRQDO ODWWLFHY 7KH JUHHQ GRWWHG O
TXDGUDWLF WZR GLPHQVLRQDO ODWWLFHDQG WKH JUHHQ |
VSRQGV WR D WKUHH GLPHQVLRQDO FXELFDUUDQJHPHQW
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)LJ GLVSOD\VWKH TXDVL HODVWLF EURDGHQLQJVY WKDW ZHU|
SHUDWXUHYV RI DQG . UHVSHFWLYHO\ 1R VLJQL“FDQW EUI
IRUWKH VDPSOH DW . DQG . ZKLFK DJUHHV ZLWK D SLFWXUF
OD\HU® 7KH GDWD EHWZHHQ DQG . ZHUH *"WWHG ZLWK D S
&KXGOH\ (OOLRWW &( MXPS GLAXVLRQPRGHO >

T >,@P< uz>>t@ d>1@ lee > DUE X ®e( '3 >SDUE X @
J
J

T>@ | >t@ >3V@ D '10 SPVvE

7DEOH LY SDUDPHWHUV H[WUDFWH GWURRW K W W LSHUH. P X QWL
VSHFW®@®> LV WKH VTXDUH URRW RI WKH PHDQ VTXDUH
PHQW IURP WKH 'HE\H :®OWOWKHDMAKRUH GLDPHWHU RI D F|
GLIIXVLRQIRREM®&H DEVROXWH H GD\OW;heF LLNQWVKIK) D EW \ D W
VROXWH LQHODVWEMP LI QMKHHOWX /S BWMW MEKAHKRSSLQJ
UDW HDDIQIGW KH GLIIXVLRQ FRQVWDQW

7KHSURFHGXUHIRUWKHSRZGHUDYHUDJLQJKDVEHH® GLVFXV\
+H GHPRQVWUDWHY WKDW D VLPSOH DQJXODUDYHUDYLQJ RI W
VXJIJHVWHG E\ &KXGOH\ DQG (OOLRWW I® ULWKH FIB\H R DD @ QX
FLHQW VLQFHGHYLDWLRQV RIWKHOLQH VKDSHIURP D/RUHQMW
LQWR DFFRXQW ,Q WKHFDVHRIWZR GLPHQVLRQDO GLIIXVLRQ
VLQJIJXODQYREW\WRDW QHHGY WR EHDYRLGHG E\FRQYROYLQJ ZLW
> @ $V -RELF SRLQWV RXW D PRUH LQWULFDWH EXW DOVR PR
OLQH VKDSH FRQVL VY@ D RYHMIWGH HQWLUH DQJXODU VSDF
LQ JHQHUDO WR D QRQ /RUHQWI]LDQ OLQH, § KRIXIHDIDOKRIZ\D IZ®! |
KDYHDSSOLHG ERWK PHWKRGV IRUFRPSDULVR@) DQG&WRWURSL
'"LVRWURSLF D YSghkB(@LQJIJRMH UHVXOWV DUH VKREKE VOPEROV

UHSUHV HQWWRKID VLQJOH/RUHQW]LDQ EURDGHQLQJIRUHDFK V
GDVKHG OLQH JLYHV WKH OHDVW VTXDUHV “WRIWKHLVRWURSL



+, RQ &DUERQ $HURJHO

WKHVROLG OLQHV UHSUHVHQW WKH UHVXOW IURP WKH DSSOLFDWI
Soens(Q,!') ,Q WKH ODWWHU DYHUDJLQJ D DIQEBIRKNRIHGLEWQRFKN/LPH
GH*QH WKH VKDSH RI WKH TXDVL HO BN Y POIVGWAHKUH. QQ WXHQ F W L R (¢
JUDWHG EURDGHQLQJLVLQJHQHUDO 88 @ RROBR}XNMW WIK® )LJ
OLQHVKDSHLVFORVHWRD/RUHQW]LDQ GQKWEZHEFXW LRIQ QRIU ODUJ
LFDQW GHYLDWLRQVDULVHWKDW SURGXFHDQDSSDUHQW PQDUUR
EURDGHQLQJ SRLQWV LRVRWURSLF DYHQDM AERIRXVO\ QRW
DEOH WR UHSURGXFH WKLV GDMWKUIVQGXBDO@RDO\VLV RI WKH VSH
“WV ZLWK WKH SR ZGHdsh¥ HUDIBIGGDWHG WKLV DSSURDFK RYHU WK
Q UDQJH )LIVKRZV WKH WHPSHUDWXUH GHSHQGHQFMB RI WKH GLIIX

ODWHUED®HI@ Do >P V@ '8
3)%&
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7DEOH 7DEXODU FRPSDULVRQ RI WKH G LB X0/Q 8 WEFVEILFDWLRQ H
DFWMRYVREWDLQHG KHUH ZLWK WKH UHVXOWV IURP HDUOLF
RQ OLTXLG K\GURJBIQG-RQ D YDULHW\ Rl FDUERQ V\VWHPV
> @ VLQJOH ZDOOHG QDQRW@XFHQIOHZDOOHG QDQRKRUC
6:1+ > @ FRPPHUFLDO XOWUD PLFURSR@RXS\WRPDUERQ 80&
IXUIXU\O DOFRKRO GHULYHG DFW L& DFDHUE R Q LEERDF N3)&& >
& > @ 3W FRQWDLQLQJ PLFURSRURY FDUERQ 37
FDUERQ PROHFXODU VIGHYHUKIBY DUH LQGLFDWHG ZKHQ WKH
SURYLGHG E\ WKH DXWKRUV 7KH GDWD IRU &06 ZHUH QRW H|
DXWKRUV RIWKHRULJLQDO VWXG\ EXW H[WUDFWHG E\ XV IU

LQDQ $SUUKHQLXV SORW ,Q W Kr(D) YNIST HIV®! Q PR MWLIRQH G BLIIXVLRQ
DSSHDUVDVDVWUDLJKWOLQH VLQFH IDW Dye@HEER4ITEHG E\WKH HT)
ZKHEHLY DQ DFWLYDW L RQLEDVKH HRD@GPDQQ FROVWWMD QW )RU WKF
WHP ZH REWDLQ D SUH H[SRQHQWIBO GLIIXVLR®FRRYEDQW

DQ DFWLYDWER® HQHUJPHY9 ,Q)LJZH GLVSOD\WKH GLIIXVLRQ FRQ



&RQFOXVLRQV

VWDQWYV RI K\GURJHQ WKDW ZHUH UHFHQWO\REWDLQHG E\ RWK
> @ DVZHOODV WKHGLIIXVLRQR»OLTXLG K
7DE VKRZVDFRPSDULVRQRIWKHH[WUDFWHG SUH H[SRQHQW.L
HQHUJLHV RIWKH PDWHULKDHONRREDRULVRQ VKRZV WKDW WKH DF'
HUJLHV GLIITHU RQO\ ZHDNO\ EHWZHHQ PRVW RI WKH FDUERQ PI
RX&*VDPSOH KRZHYHU LVDQRUGHURIPDIQLWXGH ORZHU WK
RQ WKHVWXGLHG DFWLYDWHG FDUERQ FEWISUHDDAMWYRU REWDL
KHUHLV VLPLODUWR WKHSUHIDFWRUV REVHUYHGORG DRADUER |
D3W FRQWDLQLQJPLFURS®RURXYVY FDUERQ >
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JLIXUH &RPSDULVRQ RI WKH GLIIXVLRQ FRQVWDQWY REWD|
IURPHDUOLHU PHDVXUHPHQWY RQ@ OIQTXR Q R \GIURLIHHWY\>R
FDUERQ VI\IVWHPV @ DIRQDOH ZDOOHG QDQRWXEHV 6:1
VLQJOH ZDOOHG QDQRKRAW FRPPHYUFELDO XOWUD PLFUR
FDUERQ 80&@> SRO\IXUIXU\O DOFRKRO GHULYHG DF\
3)$& >@ FDUERQEODFN ;& 8@ W FRQWDLQLQJPL
URSRURXV FDUERQ@ 7/MBUERQ PROHFXODU®@LHYH &06

NX9 *QM+HmMbBQMb

,Q WKLV FKDSWHU ZHKDYH SUHVHQWHG K\GURJHQ GLIIXVLRQ V
DHURJHO 1HXWURQDQG; UD\ VFDWWHULQJDQDO\VHV VKRZ Q
PDWHULDO EXWDKLHUDUFKLFDO VWUXFWXUHDERYHWKHQDQ



+, RQ &DUERQ $HURJHO

‘HKDYH REVHUYHG D KLJKO\DFFHOHUDWHG RUWKR SDUD FRQYHU
VWDWHYV RI WKH K\GURJHQ PROHFXOH ZKLFK FDQ EH H[SODLQHG E
DYDLODEOH HOHFWURQ GRQRUV DW WKH &* VXUIDFH :HKDYH DOV
GUDQFH RIWKHFRQYHUVLRQ WKDW ZH OLQN WR KLQGHUHG URWDW
‘“QHPHQWLQ XOWUDPLFURSRUHV ZLWKD SRUHGLDPHWHURIOHVV W
QRQ FRQYHUWHG K\GURJHQ DJUHHV ZHOO ZLWK WKHUHODWLYHDY|
XOWUDPLFURSRUHYV

+\GURJHQ GHVRUEV IURP WKH &* DW PXFK KLJKHU WHPSHUDWXUHYV
UHFHQWO\VWXGLHG SRURXV FDUERQV VXFKDV SRO\IXUIXU\ODOF
ERQ RUXOWUDPLFURSRW@ERXKEPKNERQRZHG XV WR IROORZ WKH GLI
WR . 7TKH QHXWURQ VSHFWURVFRS\GDWD VKRZHG DQ DFWLYDWH
DQLVP ZLWK MXPS OHQIJWKV WKDW DUH RI WKH RUGHU RI WKH LQWH
p@[p§5 rK\GURJHQ PRQROD\HU VWUXFWXUH 7KHUDWKHU FRPPRQ
VXPLQJDVLQIJOH/RUHQW]LDQ TXDVL HODVWLFEURDGHQLQJRI WK
WREHLQVXI“FLHQW WR GHVFULEHRRU I DMOLVR WHRKXUR RQJIXODU I
HUDJLQJ RI WKH TXDVL HODVWLF OLQHZDV QHHGHG WR REWDLQ VD

7TKHKRSSLQJUDWHLVLQWKHSVUDQJH OLNHLQRWKHU SRURXV FD
VLRQFRQVWDQWYV DUHVLPLODUWRUHFHQW GDWD IURP 3W FRQWDI



Ry .Bb+mbbBQM M/ PmiHQQF

7KHDLP RIWKLV 3K'ZRUN ZDV WR VWXG\PROHFXODU GLIIXVLRQ
PDWHULDOV E\QHXWURQDQG KHOLXP VSHFWURVFRS\ )RU WKL
VHULHV RIV\VWHPV ZDWHUDQGEHQ]HQHDGVRUEHG RQ WKH VX
DVZHOODVPROHFXODUK\GURJHQDGVRUEHG RQ WKH VXUIDFH\
QRYHO KLJKO\SRURXV FDUERQ DQGRQ FDUERQ DHURJHO $00O
PRQ WKDW UHODWLYHO\VPDOO PROHFXOHV XQGHUJR ZHDN S|
FDVHV KH[DJRQDO FDUERQ VXUIDFH $ GHWDLOHG FRPSUHKHQ
ERWKDIXQGDPHQWDO LQWHUHVW UHJDUGLQJDQ XQGHUVWDQ
WHQWLDO HQHUJ\ VXUIDFHV DV ZHOO DV D ODUJH WHFKQRORJ
GRSLQJRIJUDSKHQHRU WKH VHDUFKIRUHQHUJ\VWRUDJH PDW

7TKHTXHVWLRQV UHJDUGLQIJWKHVH V\VWHPV ZHUH LQ JHQHUDO
XQGHUVWDQGLQJ RI WKH DGVRUSWLRQ GHVRUSWLRQ SURFHV\
WKHDGVRUEDWH OD\HU DQG WKH W\SHRIVXUIDFHGLIIXVLRQ
WKHFKDUDFWHULVDWLRQRIWKHVWXGLHGFDUERQPDWHULDO
VWUXFWXUH DV ZHOO DV VXUIDFH FKHPLVWU\

S T?22M2 :"Qri? QM LBURRRV am 7 +2

‘H VWDUWHG E\ D FKDUDFWHULVDWLRQ RI WKH JUDSKHQH 1L

WKH JURZWK SURFHGXUH E\ FKHPLFDO YDSRXU GHSRVLWLRQ

D“UVW RUGHU GLIIUDFWLRQ SHDN RI WKH JUDSKHQH OD\HU WK
WXGH ODUJHU FRPSDUHG WR WKDW RI WKH 1L VXUIDFH EXYV
WLRQ LQGLFDWLQJ WKH FUHDWLRQ RI D FRPPHQVXUDWH [
SHDNLQWHQVLWLHVY ZH FDOFXODWHG DQ HOHFWURQ GHQVLW\
KHLIKW RI T XSRQ VEDMDIWHD E®IDRIHQHUJ\RI PH9 ,QHODVWL
LQJUHYHDOHG WKH SHUVLVWHQFH RI WKHWZR ORZ HQHUJ\ VXU
1L VXUIDFH WKH5D\OHLIJKPRGHDQG WKHORQJLWXGLQDO U
DVWURQJHOHFWURQ SKRQRQ FRXSOLQJ RIWKHJUDSKHQH QL



'LVFXVVLRQDQG 2XWORRN

FRQ“UP WKDW JUDSKHQH 1L FDQ EH FUHDWHG ZLWK YHU\ KLJK T
LGHDO VXSSRUW VA\VWHP IRUWKHVWXG\RILQWHUDFWLRQV EHWZH]
WXDOO\DGVRUEDWHDWRPV

qi2 - QM i?2 :" T?2M2fLBURRRV am'7 +2

‘HWKHQ GLVFXVVHG WKH EHKDYLRXU RIDGVRUEHG ZDWHU RQ WKH
IDFH $GVRUSWLRQ VWXGLHVY UHYHDOHG DQ LQLWLDO ORZ FRYHUI|
ZHDN LQWHUDFWLRQ EHWZHHQ WKH ZDWHU PROHFXOHV :H GHGXF
FURVV VHFWLRDFRROHAXKO®H RI £ $Q DPRUSKRXV LFH OD\HU IRUPYV
DWWHPSHUDWXUHV RI XSWR . ZKLOHDW KLJKHU WHPSHUDWXU|
DERXW 0/ FRQGHQVDWLRQ VHWV LQ UHVXOWLQJLQLVODQG IR
ZDUGVY ZHREVHUYHG ZDWHU GHVRUSWLRQ 7KHUPDODQGLVRWKH !
WZR GHVRUSWLRQ SURFHVVHV ZLWK DFWLYDWLRQHQHUJLHV RI T
ZKLFK ZH DWWULEXWH WR GHVRUSWLRQ IURP WKH HGJHV DQG WKH
HFKRVWXGLHVUHYHDOHGDVORZMXPSGLIIXVLRQEHWZHHQ SUHV X
VLWHV ZLWK DQ DFWLYDWLRQ HQHWHN RIS MKRURQ RXULHU WLPHYV
WKH SHUVLVWHQFH RI WKH WZR JUDSKHQH VXUIDFH SKRQRQV DQG
ZHUH REVHUYHG ZKLFK ZH DVVXPH WR VWHP IURP XQL D[LDO URWDV
PROHFXOHV RQ WKHJUDSKHQH VXUIDFH

7R RXU NQRZOHGJH WKLV LV WKH “UVW GHWDLOHG REVHUYDWLR
JUDSKHQH VXUIDFH 6XUIDFH GLIIXVLRQ EHLQJLQ LWVHOID KLJKO
ORJLFDOO\LPSRUWDQW IHDWXUH LWDOVRVHUYHVDVDVYHU\SUHF
HQHUJLHY EHWZHHQ WKH VXEVWUDWH DQG WKH DGVRUEDWH I W
VWHP IURP URWPROKEXOHYVY WKHQD URWDWLRQDOIULFWLRQFDQE
WKHH[SHULPHQWDO UHVXOWY )J)URP WKHFRPELQHG UHVXOWV RIW
DGHWDLOHG SLFWXUH RI WKH SRWHQWLDO HQHUJ\VXUIDFH FDQ EF
WKHQ DULVHVY KRZ WKHHOHFWURQLF VWUXFWXUH RIWKH JUDSKHC
IXVLR@RPROHFXOHYV HVSHF2Z2DOWOHVDQEBEHW®& DV D SRWHQWLDO JUD S
GRSDQW 7KHUHIRUH LW ZRXOG EH KLJKO\LQWHUHVWLQJ WR SHUI
VRQ RI WKLV VA\VWHP ZLWK DQ +23* VXUIDFH ZLWK D ZHDNO\ LQWHUL
V\VWHP WKDW LV ODWWLFH PDWFKHG H J &X DQG ZLWK D VW
ODWWLFHPLVPDWFKHG JUDSKHQH PHWDO VI\VWHP H J 5X



"2Mx2M2 QM i?2 7 T?2M2fLBURRRV M/ QM " T?Bi2 am 7 +

‘HWKHQ PRYHG RQ WR WKH DGVRUSWLRQ RIEHQ]JHQH RQ JUDSK
WURQ VEDWWHULQJVWXGLHYV D%?C{%?EGrX/\X/\AM[XFW(&UU—IPL\QKAH(H V>
PRQROD\HU UDQJH H[FHSW IRU YHU\ ORZ FRYHUDJH ZKHUH QR
REVHUYHG $ERYH WKHPRQROD\HU ZH SURYHG H[SHULPHQWDC
LVODQGV RI FU\WVWDOOLQHEHQ]HQH UDWKHU WKDQ D VHFRQG tI

2Q WKH VXUIDFH RI JUDSKHQH ZH FR%(?I%?DEDVR/WEJ\XI-FFWHJWBM/
FRYHUDJHV RI XS WR PRQROD\HU E\KHOLXP VFEDWWHULQJ $G\
D YHU\ ODUJH KHOLXP VFDWWHULQJ FURVSMHRUVANLBRRZRARY HU
DJH DGVRUSWLRQ ZLWK ZHDN LQWHUDFWLRQ EHWZHHQ DGVRI
IRUPDWLRQRILVODQGYV DW DERXW 0/ $W KLJKVXE PRQROD\
WLRQ UHJLPH ZDV REVHUYHG ZKLFK ZH DWWULEXWH HLWKHU !
EHQ]JHQH OD\HU RU WR D VDWXUDWLRQ RILVODQG JURZWK OR
VHUYHG EXWQRJURZWKRIDVHFRQG OD\HU LQDFFRUGDQFH Z|
GLIIUDFWLRQRQJUDSKLWH $ERYH . GHVRUSWLRQ VHWV LQ

PH9 $W . ZHREVHUYHG WZR GLIIXVLRQ SURFHVVHYV D
IXVLRQ PLIJKW EH DWWULEXWHG ZKRVH QDWXUH LV \HW XQFOH
EHLQJ MXPSVEHWZHHQDGVRUSWLRQVLWHY GLVFUHWHMXPS
FLDWLRQ GLVVRFLDWLRQ WR DQGIURP LVODQGYV UHVSHFWLYH
LDQ GLIIXVLRQ H[LVWV ZKLFKLVY GRPLQDWHG E\8SW XJWDFH IULF
OHQIJWK VFDOHVY VKRUWHU WKDQ WKHLQWHU PROHFXODU GLV\
WXUH EDOOLVWLF GLIIXVLRQ LVIRXQG LQ RQO\RQH RI WKH W.
ZKLFK ZH OLQN WR WKH DV\PPHWU\ RI WKH SRWHQWLDO HQHUJ\
WLRQV RIKLIKDQG ORZVXUIDFHIULFWLRQ

2XU REVHUYDWLRQV DSSHDU WR PDWFK ZLWK WKRVH IURP HDL
WHPYV > @ $FRPSDULVRQ ZLWK D ZHDNO\LQWHUDFWLQJ JUCL
ZRXOG EH KLJIKO\LQWHUHVWLQJ ZLWK UHJDUG WR WKH TXHVWL
HOHFWURQLFJUDSKHQHVWUXFWXUH )XUWKHUPRUH WKHREVI
IXVLRQ PLIJKW EH OLQNHG WR WKH VXSHU OXEULFLW\ RI JUDSK
XVLQJ VFDQQLQJ IRUFH PLFURWRSVYWWHPDWLF VWXG\ RI SRO
DURPDWLF K\GURFDUERQV RILQFUHDVLQJVL]H HJ FRURQHQI
FRXOGEULGJHWKHJDS EHWZHHQ WKHWZR FDVHV



'LVFXVVLRQ DQG 2XWORRN
JQH2+mH > >v/"Q:2M BM SQ Qmb * "#QMb

‘HVWXGLHG PROHFXODU K\GURJHQDGVRUEHGRQWKHVXUIDFHV RI
FDUERQDHURJHO DVZHOODVRQH[IROLDWHGJUDSKLWH 7KHTXH)\
VWUXFWXUHLQtXHQFHV K\GURJHQ GLIIXVLRQ

JRU WKLV SXUSRVH ZH SHURVFB®W OHXYWQRRQ WKUHH VI\VWHPV 7K
LV H[IROLDWHG JUDSKLWH 3DS\H[ DPDWHULDO WKDW FRQVLVWV R
WXUDO FRKHUHQFH OHQJW K2R |, WHDHQUDH IKEKKIDMIGHHE IDV D VX EV W L W X
JUDSKLWH 7KHWZR SRURXV VWUXFWXUHV D FDUERQ DHURJHO DQ
FDOOHG FRQWDLQDKLJKDPRXQW RIXOWUD PLFURSRUHV ZK|
FRQ"QHPHQW RIK\GURJHQ PROHFXOHV ,QIDFW ZHREVHUYHGDQ L
RI WKH K\GURJHQ VSLQ VWDWHYV LQ WKH FDUERQ DHURJHO ZKLFK .
FRQ"QHPHQW LQ XOWUD PLFURSRUHV ,QDOO WKUHHV\VWHPV ZH R
DFRPSDUDEOH OHQJWK VFDOH EXW ZLWK ODUJH GLIIHUHQFHV LQ
LQ WKH SUH H[SRQHQWLDO IDFWRU Rl WKH GLIIXVLRQ FRQVWDQW
DHURJHO FRPSDUH ZHOO ZLWK RWKHU FDUERQ V\VWHPV H[KLE
DFWLYDWLRQ HQHUJ\ ,Q DGGLWLRQ %URZQLDQ VXUIDFH GLIIXVLR
DQG RQ ' ZKLFK ZH HYWLPDWH WR VWHP IURP D VPDOO FRQWUL
IULFWLRQ DQG D ODUJH FRQWULEXWLRQ RIVXUIDFHIULFWLRQ

‘HDUHQRWDZDUHRIDQ\SUHYLRXV*“QGLQJVRI%URZQLDQ K\GURJH
VXUIDFHVDQG ZHGR QRW\HW XQGHUVWDQG WKHUHDVRQ IRUD FRH
SURFHVVHV LQ WKLV VA\VWHP QRUIRUWKHH[LVWHQFH RI WKH LPPH
IDFHIULFWLRQ )XUWKHU QHXWURQ WLPH RI tLIKWVWXGLHV RI WK
WLRQDO VXUIDFHFRYHUDJHVY ZRXOG DOORZWR WHVW WKHDSSOLF
GHVFULSWLRQ RIWKHNLQHWLFIULFWLRQ 1XPHULFDO FDOFXODWI]
PDWHIRU VXUIDFHIULFWLRQ )XUWKHUPRUH WKHFDUERQDHURJH
VXUIDFHFKHPLVWU\DQG SRURVLW\ 6\VWHPDWLF QHXWURQ VWXGL
YHUVLRQV RI WKH FDUERQ DHURJHO DUH SODQQHG /DVW EXW QRV
WKH SRURXV FDUERQV DV SRWHQWLDO K\GURJHQ VWRUDJHPDWHUL
HVWDQG PLIKWHYHQ SURYLGHD OLQNEHWZHHQ VRUSWLRQ SURSH
FRQGLWLRQVDQGRXUREVHUYDWLRQVRQ WKHVXUIDFHGLIIXVLRQ
VWXGLHYVY HVSHFLDOO\LQVXFKDQH[WUHPHO\LPSRUWDQW “HOG D
DJUHDW RXWFRPHRIWKLY UHVHDUFK



RR .Bb+mbbBQM 2i S2 bT2+iBp2b -

IMREMHFWLI GH FHWWH UHFKHUFKH GRFWRUDOH «WDLW OMLQ)
ODLUH VXU GHV VXUIDFHV GH PDW«ULDX[ FDUERQ«V SDU VSHI
GMK«OLXP 'DQV FH EXW QRXV DYRQV «WXGL« XQH V«ULH GH \
EHQJ]2QH DGVRUE«V ¢ OD VXUIDFH GH JUDSK2QH 1L DLQVL
PRO«FXODLUH DX[ VXUIDFHV GH JUDSKLWH H[IROL« GMXQ QR
GMXQ D«URJHO GH FDUERQH 7RXV FHV VI\VW2PHVY RQW HQ FRPP
UHODWLYHPHQW SHWLWV VXELVVHQW XQH SK\WLVRUSWLRQ ID
FDUERQH 8QH « WXGH G«WDLOO«H GH FHV VAVWa2PHV HVW GMXC
TXL FRQFHUQH XQH FRPSU«KHQVLRQ GX IURWWHPHQW HW GHYV
WLHOOH DLOQVLTXHGMXQLOW«U-WWHFKQRORJLTXH TXMLO V
JUDSK2QH RX GH OD TX-WH SRXU GHV PDW«ULDX[GH VWRFNDJH

/IDTXHVWLRQFRQFHUQDQW FHV VA\VW2PHV FRPSRUWDLW HQ J«Q
XQH FRPSU«KHQVLRQ GX SURFHVVXV GMDGVRUSWLRQ G«VRUS!
OD VWUXFWXUH GX FRXFKH GMDGVRUEDW HW GX W\SH GH GLIIX
«WDLW DXVVL PLV VXU OD FDUDFW«ULVDWLRQ GHV PDW«ULDX][
GHV VWUXFWXUHV ¢ SHWLWHHW ¢ JUDQGH «FKHOOH DLQVL TXH

G *QBbb M+2 /2 :" T? M2 " H am 7 +2 URRRV /2 LB+F2H

1RXV DYRQV FRPPHQF« DYHF XQH FDUDFW«ULVDWLRQ GH OD V
HW GLVFXW« OD SURF«GXUH GH FURLVVDQFH SDU G«SRVLWLRC
'LITUDFWLRQ GMK«OLXP D PRQWU« XQ SLF GH GLIIUDFWLRQ GH
SDU GHX[ RUGUHYVY GH JUDQGHXU SOXV LOQWHQVH FRPSDU« DX

VXUIDFH 1L 3DU FRQWUH LO HW VLWX« ¢ OD P-PH SRVLWLTF
FU«DWLRQ GMXQH VWUXFWXUH SURSRUWLRQQHOOH [ 1R X
GH OMRQGXODWLRQ HQ GHQVLW« «OHFWURQLTXH GH $¢SD

GH GLITUDFWLRQ GMK«OLXP DYHF XQH «QHUJLH GX IDLVFHDX (
«ODVWLTXH QRXV DYRQV PRQWU« TXH GHX[ SKRQRQV GH VXUII



'LVFXVVLRQ HW 3BHUVSHFWLYHV HQ )UDQ®DLV

1L QRWDPPHQW OH PRGH 5D\OHLJK HW OD U«VRQDQFH ORQJL
DSU2V OD FURLVVDQFH GX FRXFKH GH JUDSK2QH ¢ FDXVH GMXQ FF
WaPH JUDSK2QH QLFNHO &HV REVHUYDWLRQV FRQ“UPHQW TXH GX
WU3aV KDXWH TXDOLW« SHXW ~WUH FU«« HW TXMLO FRQVWLWXH XC
GH OMLQWHUDFWLRQ HQWUH GHV P«WDX[ GX FDUERQH HW «YHQYV
PRO«FXOHV GMDGVRUEDW

G622 m " H am'7 +2/2:  T? M2fLBURRRYV

1RXVDYRQVHQVXLWH GLVFXW« OH FRPSRUWHPHQW GMHDX DGVRU |
aQH 1L 'HV « WXGHVY GMDGVRUSWLRQ RQW PRQWU« XQ U«JLPH G
EDVVH FRXYHUWXUH DYHF XQH IDLEOH LQWHUDFWLRQ HQWUH OHV
D SHUPLW GH G«GXLUH XQH VHFWLRQ HI“FDFH GH GLIIXVLRQ GMK«
+2 GH £ 8QH FRXFKH GH JODFH DPRUSKH VH IRUPH GXUDQW |
¢ GHV WHPS«UDWXUHV DX GHVVRXV GH . DORUV TXMDX GHVVXV C
PHQFH ¢ XQH FRXYHUWXUH GMHQYLURQ 0/ FH TXLDERXWLW ¢ O
SDUWLUGH . QRXVDYRQVREVHUY«OD G«VRUSWLRQ GMHDX 'HV
WKHUPLTXH HW LVRWKHUPLTXH RQW U«Y«O« GHX[ SURFHVVXV GH C
HUJLHY GMDFWLYDWLRQ GH HWGH PH9 UHVSHFWLYHPHQW Ot
¢ OD G«VRUSWLRQ ¢ SDUWLU GHV ERUGYV HW GHV VXUIDFHV GM°OR\
VLRQ ¢ «<FKR GH VSLQ QRXV DYRQV G«FRXYHUW XQH GLIIXVLRQ SDL
GMDGVRUSWLRQ FUHX[DYHF XQH «QHUJRHSG B BHW MIDRMESNR@HS H
JRXULHU FRXUWV OHV GHX[SKRQRQV GHVXUIDFHHW XQ SURFHVVX
«W« REVHUY« OHGHUQLHU QRXV DVVXPRQV GH U«VXOWHU GMXQH ¢
D[LDOH GHV PRO«FXOHV GMHDX ¢ OD VXUIDFH GH JUDSK2QH

$ QRWUH FRQQDLVVDQFH FHOOH FL HVW OD SUHPL2UH REVHUYDMW
GMHDX ¢ OD VXUIDFH GHJUDSK2QH /D GLIIXVLRQ GHVXUIDFHHOOF
wuav LOW«UHVVDQW HW WHFKQRORJLTXHPHQW LPSRUWDQW HOO
wuaVvV SU«FLVHGHY «QHUJLHVGMLQWHUDFWLRQHQWUH OH VXEVWU
UDSLGH VH FRQ“UPH GH SURYHQLU GMXQH GLIIXVLRQ URWDWLRQC
WLRQQHO SRXUUD -WUH «WDEOL D SDUWLU GHV U«VXOWDW H[S«U
FRPELQ«V GHFHV GLIT«UHQWYV SURFHVVXV GH GLIIXVLRQ XQ LPDJt
GM«QHUJLH SRWHQWLHOOH SHXW -WUH IRUP« /D TXHVWLRQ VH O
GHV PRO«FXQHVWMAtXHQF«H SDU OD VWUXFWXUH «OHFWURQLTXF
JUDSK2QH VS«FLDOHPHBDWVMWIEYWKHXHRIPPH XQ GRSDQW SRWHQWLH



JUDSK2QH ,O0VHUDLW GRQF WU2V LQW«UHVVDQW GMHIIHFWXHL
GHFHVXUIDFHDYHF XQH VXUIDFH +23* DYHF XQ V\VW2PH JUDS
WLRQ IDLEOHHWDYHF OD P-PH FRQVWDQWH GH U«VHDX SDUH
V\VW2PH JUDSK2QH P«WDO ¢ LQWHUDFWLRQ IRUWH PDLV DYHF
GHU«VHDX SDUH[HPSOH 5X

"2Mx M2 mtam'7 +2b /2 :° T? M2fLBURRRYV 2i /2 :" T?Bi2

1RXVDYRQV HQVXLWH GLVFXW« OMDGVRUSWLRQ GH EHQJ]2QH ¢
JUDSK2QH 1L '"HV « WXGHV GH GLIIXVLRQ QHXWURQLTXH QR
“UPHU OD VWUXFWXUH%?L{%?SBUNDL)@LQQHB@MRXV PRQRFRXFKH V
¢ WUaVEDVVHFRXYHUWXUH DXTXHO FDVDXFXQRUGUHVWUXFW
GH OD PRQRFRXFKH QRXV DYRQV PRQWU« H[S«ULPHQWDOHPHC
GHV °ORWV FULVWDOOLQHY WURLV GLPHQVLRQQHOOHYV SOXW

3RXUOHFDVGHEHQ]2QH ¢ OD VXUIDFHGH JUDSK2QH QRXV DYRC(
wx@ﬁ[p7 5 r¢ GHVY FRXYHUWXUHYV VRXV PRQRFRXFKH SDU GLI
'"HV « WXGHV GMDGVRUSWLRQ RQW U«Y«O« XQH WU2V JUDQGH V
GMK«OLXP GH f 8QHDGVRUSWLRQ ¢ LQWHUDFWLRQ IDLEOH
GHV FRXYHUWXUHYV WU2V EDVVHV DLQVL TXH OD IRUPDWLRQ
WXUH GH 0/ $ JUDQGH FRXYHUWXUH VRXV PRQRFRXFKH X
GMDGVRUSWLRQ D «W« REVHUY« OHTXHO QRXV DWWULEXRQV V
GX PRQRFRXFKH VRLW ¢ XQH VDWXUDWLRQ GH OD FURLVVDQFF
PRQRFRXFKHD «W« REVHUY« PDLV DXFXQ FURLVVDQFH GMXQF
IRUP«PHQW DX[ U«VXOWDWY GH OD GLIITUDFWLRQ QHXWURQLTX

OD G«VRUSWLRQ FRPPHQFH DYHF XQH «QHUJIFHGMDFWLYL
$ . QRXV DYRQV REVHUY« GHX[ SURFHVVXV G\QDPLTXHV XQ
DFWLY«HDYHF GHV H[SOLFDWLRQV SRVVLEOHV «WDQW GHV VD>
GHVURWDWLRQV SDUVDXWVRXGHVDVVRFLDWLRQV GLVFUHW\
REVHUY« HVW XQH GLIIXVLRQ %URZQLHQQH UDSLGH ODTXHOO
PHQW GH OD VXUIDFH GEVY $ GHV «FKHOOHV GH ORQJXHXU SOX
TXHOD GLVWDQFHLQWHU PRO«FXODLUH GDQV OD VWUXFWXUH
LVWLTXH D «W« REVHUY« GDQV VHXOHPHQW XQ GHV GHX[ GLU}
UHOLRQV FHWWH REVHUYDWLRQ ¢ OD V\P«WULH GH OD VXUIDF
U«VXOWHGDQV XQHGLUHFWLRQ GHIURWWHPHQW IRUW HW XQH



'LVFXVVLRQ HW 3BHUVSHFWLYHV HQ )UDQ®DLV

1RV REVHUYDWLRQV VHPEOHQW GH FRQFRUGHU DYHF FHX[ GHV «W.
V\VW2PHV VLPLODL@HWVOH FRPSDUDLVRQDYHF XQ VI\VWaPH JUDSK?2C(
¢ LOWHUDFWLRQ IDLEOH VHUDLW WU2V LQW«UHVVDQW HQ FH TX
OMLQtXHQFH GH OD VWUXFWXUH «OHFWURQLTXH GH JUDSK2QH (Q
WLTXHDV\P«WULTXHTXHQRXVDYRQV REVHUY« SRXUUDLW -WUH O
GHJUDSK2QH ODTXHOOHD «W« REVHUY« HQ XWLOLVDQW GH OD PL
> @ 8QH «WXGH V\VW«PDWLTXH GHV K\GURFDUEXUHV DUR
FOLTXHVY GH WDLOOHV GLII«=UHQWHYVY SDU H[HPSOH FRURQ2QH ¢
SRXUUDLW FRPEOHU OM«FDUW HQWUH OHV GHX[ FDV

>v/°Q: M2 JQHO+mH B 2/ Mb /2b * "#QM2b SQ 2mt

1RXV DYRQV «WXGL« OMK\GURJ2QH PRO«FXODLUH DGVRUE« DX[ V.
SRUHX[ HW GMXQ D«URJHO GH FDUERQH DLQVL TXH GX JUDSKLWH
GM«WXGLHU OMLQtXHQFH GH OD VWUXFWXUH SRUHXVH VXU OD GLI
EXW QRXV DYRQV HIIHFWX« GHV H[S«ULHQFHV GH GLIIXVLRQ QH X\
YRO VXU FHV WURLV V\VW2PHV OH SUHPLHU HVW XQ JUDSKLWH H]
PDW«ULHO TXL FRQVLVWH GM°ORWY GH JUDSKLWH DYHF XQH ORQ
WXUDOH GH SOXVLHXUV, DPHSHXD. QWU K MRQVLG«U« FRPPH VXEVWL
OH JUDSKLWH /HV GHX[ VWUXFWXUHV SRUHX[ XQ D«URJHO GH FI
SRUHX[ QRPP« ' FRQWLHQQHQW XQH JUDQGH TXDQWLW« GH PL
QRXVDVVXPRQV GHFDXVHU XQ FRQ“QHPHQW GHV PRO«FXOHYV GMK\
REVHUY« XQH FRQYHUVLRQ LQFRPSO2WH GM«WDWV GH VSLQ GMK\G
FDUERQH OHTXHO QRXV OLRQV ¢ XQ FRQ“QHPHQW URWDWLRQQHO
'DQV OHV WURLV V\VW2PHV QRXVDYRQVREVHUY«XQHGLIIXVLRQ SI
ORQJXHXU FRPSDUDEOH PDLVDYHF GHV JUDQGV GLII«UHQFHV GDC
HW GDQV OH IDFWHXU SU« H{SSRQHQWLHO GHOD FRQVWDQWH GH GL
HW OMD«URJHO GH FDUERQH VH FRPSDUHQW ELHQ DYHF GHV DXWU
' PRQWUH XQH «QHUJLH GMDFWLYDWLRQ H[WU=-PHPHQW EDVVH
VLRQ %YURZQLHQQH D « W« REVHUY « VXU 3DS\H[ HW VXU FH TXL
SURYHQLU GMXQH IRUWH FRQWULEXWLRQ GHIURWWHPHQW GH OD \

I1RXV QH VRPPHV SDV FRQVFLHQWY GHVY REVHUYDWLRQV DQW«ULH:
HQQH GMK\GURJ2QH VXU GHV VXUIDFHV GH FDUERQH HW QRXV QH F
FRUHWRXWHDIDLWODUDLVRQ SRXUODFRH[LVWHQFHGHGHX[SUR



VI\VWaPH QL SRXUOMH[LVWHQFH GXIURWWHPHQW IRUW GHOD V
GLWLRQQHOV GHGLIIXVLRQ QHXWURQLTXHHQ WHPSV GH YRO \
FRXYHUWXUHVDGGLWLRQQHOV QRXV SHUPHWWUDLHQW GH WH\
FRPPHGHVFULSWLRQ SRXUOHIURWWHPHQWFLQ«WLTXH 'HVFL
DXVVLIRXUQLU XQHHVWLPDWLRQ SRXU OHIURWWHPHQW GH O
FDUERQH SHXW -WUH DMXVW« HQ WHUPHYV GH FKLPLH GH VXUIC
VAVW«PDWLTXHV GHGLIIXVLRQ QHXWURQLTXHVXUOMK\GURJ2Q
GMD«URJHO GHFDUERQHVRQW G«M¢ SU«YX )LQDOHPHQW XQH
SRUHX[FRPPHPDW«ULHOV SRWHQWLHOV SRXUOHVWRFNDJH GI
LOQW«U-W HW SRXUUDLW P-PH IRXUQLU XQ OLHQ HQWUH GHV SU
FRQGLWLRQVWHFKQRORJLTXHV HW QRV REVHUYDWLRQV VXU O
WHFKQRORJLTXHGHQRV « WXGHV VHUDLW VS«FLDOHPHQW GDQ
SRUWDQFH FRPPHOHVWRFNDJH GM«QHUJLH XQ U«VXOWDW IDY
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@ * /| 6TXIQUWHYRGXFWLRQ WR WKH 7KHRU\RI 7KEDPDO 1HXWURQ
EULGJH8QLYHUVLW\3UHVV &DPEULGJH

@ + 6FKREHU - 1HXWURQS5HYV

@ 0 %4 ¥DVLHODVWLF QHXWGOR® YEOWWHWUQYWRO
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@

< %ODESHFWURPHWUHD WHPYWGEMWXRODXH/DQJHYLQ *UHQRE

Q)

0 7 ) 7THOOLQJDQG . + $QGHUVHQ 3K\V &KHP &KHP 3K\V

@ ) OHJHHXWWURQ 6SIORCFKR/RFWXUH 1RWHV HQBWWGEV
) OH]JHL 6SULQJHU %HUOLQ

@ $ (LQVWHLQ $QQ 3K\V
@ - 3 WRXFKDXGDQG$ *HRUJHV 3K\V 5HS
@

5 . XER 0 7RGD DQG 1 +DVKLWVXPH 6WDWLVWLFDO 3K\VLF
6WDWLVWLFDO OHFKDQLFYV 6SULQJHU +HLGHOEHUJ

@ 6 OLUHW $UW«V DQG ( BROODN®G6- 3K\V &RQG 0ODW

@ 5 0ODUW QH] &DVDGR - / 9HJD $ 6 6DQ] DQG 6 OLUHW $UW
ODW

@ ' &KDQGOHU - &KHP 3K\V

@ ' &KDQGOHU - &KHP 3K\V

@ ' &KDQGOHU - &KHP 3K\V

@ , &DOYR BWPERJEWQER Q

@ & 7 &KXGOH\DQGS5 - (OOLRWW 3URF 3K\V BRF
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@) ( 7XGGH@KIB&®UI 6FL
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@ $ 3 -DHWIBWIRI 6XUIl 6FL
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@ 1 (VEMHUJDQG - . 1°UVNRY 3K\V 5HY /HWW
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@ - =KX 3K ' WKHVLV 8QLYHUVLW\RI&DPEULGJH

@ 3 * '"H*HQQHV 3K\VLFD

@ 3 1 3XVH\ - 3K\V $
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